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Abstract We consider the median of »n independent Brownian motions,
denoted by M,(t), and show that ./n M, converges weakly to a centered
Gaussian process. The chief difficulty is establishing tightness, which is proved
through direct estimates on the increments of the median process. An explicit
formula is given for the covariance function of the limit process. The limit
process is also shown to be Holder continuous with exponent y for all y < 1/4.
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1 Introduction

Consider a dye diffusing in a homogeneous medium. When we view this phe-
nomenon from a macroscopic perspective, what we see is a deterministic evo-
lution of the density of the dye, governed by a partial differential equation. It
is well understood that the solution of this equation can be represented proba-
bilistically in terms of Brownian motion. The reason, of course, that Brownian
motion enters into this situation is that, heuristically, we can imagine that each
dye particle is performing such a random motion. In reality, however, a more
accurate description of the particles is that they are following piece-wise linear
trajectories and interacting through collisions.
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270 J. Swanson

In 1968, Spitzer [5] provided a rigorous connection between a certain
colliding particle model and the Brownian motion heuristics. In Spitzer’s model,
we begin with countably many particles distributed along the real line according
to a Poisson distribution. At time ¢ = 0, the particles begin moving with random
velocities. These velocities are i.i.d., integrable, mean zero random variables.
During their motion, the particles interact through elastic collisions. That is,
whenever two particles meet, they exchange velocities (or, equivalently, they
exchange trajectories). The particle which is closest to the origin at time 1 = 0
is called the “tagged” particle and we denote its position at time ¢ by X (¢).
Spitzer showed that the law on C[0, o) induced by the process ¢ — c V2 X (cr)
converges weakly as ¢ — oo to the law of Brownian motion.

Spitzer’s work was preceded by that of Harris [2] who showed that if the
underlying motion of the particles is Brownian, instead of linear, then cVAX (ct)
converges to fractional Brownian motion with Hurst parameter H = 1/4. These
results were further generalized by Diirr et al. [1] in 1985. They showed, among
other things, that if the individual particles perform fractional Brownian motion
with Hurst parameter H, then ¢~ /2X(cf) converges to fractional Brownian
motion with Hurst parameter H /2.

One thing to note in these more general models is the definition of an “elas-
tic collision.” When the particles perform Brownian motion, for example, the
collisions are not isolated and it is not entirely clear how to exchange their
trajectories at each point of intersection. In these situations, we generate the
collision process by simply relabelling the particles at each time ¢ in a way that
preserves their initial ordering. For instance, if there are only finitely particles,
as there will be in our model, the location of the tagged particle is simply an
order statistic of the locations of all of the particles. (In our model, it will be the
median.)

In the work of Spitzer, Harris, and Diirr et al. the chief difficulty in proving
convergence is establishing tightness. And in each of these models, the Poisson
distribution of the initial particle configuration provides for tractable compu-
tations and is a central feature of the proofs. In this article, we will consider a
model similar to Harris’s, but without the initial Poisson distribution. Namely,
we consider a sequence {B;} of independent Brownian motions starting at the
origin. We let M,, denote the median of the first n of these, and study the scaled
process X,, = «/nM,. As with the other models, our chief difficulty will be
to prove tightness. We will prove this, however, by making direct estimates
on the path of the “tagged” particle, without relying on any special features
of the initial particle distribution. In the end, we will discover a limit process
which behaves locally like fractional Brownian motion with Hurst parameter
H = 1/4.This fact, formally stated in Theorem 2.1, lends support to the evident
notion that Harris’s initial Poisson distribution is, to a certain degree, just a
technical convenience, and does not play a significant role in determining the
local behavior of the limit.

Before proceeding with the formal analysis of our model, let us preview
some of the techniques in the proof. The first key ingredient in the proof will
be given by Theorem 5.1, which establishes a formula for the conditional law
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Weak convergence of the scaled median of independent Brownian motions 271

of the median in terms of probabilities associated with a certain random walk.
The second ingredient will be Lemma 6.4, which gives estimates for this random
walk in terms of its parameters. And the third ingredient will be Lemma 7.1
(and its modification, Lemma 8.1) which estimates those parameters in terms
of the motion of the individual particles.

Since it would be natural to conjecture that the results of Spitzer and Diirr
etal. would also hold in more general models, it is important to try to understand
how these techniques might apply in a broader context. For example, we could
try to generalize the results of Diirr et al. by replacing the Brownian motions
in our model with fractional Brownian motions. Or we could replace them with
reflected processes if we wanted to consider particles in a “box,” reflecting off
the walls of the box as well as each other. Such a model (in which the particles’
paths are piece-wise linear) was studied by Tupper in 8], although in that paper,
a seemingly ad hoc condition is imposed in order to prove tightness. (See the
discussion after Theorem 2.3 in [8].) Other ways to generalize the model include
giving our particles some nontrivial initial distribution, instead of starting them
at the origin, or possibly considering a quantile (or even a family of quantiles)
other than the median.

In any of these generalized models, the first and second ingredients out-
lined above would likely carry over with at most minor modifications. It is the
third ingredient that would not transfer so easily. The estimates in Lemma 7.1
rely heavily on the fact that the individual particles are performing Brownian
motion. Conceivably, analogous estimates could be worked out on a case-by-
case basis for each different model under consideration. But the work of Harris
[2], Spitzer [5], and Diirr et al. [1] suggests a deeper connection between the
motion of the individual particles and the limit process. It is my belief that this
connection would make itself known through these estimates.

But whether estimates can found in some general form or must be developed
for each model individually, it is my hope that the techniques developed here
can be used to extend the current family of results to a much broader range of
colliding particle models.

2 The model and main result

In our model, we will consider a sequence of independent, standard, one-dimen-
sional Brownian motions, {Bj(t)},?ir Let M, (t) denote the median of the first
n Brownian motions. To be precise, define the median function M,, : R" — R
as follows: if (x1,...,x,;) € R" and 7 is a permutation of {1,...,n} such that
Xy £ Xe2) < o0 < Xy, then My (xq, ..., x0) = X k), Where k = [(n + 1) /2]
and |x| denotes the greatest integer less than or equal to x. We then define the
(continuous) median process M, (t) = M, (B1(t),...,Bu(1)).

In terms of colliding particles, what we have here is a sequence of particle
systems. In the n-th system there are n particles performing Brownian motion.
If these particles interact through elastic collisions, then their trajectories are
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given by the order statistics of By (), . .., B, (). We will investigate the behavior
of the center particle’s trajectory, M, (¢).

In order to get a non-degenerate limit, we must consider the scaled median
process X,,(f) = «/n M, (). The random variables X, = {X,(®) : 0 < ¢ < oo}
take values in the space C[0, 0o), which we endow with the topology of uniform
convergence on compact sets. It will be shown that these processes converge
weakly, by which we mean that they converge in law as C[0, oo)-valued random
variables.

Theorem 2.1 There exists a continuous process X = {X(t) : 0 < t < oo} suchthat
Xo,11 converges weakly to X asn — oo. Moreover, X is a centered Gaussian pro-
cess, which is locally Holder continuous with exponent y for every y € (0,1/4),
and has covariance function

E[X(5)X ()] = /st sin~! (STM) , 2.1)

st

where sin~1(-) takes values in [—m/2,7/2].

It can be shown by (2.1) that, for r — s small, E|X () — X(5)]*> ~ J/f—s.
In other words, the limit process has the same local fluctuations as fractional
Brownian motion with Hurst parameter H = 1/4.

The chief difficulty in proving Theorem 2.1 will be to establish the tightness
of the processes X5, 1. Before dealing with this issue, let us first establish the
convergence of the finite-dimensional distributions and the existence of the
limit process. To begin, we will need the following result, which is a special case
of Theorems 7.1.1 and 7.1.2 in [4].

Theorem 2.2 Let {5(”)}2021 be an i.i.d. sequence of random vectors in R¢ and
define the component-wise median of £V, ... €™ to be the vector M™ with
components M;n) = Mn(Ej(l),Ej(z), e ,gj(”)). Let Fj(x) = P(f;‘j(l) <x), Gji(x,y) =
PED < x 6V <), and py = G(0,0) — 1/4. If

(i) Fj(0)=1/2and F;(O) > 0 for all j, and
(ii)  Gij is continuous at (0,0) for all i and j,

then /n M™ converges in law to a jointly Gaussian random vector N satisfying

Dij
ENN; = ————
T FOF0)
and EN; = Q.
For our purposes, we will need the following.

Corollary 2.3 If{£™ Yoy is ani.i.d. sequence of jointly Gaussian random vectors
in R with mean zero and covariance matrix o, then /n M™ converges in law
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Weak convergence of the scaled median of independent Brownian motions 273

to a jointly Gaussian random vector Z with mean zero and covariance matrix T,
where

o
vy = EZ;Zj = \Joqo; sin—l( z )

Cii0jj

and sin~L(-) takes values in [—m/2,7/2].

Proof This follows easily from Theorem 2.2 and the well-known fact that if X
and Y are jointly Gaussian with mean zero, then

P(X <0,Y <0) = 1+1 1( EXY
— — sin _—
2 VEX?2 . EY?)’

where sin~1(-) takes values in [—7/2,7/2]. O

Theorem 2.4 There exists a centered Gaussian process X = {X(t) : 0 <t < oo}
with covariance function (2.1) and which is locally Hélder continuous with expo-
nent y for every y € (0,1/4).

Proof Let T be the set of finite sequencest = (71, .. ., ;) of distinct, nonnegative
numbers, where the length n of these sequences ranges over the set of positive
integers. For each t of length n, let Zy = (Z;,...,Z,) be a jointly Gaussian
random vector with mean zero and covariance

A t;
EZZj = Jut; sin ' | —=L ).
Y (¢”0)

(By Corollary 2.3, with £V = (Bj(t1), ..., Bj(tn)), such a Z; exists.) Define the
measure Q¢ on R” by Q¢(A) = P(Z¢ € A). The family of finite-dimensional
distributions, {Q¢}te7, is clearly consistent, so there exists a real-valued process
X ={X(® : 0 <t < oo} that has the desired finite-dimensional distributions. It
remains only to show that this process has a continuous modification, which is
locally Holder-continuous with exponent y for every y € (0,1/4).

By the Kolmogorov—Centsov Theorem (Theorem 2.2.8 in [3]), if, for each
T >0,

EIX() — X(5)|* < Crlt—s|'*7
for some positive constants «, 8, and C7 (dependingon T)and all0 <s <t < T,
then X has a continuous modification which is locally Holder-continuous with
exponent y for every y € (0, 8/«). Hence, it will suffice for us to show that for
every « > 4 and every T > 0,

EIX() - X)|* < Cle —s|*/*

for some C > 0 (depending only on Tand o) and all0 <s <t < T.
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274 J. Swanson

First, observe that X () — X (s) is normal with mean zero and variance

EIX(®) — X$)> = EX(0)* + EX(s)*> —2EX () X (s)
T T -1 ]S
_2t+ 2s 2./st sin (\/:)

An application of L’'Hopital’s Rule shows that

/2 —sin"lx

V1 —x2

asx — 1.Hence, for some positive constant C’, we have —sin~! x < C'v/1 — x2—
/2 forall 0 < x < 1. Now let x = s/t. Then

EIX(t) - X(9)* = t[% + %x —2Jx sin—1(ﬁ)]

2+ ZxtovE(CVT—x- g)]

22
(A — V)% +2C Vx/1 - x] .

=i
T
Sincel —/x <+/1—xfor0<x <1,

EIX(t) — X)) <t (%(1 ) +2C Va1 - x)
< z(gm —x+2CV1 - x)
= «/E(z +2C/) Jt—s
2

< C//|t _ S|1/2,

where C" = VT (/2 +2C)).
Now, for every o > 0, there is a constant K, such that if N is normal with

EN = 0, then E|N|* = K,(EN?)*/?. Thus, for any o > 4, E|X(f) — X(s)|* <
Cl|t — s|%/*, where C = K, (C")/2. O

Theorem 2.5 Let X(¢t) be as in Theorem 2.4 and let 0 < t; < --- < tg, d > 1,
be arbitrary. Then (X, (t1),. .., Xn(ty)) converges in law to (X (ty),...,X(ty)) as
n— oo.

Proof This is an immediate consequence of Corollary 2.3. O

It now follows (see, for example, Theorem 2.4.15 in [3]) that Theorem 2.1
will be proved once we establish the following result.

Theorem 2.6 The sequence of processes {Xpn 41}, is tight.
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Weak convergence of the scaled median of independent Brownian motions 275

3 Conditions for tightness

A sufficient condition for tightness which will serve as the starting point for our
analysis is the following.

Theorem 3.1 If {Z,} is a sequence of continuous stochastic processes such that
(i) sup, P(|1Zn(t)—Zu(s)| = &) < Cre~*|t—s|'*P whenever0 < e <1, T > 0,
and 0 <s,t < T, and
(ii) sup, E|Z,(0)|" < o0
for some positive constants «, B, v, and Ct (depending on T), then {Z,} is tight.

An alternative formulation of this theorem is one in which condition (i) is
replaced by
sup E|Zy(t) — Zu(9)|* < Crlt — 5|7 (3.1)
n>1
For a proof of this alternative version, the reader is referred to Problem 2.4.11
in [3], which has a worked solution. An inspection of the proof shows that (3.1)
is needed only to establish (via Chebyshev’s inequality) condition (i).

Since the median process inherits the scaling property of Brownian motion,
we will find it convenient to reformulate Theorem 3.1. Specifically, for any real
number ¢ > 0and any x € RY, we have M,,(cx) = cM,,(x). Hence, the processes
X, (c-) and /c X,,(-) have the same law. For processes with this scaling property,
we can modify Theorem 3.1 in the following way.

Theorem 3.2 Let {Z,} be asequence of continuous stochastic processes. Suppose
there exists r > 0 such that for every ¢ > 0 and every n, the processes Z,/(c-) and
c"Z,,(-) have the same law. Suppose further that

(i) sup, PUZ,(1 +8) — Z,(1)] > &) < Ce=8P whenever 0 < ¢ < 1 and

0<d8<d

for some positive constants 8y, C, «, and B. Define y = min(ar, fr,1 + B). If
y > 1and

(ii) sup, E|Z, ()| < o,
then the sequence {Z,} is tight.

Theorem 3.2 follows directly from Theorem 3.1 (a complete proof can be
found starting on p.36 of [7]). We will be applying it to the sequence Z,, = X511,
in which case we have r = 1/2. We will find it quite straightforward to verify
condition (ii). To verify condition (i), we will utilize the following lemma, which
will be the central focus of the remainder of our analysis.

Lemma 3.3 There exists a constant &y > 0 and a family of constants {Cp}p-2
such that for each p > 2,

I
PlM,1+8 —M,(1 —)gc —151/6yp 32
21;13) ( (1+9) ()>ﬁ (e ) (32)

whenever 0 < ¢ <land(0 < § < 6.
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It has already been remarked that the limit process X behaves locally like
a fractional Brownian motion with Hurst parameter H = 1/4. It seems rea-
sonable, then, to conjecture that the right-hand side of (3.2) could be replaced
by Cp(e~181/4)P. Although this sharper bound was not obtained, the choice of
1/6 as the exponent in (3.2) appears to be arbitrary. Presumably, with minor
modifications to the proofs presented here, the right-hand side of (3.2) could
be replaced by C, (e~18V)? for any fixed v < 1/4.

Proof of Theorem 2.6, given Lemma 3.3 We apply Theorem 3.2 to Z,, = X511
with r = 1/2. Choose any p > 18,let« = p, and let 8 = (p — 6)/6. Note that, in
this case, y = /2 > 1.

To verify condition (i), let §p be as in Lemma 3.3. Since X5, 1 (-) and —X7,,11(+)
have the same law,

sup P(| X241 (1 + 8) — Xop 1 (D] > &) = 2sup P(X2p41(1 +8) — Xopq1 (1) > &)

n>1 n>1
< 2C, (e~ 16/0yP
=2C,es!F

whenever 0 < ¢ <1and 0 < § < §y.
To verify condition (ii), we will show that for any g > 0,

sup E|Xo, 41 (1|7 < 0.

n>1

To see this, observe that for n odd,

o]

EXp (D)9 = / 0T P(X(1)] > y) dy
0

o0
=2 / gy P(X, (1) < —y) dy.
0

It will therefore suffice to show that for any « > 2, there exists a finite constant
K such that
P(X,(1) < —y) = Ky™ (3.3)

for ally > 0 and all .
To prove (3.3), we will consider two cases. First, assume y > 2./n. Note that
by Theorem 1.3.2 in [4], M,,(1) has density

Fulx) = k(Z) % (0K @ (—x)" e/ (3.4)
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where k = |(n+1)/2] and ®(x) = % ff e /2 dy. Hence,

e¢]

P(X,(1) < —y) = P(M,(1) < —y/</n)
—y/v/n

_n—! k—1 _an—k g/
= kD) X)) TP (—x)"* D (x) dx
X —y/n
k—1 %/
S—(k—l)! / O(x) P (x)dx

nk k
= Hd>(—y/\/ﬁ) .

By Stirling’s formula, there exists a universal positive constant C such that k! >
C~lkke*. Also, writing [* e "2 dy = [Cut ue~*"/2 dy and integrating by
parts, it follows that

V27 d(—x) < x " le ¥ (3.5)

for all x > 0. Thus,

k k
P(Xp(1) < —y) < C—" (@ e—y2/2") .
kke=k \_y

Since y > 24/n and n/k < 2, we have
P(X, (1) < —y) < Cek0=02/2m
Since 1 — y?/2n < 0 and k > n/2, we have
P(X,(1) < —y) < Ce2V/4 < ce™*/8,
Finally, given « > 2, there exists K such that Ce’/8 < Ky *forall y > 0, which

verifies (3.3) in the case y > 2./n.
Now assume y < 2./n. In this case,

P(Xy(1) < —y) = P(M,(1) < —y/~/n)

n
=P (Zl{Bjuk—y/ﬁ} > %)

= P(géj > n(% —,u)),

where 1 = ®(—y/+/n) and §; = 1{Bj(1)<—y/ﬁ} — . By Burkholder’s inequality
(see, for example, Theorem 6.3.10 in [6]), there exists a constant K’, depending
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only on «, such that

K/2

K
n n
E> gl <KE|> |51
j=1 j=1

Hence, since « > 2, Jensen’s inequality and the fact that |§;| < 1 a.s. imply

K

n n
1
E\> & =KnPEY ~g|‘ < K'n 2.
=1 =1

Chebyshev’s inequality now gives

K/nK/Z —x
PO(1) < —y) = - = K'|Vin (3 = u)
n(3-u)
Since
y/n

Jn —u2n2 Y  2n Yy -2
vn(l—u)= /e“/duz—ey“’z—e ,

(2 M) N2 ’ N2 N2

we have that P(X,,(1) < —y) < Ky, where K = K'(e~2/+/27) . This verifies
(3.3) when y < 2,/n and completes the proof. ]

Our goal for the remainder of this article is to establish (3.2). Since each indi-
vidual Brownian particle can be expected to move a distance of +/§ between
time r=1 and =1+ §, we will accomplish our goal by considering three differ-
ent “jump regimes.” They are: the large jump regime in which &/4/n is much
larger than /5, the small jump regime in which &/./z is much smaller than /3,
and the medium jump regime in which these two quantities are comparable.
In the first two regimes, we will establish the sharp bound mentioned in the
remark following Lemma 3.3. The bound in the medium jump regime will be
established by modifying the techniques used in the small jump regime. This
modification will result in the weaker bound given in (3.2).

4 The large jump regime

The large jump regime is the easiest of the three to deal with. The probability
that the median makes a large jump can be bounded above by the probabil-
ity that at least one Brownian particle makes a large jump. Since the latter
probability is exponentially small, the derivation of (3.2) is immediate.
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Weak convergence of the scaled median of independent Brownian motions 279

Lemma4.1 Fixp > 0and 0 < A < 1/2. Suppose that ¢,§ € (0,1) and n € N
satisfy € //n = 812~ Then

_ £ ~1g1/4\p
P<Mn(1+8) M,1) > ﬁ)SC(s 8,

where C depends only on p and A.

Proof Suppose that Bj(1 + §,w) — Bj(1,w) < ¢/+/n for all j. Then, for each
j such that Bj(1,w) < M,(1,w), we have Bj(1 + §,0) < M,(1,w) + ¢//n.
Note that there are at least k = |(n + 1)/2] such values of j. It follows that
M,(1+8,w) < M,(1,w) + ¢/+/n. Therefore,

N {Bi(1+8) = Bj(1) < e/v/n} € {Mal+6) = Ma(D) < e/v/n},
j=1

which gives

n

P (Mna +8) — My(1) > %) < P(U{Bj(l +8) — Bj(1) > e/ﬁ})

j=1

< n@(—e/\/n_c?).

For each r > 0, there exists C, such that ®(—x) < C,x~" for all x > 0. Taking
r=(p/4+1)/A gives

& e -r
d (M”(l +8) = Ma(1) > —= ) =nCr (=) =nC@™H)7 = CnsH,
Vn /né
The proof is completed by observing that n < £25~1 < ¢=P§~1. O

This establishes the necessary bound for the large jump regime. The other
regimes, as we will see, are considerably more difficult to deal with.

5 Conditioning the median

To establish (3.2) for the small and medium jump regimes, we will use condi-
tioning. It may seem natural, at first, to condition on the locations of all the
Brownian particles at time ¢ = 1. It turns out, however, that this is, in some
sense, too much information. Rather, we shall condition only on the location of
the median particle at time t=1.

Let us first give a heuristic description of this conditioning. Suppose that
M, (1) = x. This tells us three things. First, we have a single Brownian particle
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whose location is x. Second, we have roughly n/2 Brownian particles whose
locations are less than x. Other than this condition on their locations, these par-
ticles are independent and identically distributed. We will refer to these particles
as the “lower” particles. Third, we have roughly »/2 i.i.d. Brownian particles
whose locations are greater than x. These will naturally be referred to as the
“upper” particles.

Let us now fix y > 0 and consider the event D = {M,,(1 4+ §) — M,,(1) > y}.
This event will occur if and only if there are at least n/2 particles whose location
attime r = 14§ is greater than x + y. Particles that satisfy this condition will be
said to have “jumped.” Let U(j) be the event that the j-th upper particle jumps,
and let L(j) be the event that the j-th lower particle does not jump. Then the
total number of particles that jump is

> 1ug + (g - 1)

The event D will occur if and only if this sum is at least n/2, which occurs if and
only if > Y; > 0, where Y; = 1y — 11 are ii.d. {—1,0,1}-valued random
variables. Through conditioning, then, we are able to transform the event of
interest into one involving an i.i.d. sum.

With these heuristics in place, let us establish the rigorous result. Define

p1=p1(x,y,8) = P(B(1+68) <x+y/B(1) <x) (5.1)
D2 =p2(x,y,8) = P(B(1+6) >x+y|B(1l) > x) (5.2)
:Pl(—xs_)’,s)
and
qj=1-pj. (53)

In the language of our heuristics, p; is the probability that a lower particle does
not jump and p; is the probability that an upper particle does jump.

Now, for each fixed triple (x,y,3), let {E].L}]?’il and {SjU}]?’il be sequences of
i.1.d {0, 1}-valued random variables with P(EJL =1) = p; and P(EjU =1) = p».
Define Y; = ng — EjL. Observe that {Y]'}fil is an i.i.d. sequence of {—1,0, 1}-val-
ued random variables and, for future reference, define

p1=PY;=-1)=piq (54)
p2=PY;=1) =pqq (5.5
E=PY;#0)=p1+p2 (5.6)
= —EY;=p1 —pa. (5.7)

Finally, let S = >}, ¥; and ¢ (x,,8) = P(S = 0).
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Weak convergence of the scaled median of independent Brownian motions 281

Our heuristics suggest that
P(My(1+8) = Mp(1) > yIMp(1) =x) = ¢n2(x,y,0).
For a rigorous statement, the following inequality will serve our purposes.

Theorem 5.1 Letn>3 and k = [(n+ 1)/2]. Then for all y>0 and all § > 0,

]

P(My(1+8) — My(1) > y) < / Gt (3, 8)fa () dix,

—00
where f,,(x) is the density of M, (1), given by (3.4).
Proof First, let us observe that
k k
or(x,y,8) =PSp=0) =P > &/ >> ¢&F

j=1 j=1

k k k
ZP(Zsf L3l
m={

|
M~

=0 =1 j=1
k k
=>> ( )( )P1q1 Pk
=0 m=¢

Let us also adopt the following notation: for 4 > 0,let py, = p1(x +h,y — h,5)
and

Gp(x,y,8) = ZZ( )( )Pthlh pas ",
=0 m=¢

where g1 , =1 — p1 . Finally, let AM,, = M,,(1 + §) — M, (1).
Now, fixé > 0andy > 0. Let K € Nand let 4 > 0 with K/h € N. Then

P(AM, >y, IMy(D)] < K) < D" P(Mu(1+8) > x+y, My(1) € [x,x + h)).

xehZ
[x|<K

Let S, = {1,...,n} and let § = S, denote the collection of all ordered pairs
(I,j) where I C S, andj € Sy satisfy |[I| =k —1andj ¢ I. For (I,j) € S, x € R,
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and & > 0, define I(j)° =S, \ (I U {j}) and

A(l,j,x,h) = {B;j(1) € [x,x + h)}

N{B:(1) < Bj(1), Vi e I} N {By(1) > B;(1), ¥i € 1()°},
A, j,x,h) = {Bj(1) € [x,x + h)}

N{Bi(1) < x+h, Vie I} N {B;(1) > x, Vi € I(j)°}.

Note that {M,, (1) € [x,x+h)} = J{AU,],x,h) : (I,j) € S}up to aset of measure
zero, and that this is a disjoint union. Therefore,

PM,1468) >x+y, My(1) € [x,x + h)) = Z P(M,(1+ )
I )eS
>x+y, Al,j,x,h))
< > P(M,(1+5)
I eSS
> x+y, AL j,x,h)),

since A(1,j,x,h) C A(I,j,x,h).
Now fix (/,j) € § and x € R. Define

Ni=D" Ugiass<riy

iel

Ny = Z 1{Bi(1+8)>x+y}
iel(j)¢

n
N =" 1(Ba+8>rsy)
i=1

and note that {M,(1 + ) > x+ y} = {N > n — k + 1}. Also note that, up to a
set of measure zero,

N =N+ (k=1 = Ny + 1{B1+8)>x+y)
<N, —Nj+k.

Thus, if d(n) = n — 2k + 1, then {M,,(1 4+ 8) > x + y} C {Na — Ny > d(n)}. This
gives

P(My(1+38) > x+y, Al j,x,h)) < P(N2 — Ny > d(n), A, j,x,h))
k-1 n—k
=>" > P(Ni=t,Ny=m, A(l,j.x,h)).
L=0m=d(n)+¢
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Hence, if we define

Pi(6) = PUNy = 6} N {Bi(1) <x+h,Viel}),
Py(m) = P({N2 = m} N {Bi(1) > x, Vi € I())}),

then we can write

k—1 n—k

P(M,(148) > x+y, ALj,x, 1)) <> D" P(Bj(1) €[x,x + )P (L) P2(m).
(=0n=d(n)+¢

Since

P(A(L.j.x,h)) = P(Bj(1) € [x,x + h))®(x + b ' & (—x)" ¥,
this gives
- - < PO Py(m)
P(My(1+8) > x + y|A(Lj,x,h)) < Z;,m:dz(n“w = v

for each fixed 7, j, and x.
To simplify this double sum, let

Y(x,y,8) = P(B(1+6) <x+y, B(1) <x)
=/ P (%) @/ (1) dt. (5.8)

Then by symmetry and independence,

-1
Pl(z) — (k . )[w(x+h,y —h)]Z[CD(x—i—h) _ w(x_‘_h,y _h)]k—l—e’

—k
m

Py(m) = (n )Wf(_x’ —y)]m[q)(_x) — Y (—x, _y)]nfkfm‘

Also note that

W(X'Fh,y—h) _ —
W =PBA+8) <x+ylB) <x+h)=p1,
and
Y(—x,—y) B
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which yields

P(My(1+8) > x + y|A(I,j,x,h))
k—1 n—k
k—1 n—k k—1— —k—
S0 I W | (i e

=0 m=d(n)+¢

for each fixed 7, j, and x.
Now suppose 7 is odd. In this case, d(n) = 0andn — k =k — 1,50

P(My(1+8) > x +y|A(Lj, x, ) < g, (x,y.9). (5.9)
On the other hand, if n is even, then d(n) = 1 and n — k = k, so

k-1 k

e k=IN(KY ¢ k-1-t m k-
P(My(1+8) > x+ YAl jx,h) <> > ( ) )(m)pl,hql,h pyay "
£=0 m=0+1
k—1 k
k—1 e k _
= ( . )Pf,ﬂ’f,hl ‘ (m)PZ%‘ .
=0 m={+1
But
k k k k—1
2 (m)pgnqgm =P 25 >t =P 25 =t
m=e+1 =1 =1

I
~
N

k-1 m, k—1—m
m )p2 q2 5

50 (5.9) holds in this case as well.
Putting it all together, we have

P(AM, >y, IMy(D)| < K) < D7 D" P(My(148) > x+y, A(Lj,x,h))
xehZ (1j)eS

lx|<K

> D o xy. OPA.j.x. b))

xehZ (1,j)eS
[x|<K

P(A
ST ol el PAWLj,x, ).

xehZ (1j)eS P(A)
[x|<K

A
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Note that P(A(I,],x,h)) > P(B;(1) € [x,x + h))®(x)* 1 & (—x — h)"*, so that

PA) _[oa+m]7 o0 TF
P(A)‘[ <b<x>} [cb(—x—m} '

If we denote the right-hand side of this inequality by g, (x), then by dominated
convergence,

P(AM, >y, IM,(D| < K) < D" g 1(6,y.8)gn(x) D PAU,j,x,h)

xehZ U eS
Ix|<K

> ep @y, 8)gn(@P(M,(1) € [x,x + h))

xehZ
|x|<K

- / @r—1(x,y,8)fn(x) dx.

Letting K — oo finishes the proof. O

The estimate in Theorem 5.1 can be simplified even further and we will find
it convenient to use the following.

Corollary 5.2 Letn >3, k=|(n+1)/2],y > 0,and § > 0. Then
PMp(1+68) — Mu(1) > y) < ¢_1(x0,y,8) + P(Mn(1) < xp) (5.10)

forall xy € R.

Proof We will first show that x +— ¢r_1(x,y,5) is decreasing, for which it
will suffice to show that X +— pi1(x,y,8) is increasing. To see this, recall that
Or_1(x,y,8) = P(Z Y > 0). If x — pi(x,y,8) is increasing, then x
p2(x,y,8) = p1(—x, y,8) is decreasing. Hence, by (5.4) and (5.5), P(Y; =
—1) = p1(1 — p2) increases with x and P(Y; = 1) = p2(1 — p1) decreases With X,
which shows that x — ¢;_1(x,y,d) is decreasing.

With ¢ as in (5.8), we have p; = ¢/ ®(x) and

/() / (x+y ) /
Oy D' (x — ) dr|.
P1= "ok )]2‘“<1><>[ (ﬁ) ()+f ® t}

(5.11)

Integrating by parts gives

1/f(x,y,6)=d>(y )d>(x)+%/d>’(x+y )CID(t)dt.
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Substituting this into (5.11) gives

d'(x) r /(x+y—t)
app = ———— T ) o@d
TSV N A

L) ' (r) dr
@(x)\/_/ ( ®

x+y—-t\[®@) D)
— d (1) dt. 5.12
d><x>f/ ( )[cb(z) cb(xJ (d. (12)

Note that
d [dﬂ(x)} D)D) — [P ()]
o) | [P (x)]?
_ (_L e—x2/2q>( ) — ie—xz)
“lowP v >

e—x2/2

1 2
- - ax7)2
 27[@))2 (x(b(x) * me )

Clearly, x ®(x) + J% e=/2 > 0forx > 0.1fx < 0, then by (3.5),

1 1
\/Ee—xz/z — Xq)(— me—xz/z
> x—|x|*167"2/2 + %ef"z/z =0
V2m V2

Thus, x > ®'(x)/®(x) is decreasing, so by (5.12), 3,p1 > 0.
Hence, x — ¢i_1(x,y,d) is decreasing, and using Theorem 5.1,

o0 X0
P(My(14 8)— My(1)> y) < / 1 (0, y, )f () drx < / 1 (1., 8)f () dx

+¢r—1(x0,y,8) /fn(x) dx

X0
X0 00
< /fn(X)dX+</)k—1(x0,y,5) /fn(x)dx

o0
= P(M,(1) < x0) + ¢r—1(x0,y,9),

where xo € R is arbitrary. O

@ Springer



Weak convergence of the scaled median of independent Brownian motions 287

Recall that our only remaining goal is to establish the inequality (3.2) for the
small and medium jump regimes. In applying Corollary 5.2 to this task, we must
set y = g/+/n. Our choice for xo, however, is less clear. On the one hand, we
want x( to be large so that the first term on the right-hand of (5.10) is small. On
the other hand, we need x( to be sufficiently far into the negative real line so
that the second term is small. The value of x( that will strike a balance for us is
given in the following lemma.

Lemma 5.3 Lete > 0,8 > 0, and n € N. Define xg = —8/(51/4ﬁ). Then for all
p>2

PM,(1) < xp) < Cp(5*151/4)p7

where C), is a finite constant depending only p.
Proof This follows immediately from (3.3). o

In light of this lemma and Corollary 5.2, we will establish inequality (3.2)
once we verify that

) ) _
Pr—1 (—m, ﬁ’a) < Cp(e~161/0y (5.13)

for all values of ¢, §, and » in the small and medium jump regimes.

6 Estimates for a random walk

In this section, we wish to find useful estimates for i (x,y,8) = P(Sx > 0).
The process {S,};2 ; is, of course, a biased random walk which, in the cases we
are interested in, has a negative drift. Let us recall the definition of S,,. In this
section, we will temporarily abandon the tilde notation for the sake of simplicity.

We take as given a sequence of {—1, 0, 1}-valued random variables with p; =
P(Y; = —1) and p; = P(Y; = 1). We define ¢ = p; + p2 and u = p1 — p2, so
that P(Y; = 0) = 1 — ¢. We then define S, = Z]’-’zl Y;.

As mentioned, we will be interested in the case where u > 0, so that the
walk has a negative drift. Besides this, however, we will also be interested in
the case where ¢ is small. That is, besides the negative drift, our walk will have
the property that, for most time steps, it does not move. Our first estimate is a
straightforward application of Chebyshev’s inequality. It is a fairly simple result
and serves as our starting point, but it will not be sufficient by itself. Note, in
particular, that it does not make any noteworthy use of the fact that ¢ is small.

Lemma 6.1 If ¢ >0 and >0, then for all p > 1, there exists Cp, depending only
on p, such that

€
P(Sp = 0) < Cpnp—,u,zl’ (6.1)

for all n.
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Proof Since EY; = —pu, Chebyshev’s inequality gives

E|S, + nu|?

P(Sy > 0) = P(Sy +np > np) < T

By Burkholder’s and Jensen’s inequalities,
n

DY+

j=1

n P B
D 1Y+ mz‘ < Con"E|Y1 + pf.
j=1

2p
E|S, +nu”® = E

< CyE

Also,
2p _ 2p 2p 2p
ElYi+ul?=pd—wP+A-e)u? +p2(1+p)
<2%(py +p2) + u*
< 2% + e
since 1 < e. Thus, (6.1) holds with C, = C, (2% + 1). o

As it stands, (6.1) will not suit our needs. We will find it necessary for the
numerator on the right-hand side of (6.1) to contain &” rather than ¢. To accom-
plish this, we must appeal to the fact that, for the most part, this random walk
does not move. To this end, we begin with two lemmas.

Lemma 6.2 Forn € N, k € {0,...,n}, p € (0,1), and x € R, let f(n,k,p) =
() q"*, where q = 1—p, and let g(n, x, p) = 2mnpq)~"/? exp{—(x—np)* /2npq}.

Then
k
sup{ sup fn.k.p) < 00
neN \ ke(0,..., n}g(”,k»P)

if and only if p = 1/2. However, there exists a universal constant C, independent
of p, such that f(n,k,p)/g(n,k,p) < C foralln € Nand all k € {0,...,|npl},
provided p < 1/2.

Proof Tt will first be shown that there exists a universal constant C such that

(i) ifp <1/2,then f(n,0,p)/g(n,0,p) < C, and
(ii)) ifp <1/2and |np| = 1, then f(n,1,p)/g(n,1,p) < C.

We will start by showing thatif « > 0, then there exists a constant C,, depending
only on «, such that for all p < 1/2,

(np)* (qeP/* )" < C,. (6.2)
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%)1 prove this, first consider 2/5 < p < 1/2. In this case, qep/zq < %el/z < 1.
us,

n
(np)“(qep/zq)” < sup |:n°‘ (gel/z) i| < o0.
n

Next, consider 0 < p < 2/5. Since d%[log(q5/6el’/2‘1)] = (5q — 3)/6¢* > 0 for
q>3/5, it follows that in this case, qs/ 6eP/24 < 1. Hence,

(np)*(ge"*1Y" < (np)*q"'® = (n*q"/*)p*.

Elementary calculus shows that x > x%g*/°

x = —6a/log q. Thus,

attains its maximum on [0, c0) at

naqn/6pa < (6_01)0[ ( 1-g¢g )0{ )
“\e |logq|

Since (¢ — 1)/logq — 1 as ¢ — 1, this proves (6.2). Thus, if p < 1/2, then

0
PO = aampa ' = g P g < VB Cyp,
§n, U, p

andif p < 1/2 and np > 1, then

1 1 1
fn,1,p) _ mnpqn_l exp [@ _
gn,1,p) 2qg q 2npq

< 27q q" " (np)*/?e"P/2

= ,/2—”(np>3/2<qep/2%"
q

< Va4 Cs)2,

which verifies (i) and (ii).
Now, for k € {1,...,n—1}, Stirling’s formula implies that f (n, k, p) is bounded
above and below by universal, positive constant multiples of

1
nn+7

k n—k
(I’l _ k)n—k+%kk+% r4 )
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Let us define

1
n'"ta

F(k) = F(n,k,p) = 1og( 1 p"q”‘k) — log(v27 g(n, k, p))

(n— k)n—k+%kk+§
=(n+1logn— (n—k+ 3)logn — k) — (k+ ) logk
+(k + $)logp + (n — k + 1) logq + (k — np)* /2npq,

so that there are universal, positive constants C; and C; such that

f(n,k,p)

log C; + F(k) < lo |:
e s g(n,k,p)

} < log Cs + F(k) (63)

forall k € {1,...,n — 1}. Note that F(k) is well-defined for all real k € (0, n).
We can directly compute that

1
F(n/2) = 5 log(4pq) + g(G<p> +G(1 - p)).

where G(p) = log2 + logp + 1/(4p) — 1/2. Now, G'(p) = 1/p — 1/(4p?), which

gives
— 1
G'(p)—G(-p)= (u) (1 - —) .
rq 4pq

Since 1-1/(4pq) < Oforallp # 1/2,the function p — G(p)+ G(1—p) is strictly
decreasing on (0,1/2) and strictly increasing on (1/2,0). Since G(1/2) = 0, we
have that G(p)+G(1—p) > Oforallp # 1/2. Thus,ifp # 1/2,then F(n/2) — oo
as n — oo. It now follows from (6.3) that

fn,k,p)\
sup sup ————— =00
neN \ ke(0,...,n} gn, k,p)
whenever p # 1/2.

Now suppose p <1/2 and let k € [2, np]. We can compute that for all x € (0, n),

y 1 1 D X 1
F(x) =log(n —x) + —— —logx — —log— + — — —
2(n —x) 2x q npq q
o = — 1 n 1 1 n 1 n 1
 n—x 2n—x? x 2x2  npg
1 1 1 1
FW(X) _ + + =

nm—x2 m—x3 2 B
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It is easily verified that F(np) = 0 and F'(np) = (p — q)/2npq, so that we may
write

np np np
F(k) = —/F/(t)dtz—/ u—/F”(s)ds dr
2npq
k k t
np s

< q_p—i—//F”(s)dtds.
2q
k k

Since F® < 0on [2,n — 2] and F"”(n/2) = 0, it follows that F”” > 0 on [2,n/2],
which implies F” is increasing on [2,1/2]. Since F”(np) = (p*> + ¢%)/2n*p*q?,
we have

PP +q° 2.2

P>+ U3
znzpzqzn P =3

2 " 1
w/
+>555 [ —kds< -+
pzqzk 2

1
Fiky 2 " 2n?

IA

forallp <1/2.

It now follows from (6.3) and (i), (ii) that there is a universal constant C,
independent of p, such that f(n,k,p)/g(n,k,p) < C for all n € N and all
k €{0,...,np]}, provided p < 1/2. Also, if p = 1/2, symmetry gives the same
bound for k € {|n/2] +1,...,n}, and it follows that

f(n,k,p)
sup{ sup ——= ) < o0,
neN \ ke(0,...,n} gn,k,p)

which completes the proof. O

Lemma 6.3 Let0<e¢ <1/2andsupposethat {Ef}]?i] arei.i.d. {0,1}-valued random

variables with P(§&, = 1) = ¢. Let T, = Z]r'l=1 &i. Then for each p > 1, there exists

a finite constant Cp, depending only on p, such that

_ 1
E[T, 11,01 < Cp P

foralln e N.

Proof Observe that

E[T,"1,-01 = E[T, " Ly1<1,<enj2)] + ELT0 " L7, 5en/2)]
en A4
=r(h=7)+(3)
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Hence, it will suffice to show that

P (T, < %) < Cpﬁ.

To see this, let f and g be as in Lemma 6.2 with p = ¢, so that there exists a
universal, finite constant C, independent of ¢, such that f(n,k,&) < Cg(n,k,¢)
forallm e Nandall k € {0,...,|en]}. Let m = |en/2], so that

P(Tn < %) P(T,, < m) = ép(Tn —k) < Ckzz(:)g(n,k,a).

If en < 4, then P(T,, <m) <1 <4”/(en)?, so that we may assume without loss
of generality that en > 4. Note that x — g(n,x, ¢) is increasing on [0, en] and
en > 4implies m + 1 < (en/2) + 1 < 3en/4. Thus,

m-+1 3en/4
P(Tn S m) S C / g(n,X,S)dx S C / g(nrx,g)dx
0 —00
3en/4

_ c e—(x—an)z/Zt dx,
2t

—00

where t = ne(1 — ¢). By a change of variables,

P(T, <m) < C® (—%) < Co (—*/:—") :

By (3.5),

4 2
P(T, < <= .1 amen/32 —en/32
(T, <m) \/_ \/_ C.l=e

Since there exists K, < oo such that x” e /32 < K, for all x € [0,00), we have

2 1
P(Ty, <m) < C\/;Kpm,

which finishes the proof. O

With these lemmas in place, we may now make the needed improvement to
Lemma 6.1.
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Lemma 6.4 [f0<e&<1/2and i1 >0, then for all p > 1, there exists Cp, depending
only on p, such that

P
PS,>0) < CpnP—,U,ZP (6.4)

for all n.

Proof Let {f’j}]ﬁl be a sequence of i.i.d. {—1, 1}-valued random variables with
P(Y1 = —1) = py/e. Let {Sj}j?‘il be a sequence of i.i.d. {0, 1}-valued random
variables, independent of {Yf}fip with P(§1 = 1) = ¢. Then {ij;‘j}j?'il is an i.i.d.
sequence of random variables which has the same law as {Yj}]?’il.

Let S, = 2 Y; and note that by Lemma 6.1,

1 . g
Pnp /ey = "Pnrpp

(6.5)

Define £ = (&1,...,&,), so that

n n n
P(S, > 0) =P(Zl7,-€,-20) => > P( Vg >0,&® =a)
j=1 k=0ae{0,1}" “j=1
la|=k

S5 (5 )

k=0 ae{0,1}" {ia=1}
la|=k

where |o| = a1+ -+, I T, = Z]’-’Zl &, then by symmetry and independence,

n k n
PSiz0=2 > P(Z = O)P(s“” =a) =D PGk = OP(T, = k).

k=0ac{0,1y* “j=1 k=0
loe|=k

Using (6.5) and Lemma 6.3,

- 52[’ n
PSnz0) < PTu =0+ Gy > KPPy =)
k=1
2,
— A=+ 8 BT 0]
pMZP n {T,,>0}
. gr 1
&
1—e)"+C 5 ——
=(d-9o" + P Genyp
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Note that 1 — ¢ < e™¢, so that

(1 _ 8)” < e n < C// 1 — CW el < 6// &l
- Penyp  Pnpe2r = Pppplp’

which gives (6.4) with C, = C;,’ + CI’, i

7 The small jump regime

Let us now put the pieces together and establish (3.2) for the small jump regime.
Recall from Sect. 5 that it will suffice to establish (5.13). Using the notation of
(5.1)-(5.7), Lemma 6.4 will give us that, for p > 1,

ep

P157,8) = Cp (7.1)

_ 1)p llZp ’
provided &€ = &(x,y,8) < 1/2 and ir = u(x,y,8) > 0. We will be applying this
with x = —¢/(81/*\/n) and y = ¢/./n, but recall that in the small jump regime,
we can write &//n = 81/ for some o > 0. As such, the following lemma will
help us check the provisions of (7.1).

Lemma 7.1 For each A > 0, there exists 6o > 0 such that
(1) ﬂ(—31/4+a,31/2+a,5) > J% 81/24—0{’ and
(i) &(—sl/4te s1/24e 5y < 100082 < 1

foralla > A and all 0 < § < .

Proof For fixed § > 0, let ¥ (x,y) = ¥ (x,y,38) be given by (5.8). We wish to
show that

1 -1 \/— 2 y2
Z— — tan = i -2 4R 7.2
Yx,y) = 2 o tan~' V5 + —+ _*l- (+Y) \/—+ x,y), (72)

where

[yl yl*

IR, )| < (xl + 1) + —= VG X+ YD + 5377 +82 @+ 800+ D) (7.3)

forallx,y e R.
We will first show that fori > O0andj > 1,

iy = / ® (%) D (1) dr, (7.4)
i o) Ly Yy i+1 i+1aj—1
Noyy = — (%) U=b (%) D) + o) . (7.5)
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For i = 0, (7.4) is just the definition of . If (7.4) is true for some i > 0, then

using integration by parts gives

X

3ty = o, { / ® (%) oD (p) dt:|

—00

:@(ﬁ)¢<’+1>(x)+[/ (x—+y )q><i+1)(t)dt

X
YHY 1Y g+
= [ o (22" 02y ar,
/ ( NG ) &
o0

so by induction, (7.4) holds for all i > 0. For (7.5), first consider j = 1. Then

dla,y = b, {/ ® (%) oD p) dt:|

} oD (p) dr

} oD (p) dr

K NG
_ [ (XY +1) (y) (@+1)
= Oy Pl—— )@ ndr| —o(==) o

TR G R B CO R
— Y (i+1) i+1
=-d( =)o il )

() o600 + sty

and (7.5) holds for all i > 0 when j = 1. Now suppose (7.5) holds for some j > 1

and all i > 0. Then

. 1\~ . . S
a;8§+1w _ ay [_ (%) (b(]—l) (%) (b(l-‘rl)(x) + 8;—"_18{; 1¢:|

1 i . y . . .
= —(—) o®» PU+D i+1q]
B ( \/S) ( \/3) ) 3x ayl/f'

By induction, (7.5) holds for alli > 0 and j > 1.
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By Taylor’s Theorem we have that

¥ (x,y) = ¥ (0,0) + X9, (0,0) + y,(0,0)
+%[x2wxx<o, 0) + 2xy¥xy (0,0) + ¥?¥,(0,0)] + RV (x, y), (7.6)

where
o) L o3 - 2 - - 2 - o3 -
RV (x,y) = g[x Yaxx (X, ) + 3X7YYraxy (X, ¥) + 3xy Yy (X, ) + ¥ ¥ryypy (X, Y)]

and (¥,y) = (0x,0y) for some 6 € (0,1). Using (7.4), (7.5), and direct integra-
tion, we can verify that (7.6) becomes

v (x )—1— L1354+ > (1+ ! )+ Y
V=57 0 22 Vits) 22+
2 3 2
(X+)7) \/__ y +R(1)(x,y).
dr(1+8)  4n /s
Now,

y oy ( [ 1)
2War/T+6 227 242 \V1+6
@ +VE Vs Vs

2, 2f 1 _)
Ir( 4o Ag I ety (1+5 1)

Thus, if

RP(x,y) =

x+y ( 1 _1)_53/2(x+y)2
227 \V1+3 dr(1+8)

then (7.2) holds with R = R®D 4+ R,

Since |(1+8)"1/2 —1| < §, we have |[R? (x,y)| < 8(|x| +|y]) + 8% (x+y)?. To
estimate R, we must estimate the third partial derivatives of y. Using (7.4),
we have

o0
< / 2@ ()] d.

—00

[Vraxx (X, Y)| = L ® (x+y ) <I>(4)(t) dr

oo
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Since @@ (1) = (3t — )@’ (1), we have

[Woex (0, Y)| < 2/ Bt + )P (1) dt = 1_0
2
0
Similarly, by (7.5),
[VYxy (2, Y)| = ‘_CD (L) D" (X) + Yarx (X, )| < 197 (X)] + i
' v - Nez

Since |®”(x)| < 2(27)~ Y2 for all x € R, we have that

12
@Y < —.
[Yxy (X, )| e
Likewise, the formulas

Lo Y o X y) /
xyy = ——F=® | —= )P way = —=P | —= ) P XX

and
1 y y y
1//yyy = _qu/ (%) CD/(x) + I/fxyy = MCD/ (%) CD/(x) + I//xyy
can be used to verify that

[Yrayy (6, 0)] < (1x]871/2 4+ 124/27) /(270)
[Yryyy (6, )] < (1918732 + 1x[871/% + 124/27) / (270).

Piecing this together, we have

101x]®  36|x|? X 12
IRD (x, )|<—[ Ll |||y|+3|x||y|2(—|| +—)

3L V27 2 28 N 27
Jr|y|3( [yl n x| n 12 )}
21832 2p s 2w
17 12 3, 3 |lyI? ly|*
< —
=3 [m<|x|+|y|> g D+ 5
5 lxllyl? ly[*
= (X[ +1yD +7(| |+ D+ 5

Combined with the estimate for R®, this verifies (7.3).
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Now, observe that py(x,y,8) = ¥ (x,y)/®(x). Write ®(x) = % + \/%7 +r1(x),
where r(x) = %xzcb”(fc) and x = Ox for some 6 € (0,1). Note that |r{(x)| <
#ﬂmi For x # —/7/2, write d(x)"! = (} + J%T)*l + r2(x), where r2(x) =
—r (x)¢>(x)_1(% + \/;—n)_l. Similarly, we may write ®(x)~! =2 + r3(x), where

2= () ha

1
1 - - T = .
b+ = V27 + 2x

r3(x) = r2(x) +

Let us now assume |x| < 1. Then x # —./7/2 and the above applies. Note that

)
(3 - 75)

()| <

SlIlCC I( 1) Z 12 /1 > 10 ¢ lla C |‘2("K)| E 1CC|‘ 1(")' E 5/2 |'K|3' lklso’
r3(x rx)| + X x —i— x
V27 —2 / /2

Since |x| < 1, this gives |r3(x)| < ]707|x|. Applying (7.2) yields

P16, Y, 8) = Y (x,y)®(x) !

G ) (G ) +m)

1 -1 y NG 2 y2
+(—Etan «/5+E+E(x+y) —m 2+ r3(x))
+R(x,y)®(x) !
_ 1 -1 Y V8 2 )’2
=1-—un x/§+ﬁ+§(x+y) —2nﬁ+R5(x,y), (7.7)
where
tan '8 [yl /08 2, )
[Rs(x,y)] Slrz(x)|+( o +2~/_+_( +) +W [r3(0)|
IR(x, )]
o(—1)
50 N /] 2, ¥y ) 70
J_l x|? +( +2m+4n(x+y) +4m/§ JE'XI
+10|R(x,y)|.
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Hence,
Vsl f 2, )0
R EEANN P
IRy (6, )] < J_|x| +( St g w2 ) i
2
+10 [(|x|+|y|)3 '”fy' (Ixl + 1y + g'/z + 82+ )2
5] + D]
by (7.3).

Now suppose that § < 1 and o, € R. Let y = §1/2%% x = —§1/4*# and
assume that y < —x < 1. Using the fact that |x| + |y| < 2|x| < 2, we have

50 y?
Rs(x,y)| < xP® + («/§+2 +2¢E+—)
[Rs(x, y)I ml | [yl 7

+10 (8|x|3 Y. (AT 28|x|)

70
PISEE x|

\/S §3/2
2
525x3+5x(3J5+2 +y—)
|x]| |x]| Iyl 7
3 lx|y[? ly[* 32,2
+80|x|° + 20 + 102~ + 408 +208]x|

\/— §3/2

which reduces to

+1081/2H4e 4 405228 4 208%/44F

To simplify further, suppose « > 0. Then

IRs (x,y)| < 10583413 1 1553/4F 4 1083/4+8 4 2553/4+F
+1081/244 4082428 4 2053/4+F
= 105834438 L 7083/4+F 4 1081/2 4« 1 408>+28.

Now, if 8 > 0,then 2428 > 3/4+ B, and |Rs(x,y)| < 11583438 1 11083/4+F 4
1081/2+4« Otherwise, if B < 0, then 2 + 28 > 3/4 4+ 3B, and |Rs(x,y)| <
14583/4138 4 7083/4+F 4+ 1081/2+4¢ 1n either case,

whenever « > 0. On the other hand, suppose o < 0. Then

|Rs(x,y)| < 10583/443F 4 1583/4120%8 | 1(83/4+20+8 4 95453/4+20+h
+1081/2+406 +4082+2ﬁ +2053/4+20{+/3
— 10583/4+3ﬂ + 7083/4+2a+ﬂ + 1081/2+4a 4 4082+2ﬂ.
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If 8 >0,then2+28 > 3/4+8 >3/44+2a+B;if B < 0,then2+28 > 3/4+38.
We therefore have

|R5(x,y)| < 150(83/4+3ﬁ +63/4+20{+ﬁ +5]/2+40l)

whenever a < 0.
In summary, we have an expansion for p (x, y,8) given by (7.7), together with
a remainder estimate of the form

|R8(x7y)| < 150(83/4+3ﬁ +83/4+2(0{A0)+ﬂ +51/2+40t)’ (78)

valid for 0 < § < 1 whenever y = §1/2t® and x = —§!/4+F satisfy y < —x < 1.
Moreover, by symmetry, the same bound holds for |Rs(—x, —y)|.
Now fix A > 0. Choose §y < 1 such that

900( s/ v ) < Q)2 (7.9)

Leta > Aand0 < § < 8. Set B = a, y = §1/2* and x = —8§!/4+#_ Note that
by (5.1)—(5.7)
p(x,y,8) = p1(x,y,8) — pi(—x,—y,9),
so by (7.7)
1= 2L 4 Ry(xy) — Ry(—5,—)
= — X,y) — Rs(—x, —y).
7 o s(X,y 8 y
Since § < 1, we have y < —x < 1. Hence, by (7.8) and (7.9),
[R5 (x,y) — Rs(—x,—y)| < 300(287/+F 4 g!/2+4)
=3000281/* + 83%)y
< 30028, + 83%)y
< 900 (8(])/4 \/88 )y < Q2m)” 1/2

Therefore, it > (27)~1/2y, which proves (i).
For (ii), observe that ji > 0 implies g1 < ¢q2. Hence & = p1q2 + p2q1 < 2q5.

Moreover,

qp =1 —P1(—X —,98)

2
tan ! V5 + L +£(+)2 Y Rs(—x, )|
Nez N Y
< 50082, (7.10)
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so & < 1,0008'/2. By making 8 smaller if necessary we can ensure that
1,000812 < 1/2. O

Lemma 7.2 Letp > 2. Fix0 < A < 1/2 and let 8o be as in Lemma 7.1. Suppose
e>0,0<6 <80, andn > 3 satisfy e/ /n < 8'/*t2. Then
e

P (Mn(l +8) —M,(1) > \/ﬁ

) < C(e~ sy,

where C depends only on p and A.

Proof Lety = ¢//n and choose & > A such that y = §1/2+%_ Set xg = —§1/4+<,
By Corollary 5.2, Lemma 5.3, Lemma 6.4, and Lemma 7.1,

& c gpr/2
ﬁ) = SR G

where & = &(x,y,8) < 1,0008!/? < 1/2 and

P(Mn(l +8) = My (1) > +Cpe 181y,

1 sl/2+a 1 €

i = fi(x0,y,8) > =— - —>0.
= [1(x0,Y,8) e Jn
Hence,
gp/2 p/4
o = C(e 614y,
(k—DPRp = " npl(e) Jnyp
which completes the proof. O

8 The medium jump regime and final proof

Our analysis of the medium jump regime will require only minor modifications
to the methods of Sect. 7.

Lemma 8.1 Fix0 < A <1/16 and set A’ = (1 —16A)/12 > 0. Then there exists
8o > 0 such that

(i) ﬁ(—81/4+“,81/2+a,8) > \/Lz*n 31/2+A) and
(ii) g(_81/4+a’51/2+01’5) < 1,00051/274A/ < %
forall —A' <a < Aand all 0 < § < §y.

Proof For fixed 0 < A < 1/16, choose §y > 0 as in Lemma 7.1. By (5.1), py is
increasing in y. Hence, if x = —§!/4+* and y = §!/*2 | then by (7.7) and (7.8),
ﬂ(x,81/2+°‘,8) :pl(x,81/2+a’5) —pi(—x, _51/2+a’8)

> p1(x,y,8) = p1(=x, -y, 8)

2y
= 22 4 Rs(x,y) — Rs(—x,—y),
N s(x,y) 5( y)
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where

|R6(X,Y) _ R(;(—x, _y)| S 300(83/4+3l¥ + 83/4"1‘0[ + 61/2+4A)

< 300(253/4—3A/ + 81/2+4A).
However, note that 3/4 —3A” = 1/2 + 4A. Hence, by (7.9),
|Rs(x,y) — Rs(—x,—y)| < 9008'/2H*4 = 900874y < (27)~'/%y.

Therefore, it > (27)~!/2y, which proves (i).
For (ii), observe that & < 2¢; and, as in (7.10),

g2 =1—pi(—x, =875
< 81/2 +81/2+a +51+20{ +61/2+2(¥ +150(53/4+3a +53/4+D{ +51/2+40t)
< 481/2—2A/ + 150(283/4—3A’ +81/2—4A/)
< 50081/2744",
Note that 1/2 — 4A’ > 1/6, so that by making &y smaller if necessary, we can
ensure that 1,00081/2742" < 1/2. O

Lemma 82 Fix p > 2. Let A = 1/18 and choose 8y > 0 as in Lemma 8.1.
Suppose e > 0,0 < § < 8y, and n > 3 satisfy 839 < g//n < §33/108 Then

_ £ ~151/6\p
P(Mn(1+8) M,1) > ﬁ)SC(s 8P,

where C depends only on p.

Proof Let A = 1/18 and A’ = (1 — 16A)/12 = 1/108 and observe that y =
g//n = 871 for some a € [—A/, A]. Set xg = —§/4t*, By Corollary 5.2,
Lemma 5.3, Lemma 6.4, and Lemma 8.1,

€ gr/2 —141/4
P\M,1+68 —M,1) > % < Cp/2m + Cp(e™ 8P,

where & = &(xg,y,8) < 1,0008Y/242" < 1/2 and
= (09,8 = —— 812¥2 5 0,
V27

Note that n = e2y~2 = £26~1-2%_ Hence,

=p/2
m S C(§8—281+20{ﬁ—2)p/z S C(81/2—4A,8—281—2A/8—1—2A)p/2

= C(e~251/2-68'-20yp)2.
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Since 1/2 — 6A" —2A = 1/3, this completes the proof. O

With the completion of our lemmas, we have made short work of the only
proof that remains.

Proof of Lemma 3.3 Take A = 1/108 in Lemma 4.1 and, for each p > 2, let
Cp1 be the constant that appears in that lemma. Then take A = 1/18 in Lemma
8.1. Let 5o > 0 be as in that lemma and note that the conclusions of Lemmas
7.2 and 8.2 hold for this choice of §p. For each p > 2, let Cp be the larger of
the constants appearing in those two lemmas and let C, = Cp, 1 vV Cp.

Nowlet0 < e < 1,0 < 8§ < g, and n > 3. Choose &« > —1/2 such that
e//n =82+ If « < —1/108, then by Lemma 4.1,

&

Jn

If « > 1/18, then by Lemma 7.2,

P(M"(l +8) = M) > %) < Gpae 184y < G0y
n

If —1/108 < o« < 1/18, then by Lemma 8.2,

&

P (Mn(l +9) = Mu() >

) < Cpa(e7 1810 < (715107,

and we are done. O
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