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Abstract

In this paper we consider a branching particle system consisting of particles moving
according to an Ornstein-Uhlenbeck process in R¢ and undergoing binary, supercrit-
ical branching with a constant rate A > 0. This system is known to fulfil a law of
large numbers (under exponential scaling). In the paper we prove the corresponding
central limit theorem. The limit and the CLT normalization fall into three qualitatively
different classes. In what we call the small branching rate case the situation resem-
bles the classical one. The weak limit is Gaussian and normalization is the square
root of the size of the system. In the critical case the limit is still Gaussian, but the
normalization requires an additional term. Finally, when branching has a large rate
the situation is completely different. The limit is no longer Gaussian, the normalization
is substantially larger than the classical one and the convergence holds in probability.
We also prove that the spatial fluctuations are asymptotically independent of the
fluctuations of the total number of particles (which is a Galton-Watson process).
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1 Introduction

We consider a branching particle system {X,},., as follows. The system starts off
at time ¢ = 0 from a single particle located at 2 € R?. The particle moves according
to an Ornstein-Uhlenbeck process in R? and branches after an exponential time with
parameter A > 0. Before describing the branching mechanism, let us recall that the
Ornstein-Uhlenbeck process with parameters o, 4 > 0 is a time homogenous Markov
process with the infinitesimal operator

1
L= §U2A—Mxov, (1.1)

where o denotes the standard scalar product in R? and V = (9/0x1,...,0/0z4), A =
Z?zl 0?/0x2, stand for the gradient and Laplacian operators respectively.
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CLT for Ornstein-Uhlenbeck branching particle system

We consider binary branching with parameter p > 1/2, i.e. at each splitting time the
particle has two or zero offspring with probability p and 1 — p respectively. We recall that
for binary branching mechanisms the condition p > 1/2 is equivalent to supercriticality.
Thus with positive probability our system does not become extinct.

The offspring particles follow the same dynamics independently. This system will
be referred to as the OU branching process. Formally, the system is identified with the
empirical process, i.e. X is a measure-valued process such that for a Borel set A, X;(A)
is the (random) number of particles at time ¢ in A. The existence of such a process is
guaranteed by general results in [11, 12]; see also further comments in Section 4.1.

Systems of this type may be regarded as consisting of two components, namely
the genealogy part and the diffusion part (for this reason they are sometimes called
“branching diffusions”). The genealogy part, being the celebrated Galton-Watson process,
is well-studied. In our case (p > 1/2), the expected total number of particles grows
exponentially at rate

Ap = (2p— 1A (1.2)

The Ornstein-Uhlenbeck process has a unique equilibrium measure ¢ (to be described
later). After a long time the positions of two “randomly picked” particles are “almost
independent” random variables distributed approximately according to ¢, which suggests
the following law of large numbers

|‘th|_1 <Xta f> — <()05 f> 1Ewtca a.s. (13)

where Ext¢ is the event that the system does not become extinct, |X;| denotes the
number of particles at time ¢ and f is a bounded, continuous function. This is indeed the
case as follows from [13]. In Theorem 3.1 we obtain (1.3) in probability for a slightly
more general class of functions. This is, however, only a preparatory step towards our
main goal which is the corresponding central limit theorem. It turns out that the second
order behaviour depends qualitatively on the sign of A, — 2. Roughly speaking, this
condition reflects the interplay of two antagonistic forces, the growth which is local and
makes the system more coarse and the movement which tends to smooth the system
(higher p implies “a stronger attraction of particles towards 0”). Now we describe the
behaviour of the spatial fluctuations:

Ftil (<Xt7f> - ‘Xt|<907 f>)7 (1.4)

where F; is some, not necessarily deterministic, normalising function.

Our results are quite involved from the notational point of view, therefore we postpone
their rigorous formulation to Section 3 and at this point we will only provide their
somewhat informal description. We present the situation on the set of non-extinction
Eaxte.

Small branching rate: )\, < 2. Our main result is contained in Theorem 3.3. In this
case “the movement part prevails” and the result resembles the standard CLT. For

large t,
(X, [) — | Xellp, ) a

—05G,
VIX] d

where -% denotes convergence in distribution, G is a standard Gaussian variable
and oy is a parameter depending on the function f, but independent of the initial
conditions.

’

Let us note that a random normalization F; = |X;|'/? is quite natural as it “filters’
out the fluctuation of the total number of particles and thus allows for a Gaussian
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limit. We remark that almost surely for large t, | X,| exp(—A,t) — Vo for a certain
random variable V., so one can easily replace our random normalization with a
deterministic one. However the limit in this case will be no longer Gaussian; by
using the full strength of Theorem 3.3 one can show that it is a mixture of Gaussian
distributions.

Critical branching rate: )\, = 2u. Our main result is given in Theorem 3.8. In this
case “the branching prevails”. The behaviour of the fluctuations slightly diverges
from the classical setting, namely

(Xe, f) = [ Xel{p, £) d

VX

where G is again a standard Gaussian variable and o; a constant depending on the
function f (different from o in the subcritical regime). Let us briefly comment on
the differences between the critical and subcritical cases. First of all, in the critical
case the normalization is bigger: F, = t'/2|X,|'/2. Moreover, although the limit still
does not depend on the starting condition and is Gaussian, its variance depends
on the distributional derivatives of f (contrary to the small branching case). To
explain this at a heuristic level we note that in the critical case the branching is
so fast that the fluctuations are no longer smoothened by the motion and become
essentially local.

UfG,

Large branching rate: )\, > 2u. Our main result is presented in Theorem 3.12. In this
case not only does the branching “prevail” but also “the motion badly fails to make
any smoothing”. In this case it is more natural to use deterministic normalization
F, = e*»—Mt which is even bigger than in the critical case (note that in this range
of A, exp((A\, — p)t) > v/texp(\pt/2) while the later quantity is of the same order
as \/t| X¢|).

We have

(Xe, f) — [ Xel(p, f)

e()‘p*l»‘«)t

where Vf is the distributional gradient of f and J is a certain d-dimensional
random vector (obtained as the limit of some martingale related to the system),
depending on the starting position of the system. It turns out that the limit is no
longer Gaussian. What is perhaps surprising, the convergence holds in probability.
The first term, (p, Vf), means that like in the critical situation the branching is
fast enough so that the fluctuations are local. Even more, it is so fast that the
limit depends on the starting condition and in fact, up to some extent, the system
“remembers its whole evolution”, which is encoded in J.

= {p,Vf)ol,

In either case we also prove that the spatial fluctuations become independent of fluctua-
tions of the total number of particles as time increases.

Until recently most of the research activity was concentrated on proving laws of large
numbers for more and more general branching systems. Before our work the only CLT
result we are aware of was contained in [6, Proposition 6.4]. Their setting is somewhat
different, see Remark 3.17. During the review process of the current paper an extension
of our results appeared in [24] . We shortly comment on their result in Remark 3.16 and
in Remark 3.18 we discuss a few open questions natural in view of our results.

At this moment we would like to announce our parallel paper [1]. In [1] we consider
U-statistics of the OU branching system, namely expressions of the form

[ X¢
UMP) = Y f(Xu(ir), Xili2), .., Xilin))- (1.5)
i1,i2,..in=1
ini; i k#j
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We obtain both the law of large numbers (i.e. an analogue of (1.3)) and CLTs, which
also fall into three categories corresponding to the cases described above. Moreover, at
this point we also advertise a forthcoming work of the second named author [21], which
is devoted to studies of the CLT for superprocesses based on the Ornstein-Uhlenbeck
process (see also related [25]). Qualitatively the results of [21] are the the same as the
ones presented in this paper.

Our proofs utilise a mixture of techniques used for branching systems (e.g. the
Laplace transform and the log-Laplace equation, coupling and decoupling). Although
the proof schemes loosely resemble known techniques (e.g. are similar to proofs in [5,
Section 1.13]) they required many improvements. In our proofs we used also the fact
that the Ornstein-Uhlenbeck process has a particularly explicit and tractable structure.

The study of branching models of various types has a long history, we refer the reader
to [12, 14, 5, 9] (the list is by no means exhaustive). It has been known for a long
time that the behaviour of branching systems differs qualitatively for (sub)critical and
supercritical cases. The former become extinct almost surely, their limit properties are
studied after conditioning on non-extinction event (e.g. Yaglom type theorems) or as a
part of larger infinite structures (e.g. Galton-Watson forests, random snakes, continuum
trees — see e.g. [17]). The latter grow exponentially fast (on the set of non-extinction),
which makes it possible to study them using laws of large numbers, starting with the
celebrated Kesten-Stigum theorem ([5, Theorem 1.10.1]). Such theorems were also
proved for branching particle systems, they go back to [3, 4] and more recently [13]
(the latter being the main inspiration for our paper). This paper presents a law of large
numbers for a large class of supercritical branching diffusions and admits unbounded
space-dependent branching intensity. Also we would like to mention again the paper [6]
in which systems with non-local branching (i.e. particles may jump upon an event of
branching) were studied. The article [6] presents a law of large numbers as well as a
central limit theorem, though in a different spirit than ours (see comparison in Remark
3.17). Due to its extensive introduction [6] is also an excellent resource of biological
motivations for study of branching diffusions.

The article is organised as follows. The next section presents notation and basic facts
required further. Section 3 is devoted to the presentation of the results. Proofs are
deferred to Section 4 and the Appendix.

2 Notation and preliminaries

Notation For a branching system {X,},.,, we denote by | X;| the number of particles
at time ¢, and by X, (i) - the position of the i-th (in a certain ordering) particle at time
t. Typically, we use I, or P, to stress the fact that we consider the system starting
from a particle located at x. Sometimes we use also E and IP when this location is not
relevant (e.g. if we calculate the number of particles in the system). We will refer to
the system starting from a single particle at time ¢t = 0 located at = € R? shortly, as
the OU branching system starting from z € R¢.

For a function f: R — R and a measure y on R? we denote (i, f) := [n. f(x)p(dz).
Thus in particular we have

| X

(Xi, f) = Zf(Xt(i»-

By —? we denote convergence in law. We use < to denote the situation when an inequality
holds up to a (multiplicative) constant ¢ > 0 not depending on running parameters, which
is irrelevant for calculations. E.g. f(z) < g(x) means that there exists a constant ¢ > 0
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such that f(z) < cg(x).
Let z oy = > ., x;y; denote the standard scalar product of z,y € R¢. Moreover,
|z|| = v/x o x is the standard Euclidean norm in R¢.

In the paper we use the space

P =P(R?) := {f :RY— R : f is continuous and 3n such that | ngri I @)/l = 0} ,
that is the space of continuous functions which grow at most polynomially.
Given a function f € P(R?) we implicitly understand its derivatives (e.g. %) in the
space of tempered distributions (see e.g. [26, p. 173]). '

For a probability measure i and a random variable X we write X ~ p to express the
fact that X is distributed according to p.

Basic facts on the Galton-Watson process The number of particles {|X¢|},- is the
celebrated Galton-Watson process. We present basic properties of this process used in
the paper. The main reference in this section is [5]. We already introduced the growth
rate (1.2) (e.g. [5, Section 1.6]). The process becomes extinct with probability p. := 117;1’
(see [5, Theorem 1.5.1]). We denote the extinction and non-extinction events by Ezt and
FExt¢ respectively. The process

V, = e M X

is a positive martingale. Therefore it converges (see also [5, Theorem 1.6.1])
Vi - Vs, a.s. ast — +oo. 2.1)

Proposition 2.1. We have {V,, = 0} = Ext and conditioned on non-extinction V, has
the exponential distribution with parameter 2”?%1. We have E(V,,) = 1 and Var(V,,) =
2,,1_1- Ee~**!| X,|* is uniformly bounded, i.e. there exists C' > 0 such that for any t > 0
we have Ee~**!| X;|* < C. Moreover, all moments are finite, i.e. for anyn € N and t > 0

we have E|X;|" < +o0.

The proof is deferred to the Appendix. We denote the variable V,, conditioned on
non-extinction by W.

Basic facts on the Ornstein-Uhlenbeck process The particle movement in our
model is governed by the Ornstein-Uhlenbeck process with parameters o, i > 0. Let us
recall again that this process is a time homogenous Markov process with the infinitesimal

operator
1

L:= 50% —pzoV. (2.2)
The invariant measure of the Ornstein-Uhlenbeck process with parameters o, i is
2
a mean zero Gaussian distribution on R? with covariance matrix 5-1d. We denote this
measure by ¢. Since in the proofs we will use extensively the exact form of its density,
we recall that it is equal to

d/2
o(x) == (%) / exp (—%HxHQ) . (2.3)
xea g
For simplicity we denote the measure and its density with the same letter, which should
not lead to a misunderstanding.
The semigroup of the Ornstein-Uhlenbeck process is denoted by 7. It is well known
that 7 is a strongly continuous semigroup on L?(y) (see e.g. Sections 8.3. and 9.4. in [8]
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for a much more general exposition in the context of infinite-dimensional spaces). It can
be calculated with the following formula (see formula (8.13) in [8] or Section 5.2. of [2])

Tef (x) = (g¢* (@), @ :=e M a, (2.4)
where

/2
g(x) = (/12) exp {—:2:62} , U? = 02(1 — 6_2’”).
i

O

We denote ou(t) := v/1 — e=2#t and let G ~ . Similarly to (2.4) we can express T using

Tef()= | f(o=y)gily)dy = /}Rd f(ze™ +ou(t)y) v(y)dy = Ef (we ™ + ou(t)G).
(2.5)
For a function f € P(R?) we will denote

f(@) = f(z) = (o, f). (2.6)

3 Results

This section is devoted to the presentation of our results. The proofs are deferred
to Section 4. Our first aim is to present a central limit theorem corresponding to the
following law of large numbers (closely related to [13, Theorem 6] or [6, Theorem 4.2]).
Theorem 3.1. Let {X;},., be the OU branching system starting from z € R?. Let us
assume that f € P(R?). Then

lim e ' (X, f) = (¢, f) Vs in probability,

t—+o0

and thus (by the definition of V, and Proposition 2.1) on the set of non-extinction, Ext¢,
we have
lim |X,|7'(X,, f) = (¢, f) in probability. (3.1)

t——+o0
Moreover; if f is bounded then almost sure convergence holds.
Remark 3.2. We believe that the almost sure convergence holds above also for f €
P(R?). However, as in this paper we concentrate on the CLT, we do not pursue this

question here. We expect that methods used in the proof of [13, Lemma 18] might be of
use.

3.1 Small branching rate: )\, < 2u

We denote N
~, 0 N 2
ﬁ::<%f$44up4 <%(é%””ﬁf)>da (3.2)

where f is defined by (2.6).

Let us also recall (2.1) and that W is V. conditioned on Ext¢. The main result of this
section is
Theorem 3.3. Let {X;},,, be the OU branching system starting from z € Re. Let

us assume \, < 2u and f € P(R?). Then U? < +4oo and conditionally on the set of
non-extinction Ext® there is the convergence

Xy — eV (X, f) — | X4 (g,
(e_let'y 1 (Xo. ) = Xl o 1)

Vixd VIXi

where G; ~ N(0,1/(2p — 1)),Gy ~ J\/'(O,oj%) and W, G,Gs are independent random
variables.

)eﬂmamm, (3.3)
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Remark 3.4. As we already mentioned in the Introduction this is the most classical case.
By conditioning one can check that the theorem is still valid when the first particle is
distributed according to ¢. With this assumption X;(i) ~ ¢ for any i. If these random
variables were independent conditionally on |X;|, then the third term, written in the

form |X,|~1/2 Zz’l"(f(Xt(i)) — (¢, f)), would converge to N'(0,5%), where 57 = <gp, f2>
(the random number of elements in the sum is only a minor obstacle). Therefore, the
additional integral term in (3.2) reflects the dependence between X;(4)’s.

Remark 3.5. An important feature of our result is the factorisation of the fluctuations
of the total mass process {|X;|}, and the spatial fluctuations process i.e. {(Xy, f)},.
Using this fact we can easily prove a central limit theorem corresponding to (3.1) with
deterministic normalization. Namely

(X0, f) = Xl (o, ) = Ga/ Vi,

where G5 are the same as in Theorem 3.3 and V, is given by (2.1).

Remark 3.6. The convergence of the spatial fluctuations can also be regarded as
convergence of random fields. It is technically convenient to embed the space of point
measures into the space of tempered distributions &’(R?) (i.e. the dual of the space of
rapidly decreasing functions S(R¢)). The following S’(R?)-valued random variable:

_ X — [ Xefp(@)dr g (X
Mt = |Xt|1/2 = ‘Xt| m — @, (34)

converges to a Gaussian random field M with covariance structure given by

“+o0
Cov((M. £} (M, f2)) = (o o) + 23 [ (. (MoT ) (/29T 1) ) as,

’ (3.5)
where f;(x) = fi(z) — (¢, f;). The convergence holds in &’(R%) space. In order to justify
it one first applies the Mitoma theorem [22]. This theorem states that the tightness of
{M,},-, is equivalent to tightness of (M, f) for all f € S(R), which obviously holds
by Theorem 3.3. Let us thus consider any convergent subsequence M;, and denote
by M its weak limit. Note that by Theorem 3.3 and the Cramer-Wold device for all
fi,--y fm € S(RY), the finite dimensional marginals ((M;,, f1),...,{(M;,, fm)) converge
to a Gaussian vector with the covariance structure given by (3.5). This implies that the
distribution of M on the cylindrical o-field of S’(R¢) is uniquely determined. However,
due to the separability of the Schwartz class S(R?), the cylindrical o-field of S’(R%)
coincides with the Borel o-field (see the remark following Definition 2.3.1 in [20]) and
so the distribution of M is uniquely determined. Together with tightness this ends the
proof of convergence of M, as random elements of S’(R%).

Remark 3.7. The formula (3.2) for the variance of the limiting Gaussian variable be-
comes perhaps less cryptic when expressed in the basis of the Hermite polynomials.
Let {h,},~, be the probabilistic Hermite polynomials (see. e.g. [19, page 5]). We
recall that in the case of d = 1 and 0? = 2, 4 = 1 they are eigenfunctions of the
Ornstein-Uhlenbeck semigroup, more precisely T;h,, = exp(—nt)h,,. Moreover they form
an orthonormal basis in the space L?(y). Still for d = 1, but for general ¢2 and y, let
hn(z) = hn(v/2pz/0). By an appropriate change of variables one easily obtains that
{hn}n>0 is an orthonormal basis in L2(y) and T;h, = exp(—punt)h,. Passing to general d
and using the product structure of the Ornstein-Uhlenbeck process in R? one obtains
that the family {h,, . ;,}5° _iy—0 given by

i1,

hil,...,id = (1'17 e ,{L‘d) = hil (1‘1) e hl‘d(l‘d), (36)
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is an orthonormal basis in L?(¢) and 7Zi~zih___7id = exp(—p(iy + ... + id)t)izih___yid. The
elements of this basis are often referred to as multivariate Hermite polynomials. If we
now define f;, i, . i, = fRd f(:c)ﬁihm,id (z)p(x)dz, then (3.2) together with basic Hilbert
space theory yield

“+o0 2>\p
2 2
o4 = E o i 14+ — - - . 3.7
f 15225---524 ( 2(21 +’62 + +Zd),U/_)\p> ( )

i1=0,i2=0,...,i4=0

3.2 Critical branching rate: )\, = 2u

Apo? & af \ 2
o2 = ILU Z<‘P7 a:f> . (3.8)
i=1 i

We denote

Note that the same symbol JJ% has already been used to denote the asymptotic variance in
the small branching case. However, since these cases will always be treated separately,
this should not lead to ambiguity. Analogously as in (3.7) we can expresses 0']% nicely
using the Hermite expansion:

0120 =2\p (f12,0,4..,0 + fg,l,i..,o + f(io,...@) . (3.9)

Let us also recall (2.1) and that W is V. conditioned on Ext°. The main result of this
section is

Theorem 3.8. Let {X,;},., be the OU branching system starting from = € R®. Let us
assume that A\, = 2u and f € P(R?). Then crj% < +oo and conditionally on the set of
non-extinction Ext® there is the convergence

(eww 1X| = e Voo (X f) = Xl (0 )

ViXd o 2V

where G; ~ N(0,1/(2p — 1)),Gy ~ J\/'(O,oj%) and W,G,Gs are independent random
variables.

) —>d (VV, G17G2)7

Remark 3.9. We continue the discussion from Remark 3.4. This time the theorem is
less classical as the normalization is larger. We interpret this as the fact that X,(i)’s
become more dependent as ), increases relatively to x. In other words the branching is
so fast that any particle has many relatives which are still close to it. This also explains,
at least on an intuitive level, the appearance of the derivative in (3.8).

3.3 Large branching rate: )\, > 2

Let us introduce the process {H,},-,

[ X+
H, = (T timt th(z‘). (3.10)
=1

Let us also recall the martingale V; := e~ *»!| X;|. We have

Proposition 3.10. The process {H;},., is a martingale with respect to the filtration of
the OU branching system. Moreover, if \, > 2y, then we have sup,~q E. | H;|?> < +oo.
Thus, there exists -
Ho = lim Hy,
t——+oo

where the convergence holds a.s. and in L?. When the OU branching system starts from
0, the martingales V; and H; are orthogonal.
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The distribution of H., depends on the starting conditions.

Proposition 3.11. Let {X,},., and {X,};>0 be two OU branching systems, the first one
starting from 0 and the second one from x. Let us denote the limit of the corresponding

martingales by H,, H,, respectively. Then
Hy = Hoo + 2V,

where V, is given by (2.1) for the system X.
Let us denote by J the random variable H,, conditioned on Ext°.

Theorem 3.12. Let {Xt}tzo be the OU branching system starting from = € R%. Let us

assume that \, > 2p and f € P(R?). Then conditionally on the set of non-extinction Ext¢
there is the convergence

et X, | | Xi| — e Ve (X, f) = 1 Xl (o, f)
VI T e (G- pt)

where G ~ N(0,1/(2p — 1)) and (W, J), G are independent. Moreover

At (Xe, /) = 1Xe| {o, f)
("’ X o O — )

Remark 3.13. As we noted in the Introduction this case hardly resembles the classical
CLT. The convergence in probability is perhaps its most unexpected feature. This
phenomenon seems to be closely related to the fact that the branching is so fast that the
system is “not able to forget” the starting condition and in fact, up to some degree, it
“remembers” its whole evolution (encoded in the martingale H).

) =4 (W.G {p.Vf)od),  (B.1D)

> = (Voo, {9, Vf) o Hy,), in probability. (3.12)

Remark 3.14. We were not able to derive any explicit formula for the law of H...
However we calculated some of its moments (for d = 1). As the formulas become lengthy,
we assume that p = 1 and present only:

9672 (16 + 397y + 3072 + 8+?)

EoH? =2y, Eo HY =
0Hoo = 27, H0too 94277 + 2672 + 893

1440~3 (36847 + 285675~ + 94801272 + 176042073 + 2005408+% + 1441120~° + 642112~ + 16358447 + 18432’y8)

6
EqgH =
oo (14 7)2@ +29)(5 + 47 (5 + 69)(5 + 87) (6 + 17 + 1242)

where v = (\,/p — 2)~!. The odd moments are 0 as the distribution is symmetric. One
can now check that H., is never Gaussian. Moreover, V,, and H,, are not independent
(even though uncorrelated). Their dependence is not trivial. By similar calculations of
the fourth moment of zV,, + H., we also checked that H, is not of the form VG, where
G is some random variable (not necessarily normal) independent of V.

Remark 3.15. We suspect that the convergence in (3.12) is in fact almost sure. Similarly
as in the case of the law of large numbers we expect that the methods of [13, Lemma 18]
might be of use. Let us note however that in this case situation is much more delicate
since the norming is much smaller. This potentially gives raise to additional technical
problems.

General remarks

Now we will present general remarks common for all cases.

Remark 3.16. We would like to draw attention to an extension of our work with appeared
in [24]. The authors consider a branching system with particles moving according to a
Markov process fulfilling certain spectral properties. The particles branch according to a
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space-dependant branching law (with uniformly bounded second moment) and bounded
branching intensity. Under this quite general conditions they provide CLT result akin
to ours. Notably, they use the spectral theory to describe the limits. This, in particular
allows, to treat cases for which our results are not sharp (e.g. in the case A, > 2u the
limit in our result is degenerated for functions orthogonal to Hermite polynomials of
degree at most one and in this case one can find a different normalization yielding a
non-trivial limit).

Remark 3.17. A result close to ours was presented in [6]. The authors consider a model
more general then ours in dimension d = 1. Particles move on a real line according to
some diffusion process. Moreover, each particle carries some mass. Upon a split event
the offspring are assigned new positions and masses in some, possibly random, fashion
depending on the position and mass of the ancestor.

For the sake of notational simplicity, we skip the full generality, and sketch the results
of [6] on the example of the Ornstein-Uhlenbeck branching process X studied in our
paper. We define a measure-valued processes {1/ },., by

(T, f) o= T/ (Xigr, f) (X, Tef)

e J) = oAy (1) AT .

In a carefully chosen functional space they prove [6, Proposition 6.4] that n” —% 7, as
T — oo, where 7 is a solution of the following stochastic equation

(e, f) = / /R (Lf(x) + Kna(d)ds + VIVW (1),

where W is an analogue of our V,, W is a certain Gaussian martingale with values in
a functional space and K is a certain operator related to the branching. As already
mentioned in the Introduction their approach differs from ours. They always consider
two finite times ¢, ¢ + T while we examine fluctuations between some finite time ¢ and the
limit at infinity (recall the third coordinate in (3.3) and that by Theorem 3.1 for 7" large
(X7, f) is of the same order as | Xr|(p, f)). Our result is more classical in a sense that it
studies fluctuations from the limiting object. While theirs diverges from this schema, it
captures also some temporal aspects of the convergence.

Remark 3.18. Now we list other possible extensions of our results. The first has already
been obtained, a parallel paper [1] contains the corresponding results for U-statistics
(as it was described in the Introduction). Secondly, corresponding results were also
obtained for superprocesses in [21]. Another natural extension would be to consider
more general branching laws. The first problem to consider is a law of large numbers.
The statement of the Kesten-Stigum theorem suggest the weakest possible conditions
and the Seneta-Heyde theorem suggests further extensions (we refer the reader to [7]
and references therein).

The paper [24] treated a very general case of systems allowing space-dependent
branching law under the natural condition of the existence of the second moment.
Moreover, this paper assumed that the branching intensity is bounded. We suspect that
the last condition can be relaxed (e.g. it is known, see [13], that the law of large numbers
holds for certain unbounded branching intensity functions).

It is natural to expect that there are analogues of our results for systems with the
branching laws with infinite variance. One should expect different normalisation and a
stable law in the limit.

Other interesting lines of research are the large deviation principle and functional
convergence.
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4 Proofs

4.1 Laplace transform and moments

Following [11] the branching system model is formalised as a Markov process in
the space M of integer-valued measures on R?, endowed with the o-field ¥ generated
by all the functions of the form M > v ~ v(A), where A is a Borel subset of R?. By
the assumption that the evolution of distinct particles is independent, to describe the
transition probabilities it is enough to consider systems starting from a single particle.
By [11, (1.3)], its Laplace transform

W(Jf,t,e) = El‘exp(_ <Xt79f>)’ (41)

where § > 0, f: R? — R, is bounded and measurable, satisfies the following equation

w(z,t,0) = e MTe % (z) + /\/ At=s), F(w(-,s,0))(x)ds, (4.2)
where F' is the generating function of the branching law, given by
F(s):=ps*+ (1 —p) (4.3)

and ) is the branching intensity. We note that we consider a time homogenous transition
probability hence our equation is a little bit simpler that the one in [11] (e.g. we
do not need the parameter r). Moreover, the additive functional K of [11] is simply
K(s,t) = A(t — s).

Transition probabilities for a general point measure v are determined by the following
rule, which ‘encodes’ the independence of subsystems starting from distinct particles

E, exp(—(0f, X;)) HEylexp 0f, X)), (4.4)

whenever v = Z?Zl v; (see equation (1.1) in [11]).
We will now use the trivial identity e M7, f = T, f — fg Te(Ae 2=3)T;__ f)ds and the
Fubini theorem to transform (4.2). We have

¢
w(z,t,0) = e MTe % (z) + )\/ e MT.F(w(-,t — s,0))(x)ds
0

T @) [ TRl - s 0)@as
0

- )\/Ot (/08 Tuore AT F(w(-t — s,@))(m)du) ds.

Applying the Fubini theorem to the third summand and using (4.2) we get

)\/Otﬁ ()\ /ut e NI Fw(- t — s,0))(x)ds) du

- A/tT <>\ /tue’\sﬂF(w(~,t - s,0))(1:)ds) du

—)\/ (-t —u,0) — e AW 0f>

t
= e MTe 0 (2) — Tre % () + )\/ u, 0)(z)du.
0
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Putting the last two expressions together we conclude that w fulfils
t
w(x,t,0) = Tre % (2) + )\/ Ties [pw? (-, 5,0) — w(-,5,0) + (1 — p)] (z)ds, (4.5)
0

Let now w(®) denote the k-th derivative of w with respect to 6. By differentiating (4.5)
we get for k > 1,

w® (x,t,0) =(=1)*T; [f*()e ()] ()

+A / i slpZ() O Saa)w(kl)("&(’)—w(k)(w&@)] (x)ds

Note that this differentiation is valid by Proposition 2.1 and properties of the Laplace
transform (e.g. [16, Chapter XIII.2]). We evaluate this expression at § = 0 and write
simply w(*)(z, t) instead of w®) (x,t,0). Further we use the fact that w(z,t) = 1 to get

w® (z,t) =(-1)F T, f*(x)

A / ts[pz() syu*=0(, >+<2p—1>w<k><',s>] (2)ds.

We recall that A\, = (2p — 1)\. By a simple variation of the argument leading to (4.5) one
checks that

w® (@) = (=1)F M T () + A / - sms[pz() (. k(. >] (2)ds.

(4.6)
By the properties of the Laplace transform the moments are given by

E, (Xe, )" = (1) w0 (x,1). 4.7)

The equation (4.2), and therefore our equations so far, are valid for f being positive
and bounded. Using standard measure-theoretic techniques one can show that (4.6) still
holds for f € P if we use (4.7) as the definition of w(™ (x,t) (note that for general f € P
the Laplace transform may not be well defined). In order to do that one has to know that
the moments are finite. This follows by Holder’s inequality, conditioning and Proposition
2.1, viz.

Eo| (Xe, f) " < o Xe["™H(Xe, | fI") = (BIX[") TelfI" (2) < o0,

4.2 Weak convergence facts

In this section we gather simple facts concerning weak convergence. Let us denote
by || - || the total variation norm on the set of probability measures. We have a simple
lemma

Lemma 4.1. Let (2, F, P) be a probability space and A, C Ay € F be such that P (4;) >
0. Let X be a random variable and vy, vs be its law conditioned on A, A; respectively.
Then
P(Az) —P(A)
— <2
||V1 V2||TV — P(Al)
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Proof. Let B be a Borel set, then

[P (X € BlA1) —P(X € B|4y) | = ({XJPG(B})QAQ - ]P({XJPE(Z})QAQ)‘
P{X eB}nA)(P(Ay) —P(A))+(P({X e B}NA)— ({XGB}QAQ))IP(Al)‘

(
P (A1) P (A2)

P U P

Taking supremum over B we obtain the lemma. O

Let 1, po be two probability measures on R, and Lip(1) be the space of continuous
functions R — [—1, 1] with the Lipschitz constant smaller or equal to 1. We define

m(pa, p2) == sup | {(p1,9) — (u2, 9) |- (4.8)
g€Lip(1)
It is well known that m is a distance metrizing the weak convergence (see e.g. [10,
Theorem 11.3.3]). One easily checks that when pu;, e are, respectively, the laws of
random variables X, X5 on the same probability space then we have

m(pr, pe) < | X1 — Xolly < 4/[1 X1 — Xall,. (4.9)

4.3 Couplings

The aim of this section is to define a coupling of two OU-branching processes, which
will be the main tool in proofs of the limit theorems.

We begin by defining a coupling of two Ornstein-Uhlenbeck processes. Let us first
recall that the Ornstein-Uhlenbeck process starting from = € R? is a solution to the
stochastic differential equation

dn, = odfBy — pmedt, no = x,

where (8;):>0 is a standard d-dimensional Brownian motion. This property (sometimes
taken as the definition of the Ornstein-Uhlenbeck process) is an immediate consequence
of the relation between the infinitesimal operator of a diffusion and the coefficients of
the defining SDE (see e.g. Theorem 7.3.3. in [23]). The following coupling will be very
useful for further analysis.

Proposition 4.2. Let 2,y € R? and let {Vt};> be an R?24-valued process defined by

Ve = (i 7).

where n',n? are Ornstein-Uhlenbeck processes starting from x,y respectively and satis-
fying dn} = odB; — unidt with the same d-dimensional Brownian motion 3. Then v is a
strong Markov process, moreover

ne—np = (x—yle ", as.

Proof. The strong Markov property follows from general facts about diffusions (see
e.g. Theorem 7.2.4 in [23]). The second part of the proposition follows by subtraction.
Namely,

d(n; —n7) = —p(nf —n7)dt, ng—ng =z -y,

which implies the equality in question. O

Now we transfer the coupling to the level of branching systems.
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Proposition 4.3. Let { X;},., be an OU-branching particle system starting from x € R<.
Let y € R? and define a new system {Yi},5( such that |Y;| = |X¢| and

V(i) := (y — z)e™ " + X¢(0),

for any particle ¢ of the system. Then Y is an OU-branching particle system starting from
Y.

Although the above proposition is intuitively clear, its formal proof is quite lengthy
and hence is deferred to the Appendix.

4.4 Rate of convergence to the invariant measure and approximations

We will need also estimates of the speed of convergence to the invariant measure.
Recall the definition of f given by (2.6). In proofs below it will be convenient to have
some additional regularity conditions. Therefore given f € P and u > 0 we define

lu(z) = Tof(z). (4.10)

The reason for introducing the function [, is that it is smooth and for uv — 0 it
approximates the function f . In the following simple lemma we gather a couple of
properties of the function /,, which later will be used to show that the approximation
carries on to the level of branching systems.

Lemma 4.4. If f ¢ P(R?) and u > 0, then I, given by (4.10) is a C>°(R?) function.
Moreover, {(p,1,) =0, and there exist C,n > 0 such that

oly,

8l‘i

21,
8l‘i6$j

<+ e, \ ] <O+ o),

foranyi,j € {1,2,...,d}.

Proof. The first two statements are trivial and left to the reader. To prove the bound for
derivatives we recall (2.4) and (2.5) and write

O (| |2
81‘1‘ a 63:1 R

Ften =] < [ 10| auten = )| dn

One checks that

together with the assumption f € P yields the first estimate. The second one goes along
the same lines. O

a%%gu(xu - y)’ < Chexp(—Cs||lxy — y||) for some C1,Cy > 0. Using this

Lemma 4.5. Let f € P(RY) and f be defined as above. Then there exist constants
C,n > 0 such that for any t > 0 we have

I Tef(@)] < CO+ [, [Tef(0)] < Ce™?. (4.11)

Moreover
; utg £ _
Jim e T f(z) = x0 (e, V),
where V f is understood in a weak sense. There exist C', 7 > 0 such that for any t > 0 we
have ~ .
[ Tef(2) — w0 (o, ) | < OO+ Jfa] Py, (4.12)

Moreover, there exists a function ¢ : Ry — R4 such that ¢(u) — 0 as v \, 0 and for any
t > 0 we have

700 = D)(@)] < )@+ 2. (4.13)
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Proof. Let us recall equation (2.5) and that (¢,[,) = 0 and |1 — ou(t)| < e~ 2#t. We write

T @) = Tl () = [ e (e oult)y) ~ ul)el)dy. (4:14)
Rd

Using the mean value theorem we get
h(z,y,t) == e (lu(ze™" + ou(t)y) — lu(y)) = (z + e (ou(t) — 1)y) o Viu(zo),  (4.15)

where z( is some point on the interval joining y and xe #* + ou(t)y. From this repre-
sentation and Lemma 4.4 we obtain |h(x,y,t)| < 1+ max(||z||™, ||y||™) and |h(0,y,t)] <
e (14 ||y||™). This is enough to show (4.11) for ¢ > 1 by setting e.g. v = 1/2. Note that
fort < 1, (4.11) follows easily from the fact that 7; f is again of polynomial growth.

We notice that h(z,y,t) — z o VI, (y) point-wise as ¢t — +oco. This, together with the
Lebesgue dominated convergence yields

d

Ol dy
; — ) = —eM" i ( Ly =— ).

i=1

I:= lim eMT,f(z) = et

d
t—+oo .

3

The calculations above are valid for any choice of u, in particular, letting v \, 0 we obtain

d d
Iz—Zl‘i <f, g;p> =Z$i<g;,<p> =zo(p,Vf).

=1 i=1

For the sake of notational simplicity (4.12) will be proved for d = 1. By the above
calculations

M FOT L f(@) —x (o, 1) = e (e Tl (z) — 2 (p,1,) -

Let us now treat the inner expression using (2.5):

e Tily(z) — 2 {p,l.) = F (e“t (lu(xef”t + ou(t)G) — lu(G)) — xl;(G))
ze M fou(t)G
" ( / I, (y)dy — xl;<G>>

G

ze M fou(t)G
=F <e“t/ (y) — l;(G))dy> + e (ou(t) — 1)EGL,(G).
G

By Lemma 4.4 the second term is easily bounded from above by Ce~#¢, for some C > 0.
The first one can be estimated as

ze Fpou(t)G  py
Ee“t/ / 1'(z)dzdy
G

G

Il :=
z€[G,ze—Ft+ou(t)G]

By Lemma 4.4 we know that [/ grows polynomially, so there exists n such that
I S e "B (x + e (ou(t) = DG (]| + IGI)" < e (1 + Jz]"*).

This is enough to prove (4.12), again by setting e.g. u = 1/2 (as with (4.11), the case
t < 1 is straightforward).

Now, we need an estimate on e*T;(l, — f)(z) which takes into account u. For t > 1,
using the same argument as before it is enough to prove an estimate for e"* 7y (I, +1—11)(z).
We denote k,(z) := ly4+1(z) — l1(x) and notice that (¢, k,,) = 0. Further, we recall that

(¢, Tif) = (g, f) and thus

k() = [ h(ae 4 oult)y) = ku(0)eln)dy,
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where we used that (¢, k,,) = 0. Using the mean value theorem we get
h(w,y,t) := e (ky (ve ™ +ou(t)y) — ku(y)) = (z + e"*(ou(t) — 1)y) o Vky(z0),

where 7 is some point on the interval joining ze *! + ou(t)y and y. Further, following
arguments used in (4.14) and (4.15) and after them we conclude that in order to obtain
(4.13) we need to estimate V(l, 1 — [1). For simplicity we will provide the details for
d = 1. We have

1T = (Luys — 1) (@) = ( /R (L —w) - zl<x>>gu<w>dw) - /R (15 (2 = w) — U (2)) g (w) .

Using the mean value theorem, there exists a function zo(z,w) such that zo(z,w) €
[ —w,z] U [z, — w] and

III = / wl (zo(x, w)) gy (w)dw.
R
The function I} grows at most polynomially. Therefore, for some ¢, n we have
(1] < C/Rd wl(1+ ] + [lw]™)gu(w)dw < e (u) (1 + [lz]),

where ¢; (u) is some function fulfilling ¢; (u) — 0 as « \, 0. It remains to prove (4.13) for
t < 1. Since the semigroup 7; preserves polynomial growth of a function, it is enough to
consider the case t = 0. Using the easy fact that [, converges to f uniformly on compact
sets and considering balls of increasing radia, one can easily construct a function ¢, (u)

such that co(u) — 0 as u — 0 and |l (z) — f(x)| < ea2(u)(1 + ||z]|") for some n € V. O

4.5 LLN and CLT for small branching rate
First we prove the following

Proposition 4.6. Let {X,},., be the OU branching system and \, < 2y and let f € P.
Then B

E, (e_()")/z)t <Xt,f>) 50, ast—s 4oo, (4.16)

AN 2 .
E. (e_()‘P/Q)t <Xt,f>) — UJ%, Var, (e_()"’/Q)t <Xt7f>) — UJ%, ast — +oo, (4.17)
where a} is the same as in (3.2). Moreover,
~ - 4
sup B (e—@p/m (<Xt, f> _E, <Xt,f>>) < +oo. (4.18)
t>0

Proof. We will use the notation from Section 4.1, in particular equations (4.6) and (4.7)
(with f instead of f). First we note that by (4.6) and Lemma 4.5 (ineq. (4.11)),

jw' (@, )] S ePr L x|") < PP+ ),

which, by (4.7), implies the first assertion. Using (4.6) and (4.7) again we calculate the
second moment

E, (ef(xpm)t <Xt, f>)2 = T 2(x) + 22pe et /t M=) [(expﬂ;f(.)f] (z)ds

0

= T:f%(x) —|—2)\p/t Tizs [(e“?/”%ﬂ)ﬂ (z)ds.

0
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By (4.11) in Lemma 4.5 the integrand in the last expression can be estimated as follows
L N\2
T | (22T F0) | (@) £ T 11 1] @)

Using (2.4) it can be checked that for any ¢ > 0 we have 7; [(1+ || - [|")?] (z) < (1+z[*").
The dominated Lebesgue theorem implies (4.17) (note that the second assertion is an
immediate consequence of the first one and (4.16)). We also conclude that for any ¢ > 0,

w” (2, 8)] S X! (1 + [|z]™).

Similarly we investigate w”'(x,t). By (4.6) we have

" (x,)] S Tl () + /t M UIT [ (5w (-, 5)] (2)ds.

0

Using the estimates obtained already and the fact that 7; [(1+ | - [|)?] () < (1 + [|=[*™)

t
" (2, 1)) S (1+ [Ja|*r)et" + et / AT [T+ |- [P (2)ds < e®/DM0 (L [|z|*).
0

Finally, we will also need the fourth moment. By (4.6) and the estimates above we get

e o (5.)

t
5 €7>\pt7;f~4(l') +€72)\pt/ ekp(tfs)ﬁ_s [wll(.,s)Q +’U.)///(',S)'LUI(’,S)] (m)ds
0
t
SN el ) e [T [ ] () S (1 el ),
0

It is now easy to get the last assertion of the proposition. O

Now we will prove the representation (3.7). We recall (3.6) and that
7—8]31'1#27---71}1 (l‘) = e_(i1+i2+m+id)utﬁi1,i2,-<-7id (33)

Therefore

2

“+ o0
9 -
Or =\ Z fil;i27~~:7;dh7;1y7;2;~-~77;d

i1=0,i2=0,...,iq=0

2

+Oo +m . . . ~
4 2)\p/ <507 e()\p/2)s E 67M(11+12+m+1d)5fi1,i2 ..... idhil,ig,...,id('> > ds
0

11 =0,i2=0,...,i4=0

“+o0 +oo +00
_ 2 2 ()\ 72(7;1+Z‘2+...+7;d)p,)5
- E : i17iz,---,id+2>\p § : i17i27~--»id/ e’ ds.
i1=0,i2=0,...,iq=0 i1=0,i2=0,...,iq=0 0

Now (3.7) follows easily. We are ready for

Proof of Theorem 3.1 (sketch). The proof of [13, Theorem 6] can be checked to hold also
for the branching mechanism introduced in our paper. We will show now that the almost
sure convergence holds also for bounded functions which are not compactly supported.
We decompose f = f* — f~, where f*(z) = f(z)1{;@u)>0} and f*(z) = —f(2)1{s()<0}- It
is enough to prove the claim separately for f* and f~, hence we assume that f > 0. For
n € IN we consider functions h,(z) := min(max(n — z,0), 1) and g,, : R? ~ [0, 1] given by

EJP 20 (2015), paper 42. ejp.ejpecp.org
Page 17/35


http://dx.doi.org/10.1214/EJP.v20-4233
http://ejp.ejpecp.org/

CLT for Ornstein-Uhlenbeck branching particle system

gn () := hy(]|z]]). By [13, Theorem 6] we know that e=*»* (X}, g,) — Voo (¢, gn) a.s., we
know also that e *#*| X;| — V,, a.s. Therefore e=*** (X;, (1 — g,,)) — Vo (0, (1 — g5)) a.s.
Now we estimate

(Xt fagn) < (X, f) < (X, fgn) + [ flloo (Xe, (1= gn)) -

Using the previous considerations and the fact that fg,, has compact support we get
with probability one

, fgn) Voo < liminf et (X,
(@, fgn) < lim inf e (Xe, f)

< lir;liup e (X, ) < {fns @) Voo + | flloc (05 (1 = g0)) Vio-

To conclude, we observe that (p, fg,) — (¢, f) and (¢, fgn) + || fll {(©, (1 = gn)) = (o, f)
as n — —+o00.

Letnow f € P and f := f — (¢, f). By (4.17) we have
E, (e**pt <Xt,f>)2 0.

Therefore e~*»! <Xt7f> —P 0, and further e~ (X;, f) — e | X¢| (g, f) =T 0, which
concludes the proof. O

In the proofs below we say “X is asymptotically equivalent to Y” meaning that
X; —Y; — 0in probability (equivalently in law) as t — +o0o. Now we are ready for

Proof of Theorem 3.3. Before presenting technical details let us briefly describe the
overall strategy of the proof. We will explore the fact that for ¢; < ¢, when conditioned on
X4,, the random measure X, is a sum of independent random measures corresponding
to subsystems originating from distinct particles alive at time ¢;. When ¢, is large enough
with respect to t;, thanks to the coupling construction given in Proposition 4.3, we can
approximate each such subsystem by a system starting from zero, thus obtaining an
approximation of X;, by a sum of conditionally i.i.d. random variables, which allows for
an application of Lindeberg’s CLT. Although formally we do not condition on Ext° but on
{|X4,| # 0}, for t; — oo these two events become close, which results in a limit theorem
with respect to P, (-|Ext¢), by Lemma 4.1.

Let us also remark that throughout the proof we will often change the normalization
of the random vector we consider. As already mentioned in the Introduction, since
X/ exp(Apt) = Vi a.s., weak convergence results with the normalization by /| X;| and
exp(Apt/2) can be translated into one another. However for some parts of the proof, due
to algebraic or probabilistic reasons one of the normalisations will be more convenient.
We will therefore start with the following random vector

Z1(t) = (e Xl e O (IX| = Vo) e DX ) @19)

Consider n € N to be fixed later and let us write
IXt‘ . ~
Zl (nt) = e—n)\pt <Xnt7 1> 76_(n>\1)/2)t(|Xnt| - 67L>\ptvoo)7 e—(nAp/Q)t Z <Xz;f—1)ta f> )
i=1
where {XZ ’s} denotes the subsystem originating from the particle X, ().
t
We know that with probability one, e~*»*|X;| — V... Therefore

efn)\pt|Xnt| _ efAT’t|Xt| — 0a.s. (4.20)
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as t — +oo. Let us consider the second term

|Xnt| - en)\ptvoo - |Xnt| - en)\pt lim eiAp(nt+S)|Xnt+s|

s—+00
[ X0l
_ |Xnt| _ enk,,t SEI_POO e—/\p(s-i-nt) Z |X;,nt‘
=1
[ X el [ X el
= | Xn| — Z sginoo e*>\p8|X§;nt| _ Z (1 _ Volo)a
i=1 =1

where V2 are independent (conditionally on X,,;) copies of V,, (note that formally they
depend on ¢, however we will suppress this fact in the notation).
For any i < | X;| we define

Xi(j) = XI(j) — Xli)e ™, s >0, (4.21)

where j iterates over all particles of X*! alive at time s.

By Proposition 4.3, the Markov property and the fact that the evolution of subsystems
stemming from different particles is conditionally (on X;) independent we obtain that
Xit’s are conditionally i.i.d. OU-branching particle systems starting from 0.

We are going to show the asymptotic behaviour of Z; (nt) does not change when we
replace X*!’s by X*’s. To this end we write

[ X+ | X+
=y it A\ —(nXp it £
I(t) = |e ( /2)t Z <X(n—1)t7 f> e (nAp/2)t Z <X(n—1)t’ f>
i=1 i=1
x| X Gye!
< |em (/20 Z Lix. @<t Z (f(X(Znt 1)t (7)) — f(int l)t( ’))>
i=1 j=1
[ X+

te —(nXp /Q)tzl\lXt )l

<X(i;f—1)t’ f> + <XZ " 1)t’f>‘

At this moment we make an additional assumption that f and consequently f belong to
C! and that

IS @+ [l2lD*, (4.22)
for some £ € IN. By (4.21) and the mean value theorem we have |f(X” 1t [(4) —

FX( Lix, (<t S tem (= Dmt(1 4 XZ k. Using the conditional expecta-
(n—1)t I Xe(@) <t ~ (n—1)t\J
tion with respect to Xy, (4.7) and T;(1 + || - [|F)(z) < (1 + [|=||*) we get

| X
Exl(t) 56—(nz\p/2)th Z(l + HXt(Z-)H)kte—(n—l),ute(n—l)/\pt
=1
| X¢ |
+ e B T x o 2o (141X (8)]]) et
i=1

Se(nAp/2)tte—(n—1)ut + e(n)\p/Q)tﬁ((l + ” . H)k1||\|>t)(x)

There exists ng > 0 such that for any n > ny we have n\, < 2u(n —1). Using the Schwarz
inequality, the second term can be estimated by /7;(1 + | - [|F)2(z)/T¢1|.|>¢(2). The
Ornstein-Uhlenbeck process has Gaussian marginals with bounded mean and variance
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therefore T;1)>¢(7) < e=” for a certain ¢ > 0. We may conclude that for n > ng we
have
lim E,I(t) =0. (4.23)
t—+4oo

Let us denote Z; := e~ ((n=1)Ap/2)t <X(i,’f,1)t, f> and 2} := E¢Z} (we write [, to underline

the fact that X% starts from 0).
By (4.7) and Lemma 4.5 one checks that for n > ny we have

| X
Epe= /28N " |2 = eQo/ DB 2} < emhe/Dte=2=0it 0 ast > +o0. (4.24)
i=1
Let us now fix some n > ng. By (4.20), (4.23) and (4.24) and Slutsky’s lemma we
conclude that Z;(nt) is asymptotically equivalent to

| X e | X
Zz(t) — e—)\pt|Xt|)e—(n)\p/2)t Z (1 _ Vozo) 76_()\p/2)t Z(ZZ _ Z;)
=1 =1

Our next aim is to apply the CLT for independent summands. To this end we define
Z3, which is a “version” of Z, with a different (random) normalization. This will be
useful when applying standard CLT results since the new normalization corresponds
more directly to the number of summands. Let thus

[ X7t | X
_ —1/2 7 —1/2 7 7
Zs(t) == [ e X | Xl V2T (L= V)12 Dz -2 |
=1

i=1

which we will consider conditionally on the event {|X;| # 0} (here and below we adopt
the convention that a/0 = 0, the second component of Z; is well defined then). The
corresponding expected value is denoted by E; | x,|0-

Let us denote the characteristic function of Z3

X1(01,02,05;t) ==

|Xnt‘ ‘th
Ey x, |20 €XP 4 10167 X, | 4 65| X0 |7/ S (1= VL) +ibs] X7V (2 - =)
=1 i=1

Conditioning on X,,; and using the Markov property we check that variables 1 — V.
are i.i.d, moreover they are independent of the system before time nt. We denote their
common characteristic function by A.

We have

X1(01,02,03;1)
[ Xl

= B x50 ©xD { 016X, | 4 63 X, 72 Y0 (Z = 20) ¢ (62//1Xu])

i=1

[ Xt

By Proposition 2.1 and the central limit theorem for any 6, we have h(fy//m)™ —
e=v93/2 as m — oo, where 0% = ﬁ. Further we will work with

X2(01,02,03;t) =
‘X{,l e(n—l))\ptlxtl
Em,\Xt\;éO exp 219167)\1’1&|Xt‘ +103|Xt|71/2Z(ZZ 72’2) h (02/ 6(7"_1))\th1§|) .
=1
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The limit of x; is the same as the one of y, providing that any of them exists. Indeed

Ix2(01,02,03;t) — x1(01, 02,03 1)]

e =DApt| x|
h <02/ e(nl))\pt|Xt|> —h (92/\/ |Xnt|)

= EZL’,\XH#O | . | 1E:vt + ]E:E,|Xt|3£0 ‘ . ‘ 1E:L’tc'

‘Xnt‘
< By jx,)20

The sequence of events {|X;| # 0} decreases to FEzt® and P (Ezt®) > 0. We have

|h| < 1 hence the first summand converges to 0. By Proposition 2.1 on Ext® we have

p(&biﬂ)w — la.s., therefore the second summand converges to 0 as well. Now we
t

recall that conditionally on X, the processes X (2;5—1) , and thus also the variables Z! are

ii.d. Conditioning with respect to | X;| we get

X2(017 927 937 t) =
e(nfl)Apt ‘th

. _ [ X
Ey x, 120 €xp {i61e™ [ X[} hgy .y (93/|Xt|1/2) h (92/ e("_m“’t|Xt|> ,
(4.25)

where hz1_ .1 denotes the characteristic function of Z} — z}. We will now investigate the
second term of the product above. To this end we fix two sequences {t¢,,} and {a,,} such
that t,,, = 400, a,, — +00, as m — +oo and consider

1 am

Smi=—> (2} —=,),

S,
moi=1

where Z! arei.i.d. copies as described above and s2, := a,, Varg(Z} ). From Proposition
tm m t

m

4.6 we easily see that s2, is of the same order as a,,. In order to use CLT for triangular
arrays, we will now verify the Lindeberg condition. Let us calculate

a
1 & . . a
. i 2 . . m 1 _ 1 2 . .
Lm(T) = 52 § Eo ((Ztm Ztm) 1|Z,’fmfz}/m|>rsm) Eo ((Ztm Ztm) 1\szfz;m\>rsm> .
moi=1

T2,
Further using inequality 1,-, < 2?/a? and Proposition 4.6 we get

am Bo(Z,, —#,)" _am 1
Sp o (rsm)? 7 83, (rsm)

Lin(r) S

2—>07

as m — +oo. Thus the CLT holds, i.e. S,, —¢ N(0,1). By Proposition 4.6 we obtain
2
Smo_y a;, where o is given by (3.2). We conclude that

Qm

hg, —a (03)\/am)®m — e 7105/2, (4.26)

tm T “tm

Now we go back to x»
X2(01,02,03;t) = By | x,120(. - ) 1Bzt + Eo x,120( - )1 Eate.
Arguing as before we get that the first summand converges to 0. The second one is
By x,120(- - ) Bate = Py x, 120 (B2t) By pate (.. ),

where E, g,:- denotes the conditional probability with respect to Ezt°. We observe
that IP|Xt‘¢0(E:ctC) — 1. We proved (4.26) for arbitrary sequences, therefore the second
factor in (4.25) converges (on the set of non-extinction) as follows

| X
hgi_. (93/\Xt|1/2) — 6_0?95/2, a.s., ast— 4oo.
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We know that e*’\Pt|Xt| — W a.s. (recall that W denotes V., conditioned on Ezt¢). By
the Lebesgue dominated convergence theorem we get

X2(01,09,0s;t) — 6_0303/26_0?05/21&5 exp {i61 W}, ast — +oo.

We know that {|X;| # 0} is a decreasing sequence of events and (-, {|X;| # 0} = Ext*.
Moreover P (Ext®) > 0, therefore by Lemma 4.1 with 4; = Ext® and Ay = {|X;| # 0},
the limit of Z3(t) is the same if considered conditioned with respect to {|X;| # 0} or
conditioned with respect to Ezt¢. In this way we have proved that conditionally on Ezt¢

Z5(t) = (W,G1,Ga),

where (W, Gy, G2) is the same as in the statement of Theorem 3.3.

Now, by standard arguments we can "transfer" the convergence of Z3 to Z5 (and thus
to Z;, which as we proved, is asymptotically equivalent to Z5). Indeed, consider the
continuous functions

91,92 : Ry xR? = Ry xR?, g1(21, 22, 23) == (21,2272}/223)7 92(21, 22, 23) 1= (21721/22272’3)-
We have
Z3(t) = g2 (91(Z() + (7" Xoa] = e7#'1X,1,0,0)) + (7! X,] = €| X,a], 0,0)

and so convergence of Z3 together with (4.20), Slutsky’s lemma and the continuous
mapping theorem yield

Zs(t) —d (VV, \/WGl, \/WGQ) and thus also 7 () —d (VV, \/WGl, \/WGg) . (4.27)

We recall that so far we have been working under the additional assumption (4.22),
which we will now dispense of. Recall the definition (4.10). By Lemma 4.4 for any v > 0
the assumption (4.22) holds for [,, (instead of f) hence so does the convergence of (4.27)
(with an obvious modification of the law of G3). Functions [, approximate f as u \, 0.
Using this fact together with some metric theoretic considerations we will now extend
the convergence of Z; to the general case. To this end we make the dependence on the
test function explicit. Let Y;((,,) be the third coordinate of Z; (see (4.19)) with [,, instead
of f Further, let L;(l,,) be the law of Y;(l,) and L(l,,) be the law of the limit. By (4.17)
and (3.2) we have

ew) = lmsup E (Yi(F) ~ ¥elh)) " < (. (F ~ 1)°)

t—4oc0
+oo 2
2\ (e /DT F =1, >d =T Ir(u).
w2 [ (o (AT 1)) s = B + o)

Using the dominated Lebesgue converge theorem we easily get I; (u) — 0 as u N\, 0. Now,
using (4.13) we obtain that for some k& > 0

“+oo
Ir(u) < c(u)Q/ ePr—2u)s <<p, (1+ Hx||k)2> ds =0, asu\,0.
0
Thus e(u) — 0 as u — 0.

Let us recall (3.2). We have

oF — o =

<<p, (12 - f2)> 4 2)\p/+oo <<p7 (eup/z)smu)z - (6<Ap/2)s7;f)2> ds =: Is(u) + I4(u).

0
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By (4.11) and (4.13) and the Cauchy-Schwarz inequality we get

s ([ (e (e 5)Yas) ([ (o (0ot 5) Y as)
scwf(A+m<%(é%ﬂmfwu+meﬂ2>m)i

for some n. One can now show that I,(u) — 0 as v ~\, 0. One also easily checks that
Is(u) — 0 as w N, 0. Using the fact that the limiting distributions L(l,,) and L(f) are
centred Gaussians we get

m(L(l.), L(f)) =0, aswu\,0.

Let us fix ¢ > 0 and choose u > 0 such that e(u) < €2 and m(L(l,), L(f)) < e. Since
Li(l,) —¢ L(l,) for t — oo, we can choose T > 0 such that for any ¢t > T we have
m(L(l,), Li(l,)) < € and (by the definition of e(u))

- 2

E(Yi(f) - i) <4e
Now, for t > T we have m(L(f), L;(f)) < 4e and thus the convergence (4.27) holds for
any f € P. By the continuous mapping theorem this ends the proof. O

Remark 4.7. We remark that the proof of convergence of the fluctuations of the total
number of particles | X;| given above did not use the assumption A\, < 2y and is valid for
arbitrary \. Clearly this is also true for the convergence of e~*#*|X;|. For this reason
and to avoid unnecessary repetitions in the proofs for the critical and supercritical
branching rate cases we will focus on spatial fluctuations and only indicate how they can
be extended to joint convergence asserted in corresponding theorems.

4.6 CLT for large branching rate

In this section we present the proof of Theorem 3.12, deferring to the next section
the proof of the CLT in the critical case, which will combine arguments used for small
and large branching rates. We start with

Proof of Proposition 3.10. The fact that H is a martingale with respect to the filtration
of the OU branching system follows by its branching property and easy calculations
using (4.6), (4.7) and (2.5). Consider now f;(z) = x; (for any 1 < ¢ < d). Notice that
Tifi = e Mt f;. Using (4.6) and (4.7) we get

62(7)\p+u)th<Xt7fi>2 5 62(7)\p+“)t6/\pt7;f2(x)

t
+ 62(_)‘174‘#)‘5/ 6)\,)(15—5)7;_5 [eQApS(TSfi('))Q] (x)dS
0
t
< (A2 (] 4|2 )|2) + e(*/\p+2u)t/ ST [e=2# £2] (x)ds
0
t
<ol (14 [ €0 nas) < C+ ol
0

This proves that sup;sq B, | Hy[|> = sup,o S0, Ex (X, fi)2 < oco.

To check that V and H are orthogongl one can use (4.7) and the standard polarization
formula for inner products in Hilbert spaces. We leave this task to the reader, just
mentioning that this result is somehow expected as 1, x are orthogonal with respect to
densities g; defining (2.4). O
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Proof of Proposition 3.11. The proof follows easily by Proposition 4.3. Indeed it is
enough to notice that, if we couple X and X we may write

H,— H, = e(_A’>+”)txe_“t\Xt| = e M| Xy,
where H, H are defined according to (3.10). The proof is concluded by (2.1). O

It will be useful to know that the range of the OU branching system grows at most
linearly. This is a well-known fact for the branching Brownian motion. It is rather obvious
that it also holds for the OU branching motion as the Ornstein-Uhlenbeck process is
“better concentrated” than the Brownian motion. However, we were not able to find a
proof in the literature hence we provide one.

Lemma 4.8. Let X be the OU branching system starting from x. There exists a constant
C > 0 and a random variable T such that with probability one

VistVie1,2,...1x, 3 Xt (i) € B(ze , Ct),
where B(z,r) denotes a ball of radius r centred at x.

Proof. By the coupling argument (Proposition 4.3) it is enough to prove the lemma
for x+ = 0. We can also assume that p = 1. Let us denote by A,, the event that X up
to time n is contained in B(0,C(n — 1)) for some constant C. By the Borel-Cantelli
lemma to show our claim it is enough to prove ), ., P (AS) < 4o00. By the result from
[18] and the Gaussian concentration inequality we know that the supremum of the
Ornstein-Uhlenbeck process on the interval [0,7] can be stochastically dominated by
C1(+/log(n)+|G|), where C; > 0is a certain constant and G is a standard normal random
variable. Let us fix any v > ) and estimate

P (A7) < P (A, N {[Xn| <€} + P (|Xn| > ™)
=P <3¢e{1,27..-,xn|} s [Xs@)]l > Cn—1) N {[Xn]| < e”‘}> + P (| Xn]>e™)
se€|0,n

< P (C1(V/log(n) +G)) > Cln = 1)) " + P (|Xu| > "),

where X, (i) denotes the position of the particle i or its ancestor at time s € [0,n].
The proof is concluded by using the estimates of the Gaussian tail in the first term
(giving an upper bound of the order exp(yn — cn?)) and Proposition 2.1 together with
the Chebyshev inequality for handling the second one (yielding an upper bound exp((\ —
y)n) < exp(—cn)). O

We will also need

Proposition 4.9. Let {X;},., be the OU branching system starting from x and X, > 2.
Moreover, let f € P(R?). Then

A2
sup IE, (e_(’\f’_“)t <Xt,f>> < 400.
>0

Moreover there exists ¢ : R4 — R such that ¢(u) — 0 as u \, 0 and

lim sup [, (e_o‘?”_“)t (<Xt,f> - <Xt,lu>>)2 < c(u), (4.28)

t—+4o00

where [, is given by (4.10).
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Proof. We recall (4.6) and (4.7), which we will apply for f instead of f. By Lemma 4.5
(formula (4.11)) one sees that w’(z,t) < (1 + ||z||")e*»~#)*. Now we check that

0] £ TR+ [ AT | (] e )] e
0

t
SMTa) N [ O IITL [ P] (a)ds S P L,
0

which implies the first assertion of the proposition. Inequality (4.28) follows by (4. 13)
and the above calculations. Indeed, repeating the above argument for I, — f instead of f
one easily checks that

~ 2
E, (e—(kp—u)t (<Xt7f> _ <Xtylu>)) — G_Z(Ap_u)tw/l(xﬂf)
t
S T 1, = ) O [T T, HOR @

0

Since A\, > 2u and T;(l, — f)?(z) < 1+ ||z for some positive integer 7, the first
summand on the right hand side above converges to 0 as t — co. Moreover, the integrand
in the second term is bounded by Ce*r(*+5)(1 4 ||2||") for some positive integer n, so

1
6—2(Ap—u)t/ eAp(t‘S)ﬁ,S[eApsﬁ(lu _ f)(-)]Q(x)ds < e(Zu=2p)t _y
0

as t — co. On the other hand, for s > 1, by (4.13), we have |T;(l, — f)(1)] < e(u)(1+ | -
|I”")e~#* and thus

t t
672()\p7/y¢)t/ e)\p(tfs)ﬁ_s[e)\ps/];(lu _ f)()]2(517)d5 /S 67(>\p72;¢)tc(u)2/ e()\p72y)s(1 + ||£E||2n)d$
1 1

< Ce(u)* (1 + [|l=[*"),

which together with the previous estimates proves (4.28). O

Proof of Theorem 3.12. Our first aim will be to prove the convergence of the spatial
fluctuations. To this end we denote

Yi(t) = e (Ko, f) = Xl (0, f)) = =07 (X, ) (4.29)

We recall that f(z) = f(z) — (¢, f). We have

| X X2
Yl(t+5): Ap—p)(t+s) Z Xt—i—s —e —(Ap— H)tze (Ap—n)s Z f th
| X | e o o
= ey et | 30 (PG - JRGD) + ARG )
j=1

where as in the proof of Theorem 3.3, { X!}, denotes the subsystem starting from X, (i)
and {X’'}, is defined by (4.21). We write

X X2 |Xe|

Viltrs) = emrmat ) et > (PG -FEE ) +e” om0 3R F).
j=1 i=1

(4.30)
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Let us first deal with the second term

[ X
Ya(t +8) i= = D ST (XU o) e Qo 1X, )
=1

where fs(x) = f(z) — Tsf(0) and s := T.f(0) — {p, f). By Lemma 4.5 we know that
|7s| < e72#5 and therefore

Ex‘e_(kp_ﬂ)(t‘f‘S)A/S‘XtJrS'| S eu(H—s)—Qus.

From now on, whenever we prove convergence, we will assume that s = 2¢. With this
convention the above expression converges to 0. We denote the first summand of Y, by
Ys. As we explained in the proof of Theorem 3.3 the systems X% are i.i.d. conditionally
on X,;. Moreover their only connection with X; is via the number of particles | X;|. Below,
we will use the conditional expectation given X; which is denoted as Ex,. To ease
the notation we will sometimes write simply Eo X! instead of E XtX' 4t (recall that the
systems X% start from a single particle located at 0). Using the conditional expectation
and the fact that thanks to the particular choice of fs we have [, <X;}¢, fs) =0, we
calculate

| X | | Xel
L a4 = 0 mieeo, S e, (50, 7) (00 1)
i=1 j=1
| X+
—2(Ap—p)(t+s) E, ZE0<X3 ,fs> )

=1

By Proposition 4.9 and Proposition 2.1 we have
~ . ~\ 2 ~ . ~ ~ . 2 ~ .
Bo( K2 ) = Bo (K24 F) ~ 3l X2) " < 20K F) 4 2Bl RI1P < e2000

Therefore
E, (Ya(t 4 5)) S 720t 5 0,

In this way we proved that Y5(s 4+ ¢) — 0 in probability. Thus the second term on the
right hand side of (4.30) is negligible.

From now on let us assume additionally that f has the second derivative which is
bounded by a polynomial. At the end of the proof we will argue that the result can be
easily extended to the whole class P (R%).

Now we decompose the first term of (4.30) into Y5(¢t + s) + Ys(t 4+ s) where

X [X2]
Vit + ) = e~ QoI NN B, i, s) (4.31)
=1 j5=1
with E(i,j,t,s) := f(X54(5)) — F(XP4()) — VF(XEH(G)) o (XE4(H) — Xi4(5)) and
|Xe| 1 X2F o ‘ o
Yo(t+ s) i= e~ QoD NN g £(X(5)) o (XD(5) — X'(4))- (4.32)
i=1 j=1

Let A; s denote the event that X»!(j ) Xb t( i) belong to the ball B(0, R) of radius R =
2(C(t+ s)+ ||z|je #*) for all 4 < |Xt ,
On the event A4, ;, using (4.21) and the assurnptions on the second derivative of f, we
obtain

|B(i,j,t,8)] © R™ (| Xe(0)[le™")%.
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By Proposition 2.1 and the convention s = 2t we thus prove
B |Va(t + )[1a, . S e*CHD((t+ 5) + e |z]|)>"e 2 = 0.

By Lemma 4.8 and (4.21) we have P (4, ;) — 1, hence it follows that Y5(t + s) — 0 in
probability (recall the convention s = 2t). Now, using (4.21) we decompose Y5 as follows

[ X¢ [ X¢|
Yo(t+s) =e~ QN "Xy (i) 0 (21— 2,) + 250 | e” XY "X (i) (4.33)
1=1 =1
| X¢ |

+ (., V) o | emPrmmt N Xy (i) (e 0 X1 - 1)
=1

| X¢ |

+(p, V) o | emCrmi Ny X, (i)
i=1
=Y7(t+ )+ Ys(t+s)+ Yo(t +s) + Yi(t + s),

where h(.l?) = Vf(l')—<(p, vf>' Z; = e—)\ps <X§7t? h> and Rs 1= EOZ; = ﬁ(Vf)(O)—<(p, Vf)
(this does not depend on ¢ since Z; are i.i.d.). Simple calculations using (4.6) and Lemma
4.5 (second estimate in (4.11)) reveal that ||zs|| < e 2#%. Moreover by Proposition 4.9 the
covariance matrix Cov(Z!) is bounded by some C (in a sense that each entry is bounded).
Using conditioning with respect to |X;| and the fact that Z! are i.i.d. conditionally on X
we have

[ X¢
E, Yt + )2 = e 20, 37 X, (i) Covo (Z2) X, (i)
=1
[ X
S e 20U, 31X, (0)]P S IR [2f?) - 0,
=1

where 7' denotes the transposition and the convergence holds by the assumption that
Ap > 2u. The convergence: E,(Yy(t + s))? — 0 follows in a very similar fashion with use
of Proposition 2.1 and is left to the reader.

Now by Proposition 3.10 and the estimate ||z,| < e~2#° one easily checks that Yg(t +
s) — 0 a.s. and Yj, converges to {p, Vf) o H,. By the already established convergence
to zero of Y;(t + s), i = 5,7,8,9 together with (4.31), (4.32) and (4.33) this shows that
the first summand on the right hand side of (4.30) converges to the same limit. Since the
second summand has already been shown to be negligible, this gives the convergence in
probability

Yi(t) = (o, Vf)o H

and together with (2.1) implies the second part of the theorem.

Clearly the above convergence gives also weak convergence of the third component
on the left hand side of (3.11) to (¢, Vf) o J (conditionally on Ext°).

We recall that so far the proof works with the additional assumption that f is C? and
its second derivative is bounded by a polynomial. We recall also the definition (4.10). By
Lemma 4.4 for any v > 0 the function [,, satisfies our additional smoothness assumptions,
moreover ly = f As in the proof of Theorem 3.3, this suffices to reduce the general
case to the one of smooth functions. Let Y;(l,) be Y1 (¢) (see (4.29)) with [, instead of
f. Further, let Y (l,,) be its limit (its existence follows from the smooth case considered
above and smoothness properties of /,, asserted by Lemma 4.4). Let m be any metric
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which metrises convergence in probability and such that for any random variables X,Y,
m(X,Y) <||X —Y||2. We recall (3.11). Using integration by parts it is easy to check that
(p, VI,) = (o, V) as u 0, therefore

m(Y(1,),Y(f)) =0, asu\,0.

Let us fix € > 0 and choose v > 0 such that m(Y (l,,), Y (f)) < e. By (4.28), decreasing u if
necessary we can find 7" such that for any ¢t > T'

m(Yi(lu), Yi(f)) < e

Finally, we choose t large enough so that m(Y:(l,,),Y (l,)) < €. Applying the triangle
inequality, for these t’'s we get m(L(f), Lt(f)) < 4¢ and so the convergence holds for any
fep.

We have thus proved the convergence in probability of the spatial fluctuations. The
convergence in probability of the first coordinate of the vector considered in Theorem
3.12 is just (2.1). As for the joint convergence of the whole triple, it can be obtained in
the same way as in Theorem 3.3, i.e. by considering the characteristic function of the
triple and consecutive conditioning. Since the only difference from the slow branching
rate case is the already established convergence of the third summand (see Remark 4.7
following the proof of Theorem 3.3), we leave the details to the reader.

4.7 CLT for critical branching rate

Proposition 4.10. Let {Xt}tzo be the OU branching system and )\, = 21. Moreover, let
f € P(R%), then there exists a constant C > 0 such that

E, (e*@p/?)tt*l/? <Xt, f>) 50 ast—s foo,
A\ 2 o
E, (e_(’\f’/Q)tt_l/2 <Xt, f>) — UJ%, Var, (e_()‘P/Q)tt_l/2 <Xt, f>) — UJ%, ast — +oo,

(4.34)
where 02f is the same as in (3.8). Moreover,

~ 4
sup <e*<%/2>tf1/2 <Xt,f>) < to0 (4.35)
t>6

for any 6 > 0.

Proof. The first convergence follows easily by (4.11) in Lemma 4.5. Using (4.6) and (4.7)
we calculate the second moment

2
E, (e—(%/”ft—”2 <Xt, f>)
_ t - 2
= 71T, [2(x) +2/\pe”ptt*1/ MO [(BA”ST@JC(')) ] (z)ds
0
t
=P o [ (00 7s0) | e @so

0

We recall that )\, /2 = p. Using Lemma 4.5 (equation (4.12)) and elementary con-
siderations, we obtain that the limit of the above expression is the same as the one
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of
2Apt‘1/0tTts (Z}x <</>, ggﬁ>>2 (z)ds =
(e i)
20y <<¢7 8x1> <¢, §£>t-1 /Ot i [wir;] (x)ds) .

i#]

By (2.4) one easily checks that 7;[z;x;](x) — 0, hence the second term disappears in the

limit. We also have T;[z?](z) — % and so the whole expression converges to o given by
(3.8).
Obviously the limit of variances is the same. We also conclude that for any ¢t > 0

w”(z,t) S (14 [|z]*")e't.
Similarly we investigate w”’(z,t). By (4.6) we have
~ t
[w" (2,)| S Tl fIP () + / e UIT [ (- s)w' (-, 5)] (w)ds.
0

Using the fact that by (4.11) |w'(z,t)| < e(’\f"“)t(l + [|z||™), together with the above
estimate on w” and the fact that 7; [(1 + H [")3] (z) S (1 + ||lz[|>"), we get

" (@, )] S (L+ ||z ]>)ee" + et /Ote(*P/Q)Ss”/Es [L+ - 1P"] ds < e @/ 414 [|]*).
Finally, we will also need the fourth moment. By (4.6) and the estimates above we get
E, (e—(,\p/z)tt—1/2 <Xt; f>)4 < e—Aptt—ZﬂJM(x)
+ 72wty =2 /Ot M T (W (-, 8)2 + W (-, $)w' (-, 8)] (x)ds
SeM 1 ol 4 e N2 [ T [ 1)) (e)ds S (1 + el

0

It is now easy to check that for ¢ > 6,
~ . 4
E, (e /2412 ((X,, f) — B, (X0, £))) S 1+ lla)*),
O

We have yet to prove (3.9). By (2.3) we have %(p(a:) = —2(u/0?)x;0(z). Therefore,

(0.2 = (22 = wso e 1) = VoMo

Other coordinates can be treated in the same way, giving (3.9).
Now we are ready for
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Proof of Theorem 3.8. In this proof we will use both ideas of the proof of Theorem
3.3 and Theorem 3.12. We start with the following random vector

Za(t) = (7! Xl e Co (X = X1V, e Mo/ 12 (x5 ).

Let n € IN. This parameter will be used in a different way than in the previous proofs.
We will comment on it later on. We observe that

| X¢|
7 (nt) _ e—n)\pt <Xnt7 1> ,6_(n>\p/2)t(|Xnt| _ en)\ptvoo)’ e—(n)\p/Q)t(nt)—l/Q Z <X1l,t "> ,

(n—1)t’
i=1

where {XZ ’S} denotes the subsystem originating from the particle X,(i). Analogously as
t

in the proof of Theorem 3.3 the second term is equal to e~ ("A#/2)t 3~ Xnel (1— VL), where
Vi are independent (conditionally on X,,;) copies of V,, arising from the i-th particle
alive at time nt. Next, we couple each X% with the branching system X’ starting from
one particle located at 0 using (4.21) and Proposition 4.3. We write

| X¢] | X¢|

I (t) 1= e~ (/2 () =172 Z <X(i;f_1)w f> _ Z <X(i;zt—1)t’ f>

=1 i=1

Our immediate aim is to prove that

L,(t
lim limsup E [ (®)] =0.

n—00 ¢t 300 1+ |In(t)|

Recall that p(X,Y) = E% is a metric on the space of all random variables,
which metrizes convergence in probability. Thus the above convergence will give us
control on the distance between the original process and the one obtained via coupling,
which will enable us to establish the limit theorem for the original process. Contrary to
previous cases, it will not be enough to consider a fixed parameter n, instead we will
prove a limit theorem for the process obtained via coupling evolving through time nt for
each n and then we will let n — co.

We will assume additionally that f has a second derivative which is bounded by a
polynomial. At the end of the proof we will argue that the result can be easily extended
to the whole class P (R%).

The expression I, (t) is harder to analyse compared to the case of the small branching
rate. To deal with it we will use the methods and notation of the proof of the large
branching rate case (i.e. Theorem 3.12). Recalling that A, = 2 one notices that I, (t) is
the same expression as

(nt) Y2 (Ys(t + (n — 1)t) + Yo(t + (n — 1)t))

when one puts s = (n — 1)¢ (see (4.31) and (4.32)). Y5 can be then handled in the same
way as in the proof of Theorem 3.12, if only n > 2 (we skip the corresponding estimates
which are completely analogous). Thus we obtain Y;(nt) — 0 in probability as ¢ — oc.
Next, we denote s := (n — 1)t. Using the coupling property (4.21) and the equality
Ap = 21, we decompose Ys in the following way

[ X+ | X+
(nt) "1 /2Yg(nt) = (nt) /2= Co/DN " Xy (i) o Ki = (nt) "2 Mo /DN " X, (i) o (KE — k)
=1 1=1
| X+
+hoo | (nt) 2o PENTX (i) |, (4.37)
=1
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where this time K := e~ *»* <X§=t, Vf> and k, := EoK! (this is independent of i as K
are i.i.d). Note that ks = 7,V f(0) and so, by the assumption on the derivatives of f, it
is uniformly bounded in s. Also Ey||K! — k,||? are uniformly bounded in s which follows
easily by (4.7). Using conditioning in a similar manner as in the estimation of Y7 in the
proof of Theorem 3.12 we obtain

[ X+ [X¢]
E, | (nt)"2e”Qe/DEN "X (i) o (KL — k) | = (nt)"'e "By Y X(i)" Covo (K1) X, (i)
i=1 i=1
(4.38)
| X¢ |
S () e Y X ()7 S (nt) T (1 + [l)®) = 0,

i=1

where again we used (4.6) and (4.7) and Proposition 4.10. Further, we notice also that
foralli=1,...,d, {p,z;) = 0. Therefore by (4.34) of Proposition 4.10 (applied to each
coordinate separately) and the fact that k; is bounded in s we obtain that the second
moment of the second term of (4.37) is bounded by ¢/(2/n), where ¢ > 0 is a certain
constant. Thus, using (4.37), (4.38) and the convergence of Y5, we may conclude that
for any n there exists t,, such that for any ¢ > ¢,,,

[1n(®)]

We recall that conditionally on X;, X“!’s are i.i.d. branching particle systems. Let us
denote

Zi = e~ (=D /20t ()= 1/2 <Xi,t f>

(n—=1)¢?

_ 1/2 . o
_ (n 1) (e_((n—l))\p/Q)t((n _ 1)t)_1/2 <X(l;zt—l)t’ f>) (440)

n

and z := E¢Z/. By Lemma 4.5 one checks that |z,| = e(("=D*/2t(nt)=1/2| T, F(0)| <
(=1 (Xs/2=21)t Therefore for n > 2, using \, = 2 we get

X |
Be~ (/20 37 1] = o/t |2| S O/ te((=1) /2201 5 0, a5 ¢ - oo,

i=1

Using the definitions and considerations above we conclude that for any fixed n > 2 the
asymptotic behaviour of Z; (nt) is the same as the one of

‘Xnt‘ |Xt|
Z3(t) = [ e Xyl e DEN T (1= VL) L (t) + e /DY (2] - )

i=1 i=1

This expression differs from the analogous one in the proof of Theorem 3.3 only by
the additional "error" term I,(t). We note that unlike the previous proofs we do not
prove that this error, stemming from replacing X*! with Xt converges to 0. The
proof strategy is to ignore it for a moment. After having proved the convergence of the
modified variables we will be able to cope with it using (4.39). We thus define

[ Xt | [ X
Z3(t) = | e Xyl em 20N (1 VL) em MY (Z) — ) ] (4.41)

=1 =1
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Returning to the flow of the proof of Theorem 3.3, one can prove that

n

_ 1/2
Zy(t) =1 (W,\/WGH,(n 1) \/WG2>, (4.42)

conditionally on Ext°. In order to achieve it one considers the characteristic function of
Z;‘ and follows consecutive steps of the proof of Theorem 3.3, using (4.35) of Proposition
4.10 instead of (4.18) of Proposition 4.6 to check the Lindeberg condition. The additional
term (%)1/ 2 originates from the same term in (4.40).

We are going to show now how (4.42) implies the convergence of Z;(t). We recall
(4.8) and denote the law of the triple on the right hand side of (4.42) by £,, and the one
of (W,VWGy, \/WGQ) by L. For any € > 0, there exists n such that m(L,,, L) < € and
¢/y/n < e, where c is the constant in (4.39). Now we choose T large enough to have
m(L(Z5 (1), La) < e m(L(Z3 (1)), Z3(t))) < e and m(L(Z3 (1)), L(Zi(nt))) < ¢ for any
t > T. By applying the triangle inequality we get m (Lo, £L(Z1(nt))) < 4e for any ¢t > T.
The proof (in the case of smooth function f) can be now concluded by the continuous
mapping theorem and Slutsky’s lemma, analogously as in the proof of Theorem 3.3.

We note that the proof so far is valid for f with additional assumption, that the second
order derivatives exist and are bounded by some polynomial. Using exactly the same
technique as in proof of Theorem 3.3 (i.e. approximating f by [, with u — 0 and using
(4.13) of Lemma 4.5 to control the distance between corresponding processes) one can
easily extend the result to any f € P. We omit the standard details.

Appendix
Proof of Proposition 2.1. Using (4.2) with f(xz) = 1 we get (we drop the argument x)

%w(t, 0) = (A\p)w(t,0)? —  w(t,0) + A1 —p), w(0,0) =e".

The solution of this equation is (see e.g. [5, Section III.5])

A1 =p)(e? = 1) —e M (pe™? — A(1 - p))

w(t, 0) = Ap(e=? — 1) — et (Ape=? — X\(1 — p))

Now we want to investigate convergence of e *»!| X;|. Its Laplace transform is

AL =p)(e=® ™" — 1) — e M (pe® " — N1 —p))

Lt,@ = ot —Apt
O e T D) — e e )

(4.43)

Using the first order Taylor expansion and dropping terms of lower order we get
M1 = p) (=0t 4 o(fevt)) — et (= Apfe™ 0! + o(e™ ") + A)
Ap (—0e=Art + o(fe=2vt)) — e Aot (—Aple= vt + o(evt) + )\,)
A1 = p)fe et — Nt

T phe Mot — Nje et

L(t,0) =

Therefore

AML=p)0+X, O0—p(=24+0)—-1

L = =:L .
(t,0) — 0+ 0y S — () as t— +o0

Taking § — +o0 it is easy to check that P (V,, =0) = p. (we recall that p. = 1_Tp),
therefore V., > 0 on the set of non-extinction Fxt¢. Let us now calculate the law of V,
on the set of non-extinction

L(0) = Be "> = Ee V1, + Ee V15, = pe + (1 — po)E (e_‘gvf’c |Eat€) .
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Therefore
_ A (2p—1)
E (e=%~|Ext) = L4 = .
( | ) Apd+ A, pd+(2p—1)
Further
0*w(x,t,0)
EB|X |t = — 2"~
il 96
e (=1 +2 (=44 7€) p+ (84 16e*» — 36¢?A») p? + 8! (—2 4 3e2!*») p?)

(=14 2p)3
Now the second part of the proposition follows. In order to prove that all moments are
finite we notice that derivatives of (4.43) are of the form
d" 1(t,0)
L(t,0) =
3670 = BT =) = e Ope T — 31— p))P

where [(t,0) is a certain expression. Obviously the denominator is finite for § = 0 hence
the proof is concluded by the properties of the Laplace transform (e.g. [16, Chapter
XIIL.2]). O

Proof of Proposition 4.3. Recall from Section 4.1 that we consider branching systems
as Markov processes in the space (M, Y) of integer valued measures. Since in what
follows we will deal with branching processes in R? and R2¢ we will sometimes use the
notation (M(R9), 2(R9)) or (M(R??),%(IR?%)) to distinguish the corresponding spaces
of measures.

We define projections 7!, 72 : R? x R? — R? by 7'((z,v)) := = and 72((z,y)) := y. Let
us consider a branching particle system {X,},., with particles evolving in R?2¢ according
to the Markov process defined in Proposition 4.2 and starting from x = (z,) € R?? (we
denote its semigroup by T).

Its existence, just like in the case of the OU-branching particle system follows from
the general theory in [11, 12]. The branching intensity is A and the branching mechanism
given by (4.3). By discussion in Section 4.1 the transition probabilities of {X;},., as a
measure-valued Markov process are determined by the solutions of equations

¢
w(x,t,0) = e MTe % (x) + )\/ e I, F(w(-,s,0))(x)ds, (4.44)
0

where x € R%¢, f : R?>? — R is a smooth, bounded function and
w(x,t,0) = Ex exp(—(Xy, 0f)). (4.45)
Further, we define new branching systems {X}},_ ., {X?},., {X?},., by
Xp (i) = (Xe(0),  XP(0) = 72(Xe(d), X7 () = X; (i) — X2 (i)

where ¢ runs over all particles of X at time ¢. By the construction and Proposition 4.2 we
have X} (i) = (z — y)e H.

Consider now an arbitrary smooth, bounded function g: R¢ — R and let w(x,,6) :=
E, exp(—(X:,0g)). Set also f(x) = g(x) for x = (z,y). Note that the function w(x,t,60) =
w(x,t,0) satisfies
¢

w(x,t,0) = e MTe ™ (x) + A / e M=, F(i(-, 5,0))(x)ds.

0
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Indeed, by definition the semigroup T acts on functions depending only on the variable
x as the semigroup 7;, so the above equation is just (4.2), written in the language of T.
Together with (4.44) this gives (via a standard application of Gronwall’s inequality, see
e.g. Appendix 5.1. in [15]) @(x,t,0) = w(x,t,0) = Exexp(—(X?!,0g)). This implies that
for all initial conditions z,y and times t, the distribution of the branching system X} is
the same as the distribution of X; and in particular does not depend on the coordinate y,
(a fact which is intuitively obvious, when considered at the level of particle movements).

Using (4.4) we now obtain that the same is true for general starting measures, i.e.
for any A € ¥(R?) and any integer valued measure X, on R?>? we have

Px, (X, € A) = Px;(X; € A). (4.46)

Now, using the Markov property of the system X combined with the fact that P-a.e.
for every t, X7 (i) = X} (i) + (y — x)e !, we get that X! has the Markov property and for
every measurable set A we have Py-a.e.

IPX(th € Al(Xi)uSS) = Pt—s(Xsa A)7
where for v € M(R??), P,(v, A) := P,(X} € A). By (4.46) this implies that
]PX(th € A‘(Xi)uSS) = IPX; (ths € A)a

i.e. X' is an OU-branching particle system.

An analogous argument proves the same property for X2. This ends the proof since
the fact that X is distributed as X' together with the equalities X2(i) = X} (i)+(y—z)e #
and Y; (i) = X;(i)+ (y—z)e *! implies that Y is distributed as X?, i.e. is an OU-branching
system starting from . O
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