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Abstract

We investigate the long-time and long-range behavior of branching diffusion
processes (starting with a single particle) in two different situations: when the
branching potential has compact support and when it is constant.

For compactly supported branching potentials, the qualitative behavior of the
processes depends on the intensity of the branching. We analyze the super-critical
case, when the total number of particles growing exponentially with positive prob-
ability. We study the asymptotics of the number of particles in different regions of
space and describe the growth of the region occupied by the particles.

For a positive constant branching potential, we observe the effect of intermit-
tency: for the number of particles located at time ¢ in a unit neighborhood of a
point tv, the k-th moment grows exponentially faster than the k-th power of the
first moment as ¢t — oo, provided that v # 0 and k = k(v) is sufficiently large. This
effect is not present in the case of a compactly supported branching potential.

2000 Mathematics Subject Classification Numbers: 60J80, 35K10.

1 Introduction

The mathematical study of branching processes goes back to the work of Galton and
Watson [16] who were interested in the probabilities of long-term survival of family names.
Later it was realized that similar mathematical models could be used to describe the
evolution of a variety of biological populations, in genetics [8, 9, 10, 11], and in the study
of certain chemical and nuclear reactions [14, 12]. The branching processes (in particular,
branching diffusions) are central in the study of the evolution of various populations such
as bacteria, cancer cells, carriers of a particular gene, etc., where each member of the
population may die or produce offspring independently of the rest.

In this paper we describe the long-time behavior of the population in different regions
of space when, in addition to branching, the members of the population move diffusively in
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space. In particular, we’'ll consider regions Uy centered at a point (¢) = vt which is at a
linear (in ¢) distance from the origin at time ¢. We consider the branching rates that may
depend on the location (the case of compactly supported branching potentials) or may be
constant. For compactly supported branching potentials, will be interested in the super-
critical case (when the total population grows exponentially with positive probability).
Note that in the case of a constant positive branching rate, the total population grows
exponentially with probability one.

Consider a collection of particles in R? that move diffusively and independently starting
with one particle. Besides the diffusive motion, the particles can duplicate with the
rate of duplication v(x), x € R? where z is the position of a given particle and v is
either a continuous non-negative compactly supported function (Sections 3-8) or a positive
constant (Section 9). Both copies start moving independently immediately after the
duplication (annihilation of particles and creation of more than two particles from one
could also be considered, but here we discuss only duplication for clarity of exposition).

First, let us discuss the case of compactly supported v. Let nf(U) be the number
of particles in a domain U C R? at time ¢, assuming that at time zero there was a
single particle located at x. The large time behavior of nf(U) depends crucially on the
magnitude of v, that is on whether the operator

Lu(z) = %Au(m) + v(z)u(z) (1)

has a positive eigenvalue. This is the operator in the right hand side of the equations
on the particle density and higher order correlation functions, given below. In the super-
critical case (i.e., if there exists a positive eigenvalue), if U is fixed, the results of [7]
on the asymptotics of nf(U) cover, in particular, the case of compactly supported v.
Namely, nf(U) grows exponentially with a random coefficient in front of the exponent.
The random coefficients corresponding to different domains differ only by a multiplicative
constant. (See also [15], [3]). The distribution of the random coefficient can be described
in terms of its moments (see [13]). (For the asymptotic properties of branching random
walks see also [1], [4], [2], [17].) If £ has no positive eigenvalues, the total number of
particles tends to a finite random limit whose distribution can be described in terms of
its moments.

In the current paper we consider the super-critical case. We use the spectral techniques
developed in [6], [13] to get the asymptotic formulas for the density and higher order
correlation functions of the branching process. These allow us to get the asymptotics of
n¥(Uw) as t — oo, where Uy, is the translation of a fixed bounded domain U by the
vector tv.

After recalling the equations on the correlation functions (Section 2) and the asymp-
totic behavior of the correlation functions (Section 3), we show in Section 4 that the total
number of particles, after division by an exponential factor, tends to a random limit in L.
In Sections 5 and 6 we prove a similar result for fixed domains and for domains located
at a linear (in t) distance from the origin and show that the convergence takes place not



only in L? but also almost surely. In Section 7 we show that on the event that the number
of particles grows exponentially, the region occupied by the particles grows linearly in ¢.
In Section 8 we give the distribution of the limiting number of particles in the event that
the limiting number of particles is finite.

In Section 9 we consider the case when v is a positive constant. Let us briefly discuss
the common and the distinct features in the behavior of the the branching processes with
constant and compactly supported branching potentials. In both cases we can define the
notion of the particle front, namely, the surface of the ball B*(r;) or radius r; centered at
x forms the front if

1
P(there are no particles outside B*(r;)) = 3

In both cases r; grows linearly in ¢, i.e., there is a positive limit s = limy_,, r;/t. For
compactly supported potentials this follows from our arguments in Section 7, for constant
potentials the asymptotics of r; (including the logarithmic correction term) has been
obtained in [5]. The behavior of the process inside the front, at distances that grow
linearly with ¢, is qualitatively different in the two cases. Namely, assume that 0 < |v| < s.
In the case of a compactly supported potential we’ll show that n}(U;,) converges after
appropriate scaling as t — oo, and the quantities E(n?(Uy))*/(EnZ(Us))* converge to
the corresponding quantities for the limiting random variable. For a constant potential,
on the other hand, we’ll show that this ratio tends to infinity exponentially fast, i.e., the
k-th moment dominates the k-th power of the first moment, provided that k is sufficiently
large (we refer to this phenomenon as intermittency).

Another observation (which we don’t dwell upon beyond this paragraph) concerns the
speed of the front for the k-th moment of the number of particles. Namely, define

rF=inf{ly| : EmI(U,))F <1}, keN.

Thus the limit s; = lim; oo (rF/t) can be viewed as the speed of the front for the k-
th moment of the number of particles. It follows from our analysis below that s = s,
k € N, in the case of compactly supported breeding potentials. For a constant potential,
considerations similar to those in Section 9 can be used to show that s = 51 < 59 < 83 < ...
and limg_,o S = 00.

2 Equations on correlation functions

Let Bs be a ball of radius § in R?. For t > 0 and , y1, ys, ... € R? with all y; distinct, define
the particle density p; (¢, x,y;) and the higher order correlation functions p, (¢, z, y1, ..., yn)
as the limits of probabilities of finding n distinct particles in Bs(y1),...,Bs5(y»), respectively,
divided by Vol"(Bjs), under the condition that there is a unique particle at t = 0 located
at x. We extend p,(t,z,y1,...,y,) by continuity to allow for y; which are not necessarily
distinct. For fixed y, the density satisfies the equation

1
atpl(thayl) - §Ap1(t7'x7y1> + U(‘r)pl(tam)yl)7 (2>
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p1<07 Z, 3/1) = 53/1 (SC)
Indeed, let s,¢ > 0. Then we can write

lz—z|2

_d lz—z|”
pl(s +tax7y1) = (271'8) 2 /de 2s pl(tv Z»y1>dz+v(x)sp1(t7$ayl) + a(57t7x7y1>a (3)
R

where the term with the integral on the right hand side is due to the effect of the diffusion
on the interval [0, s], the second term is due to the probability of branching on [0, s], and
« is the correction term. The correction term is present since (a) more than one instance
of branching may occur before time s, and (b) even if a single branching occurs between
the times 0 and s, then the original particle will be located not at = but at a nearby
point and the intensity of branching there is slightly different from v(z). It is clear that
limgyo sup, ,epa (s, t,2,y)/s = 0. After subtracting pi(¢,z,y1) from both sides of (3),
dividing by s and taking the limit as s | 0, we obtain (2).
The equations on p,, n > 1, are somewhat more complicated:

1
atpn(tax7y17 7yn> = _Apn<t7x7y17 7yn) + U(JZ) (Pn<t7$;yla 7yn) + Hn(t7x7y17 7yn)) )
2
(4)
Pn(0, 2,91, ..., yn) = 0.

Here

H’Vl(t?xayla"wyn) = Z p|U|(t7I7 U)pn—|U\(t7x7Y\U)7
UCY,U#D

where Y = (y1, ..., yn), U is a proper non-empty subsequence of Y, and |U]| is the number of
elements in this subsequence. Equation (4) is derived similarly to (2). The combinatorial
term H,, appears after taking into account the event that there is a single branching on
the time interval [0, s], the descendants of the first particle are found at the points in U at
time s + t, while the descendants of the second particle are found at the points of Y\ U,
with the summation over all possible choices of U.

3 Asymptotics of the correlation functions

First we recall some basic facts about the operator £ : L?>(R?) — L*(R?) (see (1)) and its
resolvent Ry = (£ — \)~'. We will assume that v > 0 is continuous, compactly supported
and not identically equal to zero. It is well-known that the spectrum of £ consists of
the absolutely continuous part (—oo,0] and at most a finite number of non-negative

eigenvalues:
o(L) = (—o00,0lU{N;}, 0<j<N, X >0.

We enumerate the eigenvalues in the decreasing order. Thus, if {A\;} # 0, then Ay =
max ;. We assume that there is at least one positive eigenvalue. The resolvent R) :
L*(R%) — L?(R?) is a meromorphic operator valued function on C' = C\(—o0, 0].



Denote the kernel of Ry by Ry(x,y). If v = 0 (in which case of course there are no
eigenvalues), the kernel depends on the difference z — y and will intermittently use the
notations R (z,y) and RS (x —y). The kernel R (x) can be expressed through the Hankel

function H"
RY(x) = cak®2(k|z|)' "2 HY (iv2K|z|), k=X, Rek > 0. (5)
We shall say that f € Cexp(R?) (or simply Ceyp) if f is continuous and

22
1£1l Conpra) = sup (| f(2)|e) < oo
z€ER4

The space of bounded continuous functions on R? will be denoted by C'(R?) or simply C'.
The following simple lemma can be found in [6].

Lemma 3.1. The operator Ry : Cep(RY) — C(RY) is meromorphic in A € C'. Its poles
are of the first order and are located at eigenvalues of the operator L. For each € > 0 and
some A, the operator is uniformly bounded in A € C', |arg\| < m —¢, |A| > A. It is of
order O(1/|A]) as X — oo, |arg\| < 7 —e. The eigenvalue Ny of the operator L is simple
and the corresponding eigenfunction does not change sign.

From Lemma 3.1 it follows that the residue of Ry at \q is the integral operator with
the kernel ¢ (x)1y(y), where 1 is the positive eigenfunction normalized by the condition
[%]|2@ay = 1. The function ¢ decays exponentially at infinity. More precisely, it fol-
lows from (5) that if we write x as (6, |z|) in polar coordinates, then there is a positive
continuous function F such that

() ~ F(0)|z]272 exp(—/2Xo|z|) as |z]| = oo (6)

For a positive number z, we define the curve I'(z) in the complex plane as follows:

I(xz) ={\: |ImA| = /4z(x — Re)X), ReX > 0} U{)\ : [ImA| = 22(1 — Re\), ReA < 0}.

Thus I'(x) is a union of a piece of the parabola with the vertex in z that points in the
direction of the negative real axis and two rays tangent to the parabola at the points
it intersects the imaginary axis. The choice of the curve is somewhat arbitrary, yet the
following properties of I'(z) will be important:

First, ReA < z for A € I'(x). Second, since the rays form a positive angle with the
negative real semi-axis, we have |arg\| < m — e(x) for all A € I'(x) for some e(z) > 0.
Third, since the rays are tangent to the parabola, and the parabola is mapped into the
line {\ : ReA = y/z} by the mapping A — /), the image of the curve I'(z) under the
same mapping lies in the half-plane {\ : ReA > y/z}.

The integration along the vertical lines in the complex plane and along contours I'(x),
below, is performed in the direction of the increasing complex part.
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We’ll need estimates on the solutions of the following parabolic equation. Let
1
Op(t,x) = §Ap(t, z)+o(z)p(t,x), p0,2) = g(z) € Cexp- (7)
We’ll denote the Laplace transform of a function f by f,

7y = / " exp(— M) (1)dt.

Let r be the distance between )y and the rest of the spectrum of the operator £. In the
arguments that follow we’ll use the symbol A to denote constants that may differ from
line to line.

Lemma 3.2. For each € € (0,7), the solution of (7) has the form

p(t, z) = exp(Aot) (¥, 9)¥(x) + q(t, ), (8)
where

lla(t, )lle < Ale) exp((Ao — €))[9]] ey -
Proof. After the Laplace transform, the equation becomes

1 i~
(GA+v)p=Ap=—g.
Thus, the solution p can be represented as
1 At
p(t,) = —— e RygdA. 9)

270 JRea=ro+1

The resolvent is meromorphic in the complex plane outside of the interval (—oo, \g — 7],
with the only (simple) pole at Ag with the principal part of the Laurent expansion being
the integral operator with the kernel ¥ ()1 (y)/(Ag — A).

By Lemma 3.1, the norm of R, does not exceed A/|\| near infinity to the right of
I'(Ag — €). Therefore, the same integral as in (9) but along the segment parallel to the
real axis connecting a point Ag + 1 + ib with the contour I'(A\g — ¢) tends to zero when
b — oo. Therefore, we can replace the contour of integration in (9) by I'(Ag — €). The
residue gives the main term, while the integral over I'(A\g — ¢) gives the remainder term.

[

Lemma 3.3. Let K C R? be a compact set. For each ¢ € (0,1), the function pi(t,z,y)
satisfies

p1(t, 2, y) = exp(Mot)Y(2)V(y) + a(t, 2, y),

where

sup [q1(t, 2, y)| < A(e) exp((Ao — &)t = |y[v/2(Xo = €)) (10)

zeK



fort>1/2. Moreover,
|t vy =0 (1)
R

for eacht >0, x € R, and

SUP/ pi(t, x,y)dy < Aexp(Aot). (12)
R4

zER4

Proof. First, let us show that

(¥, p1(t, -, y)) = exp(Aot)(y) (13)

for each t > 0, y € R%. Indeed,

0= / (5 + L)(exp(~Aas)e), pr)ds =

(exp(=dos)upiblicg + [ {(exp(=Dus)i), (57 + L)pi)ds =

<6Xp(—)\0t)’l7/}, pl(tv E y)) - <?/)7 pl(Oa K y)) = eXp(—)\ot)W), pl(t7 K y)> - ¢(y),

which proves (13). The relationship (13) immediately implies (11).

Next, let K’ be a compact set that contains supp(v) U K in its interior. In order to
prove (10), consider first the case when y € K'. Apply (8) with ¢ replaced by t' =t —1/2
and g = p1(1/2,-,y). In order to calculate the main term of the asymptotics, we note
that ||g/|c.,, is bounded uniformly in y € K’ and

1
(. 9) = exp(50)(y),
as follows from (13). Therefore, (8) implies that

p1(t, 2, y) = exp(Aot)Y (y) ¥ (x) + exp((Ao — €)t)q(t, z,y),

where ||q(t, -, y)||c < A(K') for ally € K’. We still need to consider the case when y ¢ K.

Let u(t,z,y) = p1(t, z,y) — po(t, x,y), where py is the fundamental solution of the heat
equation. Then u satisfies the non-homogeneous version of (7) with the right hand side
f = —v(x)po(t,x,y) and g = 0. Note that f is a smooth function since y ¢ K’. Solving
this equation for u using the Laplace transform, as in the proof of Lemma 3.2, we obtain

1 _
u(t,y) = —5— e Ra(—vpo(A, -, y))dA
270 JRer=ro+1

1

= —— M RA(RY(+, y))dA 14
371 sy € FAORAC0) (14)
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where the first term on the right hand side is due to the residue at A = Ag. The first term
can be re-written as

exp(Aot) (¥, v RS, (-, Y)Y (x) =
exp(Aot) (RS, (v9)) ()¥(x) = — exp(Aot)v (1) ().

The last equality here follows from the fact that ¢ is an eigenfunction with eigenvalue )\,

that is
1

R L

In order to estimate the second term on the right hand side of (14), we note that from (5)
it follows that

IRY(x, )| < A()|VAIZ 2|z — y|>~ 2| exp(—V2Ay — )|

if |\, |y — x| > {. Thus

1R )]l cu < AE)|y]Z72[VAIZ 72 exp(—v/2(A0 — &) |y])

for y ¢ K', A € T'(\g — €) due to the fact that Rev/A > /Ay — ¢ for A € T'(\g — ¢) and
ly — x| > 1 for x € supp(v), y ¢ K'.
Hence, using the estimate on the norm of R) : Ceyp, — C from Lemma 3.1, we obtain

[RAWRS(,)lle < AE)VA[E 2 exp(—/2(h —e)lyl), A €T (Ao —<).

Therefore, since ReA < A\g — ¢ for A € T'(A\g — €) and the factor e* decays exponentially
along I'(\g — €), the C-norm of the second term on the right hand side of (14) does not

exceed A(e)exp((Ag — e)t — |y|\/2(Ao —€)). The term po(t,z,y) with x € K, y ¢ K,
t > 1/2, is estimated by the same expression, possibly with a different constant A(e).

Indeed, if £ > 1/2, then

polt, 7,y) < Aexp(—y — o]?/2t) < Aexp((ho — )t — |y — 7y/20% — 2))

since

ly = al?/2t + (Ao =€)t = |y — 2[v/2(h — €) = (ly — 2l /V2t = /(Ao = £)1)* > 0.

This completes the proof of (10). In order to prove (12), we again write u(t,z,y) =
p1(t,z,y) — po(t, x,y). For fixed z, apply the Duhamel formula to the equation

1
atu<t7 z, y) = §Au(t7 xz, y) + U(y)pl (t> xZ, y)



with the initial data u(0,z,-) = 0. Now (12) follows since the L'-norm of v(y)pi(t, z,y)
is bounded by A exp(Aot) uniformly in z, as follows from (10). O

We’ll need additional notations in order to describe the asymptotics of p, with n > 1.

Let al(t,y) = ¥(y) and o?(t,y) = exp(—et — |y|/2(Xo —€)). Consider all possible
sequences o = (071, ..., 0,) with o; € {1,2}. By II”(¢, y1, ..., yn) we denote the quantity

It g1, Yn) = sup a2 (t,yr) - .- a2 (t, yn).
o#(1,...,1)

Let P, : Cexp — C be the operator that maps the initial function g to the solution
p(t,-) of equation (7). Let Pg(z) = exp(Aot){¢, g)t(x) and P! = P, — P?. Lemma 3.2
states that

1P/ || < A(e) exp((Ao — €)1).

The particular form of P? then implies that
1Pl < [[PP]] + [IPH] < A exp(Aot). (15)

For g € Cexp and n > 2, we denote

I.(9) :== Ruxog = / exp(—nAos) Psgds € C.
0
Note that . .
/ exp(nXgs)Pi_sgds = exp(nAot) / exp(—ngs)Psgds
0 0

= exp(nAot)(I1,(g) + O(exp(—(n — 1)\ot))) as t — oc. (16)
The functions fi, fo, ... are defined inductively: f; = 1 and

n!
fn = Z mln<vfkfnfk>a n>2.

Lemma 3.4. Let K C R? be a compact set. For each € € (0,7), the function p, satisfies

pn(taxa Y1y -ees yn) = eXp(nAot)fn(x)¢(y1) Tt w(yn) + qn<t7x7 Y1, "'>yn)7 (17)

where

su}g lgn(t, 2,91, s yn)| < An(e) exp(nXot) 2 (¢, Y1,y vy Yn) (18)
xe

fort>1/2.



Proof. For n = 1, the relation (17) coincides with the statement of Lemma 3.3. Let us
assume that (17) holds for all natural numbers up to and including n — 1. A generic
subsequence U C Y = (y1, ..., yn) Will be written as U = (21, ..., 2jy|) and its complement
as Y\ U = (%1, ..., Zn—jy). By the Duhamel principle applied to the equation for p,, we
obtain

t
pn(t7'>y17“'7yn) :/ Ptfs('U Z p|U|<37'7217"'7Z|U|)pnf|U|<37'7217"'72n7|U\))d5
0 UCY,U#D

- / Poslo 3 exp(IURos) it (V1) - - (zi0n)

UCY,U#D
x exp((n — [U[)Ao8) foju|()Y(Z1) - oo - V(Znoju)))ds (19)
+2/ P_(v Z exp(|U|os) fiu|()(21) - oo V(20 Gnju) (855 215 o5 Znju)) ) dS
0 UCY,U#0
+/ Pt,S(U Z Q|U‘(S, 2y ey Z|U|)Qn—\U|(5, 21, ...,En_|U|))d8.
0 UCY,U#0

The second and third integrals on the right hand side of (19) contribute only to the
remainder term. Indeed, consider the contribution to the second integral from the term
with a given U:

/0 P,_s(vexp(|U|Xos) flu| () (1) - o - ¥ (210)) i) (S, *, 215 vy Zn—ju)) )dS

< A@/)(Zl)---%ﬁ(zwo/o Pr_s(vexp(|U[Xos) fiu ()
x exp((n — [U[)Aos)II2 V(5,21 ..., 2o jo) ) ds
< AU(a) - 0len) [ exp(olt = 5) exp(nAos) T2 (s, B, e o)

< AeXp(n)\Ot)w(Zl)---w<Z|U|)HgilU‘(t771; "'7§n—\U\> < AeXp(n)\Ot)Hg<t7 Yis oy yTL)?

where the first inequality follows from the inductive assumption and the second one
from (15). The third integral on the right hand side of (19) is estimated similarly. It
remains to consider the first integral. It is equal to

ﬁ,(yﬂ c ¢(yn)/0 exp(n)\os)Pt_s(U Z f|U|fn—|U|)dS

UCY,U#D

= P(1) - - P(yn) exp(nAot) (fu(-) + Olexp(=(n = 1)Aot))) ,

10



where the last equality follows from (16). Thus we obtain the main term from the right
hand side of (17) plus the correction

(Y1) « ... - Y(yn) exp(niot)O(exp(—(n — 1) Agt))

for which the estimate (18) holds since ¥(y;) exp(—Aot) < (¢, y1) due to (6). O

4 Growth of the total number of particles

We denote the probability space on which the branching process is defined by (€2, F, P).
Let F;, t > 0, be the filtration generated by the process. We'll write L? for L*(Q, F,P).
Let NP be the number of particles in R? at time ¢, assuming that at ¢ = 0 there was a
single particle located at x.

In this section we prove the basic result on the convergence of NF/e*! in L2. The
almost sure convergence and the asymptotics of the number of particles in a (possibly
time-dependent) region of space will be considered in the following sections.

Theorem 4.1. There is a random variable £ such that

NY

6)\015

— & as t— oo, (20)

where the convergence takes place in L2.

Proof. Observe that for 0 < s <'t,
E(NZN;:) = / / / P2<37$7yly Z)pl(t - S, Z7y2)d2dy1d92 + / pl(tvxv ?/2)d?/2 (21)
Rd JR JRA R

Indeed, fix y1,y2 € R% Then the probability that there is a particle in an infinitesimal
neighborhood of y; at time s, while a different particle present at time s gives rise to a
particle in an infinitesimal neighborhood of y, at time ¢ is equal to

(/d 102<87$7y172)p1(t - 5727y2>d"7’) dyldyZ
R

The probability that a particle in an infinitesimal neighborhood of y; at time s gives rise
to a particle in an infinitesimal neighborhood of ¥, at time ¢ is equal to

pr(s, 2, y1)p1(t — s, 91, y2)dy1dys.

After adding the contributions from the two events and integrating in y; and y, we
obtain (21).

11



Combining (21) with (17) and using that f; = 1, we see that
E(NEN®) = 2Xos Ao (t—s)
eN) = [ [ pwnm e o)+

0 fo(@)(y1)(2)an (t — 5,2, 92) + @2(s, 2,91, 2)pi(t = 5, 2, y2) | dedyrdys+
[ rltiz e = L) + o) + B o) + L)
R

Note that
L= )| ¢)?
Rd

since [p,9%(2)dz = 1. Also observe that I7,(x) = 0 since [, ¥(2)qi(t — s, 2,y2)dz = 0 by
(11). Finally,

sup |I§7t<m) + Iﬁ,t(l‘” < Ae)\o(t+s)—as

zeK

by Lemma 3.4 and (12). Therefore,

sup |E(NINY) — e)‘O(S“)fQ(x)( V) < Aptolt+s)—es
zeK R

Thus we have

< Ae—as

6)\08 e)\ot 62)\08 62)\0t B e)\0(8+t) —

x x 2 T x x x

(X5 NE)' B BOGP A

for z € K. This shows that N7 /e*! is a Cauchy family of random variables as t — oo,
and we have convergence in L?. O

Remark. It is possible to show (see [13]) that all the moments of the variables N7 /e*o!
converge to those of £*. The moments of the limiting distribution are

By = ([ wtr) £,

They were shown to determine the distribution of £* uniquely.

Remark. In dimensions d > 3 the limiting random variable £* is equal to zero with
positive probability. Indeed, since the diffusion is transient, there is a positive probability
that the original particle wanders off to infinity without branching. Let B* be the event
that the number of particles stays bounded (and therefore tends to a finite limit as ¢t — o0)
and E* = {¢” > 0} be the event that the number of particles grows exponentially. It is
possible to show (see [13], for example) that P(B* U E*) = 1 for each z.

12



5 Growth of the number of particles in a domain

Let n¥(U) denote the number of particles in a domain U C R? assuming that at ¢t = 0
there was a single particle located at x. Let

N Jo ¥ ()dy

T e ¥(y)dy

The asymptotics of the number of particles in U is given by the following theorem.
Theorem 5.1. For each measurable U C R?, we have

n; (U)

8)\0t

— a(U)E" as t — oo, (22)

where the convergence takes place in L2.
Proof. By Theorem 4.1 it is sufficient to prove that
n;(U) — a(U)N;

—0 as t — oo.

ert
Observe that

E(Nf)Q_/ / p2<taxvylay2>dyldy2+/ pi(t, z, y1)dys, (23)

R2 JRE Rd
E(ni (U)NY) :/d/P2(tax>y1,y2)d?/1dy2+/Pl(t,iB,yOdyb (24)

re JU U
E(”f(U))QZ//Pz(t,x,yl,yz)dyldyzﬂL/Pl(t»%yl)d?/l- (25)

vJu U

Upon expanding (n(U) — a(U)NF)? = (nf(U))? — 2a(U)nF(U)NF + (a(U)NF)?, using
Lemma 3.4 for the asymptotics of p; and p, and collecting all the lower order terms in
the remainder R(t,z), we obtain

JEUE a(U)Nf)2 _

e)\ot

a@[ [ snvtmandn -200) [ [ vvtmands:

@) [ [ wlmetudndm) + Rit.) -
p) ([ 0= [ 0) + R0 = R,
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where sup,; R(t,x) < Ae™*'. This shows that (nf(U) — a(U)NF) /e is a Cauchy fam-
ily, thus completing the proof. n

Now let us examine the number of particles in the vicinity of a point that is at a linear
in ¢t distance from the origin. Let b = /\g/2 (b will be seen to be the rate of growth
of the region where the particles can be found with probability that tends to one). Let
v € R? be a vector with 0 < |v| < b and Uy, = U + tv the domain obtained from U by
translation by the vector tv. Let

et [ w(y)dy
fRd ¢(3/)dy .

Note that the asymptotics of g(t) can be obtained from (6). In particular,

g(t) = g(U,t,V) =

Alt%e(ko_mwl)t <g(t) < Agt%de(’\o_\/ﬁh'l)t (26)
it U is bounded.
Theorem 5.2. Let U be a bounded domain. For each v € R? such that |v| < b, we have

n§ (Up)
g(t)

where the convergence takes place in L2.

— &% as t— oo, (27)

Proof. From (23)-(25) we obtain
(-5 o (G [ o- L) vmea

1 2
R(t,z) = (gg(t) /Utv /Utv G2(t, 2, Y1, y2)dyrdys — W/Utv /Rd qo(t, 7,1, Y2)dyr dya+

1 / / 1
— @(t, 2, y1, Y2 )dyrdys + —/ pr(t, @, y1)dys —
et Jpa Jra g2(t) Ju.,
2 / (2, ) dys + — / (6, ) i)
_ x —_ x )
g(t>€)\0t - P1\l, T, Y1)ay; 62)\0t R P1\l, T, Y1)aY1
The first term on the right hand side of (28) is equal to zero as follows from the definition
of g(t). Applying Lemma 3.4 to estimate the integrand in each of the terms in R(t, x), it is

easy to see that R(t, ) tends to zero exponentially fast as t — oo. Indeed, let us consider
the first term. By (26) and (18), with an arbitrary ¢ € (0, r), we have the estimate

1
|—/ / qQ(t7x7yl7y2)dyldy2| S
g(t) Uty J Upy

14
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e2hot=et=tvl/200=2) (o=et=tIvIv/200—e) 4 4154 c—ilvIVo) _ (20)

—dg200—vargIv])i =
A<€>(td—162t<|v\\/%*E*M\/?(/\O*E)) +t%et(|v|mfs—\v\\/2(xofs>))'
Note that [v]v/2 g — & — |v][y/2(Xg — €) < 0 since |v| € (0,4/Ao/2). Therefore, the right

hand side of (29) tends to zero exponentially fast as ¢ — o0o. The other terms in the
expression for R(t,x) can be dealt with in the same fashion. ]

Afe)

Remark. With the help of Lemma 3.4 it is possible to show that we have the con-
vergence of all the moments in (22) and (27).

6 The almost sure convergence

Theorem 6.1. The convergence in (20) takes place almost surely. If U is a domain with
a smooth boundary, then the convergence in (22) and (27) takes place almost surely.

Proof. We will only prove the almost sure convergence in (27) since the other statements
can be proved similarly. Fix an arbitrary § > 0 and K > 0. By the Borel-Cantelli lemma,
it is sufficient to demonstrate that there is an increasing sequence t,, — oo such that

00 x Uv
ZP( sup |nt< t)—€x|>5, £ < K) < 0.
tE[tn7t7l+1] g(t)

n=1

From the proof of Theorem 5.2 it follows that nf(Us,)/g(t) converges to £ in L? expo-
nentially fast. Let v > 0 be such that

nf(UtV)
g(t)

for some constant A. We take t,, = 2Ilnn/v, n > 1. By the Chebyshev inequality,

E( — &)< Ae (30)

ny (Up,v) ) 25Aetn 25A
P(| etV w2 < —
(’ g(tn> 5 ‘ > 5) — (52 (52712’
and therefore
> n¥ (Ut v) 5
P(|——Y % > 2) < o0, 31
>oP(FEEES — > ) (31)
It remains to show that
0 T z (] v 4
Sop( sup [P PElan)) A0y o
o1 tEltn,tnyi] g(t) g(tn) 5
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which is equivalent to the following two inequalities holding at the same time

- EUs)  1E(Un) 490
P( sup - — T s < K) < o0, 32
Z (te[tmth] g(t) g(tn) o ) ( )
nf(Uw) | 1, (Uny), 40
P( sup (—— + —= > —, < K) <. 33
Z t€[tn, th} g(t) g<tn) ) d ) ( )

We will only prove (32) since (33) can be proved similarly. Let us show that the term
n{ (Up,v)/9(ty,) in (32) can be replaced by a more convenient expression. For r > 0, let
U = {z € R? : dist(z,U) < r} be the r-neighborhood of U. Let g"(t) = g(U",t,v).
Since U is a smooth domain, from the definition of g it follows that r can be chosen to
be sufficiently small so that

LA e RN ) (39)

sup 5

te[tnatn+l] g(t)

for all sufficiently large n. Moreover, since » > 0 and t,,,1 — t, — 00, we have

U UncUZ, (35)

tE[tnvtn+1]

for all sufficiently large n. As in (31), we have

= nEUr) )
P(|——tn¥l ) 5 2) < o0, 36
> Pl -1 5) (36)
Now,
0 T Ur T U v
ZP sup ntn( tnv) . ntn< tn )| > 3_57 é-a: < K) S
tE[tn, tn+1] g(t) g(tn) i)
> F(U; Y (U, v 20
ZP sup ntn( tnv) i ntn( in )’ > = é—:r < K)+
— t€[tn, th] g" (tn> g(tn) d

8

n (Uiy)  ni (ULS)
E P( sup fnIn¥V/ _ _tnotnv > -, & <K
— te[tn tn+1] g(t) g" ( ) | )

The first series on the right hand side is finite by (31) and (36). The second series is

estimated from above by

. 5 ( ) ntn tnv x 5
t{n - te[tsf&l](KJr 5)I ol ) | > }+Z == ).
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The first term of this expression is finite as follows from (34), while the second one is
finite by (36). Therefore, (32) will follow if we demonstrate that

o0 T Uv —n*(U" 5
S P( sup i Un) = 10, Ui) 0 o - ) < oo (37)
=1 tEltnstnya] g(t) 5

Similarly to (31), we have

x
N

SP( > o) < oo
n=1

for each constant ¢ > 0. Combining this with (26) and (35), we see that (37) will follow
if we show that for each o, R > 0 we have

Z P( sup nf(Ut%V) —nf (U ,) >n" Nf < Re™™m) < oo. (38)
n=1

tE[tn,thrl]

Roughly speaking, we need to show that the number of particles that visit a smaller

region U2, over a short interval of time [t,, t,41] can’t significantly exceed the number of
particles that are in the larger region Uj | at the time ¢,,. Let us fix n and study the n-th
term in the series (38). After conditioning on F;,, the questions becomes the following:
Suppose we have m < Re ' particles at time zero located at w1, ..., Z,,. Let yi, ...,y
be their descendants at time ¢ = ¢,,; — t,. Each of these has a starting point in the
set {x1,...,x,,}. We are interested in the probability that at least n® descendants of the
original particles were at a distance r/2 from their respective starting points prior to the
time ¢ = 1 — .

The expected number of descendants of a single particle that cover distance r/2 (from
the initial position of the particle) in time ¢ decays faster than e#/* as t — 0 for some
f > 0. Therefore, by the Chebyshev inequality, the n-th term in (38) is estimated from
above by Rerotne=f8/(nt1=tn)n=a which decays exponentially in n, as follows from the def-
inition of ¢,. Therefore the series (38) converges, which completes the proof. O]

7 Limiting shape of the region occupied by particles

Let B(r) denote the ball of radius r centered at the origin. Recall that b = /\g/2.

Theorem 7.1. For each § > 0, there exists a random variable T =T(5) (I < oo almost
surely) with the following properties:

(a) There are no particles outside B((b+ )t) fort > T.

(b) On the event £ > 0 the union of the unit neighborhoods of the particles cover
B((b—0)t) forallt >T.

17



Sketch of the proof. We’ll only verify the statement for a sequence of times t,, = clnn for
a certain c. Namely, we’ll show that there is a random variable N and a constant ¢ > 0
such that:

(a") There are no particles outside of B((b+ §)t,,) for n > N.

(0') On the event £ > 0 the union of the unit neighborhoods of the particles cover
B((b—0)t,) for n > N.

The transition from the sequence of times to the continuous time can be then accom-
plished similarly to the way it was done in the proof of Theorem 6.1.

By the Chebyshev inequality,

P(nf (B((b+ 8)ta)) > 1) < En? (B((b + 8)t,)) = / o P <

A et V2) 4 exp((a = o ~ 51200~ )l <
Az (exp(ta(Ao = v/2holb + 6))) + explta (N — € = (b+8)y/20h — 9))) ) .

where the second inequality is due to Lemma 3.3 and (6). By choosing a sufficiently small
e > 0, we can make the right hand side of the last formula smaller than As exp(—t,0+/ o).
Therefore,

ZP B((b+ )t ))Zl)gAgie_t"‘smgAgin_2<oo

if we choose t, = ¢;lnn with ¢; > 2/(6y/Ao). By the Borel-Cantelli lemma, there is a
random variable N; such that (a’) holds (with N instead of N).

In order to establish (V'), note that for each n, the ball B((b—6)t,) can be covered by
the balls B}, ..., B™M™ of radius 1/2 centered at t,v',...,t,v"™™ in such a way that the
centers of the balls are inside B((b— 0)t,) and m(n) = O(t%). Let g* = g(B(1/2),t,,v¥).
As in (30), there is v > 0 such that

T Bk
E(Lk”) — )2 < At
9n
By the Chebyshev inequality, for each k = 1,...,m(n) and each K > 0,
z k T < T k < k T < 4A€_’Yt"

Therefore,

ZP (B¥Y =0 forsome k, ¢ >K) < ZAQ Je Mt

n=1

The series on the right hand side of this inequality converges if we choose ¢, = cylnn
with co > 2/v. Since K > 0 was arbitrary, by the Borel-Cantelli lemma, (0') holds (with
N, instead of N). It remains to take ¢ = max(cy, ¢o) and then N = max(Ny, Ns). O

18



8 Limiting distribution in the case of finitely many
particles

In this section we make a couple of remarks concerning the distribution of the total num-
ber of particles on the event £* = 0.

Remark. Let NI = lim; o Nf. This random variable is finite almost surely on the
event £ = 0 (this can be proved similarly to the way it was done for the corresponding
statement in the critical case in [13]). In other words, with probability one, the total
number of particles either grows exponentially or tends to a finite limit. The latter event
has nonzero probability if and only if d > 3.

Remark. Let d > 3 and define M"(z) = P(NZ = n), n > 1. The quantities M"(x)
satisfy a recursive system of partial differential equations. Namely,

%AMI(JI) = v(z), (39)

with the condition at infinity
lim M*'(z) = 1.

|z| =00

For n > 2, we have

%AM”(Z’) =v(z) Z M* () M (), (40)
|1|iin M"(z) =0

Equations (39) and (40) can be obtained by considering the behavior of the initial particle
on the time interval [0,d] such that § | 0, with the left hand side accounting for the
diffusive motion and the right hand side for the branching.

9 Branching diffusion in homogeneous media and in-
termittency

In this section we’ll assume that the branching potential v > 0 is constant. We’ll be
interested in the logarithmic asymptotics of the moments E(n?(By,))*, where v is a non-
zero vector, B is the unit ball centered at the origin, and By, is the translation of B by
the vector tv. The main result of this section is the following.

Theorem 9.1. For each k € N and v € R, there exists the limit

(|v]) = lim

t—o00

In E(n?(Btv))k‘
t
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If |v| > \/2v/k and k > 1, then
(V1) >k (lv]). (42)

If |v| < /2v/k, then

W([v]) = Eya(|v]). (43)

Remark. We assumed that the initial particle is located at x = 0 for the sake of conve-
nience (the general case requires only simple modifications in the proof). Moreover, it will
be clear from the proof that the logarithmic asymptotics of the moment does not depend
on the size of the ball. Since every bounded open set contains a ball and is contained
inside a larger one, the result of the theorem also holds for the moments of nf (U, ), where
U is an arbitrary bounded open set.

Before proceeding with the proof of this theorem, let us make several simple observa-
tions about the moments and the correlation functions.

(a) Define my(t,z) = [5... [5pr(t, @, Y1, s yi)dyr...dyg. From the equations on the
correlations functions (Section 2), after integration in yi, ..., yx, it follows that

1
Omq(t,x) = §Am1(t, x) +vmy(t, x), (44)
m1(0,z) = x5(),
while
1 [k/2]
oymy(t,x) = §Amk(t, x)+vu | me(t,z) + Z cimy(t, x)my—;i(t,x) |, (45)
i=1

m(0,2) = 0.

where ¢; are positive constants.
(b) Notice that

k k
E(n¥(B))" = ZS(k,i) /B .../Bpi(t,x,yl, e Yi)dy .. dy; = ZS(k:,i)mi(t,x), (46)

where S(k, ) is the Stirling number of the second kind (the number of ways to partition
k elements into i nonempty subsets). The first equality in (46) easily follows if we write

HEED WA

where B = LJ;A; is the partition of B into small sub-domains, and then take the limit as
max; diam(A;) — 0.
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(c) Since the branching potential is constant, E(n? (B, ))* = E(nl¥(B))*, and therefore

w(v]) = lim In E(ni*(B))*

t—o0 t

Proof of Theorem 9.1. We'll use induction on k to show that:
(a) There are positive constants a = a(k) such that

(lz] — a)®

g ), t>0, rcR% (47)

my(t,x) < aexp(at —

(b) mg(t, ) is monotonically non-increasing in |z|.
(c) The limits

InE(n}¥(B))" 1 t,t
ve([v]) = lim B (B _ oy, ome(t, tv) (48)
t—00 t—00
are uniform in |v| < K for each K, and the functions 74(|v|) are continuous in |v|.
(d) If £ > 2 and |v| > /2v/k, then
(VD) > kn(lvl).
If |v| < /2v/k, then
(V) = kn(lv)
For k = 1, we can solve the equation on m;. Namely,
z—y2
my(t,x) = e”t(27rt)d/2/ e~ 5t dy, (49)
B

which satisfies the induction hypothesis. Now let & > 1 and assume that (a)-(d) hold for
all integers up to k — 1. From (45) and the Duhamel formula it follows that

t
|z—
maltyz) = [ I2n - o) [ EET S (s, y)mai{s. o)dyds
0

Rd i=1
The factor g(s,y) = Zyi/f ] cim;(s,y)mg_;(s,y) is spherically symmetric, non-increasing
in |y| and, by the inductive assumption, (47) holds with g instead of my in the left hand

side. This implies that (a) and (b) hold for my.
Since all the constants ¢; are positive, there is a constant C; such that

t
mk(t7 I) Z Cl / ., ml(t -5y - x)ml(sv y)mk—l(sv y)dyds = Clll(ta ZL‘) (50)
0 JR
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In order to estimate my, from above, we use (46) and the fact that

E(n;(B))'E(n{(B)* =2 E(nf(B))'E(ni(B)*", 1<i<k-1,

S S

in order to write
t
my(t,x) < Cg/ my(t — s,y — 2)BE(nY(B))'E(nY(B))* 'dyds =: Coly(t,z)  (51)
0 JRd

for some positive constant Cj.

In order to justify (c) and (d), we need to study the logarithmic asymptotics of the
integrals in (50) and (51) as ¢ — oo and x = z(t) = vt.

Let us do some formal manipulations with I;(¢,tv) that will be justified below. We
take the logarithm of the integrand in (50) and maximize it in ¢ and y. Moreover, formally
applying (48), we’ll replace Inm,,(a, av) by av,(]v|) in each of the factors, thus obtaining

lim In Il(tt,tv) _

t—o00

lim  sup ((1 - t)’y (M) + -

t=00 g5t yeRd (t - )

s (1= o=+ um%) + uv“(%)) -

0<u<l1,zeR4 (1

If |z| > u|v|, then

|z — v| z| luv — v

| |UV|
(1- U)’h((l — u)) + U%(Z) <(- U)’Yl(m) +un(—

) =n(|v]),

while | | |
z uv
U’qu(;) < U’Ykﬂ(T) = uyg—1(|v]).

The first inequality easily follows from the explicit expression for m; (¢, ), while the second

one holds since (b) holds for £ — 1. Therefore, the supremum in the right hand side of
(52) can be taken over the set 0 < u < 1, |z| < ulv|, resulting in

LA ((1—U)71(li_vi)+um(||

=00 0<u<l,|z|<ulv]|

)+ weaZh). 69

Now let us rigorously justify (53). For € > 0, let

t
() = [ e s = oym(s,y)ma(s,p)dyds,
R

et
()= [ [ e = sy ahm(s.pymc (s, )dyds
0 R
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From (47), which holds for positive integers up to k — 1, it follows that there is K > 0
such that the contribution to I5" (¢, ) from the part of the space where s > et, |y| > Kt is
negligible. For the integral over the region s > et, |y| < Kt, we can replace the logarithm
of the integral by the asymptotics of the logarithm of the integrand since (c) holds for
positive integers up to £ — 1. Therefore,

[z = v z| ||

)+ un(Eh +waZh). 6o

e+
- In IT7 (¢, tv)
(1 —u) u

! - ((1 —wm(

t—o0 t et<u<l,|z|<ulv|

Now let us look at the asymptotics of 17~ (¢, z). Due to (47), by selecting a sufficiently
small £, we can make the product m4 (s, y)my_1(s,y) exponentially small as ¢ — oo (with
an arbitrarily large negative exponent) provided that s < et, |y| > e1t. This easily leads
to the fact that the contribution to I7~(¢,z) from the part of the space where s < et,
ly| > eit is negligible. From (47) it now easily follows that for each § > 0, for all
sufficiently small ¢ and and all sufficiently large ¢ we have

InI{7(¢,tv)

—mn(vhl <.

Together with (54), this implies (53). Now let us examine the logarithmic asymptotics of
Iy(t,tv). As in the argument for I;(¢,tv), we can rely on (48) to replace the asymptotics
of the logarithm of the integral by the asymptotics of the logarithm of the integrand. The
only difference with the previous argument is that before we relied on the estimate (47),
which was formulated for my, (¢, z) rather than E(nf(B))*".

From equations (44) and (45), it is not difficult to see that there are positive constants
C(v, k) such that

my(t,tv) > C(v, k)ymg_1(t, tv)

for k > 1 and t > 1. Together with (46), this implies that

Inmy(t, tv)

InE thk
lim LR \B)) (i (B)) = lim

t—o0 t—o0

and that (47) holds with E(n¥(B))* instead of my (¢, z) in the left hand side, and therefore
(53) remains valid with I5(¢,tv) instead of I1(¢,tv) in the left hand side.

We have thus justified that (48) holds for k. From the argument above it is not difficult
to see that the convergence in (48) is uniform in |v| < K. Moreover,

Vi) = Ssu —Uu |Z — V| u M u M
)= s (=G mE reah). )
From (49) we obtain

(v =v - P (56)
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Let us now assume that & > 2 and (d) holds for all positive integers up to k — 1. It
remains to show that (d) holds for k. Suppose that v is such that |v| > \/2v/(k — 1).
In this case, by the inductive assumption, v,_1(|v|) > (k — 1)y (|v]), and therefore, by
taking z = v and u close to 1 in the right hand side of (55), we see that

(V) Z (VD) +ve-1([v]) > kn(lv]).

It remains to consider |v| < 4/2v/(k—1). In this case, we can replace %—1(%') by

(k — 1)71(%) in the right hand side of (55) and use the expression (56) for v;. Thus
[z — v

v = sw (- ue- 22 sk - B ) -

2
O<u<l,|z|<u|v| 2u

o (-0 B g )

0<u<1,[8|<|v| 2(1—wu)

What remains now is an exercise in calculus: we can find the supremum by looking at

the partial derivatives in w and . If \/2v/k < |v| < y/2v/(k — 1), then the supremum is

achieved at
k= |v|VE/2v 5= %
R P R A A )

and is equal to
2k
(V) = vk +1 = v\ =) > kn(|v]).

If |[v|] < /2v/k, then the expression is maximized by taking f = v and u that tends to

one. In this case | |2

(Iv]) = k(v = 5-) = kn(Iv]).
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