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Abstract

In a population model in continuous space, individuals evolve independently
as branching random walks subject to immigration. If the underlying branching
mechanism is subcritical, the model has a unique steady state for each value of the
immigration intensity. Convergence to the equilibrium is exponentially fast. The
resulting dynamics are Lyapunov stable in that their qualitative behavior does not

change under suitable perturbations of the main parameters of the model.
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1 Introduction

One of the simplest model with a steady state, also known as space-time equilibrium,
is the contact model in R? (Kondratiev and Skorokhod, 2006; Kondratiev et al., 2008).
For this model, the corresponding point field has multiplicity one, so that the population
dynamics can be described as a Markov process in the space of infinite but locally finite
point configurations in R? (Kondratiev and Skorokhod, 2006; Kondratiev et al., 2008).
In contrast, the dynamics of lattice point fields of multiplicity one are not Markovian,
which complicates their analysis (Liggett, 1985).

The contact model is instable with respect to small random perturbations, notably
local ones, of the rates of splitting and death. We introduce a related model, where the
steady state is stable in the strongest Lyapunov sense, which means that the stochastic
equilibrium survives under sufficiently small (in L>°-norm) perturbations of the rates. In
section 1.1, we describe the time evolution of a population in R, subject to immigration,
and whose individuals evolve independently as branching random walks. We demon-
strate that the qualitative behavior of this model persists under perturbations, possibly
heterogeneous over space, of the key parameters.

We present the main results in section 1.3 with emphasis on the stationary case of
rates constant in space and over time. In section 2, we derive equations for the correlation
functions. Asin Kondratiev and Skorokhod (2006) and Kondratiev et al. (2008), the space
is continuous and the field of particles has multiplicity one. In section 3, the uniform
estimates on the correlation functions and the Carleman condition allow us to prove the
existence of a unique steady state. We show that the correlation functions converge to
their limiting values exponentially fast and therefore the initial condition quickly loses
influence on the current state.

Molchanov and Whitmeyer (2017) and Han et al. (2017) review several classes of
population models on discrete graphs, including lattices. Our analysis applies to a large
class of population models in R?, in particular isotropic models, which do not exist in the

lattice setting.



1.1 Model

Populations in R%, d > 1, are realizations of a point field, where n(¢,T") denotes the total
number of particles in a region I' € B(R?) at time t > 0. B(R?) denotes the Borel sigma-
field in RY. Initially, the configuration n(0,T") is a realization of the Poisson point field in
R? of constant intensity A > 0, that is,

P(n(0,I) =m) = (/\|ﬂe’AIFI (1)

m!

for integer m > 0, where |I'| is the Lebesgue measure of I'. Each of the n(¢,I") individual

particles in I' evolves independently as a branching random walk. Particles can:

immigrate: given a constant v > 0, particles independently appear in R? according to
a Poisson point field of intensity v, so that a particle appears infinitesimally close to x

during a time interval [t,t + dt) with probability asymptotically equal to vy dxdt.

move around: given a constant x > 0 and a symmetric probability kernel a(z), z € R¢,

that is,

a(z) >0, a(z) = a(—2), /Rd a(z)dz =1, (2)

individual particles jump independently with generator

K Lath(z) = K / (W + 2) — () alz) d=. (3)

R4

The probability that a particle at  jumps out of its location during the time interval
[t,t+dt) approximately equals k dt; the probability that the particle lands infinitesimally
close to = + z approximately equals a(z) dz. For simplicity, the Fourier transform a(k) of

the kernel a(z) is assumed integrable:

k) = /R e*a(z) dz € L'(RY), (@)

so that the kernel a(z) is uniformly continuous.

split: the probability that a particle at x generates an offspring during the time interval



[t,t 4+ dt) approximately equals (3 dt, with fixed birth rate 5 > 0. The probability that
offspring appears infinitesimally close to x+z is b(2) dz, where b(z), z € RY, is a symmetric

probability kernel with properties as in Eq. (2) and (4), that is,

b(z) >0, b(z) =b(—=2), /Rd b(z)dz=1,

b(k) = /R ) e™b(z) dz € L'(RY).

As in Eq. (3), we introduce the corresponding generator

PLy(x) = » (¥(z +2) — P(x))b(2) dz. (6)

die: individual particles die independently at constant rate p > 0, that is, the probability
that a given particle dies within the time interval [¢,¢ + dt) is asymptotically equal to
pudt. We assume that p > 3, so that the branching mechanism is subcritical.

Unlike in the lattice case, the local limit theorem for densities does not necessarily
follow from the central limit theorem. Pestman et al. (2016) give an example of a density
with compact support (and thus satisfying the central limit theorem) but with unbounded
convolutions of all orders (and thus not satisfying the local limit theorem). The tech-
nical condition of multiplicity one in Kondratiev and Skorokhod (2006) and Kondratiev
et al. (2008), as the condition that a(k) and B(k) are integrable, exclude cases where the
local density of particles remains unbounded. Our densities a(z) and b(z) are uniformly
continuous, and hence bounded in R?, implying that neither migration nor dispersal can
lead to local accumulations of particles.

Sewastjanow (1974, Chap. X) studies diffusive branching random processes in bounded

domains. His analysis does not apply to jump processes in the whole space.

1.2 Correlation functions

Correlation functions encode stochastic properties of the population dynamics. For in-

teger n > 1 and a collection of distinct points {x1,...,z,} C R% the n-th correlation



function k'™ (21, ...,2,) is the density of the probability

P(n(t,z1 +dx1) =1,...,n(t, z, + dz,) = 1) (7)

that an infinitesimal neighborhood of each point z1, ..., x, contains a single particle. By

the choice of the initial distribution,
K (21, x,) =N, n>1. (8)

In the setting of the contact model, Kondratiev and Skorokhod (2006) and Kondratiev
et al. (2008) define the correlation functions and construct the corresponding dynamics.

The first correlation function kgl)(a:) is the density of the particles at location x at
time ¢,

P(n(t,x +de) = 1) = ki (2) dz . (9)

Therefore, the average total number of particles in I' € B(R?) at time ¢ is

mi(t,T) = En(t,T) :/kﬁ”(;p) dx . (10)

Write (n); :=n(n—1)...(n— 1[0+ 1) for the falling factorial of order [ > 1. Then the I-th

factorial moment of n = n(¢,T") is

ml(t,r):E(n@,r))l:/F---/Fkg”(xl,...,xl)dxl...dxl. (11)

For the initial configuration,

m(0,T) = (AIT))", 1>1, T eBRY. (12)
1.3 Results
We use the fact that the family of correlation functions kg”) (x1,...,2,), n > 1, satisfies
a system of parabolic equations with initial conditions kg")(:cl, ..., &y) = A". Recall the



stability assumption p > (.

Theorem 1. For each integer n > 1 and for all (x1,2s,...,2,) € (R)" with pairwise
distinct x;, there exists k() (x1,...,2,) such that, as t — oo,
(n) (n)
ki (1, ..y xn) = K (1, .oy X)) (13)

Moreover, there exists a positive constant C' = C(\, u, 3,7) such that for each integer

n>1,
Hk(")H = sup sup ‘kﬁn)(xl, L T)| < nlO™ (14)
t>0 T1,...,Tn
The limiting correlation functions {kgé) (z1,...,2,)} can be computed in a recursive

way using Eq. (72) and (73) below. The upper bound in Eq. (14) does not depend on
, which is consistent with the heuristic argument that more intense diffusion mixes the
configuration faster and prevents the local density of the field from growing too large.
An important corollary of Theorem 1 is that, for all kK > 0 and v > 0, the model of a
branching random walk with immigration, introduced in section 1.1, possesses a steady

state:

Theorem 2. For all Borel I € B(R?),
n(t,I') = n(oco,I) (15)

in law, as t — co. The distribution of {n(co,T) : I' € B(R%)} is the unique steady state

for the population dynamics of section 1.1.

While deriving an explicit description of the steady state from the limiting correlation
functions {kgg) (21, ... ,xn)} might not be immediate, we show below that its first moment
is constant in space and its second moment is invariant by translation. The latter property
also persists to higher moments.

Under the key assumption p > g, by Eq. (11), the factorial moments m,(¢,I") also



converge: for each I' € B(RY),
m,(t,I') — m,(co, ) ast — 00. (16)
Moreover, the uniform estimate of Eq. (14) implies the bound on the factorial moments:
Im,(t, )| <! (CT))", 0<t<oo, (17)
which, by Carleman’s condition (Feller, 1971, section VIIL.3):

S (man(t,T)) 7% = o0, (18)

n>1

implies the existence of a unique distribution {n(¢,I') : I' € B(R?)} for each t € [0, o0].

Alternatively, a slightly weaker condition (Feller, 1971, section XV.4, Eq. (4.15)),

S|=

lim sup % (m,(t,1))

n—oo

< 00, (19)

is also applicable here.

Each individual alive at ¢ = 0 as well as each immigrant arriving at ¢ > 0 generates
a subpopulation, which evolves according to the rules of section 1.1 with v = 0 (no im-
migration). Therefore each of the n(¢,I") individuals in I' at time ¢ > 0 can be tracked
back to its earliest ancestor, either present at ¢ = 0 or arrived as an immigrant. Then
n(t,I") is the sum of subpopulation sizes, where each subpopulation evolves as a (subcrit-
ical) branching random walk with migration governed by Eq. (3), with birth governed by

Eq. (6) and mortality at fixed rate u > 0:
n(t7r) :Zn(t_ti7yi>r)7 (20)

where the sum runs over all individual ancestors, with (y;,t;) € R¢ x [0,¢] denoting
the location and the time of their individual arrivals, and where n(t — ¢;,y;,I") is the

corresponding number of descendants in the Borel set I' at time ¢ > 0. The choice of



the initial population and the immigration process guarantee that the total number of
possible ancestors arriving during the time interval [0, ¢] is countable.

When combined with stochastic monotonicity of the solution n(¢,I"), Theorems 1
and 2 imply stability of the evolution with respect to small perturbations of the rates (a
random variable X is stochastically smaller than a random variable Y (denoted X <Y))

if P(X > 2z) <P(Y > 2) for all z € R). Indeed, if 3, and p, satisfy

Bo=PB+e&,  po=p+en,, where sup(|&lIn.]) <1, (21)

z€R4

with possibly random (&, 7,),cre, for the particle field n(¢,I") corresponding to birth
and death rates (03, ftz)scrd, the particle field n*(¢,T") corresponding to the constant
rates (5 + €, — €), and the particle field n,(¢,I") corresponding to the constant rates

(B — e, + €), we have Theorem 3:

Theorem 3. If i — > 2¢ > 0 and the rates (£, 1, ),cre are given by Eq. (21), then, for

allt > 0 and T € B(R?), the stochastic order

n(t,T) < n(t,T) < n*(t,T) (22)

holds.

We verify the stochastic order of Eq. (22) by constructing the three processes ny, n,
and n* on a common probability space; this procedure is known as coupling (Lindvall,
1992). Thanks to the decomposition in Eq. (20) into the sum of the subpopulations, it
is sufficient to verify the stochastic comparison of Eq. (22) for individual subpopulations

with common ancestor. Because

B—e<fB,<fB+e¢ and +e> g, >p—e, (23)

this comparison is achieved as described in (Lindvall, 1992). This implies the Lyapunov
stability of Theorem 3.

We present the construction on the example of n, and n* for a single subpopulation

7



starting from x € R? at time ¢ = 0. Then n,(0,T') < n*(0,I') and we show that the
point field for the process n, is a subset of the point field for the process n* for all t > 0.
Because, until extinction, the total number of particles n*(¢, R?) in a single subpopulation
forms a linear continuous-time birth-and-death process, at every time ¢ > 0 its size is
almost surely finite, which implies that the processes n, and n* are well defined.
Assume that, for fixed t > 0, the configuration n, is contained in that of n* and that
the next jump occurs at time s > t. If this jump occurs at a location belonging to n*
only, it follows the rules of section 1.1 with v = 0. Otherwise, it originates at a location
y common to both processes, and is determined by the smallest of the five independent

exponential variables

S ~Exp(p—c), L~Bp(B-e), &~ Bxpk),

§4 ~ Exp(2e), & ~ Exp(2e).

(24)

If & is the smallest, the particle at y dies in both processes n, and n*. If it is &, an
offspring is created in both processes at location y + z, where z is generated by the kernel
b(-). If it is &3, the particle moves in both processes from y to y+ z, where z is generated
by the kernel a(-). If it is &, the particle dies in n, (but not in n*). If it is &, an offspring
is created in n* at location y+z, where z is generated by the kernel b( - ). Then the changes
in n, have rates (5 — e, u + €) while the changes in n* have rates (5 + ¢, u — ¢); after the
jump, all particles are almost surely in distinct locations, and the configuration of n, is
still a subset of n*. This construction goes further by induction until the subpopulation
dies out in both processes. Because individual subpopulations evolve independently of
one another, the full configuration of n, is a subset of the full configuration of n*, and
therefore n,(t,I') < n*(¢,T") for all ¢ > 0. The argument for Eq. (22) is analogous.

The stochastic order in Eq. (22) also results from varying the immigration rate. In-
deed, consider the particle field n(¢,I") corresponding to birth, death and immigration

rates (3, 14, Vz ) zerd, the particle field n*(¢, I') corresponding to the constant rates (3, p, v*),



and the particle field n,(¢,T") corresponding to the constant rates (3, i,7.). Then

Yo < ve <, (25)

where (possibly random) 7, can depend on z € R? implies the stochastic order of
Eq. (22). Furthermore, the stochastic order of Eq. (22) is true if the birth and death
rates satisfy Eq. (23) and the immigration rates satisfy Eq. (25).

The Lyapunov stability of Theorem 3 can fail at criticality, where u = g (Kondratiev
and Skorokhod, 2006; Kondratiev et al., 2008). Indeed, if the random rates /3, and p, in

Eq. (21) satisfy the criticality assumption

ES, =0 =p=Eu,, (26)

while the joint distribution of (3, p,) allows the existence of large enough regions I' where
Bz — pz > € > 0 with positive probability, then the population count n(¢,T") may keep
growing as t — oo. Kondratiev et al. (2017) use spectral analysis to derive this result for
a general class of Schrédinger operators.

We now prove Theorem 1.

2 Time evolution of correlation functions

We derive parabolic equations for the family of the correlation functions kﬁ") (1, ..., Tp),

n > 1, defined in section 1.2, with initial conditions ké") (x1,...,x,) = A". A key feature of

the resulting system is that the equation for kE") (x1,...,2,) includes correlation functions

of lower orders.

To study the first correlation function kgl)(xl), consider the events

A = {n(t+dt,x +dr) =1 | n(t,z +dz) =1}, o
27
Bt(,lt)-i—dt = {n(t—i-dt,x—i—dx) =1 ‘ n(t,z + dx) = 0}.



Then, up to the errors of higher order,

kﬁ)dt(x) de =P(n(t + dt,z + dx) = 1)
(28)
= P(A), ) KV (@) de + P(BL), ) (1 — kY (2) dz).

(1)

As the leading contribution to the event A,/ ,

, comes from the trajectories in which the
state of the infinitesimal neighborhood of x does not change during the time interval

[t,t + dt), at the first order:
P(AY,y) =1 (5 +p)dt. (29)

The splitting move at x during the time interval [t, ¢+ dt) is not excluded, as the parental
particle stays at its location. Likewise, the leading contribution to the event Bt(?Jr 4 comes
from the arrival of a single particle in the infinitesimal neighborhood of x (due to either

immigration, migration, or a splitting event at a different location). We thus get

P(Bt(,lt)-‘rdt) = <’Y + FG/ k(@ —2)a(z)dz+ 5 | k(z—2)b(z) dz) dt dx
® R (30)

= (4 #LK (@) + BLKN (@) + (5 + BN () di d,

where the last equality follows by symmetry of the kernels a(-) and b(-),

/Rd k§1)(:v —2)a(z)dz = /Rd kgl)(a: —2)a(—2)dz = / kgl)(aﬁ +2)a(z)dz. (31)

Rd
Putting all this together, we deduce

ok,
ot

(2) = (KLo + BL)K () + (B — ki (z) + (32)

with the initial condition kél)(:v) =\
Higher-order correlation functions are derived similarly. Write AEZ)Jth for the event
that simple occupancy of infinitesimal neighborhoods of the locations in the collection

Xp := (21, ...,x,) does not change during the infinitesimal time interval [t, ¢+ dt). Then,

10



at the first order,

P(AM ) =1 —n(k+ p)dt. (33)

Denote by B™" the event that an initially unoccupied infinitesimal neighborhood of the

t t-‘rdt
location x; receives a single particle during the time interval [, ¢ + dt), while infinitesimal

neighborhoods of all other locations in x,; = {%;};£ j=1,.» remain simply occupied

-----

during [t,t + dt). The new particle at z; arrives either as an offspring of a single parent
from x,,; or from a location not in x,; (due to either migration or arrival of an offspring

of a particle there). The former event C’t(?’j)dt satisfies

Cyvin) = Bb(x; — ;) dt da, (34)
JigF

implying that
P(B"),) = k™ R d
( t,t+dt) v+ K ki (X1, ey T, Ty — 2, Tjg1 ., ) a(2) dz
R
+ ﬂ t (xl, e T, — 2, Ty -, ) B(2) dz) dt dx; (35)

+ Z Bb(z; — x;) dt dz;
JigFi

Up to higher-order terms, kgzjt (xp) dxy .. .dz, equals the probability

P(n(t+dt,z; +dx1) = 1,...,n(t +dt,x, + dx,) = 1)

(36)
(n,%) (n—1)
:]P)<A15t+dt Xn Hd$J+ZP tt+dt Xn,i H dz; .
Jj#
The correlation function k§”) (x,,) solves the forward Kolmogorov equation
k™ (n) ~ i ()
W(XH) = n(ﬁ - N) ki (Xn) + Z(Hﬁa + ﬁﬁb) ki (Xn)
n (37)
#30(0 3 bl ) 4) M 5.
i=1 i

11



where we use the restricted operators £ and L}:

Eflkgn)(l‘l, c ,l’n) = /d(kgn)(l’l, e Li_1,T5 +Z,in+1 N ,ZL‘n)
R

(38)
T ,T,)) a(z) dz
and
il () — (n) . , A
Liky (21, ..., 2) = / (kt (T1y ey i1, T+ 2, T g - e Ty
R (39)
—k"(zy, ... ,T,)) b(z) dz .
3 Proofs
We derive the a priori bounds for the correlation functions kﬁ”) (x1,...,z,) by analyzing
Eq. (32) and (37). We fix
vi=p—p05>0. (40)
The uniform bounds of Eq. (14) follow from Lemma 4:
Lemma 4. For an integer n > 1, define |k™|| as in Eq. (14). Then
RS (41)
v
and, forn > 1,
B
KO < a+ [0 (2 PB4 ) 42
e < a4 e (24 2 o - 1), ()
where
1 -
B:=—— b(k)|dk . 43
a5 L0 (43)
Using the bounds in Eq. (41) and (42), we deduce that, for all n > 1,
K™ <nt(A+ (v +BB)/v)", (44)

which is the bound in Eq. (14). It is thus sufficient to verify Lemma 4.

12



3.1 First correlation function

We proceed by induction in n and start by considering the case n = 1. The first correlation

function kgl)(a:) satisfies Eq. (32),

ok,

o (@) =Lk @) —vkV@) +, k@) =2, (45)

where

L= kL, + BLy (46)

and v is as in Eq. (40). For v # 0, the solution of Eq. (45) is

k' (2) = % + ()\ - g) eVt = M%ﬁ + ()\ ~ j ﬁ) e~ =Rt (47)

which, for v = p — > 0, implies Eq. (41). By the maximum principle for parabolic
equations (Vasy, 2015), kgl)(x) given by Eq. (47) is the only solution to Eq. (45). Due
to the spatial homogeneity of Eq. (45), this solution does not depend on the spatial
variable x.

The asymptotics of the solution kgl)(m) of Eq. (45) is such that:
1) if 8 > p, then kgl)(x) — 00 exponentially as t — oo;
2) if = p, then kgl)(aj) — o0 linearly as t — oo;
3) if B < u, then kgl)(x) — /(1 — B) exponentially as t — oo.

The limit behavior of the solution does not depend on the initial condition k(()l)(:c). When
it is convenient, we assume that k(()l)(x) vanishes identically. The assumption p > [

characterizes the region of non-explosive behavior of the first correlation function kgl).

3.2 Induction step

For n > 1, denote the single coordinate analogues of the operator in Eq. (46) by

L= kL + BL;, 1=1,...,n, (48)

13



where £/ and L} are defined as in Eq. (38). Consider the particular case n = 2.

3.2.1 Second correlation function

The second correlation function k£2) satisfies the case n = 2 of Eq. (37):

8k(2)
a—;(fﬁl,ﬂfz) = —2v kz@(ifl, 932) + (51 + 52) k§2) (5517 1132) (49)

+2(Bb(x1 — ) +7) kY,

where we used the fact that b(-) is symmetric and that, by Eq. (47), kgl)(:c) = kgl) does
not depend on the spatial variable. As the last term in Eq. (49) depends only on 1 — x5,

we deduce that

k§2)($1>332) = fi(z1 — x2) = filze — 71), (50)

with a symmetric function f;(-) solving the forward Kolmogorov equation

Of

S () =W AR T 2L L) +2B) + )k fol) =X (5D)

By Duhamel’s principle (Vasy, 2015), the solution to Eq. (51) is
t
F(2) = N2t 42 / e~ 20-9) =92 (8 () 4 ) kD ds. (52)
0

Our analysis of f;(z) is based on Lemma 5. Recall the generator £ from Eq. (46),

Lemma 5. The family {e“c tu > O} constitutes a positive semigroup of bounded linear

operators. Moreover, if L is the Fourier transform of L, then for each real u > 0,
0<eul =ef <1, (53)
Proof. With Z denoting the identity operator, denote

(L4 (k4 B)I)v(z) == | Y(z+2) (ka(z) + Bb(z)) dz. (54)

Rd

14



The assumptions in Eq. (2) and (5) imply that the right-hand side of Eq. (54) is a bounded

positive operator. This property is inherited by the semigroup

Ul — pmulrtB) gu(L+(s+B)T) (55)

Because the assumptions of Eq. (2) imply [a(k)| < 1 for all k € R? the Fourier
transform of the generator £, in Eq. (3) satisfies L.,=d—1¢€ [—2,0]. Likewise, £, =
b—1 € [=2,0]. By symmetry of a(-) and b(-), the right-hand side of Eq. (54) is a

convolution. For each function ¢ : R — R,
L = (kLo + BL) ) = (5@ —1) + B(b— 1)) 0 = L9, (56)

where 15 is the Fourier transform of ¢). By induction, Lr = L for every integer n > 0,

and therefore, for every u > 0,

Tl U' o BT u(k(@=1)480-1)) 7
ey =3 Ly == v, (57)
n>0
from which we deduce Eq. (53). O

By Eq. (5), the Fourier transform g(k) is integrable. Therefore, for every z € R? and

u >0,
1

e“Cb(z) = o)

/ e b(k)e i) gk (58)
Rd
is well defined. Eq. (58) and Eq. (53) imply the uniform bound

1 T 1 -
(2m)d /Rd!e Lo(k)| dk < 2ny /Rd|b(k)]dk = B. (59)

‘e“%(z)! <

To study the large-time behavior of the function f;(z) in Eq. (52), we use the fact

15



that, as t — oo,

! —2v(t—s) ! —2vu 1 —2ut 1
e ds = e du:—(l—e )%—,
0 0 2v 2v

(60)

t t

/ e =) omVs (g = e_”t/ e V(t=5) ds = O(e‘”t) — 0.
0 0

Eq. (53) and (59) imply that the absolute value of the integral in Eq. (52) is bounded
by

' t
| e @ 1) 4 4) K ds < (BB + ) ) [ e Dds. (o)
B 0

As the first term on the right-hand side of Eq. (52) decays exponentially, Eq. (60) and
(61) imply the case n = 2 of the induction estimate in Eq. (42).

To derive the limit of f;(-) as t — oo, we use the fact that Eq. (60) implies

t
| / e 2= 2L (3h(2) 4 ) (kO — y/v) ds
0

‘ (62)
< (BB +7) |)\ — ”y/u‘ /0 e W) emvs g = O(e™) = 0.

Therefore the large-time behavior of the integral in Eq. (52) comes from the constant
term /v = kY in Eq. (47).

For a function ¢ : R — R with integrable Fourier transform 12, denote

L[ d(k)e ™

(5”¢)<Z) = <2ﬂ.>d Rd U — E(k)

dk, (63)

which is well defined as —£(k) > 0 for all k € R%. Using the relation

t t 5
o 20(1=9) 2(t=5)Lp( ) Js — / bk ei(k,z)/ e 2w=L)w 1 dke 64
/O (2) ds = o [l 0 (64)

and the inequality

16



following from the first property in Eq. (60), we obtain the bound

t
B
‘2/ e~ W) 20=9)LY () ds — (Sb)(z)‘ < Zet (66)
0 v
and deduce that, as t — o0,
@) B I
ki (1, x2) — i 7(5())(1‘1 —x)|=0(e™), (67)

uniformly in z € R%. Theorem 1 with n = 2 follows.

3.2.2 Higher-order correlation functions

We solve the Kolmogorov Eq. (37) similarly. Denoting
L, = Z L= Z(kaﬁi + BL}) (68)
i=1

=1

and applying Duhamel’s principle (Vasy, 2015), we represent its solution as

kgn) (Xn) —\" e—m/t

’ n (69)
+ / e~ (v =Ln)(t=9) Z(ﬁ > b —x5) + 7) k"= (x,,,) ds .
0 — A
As in the case n = 2, we upper bound the absolute value of the last integral by

t
e IR S e R |
0 i, G=1,..n (70)

< K+ 2 (n - 1)),

v

where the estimate in Eq. (59) is used for each pair (i,j) with ¢ # j, i,7 = 1,...,n.
Together with the bound A" on the “initial condition” term in Duhamel’s representation

of Eq. (69), we deduce Eq. (42).
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3.3 Convergence of the correlation functions

We extend the argument of the previous section to estimate the speed of convergence of
the correlation functions. For every integer n > 1 and the non-positive operator £,, from

Eq. (68), consider the resolvent

where, as in Eq. (40), v = u — f > 0. We recursively define

W) =1, xeR, (72)

and, using x,, and x,,; defined in section 2,

n

K0 ) = R (D2 (8 Y bl = 3) + 9 k& D)) (73)
i=1  jiji
In terms of differences
k" () = k(M (%) — kP (x,) (74)

we have Proposition 6.

Proposition 6. There exists a positive sequence (Cy,),>1 such that, for all t > 0,

sup |R§n) (xn)| < CnHk(")” e . (75)
XnE(Rd)n
This implies that, as ¢ — oo, the correlation functions kﬁ")( -) converge exponentially
to their limits kf;f)(-) introduced in Eq. (73). In particular, the family {k?..?’( I}
satisfies the Carleman condition in Eq. (18) and thus corresponds to a unique steady

state for the model of section 1.1.

Proof. Using Duhamel’s formula in Eq. (69) and the decomposition of Eq. (74), we use
mathematical induction to prove inequality (75). The argument defines the sequence

(Cy)n>1 recursively.
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For n = 1, the claim is true with C; = 1. To verify the induction step, we consider
the contribution of immigration and birth in Eq. (69) separately.
Because each £f := Li + (k + B)Z is a non-negative integral operator (as is En =

L, +n(k+ 5)I), the difference

! —(nv—_Lp) - (n—1) . 1/( nl) >
/O Y K () ds — R Zk (Xps)

=1

(76)
— (nv—Ln kn 1) nz
[T e
is upper bounded in absolute value by
> —n(v+r+B)v vln - K(n=1) Il < / - —n(v+r+B)v vln k=D 4
/te e ZZI}OO (X,)|_nte e | dv
=n /00 e Vb || k(1) H dv (77)
t
=n Hk(n—l)” /OO e~ duy = l ||k(n—1)H et
' v
By the induction hypothesis,
t n
—(nv—L)(t—s) KrD(x, ) d ‘
[ >R ds
<nC, , /t efn(l/+l€+ﬁ)(t*5) eEn(tfs)Hk(nfl)”efus ds
0 . (78)
< nCn—lHk(n_l)H/ e—nu(t—s)—us ds
< nCn 1 Hkn 1) H vt < 2C,— lHk(n 1)H —vt
(n—
Together with the bound of Eq. (77), this yields
t n n
‘7/ ef(nllfﬁn)(tfs) Z kgnfl) (Xn,i> ds — f}/RZ [Z kngl) (Xn,i)] }
0 i=1 i=1 (79)

’YHkn 1) H(an L +e (n— 1)1/25) —vt <L (ZCn 1+1 Hkn 1) Hefyt.

Likewise, with 3, ;== >, >, ., denoting the sum over all configurations where the
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particle at z; is born by the particle at x;,

‘/ (nr—Ln)(t=s) Zb x; — x5k (Xm)ds‘

j—i
t
< n(n . 1)Cnfl”bH Hk(nl)H/ efm/(tfs)fus ds (80)
0
nC’n 1 n— v
< o1 [k e
where ||b]| := sup, |b(z)| is a finite constant, and

t
/ 6—(ny—ﬁn)(t—$) Z b([pz — Ij)kg_l) (Xn,i) ds

0 j—i

_RY <Zb zi — ;)kD (xm))‘ (81)

j‘)’t

2(n

< 202Dy e,

implying that

t
5 [ e S bk ) ds
0

Jj—

AR (D bl — e K )| (82)

j—i
/Bn n— i 4
< —(Cor + 2[RI Kl
Finally, inequality (75) follows with ¢, = 2(&n=1t1) 1+1 (v + Blb||n). O

The relation of Eq. (73) allows a description of the limiting correlation functions
{kgﬁ) (1,... ,xn)}n>1 in terms of the family of all directed graphs on the vertices x1,
, T, where the directed edges indicate parental relations. Such graphs are known in

combinatorics as directed forests.

4 Conclusion

The population dynamics introduced in section 1.1 is Lyapunov stable in that its qual-

itative behavior is unchanged under suitable perturbations of the main parameters of
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the model. For each value of the immigration rate, the finite-time distribution of the
model converges exponentially to a unique steady state. The density of this steady state

increases with the immigration rate.
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