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Macroscopic behavior of heterogenous populations

with fast random life histories!

Alexandre Boumezoued?

December 16, 2015

Abstract

In this paper, we consider the large population limit of an age and characteristic-structured
stochastic population model evolving according to individual birth, death and fast charac-
teristics changes during life. Both the large population framework and the fast character-
istics changes assumption are motivated by demographic patterns of human populations
at the scale of a given country. When rescaling the population process, and under some
invariance assumption about the characteristics changes dynamics, the classical determin-
istic transport-renewal McKendrick-Von Foerster equation appears, that describes the time
evolution of the age pyramid driven by equivalent birth and death rates. The proof follows
the work of Méléard and Tran (2012)) and Gupta et al. (2014) in which analogous math-
ematical issues are encountered. We further prove that the sequence of processes taking
track of the characteristics distribution is not tight even in the presence of age-independent
demographic rates. To illustrate the use of the limiting model, a set of computable invari-
ant distributions is given, as well as numerical implementation of equivalent birth and
death rates which mimics real demographic data. These results highlight the fact that
characteristics changes frequencies are crucial to understand aggregate demographic rates
at the macroscopic scale.

Keywords: Population dynamics, mathematical demography, age pyramid, hetero-
geneity, multi-state models, birth-death processes, point processes, limit theorems, fast life

trajectories.

1 Introduction

The study of the dynamics of mortality rates at the national level is still a major

issue both in demographics and actuarial science. Whereas national data provides
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estimation of death rates for men and women by age over time, a growing interest
concerns the dynamics of mortality rates at a deeper level, looking at other individual
characteristics. This is crucial to understand the dynamics of mortality, both for
state pension issues and insurance risk assessment. In particular, the statistical
estimation of death rates by individual characteristics can been carried out when
looking at a sample of individuals who share some characteristics which are quite
stable during their life. However in practice, many characteristics of individuals can
vary over time. A possible approach is to estimate a "larger" model including death
rates but also transitions between characteristics or states. The statistical techniques
dedicated to so-called multi-state models address this issue for a class of processes
and observation schemes (see e.g. [Boumezoued et al. (2015) and references therein).
In this field however, the statistical estimation remains very challenging, partly due
to the lack of data and the censoring scheme, but also due to the high number
of involved parameters. Another approach could be to deal with an approximate
model. Indeed, among the characteristics which are known to have a real impact on
longevity, many vary very frequently over time: one can think to exposition or not
to some contaminant, alternating a dangerous activity with a safe one, the precise
income, the health status with alternate periods of illness. Those can also have a
huge impact on birth patterns, making the dynamics of the whole population difficult
to analyze. As an example, the time evolution of the age pyramid is a crucial quantity
of interest for decision making in public pension systems. In this context of fast
changing characteristics, it seems difficult to keep track of the population evolution
at the microscopic level and one could be interested in the right "approximation"
of the dynamics, that is, to replace all birth and death rates by characteristics by
an aggregate death rate which depends on the microscopic rates but also on some
stable population composition.

In this paper, we consider a stochastic population model in which individu-
als have an age and characteristics, and can give birth, change their characteris-
tics (event called swap) and/or die. We study the asymptotics of the stochastic
individual-based model under both large population and fast swap patterns; in par-
ticular characteristics change at the fast time scale whereas aging remain at the
slow time scale. Both the large population framework and the frequent character-
istics changes appear naturally when focusing on the demographic evolution of a
human population at the scale of a given country. In this context, and under some
invariance assumption on the swap patterns, the macroscopic behavior is described
by a McKendrick-Von Foerster deterministic equation (see McKendrick (1926) and
Von Foerster| (1959)) in which only age is involved and parameters are averaged
over the stable characteristics distribution. Our probabilistic setting is inspired by
Fournier and Méléard (2004)), Champagnat et al.| (2006), Tran (2008)), Ferriere and

Alexandre Boumezoued December 16, 2015
S



Tran (2009) and Bensusan et al. (2010-2015). In particular, the birth-death-swap
process representation is based on Bensusan et al. (2010-2015) (see also Bensusan
(2010))).

In the literature, limit theorems for stochastic processes involving several time
scales have been widely studied. As for our framework of interest which concerns
measure-valued population processes, one can find several studies involving two time
scales, for example related to evolutionary mechanisms with rare or accelerated
mutations in characteristics-structured (called trait-structured) population models
(see e.g. Fournier and Méléard (2004), Champagnat et al.| (2006), Bovier and Wang
(2013) and Billiard et al.| (2014))), prey-predator models (see e.g. (Costa et al. (2015))
and Costal (2015])), as well as fast aging structured populations (see e.g. Méléard and
Tran (2012) and Gupta et al.| (2014)). To our knowledge, no contribution focused
on measure-valued age and trait-structured population models with fast changing
characteristics and age-dependent birth and death rates. This is the purpose of the
present paper to develop such modeling framework, as well as to highlighting its
contribution to demographic purposes. This work can be seen as the probabilistic
counterpart of aggregation methods for deterministic equations based on time scale
separation techniques (see e.g. |[Auger et al.| (2012) for a review). Concerning the
rescaling techniques, we are specifically interested in |Méléard and Tran| (2012) and
Gupta et al. (2014) in which analogous mathematical issues are encountered, and
whose techniques are used in the present paper. The link with our result will be
further detailed in the corresponding section.

The remainder of this paper is organized as follows. In Section 2] the birth-
death-swap population process is introduced, as well as the assumptions and our
results. Proofs are given in Section 3| Finally, Section |4] details some examples and

numerical illustration, and we give some concluding remarks in Section [5

2 Setting and main results

We are interested in the evolution of a population in which each individual has
characteristics € X', where X is a compact set of R?, and an age a € R,. In the
population, three kinds of events can occur:
(i) A birth, that is the arrival of an individual with age zero,
(ii) A death, that is the removal of an individual,
(iii) A swap, that is a change of individual’s characteristics.

We want to model the fact that each individual changes its characteristics very
often compared to the times at which it gives birth and dies. This is motivated by
human populations for which one can consider individuals who change their income,

health status, or food condition very often during their life. Each individual with
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characteristics = and age a gives birth at rate b(z,a), dies with rate d(z,a), and
changes its characteristics at times given by the swap rate n.e(x, a), where n is the
scale parameter which will be grown to infinity. We are interested in the macroscopic
behavior of such population evolution, so the scale parameter n is also used as the
order of magnitude of the population size.

We consider a reference probability measure [(dx) on the space X" of character-
istics. At birth, mutations occur thanks to a kernel ky(z,a,x’)l(dz’). At a time
of swap, the characteristics x of the individual with age a are replaced by new

characteristics 2’ drawn according to the kernel k(z, a, 2")I(dz’).

2.1 Construction

We construct the population processes as solutions to a thinning problem. This
construction for measure-valued birth-death processes can be found in [Fournier and
Méléard| (2004), Champagnat et al.| (2006), Tran| (2008)), Ferriere and Tran| (2009),
as well as in particular Bensusan et al. (2010-2015) for the detailed construction of
a birth-death-swap process. Let (€2, A,P) a probability space satisfying the usual
conditions. On this probability space, let Q(ds, di,da’, df) be a Poisson point mea-
sure on Ry x N* x X x R, with intensity measure dsn(di)l(dz")df, where n(.) is
the counting measure on N*, that is n(A) is the number of elements in A. On this
probability space, let us also introduce for each n € N* the initial population, rep-
resented by a random point measure ZJ(dz, da) = Zﬁl Oxi(2),41(2)(dw, da) on the
space X x R, which puts a weight on characteristics and ages of individuals present
at time 0. Let (F;) be the canonical filtration generated by Zy and @), which will be
the reference filtration in this paper. The population at time ¢ indexed by the scale
parameter n € N* is denoted Z7(dz,da) = S0 Oxi(z),4i(z)(dw, da), where at any
time individuals are ordered by age. The virtue of the measure representation is that

one can compute a function of the whole population structure using the notation

@)= [ feazand) = Y05 (X2, 4(2)).

For example, the population size is Nj* = (Z}',1), whereas the total population
birth intensity is (Z;" ,b). The population process is constructed as the solution to
a thinning problem which can be interpreted as follows: the population at time ¢ is
computed as the population Z, corrected by all random demographic events which
happened between 0 and ¢, namely birth, death and swap events. More precisely,

for each n € N*, the measure-valued process Z"(dx, da) is defined as the solution to
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the following equation:
(Z,1)
Zf(dx, da) = Z (5(Xi(Zg),Ai(Zg)+t)(dxa da)

]_
t
+// // 1ig<Zg_,1> <1O<9<m1(Z;l_,i,x’)5(a:’,tS)(d$ada)
0 =Jx JR,

+ Loy (20 o) <0<ma(Z i) <5(x/,Ai(zg_)+t—s)(d$,da) — O(xi(zn ), Ai (2 )+1-s)(dT, da))

= Liny(zr_iar)y<o<ma(zr

NO(xi(zn ), 46 (2 y+t—s) (A2, da))Q(ds,di,dx',dQ),

s— 10T

(1)
where mi (2,3, 2') = b(X’(Z" ), ANZL ) ko(X(Z31), ANZL), o),
ma(Z0i,2') = ma (20 2') + mee(XH(Z0), A2 )k, (XH(Z0), A'(Z2), /), and
ma(Z] i, a') = mo(Z i, ') + d(X'(Z]), AY(Z])).
Existence and uniqueness results are given in Subsection 2.3] Note that by
construction the measure-valued process has the Markov property, since the total
intensity at time ¢ is fully determined by the population Z;_. In order to study the

macroscopic behavior, let us first define the renormalized measure
~ 1
Z(dx,da) := = Z](dz, da),
n

that is, the population in which each individual has weight 1/n. The corresponding

age pyramid processes of interest are defined below.

Definition 1. (Age pyramid) The sequence of measure-valued process (Z1(da))i>o
defined as the age marginal by: for each f € Cy(Ry) (continuous and bounded on
Ri), Jo, f a)Z"(da) = Jxr, f(a)ZM(dz,da) (denoted (ZP, f) = (ZP, f)) is called

sequence of age pyramid processes.

We are interested in the limit as n grows to infinity, so the frequency of swaps
n.e(x,a) increases to infinity whereas the birth and death rates remain the same.
The idea is to separate the time scale of demographic events (birth and death), and
that of characteristics changes. At the same time, the population will be grown to
infinity with n (see Assumption (4| below), so that two effects remain:

(i) As the population grows, the stochastic dynamics averages to a deterministic
pattern,

(ii) As swap events occur more and more frequently, under some invariance as-
sumption, some stable distribution of the characteristics is reached by the whole
population.

Then, in the limit n — + oo, the age pyramid process should solve a deterministic
equation in which demographic parameters are averaged over the stable distribution

of the characteristics.
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2.2 Assumptions

2.2 Assumptions

We detail here our assumptions and we discuss their use and interpretation.

Assumption 1. (Bounded intensities and mutation densities) Demographic rates
and mutation kernels are continuous and there exists positive constants k, b, d and e
such that for all (z,a,2") € X xRy x X, ke(x,a,2") <k, ky(z,a,2') < k, b(z,a) < b,
d(z,a) < d and e(r,a) < e.

Assumption 2. (Control of moments) There exists a > 0 such that

supE [((Zg, 1)>1+a} < +o0.
n>1
Remark 1. The proof can be adapted (and simplified) in the case where ages lie in
[0,a], where a is some limiting age. In this framework, one can check that only the
assumption that sup,, E [(Z{)L, 1)| < 400 is required. However, such limit age would
constraint the model and is in fact restrictive for many applications. Therefore, our
atm is to detail a more general convergence result for an unconstrained age space.

This aspect will be discussed in the proof Section[3,

The crucial assumption about the invariance of the swap pattern is given below.
It states that at the individual level, the way characteristics change during life admits
an invariant distribution. Moreover, we propose here a general framework in which

this invariant pattern may depend on age.

Assumption 3. (Invariant measure) For each a € Ry, there exists a positive solu-

tion x — g(x,a) such that [, g(z,a)l(dz) =1 to the Fredholm equation: l(dz)-a.e.,

c(a.a)g(e,0) = | gy a)ely: k(v 0. 0)1(dy) 2)

X

Remark 2. (Probabilistic interpretation of Assumption @) We omit age for the
discussion here. Consider a Markov process with values in X, which jumps from a
state = to a state y with rate e(x)k.(z,y). Its infinitesimal generator is given by
Af(z) = e(z) <fy€X ke(z,y)f(y)l(dy) — f(x)) for each continuous f. It is easy to
see that under Assumption @ for each continuous f, [, Af(x)g(z)l(dz) = 0. If
the Markov process is right-continuous, then the measure v(dx) = g(z)l(dx) is its

unique invariant measure (up to scaling).

Remark 3. Equation (@) is of the form ¥(x) = fyeX\Il(y)ke(y,x)l(dy) (for each
age) and is called homogenous Fredholm equation of the second kind. For the study
of the solutions to such equations, we refer to |Zemyan, (2012). In Section |, we
provide examples of solutions both for a mizture kernel and a model with swaps to

the nearest neighbor.
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2.3 Results

Before stating the assumption of convergence of the rescaled population at time
0, we clarify the space of measures and its topology. We will deal with random
measures taking values in Mg (FE), the space of finite positive measures on F, where
mainly £ = R, or £ = X x R,. The space Mp(FE) can be embedded with the
topology of the vague or weak convergence. Recall that the weak convergence in
Mp(E) is defined as: v, gk i (Un, f) = (v, f) for each continuous and bounded f.
The vague convergence is defined as v, = v if (v, f) — (v, f) for each continuous
f with compact support. In the case where F is a compact set, for example if a
fixed limiting age is imposed, these topologies are the same, which contributes to
simplify some assumptions (see Remark . In our case however, since £ = X x R
is not compact, these two topologies are strictly included.

In this paper, we denote D([0, 7], (Mp(E),w)) (resp. C([0,T],( Mp(E),w)))
the space of cadlag (resp. continuous) processes on [0, 7] taking values in Mp(F)
embedded with the topology of weak convergence.

The last assumption relates to the convergence of the sequence of initial popu-
lations towards a deterministic measure, assessing the repartition of ages and char-

acteristics at initial time 0. This is stated below.

Assumption 4. (Convergence of the initial population) There exists a deterministic
measure & € Mp(X x Ry) such that the sequence of random measures Z§(dz, da)

converges in distribution and for the weak topology on Mp(X x Ry) to &(dx,da).

Note that in the case of Assumption 4] we have in particular (Z7,1) = L(Zy,1)
converges to (£p, 1) (in distribution thus in probability since the limit is determinis-

tic), therefore the initial sample size (Z(', 1) is assumed to be of order n.

2.3 Results

Here are detailed the main results of this paper. Proofs are given in Section [3]
We before state the result on existence and strong uniqueness for the stochastic
Equation ([I)). The reader is referred to Propositions 2.2.5 and 2.2.6 in [Tran (2006)
for the proof.

Proposition 1. Under Assumptions [l and[3, for each n € N* and T > 0, there
exists a unique strong solution Z™(dz,da) € D([0,T], (Mp(X xR.),w)) to Equation

).
Our main result is stated below.

Theorem 1. (i) Under Assumptions @ @ and the sequence of age pyramid pro-
cesses (Z"(da)), (see Definition[1]) converges in distribution in D([0, T], (M p(R,), w))
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towards the unique (deterministic) measure-valued process & € C([0,T], ( Mp(Ry),w))

solution to: for each differentiable f on R, with continuous derivatives,

(& f)= (&% )+ /O t (s, Ouf +b—d)ds, (3)

with initial condition &(da) = &(X, da), and where

~

o) = [ b a)g(asaifan), d(a) = [ d(r. oo, o)),
X x
(ii) For each t > 0, the sequence of random measures (Z'(dz,da)), converges in
distribution in (Mp(X x Ry),w) to &(dz,da) = g(z, a)&(da)l(dz).

Equation states that the macroscopic behavior of the age pyramid evolves
as in a population with ages only, with birth and death rates given by l;(a) and
cz(a). The weak formulation of Equation (3] is indeed the classical transport-renewal

equation, known as McKendrick-Von Foerster,

(04 + 0p)&t(a) =
ft(o) =

—d(a)&(a),
0 & (a)b(a)da.

In this model derived in point (i), the transport component states that each gener-
ation is aging and its size is decreased by the number of deaths over time, whereas
the renewal component (initial condition in age) computes the number of newborns
at time t based on the whole population alive at time ¢. Moreover, point (ii) claims
first that the remaining time dependency only concerns the evolving age pyramid,
and second that at each time ¢ and age a, the characteristics distribution is given
by g(x,a)l(dx). Note also that due to different time scales between birth and swap
events, the mutation kernel at birth does not appear in the macroscopic dynamics.
Let us emphasize that in the macroscopic model, the set of parameters is reduced:
the birth, death and swap rates are "replaced" by birth and death rates which do
not depend on characteristics anymore, driving the evolution of the age pyramid

over time.

Let us describe the analogy with the work of Méléard and Tran (2012) in the

following remark, which is used to establish our result.

Remark 4. In |Méléard and Tran (2012), the scaling limit of birth-death measure-
valued processes 1s considered under some allometric component, that s additional
fast births and deaths with same rate. The asymetry between birth (add an individ-
ual with age 0) and death events (remove an indiwvidual with positive age) leads to a

major technical i1ssue, and the problem can be tackled by assuming some fast aging
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phenomenon and extending averaging techniques by Kurtz (1992). In the limit, with
fast birth and death events, the age pyramid reaches an equilibrium at each time.
So, in the limit, the fast age component is stable and a Feller diffusion describes
the evolution of the population structure in terms of characteristics which evolve at
the slow time scale. The tools of Méléard and Tran (2012) are used in the proof of
Theorem [1. In our framework including additional swap patterns, the situation is
reversed: the aging component is at the slow time scale of the system, whereas char-
acteristics evolve at the fast time scale. Analogously, in the limit, the characteristics
structure is stable and a specific equation describes the evolution of the age pyramid.
In our case also, the particularity of the swap phenomenon, which can be seen as
special simultaneous birth and death events, leads to a limiting equation which is

deterministic.

A question which arises with point (ii) that sates a convergence for each fixed
time, refers to the possibility to get the convergence in distribution of the whole
sequence of processes. In fact, it is suggested in |[Méléard and Tran| (2012) that the
sequence of processes can not be tight. The following result is a statement about
the non-tightness of the sequence of the measure-valued processes. This shows that
for reasonable parameters, it is not possible to improve the result of Theorem [T We

state this results with characteristics only, and we make the following assumption:

Assumption 5. Let us work with age-independent demographic rates and kernels,
namely b(xz,a) = b(x), d(z,a) = d(z), e(z,a) = e(z), and ke(z,a,2") = k.(z,2').
We consider A to be the euclidian distance on R? and for a given set A C X, we
denote A its interior for the induced topology on X. Let us assume that there exists
two measurable non-empty and disjoint subsets A and B in X such that

(i) A(A,B) =infcayep Az, y) > 0,

(i) (&o,el4) > 0, where 1 is the indicator of the interior of A,

(i) ke(A,B) = [ .4 fyeB ke(z,y)m(dz)m(dy) > 0.

These assumptions are quite natural: to sum up, they state that there exists some
sub-population in the initial macroscopic population whose swap parameters allow
to "escape" from the current characteristics. The non-tightness result is derived

below.

Proposition 2. Under Assumptions and@ the measure-valued process Z"(dx, da)
is not tight in D([0, T], Mp(X x R,)).

Alexandre Boumezoued December 16, 2015
0



3 Proofs

3.1 Proof of Theorem [

Semi-martingale decomposition. The semi-martingale decomposition and the
control of quadratic variations are key tools for limit theorems. In the following,
decompositions are performed by compensation of the Poisson Point Measure, which
give further insights on the behavior of the sequence of processes. In the following, we
denote C’,? (X xR, the set of bounded functions, continuous on X and differentiable

on R, with continuous and bounded partial derivative.

Lemma 1. a) For each f € C’g’l(?( x R,), the semi-martingale decomposition of

the process (Zt”, f) is given by
t
@D =B fy+ [ (22 0uf + I s M) o
0

where

H'™(x,a) = b(z, a)/ f(@,0)ky(z,a,2")l(d2") — d(z,a) f(z,a)
" (5)
+ne(x,a) /X(f(m’,a) — f(z,a))ke(x,a,2")l(dx")

and MJ™ is the local martingale (starting at zero) corresponding to the compensated
Poisson point measure.
b) Let 7, = inf{t : (ZP, 1) > k}. Then M];:k is a square-integrable martingale

with quadratic variation
1 tATY 5
= [ as [ Zzanaa o) [ o 0fe o)
nJo x X

(6)
+d(x,a)f(z,a)* +ne(r,a) / (f(z',a) — f(z,a))ke(z, a,x’)l(dx')}.
X
Proof of Lemma The result is obtained by applying Equation to a function
fe Cg’l(X x R,). After integration by parts, the Poisson point measure () can
be compensated to get a local martingale, and the bracket can be computed. See
Bensusan et al. (2010-2015) and Tran (2008) for more details. ©

As stated in Proposition [2| which is proved at the end of this section, the se-
quence of measure-valued processes Z_”(dqz, da) is not tight. This is in fact suggested
by the term of order n in Equation (5)). The remaining results we hope are
(i) the convergence for fixed t of the sequence Z*(dz, da),

(ii) the convergence of the sequence of age pyramid processes Z"(da).
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We now forget characteristics and focus on the age pyramid. By Lemma [T the

sequence of age pyramid processes verify for each bounded and differentiable h(a),
t
(B 1) = {230+ [ (22 0uh o+ O~ hd)ds + M1 (7
0
where M}}\fk is a square-integrable martingale with quadratic variation
1 tATY B
) = [ P 1 s )
nJo

Heuristically, the behavior of the quadratic variation in is of order %, suggesting
that the noise will vanish in the limit. Let us also remark the link, although not so
obvious, between Equation @ setting the noise to be zero, and the limit Equation

(3) we want to derive.

Proof of Theorem The proof is divided in seven steps. We follow the reason-
ing of [Méléard and Tran| (2012)).

(i) Let us show that under Assumptions [I| and

supE {sup (zn, 1)] < +o00.

n t<T

Recall that 7, = inf{t : (Z,1) > k}. Equation (1)) implies that

. - 1 /[t ,
<ZIZ\T;€7 1> < <Z(§La 1>+— / / / / 1i§sup0<u<s/\7k <Z§Z,1>10§9<m1(Z;L,i,a;’)Q(d8, dl, dx', d@).
n Jo *Jx JRy -

Take the supremum, then expectation and isometry formula, and finally use As-
sumption [I] to get
t
E [sup <Z;;Tk,1>} <E [(Zg,1>] + bE [/ sup (ZQ_,1>ds} .
0<u<t 0 0<u<sAT

Fubini’s theorem and Gronwall’s lemma thus leads to

E [ sup (Zt"/wk, 1}} <E [(Zg, 1}} exp(bt).

0<u<t

Under Assumption [2] the right hand side is dominated by a constant which does

not depend on n, that is for each n, E |:Sup0§u§t (Zihr» 1)} < Cexp(bt). This shows
that 7, — +00 a.s.. Then Fatou’s lemma leads to E [SUPogugt (zr, 1)} < Cexp(bt).

As the r.h.s. does not depend on n, we conclude that sup,, E [SUPth (zr, 1>] < +o0.

A direct corollary is that the local martingale (Mtf ™) with quadratic variation

given by @ is a square integrable martingale. Indeed,

E [(Mf’”)tATk] < |IfI?, (b+d+4é) tsupE { sup (2", 1)} < +o00.

0<s<t
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3.1 Proof of Theorem m

The last term being independent of k£ we get E [(M s "u < 400 by Fatou’s lemma,

using that limg_, .o, 7% = +00.

A second corollary is that for fixed ¢ the family of random variables (M;™),, is
uniformly integrable. Indeed, the previous inequality leads to
supE [(Mtf")ﬂ =supE [(M"™),] <|If|I% (b+d+ 4é) tsupE Ls<ugt (zr, 1)] < +o00.

(i) We want to show that the sequence of age pyramid processes Z"(da) =
I Z™Mdz,da) is tight in D ([0, T], Mp(R,)) where Mp(R,) is embedded with the
topology of vague convergence. The extension to weak convergence is carried out in
step (iii) .

According to |Roelly-Coppolettal (1986) (Theorem 2.1), it is sufficient to prove
that for each f € © U {1}, (Z", f) is tight in D([0,T],R) where © is a dense
subset of the space Cy(R,,R), the space of continuous maps vanishing at infinity,
for the topology of uniform convergence. By Tran (2006)), Appendix A.2, the set
O = Cy(R4,R) N CY(R4, R) is dense in Cp(R, R).

Let us show that for f € Cy(R;,R) N CY(R4,R), the sequence of R-valued
processes ((Z”, f >)n€N* is tight in D([0, 7], R). To do this, we use Aldous-Rebolledo
criterion (see Aldous (1978)) and |Joffe and Métivier| (1986])):
since (Z", f) = V™) + M™/ is a semi-martingale (with decomposition given in (7)),

it sufficient to prove that

1. vt € [0,T], ((M™),) and (V;"f> are uniformly tight in R,

neN* neN*
2. Ve > 0,VYn > 0,36 > 0, Ing € N* such that for any sequence of stopping times
(Sk)ren+ and (T )pen+ verifying a.s. Vk € N* S, < T, < T,
sup P ([(M™) 7, — (M™) g | 20, T < Si+6) <e,

n>ng

sup P (‘V{i’f - VST:f

n>ng

(9)

>0, T < S +0) <e

To prove the first point, it is sufficient to show that

sup E [ sup (M”’f>t] < 400 and sup E { sup th,f
neN*  o<t<T neN*  |0<i<T

According to and step (i),

}<+oo.

sup E [ sup (M"’f>t} <supE | sup (Z", 1}] T(b+d) || f]I%, < +oo,

neN* 0<t<T neN*  |0<t<T

and from ,

sup E | sup | V™!

neN* Lgth neN*

| <1l sup = [125.1)

s E [ sup (2", 1>t] T (G4 d) |l + [1/1l0) < +oc.

neN* 0<t<T
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3.1 Proof of Theorem m

To prove the second point (Equation (9)), let € > 0,7 > 0 and Vk € N*, Sy (w) <
Ti(w) < T stopping times such that a.s. Sp < Ty < Sk + 9. For all ny € N*,

sup P ([(M™F), — (M™)g [ > 1)

n>ng

< 1 sup E H(Mnf>;pk - <Mnf>SkH

N n>ng

) - .
< EHino(b"‘d) sup E [ sup (Z}',1)| < 4o0.

neN* 0<t<T

Thus one can choose § > 0 such that

sup P (|(M™F)g, = (M™)g [ 2 ) < e

n>ng

This shows that the sequence of processes (Z”, f) is tight in ([0, 7], R). Note that
by the same reasoning, one can also show the tightness of (Z”, 1). This concludes

the proof of step (ii).

(iii) Let us now prove the tightness of (Z"(da)), in D ([0,T], Mp(R,)) where
Mp = Mp(R,) is embedded with the topology of weak convergence. To do this,
we use the following criterion (see Méléard and Roelly (1993)). In the following, we

denote = the convergence in distribution of a sequence of processes.

Theorem 2. Let (Z™) be a sequence of processes in D ([0, T], (Mg, w)) and £ a pro-
cess in the space C ([0, T],(Mp,w)). Then the following statements are equivalent:

o 7" = ¢ inD([0,T],( Mp,w)),
e 7" = ¢ inD(0,T],( Mp,v)) and (Z™,1) = (£,1) in D([0,T],R).

Recall that the tightness of ((Z",1)) in D ([0,T],R) has been derived in the
previous step. Now, since (Z"(da)) is tight in D ([0, T], (Mg, v)) and ({(Z", 1)) is
tight in D ([0, 7], R), then one can choose a subsequence ¢(n) such that

7% = ¢2in D ([0, T], (Mp,v)) and (Z?™ 1) = Y in D ([0, T],R),

where (&)1 is some process in D ([0, 7], (M, v)) and (Y;)ico.r is some cadlag
real valued process. The aim now is to show that

a) Y = (€2,1), and

b) &2 € C([0,T], (Mp,w)),

which will prove the convergence of (Z¢™ (da)) in D ([0, T], (Mp,w)), with the help
of the criterion in Theorem [2] This will show, by definition, that the sequence
(Z™(da)) is tight in D ([0, T], (Mp,w)).
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3.1 Proof of Theorem m

a) Let us first prove that (Z¢™ 1) = (¢¢,1) in D ([0, T, R).
Let F Lipschitiz continuous and bounded function from D([0, 7], R) to R. Let

us show that
lim sup |E [F(<Z¢><n>, 1)) — F((€°, 1>)} ] — 0.

n—+o00
To do this, we use the ideas of |Jourdain et al. (2012)) also used in Méléard and Tran
(2012)), in particular the following Lemma (see Lemma 4.3 in |Jourdain et al.| (2012)).
The proof is postponed at the end of this section.

Lemma 2. Introduce the functions fy(a) := ¥(0V (Ja| — (k—1)) A1), where ¥(y) =
61> — 15y* + 10y3, which are continuous approximations of the indicator function
1,>k. Then under Assumptions of Theorem

lim limsuplE
k=+00 potoo

sup <Z¢<">,fk>] =0,

te€[0,7
and

Iim E

k——+o0

sup (&7, m] = 0.

te[0,7
Now, let us introduce the terms F((Z¢™ 1— f)) and F((£?,1— f3)) to dominate
by
limsup |E [F((Z,1)) = F((g*,1))]|

n—-+00

< lim sup lim sup |E [F(<Z¢(”), 1)) — F(<Z¢(n), 1- fk>)] ‘

k—+oco n—4o0

+ lim sup lim sup |E [F(<Z¢(n), 1— fi)) — F((&°,1 - fk>)} ‘

k—+oco0 n—+4oo

+ lim sup ‘E [F((f¢, 1— fiu)) — F((&, 1>)} } :

k—+o0

For the second term, since Z¢™ = ¢ in D ([0, 7], (M, v)) and (1— fi) € Cx(R,),
the continuous mapping theorem (see e.g. [Billingsley| (2009)) implies that the second
term is zero. Also, by the Lipschitz property,

[F((r, 1= fi) = F((r,1))] < [F]lipt o (ve, fi);

so according to Lemma [2] the first term and third terms are equal to zero.

b) Let us now prove that £2 € C ([0, 7], (Mp,v)) (vague topology).
Since Z#™ = ¢ in D ([0, 7], (M, v)) and for each f € Cx(R,), the map
v € D([0,T], (Mp(Ry),v)) = supseior [{¥1, f) — (i, f)] is continuous, the contin-
uous mapping theorem implies that

sup (22", ) = (20, )| = sup]\<§?,f>—<§f,f> .

t€[0,T te[0,T
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3.1 Proof of Theorem m

Moreover, by construction if there is a jump the quantity <Zf (n), D) increases at most
by the amount ”f(” ik which turns out that sup,cin ‘(Zf“"% f)— ( ,f) < ”fH

and in particular sup,cq ‘(Zf’ ™ £y — (7™, f)‘ = 0. This shows that for each

f € CK(R+)7 a.s. SuptE[O,T} ‘<€?a f> - <€Z§—7 f>‘ = 0 thus £¢ eC ([Oa T]v (MF)U))
Now, we prove that £ € C ([0, 7], (Mp,w)) (weak topology). Let h € Cy(R,)
and the (f;) as in Lemma 2] Then

sup |(&/,h) = (&2 1)| | < ]l E | sup \<£?,fk>\]

te[0,7) te[0,T]
5| sup (€651 f) = (€ b1 - fk>>\]
I E | sup [l ,fk>\].

Since £2 € C([0,T1], (Mp,v)) (vague topology) and h(1— f;) € Cx(R,), the second
term is zero. In addition, by the use of Lemma [2] the first and third terms are zero
by letting £ — 4-o00.

(iv) Let us prove that for each t > 0, the sequence of measures (Z(dz, da)), is
uniformly tight in Mp(X x R,).

To show the tightness of a sequence of measures, we use the following result (see
Kurtz] (1992), Lemma 1.1):

Lemma 3. Let (u,) be a sequence of random variables with values in (Mp(S),w),
with (S,d) a complete separable metric space. Then (u,) is relatively compact in
(Mp(S),w) if and only if the sequence (u,(S)) is relatively compact in R and for
each € > 0 there exists a compact set K C S such that sup,, P (p,(K¢) > €) < e.

First note that Z"(X x Ry) = (Z,1). Let € > 0, then for k large enough,

. 1 .
sup P((Z}", 1) ¢ [0,k]) < 7 supE[(Z],1)] < ¢,
n>1 k n>1
so that the first condition is matched. For the second condition, let A>0 and consider
the compact set K := X x [0, A]. Obviously, Z*(K*) = 0 since all characteristics lie

in X': this proves that the second condition is satisfied.

The tightness of the sequence of the age pyramid processes and the time marginal
of the population process has been established. To prove the convergence in dis-
tribution, it is needed to identify the limiting values. In our framework, this issue
is technical due to the fast swap pattern: it is not possible to keep track of the

characteristics in the population over time. The issue has an analogy with that in
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3.1 Proof of Theorem m

Méléard and Tran| (2012) and Gupta et al., (2014) in which fast aging is consid-
ered (see Remark [4). The main technical tool they use for the proof is an exten-
sion of averaging techniques by [Kurtz| (1992)). This is used in the following step:

the idea is to identify the limiting values of the sequence of occupation measures
(T"™(dz, da, dt)),, = (ZM(dz, da)dt),.

(v) To show that the sequence of measures (I'"(dx, da,dt)),, is tight in
(Mp(X x Ry x [0,T]),w), we use the same result as for the previous step. As
previously, the second condition is straightforward with K := X x [0, 4] x [0, T]. As

for the first condition, we have

sgpIP’(F”(XxR+x[O,T]) ¢ [0,k]) = supP (/OT (zr,1)dt > k;) < Zsuplf«:i [ sup (Z7, 1>] ,

n ko n 0<t<T

which can be made smaller than € for & large enough.

Now, from (iv)and (v), the sequence (I'", Z"(da)),, is tight. Due to Prohorov the-
orem, from any subsequence, one can extract a further sub-subsequence converging
in distribution. Denote (I'*™, Z®(™(da)) such sub-subsequence and (I'®, X®(da))
the corresponding limit (the first component being a measure and the second com-
ponent a measure-valued process). The last two steps of the proof are dedicated
to the characterization of this limit. If it is unique (i.e. does not depend on ®),
we get the convergence in distribution (see Billingsley| (2009), Theorem 2.6). Step
(vi) focuses on the marginal in characteristics of I'®, whereas Step (vii) concentrates

on the age and time marginal.

(vi) By definition of I'*™ for each continuous and bounded f(a, s),

/t/ /f(a, )™ (dz, da, ds) :/t f(a,s)Z2™(da)ds.
0o Jry Jx 0 JRy

Since I' — fg fR+ [y f(a,s)I'(dz,da,ds) and Z ~— fot fR+ f(a,s)Zs(da)ds are both
continuous, the continuous mapping theorem implies that X®(da)ds is necessarily
the marginal measure of ['* on R, x [0,77] up to a null-measure set.

By Kurtz (1992)), Lemma 1.4, there exists a predictable probability-valued pro-
cess v, (dx) such that a.s., dt — ae, [*(dz,da, ds) = 42 ,(dz) X (da)ds.

Now, the aim is to characterize vy ,(dz). From , (ﬁMtf’@(n))t is a martingale,

converging in distribution to (continuous mapping theorem for (I'*™),)

= [ t / + [ etwa) ([ 060 = floa)atona i@ o2, (@) X2 daas.
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3.1 Proof of Theorem m

For a given ¢t > 0 the family (%Mtf "> is uniformly integrable since from (i),

n

supE [(Mtf")ﬂ =supE [(M/™"),] < [ (b+d+4e) tsupE [ sup (2", 1)] < +o0.
n n n 0<s<t

This implies that M® is a martingale. But it is by construction a finite-variation

process which is also continuous so it is the null process (up to indistinguishability).

We get a.s., X?(da) — a.e. and dt — a.e.,

/w _ S @ el ahg(de) = / A ( / _ el hi(,a, :c'wj;(dx)) I(da').

This shows that (a.s., X (da)—a.e. and dt —a.e.) 4, is absolutely continuous w.r.t.
L, vg (dz) = 77 ()l(dz), with

28 (@)e(z, @) = / e(y, e (y, @, )y ()U(dy),

yeX

and in addition v® is a probability measure. Then under Assumption , we get
72,(x) = g(x,a). We just characterized that all limiting values of I'*™ are of the
form T'®(dx, da, ds) = g(z, a)l(dz) X (da)ds. In the last step, we identify X?® as the

solution to a deterministic equation.
(vii) We want to show that a.s. for each ¢t and f € C}(R,),
t
(X2.5) = (o) + [ (X2, 0uf +— s,
0

where b(a) = [ 0(z,a)g(x,a)l(dr) and d(a) = [y d(z,a)g(x,a)l(dz). Let

HE = (X2 ), — (o, ) — [3 (X2, Ouf + b — d)ds. To prove that E[|H?|] =0, we
use the following three facts:

a) From Equation , one has M/"*™ = H® using that T®™ = ['* Assumption
[ and the continuous mapping theorem.

b) One can also write

2 2
E||pf "] <E [(Mtf’q)‘")) } = E [(M/2™) ]
1 , )
< — b+ d)supE 71
< gt I G+ s [Oiggt< : >}

which shows that lim,, , . E H Mtf,<1>(n)

] = 0 since ®(n) — +oo.

¢) From the second corollary of (i), for fixed ¢, the sequence (M ’(D("))n is uniformly
integrable.

From these facts we get E [|H}|] = lim, o E HMtf’q)(") =0.

Using Gronwall lemma, one can prove the uniqueness for Equation . This con-

cludes the proof.

Alexandre Boumezoued December 16, 2015
i



3.1 Proof of Theorem m

Proof of Lemma The proof is similar to [Jourdain et al.| (2012)), exposed in
order to illustrate that here only the moments of order 1 4+ a of Assumption [2] are
needed (order 1 suffices elsewhere in the proof of Theorem [I)). Note that since fj, ¢
Cx(R,), it is not possible to use the fact that (Z*(da)) converges in distribution
in D ([0, 7], (Mg,v)). We rather use Equation (7)) with h = f; for k > 1 leads to

(since f(0) =0),

t
(Z2™, ) = (28", f) + / (Z2™), 0, fr — frd)ds + M. (10)

0
Dominate by omitting the death term, take the supremum, then expectation and

finally use Doob inequality to get

sup (27", fi)
te[0,7

E <E[(Z", s +2 (B [ereo), ) s | CE [0, 0,] ds.

The limits of the three terms are studied separately.
(i) Since ZX™ = & in (Mp(X x R,),w) and f € Cy(X x R,), then
(Z8™ ) = (&, fu). We also have f, < 1 and under Assumption
sup,, E [((Zg, 1>)1+a} < 400 so the sequence is uniformly integrable. We thus get

limy_ 00 E [(Z(‘f’("), fk>] — (&, f). Finally, since & € Mp(X x R,), that is
<£07 1) < +00, we get hmk;—)-l—oo <§07 fk> - 07 then

lim limsupE [(Zg(n),fkﬂ = 0.

k=400 notoo

(ii) From (g), since fx(0) =0,

1 b dT
E [(M720), ] = —— / (220, 2 dyds < -2 upE
0

() Do) S E | sup (23 1)

te[0,T

Y

which shows that limy_, o limsup,,_, , E [(M/=*™) ] = 0.
(iii) Note that

Oafr = Li—1<a<kV'(a — (k= 1)) < 1 1<ack sup V'(y) < 1<, sup ¥'(y).
ye[0,1] ye[0,1]

Since 1;-1<4 < fr—1(a), this shows that 9,fy(a) < fr—1(a)sup,e 1 ¥'(y). To show

that limy_, o imsup,,_, | fOTIE [(Zf(n), aafk>] ds = 0, it is thus sufficient to prove

that for ¢ € 0,7, limj_ 4o limsup,,_,,  E [(Z:D(”),fk>] = 0. From , for each
k> 1, with C' := sup,¢j01) ¥'(y),

B[, )] <E[Z". 5] +C [ ELZIW, fi]ds, ()
0
and for £ =0, fo = 1 then
B2 5] <E[(Z5 )] +5 [ B[220, f2)] ds.
0
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3.2 Proof of Proposition |§|

so Gronwall’s lemma leads to
E (2", )| <E[(Z3, fo)] exp(BD). (12)
From and we get

??‘

-1 k1k
¢ _ _
OT exp(bt)E [<Z§’<">, 1>] .

Cit
J!

E [<th)(”), fk)} <

J

E (25" fis)] +

i
=)

Under Assumptlon we have &2 exp(bt)E [(ZSD(”), 1)} < C—t exp(bt) sup, E [(Z7, 1)],
which tends to zero as k — +oc. As for the first term, this can be split into

[k/2]

R‘
,_n

k-1

Sl ] -5 e ]+ $ el
=0 J' =0 I j=[k/2]+1 !
. _o(n) — Ot
< exp(Ct)E [(ZO (n), fk—[k/2]>] +E [(Zo " 71>} Z TN
j=lk/2]+1 J:

Since [k/2] < k — [k/2] then fi_/ < fiyg- As in (i), by the convergence in
distribution and uniform integrability (Assumption , one gets

limy_, 4 oo limsup,,_,,  E [(ng(”), Jiey21)| = 0. As for the second term, this converges
to zero since the first component is bounded (Assumption [2)) and the sum converges
to zero. ¢

3.2 Proof of Proposition

Let us recall below the assumptions and the corresponding result about the non-

tightness of the sequence of population processes.

Assumption 5| Let us work with age-independent demographic rates and kernels,
namely b(x,a) = b(z), d(z,a) = d(z), e(x,a) = e(z), and k.(z,a,2") = k.(z,2").
We consider A to be the euclidian distance on R? and for a given set A C X, we
denote A its interior for the induced topology on X. Let us assume that there exists
two measurable non-empty and disjoint subsets A and B in X such that
(i) A(A,B) =inf,cayep Az, y) > 0,

(i) (&o,el4) > 0, where 1 is the indicator of the interior of A,
(ili) ke(A, B) = [ _4 ye Ke(@,y)m(dz)m(dy) > 0.

Proposition 2| Under Assumptions and@ the measure-valued process Z™(dz, da)
is not tight in D([0, T], Mp(X x R, )).
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3.2 Proof of Proposition |§|

Proof of Proposition
Aim is to give here a proof which does not need the main result of Theorem [I Let
us first construct a function f € Cp(X) such that

inf |f(y) = f(z)] > 0.

reAyeB

To this aim, consider for example the map f : z — A(z, A) with support in X'\ A,
that satisfies the previous equation according to point (i). It is moreover continuous
on the compact X so it is bounded. To prove that the sequence of measure-valued
processes (Z"(dz,da)), is not tight in D([0,T], Mp(X x R,)), it is sufficient to
prove that the process X™ := (Z", f) is not tight in D([0, 7], R). Recall the follow-
ing equivalence derived from compactness characterization in the space of cadlag
functions (see Billingsley| (2009), Theorem 13.2):

The sequence (X"),, is tight D([0, T, R) if and only if

a) the sequence supy<,.p | X7'| is tight in R and

b) (equicontinuity) Vn > 0, lims_olimsup,,_, P (w' (X", ) > n) =0, where

X7 — X}'| and inf,)_, denotes the infimum

2

w' (X", 0) = inf,)_, sup; SUDs te(t; 1t
over all subdivisions of [0, 7] with step strictly greater that 6.
To prove the result, we show that the equicontinuity criterion is not satisfied,

that is we show that:

dn > 0,3e > 0,6 > 0,limsup P ( inf sup sup |X]—X7|> 77) > €.

n—+oo (ti)>s 4 S,tE[ti—1,t:i]

First remark that for each 6 > 0 and n > 0,

(ti)>0 4 S,te[ti_l,ti tE[O,(S]

P(inf sup  sup ]Xt"—XS”\>n>2P(sup |Xt”—Xt”|>77>.
[

Second, denote 7" the first time of jump of Z". Conditionally on Z§, 7"

nentially distributed with parameter n(Z7, e) + (Z§,b) + (Z¥,d). Then

is expo-

P(r"<§|Z0) =1- 676(71(2(’},e)+<Z{f,b>+<Z€,d>)‘

Let 77" be the first time of swap for Z". By independence between swap, birth and
death events, the probability that the first time of event is a swap is given by (with

convention § = 0)

n(Zg,e)
n(Zy,e) + (Z§.b) + (Z§.d)’

P(r =1 | Z) =

and the clock lemma for independent exponentially distributed random variables

assesses independence, conditionally on Z', between the events {7" = 7'} and

{r" <4}
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3.2 Proof of Proposition |§|

Let Y be the random variable "characteristics of the individual for which the event
occurs at time 7", and A and B as in Assumption 5] The probability that the
individual has characteristics in A conditionally on a swap event is
(Zg,ela)

(Z,e)

Denote Y’ the new characteristics (at birth or swap). In case of a swap, the char-

PYeA|Z], =1 =

acteristics Y are replaced by the new characteristics Y/, drawn with distribution

k.(Y,.). Then
k.(A, B)
m(A)

Finally, remark that Y and Y’ are independent of 7 and let us take

PY'eB|YeArm =17 =

sinfocayen | f(y) — f(z)| which is positive by construction of f. Then

ZP( fans — Xg1 > )

>P(r"<§m=1"Y €AY €B)

=EP(" <§|Z)P(r"=712,Y' € B)Y € A| Z})]

=EP("<§|Z)PY' eB| =7 Y e A, Z)PY e A|m" =70, Z)P (" =71 | Z3))]
ke

(A, B)]E {(1 B 6_5(n<zg,e>+<zg,b)+<zg,d>)) (Zg,ela) n{Zy, e)

m(A) (Z5,e) n(Zy,e) +(Zg,b) + (Z5, d)
where the last two equalities are due to recursive conditioning and the use of the
previous computations respectively. Now, let us construct hy € Cy(X') such that
ha <14 and (§,eha) > 0. Let us define

Az, X\A)
SupyeA A(yv X\A) ’

which is continuous on X and positive on A; according to point (ii) in Assumption
Bl we get (&, eha) > 0. Since (£, eha) < (&, el4), we have

P (sup |X" th—| >77>

t€[0,0]

hAiiCi—>

k.(4, B) _ o0 (n(Z5 )25 )42 d) n(Zg,eha)

2 B (1 ) ]
k.(A, B) nd(Zy, eha)

> e e )

where the last inequality comes from the fact that 1 — exp(—z) >

T
i Renormal-

ization by dn? leads to the final inequality
k.(A, B 7y eh
P| sup |X]'—X["|>n| > (4, >IE - < 0,¢ 4) = :
t€[0.9 m(A) | 1/(0n?) + (Zy, ) + (Zg,b) [n + (Zg, d) /n

Alexandre Boumezoued December 16, 2015
o1l




Under Assumption one has that ((Z(}, eha), (Zp,e),(Zr. d), (Z7, b)) converges to
the deterministic limit ((&o,eha), ( o, €), (o, d), (€0, b)) in probability thus one can
get the a.s. convergence for a subsequence ¢(n).

(Z} eha)

_ < _ < i .
BT T s byt Gr i = 1, the dominated convergence the

Moreover, since -

orem leads to

limsup P (sup |th — th—| > 77)

n—+00 t€(0,9]

k.(A, B) (ZE™ eh,y)
o m(A) n—-+00
_ k(A B) (&, eha)

m(4) (o €)

ke(A.B) (€o.cha) wwhich is positive by Assumption (iii), concludes

The choice € = % (A (€ore)

the proof. ¢

4 Examples and numerical illustration

4.1 Examples

We propose here to compute explicit solutions to Equation for the stable com-
position. We analyze two examples: the two-dimensional mixture and the swap to

the nearest neighbor. We omit here the dependence in age for clarity.

Mixture kernel. We want to derive explicit solutions to in the case where
ke(y,x) is a two dimensional mixture, that is k.(y,z) = b1(y)fi(x) + ba(y) fa(x)
where by and by are continuous functions from X to (0,1) such that by + by = 1,
and f; and fy are probability densities on X. In this model, new characteristics are
chosen based on two probability densities which are the same for all individuals but
weights depend on the old characteristics of the individual. This is a particular case
of a separable kernel with n = 2, and we illustrate the methodology described in
Zemyan (2012) for the computations. We first derive the characteristic polynomial
in A € R of the matrix

A Joifi [bife _ di  1—ds
Jbaft [bafo 1—dy dy ,
where dy = [b1f; and dy = [ bafs. Then

P(N) =T = M| =1 — Mo — My — A + N2y + N2d,,
= (1= A)(1+ A= Ady — Ady).
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4.2 Numerical illustration

Since P(1) = 0, there exists non-trivial solutions to (I — A)c = 0. Let Q(\) =
P(N)/(1 = X). Then Q(1) =2 —d; —dy > Osince dy = [ fiby < [ fi =1 (we
assumed that by,by : X — (0,1)). We deduct that the space of all solutions is of
dimension p = 1. Solutions of (I — A)c = 0 are of the form ¢ = 3(1 — da, 1 — dy)7,
B € R. So that solution g to is

b
- Pef(x)

J;l((;))m(dm) + (1 - dl) fX

g9() (1 =d2) fi(z) + (1 = dv) fa(2)) (13)

f;(gﬁ) m(dz).

where 8= (1 —dy) [, @

Swap to the nearest neighbor. We consider n classes, X = {z1,...,z,}. If
a swap occurs for individual i with characteristic z; € {2,...,n — 1}, we suppose
that its new one is uniformly chosen between x; 1 and x;,1, that is k.(z;, 2')l(d2’) =
204, (da’)+30,,,, (da’). If the characteristics are x; = x; or 2; = ,,, the neighbor is
chosen with probability one, that is k.(xq,2')l(d2") = §,,(d2’) and k.(z,, 2")l(dz") =
0z, _,(dz"). The discrete formulation of Equation ([2)) is given by

Vie{l,...n} e(z;)g(x;) = Zg(xj)e(xj)ke(mj,xi).

JFi
Define the matrix A by A, ; = e(z;)ke(x;, ;) 1iz; — e(x;)1,=;. We then want to find
the eigenvectors for A associated with eigenvalue 0. Since characteristics changes can
only lead to neighbor characteristics, the matrix A is tridiagonal. Remark also that
upper and lower diagonals of A have same sign, which shows that it is diagonalizable.
Let us write A = PDP~! the canonic decomposition with D diagonal. It is then
straightforward to show that 0 is an eigenvalue for A (with multiplicity 1) and that an
eigenvector Y is given by Y1 = [, (i), Y5 = [[;4, e(zi) and if k € {2,...,n — 1},
Yy, = 2][; 4, e(xi). So the solution g is given by

Y;

g(z;) = m (14)

4.2 Numerical illustration
Numerical examples will be performed under the proportional hazard framework:

d(x,a) = a(z)d(a) and b(z, a) := B(z)b(a), with d(a) and b(a) some reference death

and birth rate. In the macroscopic model, the death rate is

d(a) = /X d(z, a)g(z, aym(dz) = &(a)d(a),

where &(a) := [, a(z)g(z,a)m(dz). In the same way, b(a) = B(a)bla). Tt is in-

teresting to note that in the general general framework where the invariant swap
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4.2 Numerical illustration

pattern is age-dependent, the equivalent model is not proportional hazard with an
age-independent factor anymore.

For the reference death rate, we choose a stylized Gompertz form d(a) = A;eP1,
and a stylized birth rate b(a) = Age~B2(e=0” W choose arbitrary values that mimic
the shape and the order of magnitude of human populations, inspired from death
and birth data for France in 2008. For the birth data, the aim is to reproduce the
shape of female birth rates and divide by two to approximately recover the intensity
for an arbitrary individual (male or female). We take A; = 3,7.107°, B; = 0.09,
a =32, Ay = 0.075 and By = 0.02. The reference rates b(a) and d(a) are plotted in
Figure [I]

Figure 1: Stylized reference birth rate b(a) and death rate d(a) as a function of age.
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We illustrate numerically the swap to the nearest neighbor. We consider n = 40
discrete classes and set X = {1,...,40}. We choose the following dynamics : the
caracteristic x is such that high value implies living longer but having less children,
whereas a low value means having more children: let a(z) = 8(z) = 1 — Z32. The
swap rate takes four possible forms, namely e(z) = m, e(x) = 2, e(z) = /40
and e(z) = /2/40. The swap rate, the theoretical stable composition and the
equivalent birth and death rates are given for the four configurations from Figure
to[p Let us emphasize that in the four experiments, the age and characteristic-
dependent birth and death rates are the same, and also that the way the new
characteristics are chosen at the time of swap is fixed (namely the swap to the
nearest neighbor). We only vary the characteristics-dependent frequency of swap
events, driving the way characteristics changes occur at the individual level. Let us
first focus on the two upper graphs of each one of the four experiments. These show
how the stable composition in terms of characteristics (right-upper graph) is linked

to the swap pattern (left-upper graph). In each case, one can notice the interesting
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4.2 Numerical illustration

link between the shape of the swap rate and that of the stable composition given by
the invariant measure. In particular, as expected, the characteristics for which the
swap rate is high are less represented in the population composition, since individuals
are forced to escape the corresponding class. Also, let us remark the side effect of
the stable composition: this is due to the choice of the swap to the nearest neighbor
mechanisms, since characteristics on the side are less likely to be chosen (they have
one neighbor instead of two). Now, let us focus on the equivalent death and birth
rates. First notice that these are always lower than the reference demographic
rates, which are only used here to set a realistic age pattern; this is due to the
fact that the proportional parameters a(x) and f(x) are lower than one for almost
all characteristics. One then gets insights on the impact of characteristics changes
frequencies when comparing one by one the Figures 2/ to 5l For example, the choice
of the swap rate e(x) = x/40 leads to aggregate death and birth rates that are higher
than in the three other configurations; this can be explained, as previously detailed,
by the fact that small characteristics values, whose birth and death rates are higher,
are over-represented. This shows how, with fixed swap rules and characteristic-
specific demographic rates, the characteristic-dependent swap frequencies impacts

what one observes at the macroscopic level.
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Figure 2: Swap rate, stable composition and equivalent death and birth rates for

1
e(z) = 1 (2-20,5)2
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5 Conclusion

In this paper, we considered the large population limit of an age and characteristics-
structured population model evolving according to individual birth, death and fast
characteristic changes during life. Both the large population framework and the fre-
quent characteristics changes appear naturally when focusing on the demographic
evolution of a human population at the scale of a given country. When rescaling the
population process, the classical deterministic transport-renewal McKendrick-Von
Foerster equation appears, that describes the time evolution of the age pyramid.
This dynamics is driven by age-dependent birth and death rates which are the aver-
age of microscopic birth and death rates over the stable characteristics distribution

of the invariant swap pattern. In addition, we proved that it is not possible to keep
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Figure 3: Swap rate, stable composition and equivalent death and birth rates for

e(xr) = %
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track of the population structure in terms of characteristics, even in the case of age-
independent demographic rates, in other words that the corresponding sequence of
measure-valued processes is not tight. This gives a natural and interesting example
of a sequence of processes which does not converge. A set of computable invariant
distributions for the swap patterns have also been given, namely a simple mixture
kernel and a swap to the nearest neighbor mechanism. When considering reference
age-dependent birth and death rates that reproduce real demographic data, numer-
ical illustrations have been performed showing the equivalent birth and death rates
in a proportional hazard setting. Next steps in this direction could concern (i) the
study of the associated central limit theorem, and the link with the speed at which
the swap pattern reaches its invariant measure and (ii) the assessment of the nu-
merical gain when considering the equivalent birth and death rates compared to the

original model. These two aspects are linked in the assessment of the speed at witch
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Figure 4: Swap rate, stable composition and equivalent death and birth rates for
e(x) =x/40
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the original model reaches the averaged one. They are left for further research.
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Figure 5: Swap rate, stable composition and equivalent death and birth rates for

e(x) = /x/40
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