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ON THE SIMPSON INDEX FOR THE MORAN PROCESS
WITH RANDOM SELECTION AND IMMIGRATION

ARNAUD GUILLIN ¢ | FRANCK JABOT * |
AND ARNAUD PERSONNE ¢

¢ UNIVERSITE CLERMONT-AUVERGNE
* IRSTEA

ABSTRACT. Moran or Wright-Fisher processes are probably the most
well known model to study the evolution of a population under various
effects. Our object of study will be the Simpson index which measures
the level of diversity of the population, one of the key parameter for
ecologists who study for example forest dynamics. Following ecologi-
cal motivations, we will consider here the case where there are various
species with fitness and immigration parameters being random processes
(and thus time evolving). To measure biodiversity, ecologists generally
use the Simpson index, who has no closed formula, except in the neutral
(no selection) case via a backward approach, and which is difficult to
evaluate even numerically when the population size is large. Our ap-
proach relies on the large population limit in the "weak" selection case,
and thus to give a procedure which enable us to approximate, with con-
trolled rate, the expectation of the Simpson index at fixed time. Our
approach will be forward and valid for all time, which is the main differ-
ence with the historical approach of Kingman, or Krone-Neuhauser. We
will also study the long time behaviour of the Wright-Fisher process in a
simplified setting, allowing us to get a full picture for the approximation
of the expectation of the Simpson index.

Key words :  Simpson index, multidimensional Wright-Fisher process, ran-
dom selection, random immigration.
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1. INTRODUCTION

Community ecology has been deeply shaked by the book of Hubbell (2001)
[26] that elaborated on the idea that the dynamics of ecological communi-
ties might be mainly shaped by random processes. A number of predictions
made by this neutral theory of biodiversity have been indeed corroborated
by empirical evidence (Hubbell [26], Condit et al.|5], Jabot and Chave [27]).
This good performance of neutral models for reproducing empirical patterns
has stimulated the mathematical study of neutral ecological models (Etienne
[14], Fuk et al [19]), in connection with the rich body of work on evolutionary
neutral models (Volkov et al. [39], Ewens [16], Muirhead and Wakeley [32]).
More recent empirical evaluations of neutral predictions on tropical forest
data have focused on the temporal dynamics of individual populations and
have shown that the temporal variance of population sizes was actually larger
than the one typically predicted by neutral models (Chisholm et al. [4]).
These authors have suggested that this may be due to species-specific re-
sponses to the temporal variability of the environment. Subsequent mod-
elling studies have elaborated on this idea (Kalyuzhny et al. [29], Jabot and
Lohier [28|, Krone and Neuhauser [30] and more mathematically-oriented
contributions on this topic have since been made ([25, 38, 9, 10, 7, 8, 20,
11, 23, 6]). All these studies share the same idea that community dynamics
is influenced by a species-specific selection coefficient and that this selection
coefficient is temporally varying, so that good and bad periods are subse-
quently experienced by all species within the community.

The aim of this contribution is to provide a comprehensive study of a simple
model encapsulating this kind of ideas within a weak selection framework.
Subsequent works within a strong selection framework will complement the
present study.

Indeed, the simplest model for the evolution of population is surely the
Moran model (or its cousin the discrete Wright-Fisher model), in which in
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a given population an individual is chosen to die (uniformly in the popula-
tion) and then a child chooses his parent proportionally to the abundance in
the previous population. One may also add immigration, i.e. a probability
that the child comes from another community, and selection so that some
species (or traits) have a selective advantage. Kalyuzhny et al [29], to bypass
the neutrality of the model, chosed to consider immigration and selection as
random processes (independent of the Moran system), but which preserves
neutrality "in mean". One of the main goal is of course to study the effect
of these models on biodiversity and its evolution. There are many ways to
measure biodiversity. We will focus here on the Simpson index [36], usu-
ally considered in neutral model [15]: it measures the probability that two
individuals uniformly chosen may be of the same species. More precisely
denoting X* the number of individuals of species 4, S the number of species
and J the toal size of the population, the Simpson index is given by

S— ZXZ Xz—l

thus varying (roughly) from 0 to 1, from maximal to minimal diversity. Us-
ing backward approach, and Kingman’s coalescent, an explicit formula may
be given for the (asymptotic in time) Simpson index in the neutral case with
immigration as Hlji_”;m, as otherwise it is 1 as a particular specie will almost
surely invade all the population. Note that a closed formula (even for the
expectation) of the Simpson index at a given time, is usually not reachable.
We will consider in this paper this Moran model with immigration and selec-
tion as general random process. As said previously such models were recently
considered for example by Griffiths [24, 25], Kalyuznhy et al [29] for a simu-
lation study, but no theoretical framework towards the Simpson index. The
backward approach constitutes the works of Krone and Neuhauser [30, 34|
leading to new coalescent type processes which are however quite difficult to
study and may not give a closed formula for the Simpson index. A recent
work by Grieshammer [23| considers a forward in time approach but he does
not focus on the Simpson index. Our approach is only forward here. As
is often done in population genetics, we will consider the large population
approximation. Our first task is then to justify this asymptotic to a Wright-
Fisher diffusion process in random environment in the weak immigration
and selection case. As a flavour, with only two species, the evolution of the
proportion of one species is given by

dXt = mt(pt — Xt)dt + StXt(l — Xt)dt + 2Xt(1 — Xt)dBt

where my; is the immigration process, p; the probability that this species
is chosen, and s; the selection advantage. It will be done by the usual
martingale method. Another quantitative approach will be considered in
[21]. The Simpson index is then a quadratic form involving the proportion of
each species, and by It6’s formula it involves higher order term. The equation
for the expectation of the Simpson index is therefore not closed. We will
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then introduce a quantitative approximation procedure for the expectation
of the Simpson index, in the quenched case (corresponding to a given random
environment) and in some particular case in the annealed case for two or
more species. We will also study in some simple case (constant parameter)
the long time behaviour of the Simpson index. It is reminiscent with the
very recent work of Coron, Méléard and Villemonais [6] (discovered while
finishing this work). Very schematically our approach is the following

(1) approximate the true discrete process by a SDE, i.e. Wright-Fisher
process;

(2) approximate the expectation of the Simpson index for the Wright-
Fisher process by a deterministic ODE;

(3) approximate the infinite time expectation of the Simpson index by
the finite time, through evaluation of the speed of convergence to-
wards equilibrium of the Wright-Fisher process.

In Section 2, we introduce the Moran model in random environment and
prove its convergence in the large population limit. In Section 3, we focus
on the two species case where the approximation of the Simpson index is
studied in the quenched case as well as its long time behaviour. Section 4
generalizes to a large number of species and also considers the annealed case
when the selection parameter has a particular form (a variant of a Wright-
Fisher process). The last section contains technical proofs or recall some
known results for the Wright-Fisher process.

2. THE MORAN MODEL IN RANDOM ENVIRONMENT AND ITS
APPROXIMATION IN LARGE POPULATION

2.1. Discrete model with selection and immigration.

In this section we describe in detail the discrete model, i.e. the Moran
process, which is the basic of our study. One may also consider here the
Wright-Fisher discrete process with adequat change. The Moran process is
an evolution of population model, in which a single event occurs at each time
step. More precisely each event corresponds to the death of an individual
and the birth of another who replaces it.

We consider a population, whose size is constant over time equal to J, com-
posed of S + 1 species . The proportion of the i species at the n'" event is
denoted X', i €S ={1,..,8 +1},n € N.

As usual one we know (XZL)Z':L--,S’ we deduce the proportion for the last

S
species, X5t =1 - Y X}
i=1
We note X, the species vector or abundance vector having for coordinate i,
X} . The dynamics of evolution follows the following pattern at the step n:
(1) The individual designated to die is chosen uniformly among the com-
munity.

(2) The one which replaces it, chooses his parent in the community with
probability 1—m,, (filiation) or a parent from the immigration process
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with probability m,, (immigration). The quantity m,, varies between
0 and 1, it can be random and time dependent.

(3) If there is immigration the chosen parent is from the species i, with
probability p!, i € S. The pi, verify > pi, = 1 and can be time de-

€S
pendent and random. We note p for the vector having for coordinate
i, P
(4) In a filiation, the chosen parent is of the species i with probability
Xi(1+st)
S+1 :
1+ > Xksk
k=1

The s, i € S are the selection parameters , they may be time depen-
dent and random. Furthermore, we assume s5*! = 0. Indeed, we

can obtain it from any configuration by changing all the coeflicients
. =i _ zS+1
by s, = Sf+;§n“ '

We will assume throughout this work that m,, p,, s, are autonomous, in
the sense that their evolution do not depend on (X),>0. We will further
assume that (M, pn, Sn)n>0 is a Markov chain. Note also that my, pp, sp,
may also depend in some sense of the size of the population J, but we do
not add another superscript to get lighter notations.

This model therefore describes a Markovian dynamic in which selection and
immigration play an important role. Immigration already introduced by
Hubbell [26] avoids the definitive invasion of the community by a species.
Selection changes the dynamics of a species related to the neutral model(
[29]). The temporal evolution of the population could be simulated numer-
ically from the transition matrix of the Markov system. Let us describe
precisely these transition probabilities for the evolution of proportions. The
assumption for the dynamics for the immigration and selection will be given
later on.

Let = be the vector having for coordinate i, 2° and suppose m,, ,p, known.

Denote A = %, so for the i species:

Pi, = P(X\, =2+AlX,=2)

l‘i(l + 8%)
S+1 ’
1+ > aksk
k=1

= (1—2a%) | mupl, + (1 —my)
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P, = P(X}, =v-AlX,=2))
. . (1 + s
= ' [ mp(l—pp) + (1 —my) 1—% ;
1+ 3 aksk
k=1
Py = P{Xhy =2+ A}N{X] =27 — A}|X, =)
. : (1 + st
1+ aksk

k=1

With the dynamics of (my, pn, $n) given, one may of course simulate exactly
the vector of proportion X,, and thus evaluate the expectation of the Simpson
index, which is what we will do to validate our approximation procedure, but
when the population size J is very large, it may be computationally too costly
(and even impossible). Thus we will approach the dynamics of this model
by a stochastic differential system continuous in time.

2.2. To a limit in large population.
In this section, we explain how approaching the dynamics of the preceding
model by a diffusion, and associated process for the immigration and selec-
tion processes, when J goes to infinity.

We need to define a J dependent time scale. Indeed, when J goes to infinity,
the time scale has to change, expectation and variance are about % and %,
and goes to 0 when J goes to infinity. It corresponds to considering a large
number of event for the Markov chain, to obtain a non-trivial convergence
of our discrete process towards a limit process, i.e. not look at the event-by-
event evolution as we did before but in packets of several events.

Several choices for scales are possible, each one leads to study a different

process. We choose to study a continuous multidimensional diffusion in time.

2.2.1. Diffusion approzximation.

In a general framework, the limiting process we obtain is characterized by
the first moment and the covariance matrix of the infinitesimal variation of
abundance.

More precisely if we note A; the infinitesimal variation in time (which de-
pends on the scale ) and AX; = XA, — X; the infinitesimal variation of
abundance, the diffusion process is characterized by the quantities:

ba) = lim =7
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Cov[AXiya, (1), AXiin, (5)| X = 7]

,] €S
At=>0 At j

The following property characterizes the order (relative to J) of the expecta-
tion, variance, and covariance of the abundance variation of a species during
an event:

Proposition 1. (1) E[X! , — X} Xn =a] = A(Piy — Pi_)

n
(2) Var[X;z—i—l - X;L’X’ﬂ - x] - AZ((le—i— + le—) - (sz+ - Pxi—)Q)

The proof is standard calculus and thus omitted. The last property shows
that the expectation is of the order of % whereas the variance is of the or-
der of % The choice we make to preserve a stochastic part in our limit
equation is to consider the infinitesimal time variation is of the order of %
.Other choices would have led to a Piecewise Deterministic Markov process
in which only the parameters s, m, p brings randomness. It will be left for
further study.

A scale in % and the weak selection and immigration.

Let A; = % et n =tJ>.

In this case, E[X;ya, — 2| Xy = 2] = O(J) and the limit would be infinite.
To hope for a finite term and thus to observe the influence of s and m in
our limit DSE, we must assume that s and m are inversely proportional to
J. We now assume that migration and speciation are weak.

Proposition 2. Let Ay = —; and n = tJ?, note m'(t) = m(t) x J and
§'(t) = s(t) x J . So when J goes to infinity:

(1) B[X}, 5, — 21X, = 2] = (mxp@ ) (s Y x’fsﬁ) < A+

keS
o(A) | o
(2) Var[Xj, A, — 2'|Xe = 2] = 22°(1 — 2°) At + 0(Ay)
(3) Cov[Xjn,, Xiin, | X = 2] = —2272" Ay + 0(Ay) Vi #£ L.

We will now introduce notations and assumptions. Remark that a very
recent work by Bansaye et al [3| considered a very general framework for
population model convergence in random environment, but in their work
the environment is usually i.i.d. whereas we are in a Markovian setting. To
get shorter statement and proofs, we will make considerable simplifications
for our main assumption.
Assumption (A).
e the process (p,) is assumed to be constant, which corresponds to a
non evolving pool of immigration;
e the process (m”) is an autonomous Markov chain, and consider its
rescaled piecewise linear extension 7mj = J mLL]t g2 which is assumed
to take values in a finite set E,, and uniformly bounded (in .J). Let



8 A. GUILLIN, F. JABOT, AND A. PERSONNE

denote P,,s(m,m/,t) its transition probabilities and assume for all
m#m’,

1

Jh_)noloP ( /’J2> x J? = Q(m,m’)
is well defined;

e the process (s7) is an autonomous Markov chain and consider its
rescaled piecewise linear extension §/ = J SLt g2 which is assumed

to take values in a finite set Es and uniformly bounded (in J). Let

denote P,s(s, s, t) its transition probabilities and assume for all s #

s,

2 _ s /
}LIEOPS < ﬂ)xJ—Q(s,s)
is well defined.
e The processes (m,,) and (s,) are supposed to be independent.

These assumptions about the limits of transitions probabilities are intended
to ensure the convergence in law of s and m towards Markovian jump pro-
cesses when J goes to infinity.
Xy
Denote again Ut‘] = s‘t] taking values in £ = F, x Es x F,, a compact
my
set of RQSH and for I' € E, we define for k e N, t € [%, %[ , (U, T) =
gz
We are now in position to state our diffusion approximation result.

Theorem 3. Assume (A) then when J goes to infinity the sequence of pro-
cesses (X{) converges in law to the process (X;) whose coordinates are solu-
tions of the following stochastic differential equation

- X Xl 1 _ ka
dth mtx( t)+ t(st k;s St

mex (oF — X5) + X5 ( > stf)

keS

dx;?

where o is such that 0.0 = a with a; j = —2x'27 ifi # j and a;; = 22 (1—12")
and where s; = lims/J and my; = limm{J are the Markovian jump pro—
cesses with generators Q° and Q™ and for initial conditions sy = lim Jso
and mg = lim ng.

Proof. The proof is in Section 5.1 and relies on the usual Martingale Problem
Method. (]

Let us give some remarks
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(1) We may also consider the proportions p; random but their law would
be J dependent (through the change of time) and it is in disharmony
with the biological model which assumes the pool independent of the
community size.

(2) Other types of processes for s would have led to similar results, for
example we could take a diffusion, with obvious modifications.

(3) It is possible to give an upper bound of the error made by performing
the diffusion approximation, by a direct approach not relying on the
martingale problem method. It will be the purpose of [21].

2.2.2. Simpson indez.
Our main object to quantify the biodiversity will be the Simpson index :

S+1

Fr=Y () (2)

s
with 27t =1 - 3 2.
i=1
Notice that this expression is the limits of the discrete Simpson index when

J goes to the infinity. Its dynamic is given by a non autonomous stochastic
differential equation.

S
Proposition 4. Denote as usual pf"H =1- > p}, and X{gﬂ =1-
=1

(2
S
> X,
i=1

So the Simpson index is solution of the following equation :

S S+1
A =201 5) =2 siX|(S - X]) + 2my (Zpixg — 5@) dt + dM,

i=1 =1

where My is a martingale.

The drift is composed of three terms, the first is the drift in the neutral case
without immagration (autonomous equation), the second is a term due to the
presence of selection only and the third to the presence of immigration.

This proposition follows from Itd’s calculus and details may be found in
Section 5. As we will consider mainly the evolution of the expectation of the
Simpson index, we do not describe the martingale term.

Now that the large limit SDE is established, we may consider the approx-
imation of the Simpson index. We will first consider a simplified case, but
which contains all the main difficulties: the two species case.
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3. APPROXIMATION OF THE SIMPSON INDEX IN THE QUENCHED OR
DETERMINISTIC CASE: THE TWO SPECIES CASE.

In this part, we study a population of only two species. The equations ob-
tained are in dimension one and the quantities are easier to calculate. It is
a basic example to understand the dynamic in greater dimension.

In all this section we will suppose that the selection and immigration pro-
cesses are deterministic, which also amounts to consider the quenched case,
i.e. we fix the random environment (immigration and selection), as our goal
will be to give a numerical method to approximate E[.#] at a lower cost. We
will see in the next section how to consider the annealed case for a very par-
ticular case of selection and immigration. In a second part, we will look for
constant selection and immigration the behaviour of the process in long time.

The one dimensional Simpson index is
Sr= X+ (1-X)°

Following the result of the previous section we are thus interested in the case
where X; and .%; dynamics are given by

dXt == mt(pt — Xt)dt + StXt(l - Xt)dt + \ 2Xt(1 — XtdBt (3)
1
d% :4Xt(]. — Xt) X <1 + St(Xt — 2)> + th(pt — Xt)(QXt — ].)dt

+2(2X; — 1) /2X,(1 — X;)dB; (4)

where m; and s; are the rescaled limit immigration and selection processes.

Comment 1. There is a first interesting feature when analysing the in-
stantaneous behaviour of the dynamic of .%; in the case where there is no
immigration (and thus the Simpson index will tend to 1): when |s;| < 2, the
drift of . is always positive so that a even variability if the selection is small
does not change the trend to non diversity. At the opposite, if the selection is
sufficiently strong it may change locally the behaviour of the Simpson index,
and we may thus imagine that change of fitness may lead to oscillation of
the Simpson index. We will illustrate this phenomenon numerically.

We will now concentrate on a method to approximate all the moments of
X, and thus an approximation of E[.7].

3.1. Approximation of the moments of X;.

3.1.1. The approximation theorem.

As remarked earlier the momentum of .%; can not be calculated directly,
as the equation of E[.#] is not autonomous(3). However we only need to
evaluate the first two moments of X;. We will see that it will be more difficult
than planned. Indeed, taking expectation in (4) (recalling that m; and s;
are considered deterministic), we get:
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dE[X}]) = mupy — myE[Xy] + s¢(E[Xy] — E[X7])dt (5)
By analyzing (5), we cannot express the first momentum of X; without the
second moment and when considering the second moment, the third will ap-
pear and so on. It is thus impossible to express the momentum of X; as the
solution of an autonomous equation (except for the trivial case where s; = 0)
Nevertheless, the following theorem gives a way of obtaining an approxima-
tion of the first moments of X; by solving a differential system whose size is
all the greater that one wishes to be precise.

Theorem 5. Denote fl? the tridiagonal matrix whose coefficients are given
by Qi1 = (0 +pimy)(i+ 1), @i = i(s¢ — i+ 1 —my), Giip1 = —isg for iin
{1,....,n—1} and anp = —n(n — 1+ my)
Let consider the following system of ordinary differential equations

dM; = AT x Mydt + €,dt

where €, = (nmupy, 0, ..., 0)L.

So for j fized, the ™ coordinate of the solution M, converges when n (the
size of the differential system) tends to infinity towards j** momentum of
X;. The error committed is at most

Vnlsls!
(n—1)!"
As seen from the upper bound, the convergence is quite fast and even enable
to approximate the Laplace transform of X; quite efficiently. It is mainly
due to the fact that we have only two species here. We will see in the next
section what happens for three species and will explain how it deteriorates
with the number of species.

3.1.2. Proof of the theorem. We will begin by considering the error between
the solution of our approaching system and the real solution. For practical
reasons, each coordinate of the error is multiplied by a coefficient independent
of the system size. Let us begin by giving the (non autonomous) system of
ordinary differential equations verified by the moments of X;

Proposition 6. Let M; being the vector having for coordinate i the E[X]]
(up to n'" moment). My is solution of

dM; = A? x Mydt + Gdt + Bydt
where By = (0, ..., 0, ns;E[X7(1 — X¢)))T

Proof. '
It is of course a simple consequence of It6’s Formula X}:

dX7; =iX7H ((me(pe — Xo) 4+ e Xe(1 — X)) x (i — 1)(1 — Xy)) dt + dsty
= —is X7 i (sp — (i — 1) —my) X7+ (i — 1+ mypy) X[ dt + doat'ty



12 A. GUILLIN, F. JABOT, AND A. PERSONNE

where . is a martingale and by taking the expectation

dE[XZ] = —iStE[Xti‘f‘l] + i(st - (Z — 1) - mt)IE[XZ] + Z(’L —1+ mtpt)E[XZ_l]dt

to recover the coefficients of the matrix A7
O

We define the vector of errors A} by

M} — M’

AP (i) = (s¢)' 7! % NCEE

and we introduce also ji = (0, ...,0, u?)T with

nzwxnsE[Xn(l_Xﬂ
HE= T R o

Note that when we multiply, for 7 fixed, the difference Mt‘—]\;[tl by a coefficient
independent of n, the speed of convergence of the i coordinate of the error

change but not the fact that this quantity tends towards 0. On the other
hand, it forces the dependent coordinates of n to tend to 0. So we just need

to prove that ||A?|| goes to 0, which is not the case for M; — M;.

Proposition 7. A} is the solution of the following differential system:

{dAy = A7 x ATdt + jitdt o

0=0
and

a; b (0)

o af b

AP =
c?_z a?_l b?_l

(0) ¢t ap

with

bi=—i*> i<n
ci:stz'(l— Tlnt_ptl)) 1<n

Proof.



SIMPSON INDEX FOR MORAN PROCESS IN RANDOM ENVIRONMENT 13
Indeed, by substraction,

d(Mp — M{") = A7 x (M{* — M) + 6
sinE[(X)™(1 — X))

This involves for all k < n

d(Mf — Mf) = k(k — 1+ pemy) (M1 — MFY)
+k(se — (b — 1) —my) (M — MF) — ksy(Mf™ — M.

(St)k—l

Next, we multiply by =R

(MFY — MF Y2 50k (ke — 14 pemy)

d(AF™) =
& (k—2)! k—1
ksf_l i -
+ (k— 1)' (St— (k‘— 1) —mt)(Mt _Mt)
_SEOMET M
(k)!
= s (1 - T;tftl))ﬁf‘l’” +k(se — (k — 1) — my) AP® — 2ARFLn
Now if k=n,
AP = o (1 ) AT~ - A
si_l
oy (- Xm}
We thus find the coefficients of the previous equation system. 0

We may now provide the solution to the system of equation for the error.

Proposition 8. The solution of (6) can be written

t t
a7 = [ exp ( / A;‘) ndg
0 q

Proof. First, the solution of (6) can be written as the solution of the homo-
geneous system and a particular solution.

t ¢ t q
A} = Kexp (/ AZdu) + exp (/ AZdu) / exp (—/ AZdu) iy (q)dg
q 0 0 0

As Af = 0 necessarily K = 0 and A} = fg exp <fqt Aﬁdu) ar(q)dg. O
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We will now show that, for a fixed time interval, ||A}||2 is uniformly bounded
by a quantity which goes to 0 when n goes to infinity. In the following,
||l.]|7 stands for the Frobenius norm. Thanks to the formula of the previous
proposition:

2

A7) 3 = H / exp( Azdu) i dg
t i 2
([ ([ )05
q k
t 2
<t x Z/ (exp </ Aﬁdu) [LZ) dq
k=1 0 q k
t t 2
<t/ exp </ AZdu) fig || dgq
0 q
t 2
<t
0

2
t
exp ( / AZdu)
q F
<t? x sup

t
exp </ AZdu)
z€[0,t] x

The following easy lemma gives us an upper bound for the two previous
norms:

I7ig 13da

2

X sup |ug
F z€[0,]

| 2

Lemma 9.
If X €[0,1] then sX"(1—X) = O(L) and there is a constant c1 independent
of n such that sup |uZ| < sup € [0,t]s2~ 1(n°11)
z€[0,t]
Proof. The maximum of X™(1—X) on [0, 1] is achieved in ;5 and it’s worth
(1= )" X
This quantity is of the order of % when n goes to infinity.
The upper bound of p}} follow. ([

t
exp (/ AZdu)

Next,
2

o ( (/ Agdu)T con ([ Agdu))
Ty (exp < / an g (AZ)Tdu>>

= exp (X))
A

<n x AV
n ierfllé?;}(exp( )




SIMPSON INDEX FOR MORAN PROCESS IN RANDOM ENVIRONMENT 15
: t
where the A? are the eigenvalues of [ A7 + (A7) du .

Then if rFax}exp(Af ) is independent of n, there is a constant ¢y indepen-
1€{l..n
dent of n verifying

sup
z€(0,t]

t
exp(/ Aldu)

<Vn x ¢
F

And then there exist a constant C' such as

allslisct _ G/nllsllsc

[AF (®)]l2 <Vnez x (n—1)! = (n—1)!

It remains to show that the eigenvalues of f; A" + (AT du (which are real)
have an upper bound independent of n.

a; by
b af b
Proposition 10. Let A} + (AM)T = with
b apt bt
byt ap

aj =2i(s;—(i—1)—my), i<n
ap = -n((n—1)+my)

b= i1 = T2y (12
Z_

then the eigenvalues of f;(AZ)T + Aldu are uniformly bounded in n .

Proof. To prove this result we need to use Gershgorin’s disk. The eigenvalues
of fi(AZ)T + Alldu are included in the union of the disk D; whose centers

are the i*" term on the diagonal ( f; aidu) and for radius the sums of the
coefficients norms on the " line except the diagonal term(| fgf bi—tdu| +

| f; bi.dul). It is important to consider the forms of the discs in our case. As
we have to show that the eigenvalues have a upper bound independently of
n. We just need to look at the shape of the discs for ¢ and n big enough.
From the matrix if ¢ < n, their centers are

% (/:sudu—(i—l)(t—x)—/xtmudu>
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and their radius are equal to

t t t
/ bi=ldu / b / Sui <1 - m“p1“> — (i —1)2%du
T T T =

/tsu(i—i- D (1) — i2au

1

+

_l’_

t t
z/ sudu—(i2—2i)(t—x)+i/ mydu

t t
z/ sudu—iQ(t—a;)—i/ mydu

Y <(z‘—1)(t—a:)—/:sudu+/:mudu> +o(1).

So the maximum value for an eigenvalue of f;(AZ)T + A} du belonging to D;

1S
t t t
/ al du + / bi~tdu / bl du
=2i </ Sydu — (i — 1)(t — x) —/ mudu)

+ 2 <(i —1)(t—a) - /t Sudu + /t mudu> +0(1)
= 0(1) ' '

as soon as i is big enough. If ¢ = n the same reasoning is still working. So
the eigenvalues of (A™)” + A™ have an upper bound independent of n. O

+ +0(1)

+

This property concludes the proof and we get the following upper bound

nlls n—1
IATO e < a7 ()] < Y7L
The constant C' depends on time (exponentially) and therefore this algo-
rithm will be less accurate if we look at the behavior of the process in long
time. This result gives a satisfactory approximation of the .%;’s moment.
Convergence is very fast, and the algorithm boils down to solving a linear
differential system. To ensure the interest of this method we can compare
the expectation of Simpson’s index obtained by a Monte Carlo method from
the discrete model to that obtained with this approximation. The Figure 1
presents such an approximation.

3.2. Numerical applications.

The simulations presented in this part are obtained from the previous theo-
rem. The values of s, m,p are those of the large population approximation
and not that of the discrete model. The size of the approaching system will
be usually between 80 and 144 depending on the needed precision.
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Compare MC mean with approximate expectation Compare MC mean with approximate expectation

—— mean MC

—— approximate expectation 07 f"-f—_'

T 04 — meanMC
o —— approximate expectation

0 250000 500000 750000100000a25000A150000@ 75000000000 0 250000 500000 750000100000@2500001500000L75000®000000
Time Time

FIGURE 1. Are plotted the approximate values of E[.#] and
E[Xy] by the precedent method from the approximation in
large population and by MC method from the discreet model.
The number of simulated trajectories for MC mean is 500
(red and blue), J = 1000,m = 2,p = 0.5,Xy = 0.2, s switches
between 2 and —2 at regular time intervals, the size of the
approaching linear system is 100.

3.2.1. Influence of s on Simpson Index.

In this part, p = 0.5. Now we know how to approximate the expectation of
%, so we can check the influence of s on this quantity. Let us make precise
a statement enounced when deriving .%;.

Proposition 11.
If |s||so is smaller than 2 and if m = 0, E[.%] is increasing.

Proof.

If we refer to the equation of dE[.%] (cf (4)), we see that if [|s|lcc < 2,
the quantity 4X;(1 — X;) x (14 s¢(X; — 1)) is positive whatever the initial
condition, so Simpson’s index mean is always growing . O

In other words, selection alone can not bring about a renewal of biodiversity.
On the other hand if for some ¢, s; > 2, E[.%] can decrease. In this case the
more the selection is important, more the decay is pronounced. We will see
in the last part that this phenomenon can be generalized to a larger number
of species. Figure 2 present these different behaviours with respect to s and
Figure 3 the combination of initial parameters and selection under which the
Simpson’s index is decreasing.

3.2.2. Approzimation of Th, Ty, T1p.

In the special case where m; = 0, a species inevitably invaded the community
in a finite time. We define by T1, (respectively Tp), the smallest time from
which the process X; reaches 1 (respectively 0) and T ¢ = min(11, Tp).
Thanks to the approximation of moments we can obtain an approximation
of the T distribution function . In fact we know X;* for n big enough and
so since nl;ngo E[(Xy)"] = 1 x P(T7 < t) we obtain P(T} < t). The same



18 A. GUILLIN, F. JABOT, AND A. PERSONNE
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FIGURE 3. The

FIGURE 2. Several colored area rep-
trajectories of resents the pairs
E[¥] are drawn (X,s) for which
for different s. the slope of the
Xo =0.1, m=0. Simpson’s  index

will be negative.

way with 1 — X; gives P(Tp < t). Figure 4 gives an approximation of the
distribution function of 77 when there is no immigration.

distribution fonction for T1

0.200 1 — p(T1>1)
0175
0150
0125
0.100
0.075
0.050

0.025

0.000

0 500000 1000000 1500000 2000000 2500000 3000000

FIGURE 4. Distribution function of T} for m=0,p=0.5,Xy =
0.2, s = 2. The size of the approaching linear system is 100

We can use the same method to obtain 7'y, the probability that .#; is equal
to 1 at time ?.

3.3. Long time behavior.

Two cases are distinguished in this part, the case m = 0 and the case m # 0.
In this first case there is no immigration and necessarily a species invade
the community. Invasion times and the probability that the species with a
selective advantage will invade the community are calculated. In the second
case the system admits an invariant measure, we explain it and we specify
the speeds of convergence towards this measure. More details about the
behavior of stochastic processes in long time can be found in [33] and [22].
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3.3.1. The case without immigration (m = 0): absorption.

The results in this section are partially well known and we include them only
to get a full picture of the behavior of the Simpson index.

Recall that .7 satisfies the equation

1

If there is no more immigration the states 0 and 1 are absorbing, and it is
then well known that the process reaches them in finite time almost surely.
For more details about this refer to [33]. Let T} et Ty the hit times of 1 and
0 for the random variableX; et T1 A Ty = T1 .

Proposition 12. Suppose s; = s € R,

(1) Th o < oo almost surely, for all initial condition X.

(2) Let g be the solution of
v(1—2)g"(z) + sz(1 —2)g'(x) = =1 et g(0)=g(1)=0  (8)
then Ex,[T1,0] = g(Xo).

(3) P(T) < Tp) = £2°=1,

e 5—1

The proof is given in section 5.2

Let us consider some particular case which illustrates that the same behavior
may be obtained with varying selection. Suppose T" > 0 and s; is a constant
function on intervals [kT, (k+1)T], k € N which can take the values sy or —sg
for sg > 0, randomly. We will establish a result similar to the constant case.
Let us begin by the following lemma which asserts that without selection
one may reach the boundary at any time.

Lemma 13. Consider the following process

dX; =/2X,(1 — X;)dB; (9)

Note Ty = inf{t, X; = 1}, an initial condition x €]0,1] and a time t .
ThenP,(Ty < t) > 0, in other words, 1 is accessible for X; from any non-zero
initial condition and in a as little time as one wants.

Proof. Assume that tg = inf{¢,P,(71 <t) >0} > 0.

to is well defined. Remark that E[X}] is constant in time because X; is a

bounded martingale. Then 0 < z = tlim E[Xi] =1 xPy(Ty < Tp) +0 as
—00

E.[T1 0] < oo and so P,(T7 < oo) > 0. Then, let A; > 0 be such that
to —2A; > 0. We will show then that there is y such thatP, (77 < A;) > 0.



20 A. GUILLIN, F. JABOT, AND A. PERSONNE

If that was not the case then Yy € [0,1],Py (71 < Ay) =0 and

P.(T1 < to) =Eu[l1,<to] = Ex[lr <o X (I1y<a, + 11y54,)]
T ]lT1<At] + IEJE[]IT1<t0 X ]lT1>At]

=E;[r>a, X Px,, (Th < to — At)]
=E; (11 >AEx,, [A1>a, - Ex, o, [A1>4,
X Plagyya, (T1 < to — (n+ 1)A)]]].
Let us choose n such that tg — (n + 1) < Ay, Then 11y sa, X Py, (T1 <

to — (TL + 1)At) < ]lT1>AtIP)(n+1)At (Tl < At) =0 and PI(Tl < to) = 0 which
is contrary to the assumptions. Now, we show that P, (71 < to — A¢) > O:

=T [
:Ex[]lT1<t0 X ]lT1>At] = Ew[]lT1>AtE[]lT1<to|XAt]]
=T [
=T [

P (T1 < to — At) = Ex[Iry <to—a, X (L1, <to—24, + 11,5024, )]
> Eo[lr <tg-a, X I1,<to—20,]
2 B[l <ty—2a, BT <tg—, | Ty]]
> Eu (17, <tg—24,Py(T1 < to — Ay — Ty)]
> Eu (17, <ty—24,Py(T1 < A¢)]
> P (Ty < to—20¢) x Py(T1 < Ay).

But we know that P, (77 < A;) > 0 by the previous calculation and the local
uniform ellipticity of diffusion also ensures us that P, (T, < to — 24;) > 0.
So we obtain P, (T) < to — A¢) > 0 which is contrary to the fact that tg > 0.
So Vt > 0,P,(Ty < t) > 0 which concludes the proof of the lemma. O

Of course, this result may be adapted for the process dX; = sX;(1— X;)dt +
2X(1 — X)dB;. Indeed if s > 0 the drift goes in the right direction. Else,

if s < 0, we obtain a symmetric result by replacing in the previous reasoning
T1 by T().

Proposition 14.

Let so > 0, T > 0 and s; a constant function on the intervals [kT, (k+ 1)T],
k € N which can take the values sg or —sg values randomly.

Let consider the process

ClXt = StXt(l — Xt)dt + 2Xt(1 - Xt)dBt (10)
Finally Th o = inf{t, X; =0 ou X; =1} then Py(T1p < 00) = 1.

Proof. The idea is to show that for each time interval of size T', the probabil-
ity of reaching 1 or 0 is non-zero and independent of the position where the
process is located. So we compare the probability that our process reaches
1 or 0 to a geometric law. So let us first show that V¢ €]0, 7], Ja > 0, such
that Vo € [0,1],P,(T10 < t) > . Suppose s > 0 on [0,7] and denote
gi(x) = P(T; < t), i € {0,1}. Both functions are continuous, go is de-
creasing and go(0) = 1, go(1) = 0, whereas g; is increasing and g¢;(1) = 1,
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91(0) = 0. Then there exist a o €]0, 1] such as go(zo) = g1(z0) = 4. And
by the previous lemma since s does not vary on |0, 7] we have that a4 > 0.
A symmetric reasoning for s < 0 guarantees us the existence of a a— > 0.
Let a = 2min(a_, a), a is then strictly positive and Vz € [0,1], P,(T1 o <
t) = Py(Th < t)+Py(Th < t) > a. Then, for t € [nT,(n + 1)T], using
previous inequality:

Py (T1o < t) 2Py(Th o < nT)
ZEs L7y y<(n-1)7) T Ea[L7y o> (n-1)7Px(, 1y (T10 < T)]
2P, (Tho < (n—1DT) +axEy[l - 1g,  cin-1)7]
2(1—a) xPx,_, (T1o<(n—-1T)+a
>a+a(l—a)+..+a(l—a)"1>21-(1-a)"
We obtain when n goes to infinity P, (77, < oo) = 1. O

Even with frequent changes of fitness, a species always ends up invading the
community if m is zero. We may then consider the process with immigration.
Note that while preparing this paper, comparable (and even more general)
results were obtained (in the multi-allelic case) by Coron et al [6].

3.3.2. The case with immigration (m # 0): invariant measure.

Assume now s, m and p are constants. The long time behavior for varying
selection and immigration is far more complicated and may lead to interest-
ing behavior that will be considered in another paper. We thus consider the
following process:

dXt = m(p — Xt) + SXt(l — Xt)dt + 2Xt(1 — Xt)dBt

and will consider the long time behavior in a quantitative way, i.e. not using
Meyn-Tweedie’s theory, but rather via a Poincaré inequality.

Our process X; is Markovian and evolves in a range bounded by 0 and
1. At first we will ask ourselves what is the behaviour of our process in
the neighbourhood of 0 and 1, by considering the criterion given by Feller
cf|17, 18]. According to the values of m, p and s, our process will have
different behaviours in the neighbourhood of 1 and 0. We have already seen
that if m = 0 then 0 and 1 are absorbing states reached by the process in a
finite time almost surely.(The same hold if m is non-zero and if p is 0 or 1.)
Now if m and p are not trivial, 0 and 1 are no longer absorbing. In other
words, immigration prevents the invasion of the community by a species.
Moreover, for some values of m and p these two states are not accessible, i.e
the process can not reach them in a finite time.

Proposition 15. The state 1 (respectively 0) is accessible by the process X
if and only if m(1 — p) < 1 (respectively mp < 1) and regular otherwise.

The proof will be given in section 5.3. In the case of inaccessible or reflective
boundaries (which is our the case), the law of the process X; admit a density
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and converge in long time to an invariant measure. This measure has a
density, denoted 7. In addition 7 is a solution of the Fokker-Planck equation:

0 onr 0%
0=z 9 (m(p—y) +sy(1—y)) + agyy( Y)

The solution of this equation is:

(y) = e xy"™ o (1—y)"07P7 < exp(sy) (11)
The constant ¢ is chosen so that fol m(y)dy = 1.
The following Figures 5 and 6 show the influence of the parameters on the

expectation and the variance of Simpson’s equilibrium index.
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FIGURE 5. Expectation and variance of the Simpson index
at equilibrium against m for several values of s, p=0.5
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FIGURE 6. Here are plotted the variance and the expecta-
tion of the simpson index at equilibrium against s for several
values of m. p=0.5, size of linear approaching system is 100.
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FIGURE 7. Here are plotted the variance and the expecta-
tion of the Simpson index at equilibrium against p for several
values of s. m=2, size of linear approaching system is 100.

Let us now quantify the convergence to equilibrium. Recall at first that
the process X; has for generator .Z and for invariant measure w. Denote
P, f(z) = E[f(X¢)|f(0) = z] the associated semigroup. In fact, when s = 0,
the full spectrum is known, see for example Shimakura [35] which provides a
spectral gap value m. It will imply an exponential convergence to equilibrium
in L2.

Proposition 16. Let us suppose that s > 0. The following Poincaré in-
equality is valid, i.e. for every smooth function f

Vary(f) < min (es, 86(1M)8> / f2(z) x (1 — z)dr(x)

m

where M is a median of . As a consequence m; converge to T in L2 expo-
nentially:

-2 max(i ge(1=M)s

meem )Vanr(f).

Proof. Using usual Holley-Stroock’s perturbation argument we easily deduce,
that the Poincaré constant is at most e*/m. We will now use Hardy’s type
condition (see for example [1]) for Poincaré condition, that we recall now

Varz(Pif) <e

Lemma 17. Let m and v be two measures and M the median of m.

Let

B]'\Z = sup d7r/ —dt B,; = sup d7r/ —dt
x>M MV <M

If By, et BJT/I are bounded, then the following Poincaré znequalzty holds

Vary(f) < cP/f'Qdu.

In addition, the optimal constant cp verifies

1
3 max(B};, By;) < cp < 4max(Bj;, By;)
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We apply the lemma to m and v = (1 —x)7 using both sides of the estimates.
Denote my and 1 the case where s = 0 and the Poincaré constant is m. Then

n 1 x 1
B = sup/ d7r/ ——dt
M z>M Jx M Z/(t)

1

T _—st
st €
= sup e’tdm t/ dt
x>M/z of ) M Vo(t)

The same reasoning shows that B,;* < B]\_/[’O. U

Of course, one can do easily the same for s < 0 using a symmetric reasoning.
If the order is good with respect to the immigration parameter, as the case
s = 0 is optimal, it is an open question to look at the dependence with
respect to the selection parameter. We may also consider a convergence in
entropy, via the logarithmic Sobolev inequality without selection established
by Stannat [37] or Miclo [31] and the same line of proof using Holley-Stroock
perturbation argument or the Hardy type condition for logarithmic Sobolev
inequality (see again [1]). Note that the convergence in entropy entails a
convergence in total variation via Cszisar-Pinsker-Kullback inequality, but
the constant involved are less explicit so we omit the details.

This quantitative long time behaviour enables us to give an error while ap-
proximating the asymptotic Simpson index (being a smooth function of the
species). Asusual, an L? decay will enable us to consider long time behaviour
for initial measures whose density with respect to the invariant measure is
bounded, which in could prevent starting from a Dirac measure. However
due to regularization, and so waiting a time ¢y, enables (loosing on the con-
stants in the decay) to start from a Dirac measure. See for example [2].

4. GENERALIZATION TO A LARGER NUMBER OF SPECIES OR IN RANDOM
ENVIRONMENT

In this section we provide extensions of the two species case to 1) finite
number of species, 2) two species case in a particular random environment,
namely Wright-Fisher diffusion environment.

4.1. Expectation approximation for three species.

In fact we will give the main ideas for S = 2. Extension to a larger number
of species is only technically involved and requires no further arguments.
Denote X; and Y; the proportions of the two main species, sf and s their
selection parameters and pf and p{ their proportions in the pool. The immi-
gration parameter will still be denoted m;. The method presented for S =1
in the previous section can be generalized to a larger number of species. It
will have of course some limitations: greater the number of species is, larger
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will be the size of the approaching linear system. In fact, the derivative of
the expectation of order n involves only the expectation of lower and higher
order in the case of two species. Now with 3 species we also need to know
the expectation of the form E[X]'Y}*] for k,n in N. We will thus need a
system of size N2. We present here the extension of our approximation for
3 species.

<dXt> _ (mt(pf — X¢) + Xi(sF — Xyst — VisY)

dt X, Y)dB; (12
dYy mt(pg—n)ﬁ-)@(si’—thf_Y'tsi/)) +o(Xe, Y3)dBy (12)

where o verifies 0.0*(z,y) = a(x,y) with

a(,1) :2(:::(19:) —xy >

—zy  y(l—y)

We have to calculate d(X]'Y}*) with Ito’s formula :

A(X]YF) =(me(p} — Xo) + Xe(six — Xysf = Yas]))n X~ 1V)
+ (me(pf = Ya) + Ya(s] — Xst — Vis)) )XY
T n(n — 1)(1 = X)XP Y 4 k(k— 1)(1 - Y xPvr!
— kXY + dt,
=XV (mpf +n—1)
+ XY e (myp? 4+ k- 1)
+ Xt"Y;k( —my(n+k) —2kn — k(k — 1) —n(n — 1) + nsf + ks)
XS (n + k)
— XPY sl (n + k)
+ d. (13)

here ., is a martingale. Then dE[X]'Y}¥] is expressed in terms of 4 other
quantities which complicates the one dimensional calculations. Moreover we
must define what are the neglected expectations on which we will make an
approximation, that is how to close the system. We can decide we make an
approximation to the order N then that we neglect all the terms of higher
order in the expression of dE[X]'Y}*] where max(n,k) = N.

Suppose we want to get the expectation up to order N we need exactly
> ]kvzl 2k +1 quantities. And so the size of the approaching differential linear
system will be of order (N + 1)2.

The following figure represents the complexity of the problem, for example
dE[X.Y}] is expressed as a function of the expectations of the quantities to



26 A. GUILLIN, F. JABOT, AND A. PERSONNE

which the blue arrows point.

X —XY— Y

v
X XY  X*? YiX v?

Algorithmically it is not very difficult to build the matrix approaching the
expectations of the diffusion. We must begin by giving a vector composed of
the different expectation of size (N + 1)2. For that, let us define an applica-
tion that transforms the expectation of order (n, k) that is to say E[ XY}
into an integer which corresponds to its coordinate in the expectation vec-
tor. Next we build the matrix A2 as in the case of two species from the
coefficients calculated in 13. We consider as error each expectation (n,k)
with maz(n,k) > N in the It6 formula. So that the error is composed of
2N + 1 terms. And the approximation boils down to solving numerically
a linear system. As an example consider the case N = 1, we therefore
involve four expectations which are E[X"Y*],k,n € {0,1}. The order im-
posed by ¢ is therefore (1, E[X],E[Y],E[XY]). Three terms compose the
error: E[s¥X?],E[s{Y?], 2E[(sF + s{)XY?2]. We can also, as in the case of
two species, prove the convergence of this algorithm by following exactly the
same pattern as in the one species case. The renormalizing coefficients of

the expectation (n, k) then become % It can similarly be shown

N2 max(s?,s))V

that the error is at most of the order of =)

The extension to a larger number is straightforward and will entail an error of

S+2) N
the order %, and it will still be reasonable but requires computations
of a system of size N° which may be prohibitive for large S.

Numerical applications. We can easily program such an algorithm and check
that the results obtained are in agreement with quantities obtained by Monte
Carlo method. See following figures:

Basic example

We consider here a case with no immigration and constant selection param-
eter. The number of simulated trajectories for MC mean is 1000, J = 1000,
m =0, Xog = 0.5, Yy = 0.3, s, = 2, s, = 1, the size of the approaching linear
system is 144. Figure 8 plots approximate values of E[.#;] and E[X;] by the
precedent method from the approximation in large population and by MC
method from the discrete model.

Time dependent parameter case

In this second example, we consider once again a case without immigration
and time dependent selection parameter. The number of simulated trajecto-
ries for MC mean is 1000, J = 1000, m = 0, Xo = 0.5, Yy = 0.3, s,y = 2, 5, is
piecewise constant taking two values 4 and —4 at regular time intervals, the
size of the approaching linear system is 144. Figure 9 plot the approximate
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FIGURE 8. On the left hand side expectation of the Simpson
index and Monte Carlo mean, and on the right hand side
expectations of each species and their Monte Carlo means
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FIGURE 9. Left hand side Simpson index, right hand with
the expectations of the three species.

values of F[.%;] and E|[X;] by the precedent method from the approximation
in large population and by MC method from the discrete model.

4.2. When the selection is a diffusion. In the third Section we gave
a method to get the moments of X;, and thus E(;) for a time depen-
dent immigration/selection parameter. If these parameters are random but
autonomous, it gives a way to approximate the expectation of the Simpson
index by doing a Monte Carlo mean with respect to the environment, passing
from quenched to annealed. It would be however more interesting to eval-
uate directly the expectation of the Simpson index without further Monte
Carlo simulations. It seems quite impossible to give a general algorithm for
every environment but we will give in this section an efficient approxima-
tion method in a particular case. We consider for the selection parameter s;
a rescaled Wright-Fisher diffusion, whose leading Brownian motion is inde-
pendent of the one leading the SDE for the species evolution. This choice
assures us that s; is a diffusion evolving in a bounded set and the choice
of the different parameters leads to a wide choice of a Moran process with
immigration.
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4.2.1. The expectation approximation.

Let us just give first the diffusion approximation result for this particular
case, whose proof is even simpler as it relies on usual approximation diffusion
for Markov chains.

Theorem 18. Assume that (v )n,en is a Moran process without selection
with size J and the parameters m?® et p°. Let ¢ and b two constants such as
s% = cv# —b Vn €N, and assume that X, follow a Moran process with size
J and parameters (my,)nen, (Pn)nen et (87 )nen describe in the first part. Let
U be the process having for coordinates X; et s;.

Then when J goes to infinity, the process Ut{ﬂ converge in law to the pro-
cess Uy which coordinates are solutions of the following stochastic differential

equation:

()= (s (R

where sy = % = cvy — b, my = Tt m® = m7§

To approach the expectation of X; we use the method describe previously
for three species, here v play the same role as a third species. However the
dynamics is not exactly the same, the [t6 formula gives us:

(X7l =X ofn(mips +n — 1)
+ XMF e (mlEps + k- 1)
+ X7 of (= (m} + b)n — kmi® — k(k — 1) —n(n — 1))
+ X ofnb
+ Xkt len
— X Hph e (15)
+dt, (16)

with .#; a martingale. Then as previously we close our system, for a given
N, and to do so to neglect all the terms of higher order in the expression of
dE[X]'vF] where max(n, k) = N. And now the algorithm is able to calculate
all the expectations of the form E[X]v] and so obtain the expectation of
the Simpson index. The proof follows the same pattern. The renormalizing
coefficients of the expectation (n, k) in the proof allow to control the eigen-
values of the matrix thanks to the Gershgorin disks as before. Many choices
are possible and we take here the coeflicient 1| -. This choice leads to a
NQM
YNy

convergence speed at most of the order of

4.2.2. Comparison with the neutral model.
In this part we compare the case where s is "neutral on average", to the
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E[X] and E[v] approximation

05 = —— —_ -
04 — EX]
— EWV]

/ X MC mean

g / ean

0 2500 5000 7500 10000 12500 15000 17500 20000
time

FIGURE 10. Are plotted the approximate values of E[v] and
E[X¢] by the precedent method from the approximation in
large population and by MC method from the discrete model.
The number of simulated trajectories for MC mean is 5000,
J =1000, Xg =0.2, v =0.7, m* =4, m =2, p=p° =0.5,
¢ =3, b = 0.5 the size of the approaching linear system is 144

neutral case with s = 0. Thanks to the previous method one can for ex-
ample calculate the average Simpson index in the case where the selection
expectation is 0. For it let’s take p* = 1/2, vg = 1/2 (this enforces ¢ = —2b).
The following figures show the results:

Compare with neutral dynamic Compare with neutral dynamic

E[St] Var[st]
0.66 E[St] neutral Var{St] neutral
0.64 0.45 ﬁ

0.62

Simpson index
Simpson index

0.56

5000 10000 15000 20000 o 5000 10000 15000 20000
time time

FIGURE 11. Comparison with neutral case. Approximate
values of E[.#] and E[X{] by the precedent method from the
approximation in large population Xg = 0.5, m®* =1, m = 2,
p = 0.5, ¢ = 3, size of the approaching linear system is 144

We thus see that a selection even if neutral in mean, involves deeper mech-
anism which lead to a different behaviour than the neutral one. Of course
the Simpson index involves not only the expectation of one species but also
the moment of order two.

4.3. Effect of selection on increase of biodiversity.
We have already seen in the case of two species that selection alone could
contribute to the decrease of the average Simpson index in the absence of
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F1GURE 12. Comparison with the neutral case. Approximate
values of E[.#}] and E[X] by the precedent method from the
approximation in large population Xy = 0.1, m* = 0.5, m =
2, p = 0.5, ¢ = 5, size of the approaching linear system is 144.

20000

immigration. There was however a threshold for s under which such a phe-
nomenon could not occur. We sort of generalize it here to any number of

species.

Proposition 19. Note as previously S + 1 the number of species in the
community with s; the selection parameter for species i. Then if all ||si||oo
are less than % the Simpson index is increasing in the absence of immigration.
In other words, the selection can not be the source of the diversity decreasing.

Proof. Assume all the si,Vt are between o and —a . First write:

S
1- =2 X/1-X})-) XiX]
i=1 i
=Y X -X)+) X[(1-> X))
=1 =1 =1
S+1

=) Xi(1-X))
i=1
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Then,

S
dE[#) =2E[1 — %] — 2E[) _ siX] (S — X})]dt

=1
=2E[1 — % — Y siX{(A —1) =D siX{(1 - X{)]dt
i=1 =1
>2E[1— % — Y siX{(S—1)—a Y X{(1—X])dt
=1 =1

S S
SE[(1 - A)(1+ Y siX) —a Y Xi(1 - Xj)dt
=1 =1

S S S
SE[(1-A)(1—a+ ) siX)+ad Xj(1-Y X})dt

i=1 =1 =1

S
>2E[(1— S —a+ Y siX])dt
=1
S
>2E[(1 - 7)(1—a(1+ ) X{))ldt
=1

and so if Vi, a < % , dE[.#] = 0 and E[.%] is increasing.
O

Remark that this bound is certainly not optimal, as the two species case
indicates but true for each S.

4.4. Long time behaviour.

We will once again assume in this part s, m,p are constants. If m = 0 then
a species will still invade the community definitively. On the other hand, if
m # 0, the law of the vector of abundance, converges in a long time to a
unique invariant measure. Consider the generator of the diffusion (14) which
is the generator of the Wright-Fisher diffusion with selection and mutation:

S 92 S o s
Lfx) =) xl(5i7j—f€”)m+z (m(p’ —zt) 4+ 2 (gl - Zw’s’)) agif)
W= =1 i=1

A reversible and stationary measure for the diffusion (14) is given by (see
for example [13, 40, 24]:

S+1
ms(dr) = C x exp Z staled | x (:Ul)mpl_1 X ... X (ms+1)mps+l_1dx1...d:ns

3,j=1
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S S
Where 29t =1 — 3 2% and p ! =1 — 3 p?, 89t = 0. C is a constant

i=1 i=1
just like [7g(dx) = 1.
Of course, when s and m are time dependent, periodic for example, an
invariant measure will not exist. The next figure presents the approximate
values of E[.] and E[X}] for i in {1,2,3} by the precedent method from
the approximation in large population and by Monte Carlo method from
thr discret model. The number of simulated trajectories for Monte Carlo
mean is 5000, J = 500, m is a time dependant piecewise process, it takes
alternatively the values of 3 and 0 at regular time intervals. Xy = 0.5,
pr = 0.33, Y5 = 0.3, py = 0.33, s, et s, are Markovian jump processes, the
size of the approaching linear system is 144.

Approximation for Simpson index average EIX] and E[Y] approximation
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Concerning the long time behaviour, we may once again refer to [35] for
the spectral gap which is S+ T si/m by Holley-Stroock’s perturbation
argument. Unfortunately, it is not possible to refine this argument as there
is no Hardy’s type inequalities in this case. Once again it is also possible
to derive a logarithmic Sobolev inequality, and thus convergence in entropy
(and total variation) but constants are less explicit.

5. PROOFS
In this section we gather the proofs, technical or more or less well known.

5.1. Proof of the diffusion approximation, Theorem 3.

In the following proof we’ll get back to a martingale problems. All the results
used in this section can be funded in [41] p267-272.

For the sake of clarity, assume that m = 0, and that S = 1.

The multidimensional case is treated exactly the same way.

We can put h = % and U means here (z,s) where z € E, and s € Ej.

Let a(U) =z(1—=z), b(U) = sz(l—=) and L, f(U) = b(U) x %(U)-{—G(U) X
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%(U) the generator of the SDFE (14) and L,f(U) = ) Qsyf(z,y) the
v yeFE;

generator of a Markovian jump process applied to a function depending of
the population variable.
Let’s start with the following lemma

Lemma 20. ([41] p268)
Let f be a C* function, note Ayf(U) = [ f(y) — f(u)dn;(U,dy) then
J?Ajf converge uniformly to Ly f + L f

Proof.
A f(U / fly w)dmy (U, dy) = / f(z,w) — f(z,s)dr;(U = (x,s),dy)
= [ 1ew) ~ o, s)dmi(U.dy)
E
= [ 1) = Fow)+ ) = fo. )y U.d)
:/ f(sz) - f(wi)dﬂ'J(U7 dy) +/ f(a?vw) - f(mvs)dﬂ'J([L dy)
E
:/Ef(z,w) — f(z,w)dr;(U,dy) + Z flz,w) — f(x s)P}(x,y,h)-

’wEEs

Via Taylor’s formula, we obtain
/ f(zow) = f(z,w)dr (U, dy) = E[f(Xitn, st+n) — f(@, 5040)|U = (2, 5)]

2
= B Xean — 2lU) + 2L () )E[(Xern — 2)2|U

Ox 2022
O*f 3
b+ T 0 X — alUBlseen — 51U + O(El|Ursn — Ui |UA]).

we give the limits of the previous quantities,

o hrr%) sup ||+ E[X/ e — 2|U/]|| = b(z, s) by the second propriety (2),

o hr% sup || +E[(X I —2)?|U/]|| = a(x, s) by the second propriety (2),

o hn})supH E[X/ ), — =|U/]E[s], ), — s|U/]|| = 0 because
Bls)\n —slUdl = | D (w—s)Pj(si,w,h)]
wEEs
g - PZ ) 7h ’
gmax [z —y| > Pjlsiw.h)
weEs /st

o hnr(l)supE[H U/, —U|’|U{] = 0 because [, sup |y;—u;[*m; (U, dy) — 0
i<S

and by the previous point.
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Then, going to the limit in the previous expression,
. 1
lim sup [A;f(U)+ — Lo f(U) — Ls f(U)
h—0 g h
1
<timsup|y [ ) = flaw)dns(U.dy) - L (O)
h—0 E h E

+ %ig%)s%pliw; (f (@, w) = f(z,5)) Pj(x,y,h) — Lo f(U)]
=0

And this expression conclude the proof.

Now let f be €°°, then

[1tJ2)—1
Eu[f (U = F(U)+Bu | > ElfUgsnyn) — FUBR)IUR]
k=1

[t2|-1

=fU)+Eu | Y Asf(Ukn)

k=1

:\tJ2|—1
= (U E —A;f(U,
f(U) +Ey ; : 7f(Ukn)

and so
[tJ2|—1 b
Eulf(Us) = F(U) = > EAJf(Ukh)] =0
k=1
[tJ2|-1
ie f(U) - fU) - %A]f(Ukh) is a martingale for 7.
k=1

Moreover, note the sum is a Riemann sum and the previous lemma ensures
when J tends to infinity the convergence of

tJ2|—1
[tT=] h

fWU) = 1) = > 3 A1 (Urn)
k=1

towards
t
f(Ut>—f(U)—/0 Ly f(Us) + Ls f(Us)ds.

We need now to find a probability measure on the Borel sets of the canonical
space € ([0, 1], R) verifying the martingale problem for L, + Ls. Let us show
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now that 7/ admits an adherent value in the space of probability measure
on the Borel of €([0,1], R) with the norm

J
7)) = sup LS4

fe | floo
(which is a norm since the 77/ are supported in [0, 1]).
Let note 7/ f = fE fdr”.
Let (fn)n be a dense sequence in the space of continuous functions then
(77 f,) 7 is a sequence of R having an adherence value in R because it is
uniformly bounded by |fn|oo. Then by diagonal extraction, eventually for
a subsequence, 7/ f,, converges to a certain ¢ fn in R for all n. And by the
uniformly continuous extension theorem, we define ¢ for all f of 4. And
since ¢y is a linear form, the Riesz-Markov theorem ensures the existence of
a unique measure p such that [ fdp = ¢y. Since this is true for all f € €,
by considering the constant function equal to 1, we find u(2) =1 and p is a
probability. The convergence of |7/ — || to 0 is then immediate in view of
the chosen norm.
Thus our sequence 77 admits an accumulation point. So, there is at least
one m and one X process that satisfy the martingale problem associated with
L, + Ls.
And so  verifies [ f(U;) — fo L.f(Us) + Lsf (Ug)dsdn(U,U;) =
So it exist at least a solution to the martmgale problem for L, + L

If the uniqueness of this martingale problem is verified then the process
converges in law to the diffusion process (our X;) defined by a, b and thus
and s the jump process of generator @, since they are both solutions of the
same problem of martingale. The proof of uniqueness is quite standard,
following Ethier [12] when s, m, p constant. A straightforward modification
allows to obtain the result for s, m, p random.

5.2. Proof of Proposition 12.

Let g be the solution of the differential equation (8). Let us first verify that g
is well defined on [0, 1]. It must be ensured that the solutions do not diverge
in 0 and 1, in which case the second member of the equation is not defined.
For that we can write the solution of this equation. So

T e u €St

where C, Kare constant. As e”*" is bounded on[0, 1], there are two positive
constants B and D such that

lim |g(z hm/ / —dtdu + B <
z—0 = 250
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as In is integrable on a neighbourhood of 0. Thus g is well defined on [0,1]
and bounded (because continue).

So we have g(Xiat, ) = 9(Xo) + ft/\Tlo "(XuN2X,(1 — X,)dB, —t AT p.
But the process fOATl O g (XuN2Xu(1 — X, )dBy is a stopped martingale
because t AT} o is a stopping time and ¢'(X, \/2X.,(1 — X,,) is adapted to the
considered filtration. We deduce that Ex,[g(Xiary ,)] = 9(Xo) —Ex, [t AT1,0]
and the first property, i.e Ex, [t AT ] < 2 ?&15(9) < o0, and thus the second

point is shown.Now if ¢ — oo, Ex,[g(X¢a1; )] — 0 because g(0) = g(1) =0
and we find again g(Xo) = Ex,[T1,0]-

To prove the third point, consider f(x) = e=%* — 1. Then f is solution of
f"(x) + sf'(x) = 0 and f(0) = 0. By Itd’s formula, we obtain d(f(X;) =
f(Xo) +dMt. As Ty and Tp are stopping times 77 A Ty = 11 is also a
stopping time. Sof(Xr,,) = f(Xo) + dM{ ot dM] is still a martingale. By
taking expectation we have Ex,[f(X1,,)] = f(Xo) = f(1)P(T1 < Tp) and

we deduce P(T} < Tp) = e 201

e s5—1 °

5.3. Proof of Proposition 15.
Let us consider the speed measure and the scale function as in Feller [18].

m(y) = 2y(11_y)633p(/ay 5+ Zb((lp__:f))dw) (speed measure)

—cxy™ 1 x (1—y)™0 P xexp(sy), ceR

u(t):/ exp(— / f )dx)dy (scale function)

=c / Y % (1 —y) ")« exp(—sy)dy, ¢ €R.

Then 1 is reachable if and only if (1) < co and fél (1) — p(y)m(y)dy < oo.
It is easily seen that pu(1) < oo if and only if m(1 — ) <L

Next, fél(u(l) — p(y)m(y))dy < oo if and only if (1) — [ u(y) is inte-
grable on a neighborhood of 1. But

1
(1) — p(y)m(y) < / aMP(1 — ) TmAPlymel(q gym(mp) L gsy—se g
Yy

1
< [ a=a P =gy
Y

<ax —,
Y
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for some constant a. This quantity is well defined and integrable on a neigh-
borhood of 1. So 1 is reachable if and only if m(1 —p) < 1.

Now if m(1—p) < 1, 1 is not reachable, it is regular (reflective barriers) if and
only if m(y) is integrable. It is indeed the case here, —21 < m(1—p)—1 < 0.
Of course the same holds for 0.
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