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Abstract

)

In this article we study a class of time self-interacting “Markov” chain mod-
els. We propose a novel theoretical basis based on measure valued processes and
semigroup technics to analyze their asymptotic behavior as the time parameter
tends to infinity. We exhibit different types of decays to equilibrium depending
on the level of interaction. We illustrate these results in a variety of examples
including Gaussian or Poisson self-interacting models. We analyze the long time
behavior of a new class of evolutionary self-interacting chain models. These ge-
netic type algorithms can also be regarded as reinforced stochastic explorations
of an environment with obstacles related to a potential function.

1 Introduction

A (time) self-interacting Markov chain model (abbreviate SIMC) is a collec-
tion of random variables with a countable time index. In contrast to traditional
Markov chains their evolution in time may depend on the occupation measure
of the past values.

This form of interaction can be interpretated in various ways. In biology this
structure is used to model some population dynamical structures [3, 12, 14, 21]
as well as polymers and tree evolutions [13, 18]. This interaction structure can
also express the reinforcement degree of edges or vertices in a graph visited by
a random walk [15]. The question of recurrence and transience of the latter
has been initiated in [3, 15]. During the last two decades this subject has been
investigated in various articles [1, 10, 16, 17, 19, 22]. This is still an active
research area, to our knowledge we don’t know for instance if the reinforced
random walk on the integer lattice Z? is recurrent or not.

The SIMC models presented in this article can also be related to the continuous
time self-interacting diffusions analyzed in [2]. In this work the authors discuss
a gradient type diffusion on a compact Riemannian manifold with linear self-
interactions. They connect the shape properties of the drift function with the
nature of the long time behavior of the occupation measure of the diffusion. The
strategy consists in proving that the set of all possible limiting measures is the
attractor free set of a deterministic dynamical semi-flow in the set of bounded
measures on the manifold.
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Although our investigations have been partly influenced by the latter refer-
enced papers this article is not concerned with the same class of self-interacting
processes and it doesn’t discuss the same stability questions. To our knowledge
the questions of the rates of convergence and their precise connections with the
strength of interaction has not be covered in the literature on self-interacting
processes. The approach we have taken here rather comes from a different
background. In previous works [4, 5, 6] we proposed an interacting particle
technique for solving an abstract class of measure valued processes associated
to a given abstract mapping ® on distribution space. Under appropriate regu-
larity conditions we proved that the empirical measures of the particle systems
converge as the size and time parameters tend to infinity to the fixed point
of ® (whenever it exists). In the context of Feynman-Kac type distribution
evolutions these limiting distributions can be used to analyze the limiting be-
havior of a killed particle evolving in an environment with obstacles related to
a potential function. In this situation the numerical solving of these limiting
distributions allows to compute the Lyapunov exponent of a class of Feynman-
Kac-Schrédinger semigroup [8].

In this article we propose an alternative interpretation of these limiting distri-
butions. We associate to an abstract mapping ® a class of SIMC models and
we propose a set of regularity conditions underwhich the resulting occupation
measures converge as the time tends to infinity to the desired equilibrium dis-
tribution. We analyze in this framework the evolutionary SIMC versions of the
genetic type particle models studied in [5, 6, 8, 9]. We also discuss other types
of interactions including the SIMC versions of Gaussian and Poisson mean field
particle interactions. Together with the modeling of these SIMC we provide a
precise analysis of the asymptotic behavior of their occupation measures. We
exhibit different types of decays to equilibrium in terms of the level of interac-
tion in the models. We will also discuss the long time behavior of a model of
e-interacting random variables for which these different decays are sharp. Unless
we make some supplementary hypothesis on the regularity of ® this example
indicates that the estimates we obtained cannot be improved.

To our knowledge the abstract class of SIMC models presented in this arti-
cle has not been covered in the literature. The precise connections between the
interaction structure and the decays to equilibrium also seems to be the first
result of this kind. The evolutionary and genetic type SIMC models presented
in this article can also be regarded as novel reinforced stochastic exploration
model of an environment with obstacles related to a potential function.

The self-interacting versions of the Moran type particle models in continuous
time presented in [7, 8] will lead to a new class of models with self-interacting
jumps. The analysis of these self-interacting evolutionary processes is under
study and it will hopefully be discussed in a forthcoming article.

1.1 Description of the models and main results

Let X be a stochastic process with discrete time index n € N and taking values
in some measurable space (E,E). We suppose it is defined on some probability
space (2, F,[P) with a nondecreasing family of o-field F,,, n > 0. The adapted
process X is called an SIMC when the state X, at time n depends on the



occupation measure of the previous states Xg,..., X, _1. For instance suppose
we are given a mapping ¢ from the set of probability measures P(E) on E into
itself. We can associate to the latter the SIMC model defined by the transitions

n—1
1
P(Xy € de | Fu) =@ |~ O: ox, | (dx) (1)
p:

(to get rid of measurability problems, we will always implicitly assume that
¢ : P(F) — P(F) is measurable, where P(FE) is endowed with the o-algebra
generated by the evaluation mappings P(E) > m — m][f], for f bounded and
measurable).

To illustrate this abstract class of SIMC model we already present an example
which was at the origin of our investigations. Let g be a positive and measurable
function and let K be a Markov transition on E. We associate to the pair (g, K)
a non-linear mapping ® on P(E) defined for any m € P(E) and for any bounded
measurable test function f on E as follows

(g (Kf))

e(m)(f) = =0 (2)

with the traditional notations
Kf@) = [ Kady) f0) and mif)= [ fa) miao

In this situation transition (1) reads

o lnzla (dz) = ni& K(X,,dz) (3)
= S TimeX,)

The resulting SIMC model can be regarded as a genetic type algorithm. More
precisely we readily see from (3) that the particle X, first selects a site X,
0 < p < n, with a probability proportional to its fitness g(X,), 0 < p < n.
Then it performs an elementary move according to the transition K.

This type of genetic self-interactions arise in many human endeavors. For in-
stance in visiting a city E some sites are more attractive than others. The
fitness or potential function g models the attraction level of the city’s areas.
The Markov transition K models the way the person explores randomly each
place. In exploring the city with the above two step selection/mutation mech-
anism the person also tends to be attracted by familiar places which have been
visited several times. This genetic SIMC model is close to the reinforced ran-
dom walk model proposed in [3] but the non-linear structure of interaction of
these models differ. In particular and to our knowledge none of the reinforced
random walk models presented in the literature are related to a (non-constant)
potential or fitness function but only keep track of the number of time an edge
or a vertex has been visited.

The long time behavior of traditional reinforced random walks is also gener-
ally studied on finite graphs or on the integer lattice using urn’s processes and
random environment techniques or Robbins-Monro’s type approximation anal-
ysis. As mentioned in the introduction we will not discuss the same stability



questions and our strategy is rather based on measure valued processes and
semigroup techniques. We also make no restrictions on the state space and we
illustrate most of our results on a class of genetic type SIMC models. Other
examples including the SIMC versions of Gaussian and Poisson mean field in-
teractions will also be considered.

It is transparent from (1) that the sequence of occupation measures

1 n
Sy = J
" n+1p;0xp

forms a time inhomogeneous Markov process in distribution space. More pre-
cisely for any bounded measurable function G on P(E) we have

E(G((n+1)S0) | Sn_1) = /E G(n Spr + 0y) D(Su_1)(de)

When the mapping @ is regular enough it is natural to expect that S,, F-weakly
converges as the time parameter n tends to infinity to the fixed point p = ®(u)
(whenever it exists) of the mapping ®.

A set F of E-measurable functions will be called a test functions collection
if for all f € F, ||flloc < 1 and if dx is a complete metric on P(E), where by
definition

V p1,p2, € P(E), dr(p1,p2) = sup|pi(f) —p2(f)l
feF

The first example of a test functions collection one think about is the largest
possible choice

F = {f & —measurable : ||f|l <1}

Then the distance dx is complete, since it is given by twice the total variation
norm.
One also recover the latter by considering

F o= {(/Iflle: f€C(B)\{0}}

where Cy(FE) is the set of bounded continuous functions, if £ is a Polish topo-
logical space (endowed with its Borelian o-field £). But in this context, one can
also end up with a distance dr metrizing the weak convergence, by considering
for instance

F = {fn/(MannHoo) tne N}

where (fp)nen is weak convergence determining sequence of Cy(E) (recall that
this means that a sequence of probability measures (my)pen is weakly conver-
gent if and only if for all n € N, (my,(f5))pen is Cauchy in R) and where (M, )nen
is a sequence of positive real numbers diverging to infinity.

We will use the following regularity condition.

(H®) There exists a test functions collection F such that for any (f,p) €
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F x P(E) we can associate a subset H(f, ) C F and a collection of numbers
bru(h) €10,1), h € H(f,n), satisfying the following inequality

D()(f) = 2@NI< D brulh) |u(h) —v(h)]

heH(f,u)

for any v € P(E) with Br(®) = sup{Xpepsp brulh); fE€F, neP(E)} €
[0,1).

If we denote by B(K) the contraction coefficient of the total variation distance
of distributions induced by the integral Markov operator K then we will check
that the genetic type self interacting chain (3) satisfies this condition with the
class of functions f, || f|lcc < 1, with oscillations osc(f) < 1 and

Br(®) = ——(osc(g) + [lglleo) BUE) < 1 (4)

min

as soon as gmin = infg g > 0 and

gle) 1 (1
) <3 (5(K) H)

The case g = 1 correspond to linear interaction mappings ®(m) = mK. In this
situation the contraction parameter Sz(®) = S(K) coincide with the contrac-
tion coefficient of K. In this special case the chain is not attracted by sites
with high g-fitness but it has simply more chance to visit sites which have been
visited several times. Our first main result can be stated as follows.

Theorem 1.1 Suppose the mapping ® satisfies condition (H®) for some set
of functions F. Then there exists a unique fized point p = ®(u) € P(E) and
the occupation measure Sy, F-weakly converges to p in probability.. In addition
for any f € F we have three different types of Lo-mean error decays:

Br(®) > 1/2 = n2 ) E((S,(f) - p(f))?) < e
Br(®) <1/2 = (1-28£(®)) n E((Su(f) — u(f)*) <c
Br(@)=1/2 = n/log(n) E((Su(f) — n(f))?) < c

for some finite constant ¢ < oo which doesn’t depend on the function f nor on
the time parameter.

When the Markov transition K is given by

K(x,dy) = € 6,(dy) + (1 —¢) p(dy)

for some € € (0, 1] and some measure p € P(E) the SIMC model produces with
probability (1 — €) independent and identically distributed random variables
with distribution p and with a probability € it tends to repeat the previous sites
with a probability proportional to the number of times they have been visited.
For this particular model with linear interactions most of the calculations can be
done explicitly. For instance we have that 8z(®) = §(K) = €. In section 2.1.1
we propose a detailed analysis of this sequence of e-interacting variables. We
will show that in this situation the above three different behaviors are sharp.



So at least under the assumptions of theorem 1.1, the SIMC algorithm fulfills
the goal for which it was introduced, namely to find the invariant probability
w for ®. But in some cases, we can consider another type of SIMC to reach
this objective. This will also enable us to come a little closer to usual simple
reinforced walk, where the next step of the chain also depends specifically on
its previous state.

We now suppose the mapping ® can be written in the following form

®(m) =mK,, (5)

for some collection of Markov transitions K, indexed by m € P(FE) (more
precisely, a natural measurability property of K, in m will always be implicitly
assumed). In this situation an alternative model is defined by replacing (1) by
the elementary transitions

]P)(Xn € dx ’ Fn—l) K Zn 15 (Xn_l,dx) (6)

The study of this class of SIMC models is a little more involved than the previous
one. Note that in this situation the pair (X, S,) forms a Markov chain. For
any bounded measurable functions G on the product space (E x P(E)) we have

E(G(Xo, (0 + 1)) | (X1, Sn1) :/E Gla.n Sur+ 6) Ks, (X1, dz)

To illustrate this new class of SIMC models let us present a couple of examples
connected to the genetic search algorithm (2).

When the potential function g is strictly greater than 1 we can rewrite the
genetic mapping ® defined in (2) in the form (5). As noticed in [6] the choice
of K, is not unique. We can choose for instance

Kn(e.d2) = [ Lu(a,dy) K(y.d2) (™
E
where Ly, (z,dy) denotes the Markov transition defined by

m(z,dy) = 1/m(g) d:(dy) + (1 — 1/m(g)) ¥'(m)(dy)
with
U'(m)(f) =m(f ¢)/m(¢) and ¢ =g-1
To have an intuitive feel of the corresponding SIMC model we notice that the
former transition is again decomposed in a two step selection/mutation evolu-
tion. The mutation mechanism of the two models coincide but in the former

selection the particle X, ;1 has a probability 1/5,,(g) for staying in the same
place and a probability 1 — 1/5,,(g) for selecting randomly a site X, p < n,

with distribution
5X
Z Zp Og ,

Using the same notations as above suppose now the Markov transitions K, are
defined as follows

Kn(z,dy) = a K(z,dy) + b¥(m)(dy) with ¥(m)(f)=m(fg)/m(g) (8)

for some a,b € (0,1) such that a+b = 1. Here the particle X,, decides randomly
to perform a selection or a mutation transition. With a probability a it evolves
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according to the mutation transition K and with a probability b it selects a site
Xp, 0 < p < n, according to the discrete distribution

n—1 n—1
1 Q(Xp)
\Ij(_ E :5Xp): E :nfi(sxp
n p=0 p=0 Zq:ol g(Xq)

Here again, when the transitions K,, are sufficiently regular, it is natural to
expect that the occupation measures S, again converge to the fixed point

p=2(n) = pK,.

The asymptotic behavior of the SIMC model (6) will be studied with the
stronger hypothesis:

(HK) For each m € P(E) there exists a unique invariant measure w(m) =
m(m)K,, € P(E). There also exists a test functions collection F such that for
any (f,p) € (F xP(E)) we can associate a subset H(f, ) C F and a collection
of numbers by, (h) € [0,1), h € H(f, ), satisfying the following inequality

7@ () =7 < Y0 bruh) lulh) —v(h) (9)

heH(f,n)

for any v € P(E) with Br(m) = sup{> pep(su) bru(h) s f € F}e(0,1). In
addition, for each pair of measures (m1,ma) € P(E) x P(E) and any pair of
functions (f1, f2) € F x F with w(m1)(f1) = 0 = m(m2)(f2) we have

1, (f)= I, (Fo)lloo < () [Ifi=falloo + ma—mallw ], with ) e(n) < oo

n>1

(10)

Theorem 1.2 Suppose condition (HK) is met for some set of functions F.
Then for each f € F and p > 1 we have that

sup Vi B(S,(f) = ST(HP)P < o0 with ST = — Zn: 7(Sq)

n>1 n+1

q=0

In addition the mapping ™ has a unique fized point p and for any f € F we
have three different types of Lo-mean error decays:

Br(m) >3/4 = n*0FO) RB((ST(f) — pu(f)?) < e
Br(r) <3/4 = VnE(S;(f)—u(f)?) <c
Br(r)=3/4 = +/n/flog(n) E((SE(f) — n(f)?) <c

for some finite constant ¢ < oo which doesn’t depend on the function f nor on
the time parameter.

We readily observe that
Ky (z,dy) = ®(m)(dy) = w(m)=&(m) and ((HK) < (H®))

In such a situation we also have that Sr(7) = B£(®) and theorem 1.1 gives
when Gr(®) < 3/4 better rates of decays to equilibrium than theorem 1.2. We
believe that the latter can be improved and we conjecture that the rates pre-
sented in theorem 1.1 also hold for the SIMC model (6).
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An apparent difficulty with the SIMC model (6) is that the state of the chain
X, at time n not only depends on the occupation measure .S, _; but also on the
previous visited site X, _1. To deal with this difficulty we have added an aux-
iliary regularity condition on the composite mappings K. This new condition
is more difficult to check in practice. In the further development of section 3.2
we illustrate the regularity condition (HK') with several examples with a re-
spective constant, linear and non-linear mapping 7 : P(E) — P(E).

We already mention that the two evolutionary SIMC models (7) and (8) sat-
isfy condition (HK') with the class of functions f, ||f|ls~ < 1, with oscillations
osc(f) < 1. For instance in the second case we have

_ose(g) +llglle b
9min 1- 5(K)a

with the resolvent kernel K, = b3 -,a"K". Note that 3z(m) < 1 as soon as
the pair (g, K) is chosen such that g, > 0 and
g(x)

s;g)@<1+2—b (1-pB(K))

w(m) =V¥(m)K, and [r(r) (11)

1.2 Some terminology and preliminary results

We let (E,E) be a general measurable space and we denote by P(E) the set of
all probability measures on (E, ) with the total variation norm

[m1 — ma||w := sup [m1(A) — ma(A)]
A€

We recall that a Markov transition K (x,dz) on E generates two integral oper-
ations from the left and from the right. The first one acting on the set B,(E) of
bounded £-measurable functions f : £ — R and the second one on probability
measures m € P(E)

Kf@) = [ K s)  mKA) = [ mido) K@.4)
We also define inductively the step Markov transitions K" (z, dy)
K. A) = [ K(.dg) K404

for each (x,A) € Ex & and n > 0. For n = 0 we use the convention
K°x,dy) = 6,(dy).

Given a function f € By(E) we denote || f|loo and fumin respectively the supre-
mum norm and the infimum

I£lle = sup[£()]  and fun = inf f(a)

Next we list some class of functions that will be of use in the article. We denote
Oscy(FE) the convex set of E-measurable functions f with oscillations less than
one, that is

osc(f) =sup{[f(z) — f(y)|; z,y e E} <1
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We also introduce the subset
Bosci(E) = {f € Osc1(E) ; | flloo <1}

When the state space is a metric space (E, d) we denote by Lip, (E) the convex
set of all bounded measurable functions f on E such that

[flloo, = [1flloe VIIfllL <1

where

[ fllL = sup{|f(x) — f(y)|/d(z,y) , z,y € E : d(z,y) # 0}

To clarify the presentation we will slight abuse notations and unless otherwise
stated ¢ denotes a constant whose values may vary from line to line but it does
not depend on the time parameter nor on the test function we will consider.

The degree of contraction of the total variation distance of probability mea-
sures induced by K is defined by

m1 K — moK
B(K)=  sup H e _ sup [[K(z,.) — K(y, )llw  (12)
m1,maEP(E) Hml - m2||tv z,yeE

It can also be defined in terms of the Dobrushin’s ergodic coefficient
a(K)=1-B(K)=inf ¥ min (K(z, A;), K(z,4;)) (13)
i=1

where the infimum is taken over all z,z € E and all resolutions of E into par-
titions {A4; ; 1 <i <m} and m > 1 (see for instance [11]).

To study the asymptotic behavior of SIMC it is convenient to describe G(K) as
the contraction of oscillations of functions induced by K.

Lemma 1.3 For any pair of probability measures (mi,mg) on E we have

[[m1 = mallty = sup {[m1(f) —ma(f)]; f € Osc1(E)}

For any Markov transition K on E the contraction coefficient S(K) can alter-
natively be defined by

B(K) =sup{osc(Kf); f € Osci(E)} (14)

Proof: To prove the first assertion we recall that the total variation distance
between two probability measures my and meo can alternatively be defined in
terms of a Hahn-Jordan decomposition m; — mo = m™ — m™ with

Im1 = ma|w = m™(E) = m™(E)

From this observation we have for any f € Oscy(E)

() = ma(f) = | [ f@) m* o)~ [ 1) m™(ay)

[
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3
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By taking the supremum over all f € Oscy(FE) we find that

sup {[m1(f) —ma(f)|; f € Osci(E)} < [lm1 —mallw

The reverse inequality can be check easily by noting that the indicator functions
14 of measurable sets A € &, belong to Oscy(E). Using this representation we
obtain

BK) = xs;gEHK(w’-)—K(y,-)Hw
= ZS;gEsup{le(w) - K(f)W)l; f € Osci(E)}
= sup{s:;lgle(w) ~K(f)(y)|; f € Osc(E)}

and therefore

A(K) = sup{osc(K(f)); f e Oscr(E)}

and the proof of (14) is now completed. ]

For any § # 0 and n > 1 we define

n‘S—
dsm) = "2 >0 and do(n) = log(n)(= lim dy(n))

For § > 0, respectively § < 0, we notice that
ds(n) <n°/5, resp. ds(n)<1/|0|

Because of the central importance in this article of the next technical lemma
we have included a detailed proof. However its proof is somewhat technical and
may be skipped at a first reading.

Lemma 1.4 For any 1 < p < n we have
n

wGi)eSioml) o

q=p+1

If € >0 and if we put s =3+, 1/p?(< 00) then we have that

1 € n €
o se? <n+1) < H (1+E) < <E) (16)
p+ o\ P

For 0 < e <1 we have that
1 /p\e - € p+1\°
— (=) < 1—-) < 17
e (n) _qzl;[ < q> - (n+1> (17)

and for =1 <e<1




Proof: The proof of (15) is simply based on the two integral estimates

)

n

SICRPINAR EPIEPIN AL St

g=p+1 q g=p+1
To prove (16) we recall that for any = > 0
logz<zxz-—1

This yields for any € > 0

q=p+1 q=p+1 q= p+1q

To prove the reverse estimate we use the fact that
z logx >z —1
for any > 0. From this inequality we also obtain for z > 0
1
og(z+1) o1 %
z - z+1
If we take x = €¢/q we conclude that
€ € €2 e €
log(l—i-—) > -2 — =
) " a algte —aq ¢

Therefore using (15) we conclude that

q=p+1 q=p+1

1
P - EL O~

g=pr1 7

(1—-2x)log(1—2z)>—x

If we take = = €/q then for any g > 2 we have that
€ q € €
log(1—¢/q) > —- = - > -
(L=</a) qq—c¢ q—€ q—1

This together with (15) imply that for any 1 <p <n

ﬁ (1 — E) exp i log <1 - E> > exp[—e€ i —1]
q=p+1 q g=p+1 q
e ! (—

To prove the reverse estimation we again use (19) to check by (15) that

ﬁ (1—2) = exp Zn: 10g<1—2>§exp[—e Zn: %]g

q=p+1
n—1

> exp[—}%— 3 g]zexp[—e— 3 g]z

g=p+1 g=p+1

q=p+1 q=p+1 a=p+1

11
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ﬁ@gzszHymz__

qp+1q

:

To prove (17) we use again (20) to check first that for any 0 <z < 1

p+1
n+1

)

:

(20)



To prove (18) we first suppose that 0 < € < 1. In this case we have the estimates
n n
€ P dt _ _
oo < E(HZ/ ) =e- (T D) =l+e—n"
=17 p=2"P~1
and
n n 1
€ PLdt e
Yoz e X [ gmet-we
p=1 p=1"P

We end the proof in this situation by noting that

1 . 1—n"¢ nt—1 de(n)
- (1l4+e—n"=1+ =1+ =1+
€ € enc ne
and
1 _ de(n+1) de(n)
Z (1= 1)7¢ = >
e (1= (n+ D7) D~ nt 1)

L deln) ( n >€Zid6(n)z

In much the same way we have that for 0 < e <1,

n

€ “Pdt .
S < e [ g =eror oy
p=2"r"

p=1

and

n n

€ P+l gt
Z pl—e z /p A — (n+1)°=1

p=1 p=1

[

This implies that

de(n) < de(n + 1) < 1 <1+ de(n)

On the other hand we note that

Therefore

n- pl*ﬁ - n*e

dfe(;n) < Z 1 <14 dfe(n)
p=1

and the proof of (18) is complete for any € € [—1,1] — {0}. For ¢ = 0 we can
take the limits € — 0 in the above estimates or simply check directly that

1 =1
—lognglog(n+1)§2—§l+logn
2 e

This ends the proof of the lemma. |
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2 Asymptotic behavior

This section is mainly concerned with the proof of theorem 1.1 and theorem 1.2.
We have chosen to separate the analysis in two parts. In a first subsection 2.1
we examine SIMC models with linear interactions. We begin with a model of
e-interacting random variables in which most of all calculations can be done
explicitly. As we mentioned earlier in this example the decays to equilibrium
presented in theorem 1.1 are sharp. The general linear SIMC model is treated
in subsection 2.1.2. The proof of the estimates is essentially identical to the one
of the e-interacting sequence. Section 2.2 discusses the long time behavior of the
two classes of non-linear SIMC models (1) and (6). Applications are presented
in the further development of section 3.

2.1 Linear self-interacting models

We consider SIMC models (1) associated to a linear mapping of the form
®(m) =mK

where K is a Markov transition on FE. These models have a linear structure
which makes it easy to analyze in details their asymptotic behavior in terms
of the contraction coefficient 3(K) of the underlying transition K. Under the
assumption that G(K) < 1 the limiting distribution is the unique invariant
measure u of the Markov transition K. If now we let

denote the expected occupation measure associated to the SIMC model (1) with
initial distribution n then we will check that

_ 2
150 — plltw < T1-B(K) 17 — wllew

Note that it is not plausible to obtain useful convergence results when 3(K) = 1.
For instance if K(z,dy) = 0,(dy) then the whole chain is stuck in the initial
point and S, = dx,.

This section is organized as follows. In a first subsection we analyze the linear
SIMC model associated to the Markov transition

K(z,dy) = € 6.(dy) + (1 —€) pu(dy)

The resulting SIMC model simply consists in a sequence of e-interacting random
variables. The general linear SIMC model is treated in section 2.1.2. We also
provide examples of transitions K such that §(K) < 1.

2.1.1 A sequence of e-interacting variables

Let (u,n) be a pair of probability measures on E and let € € [0, 1]. In this section
we consider the SIMC model X,, with initial distribution 1 and elementary
transitions

P(X,41 € dx |Fy, ) =€ Sp(dz) 4+ (1 — €) p(dx)

With a probability € the particle X, returns randomly and uniformly to one
of the previous states X, 0 < p < n and with a probability (1 — €) it chooses

13



a new independent site according to the distribution p. This model correspond
to the situation (1) with

®(m) =mK, and K (x,dy) =€ d.(dy)+ (1 —¢€) p(dy)

We also notice that the measure p is the unique fixed point of the mapping ®.
When the parameter € is null and n = p the chain reduces to a sequence of
independent and identically distributed random variables with distribution pu.
In this special case and by the law of large numbers the occupation measure S,
converges to p as the time parameter tends to infinity. For instance we have
that

1 2
n+1 Tu

E((Sn(f) = u(f)?) = (f)  with ou(f) = p((f — p(f))*)"?
When the interaction parameter ¢ € (0,1) it is natural to expect that the
occupation measure S, still converges to the fixed point g but with a rate
which depends on €. It is convenient at this point to make a couple of remarks:
First of all we notice that at each time the chain has a probability (1 — €) to
visit a new random site according to p and with a probability € it chooses an
occupied site with a probability proportional to the number of time the latter
has been visited. In this sense the chain is attracted by sites which have been
visited several times. We also notice that if ¢ < 1/2 then the chain has more
chance to visit independent random sites with probability p. In the opposite
it tends to return randomly to the previous ones. In this sense € measures the
degree of interaction in the SIMC model.

The second remark is that the parameter e also characterizes the contraction
of the mapping ® and the Dobrushin’s coefficient of the Markov transition K.
More precisely for any mj, mg € P(E) we have that

®(my) — ®(m2) =€ (m1 —m2) and [(K,) =¢

Proposition 2.1 For any n > 1 we have

with

am) =11 Zi; and 1/(2¢) < '~ a(n) < 2 (21)

Assume that n = p and put 6 = 2e —1(€ [—1,1]). In this case there exists some
finite constant ¢ > 1 such that

= ds(n) < 0 B((Su(1) ~ Sal)P) < ¢ (ds(m) +7) (22)

for any measurable function f such that o,(f) = 1.

This proposition shows that there exits three types of behavior depending if €
is greater or lower or equal to 1/2.
§>0 = E((Su(f) = Su(f))?) <c/n'"°
§<0 = E((Su(f) = Sn(f)?) < c/(1d]n)
§=0 = E((Sa(f) = Sn(f))?) < c log(n)/n

14



Proof: To prove (21) we first assume that p(f) = 0. In this case we have

_ n — € — n+e —

Su(f) = n+1Sn—1(f)+n+1Sn—1(f) = nrl Sn-1(f) = a(n) n(f)

Consequently for all bounded measurable functions f

Sn(f) = u(f) = Sulf — p(f)) = aln) (n(f) — pu(f))

To prove (22) we introduce the decomposition

n — 1

Sn(f) _gn(f) = n+ 1(Sn—1(f) - Sn—l(f)) +

By definition of K, we have for any my,ms € P(E)

(m K —moK.) =€ (mg —mg)

Consequently
E ( [Sn-1(f) = Sn1()] [f (Xn) = Su—1K(f)]) _
= E( [Sp-1(f) = Sn-1(f)] [Sn-1Ee(f) = Sn1Ke(f)] ) = € E((Su-1(f) = Sn-1(f))?)

Therefore if we put

La(f) = (n +1)* E((Su(f) = Su(£))?)

then we have

Ln(f) = (1 +2¢/n) In-a(f) + E( [f(Xn) = Sn-1E(f)]?)

Now we notice that

E( [f(Xn) = Sn1Ke()]) = Sn1 Ke(f?) = (Sn-1 Ke(f))?
Using (21) we find that

§nl(e(.]d) = € gn(fz) + (1 - 6) M(fQ)
= ca(n) n(f*) +e (1 —an) u(f*)+ (1 —e u(f?)
= ea(n) n(f?) + (1 — ea(n)) u(f?)

and

[SuEe ()] = [ea(n) n(f) + (1 — ea(n)) p(f)]*

If we combine these two expressions we obtain

E( [f(Xn+1) = SuK(f)]?)

= ea(n)oy(f) + (1 — ea(n))ou(f) + ea(n)(1 — ea(n)) (n(f) — n(f))*
If we take n = p we readily obtain

E( [f(Xnt1) = SuKe(f)]*) = ou(f)

If we choose f such that osc(f) < 1 we immediately obtain

L(f) < (1+42¢/n) Lia(f)+1=> Ln(f)
p=0

15



with

n

La(f)= I (1+2¢/9)

q=p+1

To end the proof of the proposition we use the following technical lemma 1.4.
By (17) we have for any n > 1

o < (-5 -5 ()

IN
2
4
I~
3
4+ 3
o
~_
—
4
S
e
IN
S
’TI\D

and

1 n \'7¢ 1 1 1 1 1
> — > > —
~ e \n+1 nl—e = 2l—€e pl-—€ = 9¢ pl—e

This ends the proof of (21). By (16) we have for any 1 < p <n

e ((n+1)/(p+1))* < Lpnlf) < (n/p)*

For p = 0 we use the fact that

—4s —4s

9 e
1 (n+1)* < 52

e

(n+1)* < Ion(f) = Iin(f) (1+2€¢) <3n*

If we put § = 2e — 1 then by (18) we obtain

LMDt < s (34 pfﬁ
< % <4 + di?)> = % (4715 + d(;(n))

and

_4s 1 n+1

1
A B e s = K Dy

e~ 1 < n )1_6 i 1
1-6 1+6
4 n n+1 o= P
e~ 1 1 ds(n) S e s ds(n)

421-6pl=6 2 pé = 925 n
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2.1.2 General linear models

In this section we analyze the asymptotic behavior of an abstract SIMC model
associated to a linear mapping ®. We suppose this mapping is defined as follows

®(m) =mK (23)

for some Markov transition K on E such that S(K) < 1. Again we recall that
this condition guarantees the existence and the uniqueness of a fixed point

p=pK € P(E)

Using the alternative representation (14) of the contraction coefficient G(K)
stated in lemma 1.3 it is easily verified that the linear mapping (23) satisfies
condition (H®) with
F = Bosci(E)
H(f,p) = {[K(f) —pK(N)]/BK) }  and Sr(®) = B(K)
The contraction coefficient S(K) is tied to mixing properties of the Markov

transition K. For instance suppose there exists a probability measure v € P(E)
and a positive number € € (0, 1] such that for any (z, 4) € (E x &)

K, A) > (1—¢) v(A) (24)

Then, by (13) we have that S(K) < e. Next we present two examples which
indicate that this condition is more connected to mixing properties of K rather
than compactness properties of the state space.

Example 1 Let E =R and let a : R — R be a bounded Borel function. One
can check that the bi-Laplace transition

K(x,dy) = e—cly—a(@)| dy

c
2
with 0 < ¢ < oo satisfies (24) with

V(dy) — g e_cly‘ dy and € = 1 — e_c”a”oo

Example 2 Let E = {x; ; i € I} be a collection of states indexed by a countable
set I. Let K be the Markov transition defined by

K(z,dy) = Z a;(x) Og,
el
for some positive functions {a; ; i € I} on the set E such that ) ,.; a; = 1.
Recalling that
1
HK((I), ') - K(y7 ')Htv = 5 Z ’K(.’IJ,Z‘Z) - K(?J’%)’
el

by (12) we find that B(K) <1 as soon as ) ;.; osc(a;) < 2.
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Proposition 2.2 For any n > 1 we have the estimate

— 2
150 — pllew < T BE) Il — wll
In addition for any f € Osci(FE) we have
n B((Sa(f) = Sul(£))?) < ¢ (s (n) +n°%) - with 6(K) = 26(K) ~ 1

As observed in section 2.1.1 the above estimates induce three different types of
decays

BIK) > 1/2 = E((Sulf) — Salf))?) < /n?1-00
BK) <1/2 = E((Su(f) = Su(f))?) < ¢/(I1 — 26(K)|n)
BK)=1/2 = E((Su(f) —Su(f))?) < c log(n)/n

From proposition 2.1 we recall that these estimates cannot be improved without

adding some some additional regularity condition on the Markov transition K.
Proof: We use the fact that S, can be represented in the form

_ n — 1 — _
= _ —S5, 1 K=5,.1K
Sn n+1Sn 1+n+1Sn 1 Sn 18n
with
Koz, dy) = —— 6, (dy) + —— K (z, dy)
n ay—n+1zy n+1 , aY

It is also easy to check that pu = pukK,. It follows that
S =nK;...K, and upu=ukK;...K,

By definition of Dobrushin’s contraction coefficient we see that

1S5 — pllew < H B(EKp) |In — pllw

Since we have for each n > 1

n+ B(K)
K
we conclude that
p—|—
— pllw < H P

The first statement is now easily proved by applying lemma 1.4. More precisely
using (17) we have that

n+1 . 1-B(K)
Hp _H (1_1 ﬂ(K)>§( 2 > < 2
=1 D+ 1 i p n-+ 2 nl-B(K)

To prove the second assertion we choose f € Osci(E) and we note

La(f) = (n +1)* E((Su(f) = Su(£))?)

18



By definition of the SIMC we have

Ln(f) = Ln-1(f) + E([f(Xn) = a1 Ke(f)*) +2n Jooa (f,EKf)  (25)

with
We observe that for any x,y € £ and m € P(E)

@) —m(f)] < / F(@) — f()] m(dy) <1
and

[K(f)(x) = K()y)| < sup{|K(9)(z) — K(9)(y)|; g € Osc1(E)}
K (2, ) = K(y, )llw < BK)

From these observations it follows that

E( [f(Xn) _gnflKe(f)P) S 1

and
1

B(K)
On the other hand, by Cauchy-Schwartz’s inequality

(n+1)2 Ju(f, K f) < BK) I(f)? I.(Kf/B(K))"/?

f € 0Osci(F) = K(f) € Osci(E)

Therefore if we write
I, =sup{L,(f); f € Osci(E)}
we conclude from (25) that
I < (L+25(K)/n) In-1 +1

We complete the proof using the same arguments as the end of the proof of
proposition 2.1. ]

2.2 Non-linear self-interacting models

In this section we analyze the long time behavior of the SIMC models (1) and
(6) associated respectively to an abstract mapping ® : P(E) — P(E) and to a
collection of Markov transition {K,, ; m € P(E)}.

First we note that taking suprema over F in (H®), we obtain that

VuvePE),  drp(®(p),2w) < Br()d(uv)

so that an usual fixed point theorem shows there exists a unique p € P(FE)
verifying pu = ®(u).
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2.2.1 Proof of theorem 1.1

The aim of this section is to prove theorem (1.1). We suppose condition (H®) is
met for some class of functions F and we denote by .S,, the occupation measure
at time n associated to the SIMC model (1). For each f € F we write

Li(f) = (n+1)? E((Su(f) — u(f))?) and I, =sup{L,(f); f € F}

where p = ®(u) stands for the unique fixed point of the mapping ®. Using the
decomposition

n 1

Suldf) = Bl = =2 1Suma (D) = ()] +

we first show that

L(f) = Tn-1(f) + E([f(Xn) = () ())]?) +2n Coa(f) (26)
with
Cn(f) = E([Su(f) — p(N] [2(SK)(f) — 2(1)(f)])
Under our assumptions we have that
D(S)(f) = () (NI < Y bru(h) [Sa(h) — p(h)|
heH (f,u)
This implies that
Ca(Hl < D2 bru(h) E(Sa(f) = u(1)] 1Sn(R) = u(h)])
heH(f,u)

By Cauchy-Schwartz’s inequality and taking the supremum over all f € F in
the right hand side we obtain

(n+1) [Cu(f)] < BF(®) In
Finally by (26) we conclude that

I, < (1+287(®)/n) Li-a1(f) +2

n

1 (1+ 222 i - +23 1T (142222

p=l p=1g=p+1

IN

The end of the proof now follows the same lines of arguments as the end of
proof of proposition 2.1. |

2.2.2 Proof of theorem 1.2

In this section we suppose condition (HK) is met for some class of functions F

and we denote by S, the occupation measure at time n associated to the SIMC

model (6). Under (HK) there exists for each m a K,,-invariant measure
w(m) = 7(m)K,, € P(F)

We associate to the mapping 7 : P(E) — P(E) and to the distribution flow S,
the random measures

. 1

q=0
Furthermore, in quite the same way as in the beginning of subsection 2.2, we
see there exists a unique fixed point pu = ().
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Proposition 2.3 For each f € F and p > 1 we have that
sup v E(|Su(f) = Sp(f)P)/P < o0

n>1
Proof: Given a function f € F and a distribution m on E we have a solution
gm of the Poisson’s equation
f - W(m)(f) =9m — Km(gm)

and it is given by

g =Y K (f —w(m)(f))

n>0

Furthermore under our assumptions we have that

[gmlloo < 2 Ze(n)

n>0
For any n > 0 we notice that
> [F(Xp) = 7(S) (] = D _l9s,(Xp) — K, (95,) (X,)]
p=0 p=0
Using the decomposition
9s,(Xp) — Ks,(95,)(Xp) = [95,(Xp) = 95,1 (Xps1)]

+[95p+1 (Xp-i-l) —9s, (Xp-i-l)]

+1gs, (Xp+1) — Ks,(95,)(Xp)]
we obtain

2 p=olf (Xp) = m(Sp)(f)]

= _(95n+1 (Xn+1) — 95 (XO)) + ZZ:O(QSPH - gSp)(Xp—l—l) + Mn(f)

with the F-martingale

My (f) = 95, (Xpr1) — Ks,(gs,)(Xp)]
p=0
Note that the quadratic variation of the latter is given by

n

M ()= 195,(Xpr1) — Ks,(95,)(Xp)]> < (n+1)
p=0

Using Burkholder’s inequality (cf. for instance (27), p.499 in [20]) we have for
any p > 1

E(|M,(f)[P)M? < e(p) Vn+ 1

for some finite constant ¢(p) < oo which depends on the parameter p. In view
of (9) and (10) we have for any pair (mq,mz) of distributions

lgm: = gmalloc <Y e(n) [[w(ma)(f) = m(m2) ()] + [lm1 — 2]

n>0

IN

c [lmy —malw
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with ¢ = (1 + 26£(7)) >_,50€(n) < oo. Since ||Sp41 — Spll < 2/(p +2) we
conclude that

195,11 — 95, lloc < 2¢/(p+2)

and therefore

n
1> (95,1 — 95,)(Xpi1)| < ¢ log (n+1)
p=0

If we combine the above estimates we obtain for sufficiently large values of the
time parameter

E( Y [f(Xp) = w(Sp) (NP < d(p) v+ 1
p=0

for some finite constant ¢/(p) < oo which depends on the parameter p. This
ends the proof of the proposition. |

Under our assumptions the mapping 7 : P(E) — P(E) has a unique fixed point

i = () € P(E)

In the next proposition we estimate the convergence decays of the flow S
towards this equilibrium measure.

Proposition 2.4 For any f € F we have three different types of La-mean error
decays:

Br()>3/4 = n*I POV E(ST(f) —p

NP <e
Br(m) <3/4 =V E((ST(f)—u(f)?) <c
)

(
<
NG

Br(m) =3/4 = ME((SZ(f)—M(f)

Proof: Let f € F be given. For each n > 0 we define

In(f) = Sp(f)—u(f) = : Y w(Sp) () =m(w)(f)]  and Ty = sup E(L(f)?)

n+1 =0 feF

We also introduce the decomposition

n 1

(7 (Sn)(f) = 7() ()] (27)

Using (9) we have

[7(Sa)(f) = m() (DI < D brulh) 1Su(h) — u(h)] (28)

heH(f,u)

for some subset H(f, ) C F and some collection of numbers by ,(h) € [0,1),
h € H(f,u) such that

Br(m)=sup{ > bpu(h); fe€F}e(0,1)

heH (f,u)
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Using the decompositions

Su-p =[Sy ST+ (57
SE—n = ST — i+ [r(Sa) — 7]
= o I+ o ()~ ()

and from the inequality (28) we obtain

m(Su)(F) =7 (Nl < D brulh) 1Sa(h) = S7(h)]

heH(f,n)
F D by [ ()
" ek
b X bl n(S)(B) — ()
heH(f,u)
< gt 2 byl ISa() = ST+ T (W]
heH(f,u)

Using proposition 2.3 and Cauchy-Schwartz’s inequality we note that for suffi-
ciently large n

E([Ln—1(f)] [Sn(h) = S5 (h)]) < ¢/vVn+1
In much the same way we also check that for each f,h € F
E(Ln-1(/)] Hn-1(P)]) < E(Lua (F)*)PE( L (R)2)/?
and
> b E(Lua (D] Haa())) < Br(m) Jos
heH(f,u)
Using the decomposition (27) it is now easy to show that

n 20F(m c

Thus we have

o < n+122 H 2@;(%))] vptl

p=0 g¢=p+1

Finally we use lemma 1.4 to demonstrate that

—2BF(
20— (1) ﬁf(n +Zp2 #i

When 37 () € (3/4,1] we have 265 (m) — 4 > 1 and therefore n?1=A#(™) J, < ¢,
If B7(m) € [0,3/4) then we have 287(7) — 1 < 1 and

In <

Zp%*%f(ﬂ) < Cnlf(Qﬁf(ﬂ)*%)

p=1
In this situation we conclude that \/n J, < c¢. Finally if Sz(7) = 3/4 then we
have 237 (m) — 3 = 1 and 2(1 — B#(r)) = 1/2. This yields that \/n J, < ¢ logn

and the proof of the proposition is now completed.
[
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3 Applications

In this section we illustrate the verification of the regularity conditions (H®)
and (HK) for some specific examples.

In a first subsection 3.1 we consider the SIMC model (1) associated to a map-
ping ® : P(E) — P(E). We first examine the genetic SIMC model (2). We
propose a sufficient condition on the fitness function and the mutation kernel
underwhich condition (H®) is met. We also illustrate this regularity condition
for Gaussian and Poisson SIMC models.

In section 3.2 we consider the SIMC model (6) associated to a collection of
Markov transitions {K,, ; m € P(E)}. Condition (HK') guarantees for each m
the existence of a K,-invariant measure m(m) = n(m)K,, € P(E). We exam-
ine situations in which the mapping 7 : P(E) — P(E) is respectively constant,
linear and non-linear. In the final subsection 3.2.3 we analyze the genetic SIMC
model (8) with random selection and mutation transitions. We propose a suffi-
cient condition on the triplet (a, g, K') underwhich condition (HK) is met. We
also initiate a comparison between this genetic model and the genetic model

(2).
3.1 ®-interacting Markov chains

3.1.1 Genetic self-interactions

Consider the genetic SIMC model (3) associated to the mapping

m(g (Kf))

Pm)(f) = "0

which we presented in the introductive section. Then we have the following
proposition.

Proposition 3.1 Suppose the potential function g and the mutation transition
K are chosen so that

1 1
min =1 and supg(x <—<——|—1>
Then the mapping ® satisfies condition (H®) with
F = Bosc,(E) and  Br(®) = (1 + 20sc(g)) B(K)

Remark 3.2: The first condition on the potential function is not really restric-
tive. When the infimum g¢,,;, > 0 we can replace in (2) the fitness function g
by g/Gmin. More precisely let ) denotes the mapping from P(E) into itself
defined as in (2) by replacing the function g by h. We notice that

(1 + QOSC(h/hmm)) = (QOSC(h) + hmm)/hmm
= (osc(h) + [|hlloo) /Pmin

From this observation we find that the mapping ® satisfies (H®) with
Br(@1) = (0sc(h) + [|hlloo) BUK) /humin (29)

24



In addition we have

Ma) 1 ( 1 (»)

i <1 (o +1) = et <

The above condition relates the oscillations of the potential function h with the
mixing properties of the Markov mutation transition. The more K is mixing the
more the potential is allowed to oscillate. Note that if K(z,dy) = d,(dy) then
B(K) =1 and this condition is never met. In fact in this degenerate situation
the SIMC reduces to X,, = X and the occupation measure S,, = dx, which
just trivially converges to dx,!

Proof of proposition 3.1: To prove that the mapping ® satisfies (H®) we
use the decomposition

O(n)(f) — 2(uw)(f) = ng) (n(g [K(f) = @(u)()]) — ulg [K(f) — 2(w)(f)])

Then we notice that

and

osc(K(f)) < B(K) osc(f)

According to this observation if we set f,(z) = f(z) — ®(u)(f) then we find
that

|9(x) K (fu) (@) = 9(y) K (fu) ()]

IN

l9(x) = g(y)] [K(fu)(@)]
+9(y) [K()(x) = K(f) ()]
< BK) (osc(g) +[lglleo ) 0se(f)

Since ||g||co = 0sc(g) + 1 one gets for any f € F

osc(gK (fu)) < Br(®) and [lgK(fu)ll < (osc(g) +1) B(K) < Br(P)

We conclude that condition (H®) is met with

H(f, 1) = { g [K(f) = 2(u)()]/BF(®) }

This end the proof of the proposition. |

3.1.2 Gaussian and Poisson self-interactions

In this short section we illustrate condition (H®) in the context of Gaussian
and Poisson mean field interactions. Before presenting these two examples let
us start with a generic and abstract situation. Suppose (E, d) is a metric space
and let (E', &) be an auxiliary measurable space and v € P(E’). Also suppose
0 : E' x P(E) — E is a measurable mapping satisfying the following condition.

16(2/,m1) — (2!, ma)| < D b(h) [ma(h) — ma(h)]
heH
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for some subset H C Lip;(F) and some collection of numbers {b(h) ; h € H}
with 8 = > ,cp b(h) < 1. We now associate to the pair (,7) the non-linear
mapping ® defined as

wm)(f) = [ 10 m) ()
By the regularity condition on the mapping € for any f € Lip, (F) we have that

|[@(m1)(f) - DI b(h) fmy(h) —ma(h)|

heH

Therefore condition (H®) holds with

F=Lip)(E), H(f.u)=H and (r(®) =0

Gaussian interactions

Let £ =R and let ® be the Gaussian type non-linear mapping

1

— ~L-m(@)? gy
V 4T

®(m)(dr) =

for some a € Lip,(F) with ||a]|ss,, < 1. Arguing as above we check that
condition (H®) is satisfied with

F=Lip)(E)  H(f,p) ={a/llaor} and Br(®)=[afer  (30)

Poisson interactions
Let £ =R and let ® be the Poisson type non-linear mapping

e—z/m(a) dr

B(m)(dr) = 1. ) 7o

for some positive intensity function a € Lip,(E) with ||a|lec, < 1. For any
f € Lip;(F) we have that

[¢(m1)(f) — ¢(m2)(f)] < / u [mi(a) —ma(a)] e du = |mi(a) —ma(a)]

Here again it is easily check that condition (H®) is satisfied with the same class
of functions and parameters (30).

3.2 K,,-interacting Markov chains
3.2.1 Constant m-mapping

Suppose K (z,dy) is a Markov transition on E with 8(K) < 1 and let a,b be
two measurable mappings from F into [0, 1] such that a +b = 1. We associate
to the pair (a,b) the collection of Markov transitions

Km(z,dy) = m(a) :(dy) + m(b) K(z,dy) (31)
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Proposition 3.3 Suppose the triplet (a,b, K) satisfies the following condition

lalloo + Iblloo B(K) <1

Then the Markov transition K has a unique invariant measure p € P(E) and
for each m € P(E) and n > 0 we have

m(m)=p and K = Z CP m(a)""P m(b)P KP (32)

In addition K, satisfies (HK) for the class of functions

F={f€ByE); |flo<1} amd  fr(m)=0

Remark 3.4: Let 5, be the occupation measure associated to the SIMC model
(6) with transitions (31). This proposition in conjunction with proposition 2.3
tells us that for each f € By(E) and p > 1

sup vn E(|Sn(f) — u(f)P)/? < oo

n>1

Proof of proposition 3.3: Under our assumptions we observe that G(K) < 1.
Thus, there exists a unique invariant measure p = pK and for each m € P(FE)
we clearly have that 7(m) = p. From these observations condition (9) is trivially
satisfied with for any class of functions F with G () = 0. The expression (32) is
proved by a simple induction on the time parameter n. Using the decomposition

Kn(f)(2) = Kn(f)(y) = m(a) (f(z) = f(y)) +m(b) (K(f)() = K(F)Y))

we see that

osc(Kon(f)) < [m(a) + m(B)BK)] ose(f) < fap(K) ose(f)
where
Bap(K) = [|alloc + [|b]loc B(K)

This yields that
sup ﬁ(Km) S ﬁa,b(K)

meP(E)

From (32) we have immediately for any pair of measures (mj, mg) € P(E) X
P(F) and for any function f with ||f|lc <1,

1K (F) = Ky ()l

< 23 aen O llallS [[6ll& BUK)? [ma(@)? my(b)9 — ma(a@)? my(b)?]
(33)
where

a=aflallc  and = b/blloo
It is now straightforward to check that

Imy(@)? —mo(@a)?| = |mi(@ Hzml B g (@) =Dk

IN

2p ||m1 — ma||w
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and similarly ~ ~
[m1(b)? — ma(b)?] < 2q [|m1 — mal|sw

Using the decomposition

m1(@)? my(b)? — ma(@)P mo(b)?

= (m1(@)P — ma(@)?) m1(b)? + ma(@)? (m1(b)? — ma(b)?)
the above estimates give

ma(@)” m1(b)? — ma(@)? ma(b)?] < 2n [m1 — mallw
for each p + ¢ = n. From (33) this yields that

By (F) = Ky (F)lloe <40 Bap(K)™ [l — mall

Finally we notice that for any bounded measurable functions fi, fo such that
u(f1) = 0= p(f2), and for any m € P(E)

K5 (f1) = Ky (fo)lleo = G (11 = fol = u([fr = f2])lloo
osc(Kyy, (f1 — f2)) < B(Ky,) osc(fi — fa)
2845 (K)" || f1 = follso

This implies that

1K, (f1) = Koy (f2) oo 1K, (f1) = Koy (FD) oo 4+ 1K, (f1 = f2)lloo
4n ﬁa,b(K)n Hml - m2”tv + 25a,b(K)n Hfl - f2Hoo

4n ﬁa,b(K)n [Hml - m2Htv + Hfl - fQHOO]

for any f1, fo such that u(f) = (fg) and || f1/so, || f2]|oc < 1. We conclude
that (10) is satisfied with e(n) b (K" [

ININ TN

3.2.2 Non-linear m-mapping

Consider next an abstract class of Markov transitions given by

K (2, dy) = 0(m) 6:(dy) + (1 —6(m)) (m)(dy)

where 0 denotes a mapping from P(E) into [0,1] and ® a mapping from P(FE)
into itself. Assume that

stlp)H =[|0[lc <1 and [0(m1) — O(ma)| < k(0) [[m1 —ma|w
P(E

for some finite constant k() < co and for any mj,ma € P(E). Since we have
that

K (f)(@) = Km(f)(y) = 0(m) (f(x) = f(y))

we readily observe that for any distribution m on E

BKm) =0(m) < [0l <1
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We also notice that m(m) = ®(m) and
¢ satisfies (H®) — K, satisfies (9)
By induction on the time parameter n it is also easily verified that
Ky (@, dy) = 0(m)" 6:(dy) + (1 = 0(m)") ®(m)

Furthermore if f; and fy are chosen such that ®(mq)(f1) = 0 = ®(m2)(f2) then
we have that

Ky, (f1) = K5,,(f2) = 0(m1)" fi —0(m2)" fo
= 0(m1)" (f1 — f2) + fo (O(m1)" — 0(m2)")

Under our assumptions we also have

0(m1)" — 0(m2)"| n (6(m1) vV 0(ma))" " 8(m1) — 6(my))|
n ||0]1% 1[0 (m1) — 6(mo)]

n 0115 k() llmy — malle

VAN VARVAN

from which we conclude that

1Ky (F1) = Ky (f2) oo 1015 111 = folloo + 1 101155 K(0) [lma —ma|le

n 015 LV E©)) [Ilfr = falloo + llma — mal|z]

for any f1 and fo such that ®(mq)(f1) = 0 = ®(m2)(f2) and || f1]/cos || f2]lco < 1.
This implies that condition (10) is satisfied for any class of uniformly bounded
functions F with e€(n) = n 0|21 (1V k(9)).

To illustrate this class of models we examine two situations. Consider the
Markov transitions

<
<

Km(z,dy) = € 65(dy) + (1 — €) mK(dy)

where € € [0,1) is a fixed parameter and K a given Markov transition on E.
This model clearly belongs to the previous class with §(m) = e and a linear
mapping ®(m) = mK. Now we return to the genetic type SIMC model (2) but
we suppose the mutation transition depend on the measure m. More precisely
we consider the mapping

o)) = ORI

with
K, (2, dy) = 0(m) m(dy) + (1 — 0(m)) K(z,dy)

where 6 denotes a mapping from P(F) into [0,1]. In this situation we can
rewrite ®'(m) in the following form

with
K(z,dy) = 0(m) 6z(dy) + (1 — 0(m)) @(m)(dy)

where ®(m) is the distribution defined in (2).
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3.2.3 Genetic self-interactions

In this final section we discuss two different classes of genetic SIMC models as-
sociated to a collection of transitions K,,. The first one is the genetic algorithm
associated to (7). We suppose that the potential function g is chosen such that
Jmin > 1 and K, is given by

K(z,dy) = 1/m(g) K(z,dy) + (1 —1/m(g)) ®'(m)(dy) (34)
i (¢ K(1)
' (m)(f) = il
(m)() = =
Our objective is to find conditions on the pair (g, K') underwhich the collection
of Markov transitions K, satisfies (HK).

and ¢ =g-—1

The strategy we are going to present is not restricted to this particular genetic
model. Next we suppose the transition K,, has the following form

K (z,dy) = 0(m) K(z,dy) + (1 - 0(m)) '(m)(dy) (35)

where 6 : P(E) — (0,1) is a given measurable mapping such that ||0|. < 1.
This condition ensures that

B(Km) = 0(m)B(K) and  sup f(Km) = [[0]lB(K) <1

This clearly implies that the mapping 7 is well defined on P(E). We also assume
that for each p € P(E) we can find a subset H%(1) C Boscy(E) such that

1 _ 1
=0 1-00)

< 3 buh) lulh) - v()] (36)

heHO ()

for each v € P(F) with
kO0)= Y bu(h) €(0,1)
heHO ()

We finally suppose that ®' : P(E) — P(E) is a given measurable mapping
which satisfies (H®) for the class of function F = Bosc;(E). By a simple
induction argument on the time parameter we prove the following lemma.

Lemma 3.5 For anyn > 1 and m € P(E) we have

n—1
K} =0(m)" K™+ (1—0(m)) > 6(m)’ &' (m)K?
p=0

with the convention K°(x,dy) = §,(dy) and 7(m) = ®(m)R,, where R, is the
0-geometric resolvent Markov transition associated to K and defined by

Ry =(1—6(m)) > 6(m)" K"

n>0

Then we have the following proposition.
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Proposition 3.6 The collection of transitions K, defined in (35) satisfies
condition (HK) for the class of functions F = Bosci(E). For any (f,u) €
(F xP(E)) we can associate a subset H(f,u) C F and a collection of numbers
bru(h) €(0,1), h € H(f, ), such that (9) is met with

Br(m) = 2k(0) + Br(2")/(1 = [10]l0B(K)) (37)

In particular the genetic SIMC model (34) satisfies (HK) for the same class of
functions F and

Br(m) = 2087(3(9) + B(K) Gmin (208¢(g) + (gmin — 1))

(gmm - 1)2 (gmin - ﬁ(K)) (gmin - 1)

and Br(m) <1 as soon as the pair (g, K) satisfies

1 (Gmin — 1)* — 20sc(g)

ﬁ(K) < 9min (gmm - 1) + QOSC(Q)

(38)

Proof: To prove that m has the desired regularity properties we use the de-
composition

m(m1) — m(m2) = @' (m1)(Rpn, — Riny) + (®'(m1) — @' (m2)) Ry, (39)
For each f € F we have

(®'(m1) = @' (m2)) R, (f)

= (1= 6(m2)) D 0(ma)" (¥'(m1) — @' (m2)) K"(f)

n>0
= (1=0(mg)) Y _ 0(ma)" BIK)" (¥'(m1)(f)) = &' (ma2) (£1)))
n>0
with
1) = [K"(f) = @' (m2) K" ()}/BK)" (€ F)
Under our assumptions for each n > 0, f € F and mg € P(E) we can find a

subset H(™ (my, f) C F and a collection of numbers bg;;)’f(h), h e H™ (my, f)
such that

1@ (m1)(£§) — @ (ma)(FD < S0 B () [ma(h) — ma(h)
heH(™) (ma,f)

It follows that
|®'(m1) — ' (m2)) Ry ()]

(40)
<20 Sonerro (g, (101l BE))™ B2 () | (h) — ma(h)|

Before we continue we notice that

Br(P)

w3 30 (6B bash) = T3

feFm2€P(E) >0 he H (ma, f)
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To treat the first term in (39) we use the formula

(I),(ml)(le - RmQ)(f)

= Z[(l — 0(m1))0(m1)" — (1 — 0(ma))8(ma)"] ®'(m1) K" (f)

n>0
= ) [(0(ma)" = 0(m2)"™) + (B(ma)™ ' — 0(my)" )] @ (m1) K™ (f)
n>0
According to this representation we find that
| () (R, — (N <D 100ma)" = 0(ma)"| + D [0(ma)" ! = 6(ma)" |
n>0 n>0

If we define
0 = Q(ml) vV Q(mg) and 60 = H(ml) AN «9(m2)

we check that

1 1 01 0y

@/ mi1 m: < - -
| (ml)(R 1 RQ)(f)| = 1-6 1_92+1_91 1—065

_ 11
- 1—60;, 1—06y

Under our assumptions this implies that

|9 (m1) (R, = Rnp) (NI <2 Y by (h) [ma(h) — ma(h)] (41)
heH?(mz2)

If we combine (40) and (41) we find that the mapping 7 has the desired regu-
larity. Ne now come to the proof of (10). We start by noting that

r(m)(f) = 0= 3 6(m)P & (m)KP(f) = — 3 0(m)P & (m)K?(f)
p=0

p2n
Let (m1,m2) € (P(E) x P(E)) and let (f1, f2) € F be a pair of functions such
that w(my)(f1) =0= (mg)( f2). From the above observation we have

Ky, (f1) — K, (f2)
= 0(m1)"K"(f1) — 0(m2)"K"(f2)

+(1=60(m2)) Y 0(ma)” ' (ma) KP(f2) — (1= 6(ma)) Y 0(ma)” ' (ma) KP(f1)

p>n p>n

To estimate this difference we introduce the decomposition
K (f1) = Kn,(f2) =h+Ia+ I3+ 14+ 15
with

L = [0(m1)" —0(m2)"] K"(f1)
Iy = 0(m2)" [K"(f1) — K"(f2)]
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I = (1—6(mp) ) 6(ma)? [(ma) — & (m1)]KP(f2)

I = (1—6(m2)) Y 6(ma)" ' (m1)[KP(f2) — K(f1)]
I = ) [(1—0(m2))8(ma)’ — (1 —6(m1))0(m)"] @' (ma) KP(f1)

p>n

Under our assumptions we have

L] < 10(ma)" = 0(ma)"| < n (05" D ba(h) [ma(h) — ma(h)]
heH?(mz2)

IN

n 0lI5 k(0) m1 —malle

and || < ||0|%|lf1 — f2|lco- Since the mapping @’ satisfies (H®) for the class
of functions f such that osc(f) V || f|lcc < 1 we have that

@ (m1) — @' (m2)|w < ¢ |m1 — mallsw

for some finite constant ¢ < co. This yields that

T3] < e(1—0(mg)) Y 0(ma)P |lmy — mallw < ¢ |0l|% [[m1 — mallw
p>n

We also notice that 9]
Ii| < ——— |lfi — f2

We now evaluate the term I5. For each pair of numbers ay,as € (0,1), a1 < ag,
we have

Un(a) =Y (1 —ar)af =Y (1 —az)ah| = |a} — a§| < naj '(az —a1) (42)
p>n p>n
Then we note that

1 1
1—a2 1—&1

]

ag — a1 = (1—@1)(1—&2) [

This yields
1 1

1—a2_1—a1

Up(a) < nag_l [

]

and the end of the proof of (42) is clear. Using this estimate and under our
assumptions on the mapping 6 we find that

151 <2 (n+1) k(0) 101557 llma — malls,

The end of the proof of (10) is now a simple combination of the above estimates.
Now we examine the genetic type Markov transition (34). If we take 6(m) =
1/m(g) we clearly have [|0]|cc = 1/gmin. Furthermore we notice that

1 _ ' plg — vlg) ‘
1—0(n) 1-0(v) pg—1) wvig—-1)
1
T TERETED 1(g) = v(9)|
osc(g) 1

IN




It follows that (36) is met with

1
osc(g)

20 = { —to-nto)} k) =

(gmin -
Note that 2k(0) < 1 as soon as ||g|lec < (1 + g2,,)/2- From (29) we also notice

that @ satisfies (H®) for the class of functions F = Boscy(F)

BK)

ﬁ]'—((b/) - 9min — 1

(0sc(g) + llg — 1)

We also note that Sz(®’) < 1 as soon as

ga) -1 1 ( 1
gy —1 2 (ﬁ(K)+1>

If follows from (37) that

gmin (05¢(9) + [lg = 1llo0)
(gmin - 5(K))(gmm - 1)

Since ||g — 1||oo = 08¢(9) + (gmin — 1) and (gmin — B(K)) > (gmin — 1) we obtain

~ 20sc(g)
Br(m) = o — 1)° + B(K)

Br(m) < [20s¢(g) + B(K) gmin(205¢(g) + (gmin — 1))]

(Qmm - 1)2
The right hand side is strictly less than one as soon as

1 (gmin — 1)? — 20sc(g)

ﬁ(K) = 9min (gmin - 1) + QOSC(Q)

This completes the proof of the proposition. |

We end this section with the genetic type SIMC model (8). We recall that the
Markov transitions are defined by

Km(z,dy) = a K(z,dy) + b¥(m)(dy) with W(m)(f)=m(fg)/m(g)

for some a,b € [0,1], a + b = 1, a positive fitness function g and a Markov
transition K.

Proposition 3.7 Suppose the triplet (a, g, K) satisfies the following condition
a
@ BK) <1, gun=1 and osely) < = (1 - H(K))

For any m € P(E) and n > 1 we have

n—1

Kp = a" K"+b > da ¥(m)KP (43)
p=0

n(m) = ¥(m)K, with K,=b» a"K" (44)

n>0
Furthermore the Markov transitions K, satisfy (HK) with

b

F =Bosci(E£) and f[r(m) = (1 + 20sc(g)) m
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Proof: Proceeding inductively on the time parameter we prove (43). Since

we clearly have that
B(Km) =a B(K) (<1)

Thus, the mapping 7 is well defined and it is easily checked that it is given by
(44). Now we observe that for each f € Bosci(E) and any pair of distributions
(m1,mz) € P(E) x P(E)

n(my)(f) —m(m2)(f) = by a® [P(m)K"(f) = U(mz) K"(f)]

n>0
- v an (F) = ma(£5)]
n>0

with
= g K™(f — U(mo)K"(f))

Arguing as in section 3.1 we can check that

i (@) = fd )] < BIK)™ (1+ 20sc(g)) ose(f)

and
£ llse < BOE)™ (14 0sc(g)) ose(f)

If we write
(n) 1

Tu” @) = SRy (T + 20se(a))

then we conclude that (9) is satisfied with

£ (@)

F = {f€0sci(E); [[fllo <1}
H(fn) = {70 n=>0}
br (h(”)) = b (1+20sc(g)) (a B(K))"

Summing bfu(h( )) from n = 0 to oo gives

b

Br(m) = (1 + 20sc(g)) 1= B(K)a (

<1)

Let us check (10). First we note that if 7(m)(f) = 0 then
b Z a? ¥(m =-b > a” U(m)KP(f)
p>n

From this observation and for any pair of functions fy, fo such that
m(m1)(f1) = 0 = m(m2)(f2)
using classical arguments we have that there exists a constant ¢ > 0 such that

K, (F1) = Ky (f2)llee - < @™ IKT(f1) = K™(f2) oo
+ ba? [U(ma)KP(f2) = W(mi)KP(fy)]

p>n
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+Z ba? [ (m1)KP(fa — f1)|

p>n
< a” [[fi = folleo +CZ ba? |[m1 — ma|[4
p>n
+Z ba” || fa — fillso
p>n

The above estimate implies that

1Ky (1) = Koy (f2)lloo < @2V ) ([l f2 = filloo + [lm1 — mallt]

and (10) clearly holds with e(n) = (2 V ¢) a™. ]

Remark 3.8: Let h : E — (0,00) be a potential function such that Ay, > 0
and let Ky(,? ) be the Markov transition defined as above by replacing g by h.
More precisely Kr(,? ) is given by

KM (z,dy) = a K(z,dy) + b ¥ M (m)(dy) with ¥™(m)(f) = m(fh)/m(h)

Also denote by 7(®)(m) the mapping defined as 7 by replacing in (44) ¥ by
¥, Arguing as above we find that K satisfies (HK) with the same class
of function F and

b (osc(h) + [1hll)

) = o 1- A

Furthermore we have G7(7(") < 1 as soon as

S;l?f)% <1+2% (1-pB(K))

We now consider the SIMC model (1) associated to the mapping
®(m) =m(m) = ¥(m)K,

Observe that the resulting genetic SIMC model coincide with the genetic model
(2) with mutation transition K,. We also notice that K, is the a-geometric
resolvent kernel of the Markov transition K and

A(Ka) <b/(1 - ap(K))

Probabilistically K, is the Markov kernel of a chain “sampled” at geometric time
points. More precisely the mutation is decomposed in two step. First we select a
time parameter p € N with probability b a?. Then the particle evolves according
to the transition KP. Roughly speaking for large values of the parameter a this
mutation mechanism is more mixing than K. More interestingly we can initiate
a comparison of the decays to equilibrium of the two genetic SIMC models (2)
and (8). We start by noting that the corresponding coefficients [G7(®) and
Br(m) given in (4) and (11) are related by the formula

Br(®)
Br(m)

When 2a < 1 the mapping § € [0,1] — u(8) = 8 (1 — af3)/b is increasing from
u(0) =0 to u(1) =1 and we always have that S(®) < Bz(m).

= 3 B(E) (1~ aB(K)
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When 2a > 1 the mapping u increases on [0, 1/(2a)] from u(0) = 0 to u(1/2a)
1/(4ab) and it decreases on [1/(2a),1] from u(1/2a) = 1/(4ab) to u(l) =
Noting that u(b/a) = 1 we also have that

=l

Br(m) < Br(®) <= PB(K) =b/a
It is also a simple exercise to check for instance that if ab < 1/7 then

w(B) = 7/4 ﬁ:%(l—l/ﬁ) or ﬂ:1—72(1+1/\/7)

For instance if we take a = 6/7 and 3(K) = 7/12 (1+1/+/7) then we have that

7
Br(®) = 7 Br(m)
When the fitness function is chosen accordingly we may have that
Br(m) =1/2 < Br(®) =17/8

In this situation the decays to equilibrium for the SIMC model (8) and (2) are
respectively n/2 and n!/4. In other words if we use more mutations in the
SIMC model (8) theorem 1.2 leads to faster convergence.
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