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Abstract

We design a theoretic tree-based functional representation of a class of Feynman-Kac
particle distributions, including an extension of the Wick product formula to interacting
particle systems. These weak expansions rely on an original combinatorial, and permu-
tation group analysis of a special class of forests. They provide refined non asymptotic
propagation of chaos type properties, as well as sharp LL,-mean error bounds, and laws
of large numbers for U-statistics. Applications to particle interpretations of the top
eigenvalues, and the ground states of Schrédinger semigroups are also discussed.
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1 Introduction and formulation of the main results

1.1 Introduction

The field of Feynman-Kac semigroups, and their interacting particle models is one of the
most active contact points between probability, theoretical chemistry, quantum physics, and
engineering sciences, including rare event analysis, and advanced signal processing. Whereas
it is clearly out of the scope of the present article to review these applications, some of them
are briefly pointed out in the further development of this introduction. For a rather thorough
discussion, the interested reader is recommended to consult the pair of books [, f], and the
references therein.

The common aspect of all these applications is that they represent path integration of
free Markov particle evolutions, weighted by some potential functions. The models we con-
sider belong to the general class of branching and interacting particle systems. Particles
explore the state space as a free Markov evolution; during their exploration particles with
low potential are killed, while the ones with high potential value duplicate. From a more
probabilistic point of view, these evolutionary genetic type particle models can be inter-
preted as stochastic linearization, or as sophisticated interacting acceptation-rejection type
simulation techniques.

During the last two decades, the asymptotic analysis of these models has been developed
in various directions, including propagation of chaos analysis, LL,-mean error estimates, cen-
tral limit type theorems, and large deviation principles. The purpose of the present work
is to develop algebraic tree-based functional representations of particle block distributions,
stripped of all analytical superstructure, and probabilistic irrelevancies. These weak expan-
sions rely on an original combinatorial, and permutation group analysis on a special class of
classical and colored forests that parametrize naturally the trajectories of interacting parti-
cle systems. In order to modelize and compute the corresponding path integrals, we develop
an original differential and combinatorial calculus, and take advantage of the natural per-
mutation group action on particle configurations to handle the combinatorial complexity of
the problem. Wreath products of permutation groups appear in the process, and new closed
algebraic formulae for labelled forests enumeration are obtained. We also discuss Hilbert
series techniques for counting the forests relevant to our analysis, that is with prescribed
number of vertices at each level, or with given coalescence degrees.

Let us mention that forests, colored graphs and their combinatorics have appeared re-
cently in various fields such as in theoretical physics and gaussian matrix integral models [f],



renormalization theory in high-energy physics or Runge-Kutta methods, two fields where the
structure and complexity of perturbative expansions has required the development of new
tools [fl, B]. To the best of our knowledge, their introduction in the analysis of Feynman-Kac
and interacting particle models is new. The Laurent type integral representations presented
in this article do not only reveal the combinatorial essence of interacting particle distribu-
tions. They also provide refined non asymptotic propagation of chaos type properties, as well
as explicit formulae for IL,-mean error bounds, and laws of large numbers for U-statistics.

The article is divided into four main parts, devoted respectively to the precise description
of Feynman-Kac particle models and tree-based integral expansions, to the proof of these
formulae, to the combinatorial and group-theoretic analysis, and to the extension to path
space models with applications to propagation of chaos type properties .

In section [L.2, we describe a general class of Feynman-Kac semigroups associated with
some free Markov evolution, and with a collection of potential functions. We motivate
these abstract mathematical models with a brief discussion on a particle absorption model
arising in the spectral analysis of Schrédinger operators. The mean field particle models are
presented in section [.3. Section [L.4 is concerned with the description of the corresponding
particle block distributions. The main results of the article are housed in section [L.j.

Section ] is essentially concerned with the proof of the tree-based Laurent expansions
presented in section [L.5.

Section [ is devoted to the combinatorial analysis of the class of forests involved in the
tree-based Laurent expansions. The analysis includes some exotic planar forests, the branchs
of which are allowed to cross, referred to in the following as jungles. The first subsection,
section B.1], starts with a short review on the vocabulary of trees and forests. In section .3,
and section B.J, we provide an algebraic representation of forests and jungles in terms of
sequences on maps. Sections B.4, B.§ and B.g introduce the algebraic tools relevant to the
combinatorial analysis. Permutation group actions on jungles are introduced. From the
Feynman-Kac modelling point of view, they correspond to the action of the permutation
group acting naturally on particle systems. This action is studied in detail. For example,
a wreath product representation of the stabilizers is obtained. Closed inductive formulas
for interacting particle models path enumeration are derived in section B.§. Finally, in
section B.7, we design an Hilbert series method for counting forests and the other famillies
of relevant combinatorial and geometrical objects. As an application of these results on trees
and forests, some explicit calculations of the first order terms of the expansions obtained in
section [| are given in section B.§, and a generalized Wick formula for forests is obtained in
section B.9.

Section [ is essentially concerned with the extension of the previous analysis to Feynman-
Kac particle models on path spaces. The corresponding tree-based expansions involve a new
class of forests, with two distinguished colored vertices. The combinatorial analysis of these
objects is slightly more involved, but essentially follows the same line of development as
before. This study is summarized in section [.]], and section .3, The next two sections,
section [£.3, and section [£.4, are devoted respectively to unnormalized Feynman-Kac semi-
groups on path spaces, and to the corresponding tree-based Laurent type expansions. In the
final section, section [L.5, we use the differential forest expansion machinery developed pre-
viously in this article to derive precise propagations of chaos type properties of interacting
particle models, including strong expansions of the particle block distributions with respect
to Zolotarev type seminorms, sharp LL,-mean error estimates, and a law of large numbers
for U-statistics associated to interacting particle models.



1.2 Feynman-Kac semigroups, and some application areas

To avoid any state space restrictions, and any unnecessary topological assumptions, this
article is concerned with abstract mathematical models in general measurable state spaces.
The main advantage of this general set-up comes from the fact that it applies without further
work to the analysis of path space Feynman-Kac models, and their genealogical tree based
interpretations.

Before we continue with the body of the introduction, we already present a series of
definitions, the benefits of which are reaped in the subsequent sections. We let (E,,, &y )n>0
be a collection of measurable state spaces. We denote respectively by M(E,,), P(E,), and
By(Ey), the set of all finite signed measures on (E,, £, ), the convex subset of all probability
measures, and the Banach space of all bounded and measurable functions f on F,, equipped
with the uniform norm || f|| = sup, cp |f(2n)]. We let u,(fn) = fEn tn(dzy) fo(xy), be
the Lebesgue integral of a function f,, € By(E,,), with respect to a measure u,, € M(E,,). We
equip M(E,) with the total variation norm ||pnlltv = subgeg, (g, f<1 [#n(f)]. We recall
that a bounded integral operator @, from FE,_; into E,, such that, for any f, € By(E,),
the functions

Qn(fn) D Tp—1 € En—l — Qn(fn)(xn—l) = / Qn(xn—ladxn) fn(xn) eR

En—l

are &,_1-measurable, and bounded, generates a dual operator pi,—1 — fip—1Qy from M(E,_1)
into M(E,), and defined by (ttn—1Qn)(fn) := pn—1(Qn(frn)).

For a bounded integral operator (1 from FEjy into F7, and an operator )2 from FEj
into Fo, we denote by (Q1Q2 the composition operator from FEy into Es, defined for any

fa2 € By(E3) by (Q1Q2)(f2) := Q1(Q2(f2)). The tensor power Q3¢ represents the bounded
integral operator on Ep, defined for any F € By(E%) by

QP ahe-wat) = [ [Qulehdl) . Quietdul)] Plhe....u)
We consider a distribution 79 on Ejy, a collection of Markov transitions M, (z,—1, dx,) from
FE,_1 into E,,, and a collection of &,-measurable, and bounded potential functions GG,, on the
state spaces F,. To simplify the presentation, and avoid unnecessary technical discussion,
we shall suppose that the potential functions are chosen such that

0< inf Gup(z,) < sup Gp(z,) <0 (1.1)
Tn€Ey 2n€En
We associate to these objects the Feynman-Kac measures defined for any function f, €
By(Ey,) by the following formulae

M (fn) = W (fn) /(1) with v, (fn) = E[fn(Xn) H0§k<n Gr(Xk)] (1.2)

In (L.9), (X,)n>0 represents a Markov chain, taking values in the state spaces (Ep)n>0,
with initial distribution 79 on Ejy, and elementary transitions M,, from FE,_1 into F,. The
choice of non homogeneous state spaces F, is not innocent. In several application areas the
underlying Markov model is a path-space Markov chain

X, =(X),....X) € Ey = (Eyx...x E) (1.3)

The elementary prime variables X/ represent an elementary Markov chain taking values in

some measurable spaces (E),, E},). For instance, in macro-molecular analysis, the elementary



variables X/ represents the monomers in a directed chain X,,, with polymerization degree
n. In this context, the potential functions G, reflect the intermolecular attraction or repul-
sion forces between the monomers, and the corresponding Feynman-Kac model represents
the distribution of the polymer configurations in a solvent. In signal processing, and more
particularly in filtering problems, the chain X, represent the paths of a given signal, and
the potential functions G, reflect the likelihood of their terminal values X/, with respect
to the sequence of observations delivered by the sensors. In this context, the corresponding
Feynman-Kac model represents the conditional distribution of the path of the signal, given
the sequence of observations. To motivate this article, let us also mention an important,
and more classical physical interpretation of these Feynman-Kac flows. In theoretical par-
ticle physics, these models represents the distribution of a particle evolving in an absorbing
medium, with obstacles related to potential functions G,,, taking values in [0, 1]. In this con-
text, the particle X} evolves according to two separate mechanisms. Firstly, it moves from
a site z,_1 € E,,_1, to another z,, € E,, according to elementary transitions M, (z,_1, dx,).
Then, it is absorbed with a probability 1 — G, (x,), and placed in an auxiliary cemetery
state XS = c; otherwise it remains in the same site. If we let T" be the random absorption
time, then it is not difficult to check that

n(fn) = Elfn(Xp) 1r2n]  and  na(fn) = E[fu(X5) [ T > n] (1.4)
In time homogeneous settings (G, = G and M,, = M), we have
(1) =P (T > n) ~ e

The positive constant A is a measure of the strength and trapping effects of the obsta-
cle. By a lemma of Varadhan’s, A coincide with the logarithmic Lyapunov exponent Ay of
the transition operator Q(z,dy) = G(xz) M (x,dy). Whenever it exists, the corresponding
eigenfunction h of () represents the ground state of the operator Q.

These Feynman-Kac models can also be regarded as a natural time discretization of
continuous time particle absorption models associated with some Schrédinger operator. To
be more precise, let us suppose that M(x,dy) = M A(x, dy) represent the transitions of a
continuous time Markov process with infinitesimal generator L, during a short period of
time A; in the sense that

L(f)(x) = lim — [M2(f)(z) — f(x)]

for sufficiently regular functions f on E. Let us also suppose that the potential functions
have the form G(z) = G*(z) = e”V®A for some non negative energy function V. In
this case, it is readily checked that the infinitesimal generator of the particle absorption
transitions

Q% (x,dy) = eV WA M2 (x, dy)

is given by the Schrodinger operator

.1 A
L(f) ()~ V(@) f(@) = lm - [Q2()(x) — f()
Under reasonably weak assumptions, the pair (\, h) coincide respectively with the top eigen-
value, and the ground state of the Schrodinger operator LY = L — V. The estimation of
these spectral quantities has recently received a lot of attention in modern numerical physics,
and quantum chemistry.



A natural, and common key idea in most of the Monte-Carlo approximation models is
to simulate a population of walkers or particles mimicking the evolution of a particle in
an absorbing medium. These models can be interpreted as a natural mean field particle
approximation of the distribution flow 7,,. We end this section with a precise description of
these nonlinear models. By the Markov property and the multiplicative structure of (D),
it is easily checked that the flow (7),,),>0 satisfies the following equation

n+1 = q)nJrl(T/n) (15)

The transformations @41 : P(E,) — P(En11) are defined for any pair (1, fn+1) €
(P(E,) x By(En+1)) as follows

D1 (1) (frt1) = M @ni1lnit)) g, Qnt1(Tn, dTny1) = Gn(wn) X Myp1(Tn, doni1)
M (Qn+1(1))

Notice that the evolution semigroup (Qpn)o<p<n Of the unnormalized distribution flow is

given by

YO<p<mn Yo =YpQpn With Qpn = Qpn-1Qn (1.6)

and the unnormalized Feynman-Kac measures 7, satify v,(fn) = 7-1(Qn(fn)). Equiva-
lently, they can be expressed in terms of the flow (1,)o<p<n With the formulae

Yo(fn) =ma(fn) X (1) with (1) = H 1p(Gp) (1.7)

0<p<n

for any f,, € By(E,). Returning to the physical interpretation, this product formula shows
that the Lyapunov exponent A is related to the asymptotic mean logarithm value of the
potential G,, = G with respect to the measures 7,

~ > logny(G) ~ A (1.8)

Much more is true. In the case where the homogeneous transitions M, = M are reversible
with respect to some measure i, the ground state represents the limiting fixed point measure
of the distribution flow 7,,; in the sense that for any bounded measurable function f, we
have that

S (GG = ulhf)u(h) (19)

0<p<n

1.3 Mean field interacting particle models

A natural mean field particle model associated with the nonlinear Feyman-Kac flow ([L.)

is the EN-valued Markov chain 51(1N) = (ff{N)lgiS N with elementary transitions defined for
any FN € By(EY) by

N
B (N 165) = 0 (m (62)) 7 0 witn m (62) = 5 300, (110

In other terms, given the configuration {iﬁ)l at rank (n — 1), the particle system fr(LN) at
rank n, consists of IV independent and identically distributed random variables with common



distribution ®,, <m (55@1)) The initial configuration 5((]N) consists of N independent and
identically distributed random variables with distribution 7. Although the dependency
of the model on N is strong, due to the mean-field nature of the model, we abbreviate
(§,Z{N)1§,~§ N to (€))1<i<y when N is fixed, excepted when we want to emphasize explicitely
the dependency on N of the model, e.g. as in the end of the present section.

Notice that

o, <m <§7(£)1)) (dzy) = Z NN (Z Gn-1(&h1) n(grilladxn)>

i=1

so that the particle model evolves as a genetic type model with proportional selections, and
mutation transitions dictated by the pair of potential-transition (Gy—1, M,). In numerical
physics, the selection transition is often called reconfiguration of the population of walkers.
In the context of path space Markov chain model ([L.3), it is important to notice that the
particle interpretation model is again a path particle model. During the selection stage, we
select a path particle according to its fitness, and the mutation stage consists in extend-
ing the selected path with an elementary transition dictated by the Markov transitions of
the elementary prime chain. In this context, the particle model can be interpreted as a
genealogical particle evolution model.

The approximation measures (1), vY) associated with the pair of Feynman-Kac mea-
sures (1), 7n) are defined by the empirical occupation measures

= m (&™)

and the unnormalized particle distributions v are defined for any f,, € By(E,) by
T (fa) = (fn) x4 (1) with 7' (1) =[] 7 (Gp) (1.11)
0<p<n

For a rather complete asymptotic analysis of these measures we again refer the reader to [,
and references therein. In particular, for any f,, € By(E,), we have the following almost
convergence results

Jim 93 (fa) = m(fn) and - lim 7 (fn) = ()

Therefore, the particle interpretations of the pair objects (), h) introduced in ([[.§) and ([.9),
are defined by simply with replacing 1, by the particle occupation measure nY. It is also
well known that 7/ is an unbias approximation measure of v, in the sense that

E('Yfmv(fn)) = 'Yn(fn)

However, it turns out that for any n > 1

This means that the mean field particle interpretation model is not an exact sampling
algorithm of the distributions 7,. In practice, it is clearly important to analyze these
quantities, and more generally the distribution of particle blocks of any size ¢ < N

PN, =Law (&, &0N) e P(EY)



1.4 Particle block distributions

For any pair of integers (I,m) € (N*)2, we set [I] = {1,...,1}, and [{]" the set of mappings
a from [m] into [I]. By |a|, we denote the cardinality of the set a([m]), and for any 1 < p <1
we set

05" ={ae @™ : ol =p}
The number m — |a| will be refered to as the coalescence number of a. To simplify the

presentation, when [ > m, we also denote by (m, ) <: [l],[zb}) the set of all

Il
(I —m)!

one to one mappings from [m] into [I], and by G; = (l,1) the symmetric group of all permu-
tations of [I].

From the pure mathematical point of view, the measures Pn]\f q are better understood when
they are connected with the g-tensor product occupation measures (resp. the restricted g¢-
tensor product occupation measures) on E; defined by

D =

)=~ > ¢ @@, and (n))?
aE[N}[‘I]

>, 9 (€8 gala)y

ae(q N)

Notice that these measures are, by construction, symmetry-invariant. That is, for any
F € By(ER)

() (F) = () (F)sym)  and  (n)) 7 (F) = (02) " (F)sym)

with the symmetrization operator

Vg>1  F €By(EL) v (F)sym : Z D, F
. O'egq

In the above displayed definition, the operator Dy, stands for the Markov transition from Ej
into itself, associated with a mapping b € [q] [4), and defined by
Dy(F) (@, ah) = FahD, .. ah@)

for any F € By(Ey), and (x!,...,29) € Ef. In particular, we may assume, without restric-
tion, in our forthcoming computations on g-tensor product occupation measures, that F' is
a symmetric function. That is, for all s € G;, DsF' = F'. We write from now on, B;ym(E%)
for the set of all symmetric functions in By(ER).

Notice also the following symmetry property, essential in view of all the forthcoming
computations. Since, conditional to §n]X)1, the & are i.i.d., for any F € By(Ep) and any
a,b € (g, N)?, we have

E[FE0,.... @) =E[FED,....8)].

For instance, we have that

E((nn ) (F)) —E(F (¢l,...,€9) = BY (F) (1.12)



As in the case of elementary particle blocks of size one, the precise analysis of these ¢-
tensor product measures is intimately related to the unnormalized pair particle measures
(M@, (vN)®4) defined for any F € By(Ep) by

(9 )PU(E) = () )PUF) x (g (1) and - (7)) %1(F) = () *1(F) % (7 (1))*

We consider now the nonnegative measure @ﬁ o> indexed by the particle block sizes, on

the product state spaces Eji, and defined for any F' € By(EL) by
ng(F) = E((7,))®4(F))

n7q

In the further development of this article, we shall prove the following formula (P.4))
E((yn)®UF)) = E((1a-1)1QF(F)) = Qply o (QF(F))

This simple observation indicates that the distribution flow (@n]\f ¢)n>0 has a linear evolution
semigroup, for any particle block size ¢ < N. Much more is true. As another consequence
of the results presented in [[], the sequence of distributions QnN, q converges, as N tends to
infinity, to the distribution of ¢ non absorbed, and independent particles (Xﬁ’i)lgigq evolving
in the original absorbing medium. That is, we have that

Nhinoo(@gq(p) = YI(F)=E (F(X5, ..., X5 1p1sy .. lrasy)

for any F' € By(EY), and where T stands for the random absorption time sequence of the
chain (X;"")g>0, with 1 <i <q.

This article is mainly concerned with explicit functional expansions of the deterministic
measures IP’nN, q € P(EL), and QnN, q € M(EY), with respect to the precision parameter N.
These (Laurent type) expansions reflect the complete interaction structure of the particle
model. Roughly speaking, the k-th order terms of these integral representations represent
the 1/N*-contributions of mean field particle scenarios with an interaction degree k (see
Thm. [.9).

To describe more precisely these functional representations, it is convenient to introduce
the abstract definition of the derivative of a sequence of finite signed measures.

Definition 1.1. We let (ON)n>1 € M(E)N, be a uniformly bounded sequence of signed
measures on a measurable space (E, &), in the sense that supysq [|OV]jwv < co. We suppose
that ©N strongly converges to some measure © € M(E), as N T oo, in the sense that

VF € By(E) ]1V1Tr£10 oN(F) = O(F)

The discrete derivative of the sequence (ON)n>1 is the sequence of measures (00N )N>1
defined by
00N =N [eV - 9]

We say that OV is differentiable, if 00N is uniformly bounded, and if it strongly converges
to some measure 00 € M(E), as N T co. The discrete derivative of a discrete derivative
00N (of a differentiable sequence) is called the second discrete derivative and it is denoted
by

9’0N = N[00V — 00]
The discrete derivative 00V of a differentiable sequence can itself be differentiable. In this
situation, the derivative of the discrete derivative is called the second derivative and it is

denoted by 0?0 = 0 (90), and so on.



At this point, it is convenient to make some comments. Firstly, the strong form of the
weak convergence of measures considered above corresponds to the s-topology on the set of
measures, defined as the coarsest topology for which all functionals p € M(E) — u(p) € R,
¢ € By(E), are continuous. For a more detailed discussion on the s-topology in the context
of probability measures, we refer the reader to the article [f]. A sequence of real numbers can
be interpreted as a sequence of measures with a constant value, so that the above definition
applies to any sequence of real numbers. We also notice that the Euler’s derivation operators
OF satisfy the usual linearity properties. Finally, we notice that a sequence OV that is
differentiable up to order (k + 1), has the following integral representation

1 1
N _ [ k+1 N
oV = 0<§l<:k AR e C

with supysq [|07ON]|iv < 0o , and the convention 9°6 = ©, for | = 0.

1.5 Forest based expansion formulas

For transparency, we will often use terms associated with botanical, and genealogical trees.
The forthcoming measures expansions will be therefore given in terms of signed measures
indexed by collections of trees, colored forests and other analogous combinatorial and geo-
metrical objects. More generally, most computations on particle measures will be rephrased
in the course of the article in terms of enumerative problems on tree-like objects. In order
to avoid lenghtening the present introduction, their definition and study are postponed to
the next sections, and we present here our main results in a classical set-theoretic langage.

Let Ay =aer ([¢]9)"F! be the set of (n + 1)-sequences of mappings a = (a,)o<p<n from
[q] into itself.

[q] <> [q] < - — [q] = [q] < [q]

Notice that we write in bold the symbols for sequences (of maps, integers...) such as a.
We let A, ; be the nonnegative measure valued functional on A,, ; defined by

Dng + @€ Ang— A%, = (15 Dey @7 Day . QFID,, ) € M(ES)  (1.13)

The Markov operator D; can be seen as a coalescent, or a selection type transition. In this
interpretation, the population (xz(l), . ,xz(q)) results from a selection of the individuals
with labels in the set b([g]). In addition, arguing as in ([[.4), the non negative integral tensor
product operators Q%q can be seen as the overlapping of an absorption transition from
(En—1U{c})? into itself, and an exploration transition from (£, _; U{c})? into (E, U{c})?.
We then have that

A2 (F) =E (F(X2Y ., X2 1rans, ... Lraasy) (1.14)

In the above display, (X2, ..., X2“%) represents the absorbed Markov chain on (E,U{c})?
with transitions Q% D, , and initial distribution 7789 qDaO.
Notice that the measures Aj,  inherit a remarquable invariance property from their set-

theoretic definition. Namely, let’ us introduce the natural left action of the group gg+2 on
Anp,q defined for all a € A, 4 and all s = (s, ..., sp+1) € G2 by

s(a) := (spaopsy ', 510155, ...,snans;j_l)

10



Then, for any F € B;Y""(Ef}) we have
b s(b
AP (F) = ASPI(F) (1.15)

The identity wouldn’t hold if F’ wasn’t a symmetric function. However, as already mentioned
in Sect. [[4, this is not a serious restriction as far as the determination of the g-tensor
occupation measures is concerned. The action of le” on A, , induces a partition of A, ,
into orbits or, equivalently, a partition into equivalence classes, where a and b are equivalent,
a ~ b, if and only if there exists s € G""? such that a = s(b). We write F, 4 for the
set of orbits or equivalence classes. As we shall see later, F,, , is nothing but (up to a
canonical isomorphism) a remarquable subset of the classical set of forests. If a € A, 4, the
corresponding equivalence class is written a. We also write Stab(a) for the stabilizer of a
in ggz+2_ According to the class formula, the number of elements in the equivalence class a,
written #(a) or #(a) is given by:

. (q!)n—I—Q
#®) = Trab@)’
where we write |Stab(a)| for the cardinal of Stab(a) and, more generally, |S| for the cardinal
of any set S.

Explicit formulas for #(a) and for the various quantities associated to the action of gg]“
on A, , such as the number of orbits (and much more) will be given later, and form, from
the combinatorial point of view, one of the cores of the article. As it will appear, due to
its general form, our analysis paves the way for a systematical combinatorial treatment of
all mean field path dependent approximations -e.g. without restrictions on the number of
particles at each step of the approximation process.

We are now nearly in a position to give our main results on Feynman-Kac particle
models, but firstly, to simplify the presentation, need to introduce a pair of definitions. We
start with some more or less traditional, and simplifying multi index notation. For any
sequences of integers p = (pk)o<k<n, and 1 = (I )o<k<n, we write p < 1if and only if py, <,
for all 0 < k < n. We write |p| for (po + ... + pn). Assuming now that p < 1, we use the
multi-index notation

n

Wp= J[ p.» P'= ] w!. and s(Lp)=]] s px)

0<k<n 0<k<n k=0

where the s(l, px) are Stirling numbers of the first kind. The difference (p —1), and respec-
tively the addition (p +1) of two sequences is the sequence (py — li)o<k<n, and respectively
(Pk +1k)o<k<n- When no confusions can arise, we write N, and q, for the constant sequences
(N)o<i<n, and (q)o<i<n. We also write 1, and respectively 0, for the sequence of unit inte-
gers, and respectively null integers. The above definitions are extended to infinite sequence
of integers p = (pr)r>0 € NN, with a finite numbers of strictly positive terms. Any function
a : N — N on the set of integers into itself, is extended to integer sequences p € NN, by
setting a(p) = ((pk))k>0-

For a € A, 4, we write |a| the sequence (]a;|)o<i<n. The coalescence sequence of a is the
sequence q — |a| of the coalescence numbers of the a;s. The coalescence degree of a is

n

coal(a) := (|q| — |a]) = Z(q — |ail)

1=0

11



The subset of A, ; of sequences a such that |a| > q — p is written A, 4(p). Notice that, if
a =~ b, |a| = |b|, so that the notions of coalescence degree and coalescence sequence go over
to the set F, 4 of forests. In particular, notation such as |[@| or coal(a) is well-defined. In
view of fla [[.1§, for any choice (ag, ..., an) of a representative of a forest f in 7, 4, we set

f
Ay =A%, and [f| = [a
The subset of 7, , associated to A, 4(p) is written F, 4(p).

Theorem 1.2. The non negative measure @nNg represents the distribution of the coales-
cent, and non absorbed Markov chain introduced in ([[.14), associated with a sequence

A = (Ap)o<k<n of independent random mappings from [q] into itself, with common dis-

tribution < > ae[q)ld %%. That is, for all F € B,""™(E}), we have that

QY (F) = AR (F) =E (F(XM ., X% 1paas, ... lpaasy)
In addition, for any 1 < q < N, we have the polynomial expansion
1
N k
Qn,q = qu + Z m 0 Qn,q
1<k<(g—1)(n+1)
with the collection of signed, and weak derivative measures (9’“(@”@ given by the formula

s(|f],q — f
814:@”7(1 _ Z Z (| |’q I') #( ) Azq

r<q:|r|=k fEF, 4(r) (q)|f\

We shall present several consequences of this theorem, including explicit descriptions of
the first two order terms in the polynomial expansion, and a new extension of the Wick
product formula to forests.

The functional expansions of the distributions Pn]\f 4 rely on the analysis of tensor product
particle measures on path spaces. These models can be studied following the same line of
arguments as the ones we used for the distributions an\f 4 As a parenthesis, we observe that
these two measures coincide for constant potential functions

(Vn>0 Va, € E, Gpz,)=1)= (Wn>0 Vg<N P =Qf)

n7q

To deal with general potential functions, we need to re-normalize the particle distributions
’y,]LV , and to extend the previous functional analysis to the path-space distribution of the
particle measures defined for any integer sequence 1= (Ix)o<k<n, by the following formula

1IN N\RI N\RI N In
T =)@ () @@ (9,)®

The analytic functional structure of these path space models relies on natural combinatorial
techniques on colored rooted trees, and forests. Our result basically read as follows.

Theorem 1.3. For any q, the sequence of probability measures (PnN+17q)N2q is differentiable
up to any order. Besides, at any order N > q we have the closed formula

1 1
N ® § : k N 2| pN
]Pn 1,g = 77nq1 + Nk 0 Pn+1,q + m BL( 0/ J]P’n 1,q
1<k<[(N—q)/2]

for some collection of signed derivative measures 8’“Pn7q, whose values can be explicitly
described in terms of a class of colored forests, with mazximal coalescent degree k.

12



As before, we shall derive several consequences of these expansions, including an explicit
description of the first order term, and a Wick product formula on colored forests. The latter
provides sharp estimates for LL,-mean errors between the particle occupation measures n
and the limiting Feynman-Kac measures 7,. Incidentally, combining this Wick product
formula with the Borel-Cantelli lemma we obtain the almost sure convergence result

lim (Ur]y)Qq(Fn,q) =0

N—oo

for any bounded symmetric function F on Ej, with fEn F(zl,...,xb)n,(dz}) = 0. This
result is an extension of the law of large numbers for U-statistics obtained by W. Hoeffding [[f]

for independent and identically distributed random variables to interacting particle models.

2 Particle measures expansions on forests

2.1 A preliminary stochastic tensor product formula

The link between the two, usual and restricted, tensor products measures, (nY)®? and
(7727 )®7 relies in the end on a simple observation, that will appear to be fundamental for
all our forthcoming computations. Throughout this section, integers N > ¢ > 1 and a
mesurable state space E are fixed once for all.

Consider first the surjection
m: g4 x (g, N) — [N]1
(s,a) —as:=aos
Lemma 2.1. Let b € [N]l9, then the cardinal |z~ ({b})| of 7= *({b}) only depends on the
cardinal |b| of the image of b. It is given by

[ ({01 = (N = [B]) gy (@)

Proof. Observe indeed that, with the same notations as above, for b and a fixed, the equation
b = as can have a solution only if the image of b is contained in the image of a. Let us
consider such a a. Since a is injective, it has a left inverse a’ for the composition of maps
such that moreover a’a acts as the identity on [¢]. The equation has therefore a unique
solution s = a’b. Since the number n, of injections from [g] to [N] the image of which
contains a fixed subset of [N] of cardinal p < ¢ is

np = (¢)p(N = P)g—p;

the lemma follows. O

The lemma translates almost immediately into a functional relation between the two
tensor product measures. Notice first the identity

Dan = Dab

that holds for any pair of mappings (a,b) € ([¢]l?)2. Let u,v be any linear combinations

S ajai, (resp. S Bib;) of elements of [¢]l9), or, in other terms, elements of the monoid
i€l jEJ
algebra of [q] [4], We extend linearly the definition of D, so that:

D, = ZaiDai

el
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and
DuDv = Duv = Z aiBjDaibj
i€l jed

We denote now by m(x) the empirical measure associated with an N-uple x = (Cﬂi)lgiSN €
ZEN

1 N
m(x) = + > 0
i=1

For any integer ¢ < N, we also consider the empirical measures on E? defined by

1
M) = 1 Y g, gt
a€[N]ld]

1
m(x)®1 = N Z 5($a(1),...,x“(‘1))
( )q aG(q,N>

Although the notation is self-explanatory, notice that, in the sequel, we will write simply x®
for (x“(l), ... ,xa(q)) and dxa for 5(96,1(1)7.“@@((1)).

Corollary 2.2. We have

where

Proof. In view of the following identity, that holds for any function F' € BY"(E9), with
q< N,
Sga Dy(F) = Dy(F) (2D, ..., 2%y = F(z?D) | 29y = §_,,(F)

the corollary follows from lemma PR.1] and the identity

(N) (N)p(N - p)qu =1 where N 2 q Z p
q

Corollary 2.3. The tensor product measure m(x)®? has a Laurent expansion:

1
m(x)®7 = m(x)? - Z ~r Dok,
0<k<q
where 1
N k
Ly=Y 9L,
0<k<gq
and 1
L, = Z s(p,q — k) @ Z a
q—k<p<q P aelqld

14



Notice that, in the expansion of 8qu, the double sum involves only elements a € [¢] [4]
the coalescence number of which is less or equal to k.
The corollary follows from corollary .9 and from the Stirling formula

(V)= 3 s(p, k)N

1<k<p

For ¢ > 1, and recalling that s(q,q — 1) = — ( g ), we get

80Lq:%2a

a€(q,q)
—-1) 1 1
A A K
2 ¢ € ) la]
a Q7Q> ae[q]qq_l
1 qg—1)(g—2) 1 1
PLy = slaa-2) = > “‘%7 Y. at=— > a
T a€{g,q) T [a] Da- lq]
ae[q}q—l ae[‘]]q_z

Notice in particular that, since the composition map

<q7Q> X <Q7N> — <q7N>
is a surjection with all fibers of cardinal ¢!, we have
m(x)®Dgoy,, = m(x)*

so that, asymptotically in NV
m(x)®q ~ m(x)Qq

More precisely, we have, assuming from now on that x is generic (that is, x; # z; if ¢ # j):

Corollary 2.4. The following formulas hold for the expansion of m(x)®?

N=WNa 1)

N ()% = m(x) e =2 S50

q
M) Darp Ml = Y |s(p.a = k)| S(a,p)

p=q—Fk
Here, || ||t stands fort the total variation, that is, for any linear operator () on By(E9),
1@l := sup [Q(f)]
[ £lloo=1

Recall that the Stirling number of the second kind S(q, p) is the number of partitions of [g¢]
into p non-empty subsets, so that

gl = S(a,p)(a)p

The corollary follows then from our previous computations and from the following lemma.
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Lemma 2.5. Let Q= > wu, Y, 6 Oxae, where the u, are arbitrary real coefficients, then
0<p<gq aE[N}LQ]
we have

1Qllew = > lupl (V) S(a.p)

0<p<gq

Proof. Indeed, we have [|Q||tw < > |up| (N), S(g,p) by direct inspection, since ||dxa || =
0<p<g

1 for all a € [¢]9). Let us write sgn(k) for the sign of uy, and let us introduce the function
¢ € By(E1) defined by:

QS(yl""’yQ): Z Sgn(k)(;];\(yly---qu)

0<k<gq
where A(y1,...,yq) = {y1,-..,y}| and 6’;@1 ) stands for the Dirac function. Then,
Q(¢) = > |up| (N)p S(g,p), and the lemma follows. O

0<p<q

2.2 Laurent expansions

The goal of this section is to derive a Laurent expansion of the measures @% q € M(EYD),
N (F) =E((v))®U(F)), F € By(Ef), with respect to the population size parameter N.

The following proposition is fundamental. Recall from Sect. [[.§ that we write F,, 4 for the
set of equivalence classes in A,, ; under the action of the permutation group Q(’;”.

Proposition 2.6. For any integers ¢ < N, any time parameter n € N and any F €
B (ER) we have the Laurent expansion

Yy =Ly B ar oy

+1
NQ(TL ) fefn’q (q)|f‘

with the mappings A, 4 introduced in ([1.13).

Proof. Indeed, combining the definition of the particle model with corollary B.3, we first
find that

E((N)"@®) |¢h) = o) xE(@) @) | ¢h)
= (W) <E () Dy (F) | &)

= (W) <E (@)D (F) | 6))

Using the fact that, conditionnaly to 51(1]\1)1 and for G € B;Y"(E})

N vsae  MNDTNQYG) (N )PTQRG)
‘I)n(nnfl) (G) - (777]27_1)(8(]( %q(l)) - (77];[_1)®q( %q(l))

and

(’Yévfl)éaq (ng(l)) = (’Yrjzvlen(l))q = (’Yrjzvfl(Gn—l))q = (’Yrjzv(l))q
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we arrive at

N\ 4 MY — N ()™ (ngDLéV )
E ((r}/n ) (F) ‘ gnfl) - (,}/n (1)) E (75_1)@ (Q%q(l)) ‘ n—1
= B(()* @y F) | €) 21)

Integrating over the past, this yields that
E () () =E (1) @Dy F))
Using a simple induction, we readily obtain the formulae
()% (F) = E((63™QF Dry ... DLy ) (F)

= E((n"DryQ7"Duy .- QiDyy) ()

1 (N)ja
_ ial Na
NateD) ae;%q CUNEE.

where A, , is the set of sequences of maps introduced in section and where we use the
multi-index notation introduced in the same section. In view of equation ([L.15), we know
that
b b
AP (F) = A50/(F)

whenever a and b belong to the same equivalence class in A, 4, and the Proposition follows.
O

We are now in position to derive Theorem [[.9

Theorem 2.7. For any time horizon n € N, any population size N > 1, and any integer
1 <q < N, we have the Laurent expansion

1
nN,q(F) =%+ Z NF 8an7q(F) (2.2)
1<k<(g—1)(n+1)

with the signed measures 8’“@,“1 such that

r<q, [t|=k fEFn q(r) (@)

for all F € B, (ER).

Proof. Indeed, according to Proposition P.G

NP = ey S WS e Al )

pPE[L,q" ! P feFnqlfl=p

Using the Stirling formula

(N)p = Y s(p, )N (2.3)

I<p
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we also have that
1 f
ST Y b e X #HOALD)
1<q I<p<q f€Fn,q.|f|=pP
from which we conclude that

=Y Y span) g S #EALE)

r<qq-r<p<q p feFn, qlfl=P

Observe then that #(f) = (¢))"*! if |f| = q since, in that case, f is nothing but the
equivalence class of all sequences of bijections in A, ,. This ends the proof of the theorem.

O

Corollary 2.8. Assuming that ||A£L7q||t’l) <1 for any f € F, 4, the following formula holds
for the expansion of Qn]\fq

m N [|Q), — 72| < (n +1)q(q — 1)
N—o0

Proof. We have (see proof of theorem R.7) that #(f) = (¢!)"*! if |f| = q and besides,
[{r, [r| =1}| = n+1, and for any such r, s(q,q—r) = — (). In conclusion, the case |f| = q
contributes to (n 4 1)g(q —1)/2 to the asymptotic evaluation of N ||Q}, — ad |

Now, let us consider a sequence r with |r| = 1, e.g. the one, written r; with r; = 1, for a
given 0 < i < n. In that case, there is a unique f with |f| = q — r, which is the equivalence
class of all sequences of maps a in A, ; with a; € G4, j # ¢ and |a;| = ¢ — 1. In particular
#(f) = (¢")™** (), so that, on the whole, the case |f| = r; contributes to ¢(g — 1)/2 to the
evaluation.

The corollary follows then from the Laurent expansion of Theorem P.7. O

We conclude this section with noting that the above functional expansions also apply to
the dot-tensor product measures

(W) (F) = ()" x () (F)

More precisely, by definition of the particle model we have that
©g ®q
E () (F) =B ()™ Q9(F)) = Q)1 ,(Q5F) (2.4)

3 Combinatorial methods for counting forests and jungles

In the present section, we face the problem of computing the cardinals #(f) involved in
our Laurent expansions. We also derive various identities relevant for the fine asymptotical
analysis of mean field particle interacting models, such as the number of classes of elements
in F, 4 with a given coalescence degree.

As already pointed out in the Introduction, we have choosen the langage of botanical and
genealogical trees, both for technical reasons (since forests appear to be the most natural
parametrization of elements in F,, ;), and also for the clarity of the exposition.
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3.1 Some terminology on trees and forests

In this section, we detail the vocabulary of trees, that will be of constant use later in the
article.

Definition 3.1. A tree (respectively a planar tree) is a (isomorphism class of) finite non-
empty oriented connected (and respectively planar) graph T without loops such that any
vertex of T' has at most one outgoing edge. Paths are oriented from the vertices to the root.
There is no restriction on the number of incoming edges. The empty graph 0 is viewed as
a tree and is called the empty tree. The set of all trees (resp. planar trees) is denoted by T
(resp. PT ). The vertices of a tree without incoming edges are called the leaves; the vertices
with both incoming edges and an outgoing edge are called the internal vertices or the nodes;
the (necessarily unique) vertex without outgoing edge is called the root.

Definition 3.2. A forest f is a multiset of trees, that is a set of trees, with repetitions of
the same tree allowed or, equivalently, an element of the commutative monoid (T) on T,
with the empty graph Ty = 0 as a unit. Since the algebraic notation is the most convenient,
we write

£ =T T

for the forest with the tree T; appearing with multiplicity m;, © < k. When T; # T} for i # j,
we say that £ is written in normal form. A planar forest £’ is an ordered sequence of planar
trees. Planar forests can be represented by noncommutative monomials (or words) on the
set of planar trees. The sets of forests and planar forests are written F and PF.

For example, if 7] and T3 are two planar trees, f' = T{T4T] is the planar forest obtained
by left-to-right concatenation of T}, T4 and another copy of T7.

NS S NS S
NN N

Figure I: a graphical representation of a planar forest f' = T7T3T].

We say that a tree T is a subtree of T”, and we write ' C T”, if the graph of T is a
subgraph of the graph of T”, and if the root of T is also the root of 7. In a more pedantic
way, a subtree of a tree is a connected subgraph of T” containing the root. A subforest f C f’
of a forest f’ is defined accordingly, as a collection of pairwise disjoint subtrees of the trees
in f.

The distance between two vertices in a tree is the minimal number of edges of a path
joigning them. The height of a vertex is its distance to the root. We also say that a vertex
with height £ is a vertex at level k in the tree. The height ht(T) of a tree T is the maximal
distance between a leaf and the root. The height ht(f) of a forest f is the maximal height
ht(T) of the trees T' C f in the forest

ht(f) = sup ht(T)
TCf
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For the unit empty tree, we also take the convention ht(()) = —1.
We write vg(f) for the number of vertices in a forest f at level £ > 0. The number of
vertices at each level in a forest is encoded in the mapping :

v feF )= (vf)r>o
Notice that for any pair of forests (f,g) € F, we have that

v(fg) = v(f) + v(g)

We write V for v(F), which coincides with the set of connected initial integer sequences,
that is integer sequences p = (pg)k>0 € NN satisfying the following property

Jht(p) € N s.t. inf pp,>0 and sup pr=0
k<ht(p) k>ht(p)

For the unit empty tree Ty = (), we use the conventions
v(0) =0=(0,0,...) and ht(0)= -1

For any p € V, we write Fp, for the set of forests f such that v(f) = p. Our notation is
consistent, since the height ht(f) of a forest f € F, clearly coincides with the height ht(p)
of the integer sequence p. For the null sequence 0, we have that Fo = {0}.

When p € V is chosen so that pg = 1, the set Fp, reduces to the set 7, of all trees T'
such that v(7T") = p. The notation on trees, and forests goes over to planar trees, and planar
forests in a self-explanatory way. For example, for any sequence p € V, PFp, is the set of
planar forests f, with vg(f) = py vertices at level k£ > 0.

For any n € (NU{—1}), we denote by V,, C V the subset of sequences p such that
ht(p) = n. Notice that V_; = {0}. In this notation, the sets of all forests, and trees with
height n are given by the sets

Fon)=[] F Tn):= [ T

PEVR PEVn,po=1

The shift operator

B : p=(pr)i>0 €V B(P)= (@) €V, q:=p+1

induces a canonical bijection, still denoted by B, between the set of trees 7, (resp. planar
trees PTp,), with p € V41 and the set of forests Fpp) (resp. planar forests PFpp)),
obtained by removing the root of the tree

B : T €T, (resp. PT,) — B(T) € Fpp) (resp. PFpp))

From the graph-theoretic point of view, the number of coalescences ¢ (f) at each level
k > 0 in a forest f € F is defined by the mapping

c: feFwcf)=Bf)) —|f|

The sequence c¢(f) is called the coalescence sequence of f. In the above displayed formula,
the sequence |f| = (|f|x)r>0 represents the number of vertices at level & > 0 minus the
number of leaves at the same level, that is the number of vertices with an ingoind edge,
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whereas B(v(f)) stands, by definition, for the number of edges between the levels k + 1
and k. Finally observe that for any pair of forests (f,g) € F, we have

([fg] = If[ + gl and  B(v(f) +v(g)) = B(v(f)) + B(v(g)) ) = c(fg) = ¢(f) + ()

We also say that the coalescence order of a vertex in a tree or a forest is its number of
incoming edges minus 1. The coalescence degree of a tree or a forest f is the sum of the
cx(f) or, equivalently, the sum of the coalescence orders of its vertices. We say that a tree
is trivial if its coalescence degree is 0.

3.2 On the algebraic structure of trees and forests

In a planar forest f’, vertices at the same level & > 0, are naturally ordered from left to
right, and therefore in bijection with [vg(f")]. Planar forests (resp. planar trees) f’ € PF
of height ht(f’) = (n + 1) are therefore canonically in bijection with sequences of maps
a = (ag,...,an), where ay is a weakly increasing map from [pgy1] to [pg], with k& = 0, ..., n,
and p € V,,11 (resp. and pg = 1).

To clarify the presentation, we write a T to indicate that a given mapping a between
sets of integers is weakly increasing. In this notation, for any p € V,,41 we have that

PFp~TA, := {(ao, ey Gp) € <[po][p1] X ... X [pn][p"“}) :YO<k<n ag T}

We write PF'(a) (resp. PT'(a)) for the planar forest associated to a sequence in Z.Ap (resp.
with po = 1). In this interpretation, when f’ € PFp is represented by a sequence of
mappings a = (ag, ..., an) € Z.Ap, the number of coalescent vertices at level k is given by

cr(f) = vppr (F') — |ag]

Notice that the definition is coherent with the definition of the coalescence sequence associ-
ated to a. In addition, when the integer sequence p € V1 is chosen such that py = 1, the
mapping B introduced in the previous Section can be rewritten as follows:

B : PT(a) € PTy+— B(PT(a)) := PF(B(a)) € PFpp)

with the shift operator B(ag,...,a,) := (a1,...,ay,). These definitions and notations can
be extended to arbitrary sequences of maps and arbitrary trees and forests as follows.

Definition 3.3. Let a = (ag,a1,...,a,) be any sequence of maps ay : [pr+1] — [pk], with
k=0,...,n. To a sequence a is naturally associated a forest F(a): the one with one vertex
for each element of [1}25[px], and a edge for each pair (i,ay(i)),i € [prs1]. The sequence
can also be represented graphically uniquely by a planar graph J(a), where however the edges
between vertices at level k+1 and k are allowed to cross. We call such a planar graph, where
paths between vertices are entangled, a jungle. The set of jungles is written J .



Figure 2: The entangled graph representation of a jungle with the same underlying graph
as the planar forest in Fig. 1.

Notice that planar forests are particular examples of jungles, so that, for any sequence
of weakly increasing maps a we have PF(a) = J(a). Notation such as Fp, with p € V41,
extends from forests to jungles in a self-explanatory way. Jungles j € 7, of height (n + 1)
are therefore canonically in bijection with sequences of maps (ag, ..., a,), where ay, is a map
from [pg41] to [pg), with & =0, ...,n. More formally, we have that

Jp >~ Ap = <[po][p1] X ... X [pn][l’nﬂl)

To make these algebraic representations of planar forests and jungles more precise, it is
convenient to introduce another round of notation. For any integers p,q,r,s > 1, and any
pair of maps (a, 3) € ([q] [P} 5 [s] [r]), we let (aV 3) be the weakly increasing map from [p+r]
into [¢ + s] defined by

N a(i) if i€ [p|
(avﬁ)(%)—{ g+ p3) if i=p+jwithje[r]

If a and 8 are weakly increasing, so is aV 8. For null integers p = 0, or p = 0 = ¢ we use the
conventions [¢]P) = {0}, and the composition rules (0V@) = 0, (aVP) = o = (DVa). Observe
that for any (o,7) € (G4 x Gs), any (o, 5) € ([q][p} X [5][’"]) and any (p,0) € (Gp x G,) we
have the composition formula

(cVT)o(aVB)o(pVe) = (coaop)V(rofob) (3.1)

For any p € G,4, with o and (3 as above, we also quote the following factorization rule
(avB)ope (g V) = pe(Gva)

To check this final assertion, we suppose there exists some i € [p] such that p(i) = p+ j, for
some j € [r]. In this case, we would find the following contradiction

(aV B)(p(i)) = (aV B)(p+j) =q+B3) ¢ ld

By a simple induction argument, for any o; € [¢;]P,i = 1,...,m, we also have that

(1 V...Vay)op€E ([ql][pﬂ V.V gl m}> = p€(Gp V...VG.) (3.2)

for any permutation p € G,, 4. 1p,., and m > 1.
More generally, for any sequences of integers p € V, and r € V, and any sequences of
maps a = (o)k>0 € Ap, and § = (Ok)r>0 € Ay we denote by (a V ) the sequence of maps

aV = (g V Br)k>0 € Apir

Notice that, if « € ZAp and 8 € TAq, then oV 3 € TAp4q. In the above displayed formula,
we have used the conventions ay = (), and §; = (), for any k > ht(p), and [ > ht(r).

Recall that sequences of weakly increasing maps a € T Ap, and 8 € ZA, can be rep-
resented graphically by the planar forests PF(a) € PFp, and PF(5) € PF,. In this
interpretation, the composition formula on the noncommutative monoid PF is now given
by

PF(a)PF() = PF(aV B) € PFpir (3.3)
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The same constructions hold for non necessarily increasing maps. In this situation, the
sequences of maps a € Ap, and § € A, can be represented graphically by the jungles
J(a) € Jp, and J(B) € Ty, and we have the (noncommutative) product formula on the set
J

J(@)J(B) = J(@V B) € Tpir (3.4)

3.3 Automorphism groups on jungles

For any given sequence of integers p € V,, 41, the product permutation group
gp = (gpo X gpl X X gpn+1)

acts naturally on sequences of maps a = (ag, a1, ..., an) € Ap, and on jungles J(a) in Jp by
permutation of the vertices at each level. More formally, for any s = (so, ..., Sp41) € Gp this
pair of actions is given by

s(a) := (spagsy ', ...,snans;}rl) and sJ(a):= J(s(a))

An automorphism s € G, of a given jungle J(a) € Jp is a sequence of permutations that
preserves the jungle, in the sense that sJ(a) = J(a). The set of automorphisms of a given
jungle J(a) € Jp coincides with the stabilizer of J(a) with respect to the group action.

Stab(J(a)) ={s € Gy : sJ(a) =J(a)}
By the definition of a jungle, we also have that
J(a)=J(b)<=a=b

from which we find Stab(J(a)) coincide with the stabilizer of a with respect to the group
action. The stabilizer theorem also provides a one to one correspondence ¢, between the
orbit set
Orb(J(a)) :={sJ(a) : s€Gp} C Tp
and the quotient G, /Stab(J(a))
@a = J(b) € Orb(J(a))  S@ap)Stab(J(a)) € Gp/Stab(J(a))

for any choice of s(4 1) € Gp such that s p)(a) = b.

Notice that if two sequences a and b differ only by the order of the vertices in J(a) and
J(b), that is by the action of an element of Gp, then the associated forests are identical:
F(a) = F(b). Moreover, the converse is true: if F(a) = F(b), then J(a) and J(b) differ
only by the ordering of the vertices, since they have the same underlying non planar graph.
In this situation, a and b belong to the same orbit under the action of G,. In particular,
we get a result already mentioned in the Introduction

Lemma 3.4. The set of equivalence classes of jungles in Jp under the action of the per-
mutation groups Gy is in bijection with the set of forests Fp. In particular, due to the
equivalence between the two notions of jungles and sequences of maps, it follows that the set
Fn,q of equivalence classes in A, 4 under the natural action of Gq is canonically in bijection
with the set of forests with q vertices at each level 0 < k <n 4+ 1.

Here, q denotes, once again, the g-constant sequence of lenght n + 1.
Since the root mapping ag of a planar tree is constant and equal to 1, we finally observe
that for any a = (ao,...,a,) € ZAp, we have

Stab(J(a) = Stab(PT(a)) = {11} x Stab(B(PT(a)))
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3.4 Orbit sets of planar forests

From the Feynman-Kac mean-field approximation point of view, jungles in A,, , describe
trajectories of families of particles with prescribed coalescence properties. In particular, two
trajectories that are equivalent under the action of G4 have the same statistical properties.
In the present section, we face the general problem of computing the cardinals #(f), defined
as the number of jungles in f € F,, for some integer sequence p € V,,11, when f is viewed
as an equivalence class according to the previous lemma. Let us write f in normal form
(with the T;s all distincts) as a commutative monomial of trees:

f= Tlml...T];nk, mi—+ ...+ Mg = Po

Let us also choose arbitrary representations 7] € P7T of the T;s as planar trees, so that we
can view f as the forest associated to the planar forest

£ = (T (T

obtained by left-to-right concatenation of m; copies of Tj, mq copies of T3,..., my, copies of
T;,. We write T7'...T,/ for the expansion of the noncommutative monomial

£ = (7)™ . (T))™ = T)..T,

as a product of planar trees (without exponents).
From previous considerations, we have that

#(F) = #0rb(f) = #{ge€ Tp : Is€Gp st g=sf}

Due to the class formula, we also know that

/ |9p| p!
#HE) = #OrbE) = 5 (e ~ Stab(®)
where we remind that Stab(f’) stands for the stabilizer of the jungle ' € Jp.

The computation of #(f) will be done by induction on (n + 1) := ht(f). Let us assume
that we know #(g) for any forest of height less or equal n. Notice that, then, we also know
#(t) for any tree t of height (n + 1), due to the canonical bijection B between trees and
forests: #(t) = #(Bt). From the previous discussion, the problem amounts to compute the
cardinals of the stabilizers Stab(f’) inductively with respect to the height parameter. The
following technical lemma is instrumental.

Lemma 3.5. There is a natural isomorphism
Stab(Ty ... Ty ) N ({1pg} X Gipy,opnsn)) ~ Stab(T{) V...V Stab(T},)
where 1, stands for the identity in G,,.
i

Proof. We let a’ = (aé, ...,ak) be a sequence of weakly increasing maps such that 7} =

PT(a"), with 1 <14 < po. In this notation, we have that
f = T{..T) =PT(a')... PT(a”) = PF(a)

where PF'(a) stands for the planar forest associated with the sequence of weakly increasing
maps

a=(a'Vv...va”) = (ap,...,a,) with V0<I<n aq=a V...Vd"
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Notice that the stabilizer of the planar forest PF'(a) is given by
Stab(PF(a)) = {s € Gp : s(a) =a}
and for any s = (so,...,Sp+1) € Gp we have that
sfa)=a< (V0O<I<n slo(all\/...\/af“)osljrl1 =a} V...Va")

Therefore, using the composition formula (B.]) and the factorization rule following the
formula, it is not difficult to check that any sequence

s = (1py, 81, - -, Snt1) € Stab(f')

can be represented in an unique way s = (s(l) V...V s(po)), in terms of some permutation
sequences

st = (14, Sgi), e ,37(31)

between the vertices at each level of the planar tree PT(a’), with 1 < i < pg. In terms of
the level parameter 1 <1 < (n + 1), we also notice that

s zsl(l) \/...\/sl(po)
To take the final step, we observe that
slalsl:_ll = <sl(1) V...V sl(po)) ofaj V...Va)o ((sl(i_)l)*1 V...V (sl(f_ol))A)

= (s oafo (s V. v (s o al? o (s9)) 1)

This implies that
s(a) = <s(1) V...V s(p°)> (@' v...var) = (sM(al)v... vsP)(aro))
from which we find that sJ(a) = J(a) if, and only if, we have
J(sW(@h))...J(sP)(@m)) = Jal)...J@&")
This is clearly equivalent to the fact that
J(s(a') = s J(a’) = J(a')
for any 1 <4 < pg. This yields that for any 1 < i < pg, we have
s = (15,57, ..., 5% ) € Stab(PT(a’))

from which we conclude that the mapping

s € Stab(PT(a')... PT(a?)) N ({1p,} x g(pmpm))

!

(sWv...vsP)) e Stab(T(al)) V...V Stab(T(ar))

is an isomorphism. This ends the proof of the lemma. ]
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The first coordinate mapping
Tt 8=(80,.-s8n11) € Stab((T1)"™ ..(T})"™) — 7(s) = $0 € (Gimy V...V Gm,)

is a surjective map (it even has a natural section, the construction of which is omitted). We
therefore have that

Ker(m) =711 (1,,) ~ Stab(T{)V ...V Stab(Ty, ) ~ Stab(T{)™ x ... x Stab(Ty,)"™*
This yields the isomorphism formula
Stab((T7)™ ...(T)™ )/ (Stab(T])™ x ... x Stab(Ty)™ ) ~ (Gmy V...V Gm,)
from which we readily deduce the following recursive formula for the computation of #(f).

Proposition 3.6. We have

k
|Stab((T])™ ..(T)™)| = [ ] (mi! [Stab (B(T}))™)
=1

3.5 An inductive method for counting jungles

We conclude this section by giving a closed formula for #(f). Let us introduce for that
purpose some further notations.

Definition 3.7. Let f be a forest written in normal form £ =T{"'..T;"*. In this situation,
we say that the unordered k-uplet (mq,...,my) is the symmetry multiset of the tree T =
B~L(f) and write

s(T) = s(B~HT{™..TJ™)) = (ma, ..., mi)
The symmetry multiset of the forest s(f) =Ty .. T, is the disjoint union of the symmetry
multisets of its trees

s(Ty™ .. T;"%) = | s(Th),...,s(T1),...,s(Tk), ... ,s(Tk)
—_—— ~—_———
my terms my, terms

For example, the symmetry multiset of the first tree of the forest f displayed in Fig.
1is (1,1); the symmetry multiset of B~1(f) is (2,1); and the symmetry multiset of f is
(1,1,3,1,1).

We also extend the map B from trees to forests to a map between forests and, if f =
T T is a forest, set

B(f) = B(Ty)™...B(Ty,)™*
From the point of view of graphs, the operations amounts to removing all the roots and all
the edges that have the root as terminal vertex from the graph defining f. The definition
extends naturally to planar trees and planar forests. In particular, if f’ is a planar forest
with f as its underlying forest, we set s(f’) := s(f).

Theorem 3.8. The number of jungles (or, equivalently, of Feynman-Kac mean-field type
trajectories with the same statistics) in £ € Fp,, with p € V11, is given by

#(f) = #
IT s(B*(f))!

i=—1

where we use the usual multi-index notation to define s(B(f))!.
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Proof. 1t clearly suffices to prove that

n

|Stab(f)| = ] s(B(f))!

i=—1

for any planar forest f’ of height (n+1). We check this assertion by induction on the height
parameter. First, we observe that a planar forest f’ of height 1 can be represented as a

noncommutative monomial
£/ = ()™ .. (Ty)™

with different planar trees T of height 1, and some sequence of integers m;. In that case,
the planar forests B(T) reduce to elementary planar forests with null height, with S(T7})
elementary planar trees with null height. This yields that

BH(T}) = 1 = [Stab(B(T)))| = s(T))!

1

By proposition B.g, we conclude that

|Stab(f")| ™) =s(B~HE)! s(f)!

||’:]»

This ends the proof of the formula at rank 1. Suppose now that the assertion is satis-
fied for any planar forest with height n. By proposition B.6, for any planar forest f' =
(T7)™...(T})™*, with height (n + 1), and written in terms of distinct planar trees T, we
have

|Stab(f')| = (£ vH |Stab(B(T}))|™

Since the planar forests B(T}) have height n, the induction hypothesis implies that

n—1 n
Stab(BT)| = [] s(B(BT)) = [[ s(B(T}
j=—1 J=0
This yields that
k n i n k mi
|Stab(£)] = s(BTEN ] [ [TsB/ @]  =sBEN]] (H S(Bj(T{))!>
i=1 \j=0 J=0 \i=

Recalling that BY(f') = BY(T{)™...B’(T})™*, we also find that

s(BY(f) = (8(B/(T1)),...,s(B'(T})),....s(B’ (T})), ... ,s(B (T})))

my terms my, terms

We conclude that .
|Stab(f')] = H (B ("))

This shows that the formula is also true for planar forests with height (n+1). The inductive
proof of the theorem is now completed. |
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3.6 Wreath product representation

This section is concerned with an original wreath product interpretation of the stabilizer
of planar forests. To be self-contained, let us recall (see e.g. [}]) that the wreath product,
written G < G > of an arbitrary group GG with the symmetric group of order k, G, is the
group that identifies, as a set, with G, x G*, and where the product is defined by:

(87917 7gk) ® (s/aglla 7g;c) = (53/7919271(1)7 7gkg;*1(k))

In addition, if a group G acts on a set S, and if G, acts by permutation on S*, that is, if
for any s € G and any (1, ..., ) € S* the action of s on (z1,...,z%) is given by

$(T1y ey Tk) = (Tgm1(1)y ey To—1(k))
we then have, for any (g1, ..., gr) € G*
$(G1s s GB)S (@15 oy TE) = S(G1, oo G) (Ts(1) s 0s Ts(k))

= 5(9125(1)5 - IR Ts(k))
= (9571(1)901, ---79571(@9%)
We are now in position to state and prove the main result of this section.

Theorem 3.9. For any planar forest (T7)™...(T},)"™* € PFp, with height (n+1) written in
terms of distinct planar trees T}, for some sequence of integers p € V11, there is a natural
isomorphism

Stab((T})™ ...(T{)™) ~ Gy < Stab(T}) >) V...V (G, < Stab(T}) >)

so that, in particular, the stabilizer of any jungle in the equivalence class of f is conjugated
in Gp t0 (Gm, < Stab(T]) >) V...V (G, < Stab(T}) >).

Proof. We write T7'...T,) for the expansion of the non commutative monomial (77)™...(T},)"*
as a product of planar trees (without exponents). Let us also choose an arbitrary

s = (80, .-, Spt1) € Stab(f")
This implies in particular that the root permutation sg € Gy, is of the form
1 k
S0 = (sg)v...v,sf))) €(Gm V...VGn,)
Also observe that so acts on the planar forest 77'...T; by permutation of the planar trees:
1ol it 1"
SO[TI ...Tpo] = (Tsal(l)...TSal(pO))

This action by permutation can be viewed as a permutation (by blocks, according to the
permutation of the planar trees) of the vertices of the planar forest, and this action can
therefore be rewritten uniquely under this process as the action of an element

Sp = (80, 50,15 - - ,807n+1) S Qp
on the vertices of the planar graph of T7'...T,/

solT}..T"] = so(T]..T")
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Notice that sg depends on the planar forest 77'...T}, , since it acts non trivially on the vertices
at levels ¢ > 1. In general, the embedding sg € G, < s € Gp, is different from the canonical
embedding s € Gp, — (50, 1p; sy 1p,yy) € Gp.

We consider then the map (of sets)

(Gmy V-V Giy) % (Stab(£) N ({1pe} X Gp,.prin)))
:U'(S) = (807 sso_l)

w oz Stab(f') —
S = (307---75n+1) —
In lemma B.H, we have proved that (Stab(T{... T ) N ({1py} X Gipy.. pnir))) is isomorphic
to the permutation group Stab(T7') V...V Stab(T} ). Therefore, the permutation sequence

-1 _ -1 -1
ss, = (1p0,515071, .. "S"+150,n+1)

can be alternatively represented as
ssy ! = <s(1) V...V s(po)) € Stab(TY') V ...V Stab(T,,)

Using these representations, we have that

p(s) = ((sé” V... Vs, <S(1) V...V S(po))>
= (Sél), <s(1) V...V s(ml))> Vv (séz), <s(m1+1) V...V s(m1+m2)>>
V...V (S((]k)7 (S(m1+...+mk71+1) VERRY, S(m1+...+mk71+mk))>
On the other hand, we have

u(st) = (soto,st(soto)_l)
= (soto, sttalsal) = (soto, (ssal)so(ttal)sal)

and for any level index 1 <1 <n we find that

— — 1 —
soultita))sg) = soati V. vH™)sg)

N A VIRV (G

(2)y— (2)\—
V(oD THmED) (077 mtma))y

(56 T matmi_a 41)) |

(k)\—
V.. V(G \/tl((so ) 1(m1+...+Mk_1+mk)))

This implies that
So(ttal)sal = (1p0’ T1y... aTnJrl)

with a sequence of mappings

(Lpos 1y -+ s Tng1) = <r<1> V.V r<p0>) € Stab(T}) V...V Stab(T,)

given by
Dy ypm) = g (ST oy (8 )
plmitl) oy plmtme) ()T D)y (550) 7 mama)
plmtotme_i+1) oy pmatetmy) = (8T A D) oy (697 T )
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This yields that
(ssy!) o (so(ttal)sal) = (s(l) V...V s(po)) o (r(l) V...V r(po))
We finally obtain the following formula

u(st) = ((1)ot(()),((s(l)ot((s(()l))_l(l)))\/...\/(s(ml)ot((s(()l))_l(ml)))>)

y ( @), 4(2) (( (m1+1) o g((s67) T mtD)y |y (glmatme) o t((S((f))*l(erm)))))

D (s v o (80, (60 e

v{( (2) < (m1+1) ..vS(m1+m2)>> ® (t( ) (t(m1+1)

)

and the Theorem follows. [

<

3.7 Hilbert series method for forests enumeration

In the present subsection, we face the problem of computing other cardinals relevant to the
analysis of Feynman-Kac mean field particle models, according to our Theorem [[.2. For
example, we want to be able to compute the number of forests in any Fp; the cardinals
| Frn,q(r)|; or the number of forests in F, , with a given coalescence degree. Notice, by the
way, that the notions of coalescence sequence and degree, as defined in the Introduction for
sequences of maps in A, 4, and forests in F, 4, go over to arbitrary forests and trees.

We let (S) be the commutative monoid generated by a subset of forests S € F

{f k>0, and V1<i<k m;>0 and fiGS}

with the convention f{"* ... f"* =0, for k = 0. Notice that there is a canonical map from

(S) to F, which is an embedding, e.g. if S is a set of (distinct) trees. We also consider
a set of variables x(T') indexed by the set of trees T' € T, and we let M[7] be the set of
monomials defined as follows

M[T]={x(T)™ ...x(Tp)™ : k>0, and V1<i<k m;>0 and T,€7}
For any mapping x on the set of forests
x : f€F s x(f) € M[T] suchthat VY(f,g) € F* x(fg) = x(f) x(g)

we have the Hilbert series expansions

1
1—x(f) gezw xg) and ] = 2 x@ (3.5)

fes ge(S)
We let V7 be the subset of all multi-indices p € V, with height ht(p) < n

V:L = Uflgkgnvk
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Definition 3.10. The (multidegree) Hilbert series of forests, H'z(x), is the Hilbert series
associated to the partition of the set of forests of height less or equal than n into subsets
according to the number of vertices at each level, that is,

Hp(x) = Y [Fpl xP =HF'(x)+ D> |Fp| xP
pEV] PEV,

where we write XP as a shorthand for xf’z* ...

We let 9p = 959081 .. ., and we consider the mapping B~! from V into itself defined for
any k > 0 by

B™' i peVy— B (p)=(Lp) = (1,p0.p1,---) € Vi1

Since forests f of height 0 are characterized by the number of roots in f, we clearly have the
formula

1
(peVo |Fpl=1) = Hy(w) ==~ =D af
p=>0

Proposition 3.11.

. 1 ‘fp| 1 1

pevzfl PEVh_1

>apH;1(o)

In addition, the gemerating function associated with the number of forests with multidegree
P € V., and built with trees with height n is given by

1 8PHT.7L:_1(0)
Vn > 1 S TN Al xP = ] <m)

pEVn pEanl

Before getting into the proof of this result, we notice that the formula stated in the above
proposition makes the Hilbert series computable at any finite vertex order, and at any height
using any formal computation software. The first two orders can be handly computed. For
n = 0, we have already seen that

1
Hg(x):l_ => ah=VpeVy OpHY(0) =|Fp| =1

X
0 p>0

By the recursion formula we find that

1 1
H}:(X) - 1—2 XHl_xxn
0 n>1 0Ly
= T2 @oad )= 30w e
n>0 \ kn>0 (kn)n>0€ENN
o J2) Po ,.P1
po=>0 pEVL

This readily yields that for any p € Vi, we have

|fp|:# (kn)nEOENN : ijn:po and ann:pl
n>0 n>0
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More generally, the (n + 1)-th order Hilbert series are given by the formula
— 1 7ol
F (x) = H <m>
pPEV]
Recalling that for any m > 1, we have the following formal series expansion

() -

k>0

we find that

(1Fo| =1+ kp)! .
Hn—l—l(x) — ’ ka B~ 1(p)
o0 = 112 R =

= Z H (IFp| =1+ k(p))! x2pevy, k(@) B~ (p)
!

R W (AR ]

This implies that that for any p € V41, we have

(IFql — 14 k(q))!
Fol= 2 11 ! ! (3.6)
k:q€V}—k(q)EN qcvy (|‘;CQ| - 1) k(q)
Yqevy k(@) B7(q)=p

Now, we come to the proof of proposition B.11].
Proof of proposition B.11: We consider the set S(n) of all trees with height less or equal
ton

S(n)=T*(n) = U_i<k<nT (k) = {0} U (Upevspo=1Tp)
= {0} U (Vo<k<n Upevipo=1 Tp)

The set of forests generated by S(n) coincide with the set F*(n) of all the forests with height
less or equal to n. That is, we have that

(S(n)) = F*(n) .= U_1<p<nF (k) = U_i<k<n Upev, Fp
To take the final step, we consider the mapping
VpeV, VfeF, x(f) = x"® = b0t alr

From previous decompositions, and using the Hilbert series expansions (B.5), we find that

Z x"0 = Z Z |fp|xpzz |fp|xp

fe(S(n)) —1<k<n peVy PEV}
Recalling that

B :peV,— B(p) € Vi_1 and |'Tp| = |B('Tp)| = |fB(p)|
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we also have that

H 1—x® — 1—z H (1—XP>

feS(n) PEVS:ipo=1

_ 1_1360 H H (1_1Xp>|Tp

0<k<n p€Vy:po=1

. . IB(T)
T 1- 1 H H <1—:U0 B(X)B(P)>

0<k<n peVy:po=1

with the shift operator B((zx)r>0) = (Tk+1)k>0. This implies that

M- I 11 < <p>>|fp|: 11 <ﬁ)w

feS(n) 0<k<n peVj_ PEV) _,

The end of the proof follows then from the Hilbert series formula (B.5). [

Recall now that the signed measures in the Laurent expansion of the distributions QnN, q
are indexed by the coalescence degrees of forests. To compute or estimate these Laurent
expansions, we are therefore interested in a more precise Hilbert series, namely the one
taking into account, besides the multidegrees of forests, their coalescence numbers.

Definition 3.12. We denote by Fplq] := Fp Nc1(q) the set of forests in Fp with a
prescribed coalescence sequence q (we also use the convention Fol0] = {0}).

We let C'(x,y) be the (multidegree) Hilbert series of forests associated to the partition
of the set of forests of height less or equal than n, and prescribed coalescence sequences into
subsets parametrized by multidegrees, that is

Ch:(x,y) Z Z xP y1
PEVS qeC(p)

In the above display, C(p) stands for the set of coalescence multidegrees
VpeVvV C(p) == c(Fp) = {qENN :and q< (B(p)—1)+}

with (B(p) — 1)+ = ((px — 1)1 )r>1, for any p = (pr)r>0 € V.

Proposition 3.13. The multidegree Hilbert series of coalescent forests Cx(x,y) satisfies
the recursive formulae

n n— 1 |aPaB(q)(C;7l(0’0)|
Crx,y) = Crl(x,y) H H <m>

PEV,-1qeC(B~1(p))

Using the same lines of arguments as before, this proposition can used to derive a recur-
sive formula for the explicit combinatorial calculation of the number of forests prescribed
heights, and coalescence multi-indices. Notice that the first two orders are given by

1
and Ck(x,y) = | |
— -1
1 -z oo (1 zoa y(()po )+)

Ch(x,y) =

Now, we come to the proof of proposition B.13.
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Proof. We use the same notation as the one used in the proof of proposition B.11. Firstly,
we notice that Fy, = Ugec(p)Fplal, and ht(q) < (ht(p) — 1), for any q € C(p), and where
ht(q) :=inf {n > 0 : sup,,,~,, ¢m = 0}, for any q = (¢m)m>0. Also observe that

Fp-1p) = T1,p) = C(B7'(p)) = c(T(1,p)) = {po — 1} x C(p)
We next consider the mapping x
VpeV, Ve Fplal  x(f) =x" yO = @fah’ abn) (yi0yl .yl

Using the Hilbert series expansions (B.§), we readily check that

1
H Tf)ydf): H Z xU(8) yele) | — Z xU(8) ye(&)

feS(n) feS(n) \ge(f) ge(S(n))

Arguing as in the proof of proposition B.11l, we find that

S ox@ e — 14y \f\xp—i-z Yo > |Fpldll xPy

ge(S(n)) pPEVo k=1peVyg qeC(p)
= Y D> |Fpldll xPye
PEV7 qeC(p)

In much the same way, we have that

n

1 EC
H 1— xv(®) ye® - 1_550 H H H <1_Xpyq>

feS(n) k=1peVy:po=1qeC(p)

Therefore,

1
[tesm) ioomyem )

= [Tr=oll I1 .
k=0 11peVi:po=1 11a€C(p) \ 1 4 Bx)B®) P17 p(y)B@

> |78y [(P1—1,B(a))]]

This yields that

n

1 1 -1l
i - U0 0 (o)

feS(n) k=0pEV)_1 qeC(B~1(p))
H H ( 1 |7p(B(a)l
- —xB P >
peVi yaco(s-ie) N X Y
The proposition follows. |

Notice that the Hilbert series technique can be developed to any order of refinement.
For example, it could be used to take into account, besides the number of vertices or of
coalescences at each level, the cardinals #(f), so that the coefficients of the Laurent expan-
sion of the measures Qix 4 could be read, in the end, entirely on the corresponding Hilbert
series. We leave the task of expressing the recursive formula to the interested reader, and
simply point out that the technique allows an easy, systematic, recursive, computation of
the coefficients of the expansion of the measures @% o at any order, both in n and ¢q. The
observation can be usefull, especially in view of the systematic development of numerical
schemes and numerical approximations based on Feynman-Kac particle models.
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3.8 Some forests expansions

In the present section, and the forthcoming one, we take advantage of the langage of trees
and of the results obtained on their statistics to compute the first orders of the Laurent
functional representation of Qﬁx ¢ and, respectively, to derive a natural generalization to
Feynman-Kac particle models of the classical Wick product formula.

Let us fix n and ¢ > 4, so that the notation q denotes, once again, the constant sequence
of lenght n associated to ¢. As we have already pointed out, there is only one forest in
Fq without coalescence, which is the product of ¢ trivial trees of height n. There is only
one forest in Fy with only one coalescence, at level 4, that will be written f; ;. Its only non
trivial tree is the tree with one coalescence at level i and two leaves at level n. There are two
forests with coalescence degree 2 and the two coalescences at levels i, written f21,i and f22Z
The notation f217i denotes the forest with only one non trivial tree with coalescence degree 2,
a vertex with coalescence order 2 at level ¢ and its three leaves at level n. The notation f227i
denotes the forest with two non trivial trees with coalescence degree 1 and the coalescence
at level 7. There are four forests with coalescence degree 2 and the two coalescences at levels
1 < j, written fé“’ i.j» & =1..4. The forest f21@ ; has one non trivial tree with coalescences at
levels ¢ and j and its tree leaves at level n. The forest f22,i,j has one non trivial tree with
coalescences at levels ¢ and j and its three leaves at the levels j,n,n. The forest fg,i,j has
two non trivial trees with one coalescence at level i, resp. j and their two leaves at level n.
The forest f;{i?j has two non trivial trees with one coalescence at level i, resp. j and their
two respective leaves at level j,n, resp. n,n.

Expanding the formulae for 8i(@q,n and using the formulae obtained in Thm B.§ for the

cardinals #(f) and using that s(q,q — 2) = ( g > % (see for instance [B], on page 63),

we get the following result.

Corollary 3.14. The first three order terms in the polynomial functional representation of
nN7q ([2) are given by the following formulae

80@n,q = 'YS?q
q(g —1 £
0, = L1 S (Al o)
0<k<n
2 . q! f21,k 3 f22,k 3 f1 & (3(] - 1) ®q
0°Qng = CEEIE] (K; <An,q +7 (¢—3) Ay —3 (q—1) Any =
SKESn
(I(q - 1) 2 ® fi, f1 5
(D) S (e (st al))
0<k<i<n
-1 £2 £l £4 —2 —3) .3
P05 (- @l a0 AT
0<k<i<n

3.9 A Wick product formula on forests

Let now By (E7) C By(E7) be the set of symmetric functions F on Ef such that

(D1,_, @ ) (F)(x1,....xq-1) = / F(xi,...,2q-1,2n) Yn(dzy) =0
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Notice that By (E7) contains the set of functions F' = (P)sym, with P € Poly(E?),
where Poly(E}) C By(E}}) stands for the subset of polynomial functions of the form

P=>"cla) f* with f*=(fVe. o)

acl

In the above display, I is a finite subset of N9, ¢ € R, and the elementary functions
fP € By(E,,) are choosen such that -, (fP) = 0. For instance, we can take

P =(9" —m(g")) with ¢" € By(Ey)

Let us recall that, when explicited in the particle models setting, the traditional Wick
product formula reads, for any integer ¢ and any F € By (E{)

I Qog(F) =0, i<
and, if ¢ is even,
g q! £
92Qoq(F) Ap o (F)

T 207 (g/2)1 0

where f is the forest in Fy 4 containing 4 copies of the tree of unit height, with two vertices at
level 1, and £ copies of the tree with the root as unique vertex. For symmetric tensor product
functions F = (f!®...® f7)sym, associated with a collection of functions f? € By (Ep), such
that no(f?) = vo(f*) = 0, for any 1 < i < ¢, we readily find that

q/2 o
A&ﬂ‘):wz IT m(rf)

|
q: .
14 {i,j}€Zq

as soon as ¢ is even. In the above displayed formula, Z, ranges over all partitions of [¢] into
pairs. In a more probabilistic language, the above formula can be interpreted as the g-th
order central moment

92 Qoq(F) = E(Wo(f!)... Wo(f7)) = > IT EWo(FHWo(s))

Iq {i,j}€Zq

of a Gaussian field Wy on the Banach space of functions By(Ep), such that for any pair of
functions (p,v) € By(Ep), E(Wy(p)) = 0, and E(Wo(p)Wo()) = no(py). In terms of the

Laplace moment generating function

x = (2')1i<q — exp (%X’Co(f)X> = ((%)q‘clo(f)’)l/g /Rq dy exp (—%y’Co(f)_ly + y’X>

with the gaussian covariance matrix Co(f) = (Co(f?, f7))1<ij<q, We also have that

q 1 q
a%QO,q(F) g exp <§X,CO(f)X> with 8— : 9 i
|x=0

~ x4 Ox1 " Ol Ot
In the present section, we will show that the Wick formula generalizes to forests in

Fn,q of arbitrary height. Let us start by listing various straightforward properties of trees
and forests. A tree T with coalescence degree d has exactly (d + 1) leaves. A forest with
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coalescence degree d has at most d non trivial trees, and the equality holds if and only
if all its non trivial trees have coalescence degree 1. In particular, if a forest in F, , has
coalescence degree d, it has at most (2d) leaves belonging to non trivial trees so that, if
d < 4, there is at least one vertex at level n 4 1 belonging to a trivial tree (that is, a tree
with coalescence number 0).

The same reasoning shows that, when d = %, a forest in F,, ; with coalescence degree d,
and coalescence sequence r, does not contain a trivial tree of height (n + 1) if and only if
it is the forest f. := T{°U[ ... T, »U;", where we write T}, for the unique tree of coalescence
degree 1 with a coalescence at level k and its two leaves at level (n+ 1), and where we write
Uy, for the trivial tree of height k.

We conclude this series of remarks by noting that, if f € F,, can be written as the
product (or disjoint union) of a forest g in F, ,—1 with U,41, the trivial tree of height
(n+ 1), then, for any F' € B;Y"(E}) we have, by definition of the measures Af

Afb,q(F) = A%,q(qu—1 ®’Yn)(F)

which is equal to 0 if F' € B3V (E?).
We are now in position to derive the forest Wick formula.

Theorem 3.15. For any even integer ¢ < N and any symmetric function F € By (E7),
we have

|
VE<a/2  0Qu(F)=0 amd 9°0,(F) = Y SLoabr @7
r<q,r|=4 ’

For odd integers ¢ < N, the partial measure valued derivatives OF are the null measure on
BV (ER), up to any order k < |q/2].

We close this section with a gaussian field interpretation of the Wick formula (B.7). We
further assume that g is an even integer. We consider a collection of independent gaussian
fields (W )o<k<n on the Banach spaces (By(Eg))o<k<n, With for any (g, 1¥x) € By(Ej)?, and
0<k<n

E(Wi(er)) =0 and  E(Wi(or)Wi(¥r)) = (ertr)

We also introduce the centered gaussian field V,, on By(E,,) defined for any ¢,, € By(E,,) by
the following formula

Valon) = Y V(1) Wi(Qrm(en))

0<k<n

Let (¢i)i<i<q € Bp(En)? be a collection of functions such that v,(p;) = 0, for any
1h§ 1 < q. For the tensor product function F' = % Zaegq(spa(l) ®...®Pq(q)), one can check
that

/2y
At ) = ZES T S A I w@en(e)@unler)

T e 0<k<n Jy€Z; (1,5)€Jx

In the above displayed formula, the first sum is over the set 7 of all partitions I = (I)o<k<n
of [g] into (n + 1) blocks with cardinality |Ix| = (2ry), and the second sum ranges over the
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set 7y, of all partitions Ji of the sets I into pairs, with 0 < k < n. By definition of the
gaussian fields (W )o<g<n, and due to the classical Wick formula, we find that

q! f,
2q/21‘! An,q(Fn)

Z H E H\/’Yk(l) Wi(Qr,n (i)

I1€T 0<k<n il

- E Z H H\/’yk(l) Wi(Qr,n (i)

1€T 0<k<nicly,

from which we arrive at the following formula

> 2q/q2! 5 Ang(Fa) =E > >0 I I V@ Wa(@Qun(eh))

r<q,|r|=4 r:|2r|=q I 0<k<ni€l,

Recalling that all gaussian fields (Wy)o<k<n are independent and centered, we prove that

0Qug(F) =E | JT [ D2 v Wal@Qun(eh)) | | =E| ] Valel)

1<i<q \0<k<n 1<i<q
Written in a more synthetic way, we have proved the following formula
aq/QQn,q(Fn) =E (Vn®q(Fn))

This result can alternatively be derived combining the LL,-mean error estimates presented in
@, Thm.7.4.2], with the multidimensional central limit theorems presented in [f], Prop.9.4.1].

More precisely, the ¢-dimensional particle random fields (VnN (gofl)) 1<i<q = (\/N vy (gD’n)> L<ica’
=t= 159

converge in law to (V;,(¢%))1<i<q. By the continuous mapping theorem, combined with sim-
ple uniform integrability arguments, one checks that

N2 QN (Fu) = E ((VV)2(F,)) V% 092Qu 4(F) = E (VEU(F,))

4 Extension to path-space models

In the present section, we extend our previous analysis to the statistical study of path spaces.
Due to the mean-field definition of the trajectories, it will appear soon that distributions
on the path space are parametrized by forests with a slightly more complex structure than
the classical ones. Namely, we have to introduce colored trees and forests (black and white,
with a particular structure deviced to reflect the geometry of paths). These new objects are
introduced and studied in the first two subsections; applications to the path space and to
propagation of chaos properties are postponed to the last three sections.

4.1 Colored trees, forests, and jungles

Definition 4.1. A colored tree is a tree with colored vertices, with two distinguished colors,
say black and white. Only black vertices may have an ingoing edge. That is, equivalently, all
white vertices are leaves -notice that the converse is not true in general. A colored forest is a
multiset of colored trees. The sets of colored trees and colored forests are denoted respectively

by T and F.

38



Figure 3: A colored forest

Notice that a colored forest can also be viewed as a commutative monomial over the set
of colored trees. In this interpretation, the generating series techniques that we have devel-
opped to deal with the enumeration of forests will apply to colored forests. The computation
of the corresponding series is left to the interested reader.

Most of the notions associated to trees and forests go over in a straightforward way
to colored forests and colored trees. As a general rule, we will write a line over symbols

associated to colored trees and colored forests. For instance, we write U4 (T") = (vg(T), v}, (T))
for the number vy (T), resp. v,;(T), of white, resp. black vertices in the colored tree T, at
each level k > 0.

We also let 'V be the set of all sequences of pair of integers p = (Py,)k>0 € (NN with

P = (Pks p;g) for every k > 0, satisfying the following property

HH(ﬁ) eN s.t. inf pr+p, >0 and sup pr+p, =0
k<ht(p) k>ht(p)

For any n € N, we denote by V,, C V the subset of sequences P such that the height of P,
H(ﬁ), is equal to n. Finally, we let 75 be the set of colored trees T with vi(T) = pp white
vertices, and v}, (T) = pj, black vertices, at each level k > 0. Since T is a colored tree, this
implies that po = 0 and p}, = 1, excepted if H(ﬁ) = (. In that case, pp may also be equal
to 1 (and then pf, = 0). Notice that the set of black and white vertices at each level k is in
bijection with the disjoint union

[Pr] = [(Pr: 1)) = [P]TT[Pk]

of the sets [py] and [p}].
For p € V11, let us call, by analogy with the uncolored case, planar colored trees T of
type p any sequence of maps (@, ..., ay), where

e = (apal) € [p;{:][pk+l]u[p;€][p;€+1} —. [pz‘][(pk+17p;€+1)]

is the disjoint union of the pair of weakly increasing maps «ay, € [p;][p’““], and oy, € [p] [Phal,

In the above definition, the parameter level k runs from 0, to n, and we have used the
conventions ((110)) = (), and (au1) = o. Writing P7T for the set of planar colored trees and
7775 for the set of planar colored trees of type P, from the previous discussion, for any
P € Vi1 with pg = 0, pj = 1, we have that

PTs
~ {(@0, @) € [P [p]Pel L x [pl )Pen] s @y = (gniad,) with ag T oand o, T}

A planar colored forest is, by definition, a sequence (or a non commutative monomial)
of planar colored trees.
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Since to any sequence (@, ....a}), @, = (ai][ak) € [pz][(piﬂ’pzﬂ)] is associated a
: : : (L i D ITCTT )
unique element (a [T...[Tof;af [1...11ad) of [pp 111 I1lp¥] = TS blanar
colored forests are in bijection with sequences of disjoint union of weakly increasing maps,
in the sense that (with self-explaining notations)

PFp~TAs = {(60, oo, @y) € Ag ¢ @y = (agna,) with a, T and aj, T}

for any p € V41, with
Ag = <[p6][’7} x [p]Pel x . x [pil][’j"+1])

Definition 4.2. We associate with a sequence of mappings a = (ag,...,an) € .715, with
P € Vi1, a colored forest F(a) of height (n + 1). The vertex set of the colored forest
F(a) is given by the disjoint union set (HZ:S [pk]) 11 (]_[Zié [pz]) The edges correspond to
the pairs (i,ax (1)), and (7', a)(i")), with the pair of white and black colored vertices (i,i") €
([Plc+1] ]_[[p;g_H]) The sequence can be represented graphically by an entangled planar graph
with colored vertices, or colored jungle , written J(@). Notice that edges between two levels
are allowed to cross. At a given level k, all white vertices are drawn left to the black vertices.
The set of colored jungles is written J .

e} [ ] [ ]

[e) o [ J >< [ l
N>
Figure 3: A colored jungle

Once again, the notation we use on colored forests extends to colored jungles in a self-
explanatory way. For instance, 75, P € V.11, stands for the set of colored jungles j with
vg(j) = pr white vertices, and v}, (j) = p), black vertices, at each level 0 < k < (n +1). For
any p € V41, we also have that J5 ~ Ap.

Our next objective is to make more precise the algebraic picture of these objects. For

any integers p,p’,q,¢’,r, s, and any disjoint maps
a=(and’) € [r]l®P) and b= (byd') € [s][(@9)]
we let (@ V b) be the disjoint union of maps
(anid’) V (bub') = (aV by 11 (' V') € [r + s)PHPhata)]

Notice that the property of being weakly increasing is preserved by this construction. More
generally, for any p € V, and q € V, and any sequences a = (a;)r>0 € Ap, and b =

(Ek)kZO S Aq, we set . B o
aVvb=(aV bk)kzo € Apigq (4.1)

In the above displayed formula, we have used the conventions p+q = (pk +ax, Dl + ) k>0
ap =0, and b, = 0, for any k > ht(p), and [ > ht(q). Notice that, if a € ZAp and b € ZAg,
thenaVvb e Iz5+(—1.
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The main advantage of this algebraic structure lies in the following non commutative
composition formula in the set of colored jungles

T@7(b) = T(&VB) € Tpiq
Notice that any pair of permutations (s, s’) € (Qp X gp,) can be seen as a pair of mappings

(s,8') € ([p + /)Pl < [p+ 9] [p/]). In this interpretation, the disjoint union map

5 = (sus’) € [p+ p/)®P)]

can be seen as a permutation map of the set [(p,p")] = ([p] [[[p/]) that preserves the sets [p],
and [p']. The reverse assertion is also true. The set of these permutations is denoted by

g(p,p’) = Gpl1Gy

We end this section with a technical lemma that permits to extend in a natural way the
jungle automorphism group analysis developed in section [f to their colored analogue.

Lemma 4.3. For any collection of integers p,p’,q,q',r,7’,s,s", for and sequence of permu-
tation mappings p € Gy 0 € Gigq), T € Gy, T € G(s,s7), and for any pair of disjoint
mappings @ € [P and b € [¢')l(@9)] we have the composition formula

@VT)o(avb)o(pVvl)=(Goaop)V (Tobod)
In addition, for any \ € a(p+q)7(p/+q/) we have that
(@vd)oxe ()@ v 50N — X e Gy V Gigan)

The two assertions are a direct consequence of the definition of the V product. In the
first equation above, it should be understood that @ € [][(P?)] is viewed as a map in
a e ([r] [I[*DI®»)] through the embedding of ['] into [r] [[[r']. The same observation will
be used without further notice in the forthcoming paragraph.

4.2 Automorphism groups on colored jungles

As for the expansion of measures in section [, we will need a definition of equivalence classes
of colored jungles, a parametrization of the classes and a computation of their cardinals.
Thanks to the algebraic model of colored trees designed in section [[.], most of the construc-
tions in section [}, and section j can be extended without further work to colored jungles.
Since all constructions can be mimicked, we only outline the main ideas of the generalization
from jungles to colored jungles.

We let P € V.41 be a sequence of (n+1) integer pairs p, = (px, p,), with 0 < k < (n+1).
We associate with p the product permutation group

gﬁzgﬁoxgﬁl X...Xgﬁn_H

This group acts naturally on sequences of maps a = (ag, a1, ...,a,) € .715, and on jungles
J(@) in Jp by permutation of the colored vertices at each level. More formally, for any
§ = (50,...,5n+1) € Gp this pair of actions is given by

s(a@) == (S0a08; ', ... 5n@n5,1,) and SJ(a):= J(5(a))
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Two colored jungles in the same orbit under the action of Gy have the same underlying
colored forest. Conversely, if two colored jungles in 75 have the same underlying colored
forests, they differ only by a permutation of the vertices of their colored graphs that preserves
the colors of the vertices, and therefore are in the same orbit under the action of ?5. In
other terms, we have the following lemma.

Lemma 4.4. Equivalence classes of colored jungles in 7§ under the action of the permu-
tation groups Gp are in bijection with colored forests in Fp

Notice the following corollary of the lemma: if f € Fp, with p € V41, is a colored
forest, then we can define unambiguously

‘ﬂ = (‘ﬂk)k‘zo = (‘60’7 ) ’an’7 (070)7 (070)7 . )

for any choice (@, ..., @) of a representative of f in Jp.

As for usual trees and forests, we write B for the map from colored trees to colored
forests defined by removing the root of a colored tree, and we write also, as in section B.g ,
B for the induced map from the set of colored forests into itself.

Let us conclude this section by enumerating the number #(f) of colored jungles associ-
ated to a given colored forest f € ?5, with P € V1. The process is as in section B.3, and
the result follows ultimately from the class formula

-~ D
#) = |Stab(T)|

In the above displayed formula, p! stands for the multi-index factorial p! = (polplol...an pl, +1!),
and we have written abusively |Stab(f)|, for the cardinal of the stabilizer in Gp of any rep-
resentative £ of f, where f is viewed as an equivalence class of colored jungles.

Let us assume that f can written, as a monomial over the set of colored trees as

k
) nl
=1

where the T;s are pairwise distincts and mqy > ... > my. We write Ti/ for a set of represen-
tatives of the T} viewed as equivalence classes of colored jungles.

As in section B.4, we shall write S(B~!(f)) for the unordered k-uplet (mq, ..., my), called
the symmetry multiset of the colored tree B~!(f), and extend the notation to colored forests
so that s(f) is the disjoint union of the S(T;). The proof in section B.4 goes then over without
changes, excepted for the replacement of forests, planar forests and planar trees by their
colored analogues. For instance, we have the recursion formula

k
|Stab(E)| =[] <m' |Stab B(T{)]mi)

i=1

Expliciting the recursion in the Proposition, and following the wreath product analysis
designed in section B.4, we deduce the following theorem.

Theorem 4.5. The number of colored jungles with underlying colored forest £ € ?ﬁ, with
P € Vg1, is given by



where we use the usual multi-index notation to define s(B*(f))!. In addition, we have the
wreath product representation formula

Stab(f) ~ Gm, < Stab B(T,) >V ...\ Gm, < Stab B(T},) >

4.3 Feynman-Kac semigroups

In this section, the parameter n > 0 represents a fixed time horizon. For any sequence of

integers q = (qo, ..., qn) € N*™1 and any —1 < m < n, we set
B = Qi1 + G = Y G (4.2)
m<k<n
Notice that g, = |[gm+1]11]g),41]|. We associate with q the unnormalized Feynman-Kac
measures

d =20 @ ... @42 ¢ M(ES) where Ed=EP x ... x B
is equipped with the tensor product sigma field. Points in Ej} are indexed as follows

((xtl),...,xgo),...,(x}z,...,x%”))

Definition 4.6. We let (v;)o<p<n, and (Qp)o<p<n, be the collection of measures and integral
operators defined by

- ®(gp+a; soelp—1,0p 4y
o= (e @) @y T (=gt
(9p-1,95 1)
Qg = <D1QO®.”®D1Q;¢72>®Q})F Ldp—1
with the operators Q;qp*hq?il) from EZZIH”*I into Eg’fll X Ez”fl defined by the tensor

product formula

(ap—1,9p_1) ®q;, 4
Qp = qup_1 ® Qp

Notice that, for any 0 < p < n, 7, is a positive measure on the product space

Ed = E® x - x BV x E»7%
p T def. 0 p—1 P
and Q) is a positive integral operator from ngl into Ej.

Lemma 4.7. For any sequence of integers q € N**1 and any 0 < p < n, we have

qa _ ~90OHa
’Yn_ P vp,n

with the semigroup (Qp, pa)1<pi<po<n defined by

a _ 04 q _ 04 a q
p1p2 — vp1t+l (Qp1+1,p2) (_ Qp1+1 T Qm—lsz)
and the convention Qp, p, = Id, the identity operator, for py = ps.

Proof. We start with observing that

qn— n n
B = Fr e e e © (1EnQsn)
®n— ®(gn-1-+qn "
= KWW ® @157 ® <7n£q1 te)(py, @ QY ))
Therefore, we find that v; = ;1 ;Qn. Using a simple induction, the lemma follows. |
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4.4 Unnormalized particle measures

In this section, we derive a functional representation and a Laurent expansion of particle
tensor product measures on the path space similar to the ones obtained in Section 2.2.

In the further development of this section, the time horizon n > 0 is a fixed parameter,
and we let q = (qo, ..., qn) € N"! be a given sequence of (n + 1) integers. Before we turn
to the study of the particle tensor product measures

7N = (0% @ ()P @ - @ ()P

and the associated path space measures @ﬁf q € M(E?) defined by

Qnq: F €By(EY) — Qo (F) =E (v2N(F)) €R

let us introduce some useful definitions. We associate with q the pair of integer sequences
q, and q’ defined by

Q= (ar @) -1<k<n and Q"= (gh)-1<k<n

with the convention ¢_; = 0, and the integer sequence q’ introduced in (@) Notice that
4, =0, lal = q + g5, ht(q) = (n + 1), and

dl= > a= > (m+d)= > (k+Da

—1<k<n 0<k<n 0<k<n

Definition 4.8. We let A,, ¢ be the nonnegative measure valued functional on colored jungles
J(@) € Jq, with a = (ap,ai, ...,an) € Ag, and defined by

Fia a ®
Anpg: T@) — A2 =15 ‘q'DgﬁOQﬁngal ...QIDY, € M(EY)

with the Markov transitions Dgﬁk’ resp. Da,, with @, = (agual,) € (g% from E},
resp. EZkJrq’“, into itself, and defined by

Dg,ﬁk = quo R...RQ quk—l X Dak
and for any function F' € Bb(EZkJrq’“) by

/ an(l a al (1 a /
Dy (F) (2,28, (b - yie)) = F((@ W) @)y k@ @y

Definition 4.9. We write B,"" (Eq) for the elements F of By(ER) that are symmetric in
the first qo variables, the next q1 variables,..., and the last q,, variables. That is we have that

V(o0,...,0n) € (Ggy X ... X Gg,.) F=(Dy®...0 D,,) F

We consider the subset By (Eq) C B;Y™(ER) of all functions F such that

<D1q0 ®---®D1qp_1 ® <D1qp_1 ®’yp> ® D ®...®D1qn>F:O

lapia

for any 0 < p < n.
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Notice that Bi™(E7) contains the tensor product
(BY™MEP) @ ... B (Bi")={Fb®...0F, : V0O<p<n F,cB""(EF)}

of the sets ByY™(E;") introduced in the beginning of section B.g, with 0 < p < n. For the
same reasons as in equation [[.I, we also have the symmetry invariance property

VF e BY™(EY) VseGq Vielg Al (F)=a3g(F)
By construction, we also have that
VFeBYMEY) Al (F)=0

as soon as the colored forest f contains at least one trivial colored tree with a white leaf.

Recall that a tree, or a colored tree is said to be trivial if its coalescence sequence is the
null sequence of integers. Notice also that for any 1 < ', the set of colored forests with
exactly l(€ [0,¢,_4[) coalescent edges at level k, is given by

.Ta[l] = {F € .Tq : |f| = q, — 1}

Thus, for any r < g, the set of colored forests Fg(r) with less than 7 coalescent edges at
level k is given by
Faq(r) := Ui<r Fqll]

The coalescence degree of a colored forest f € Fg[l], is the sum |q’ — 1| of the coalescence
orders of its vertices.

Notice that a colored forest with coalescence degree d has at most d non trivial colored
trees. In addition, a colored forest with a coalescence degree d, has at most (2d) leaves
belonging to non trivial trees. Since a colored forest in ?ﬁ has exactly |q| white leaves, if
la| > (2d), then it contains at least one trivial colored tree with a white leaf.

Next, we discuss the situation where |g| is an even integer, and we characterize the
subset of forests (in Fg), with a coalescence degree d = |q|/2, without any trivial colored
tree with a white leaf. This charaterization follows the same lines of arguments as the ones
presented on page B7. For any integers 0 < k <1 < m < n, we let Tkl’m be the unique
colored tree, with a single coalescence at level k, and white leaves at the levels (I + 1), and
(m+1). Notice that colored forests with (2r) white leaves, no black leaves, and coalescent
degree 1y, with rp different pairs of coalescent edges at level k are necessarily of the form

=(tx) 7 bklm
£, = H Tk,l,m
k<i<m<n
for some families of integers ty, = (tk1m)k<i<m<n such that [ty| = > tgim = 5. Therefore,
k,l,m
a colored forest in fq, with coalescence degree |q|/2, a coalescence sequence r such that
Ir| = |q|/2, without a trivial tree with a white leaf, has necessarily the following form

(AR (N VAL ) Vi

for some sequences of integers t = (tx)o<k<n, such that |t;| = rg, for any 0 < k < n. In the
above displayed formula, Uy denotes the unique trivial tree with a single black leaf at level

k, with 0 < k <n. We write t! for  []  tp1m!
k<l<m<n
We are now ready to extend the Laurent expansions, and the Wick formula presented

in theorem P.7, and theorem to particle models in path spaces.
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Theorem 4.10. For any q = (qo, ..., qn), with |q| < N, and any F € B,"™(E}), we have
the Laurent expansion

V) =08+ Y 1 0 T)E) (43)

1<k<[(@'=1)+]

Q

with the signed measures ak@mq defined by

8k@n q(F) _ Z Z 5(|f|aq, - I') #(F) A? (F)

r<d’, [r|=k feFq(r)

In addition, for any even integer |q| < N, and any symmetric function F € B (ER), we
have

_ _ | =(t)
vk <lal/2  QuqF)=0 and JU?Q,(F)= Y 3 5‘(1t AL F
r<q’[r|=|al/2 |[|t]=r
with the integer sequence |[t|| = (|tx|)o<k<n, and the sum of the diagonal terms 6(t) =

Y o<k<i<n tkii- For odd integers |q| < N, the partial measure valued derivatives ok are the
null measure on By"™ (ER), up to any order k < ||q|/2].

Before getting into the details of the proof, we mention that the Wick formula stated
above has a natural interpretation in terms of the gaussian fields (Vj)o<g<sn introduced in
section B.d. Following the discussion given in that section, we get that

019/2Q, (F) =E ((v0®q0 ®...® v,f?%) (F)>

for any tensor product function F' of the following form F' = Fj, ® ... ® F,4,, with

1 ; ; .
Fraw = a1 Lopegy A0 ©.. 0@ ™), g} € By(Ey), and 3u(¢}) = 0, for any 1 < i < qs,
and any 0 < k < n.

Proof. By definition of the particle model, and arguing as in the proof of (R.1) we find that
N
E([0nl0® @ M) (9)]| €M) = [eh)®e @ {()®r—Qee Dy ] (v)
= || Qi) (Dy, ) (9)
’ (an-1,45,_1)
= [Pt Qi (Dy e ) ()

for any ¢ € By (E" ' x Ef"). This yields that
N
E(yaN(F) |€)) =3Qipd . (F) =3 QiDd  (F)
an+tan

from which we readily conclude that

E(ev) - (52 e, o))

an+ap,
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A simple induction yields that

N _ ®q0+q(
E(yp(F) = E <770 ’ ODg,LfX)H, Q?D?,ijﬁq, “'QgDZ,ij ! (F)>
0 1 nTdn
1 (N)‘ﬁ‘ a 1 (N)? — T
- W Z ( /)_ An,q(F) - qul‘ _Z (q,)_ #(f) An,q(F)
_ q [a f
aE.Aa fE]'—a

from which we find the following formula

Using the Stirling formula (R.3), we readily check that

—N 1 1 o
@n,q = Z Z S(p’l)m(ql—)\m,fZ #(f) Af%q

1<I<q' 1<p<q’ feFg:|f|l=p
From previous computations, we conclude that
—N 1 ra / ro f
Qn,q = Z W Z S(|f|’q - I') N _ #(f) An,q
N (@)

r<q’ Fe?a(l‘)

Finally, we notice that Fg(0) reduces to the single class of all sequences of bijections in Ag.
The end the proof of the first assertion is now clear. To end the proof of the theorem, we
notice that (with t as in the expansion of 6‘q|/2Qn7q(F))

q!

HOSI‘:S” |: 'I"k;! <Hk§l§m§n tk,l,m!> (Hkglgn 2tk’lvl)i|

#(E") =

. =(t
Since we have s(]f( )!, q'—r) =1, and (ql)ﬁ(t)l = H71Sk<n(ql/§)q;€—rk+17 for any r = (rx)o<k<n,
we conclude that ®
s(|f],q/ — r —(t q!
( /\ ) (@)
(@) g,

with t! = [[<p<i<m<n tki,m!- The end of the proof of the theorem is now straightforward.m

4.5 Propagations of chaos type expansions

This section is essentially concerned with applications of the differential forest expansion
machinery developed earlier to propagations of chaos properties of interacting particle mod-
els. In order to state, and prove the main results of this section, we need to introduce some
notation. We shall work throughout with a fixed time horizon n > 0, and a constant particle
block size ¢ < N. We let Ng“ be the set of integer sequences p = (pk)o<k<n € N+ such
that |p| = q. We associate to a given p = (px)o<k<n € N"T! the pair of integer sequences
p’ and p + g defined by

VO<k<n pii= > p and p+q:=(po,.. P 1,Pn+ Q)
k<l<n
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We also denote by (ak)osks,“ and Ef P the collection of functions defined by

Grim — b x (p(Gh) — Gy) and GP =G . oG
Yk(Gr)

Finally, we consider the integral operators Sﬁbpﬂ) from EET? into E! 41, defined for any
function F, 41 € By(E?, ) by the following formula

S = G 6. T 0 (G 0 QP
sym

with 1
T _ n®q
= S ()
Proposition 4.11. For any ¢ < N, and any n > 0, we have the polynomial decompositions
1
B =B (1= (GmGa)) = Y 0 Fan
q/2<k<(n+1)(g—1)
The derivatives of order q/2 < k < (n+1)(q — 1) are given by the following formula
q ae
PEn= LY H0T, (GF)

pENTHL k<] (P/—1)4

Proof. We first check the following decomposition

1- Vg(Gn)/’Yn(Gn) = Z ’Y;;V(ap) (4'4)

0<p<n

To prove this formula, we simple notice that

’YéV(Gn) - Vn(Gn) = H WéV(Gp) - H np(Gp)

0<p<n 0<p<n

= 'Yr]zV(Gn — N (Gn)) + ['Yr]zv—l(Gn—l) - 'Yn—l(Gn—l)] X 1n(Gr)

= > %G =nG) x| [T m(Gr

0<p<n p+1<k<n
with the convention [, = 1. Finally, combining the multinomial decomposition

(1= (Cn)fm(Ga)" = Y q, BN (@) (4.5)

Ip|=¢

with the Wick expansion stated in Thm[{.1( we conclude that

o= X SOLE)=Y Y 5800,

peNgtl peNpTt q/2<k<|(p —1)+|

This completes the proof of the proposition. |
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Theorem 4.12. For any n > 0, the sequence of probability measures (]P)T]:[-i-l,q)NZq is dif-

ferentiable up to any order with BOIF’nH,q = 77;?117 and the partial derivatives given by the
following formula

k (=1 +p)! = +
R S =1 TS
PEUp<i <2k N

At any order N > q, we have the exact formula

1 1
PYi1g =Tty + Z NF O Pry1q+ NIz pLN=02Ipl. |
1<k<|(N—q)/2]

Proof. We let F, 41 be a bounded measurable symmetric function on E? 41, such that

n?il(FnJrl) = 0. By definition of the particle model, we have that

E ()™ (Fur) [€07) = 4 (Ga) ™ x (4) ¥ QL4 (Fus)
= (1=u) " ()7 QL (Fun)
with the sequence of random variables u} := (1 =Y (Gpn)/7(Gr)). On the other hand,

for any u € R — {1}, and m > 1, we have the more of less well known decomposition

g Y @k DS <(q2i)r_rtm> (12)19

0<k<m 1<k<g+1

with (¢ + k) = (¢ + k)!/q!. The proof of this formula is essentially based on the fact that
for any n > 0, and u # 1, we have

_ 1 _ k n+1 f n! n+1

0<k<n

This implies that for any m > n, we have

of n! B kepn O [umtl
our (1 —w)ntt Z (k)n u +%<1—u

n<lk<m

Recalling the Leibniz binomial derivation formula

n ok ok
8u"(fg) Z ( 3 > W(f) W(g)
0<k<n
we find that
1 o [umt? n (n— k)! 1
- — (m+1)—k
n! Ju™ (1 — u) O<;<n ( k > (m + D u nl (1 —u)n—k)+L
 men m+1 u(n=k)
- 3 () e
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and

i ﬂ um-l—l - Z m+1 uk—i—l
n! ou™ \1—u o n—Fk ) (1—u)kt!
SRSN

Thus,

k+1

1 B (k+n)! u¥ m—n m+1 u
(1 —wu)ntt Z Y Z < n—k ) (1—wu)kt!

0<k<(m—n) 0<k<n

We prove the desired decomposition with replacing m by (m + ¢), and n by ¢. Using the
above decomposition we find that

E (1) (Farn) | 6)

N k
= 5 - v (1- 28 ) O QL T + AP
0<k<m e

with the remainder term
R%%(Fn—f—l)
_ NG\ NV©a H®a T q+m Y@\ (N G\
- <1 - ?Yn(Gn)) (’Yn ) (anthLl) Zlgkgq kE4+m (1 - V%(Gn)> /<7Yn(Gn))
We also have from proposition
1\ T
m m—+
sup VNE <|7,]1V(Gn) - %(Gn)| > < 00
N>m+1

Finally, using the multinomial decomposition ([L.J), we conclude that

N k
> (a-v+n g (1- 25 (07 @)

1 (p+a):N ( g(p+q)
= Y (@=D4Re X APV (5P ()

0<k<m peNZ+1

This yields, for any m 4+ ¢ < N, the functional expansion

N (=1 +Ip)! =~ tq | PON
IP>n+1,q - Z (q _ 1)] p! Qn,p-#qsrrl) ‘+ Rmm
Ip|<m

with a remainder measure R%XL, such that supy>; NV (m+1)/2 HRZ’L]\TQH < o00. The last asser-
tion follows from the regularity hypothesis [[.1 on the potential functions. This implies that

for any k < (m + 1)/2 we have

— 1)+ ! —
akPnJrl,q: Z ((q ) ’p‘) akaerqu-l—q

A VR & "
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Notice that k-th order derivative measure 8’“@,171, 14 only involves colored forests with less
than k coalescent branches, from the original root, up to the final level. If |p| > (2k), then
these colored forests contain at least one elementary tree with a white leaf. By definition of
the operator SE we find that

0" QpprgSE T (Fry1) =0
This yields that
1
PnJqu 77?11 + Z NF akpnﬂ,q + RnNJrl,q
1<k<((N—q)+1)/2

with a remainder measure RnNnLLq such that supy>; N{(N=a)+1)/2 HRn—l—l qH o < 00. We end
of the proof of the second assertion of the theorem using the fact that

(N =q)/2] <(N—-q))2<((N—-q)+1)/2

The Theorem follows. n

We end this section, with a series of some direct consequences of the above theorem:

e The differential forest expansions presented in theorem allow us to deduce precise
strong propagation of chaos estimates. For instance, for any N > (¢ + 7) (so that
([(N —=¢q)/2] —1) > 2) we have

1
sup N? ‘PnNﬂ,q Moty — N O'Pry1g|| <o

N>g+7

tv

with a first order partial derivative given by the formula

5)1]P>n+17q( n+1) a@ann—i—l( n+1)+q Z Bl@n’qugm(FnH)

0<m<n

with the sequence of integers q,, = (1n(k) + ¢ln(k))o<k<n. The first term in the
right hand side in the above displayed formula has been treated in corollary B.14, on
page B, and we have that

al(zngC2n+1( n+1)

q—l f =
Z Alk n+1 (Fn1)

0<k<n
q(g—1 1 _
- % S ) [ A ) @ Fa)aa?a )
0<k<n k

Each of the terms 81@n7qm Si™(Fy41) only involves the colored forests

1

VO<k<m  fum:=UTema Ul

;M
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associated with the trees T, ,, »,, and Uj, introduced on page @ After some elementary
manipulations, we find that

81@n,qmsgm (Fn+1)

Trem
=q Z AnkCImSn ( 7l+1)

0<k<m
—¢ 3w / VU, ., 39) Qum(@on)(@Y) QL (Frsn) (.., 29)
0<k<m Bl

e A Wick formula derives from theorem [£.10. More precisely, for any F € B (EL, ),
the partial derivatives 0*P,,; 1 4(F) are null up to any order k < |¢/2], and for any
even integer ¢, we have

P11 4(F) = Y1 (1)1 072Q,,,,Q59 (F)

as soon as N > 2(q + 2) (so that ([(V —¢q)/2] —1) > q/2). To prove this claim, we

notice that for any k < ¢/2, and any F' € B (E, ), we have

Vp € Up<i<or NI k<q/2<(lp|+¢q)/2 and therefore 9*Q, pigSPTIF) =0

This yields that 9*P,14(F) = 0, for any even integer ¢, and any k < ¢/2. In the
case k = q/2, we have k = q/2 = (|p| + ¢)/2 if, and only if, p coincide with the null
sequence 0.

o We let ||,u||Bsym = SUpPpepym |(F)| be the Zolotarev seminorm on M(E? , |) associated

q
n+1
with the collectlon of functions

Bsym = {F € Bsym( n+1) | F < 1}
For any even integer ¢ such that (¢ + 2) < N/2, we have

1

1+q/2
o N RN - S S

N>q+7

aq/QQn an+1
B

e Combining the Wick formula stated above with the Borel-Cantelli lemma, we obtain
for all ¢ > 4 the almost sure convergence result

lim (n2)®4(F) =0 p.s.

N—oo

for any bounded symmetric function F € By'™ (E7). This result is an extension of the
law of large numbers for U-statistics obtained by W. Hoeffding [[f] for independent
and identically distributed random variables to interacting particle models.

e We mention that the same lines of arguments used in the proof of theorem show
that the sequence of probability measures

]Pn-i-l q : Fe Bb(EgH—l) = ]fnrjy—l—l,q(F) =K <(77711V+1)®q (F))
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is differentiable up to order | (N —q)/2], with °P,,11, = nf?il, and the partial deriva-
tives given for any 1 < k < [(INV — q)/2] by the following formula

y 1 N S
O"Ppi1(F) = Z % Qi1 (pra) <G5 ® F)

1
PEUp<i<2k N F

Sym

In the same way, for any F € B™(E?, ), and N > 2(q + 2), the partial derivatives

8k@n+17q(F) are null up to any order k < ¢/2, and for any even integer ¢, we have
that

aq/z]fpn—i—l,q(F) = 'Yn—l—l(l)_q 8q/2@n+1,q(F)

e Finally, the Wick formula stated above allows to deduce sharp L,-mean error bound.
To see this claim, we simply observe that

F = (f=nuni (M with [ € By(Epy1) = Pl o(F) = E((0)41)*(f =1 () )
and for any even integer ¢ such that (¢ + 2) < N/2, we have the inequality

1 1

N1+Q/2 - -
) N2 (1)

NZ>q+7

2
02 Quirgl| < oo

Sy 1m
0,1

N
]P)n—l—l,q -
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