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Représentations fonctionnelles en terme d’arbre coalescent
pour des modéles particulaires de Feynman-Kac

Résumé : Nous proposons des représentations fonctionnelles en terme d’arbre coalescent, pour une classe
de distributions particulaires de type Feynman-Kac, ce qui inclut en particulier une extension de la formule
de Wick aux systémes de particules en interaction. Les développements polynomiaux en 1/N obtenus, o N
désigne le nombre de particules, reposent sur une analyse combinatoire originale et basée sur les groupes de
permutations, d’une classe particuliére de foréts. Ces développements permettent d’obtenir une version fine de
propriétés non asymptotiques de type propagation du chaos, ainsi que des bornes d’erreur précises dans L, et
des lois des grands nombres pour les U-statistiques. Nous considérons aussi des applications & l'interprétation
probabiliste de la valeur propre principale et des états propres du semi groupe de Schrodinger.

Mots-clés :  semigroupes de Feynman-Kac, systémes de particules en interaction, arbres et foréts, groupes
d’automorphisme, dénombrement combinatoire.
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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 [4, 5], 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 consider 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 interpreted 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 direc-
tions, including propagation of chaos analysis, L,-mean error estimates, central limit type theorems, and large
deviation principles. The purpose of the present work is to develop algebraic tree-based functional represen-
tations of particle block distributions, stripped of all analytical superstructure, and probabilistic irrelevancies.
These weak expansions 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 particle 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 permutation 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
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4 P. Del Moral, F. Patras € S. Rubenthaler

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 recently in various fields
such as in theoretical physics and gaussian matrix integral models [6], 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 [1, 3]. 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 distributions. They also provide
refined non asymptotic propagation of chaos type properties, as well as explicit formulae for L,-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 1.2, 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 1.3. Section 1.4 is concerned with the description of the
corresponding particle block distributions. The main results of the article are housed in section 1.5.

Section 2 is essentially concerned with the proof of the tree-based Laurent expansions presented in section 1.5.

Section 3 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 3.1, starts with a short review on the vocabulary of
trees and forests. In section 3.2, and section 3.3, we provide an algebraic representation of forests and jungles in
terms of sequences on maps. Sections 3.4, 3.5 and 3.6 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 3.5. Finally, in section 3.7,
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 2 are given in section 3.8, and a generalized Wick formula
for forests is obtained in section 3.9.

Section 4 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 4.1, and section 4.2. The next two
sections, section 4.3, and section 4.4, are devoted respectively to unnormalized Feynman-Kac semigroups on path
spaces, and to the corresponding tree-based Laurent type expansions. In the final section, section 4.5, we use the
differential forest expansion machinery developed previously 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 L,-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,,,)n>0 be a collection of measurable state spaces.
We denote respectively by M(E,,), P(E,), and By(E,), 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
E,,, equipped with the uniform norm ||f|| = sup, cp |f(z,)]- We let p,(fn) = fEn tn(dxy) fn(zy,), 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 |[|pn|&v = supsep, (g, ) r1<1 |#n(f)]- We recall that a bounded integral operator @,
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from FE,,_; into E,, such that, for any f,, € By(E,), the functions

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

En_1

are &,_j1-measurable, and bounded, generates a dual operator p,—1 — pn—1Q, from M(E,_1) into M(E,),
and defined by (Mn—lQn)(fn) = Mn—l(Qn(fn))

For a bounded integral operator @), from Fy into F7, and an operator Q)5 from E; into Fs, we denote by
@1Q2 the composition operator from Ej into Es, defined for any fo € By(E2) by (Q1Q2)(f2) := Q1(Q2(f2))-
The tensor power Q2 represents the bounded integral operator on FE¢, defined for any F' € B,(E%) by

QEUF) (zy, ... xd) =/ (Qnlxy, dy) ... Qu(zl, dyd)] Fly, ... yh)

q
En

We consider a distribution 79 on Ejy, a collection of Markov transitions M, (z,_1,dz,) from E,,_; into E,,
and a collection of £,-measurable, and bounded potential functions G,, 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 Gp(zn) < sup Gp(z,) < 00 (1.1)

@n€En en€En

We associate to these objects the Feynman-Kac measures defined for any function f,, € B,(E,,) by the following
formulae

N (fn) = W (fn) /(1) with v, (fn) = E[fn(Xn) H0§k<n G (X)) (1.2)

In (1.2), (X, )n>0 represents a Markov chain, taking values in the state spaces (E,,),>0, with initial distribution
1o on Ey, and elementary transitions M, from F,_; into E,,. 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.)€E,=(E)x...xE.) (1.3)

The elementary prime variables X/, represent an elementary Markov chain taking values in some measurable
spaces (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 repulsion 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 particle 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 context, the particle X¢ evolves according to two separate
mechanisms. Firstly, it moves from a site x,_1 € E,_1, to another z,, € E,, according to elementary transitions
M, (n—1,dx,). Then, it is absorbed with a probability 1 — G, (z,), and placed in an auxiliary cemetery state
X¢ = c¢; otherwise it remains in the same site. If we let 7" be the random absorption time, then it is not difficult
to check that

'Vn(fn) = ]E[fn(chz) 1T2n] and nn(fn) = E[fn(XfL) ‘ T> n] (1-4)

In time homogeneous settings (G,, = G and M,, = M), we have
(1) =P(T 2 n) ~ et

The positive constant A is a measure of the strength and trapping effects of the obstacle. By a lemma of
Varadhan’s, A coincide with the logarithmic Lyapunov exponent Ao of the transition operator Q(z,dy) =
G(z) 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 par-
ticle absorption models associated with some Schrédinger operator. To be more precise, let us suppose that
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6 P. Del Moral, F. Patras & S. Rubenthaler

M (x,dy) = M*(x,dy) represent the transitions of a continuous time Markov process with infinitesimal gener-
ator L, during a short period of time A; in the sense that

for sufficiently regular functions f on E. Let us also suppose that the potential functions have the form
G(z) = G2 (x) = e~ V®2 for some non negative energy function V. In this case, it is readily checked that the
infinitesimal generator of the particle absorption transitions

QA (x,dy) = e V@A MA(z, dy)

is given by the Schrodinger operator

L()(@) - V(@) f (@) = lm - [Q3 (D)) - f(2)]
Under reasonably weak assumptions, the pair (A, h) coincide respectively with the top eigenvalue, 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 popu-
lation 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 (1.2), it is easily checked that the flow (n,,),>0 satisfies the following equation

Mn+1 = ‘I)n+1(7]n) (15)

The transformations @, : P(E,) — P(F,11) are defined for any pair (1,, fntr1) € (P(En) X By(En11)) as
follows

(I)n+1(777L)(fn+1) = "Mn(ciz;—w with Qn+1(mnadxn+1) = Gn(xn) X Mvz+1(xn7dmn+1)

Notice that the evolution semigroup (Qp,n)o<p<n of the unnormalized distribution flow is given by

V0 < p<n Tn = 'Ypr,n with Qp,n = Qp,n—lQn (1-6)

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

'Yn(fn):nn<fn) X 'Yn(l) with ’Yn(l): H np(GP> (17)

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 1,
1
- Z logn,(G) ~ =X\ (1.8)
0<p<n
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 wlGH/m(G) = () () (19)

0<p<n
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1.3 Mean field interacting particle models

A natural mean field particle model associated with the nonlinear Feyman-Kac flow (1.5) is the E-valued
Markov chain £5V) = (¢1:V),<;< v with elementary transitions defined for any F¥ € B,(EN) by

E (X EM) 1€) = o0 (m (€M) (BY) with m (M) = + 26 e (110)

In other terms, given the configuration 5 1 at rank (n — 1), the particle system 5,(1N) at rank n, consists of N

independent and identically distributed random variables with common distribution ®,, (m (5,@1) ) The initial

configuration féN) 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
(€4M)1<i<n to (€8)1<i<n 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

@, (m (f(N)))(dwn)—z o= (ZGM & Mn(ﬁi_l,dm)

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 (G, —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 (1.3), 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 extending 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 (1Y, vY) associated with the pair of Feynman-Kac measures (1,,,7,,) are defined
by the empirical occupation measures

ny =m (éle)>

and the unnormalized particle distributions 72 are defined for any f,, € B,(E,,) by

W (fa) =m0 (fa) x (1) with (1) = T] w'(Gy) (1.11)

0<p<n

For a rather complete asymptotic analysis of these measures we again refer the reader to [4], and references
therein. In particular, for any f,, € B,(E,,), we have the following almost convergence results

J\}gnoo 77711\](]071) = nn(fn) and 1\}21100 ’YTJ]Y(fn) = 'Yn(fn)

Therefore, the particle interpretations of the pair objects (A, k) introduced in (1.8) and (1.9), are defined by
simply with replacing 7,, by the particle occupation measure 7. It is also well known that " is an unbias
approximation measure of 7, in the sense that

However, it turns out that for any n > 1

EmY (f2)) = E(fu(6LN)) # 0 (fn)

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

Py, =Law (&N, ..., ¢0N) e P(EY)

RR n° 5969
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1.4 Particle block distributions

For any pair of integers (I,m) € (N*)2, we set [I] = {1,...,1}, and [I]™ 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 < we set

U =A{ae ™ : |al=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, 1) (: [l][m]) the set of all

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

From the pure mathematical point of view, the measures IP’,JX o are better understood when they are connected
with the g-tensor product occupation measures (resp. the restricted g-tensor product occupation measures) on
E4 defined by

(nn = Z 6(£a(1) . %(Q)) and (nn _( ) Z 6(§a(1> .. %(q))

ae[N a€(q,N

Notice that these measures are, by construction, symmetry-invariant. That is, for any F' € B,(E%)

)2 (F) = )2 (F)aym)  and — (n) " (F) = (0) " ((F)eym)

with the symmetrization operator

Vg>1  FeBy(BY) v (Faym : Z D F
. o€G,

In the above displayed definition, the operator Dj stands for the Markov transition from E¢ into itself, associated
with a mapping b € [¢]!%, and defined by
Dy(F)(z, ... 29) = F(z2M .. 2b@)

n? ? n

for any F' € By(E?), and (x!,...,2%) € E4. In particular, we may assume, without restriction, in our forth-
coming computations on g-tensor product occupation measures, that I’ is a symmetric function. That is, for
all s € G, D,F = F. We write from now on, B,Y""(EZ) for the set of all symmetric functions in By(E2).

Notice also the following symmetry property, essential in view of all the forthcoming computations. Since,
conditional to §(N) the & are i.i.d., for any F' € B,(E4) and any a,b € {q, N)?, we have

n—1»

E[F(ea®,....ex)| =E [F(ED,....e@)].

For instance, we have that

E(()7 (1) =E(F (&,...€1) =X, (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 ((vY)®4, (y2)®9) defined for any F € B,(E9)
by

(W)PUF) = (0y)OUF) x (7' (1)) and () 24(F) = (ny)24(F) x (7 (1))

We cons1der now the nonnegative measure QY
spaces FZ, and defined for any F' € B,(F2) by

indexed by the particle block sizes, on the product state

n,q’

N (F) = E((r))(F))

n,q

In the further development of this article, we shall prove the following formula (2.4)
E((7)?4(F)) = E(7a-1)“1Q71(F)) = Qu_1 4 (QF(F))

INRIA
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This simple observation indicates that the distribution flow (Qﬁy ¢)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 [4],
the sequence of distributions Q,IX 4 converges, as N tends to infinity, to the distribution of ¢ non absorbed, and

independent particles (X2%);<;<, evolving in the original absorbing medium. That is, we have that

]}ExlmQﬁq(F) = AUF)=E(F(XS, ..., X0 Ipisy oo lrosy)

for any F € B,(E?), and where T* stands for the random absorption time sequence of the chain (X gl) k>0, with
1< <q.

This article is mainly concerned with explicit functional expansions of the deterministic measures IP’Q{ q €
P(EZL), and @nN’ 4 € M(E}D), 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. 1.2).

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

Definition 1.1. We let (OY)n>1 € M(E)Y, be a uniformly bounded sequence of signed measures on a mea-
surable space (E,&), in the sense that sup >, 104y < 0o. We suppose that ON strongly converges to some
measure © € M(E), as N T co, in the sense that

VF € By(E) lim OV (F) = O(F)

NToo
The discrete derivative of the sequence (ON)n>1 is the sequence of measures (00" ) n>1 defined by
90N =N [6V - 0]

We say that OV is differentiable, if 0O is uniformly bounded, and if it strongly converges to some measure
00 € M(E), as N 1 co. The discrete derivative of a discrete derivative 00N (of a differentiable sequence) is
called the second discrete derivative and it is denoted by

90N = N [96" — 00]

The discrete derivative 0OV of a differentiable sequence can itself be differentiable. In this situation, the deriva-
tive of the discrete derivative is called the second derivative and it is denoted by 9°0 = 9 (00), 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) — pu(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 [9]. 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 0% satisfy the
usual linearity properties. Finally, we notice that a sequence ©Y that is differentiable up to order (k + 1), has
the following integral representation

1

Nk+1 ak-i-l@N

1
of= > wde+

0<i<k

with sup s, [0*71ON||;, < oo, and the convention 9°© = ©, 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 geometrical 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.
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10 P. Del Moral, F. Patras € S. Rubenthaler

Let Ay g =aer. ([q]17)" ! be the set of (n + 1)-sequences of mappings a = (a,)o<p<n from [g] into itself.

[q] <= [g] <= - — [q] <= [g] < [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

Apg @€ Apg— A2 = (087D, Q Dy, ...QD,,) € M(EZ) (1.13)
The Markov operator D;, can be seen as a coalescent, or a selection type transition. In this interpretation, the
population (mz(l)7 e ,:vfl(q)) results from a selection of the individuals with labels in the set b([g]). In addition,

arguing as in (1.4), the non negative integral tensor product operators Q%7 can be seen as the overlapping of
an absorption transition from (E,_; U {c})? into itself, and an exploration transition from (F,_; U {c})? into
(E, U{c})?. We then have that

A2 (F) =E (F(X2',..., X2 lansy ... lraasn) (1.14)

In the above display, (X®1, ... X29) represents the absorbed Markov chain on (E, U {c})? with transitions
Q29D,, , and initial distribution 157D, .

Notice that the measures A}  inherit a remarquable invariance property from their set-theoretic definition.
Namely, let us introduce the natural left action of the group G/*? on A, , defined for all a € A, , and all
S = (So, ---73n+1) S g;H_Q by

s(a) := (soaosfl, slalsgl, cery snans;}rl)
Then, for any F € B;""(E%) we have
b b
AP (F) = ASD(F) (1.15)

The identity wouldn’t hold if F' wasn’t a symmetric function. However, as already mentioned in Sect. 1.4, this
is not a serious restriction as far as the determination of the g-tensor occupation measures is concerned. The
action of G!'"* 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 € Q;”Q such that a = s(b). We write
Fn,q 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, ,, the corresponding equivalence
class is written a. We also write Stab(a) for the stabilizer of a in gg+2. According to the class formula, the
number of elements in the equivalence class a, written #(a) or #(a) is given by:

N\n+2
i) =
|Stab(a)]
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 Q;L” on A, 4 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 = (px)o<k<n, and 1 = (Iy)o<k<n, We write
p <1if and only if p, <1} for all 0 < k < n. We write |p| for (pg + ... + pn). Assuming now that p <1, we use
the multi-index notation

n

Wp= J[ .. p'= T[] p!. and s(Up)=]] stk pe)

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

where the s(lx, pr) are Stirling numbers of the first kind. The difference (p — 1), and respectively the addition
(p+1) of two sequences is the sequence (px — I )o<k<n, and respectively (pr+{x)o<k<n. When no confusions can
arise, we write N, and q, for the constant sequences (N)o<;<n, and (¢)o<i<n. We also write 1, and respectively
0, for the sequence of unit integers, and respectively null integers. The above definitions are extended to infinite
sequence of integers p = (px)rx>0 € NN, with a finite numbers of strictly positive terms. Any function o : N — N
on the set of integers into itself, is extended to integer sequences p € NV, by setting a(p) = (a(px))rk>o0-
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Coalescent tree based representations for Feynman-Kac models 11

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 — lail)

=0

The subset of A, , of sequences a such that |a] > q — p is written A, ,(p). Notice that, if a = b, |a| = |b|, so
that the notions of coalescence degree and coalescence sequence go over to the set F,, , of forests. In particular,
notation such as |a| or coal(a) is well-defined. In view of fla 1.15, for any choice (ao, ..., a,) of a representative
of a forest f in F,, 4, we set
Af =A2_ and [f] =4

The subset of F,, ; associated to A, 4(p) is written F, 4(p).

Theorem 1.2. The non negative measure QQ{ o represents the distribution of the coalescent, and non absorbed
Markov chain introduced in (1.14), associated with a sequence A = (Ax)o<k<n of independent random mappings

from [q] into itself, with common distribution Zae[q][q] %%- That is, for all F € B;*"(E%), we have that

NF) = AR (F)=E (F(X2 . X2 1rais, .. lraas,)

n,q
In addition, for any 1 < q < N, we have the polynomial expansion
1
N k
g = Tnt+ > vF 9 Qng
1<k<(g—1)(n+1)
with the collection of signed, and weak derivative measures ak@n’q given by the formula

aan’q — Z Z S(|f|7q — I‘) #(f) Afy,,q

r<qifr|=k FEF, 4(r) (@)t

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 IP’TJX o Tely 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 Qfx 4 As a parenthesis, we observe that these two measures coincide for constant potential
functions

(Vn>0 Vo, €E, Gu(z,)=1)= (Vn>0 Y¢<N P} =QJ)
To deal with general potential functions, we need to re-normalize the particle distributions 72, and to extend
the previous functional analysis to the path-space distribution of the particle measures defined for any integer

sequence 1 = (Ix)o<r<n, by the following formula
Y = 6 © (1) 8@ (o2

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 (IP’fLLq)qu is differentiable up to any order.
Besides, at any order N > q we have the closed formula

1 1
N _ . ®q k [(N—q)/2] pN
Pyi1g = Mg1 + 1<k<L(EN - NF 0" Ppg1,q + NI=072] 0 VP,
< —q

for some collection of signed derivative measures O*P,, ,, whose values can be explicitly described in terms of a
class of colored forests, with mazimal coalescent degree k.

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 L,-mean
errors between the particle occupation measures 7Y and the limiting Feynman-Kac measures 7,,. Incidentally,
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12 P. Del Moral, F. Patras € S. Rubenthaler

combining this Wick product formula with the Borel-Cantelli lemma we obtain the almost sure convergence
result

lim () (Fr.q) =0

N —o0

for any bounded symmetric function F on Ef, with [, F(z},...,2%)n,(dz%) = 0. This result is an extension of
the law of large numbers for U-statistics obtained by W. Hoeflding [7] 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, (7Y )®¢ and (n)')® 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 F are fixed once for all.
Consider first the surjection
m: [q)% x (g, N) — [N]19
(s,a)—as:=aos
Lemma 2.1. Let b € [N]l9, then the cardinal |x—*({b})| of 7= ({b}) only depends on the cardinal |b| of the
image of b. It is given by
[T {BD] = (N = [B) g 1o/ ()1

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 o’ 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 [¢] to [IN] the image of which
contains a fixed subset of [IV] of cardinal p < ¢ is

np = (Q)p(N _p)q—pa
the lemma follows. |

The lemma, translates almost immediately into a functional relation between the two tensor product mea-
sures. Notice first the identity

Dan = Dab
that holds for any pair of mappings (a,b) € ([¢]?))2. Let u,v be any linear combinations 3 a;a;, (resp. > (;b;)
i€l jET
of elements of [¢](9], or, in other terms, elements of the monoid algebra of [¢][%]. We extend linearly the definition
of D, so that:
D, = Z a; Dg,
iel
and

DyDy =Dy, = § O‘iﬂjDaibj
iel,jeJ

We denote now by m(x) the empirical measure associated with an N-uple x = (z%);<;<y € EY

X
m(x) = NZ(SUC
i=1

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

1
m(x)® = i Z O(zen),.. gae))
a€[N]ld
1
m(x)Gq — Z 5(za(1)7“‘7xa<Q))
(N)q CLE( N
a,N)
Although the notation is self-explanatory, notice that, in the sequel, we will write simply x* for (z*(\), ..., z%(?))

and 5xa for 5(36@(1)7“‘793@({1)).
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Coalescent tree based representations for Feynman-Kac models 13

Corollary 2.2. We have
m(x)®? = m(x)QqDLév

where

Nv_ 1 (N)jal
L = Ne Z a

q
a€[q)(@ (Q)|a|

Proof. In view of the following identity, that holds for any function F' € B;*"™(E1), with ¢ < N,
by Dy(F) = Dy(F) (2D, ..., 22y = F(29°M) | 29y = § 00 (F)

the corollary follows from lemma 2.1 and the identity

(N) (N)p(N_p)quzl where N >qg>p
q

Corollary 2.3. The tensor product measure m(x)®9 has a Laurent expansion:

1

m(x)%7 = m(x)“?- Z mDaqu
0<k<q
where 1
N _ k
L= > w5 0L
0<k<q
and

8qu: Z s(p,qk)(ql)p Z a

q—k<p<q
Notice that, in the expansion of 9*L,, the double sum involves only elements a € [q] [4] the coalescence

number of which is less or equal to k.
The corollary follows from corollary 2.2 and from the Stirling formula

(N)p= > slp,k)N*

1<k<p

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

P g >

a€(q,q)
3Lq*_Taz a+az a
a€{q,q) aglq)
1 (¢-1(g—2) 1 1
L, = slqgq—2) — a— " a+ “
q ( ) 1 Z 2 q! Z (q)q—2 Z
a€(q,q) a€lq] Lqil CLE[Q]([Iqlz

Notice in particular that, since the composition map
(¢;4) X (¢;: N) — (¢, N)
is a surjection with all fibers of cardinal ¢!, we have
m(X)QqDaoLq = 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, z; # x; if i # j):
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14 P. Del Moral, F. Patras € S. Rubenthaler

Corollary 2.4. The following formulas hold for the expansion of m(x)®4

N9 —(N)
N ||m(x)®q _ m(X)QQHtU =92 Nqu N:)OO qlg—1)

q

1m(x)*1Darr,llee = D Is(p,a k)| S(g,p)

p=q—k
Here, || ||:» stands fort the total variation, that is, for any linear operator @ on B(E?),
Qe == sup |Q(f)]
flleo=1

Recall that the Stirling number of the second kind S(g, p) is the number of partitions of [¢] into p non-empty
subsets, so that
lali'| = 5(a,)(0),
> Sl k)N
1<k<q

The corollary follows then from our previous computations and from the following lemma.

Lemma 2.5. Let Q= ). u, Y.  Oxa, where the u, are arbitrary real coefficients, then we have
0<p<q ae[N]z[;”

1@l = > lupl (N), S(a,p)

0<p<gq

Proof. Indeed, we have ||Q||t» < > |up| (N), S(g,p) by direct inspection, since ||dxa ||, = 1 for all a € [¢]19.
0<p<q
Let us write sgn(k) for the sign of uy, and let us introduce the function ¢ € B,(E?) defined by:

¢(y17"'7yq): Z Sgn(k)él;(yl ..... Yq)

0<k<q

where A(y1, ..., Yq) :== {v1, ..., y4}| and 6’/{@1 y,) Stands for the Dirac function. Then, Q)= > |upl (N), S(q,p),
n 0<p<q
and the lemma follows. O

2.2 Laurent expansions

The goal of this section is to derive a Laurent expansion of the measures Q)Y , € M(E2), QY (F) := E((Y)®4(F)),
F € By(E?), with respect to the population size parameter N. The followmg proposition is fundamental. Recall
from Sect. 1.5 that we write F,, , for the set of equivalence classes in A,, , under the action of the permutation
group G2

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

N oy (N ¢
n,q(F) - Nq(n+1) fej:z;q (q)\f| #(f) An,q(F)

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

Proof. Indeed, combining the definition of the particle model with corollary 2.2, we first find that

B (007 ) [6M) = ()" <E ()" \f“”)
= (M)’ x ((n )" Dy (F) ‘f(N)>
= () XE(‘D“(”n 1) "D (F) [ 65)

INRIA



Coalescent tree based representations for Feynman-Kac models 15

Using the fact that, conditionnaly to 57(112 and for G € B (EY)

N \®gq ®q N \®q ®q
én(nyjyfl)@)q(G): (7771—1) (Qn G) — (711—1) (Qn G)

)P @%(1) ()P (@F(1)

and o
(%11\11) ! (ng(l)) = (%11\771Qn(1))q = (’Yrqu(anl))q = (%]zv(l))q

we arrive at

(3 1) Q21D F) [
()% @1y 1

= E(()™ @y ) €M) (2.1)

E(6N) ) [€Y) = (W) <E

Integrating over the past, this yields that
E ()" (1) =E((630) ™ (Q§"Dry F))
Using a simple induction, we readily obtain the formulae
E(()%(F) = E(((8)%QF"Dry ... Q3"D1y ) (F))

= E((0"Dey Q7" Dry ... QY Dry ) (F)

1 (N)a
e R RY Aj (F)
n+1 Z n,q

Nt )< . (Q))a

where A, , is the set of sequences of maps introduced in section 1.5 and where we use the multi-index notation
introduced in the same section. In view of equation (1.15), we know that

b _ As(b
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 1.2

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

1
)=t > g O Qug(F) (22)
1<k<(g—1)(n+1)

with the signed measures 9*Q,, , such that

8anq(F) _ Z Z S(|f|7q_r) #(f) Af (F)

r<q, [t|=k FEF, 4(r) (@

for all F € BV (E2).

Proof. Indeed, according to Proposition 2.6

N = Y S ST L)

pE[L,q]"+! (q)p feFn,q:|f|=p
Using the Stirling formula
N)p = > s(p,HN" (2.3)
I<p
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16 P. Del Moral, F. Patras € S. Rubenthaler

we also have that

LEO=Y Y sl g X #HDALW)

1<q1<p<q Vp ter, lfl=p

from which we conclude that

NP =Y Y sbasn) grs Y #0) AP

r<qq-r<p<q q)p feFn qlf|=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 ||Afl7q||w <1 for any f € F, 4, the following formula holds for the expansion
of Qi
A N IQY, =77 e < (n+1)a(g — 1)

Proof. We have (see proof of theorem 2.7) that #(f) = (¢!)"*! if |f| = q and besides, |{r, |r| = 1}| =n + 1,
and for any such r, s(q,q —r) = —(2). In conclusion, the case |f| = q contributes to (n+ 1)g(g — 1)/2 to the
asymptotic evaluation of N [|Q}, — v59||¢.

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 A4, 4
with a; € Gq, j # i and |a;| = ¢ — 1. In particular #(f) = (¢!)"™ (%), so that, on the whole, the case |f| = r;
contributes to ¢(¢ — 1)/2 to the evaluation.

The corollary follows then from the Laurent expansion of Theorem 2.7. O

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

(N1 (F) = (W (1) x () (F)

More precisely, by definition of the particle model we have that

E () () =E ()™ Q1) = Q) ,(QFF) (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,, , 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.

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 con-
nected (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.

INRIA



Coalescent tree based representations for Feynman-Kac models 17

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

£ =Ty T

for the forest with the tree T; appearing with multiplicity m;, i« < k. When T; # T} for i # j, we say that
f is written in normal form. A planar forest f' 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 T4 are two planar trees, f' = T{T4T] is the planar forest obtained by left-to-right

concatenation of Ty, T4 and another copy of T}.
[ ] [ ] [ ] [ ] L] [
[ ] L] [ [ ] L] [ ] [ ]

NN N

Figure 1: a graphical representation of a planar forest f' = T{T45T7.

We say that a tree T is a subtree of 77, and we write T'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 k 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

hit(f) = sup ht(T)
TCf

For the unit empty tree, we also take the convention ht(f) = —1.
We write v (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 )= (v(f))r>o0
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 = (pr)k>0 € NN satisfying the following property

Jht(p) e N s.t. inf pr, >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 F, for the set of forests f such that v(f) = p. Our notation is consistent, since the
height ht(f) of a forest f € Fy, clearly coincides with the height ht(p) of the integer sequence p. For the null
sequence 0, we have that Fo = {0}.
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18 P. Del Moral, F. Patras € S. Rubenthaler

When p € V is chosen so that pp = 1, the set Fp reduces to the set 7, of all trees T' such that v(T") = 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, PF}, is the set of planar forests f, with vy (f) = py, vertices at level & > 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

Fo)= [ 7 T)= T[] 7

PEV, PEVn,po=1

The shift operator
B : p= (k>0 €V~ B(p)=(0)i>0 €V, ¢ :=pi11

induces a canonical bijection, still denoted by B, between the set of trees 7, (resp. planar trees P7p), with
P € V11 and the set of forests Fp(p) (resp. planar forests PFp(p)), obtained by removing the root of the tree

B : T €T, (resp. PT,) — B(T) € Frp) (resp. PFp(p))

From the graph-theoretic point of view, the number of coalescences cx(f) at each level k¥ > 0 in a forest
f € F is defined by the mapping
¢ : feFrcf)=Bu(f)) - |f]

The sequence c¢(f) is called the coalescence sequence of f. In the above displayed formula, the sequence |f| =
(If|k) k>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, 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

(Ifg] = If| +|g[ and  B(v(f) +v(g)) = B(v(f)) + B(v(g)) ) = c(fg) = c(f) + c(g)

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 ¢ (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 k& > 0, are naturally ordered from left to right, and therefore
in bijection with [vy(f")]. Planar forests (resp. planar trees) f' € PF of height hi(f') = (n + 1) are therefore
canonically in bijection with sequences of maps a = (ay, ..., a,, ), where ay, is a weakly increasing map from [pgy1]
to [px], with k =0, ...,n, and p € V.41 (resp. and py = 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,, 11 we have that

PFp~TA, = {(ao, vy Q) € ([po}[pl] X ... X [pn][p"“]) :V0O<k<n ag T}

We write PF(a) (resp. PT'(a)) for the planar forest associated to a sequence in ZA, (resp. with py = 1).
In this interpretation, when f’ € PFy, is represented by a sequence of mappings a = (ag, ...,a,) € ZAp, the
number of coalescent vertices at level & is given by

ar(f') = v (F7) — |ax

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

B : PT(a) € PTp — B(PT(a)) :== PF(B(a)) € PFp(p)

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

Definition 3.3. Let a = (ap, a1, ...,a,) be any sequence of maps ay, : [pr+1] — [pr], with k =0,...,n. To a
sequence a is naturally associated a forest F(a): the one with one vertex for each element of ]_[Zié [pk], and a
edge for each pair (i,ay(i)),i € [pr+1]. 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.
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NS \i)&./

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 € V,, 41, 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, ..., Gy ), where ay is a map from [pg11] to [px], with k =0, ..., n. More formally, we have that

jp ~ Ap = ([po][pl] X ... X [pn][pn+1])

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 («, 3) € ([q] Pl 5 [s] [”]),
we let (aV 3) be the weakly increasing map from [p + r] into [¢ + s] defined by

N a(i) if i€ p)
v ={ 50 8= e

If a and 3 are weakly increasing, so is a V . For null integers p = 0, or p = 0 = ¢ we use the conventions
[¢]P! = {0}, and the composition rules () @) = 0, (aV) = a = (IV ). Observe that for any (o,7) € (G, x Gs),
any (., 8) € ([q]P! x [s]()) and any (p,6) € (G, x G) we have the composition formula

(oVT)o(aVvp)e(pvl) = (coaop)V(rofob) (3.1)

For any p € G4 with « and 8 as above, we also quote the following factorization rule
(av@)ope (@) = pe GV

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

(@ V B)(p(i)) = (aV B)(p+J) = q+ B() ¢ [d]

By a simple induction argument, for any a; € [¢;]P"),i = 1,...,m, we also have that
(a1 V... Vam)ope [0V ..V [gn]")) = p€ (G V...V Gy,) (3.2)

for any permutation p € Gy, 4. 4p,., and m > 1.
More generally, for any sequences of integers p € V, and r € V, and any sequences of maps a = (o)r>0 €
Ap, and 3 = (Bk)r>0 € Ar we denote by (a V 3) the sequence of maps

aV = (apVPBk)k>o0 € Apir

Notice that, if « € ZAp, and 8 € TAq, then oV 3 € TAp14. In the above displayed formula, we have used the
conventions ay = ), and §; = 0, for any k > ht(p), and [ > hi(r).

Recall that sequences of weakly increasing maps a € ZAp, and 3 € Z.A; can be represented graphically by
the planar forests PF'(a) € PFp, and PF(8) € PF,. In this interpretation, the composition formula on the
noncommutative monoid PF is now given by

PF(a)PF(8) = PF(aV ) € PFpir (3.3)

The same constructions hold for non necessarily increasing maps. In this situation, the sequences of maps
a € Ap, and 3 € A, can be represented graphically by the jungles J(a) € Jp, and J(8) € Jy, and we have the
(noncommutative) product formula on the set J

J(@)J(B) = J(@V B) € Tpir (3.4)
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3.3 Automorphism groups on jungles

For any given sequence of integers p € V,,1, the product permutation group
Op = (gpo X Gpy X oo 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, ..., Sn+1) € Gp this pair of actions is given by

s(a) := (50a0Sy .., Spans, ;) and sJ(a):= J(s(a))

An automorphism s € G, of a given jungle J(a) € J,, 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) € J, 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=Db

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 Jp
and the quotient G,/Stab(J(a))
¢a @ J(b) € Orb(J(a)) — s(a,p)Stab(J(a)) € Gp/Stab(J(a))

for any choice of s, p) € 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 Gy, 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 permutation 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 F, , of equivalence classes in A, , under the natural action of Gq
s camonically in bijection with the set of forests with q vertices at each level 0 < k <n + 1.

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

Stab(J(a) = Stab(PT(a)) = {1:} x Stab(B(PT(a)))

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 € V41,
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=T"" 1", mi+...+mp=po

Let us also choose arbitrary representations 7} € P7 of the T;s as planar trees, so that we can view f as the
forest associated to the planar forest
£ = (1)) ..(T)™
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obtained by left-to-right concatenation of m; copies of T7, my copies of T3,..., my copies of T;,. We write T7'...T;;
for the expansion of the noncommutative monomial

£ = (T])™ .(T))™ = T{..T",

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

#(f) =#0rb(f") =#{gec Tp : Is€Gp st. g=sf'}
Due to the class formula, we also know that

_ no_ |gp| _ p!
#(E) = #OrE) = G5 ~ Stab(e)

where we remind that Stab(f’) stands for the stabilizer of the jungle f' € 7.

The computation of #(f) will be done by induction on (n + 1) := hi¢(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(Tl”...Tzii)) n ({1p0} X g(pl,_wpm)) ~ Stab(Ty)V ...V Stab(T;:))
where 1, stands for the identity in Gy, .

Proof. Welet a® = (aj,...,a!) be asequence of weakly increasing maps such that T!” = PT'(a’), with 1 < < po.

r'n

In this notation, we have that
f = T{..T1) =PT(a")... PT(a?) = PF(a)
where PF(a) stands for the planar forest associated with the sequence of weakly increasing maps
a=(a'v...va”)=(ap,...,a,) with YO<I<n a=a V...Vd"
Notice that the stabilizer of the planar forest PF(a) is given by
Stab(PF(a)) = {s € G, : s(a) =a}
and for any s = (s, ..., Sn+1) € Gp we have that
s@=ae (Y0<I<n so(a V...va®)os i =a;V...val")

Therefore, using the composition formula (3.1) and the factorization rule following the formula, it is not
difficult to check that any sequence

s = (1py,S1,--s5n+1) € Stab(f)

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

S(l) = (1178(1i), .. "S’EZ-)i-l)

between the vertices at each level of the planar tree PT(a’), with 1 <4 < po. In terms of the level parameter
1 <1< (n+1), we also notice that

slzsl(l)\/...\/sl(po)

To take the final step, we observe that

slalsl__'_ll = (sl(l) V...V sl(po)) o(a; V...val)o ((sl(_li_)l)f1 V...V (sl(iol))fl)
= (sl(l) oaj o (sl(_lk)l)*l) V...V (sl(po) oa}’ o (sl(f_”l))*l)
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This implies that
s(a) = (s(l) V...V s(pO)) (a'v...var) = (sWD(al) v...vsP)(ar))
from which we find that sJ(a) = J(a) if, and only if, we have
J(sWM(al)) ... (s®)(ar)) = J@')...J(a™)
This is clearly equivalent to the fact that
J(sW(a))) =sJ(a’) = J(a’)
for any 1 < i < pg. This yields that for any 1 < i < pg, we have
s = (15,s",...,s! ) € Stab(PT(a"))
from which we conclude that the mapping

s € Stab(PT(a')... PT(a?)) N ({1p0} X g(ph___,pw))

!

(sMv...vsP)) € Stab(T(al)) V...V Stab(T(a))

is an isomorphism. This ends the proof of the lemma. ]

The first coordinate mapping
T i 8=(80,..,8n41) € Stab((T))"™ ..(T})™ ) — 7(s) = 80 € (G, V.-V Gm,)
is a surjective map (it even has a natural section, the construction of which is omitted). We therefore have that
Ker(n) =7 Y(1,,) ~ Stab(T{) V...V Stab(T,, ) ~ Stab(Ty)™ x ... x Stab(Ty)™*
This yields the isomorphism formula
Stab((T7)™*...(T},)™ )/ (Stab(T})™ x ... x Stab(T})"™) ~ (Gm, 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 (m1,...,my) is the symmetry multiset of the tree T = B~Y(f) and write

s(T) =s(B~HT{™..T"™)) = (my, ..., mz)

The symmetry multiset of the forest s(f) = Ty"*...T,""" is the disjoint union of the symmetry multisets of its
trees

s(Iy" .. 1) = | s(Th),...,s(Th), ..., s(Tk), ... ,s(Tk)

m, terms m; terms
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For example, the symmetry multiset of the first tree of the forest f displayed in Fig. 1is (1, 1); the symmetry
multiset of B~!(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 = 77"*...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 £’ 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 f € Fp, with p € V41, is given by

#(f) = #
[T s(B{f)!

i==1
where we use the usual multi-index notation to define s(B*(f))!.

Proof. It clearly suffices to prove that

n

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

i=—1

for any planar forest ' of height (n 4+ 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

£ = (T)™ (T ™

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(T}) elementary planar trees with null height.
This yields that

W(T,) = 1 — |Stab(B(T)))| = s(T})!

K3

By proposition 3.6, we conclude that

k
|Stab(£')| = [T (m;! (s(T)))™) = s(B~'(£))! s(f)!
j=1

This ends the proof of the formula at rank 1. Suppose now that the assertion is satisfied for any planar forest
with height n. By proposition 3.6, for any planar forest f' = (77)™*...(T})™*, with height (n + 1), and written
in terms of distinct planar trees T;, we have

k
|Stab(f')| = s(B~(f'))! H |Stab(B(T}))|™
i=1

Since the planar forests B(7}) have height n, the induction hypothesis implies that

Stab(B(T)) = [] s(B(B(T2)) = [[ (B (1))
j=—1 =0
This yields that
k n mi n k mi
stab(®)| = s~ N | [[sB @] =s@ @] <Hs<Bf‘<z;-'>>!>
i=1 \j=0 =0 \i=1

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

s(BY () = (s(B(T})), ..., s(B(T1)), ..., s(B’(1})), . . ., s(B’(T})))

m, terms m;, terms
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We conclude that

n

|Stab(f')| = s(B~(£)! [[ s(B(£'))!

Jj=0

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

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. [8]) that the wreath product, written G < G > of an arbitrary group
G 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:

(Sugh '“7gk) © (Sl7g/17 7g]/c) = (Ss/aglggfl(l)a 7gkglg*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 (z1,...,x) € S* the action of s on (z1, ..., 2}) is given by

5(181, 7-75k> = (.’13371(1), ...7:13871(;@)
we then have, for any (g1, ..., g) € G¥
5(91, '~',gk)871(x17 71'16) = s(gla "'7gk)($s(1)7 "'7xs(k))

= 5(91955(1), s gkl‘s(k))
= (9571(1)901, '“ags*l(k)xk)
We are now in position to state and prove the main result of this section.

Theorem 3.9. For any planar forest (T7)™...(T})™ € PFyp, 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))™ ...(TL)™) ~ (G, < Stab(T}) >)V ...V (G, < Stab(TL) >)

so that, in particular, the stabilizer of any jungle in the equivalence class of f is conjugated in Gy, to (G, < Stab(TY]) >)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, .+, Snt1) € Stab(f’)

This implies in particular that the root permutation sg € G, is of the form

1 k
so=(s"V.. v e (Gm V... VGn,)
Also observe that so acts on the planar forest 77'...7); by permutation of the planar trees:

Sol T T] = (T )T

sg (1) s01<p0>)

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

Sg 1= (80, 50,15+ SO’nJ’»]) € gp

on the vertices of the planar graph of 77'...T/

solT}..T!] = so(T]..TL.)
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Notice that sy depends on the planar forest 77'...T;; , since it acts non trivially on the vertices at levels i > 1.
In general, the embedding sy € G,, — so € Gp is different from the canonical embedding sy € G,, —
(507 Lpysoess 1pn+1) € gp'

We consider then the map (of sets)

po: Stab(f) (G, V.oV Gy ) X (Stab(f) N ({10} X Gipyprin)))
S = (507"'7sn+1) e ‘U,(S) = (507550_1)

In lemma 3.5, we have proved that (Stab(T7...T}\) N ({1p0} X Gpy....pnsr))) iS isomorphic to the permutation
group Stab(T7') V ...V Stab(T} ). Therefore, the permutation sequence

-1 _ —1 —1
s8g - = (Lpgs 8180 15+ » Snt150 nt1)

can be alternatively represented as
ssyt = (s(l) V...V s(p")) € Stab(Ty') V ...V Stab(T}))
Using these representations, we have that
u(s) = ((sél) V...V sék)), (s(l) V...V s(”o)))
(ng, (s(l) V..V s(ml)» v (s((f), (s("““) ViV s<m1+m2>))

V...V (Sék), (S(m1+'“+mk’1+1) V...V s(m1+-<~+mk71+mk)>)

On the other hand, we have

,UJ(St) = (Soto, St(Sot0)71>
(soto,stty 'sy ) = (soto, (ssg " )so(tty  )sgt)

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

soaltity)sor = soalti” V... ver)sgt
JRCOI s (m,
DTy e )y
(2)y-1 Sy~ (1 £
VEETI D) 66T mama))y

y—1 (1)) -1
V...V (tl((so ) (m1+..4+mk—1+1)) V...V tl((SO ) (m1+--<+mk—1+mk)))

This implies that
so(ttal)sal = (1po7rla ce 7Tn+1)

with a sequence of mappings

(Lpgs T1se -y Tig1) = (r(l) V..V r(m)) € Stab(Ty') V ...V Stab(T))

given by
My yrem) = (ST Ly (8 T ma)
pmit) oy pmitme) (58T i) oy (58 T (matma)
pmitotme 1 41) oy pmitetme) (8 T et m 1))y (58 T ma )
This yields that
(ssgt) o (So(ttal)sal) = (s(l) V...V s(po)) o (r(l) V...V r(p°)>

((su) orM)v ... v (s®) o r<p0>)>
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We finally obtain the following formula

u(st) = (sgl) o tgl), ((s(l) o t((sél>)71(1))) V.o.v(stmo t((sél))’l(ml)))>)
Vv (S(()2) o téQ), ((s(m1+1) o t((SéQ))_l(ﬂthl))) V...V (S(M1+m2) o t((séz))_l(mlerz)))))
V.

- {<S<()l) (50 v s ) (i, (¢0 v e )) )
oo (6o}
V...

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 1.2. For example, we want to be able to compute the
number of forests in any Fp; the cardinals |7, 4(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

(Sy={f"...fi"™ - k>0, and VI<i<k m; >0 and f; €S}

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(7") indexed by the set
of trees T € T, and we let M[T] be the set of monomials defined as follows

M[T)={x(T)™ ...x(Tx)™ : k>0, and V1<i<k m; >0 and T,€7T}
For any mapping x on the set of forests
x : feF s x(f) € M[T] suchthat V(f,g) € F* x(fg) = x(f) x(g)
we have the Hilbert series expansions
1 1
T g;(f) x(g) and f]EIS T - ge% x(g) (35)
We let V* be the subset of all multi-indices p € V, with height ht(p) <n
Vi =U_1<k<n Vi

Definition 3.10. The (multidegree) Hilbert series of forests, H'x(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,

Hi(x) = Y |Fol xP=Hz'(x)+ D |Fp| xP
PEV} PEV,
where we write XP as a shorthand for zf°z}" .. ..

We let 0, = 9L00%! ..., and we consider the mapping B~! from V into itself defined for any k > 0 by

B™' : pe Vi B ' (p)=(1,p) = (1,po,p1,---) € Vis1

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

1
(D€ Vo |Fp]=1) = Hilwo) = 7= =3
p=>0
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Proposition 3.11.

. EX ) . Op 7 (0)
vzl Hpe)= ][ (m) “H o< ] (m)

pev;_1 PEVn_1

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

1 dpHZ1(0)
=l Y (T nFlx = ] (m)

PEV, PEVn_1

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
1—.’1’50

HF(x) = =) ah=VpeVy GpHE(0) = |Fp =1

p=>0

By the recursion formula we find that

L) = —— x [[—

1—x 1— 2oz}
0 51 07

_ ano kn ano nkn,
H g (zo ) | = g T o

n>0 kn,>0 (kn)WZOENN
— Po Po ,.P1
= E T + E [ Fol 0"

Po=>0 PEV1

This readily yields that for any p € V1, we have
|~7:p‘ =# (kn)nZO GNN : an:po and Z nk, =p1

n>0 n>0

More generally, the (n 4 1)-th order Hilbert series are given by the formula
" 1 | o]
H]—' (X) = H (1—XBl(p))
PEVE

Recalling that for any m > 1, we have the following formal series expansion

<1iu>m =2 (E:n_—ll;—! l;;)" ot

k>0

we find that

n+1 _ |f |_1+k ) kp B_l( )
mteo = 11 > i e <77

PEV] kp>0

S 11 (Fp[ =1+ k@I Socvs k) B (0)
|

DT W S A FAR ]
This implies that that for any p € V,,4+1, we have
([Fal =1+ k(q))!
F| = 3.6
7 2 1 Ao (36)

k:q€VE —k(q)EN qeVy
Yqevy k(@) B (a)=p
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Now, we come to the proof of proposition 3.11.
Proof of proposition 3.11: We consider the set S(n) of all trees with height less or equal to n

Sn)=T*(n) = U_i<k<nT (k) = {0} U (Upevsipo=1Tp)
= {0} U (Uo<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<k<nF (k) = U_1<k<n Upev, Fp
To take the final step, we consider the mapping
VpeV, vfeF, x(F) = x*® = bt b

From previous decompositions, and using the Hilbert series expansions (3.5), we find that
ORI VD Sl B SRR
£e(S(n)) —1<k<n peVj peEV;

Recalling that
B :peVy—B() eV and [Tp|=|B(Tp)| = |Fpp

we also have that

1 1 1\
]-_-[ 1—xv® 1—xg H (l—xp)

£e5(n) PEV} po=1

B 1—1x() I 11 (1—1xp>7p

0<k<n pEVy:po=1

. . |B(T)|
= . I 1II (W)

0<k<n pEVi:po=1

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

1 1 |7l
H 1 — xv(f) - H H <1_XB_1(p)> -

£€5(n) 0<k<n peVj_,

. %ol
<1 — XB_l(p))

The end of the proof follows then from the Hilbert series formula (3.5). |

PEVS

Recall now that the signed measures in the Laurent expansion of the distributions QnN, o 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 Fpq] := Fp, N c~1(q) the set of forests in Fp, with a prescribed coalescence
sequence q (we also use the convention Fol0] = {0}).

We let C'x(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
Crx,y) = Y Y |Fpldll xP y¢

peEVy qeC(p)

In the above display, C(p) stands for the set of coalescence multidegrees
VpeV  C(p):=c(Fp)={qeN" : and q < (B(p)—1);}

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

INRIA



Coalescent tree based representations for Feynman-Kac models 29

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

) |0505(a)C*(0,0)]

o 1
(C}(x,y) = (C]: 1(X7y) H H (1_X13’l(p)yq

PEV,_1qeC(B~1(p))

Using the same lines of arguments as before, this proposition can used to derive a recursive 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
Ch(x,y) = and Ck(x,y)= H —
(Po )+)

1—=x _ Po
0 po>0 (1 — 20z7° yg

Now, we come to the proof of proposition 3.13.

Proof. We use the same notation as the one used in the proof of proposition 3.11. Firstly, we notice that F, =
Ugecp)Fpld], and ht(q) < (ht(p) — 1), for any q € C(p), and where ht(q) := inf {n > 0 : sup,,,~,, ¢gm = 0}, for
any q = (¢m)m>o0- Also observe that

Fp-1(p) = T1,p) = C(B~(P)) = «(T(1p)) = {po — 1} x C(p)
We next consider the mapping x
¥p eV, VieFpldl  x(f)=x"0 y O = @ftaakr) iy i)

Using the Hilbert series expansions (3.5), we readily check that

1 . ) ) )
H Tf)yc(f)= H Zx@y(g) - Z xV(8) ye()

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

Arguing as in the proof of proposition 3.11, we find that

Yo x®y® = 14 S R Y Y Fldl xP ye

g€e(S(n)) PEVo k=1peVy qeC(p)

= Z Z | Fpla]| xP y?

PEV} qeC(p)

In much the same way, we have that

n

. |Fplall
11 1—xv® ye®) 1—a:0 II 11 1 (1—Xpyq)

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

Therefore,

1
erS(n) T—x(® yo®

|~; (l,B(p))[(pl_LB(Q))H
Hn: H V = H p1—1
k=0 PEViipo=1 qGC(p) 1—$0B(x)B<p) y[(J 1=y B(Y)B(q)

This yields that

1 1 |‘7_—B*1(p)[q]|
Misoym - U T O (e

feS(n) k=0p€eVyi_1 qeC(B~1(p))

1 [ Fp[B(a)]l
I 1II (m>

PEV; _, qeC(B~1(p))
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The proposition follows. u

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 expansion of the measures Qﬁf, 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 coeflicients of
the expansion of the measures QnN, o at any order, both in n and ¢. The observation can be usefull, especially in
view of the systematic development of numerical schemes and numerical approximations based on Feynman-Kac
particle models.

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 Q,]X q 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 ¢ denotes, once again, the constant sequence of lenght n
associated to ¢g. As we have already pointed out, there is only one forest in Fy without coalescence, which is
the product of ¢ trivial trees of height n. There is only one forest in F 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 f217i and
f3 ;. The notation f; ; denotes the forest with only one non trivial tree with coalescence degree 2, a vertex with
coalescence order 2 at level i and its three leaves at level n. The notation f7; denotes the forest with two non
trivial trees with coalescence degree 1 and the coalescence at level i. There are four forests with coalescence
degree 2 and the two coalescences at levels ¢ < j, written f§i7j, k = 1...4. The forest f2171-7j has one non trivial
tree with coalescences at levels i and j and its tree leaves at level n. The forest 5, ; has one non trivial tree
with coalescences at levels ¢ and j and its three leaves at the levels j,n,n. The forest f;’m ; has two non trivial
trees with one coalescence at level i, resp. j and their two leaves at level n. The forest fg{i, ; 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 9°Q,,, and using the formulae obtained in Thm 3.8 for the cardinals #(f) and
using that s(q,q — 2) = < g ) % (see for instance [2], on page 63), we get the following result.

Corollary 3.14. The first three order terms in the polynomial functional representation of Q,]X q (2.2) are given
by the following formulae

aOQn,q = 'qu
q(g—1 £,
00, = MU S (Al )
0<k<n
q! £l 3 £2 3 £, 3qg—1
82Qn,q = m Z (Arf,'éc + 1 (q —3) An%c ) (q —1) Anl,'; + % 7§q>
q T 0<k<n
+<Q(q1))2 Z ( ®q _ (Afl,urAfl.k))
9 Tn n,q n,q

0<k<i<n

—1 2 1 4 -9 _ 3
S S (sl - Al 4 R AT
0<k<li<n

3.9 A Wick product formula on forests
Let now B;""™(E%) C By(E4) be the set of symmetric functions F' on E4 such that

(D1, @) (F) (@1, 00y Tg-1) = / F(z1,...,24-1,%n) Yn(dz,) =0
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Notice that B;""(E?2) contains the set of functions F' = (P)sym, with P € Poly(E?), where Poly(E1) C
By(E?) stands for the subset of polynomial functions of the form

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

acl

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

P =(9" —nn(g”)) with g¢" € 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 € BV (E{)
' Qog(F) =0, i< 1

and, if ¢ is even,
_ q! £
= 207 (g2 0
where f is the forest in 7y , containing Z copies of the tree of unit height, with two vertices at level 1, and 1
copies of the tree with the root as unique vertex. For symmetric tensor product functions F' = (f1®...®fsym,
associated with a collection of functions f’ € By(Ey), such that no(f*) = v(f*) =0, for any 1 < i < ¢, we
readily find that

93 Qoq(F) (F)

q/2 .
AL (F) = 2RSS T s )

!
1 I, {i.i}ez,

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 ¢-th order central moment

0% Quo(F) =EWo(f1) ... Wo(f) = | I EWe(fHWo(f7)

I, {i.j}eZ,

of a Gaussian field Wy on the Banach space of functions B,(Ey), such that for any pair of functions (p,) €
By(Eo), E(Wy(¢)) =0, and E(Wy(0)Wo(¥))) = no(wy). In terms of the Laplace moment generating function

1
((2m)a|Co(£)])*/?

with the gaussian covariance matrix Co(f) = (Co(f*, f7))1<i,j<q, We also have that

q q q
92Qoq(F) = o exp (%cho(f)x> with o ._ 9 9

= oxi o oxi " al " B

x = (2')1<i<q > exp <%cho(f)x> = /R dy exp <%y’Co(f)1y + y/X>

In the present section, we will show that the Wick formula generalizes to forests in F,, , 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 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 7, ; has
coalescence degree d, it has at most (2d) leaves belonging to non trivial trees so that, if d < Z, there is at least
one vertex at level n + 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,. := Tg°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, 1, the trivial tree of height (n+1), then, for any F € 5;""(EZ) we have,
by definition of the measures Af

AfL,q(F) = A%,Q(qu—l ® 777«)(F)

which is equal to 0 if F € BV (E1).
We are now in position to derive the forest Wick formula.
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Theorem 3.15. For any even integer ¢ < N and any symmetric function F € By (E1), we have

!
Vk<q/2  0"Qug(F)=0 and 07%Quq(F)= Y qu AR F (3.7)
r<q,r|=% ’

For odd integers ¢ < N, the partial measure valued derivatives OF are the null measure on BV (E4), up to any
order k < |q/2].

We close this section with a gaussian field interpretation of the Wick formula (3.7). We further assume that
q is an even integer. We consider a collection of independent gaussian fields (W5)o<k<, on the Banach spaces
(By(Ek))o<k<n, with for any (¢, %) € By(Eg)?, and 0 <k <n

E(Wk(pr)) =0 and E(Wi(or)We(¥r)) = vr(0rxtr)

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

formula
Va(on) = Z V(1) Wi(Qr,n(en))

0<k<n

Let (pi)1<i<q € By(Ep)? be a collection of functions such that v, (¢;) = 0, for any 1 <14 < g. For the tensor
product function F' = % Zoegq (Po(1) @ ... ® Yu(q)), one can check that

/2y
Af;q(F) — 2 ' 'Z H Z ’}/k(l)rk H 'Yk(Qk,n(Soz)Qk,n(saj))

7 1€Z 0<k<n Ji €Ly (4,5) €Ik

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

=,
e
—
S
N~—
I

Z H E (H V(1) Wk(Qk,n(‘Pi)))

I€T0<k<n  \i€ly

E Z H H\/%(l) Wi (Qrn (i)

IET 0<k<n i€}

from which we arrive at the following formula

> Qq/qizlrlAfiq(Fn):E ST T Vo) We(@rnleh))

r<q,|r|=4% r:|2r|=¢ I O0<k<ni€l}

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

07Qug(F) =E [ T] | D2 V@ Wa@Qun(eh)) | | =E| I Valeh)

1<i<q \0<k<n 1<i<q
Written in a more synthetic way, we have proved the following formula
0V Qug(Fa) = E (V21(En))

This result can alternatively be derived combining the IL,-mean error estimates presented in [4, Thm.7.4.2], with

the multidimensional central limit theorems presented in [4, Prop.9.4.1]. More precisely, the ¢-dimensional parti-

cle random fields (VnN(goiL))KKq = (\/ N’yflv(goil)) , converge in law to (V,(¢%))1<i<4- By the continuous
== 1<i<q o

mapping theorem, combined with simple uniform integrability arguments, one checks that

NToo

N2 fzv,q(Fn) =E ((an,v)(gq(Fn)) - aq/an,q(Fn) =E (Vn®q(Fn))
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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.

NV
S N\

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 developped 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 T (T) = (vi(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 = (P )x>0 € (N*)N, with B, = (px,p}) for
every k > 0, satisfying the following property

Jnt(p) €N st.  inf pr+p, >0 and  sup pyp+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, ht(p), is equal to n.
Finally, we let 75 be the set of colored trees T' with v, (T) = p;, white vertices, and v}, (T) = pj, black vertices,
at each level k > 0. Since T is a colored tree, this implies that py = 0 and p) = 1, excepted if ht(p) = 0. In
that case, po may also be equal to 1 (and then p; = 0). Notice that the set of black and white vertices at each
level £ is in bijection with the disjoint union

[Br] = [(0x> P1)] = [p&]11[P%]

of the sets [py| and [p;]. B
For p € V.41, let us call, by analogy with the uncolored case, planar colored trees 7" of type p any sequence
of maps (@, ..., a,), where

e = (apnog) € [pgﬁ][pwl]u[p;v][p}cﬂ] —. [pu[(pkﬂ,pﬁm)]

is the disjoint union of the pair of weakly increasing maps oy, € [p,]P*+1], and oy, € [p;C][P;Jrl].

In the above definition, the parameter level k runs from 0, to n, and we have used the conventions (0110) = 0,
and (anf)) = . Writing P7 for the set of planar colored trees and P75 for the set of planar colored trees of
type P, from the previous discussion, for any p € V11 with py = 0, pj, = 1, we have that

~ {(@p,...,a,) € [P x [ph]P] x ... x [p]Pr+1] ¢ @) = (apnad) with oy, T and o, 1
1 n k k
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A planar colored forest is, by definition, a sequence (or a non commutative monomial) of planar colored
trees. ) Iy
Since to any sequence (a@j,...,ay), a, = (ak]_[ak) € [ ][(le,le)] is associated a unique element

/ / /(L[[ 1])]_1(]_[[ 1))
(L 1T TTeqsal TT--11ed) of [pE 11111y ] = Pht o , planar colored forests are in bijection

with sequences of disjoint union of weakly increasing maps, in the sense that (with self-explaining notations)
PFp~TIAs:={(do,...,an) € As : ai, = (aguaj,) with a5 T and aj, 1}

for any p € V.1, with
Ay = ([ P s [ph)Pe] x L x [pil][ﬁ"“])

Definition 4.2. We associate with a sequence of mappings a = (ao,...,a,) € Ag, with P € V11, 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
( Zié [pk]> 11 ( Z’Lé [pk]) The edges correspond to the pairs (i,a(1)), and (i',a}(i")), with the pair of white
and black colored vertices (i,i') € ([pr+1] [1[Pj11])- The sequence can be represented graphically by an entangled
planar graph with colored vertices, or colored jungle , written J(a). 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 .

[¢] (¢] [ ] [ ] [ ]
. M
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, Jp, P € V41, stands for the set of colored jungles j with vy (j j) = pr. white vertices, and v},(j) = p},
black vertices, at each level 0 < k < (n + 1). For any p € V11, we also have that Jp ~ Ag.

Our next ob jective is to make more precise the algebraic picture of these objects. For any integers p,p’,q,q’, 7, s,
and any disjoint maps

a = (aua') € [r][®P)) and b= (bub') € [s](27)]

we let (@ \ b) be the disjoint union of maps
(and’) V (bub’) = (a V b) 11 (@' V V) € [r + s)lPHPla+d)]

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 = (ay)r>0 € Ap, and b= (bk)k>0 € Ag, we set

avb=(aV Bk)kzo € Z§+a (4.1)

In the above displayed formula, we have used the conventions p+q = (Pr + G, D), + qk)k>0, a, =0, and b; = 0),
for any k > ht(p), and | > ht(q). Notice that, if a € ZA5 and b € TAg, then aV b € ZA5, 4.
The main advantage of this algebraic structure lies in the following non commutative composition formula
in the set of colored jungles
J(@7(b) = T@Vb) € Tpiq
Notice that any pair of permutations (s, s") € (G, X G,/) can be seen as a pair of mappings (s, s") € ([p + 1Pl x [p + p/][z/l) .
In this interpretation, the disjoint union map

S = (S]_[S,) c [p +p/][(177p/)]
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can be seen as a permutation map of the set [(p,p")] = ([p]]I[p/]) that preserves the sets [p], and [p’]. The
reverse assertion is also true. The set of these permutations is denoted by

E(p,p’) = Gpl19y

We end this section with a technical lemma that permits to extend in a natural way the jungle automorphism
group analysis developed in section 3 to their colored analogue.

Lemma 4.3. For any collection of integers p,0,q,¢,r,1r, 8,8, for and sequence of permutation m/appings
P € Gy 0 €Gqe) @€ Gury)y, T € G, and for any pair of disjoint mappings @ € [rlPPO] ) and
b e [¢']l@9)] we have the composition formula

(@VT)o(avb)o(pVvh) =Goaop)V (Tobob)
In addition, for any X € Gpyq),(p/+q) we have that
@) oT e (19 [£)0T) = T & @0V i)

The two assertions are a direct consequence of the definition of the V product. In the first equation above,
it should be understood that @ € [/]((»?")] is viewed as a map in @ € ([r] [J['])["?")! through the embedding of
[r'] into [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 2, 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 4.1, most of the constructions in section 2, and section 3 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

G5 =0p, X Gp, X ... XG5,

This group acts naturally on sequences of maps a = (ao,da,...,a,) € Ap, and on jungles J(a) in Jp by
permutation of the colored vertices at each level. More formally, for any s = (o, ...,5,4+1) € Gp this pair of
actions is given by
s(a@) == (S0@05; ', .., 5nan3,1,) and sJ(a) = J(s(a))

Two colored jungles in the same orbit under the action of Gz have the same underlying colored forest. Conversely,
if two colored jungles in J5 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 Gp. In other terms, we have the following lemma.

Lemma 4.4. Equivalence classes of colored jungles in Jw under the action of the permutation groups G are
in bijection with colored forests in Fg

Notice the following corollary of the lemma: if f € Fp, with p € V.41, is a colored forest, then we can
define unambiguously B B
‘f| = (|f‘k)k20 = (|60|7 ey |an‘7 (070)7 (Oa O)a .. )

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

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 3.3 , 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 associated to a given colored
forest f € ?ﬁ, with p € V,,.1. The process is as in section 3.3, and the result follows ultimately from the class
formula
.

# |Stab(f)|

RR n° 5969



36 P. Del Moral, F. Patras & S. Rubenthaler

In the above displayed formula, p! stands for the multi-index factorial p! = (polp()!...pnﬂ!p; +1!), and we have

written abusively | Stab(F)|, for the cardinal of the stabilizer in G of any representative f 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
A
i=1

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

As in section 3.4, we shall write S(B~'(f)) for the unordered k-uplet (mi,...,my), called the symmetry
multiset of the colored tree B~1(f), and extend the notation to colored forests so that s(f) is the disjoint union
of the S(T;). The proof in section 3.4 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(f)| = H (mi! |Stab B(f/”mz)

i=1

Expliciting the recursion in the Proposition, and following the wreath product analysis designed in section 3.6,
we deduce the following theorem.

Theorem 4.5. The number of colored jungles with underlying colored forest f € .Tﬁ, with D € V41, is given
by

[T s(B(f))!

i=—1

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

Stab(f) ~ G, < Stab B(T}) > V...V G, < 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 =
(q0,---,qn) € N"1 and any —1 < m < n, we set

B = Qi1 + G1 = D G (42)
m<k<n
Notice that q;, = |[¢m+1]ulg;, 1]|- We associate with q the unnormalized Feynman-Kac measures

1L =20 ... @ % ¢ M(EY) where E3=FEL x ... x B
is equipped with the tensor product sigma field. Points in EJ are indexed as follows
((z(l], @), (g ,xdn))

Definition 4.6. We let (Y))o<p<n, and (Q)o<p<n, e the collection of measures and integral operators defined
by

Ty = (V?q‘) ®...® Wff‘{’l) gy ) (= vz(;qo""’qp*l’qﬁq;))
(gp—1,0p_1)
Qg = <D1QO®...®D1qP72>®Qpp1 p—1
. (gp—1,5_1) dp—1+a, 1 . dp—1 Tp1
with the operators Q) from E;” into )77 x Ep*™ defined by the tensor product formula

(Qp—laq/,1) ®q',1
Qp ’ = qurl & Qp ?
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Notice that, for any 0 < p <n, ;! is a positive measure on the product space

Ed = B x - x BE7 x B0

and Q! is a positive integral operator from E;‘_l into E.

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

with the semigroup (Qg, ,,)1<p, <p,<n defined by

317102 = le-‘rl (Q;ll"!‘LPQ) (: Q;ll-i-l T Qg’z—ngz)

and the convention Q = Id, the identity operator, for p1 = ps.

q
P1,P1

Proof. We start with observing that

RGn— n n
o= WPt @@ @ (1 enT)
®Gn— ®(qn-1+qn n
= W@t e el e (D, | @ Qi)
Therefore, we find that 3 =}, Q4. Using a simple induction, the lemma follows. n

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"*1 be a given sequence of (n + 1) integers. Before we turn to the study of the particle tensor
product measures

Y =(0)%" @ (1)*" @ ® ()P

and the associated path space measures @,]:[ q € M(E;}) defined by

—N —N
Quq: FeB(EY) — Q,q(F) =E (2" (F)) eR
let us introduce some useful definitions. We associate with q the pair of integer sequences q, and q’ defined by

q:= (qk q)-1<k<n and  q':= (q;)-1<k<n

with the convention ¢_; = 0, and the integer sequence ¢’ introduced in (4.2). Notice that ¢/, = 0, |q| = g0 + ¢0,

ht(q) = (n + 1), and
dl= > a= Y (m+aq)= D (k+1)g

—1<k<n 0<k<n 0<k<n

Definition 4.8. We let A,, 4 be the nonnegative measure valued functional on colored jungles J(@) € Jq, with
a = (@o,a1,...,an) € Aq, and defined by

Apgq:J@)— AT =n79DI QIDY, ...QIDY, € M(EI)

with the Markov transitions D} ; , resp. Dy, , with @y = (arnaj,) € g, )l il from EX resp. EZ’“WL, into
itself, and defined by
®...Q0 D

Dg,ak = -Dl ® Dﬁk

a0 dk—1

and for any function F € By( EZHQ;) by

’

'. a a a’ (1 a’.
Day (F)((xhy o ), (yhy oy yl)) = F((af O ko) (e gy
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Definition 4.9. We write B, (EQ) for the elements F of By(EQ) that are symmetric in the first qo variables,
the next q, variables,..., and the last q,, variables. That is we have that

V(00,.--y0n) € (Ggo X --- X Gy,) F=(D,,®...8 D, )F

We consider the subset By (E2) C B;"™(EQ) of all functions F such that

(D1q0®...®D1 ®<D1qp71®7p)®D1 ®...®D1qn>F:O

dp—1 dp+1

for any 0 < p <n.
Notice that B;Y" (EQ) contains the tensor product

(B™(EP)® ... B (Bin) ={Fy®...@F, : VO<p<n F,ecB"(Er)}

of the sets ByY" (E,") introduced in the beginning of section 3.9, with 0 < p < n. For the same reasons as in
equation 1.15, we also have the symmetry invariance property

VEeBY™M(EY) VseGq Vielg Al (F)=a30)(F)
By construction, we also have that
v e By (BY) AT (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 < q’, the set of colored forests with exactly (€ [0, ¢;,_,[) coalescent edges
at level k, is given by

.Tq[l] = {f S ?q : |f| = q/ — 1}

Thus, for any r < q’, the set of colored forests Fg(r) with less than 7, coalescent edges at level k is given by
Fq(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 Fg has exactly |q| white leaves, if |q| > (2d), then it contains at least one trivial colored tree with a
white leaf.

Next, we discuss the situation where |q| is an even integer, and we characterize the subset of forests (in Fy),
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 31. For any integers 0 < k <[ <m < n, we
let Tk,hm 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 (2ry) white leaves, no black leaves, and coalescent degree r, with
ry different pairs of coalescent edges at level k are necessarily of the form

?Szk) _ H Tkt,,lc;:ﬁm

k<l<m<n

for some families of integers ti = (tx,1,m)k<i<m<n such that |tx| = > ¢k ;m = rg. Therefore, a colored forest
k,l,m

in Fg, with coalescence degree |q|/2, a coalescence sequence r such that |r| = |q|/2, without a trivial tree with
a white leaf, has necessarily the following form

TR VA /7 S o/

for some sequences of integers t = (ti)o<kr<n, such that |t;| = 7%, for any 0 < k < n. In the above displayed
formula, Uj, denotes the unique trivial tree with a single black leaf at level k, with 0 < k£ < n. We write t! for

H th,mI.

E<l<m<n
We are now ready to extend the Laurent expansions, and the Wick formula presented in theorem 2.7, and
theorem 3.15 to particle models in path spaces.
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Theorem 4.10. For anyq = (qo, - - -, qn), with |q| < N, and any F € B, (E2), we have the Laurent expansion

g =02+ Y 15 #TaF) (43)

1<k<|(@'~ 1)+ |

with the signed measures 8’“@,“1 defined by

8k@ (F) — Z Z S(|f|7q/ — I‘) #(f) A? (F)

r<q’, [r|=k fcFg(r)

In addition, for any even integer |q| < N, and any symmetric function F € By'" (E2), we have
- o~ q! f<t)
Vk<ld/2  0Qug(F)=0 and 0NEQ, (F) = 3T 3T mnAlgF
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) = > o< yp<;<,, thi1- For odd
integers |q| < N, the partial measure valued derivatives 0% are the null measure on By’ (E3), up to any order

k< llal/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 (V)o<k<n introduced in section 3.9. Following the discussion given
in that section, we get that

9lal2Q, ((F) =E ((V&™ @ ... @ V2%) (F))

for any tensor product function F’ of the following form F' = Fyy o, ®...®F, 4., with F}, ;. = ﬁ ngequ (7" Mg
® gozk(qk)), ot € By(Ek), and v (¢}) = 0, for any 1 <i < g, and any 0 < k < n.

Proof. By definition of the particle model, and arguing as in the proof of (2.1) we find that
E([()® @ (03] ()| €M) = [hn®r= @ { ()@ Qee Dy 1 ()
= [apelere | Q) (Dy, gy ) ()

|:(,77]:771)®(Qn—1+qz71):| Q’Elq”*hqn—l) (qunil]_[LéV;”) (SD)

for any ¢ € B;Y™(E! 7' x Ed4). This yields that
® b n—1 n

E (43 () [ €Y)) =224 QiDg Ly (F) =938 QeDE o (F)
from which we readily conclude that
BGYr) = B(v i,y (o))

an+al,

A simple induction yields that

®qo+
BORNE) = E(n"UD,, QMDY QiDL ()
ag q1+a] an+ap,
1 N)g & 1 (N)g 5 AT
— E ’ AZ _(F)= £ 4#(f) AL (F)
qull / = n,q N|q/| AN n,q
EGZE (q )l | ?e?a (q )f

from which we find the following formula
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Using the Stirling formula (2.3), we readily check that

@r]y,q = Z Z qu’ 1 (q 1 Z #(F) A,

)\p\

1<1<q’ I<p<q’ feFq|f|=p
From previous computations, we conclude that
o, = ¥ % S s(fld —r)—— #() AT
’ Nlr (@)

r<a " feFqtr)

Finally, we notice that F¢(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 91972Q,, o(F))

=(t) q!
#(E) = t
[To<k<n {Tk! (Hkgzgmgn tk,l,m!> (Hk§l§n2 k’”’)}

Since we have s(|?(t)|,q’ —r) =1, and <q/)|?(t>\ =[] 1<hen(@)q, —risr» for any r = (74)o<r<n, we conclude
that

_(t) / |

sUf L' =r) 50y _ &

(q/)‘f(t)‘ 20(t) ¢!

with t! = [[)<r<;<m<n tkim!. 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 models. 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 N;‘“ be the set of integer sequences
P = (pr)o<k<n € N"*1 such that |p| = q. We associate to a given p = (pr)o<k<n € N"T! the pair of integer

sequences p’ and p + ¢ defined by

Vo<k<n ph= Y p and p+q:=(po,....Pu-1,Pn+q)
k<l<n

We also denote by (ak)ogkgn, and éf" the collection of functions defined by

1 —Qp —®Ppo
X Gr) -G and G =G
G (nk(Gr) — Gr) n 0

Finally, we consider the integral operators S(p+q) from ERT? into E ,, defined for any function F, , €
By(E; ) by the following formula

®pn
n

@k: ..®é

SPH(Fu) = G e oG e (G 0 QU Fun)_
with B i
= W (Fn - Uf?q(Fn))
Proposition 4.11. For any ¢ < N, and any n > 0, we have the polynomial decompositions
B =B (- (@n@)) = Y g 8B

q/2<k<(n+1)(q—1)

The derivatives of order q/2 < k < (n+1)(q — 1) are given by the following formula

P Y Y 0T, (EF)

peNI T k<[(p/—1)4]
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Proof. We first check the following decomposition

L= (Gn)/m(Gn) = > 7 (G)) (44)

0<p<n

To prove this formula, we simple notice that

’YvIzV(Gn) —(Gn) = H U;])V(Gp) - H UP(GP)

0<p=<n 0<p<n

= ’#LV(GH - nn(Gn)) + [77]1\]—1(Gn—1) - Vn—l(G7L—1)] X nn(Gn)

= > WG =G x| T m(Gr)

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

(1= (Gn)/1m(Gn)" = q, Ve (fﬁ) (4.5)

Ipl=q
with the Wick expansion stated in Thm.4.10 we conclude that
| _ 1 g _
N q: =N P q9: Ak P
Epn= Y. ol e (Gn) = > > N ot 7 Qep (Gn)
peNgT! peN; ! q/2<k<|(p'—1) 4|

This completes the proof of the proposition. [ ]

Theorem 4.12. For any n > 0, the sequence of probability measures (IP’,IYJrl)q)NZq is differentiable up to any
order with O°P,, 41 , = nf?_zl, and the partial derivatives given by the following formula

((g=D+P)" 5
D SH e iy i

1
PEUo<i<2uNP

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

1 1
N ®q Z k LIN=a)/2]pN
]Pn+1,q Mn+1 rehe ) NFk 9 P"Jrl»q NL(N—q)/2] 0 ! IP)n-‘rl q

Proof. We let F,,;1 be a bounded measurable symmetric function on E!_ ,, such that nffjil(FnH) = 0. By
definition of the particle model, we have that

E () () €)= AN (Ga) ™ x (4) % QL (Far)
= (=) ()7 QR (Fura)

with the sequence of random variables u? := (1 — v} (G,)/7n(G,)). On the other hand, for any u € R — {1},
and m > 1, we have the more of less well known decomposition

ﬁ: > (a+k)y —+u > ((qu)ntm) (lﬁU)k

0<k<m 1<k<q+1

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

u # 1, we have
n+1 nf

k | gn+1
Zu—i—li 8 nl f

0<k<n

f(u) =

RR n° 5969



42 P. Del Moral, F. Patras € S. Rubenthaler

This implies that for any m > n, we have

orf n! B oem O [umtl
our (1 —u)ntt Z (k) u +8u” <1—u

n<k<m

Recalling the Leibniz binomial derivation formula

on n 8n—k ak
st = 3 (1) geelh 5o

0<k<n
we find that
1 oon [umt n (n - k)! 1
- = — 1), gm+D—Fk
n! Oun (1 - u) O;n < k ) (m+ 1k w n! (1 — u)(n=F)+1
B Z ( m+1 > u(n=k)+1
o _ n—k)+1
0<k<n k (1 —u)=k)
and
1o (umtN 3 m+1 ubt!
al own \1—u) " n—k ) (1—wu)ktt
0<k<n
Thus,
1 B (k +n)! u¥ . m+1 uk
T 2 w2 k) gowen
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 ((777]1\[+1)®q (Fot1) | fr(zN))

1 N\ _
= 3 o v g (1= 28 G @2 P + RN (Fa)
0<k<m : n n

with the remainder term

Rgn],\[z (FnJrl)

_ N\ 84 ;@1 T qg+m NG\ (AN (Ga)
- (1 - —I/n(Gn)> (%]L\/) (anlFTH*l) Zlgkgq k+m (1 o 7y,l(Gn)) /(V%(Gn)

We also have from proposition 4.11

1\ T
sup VNE (|7£LV(GH) - ’y,L(Gn)|m ) <
N>m+1

Finally, using the multinomial decomposition (4.5), we conclude that

N k
> (-0 g (1- ) (N @)
0<k<m

1
= Y @Dk Y PN (SEH(F,))
0<k<m pEN"+1 p:
k

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

-1 1 _
Py,= 3 ((¢—=1)+1Ipl) o, 50 7Y

Sz, @O
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. . 3N BN .
with a remainder measure Rgn, .., such that supy~, N(m+1/2 Han n” < 00. The last assertion follows from
? = Tty

the regularity hypothesis 1.1 on the potential functions. This implies that for any k& < (m + 1)/2 we have

- 1)+ [
8kIP’n+1,q _ Z M aan’p+qsg+q

NP CAlS <

Notice that k-th order derivative measure Gk@n,p +4 Only involves colored forests with less than £ 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 SP™? we find that

ak@n,erqSEJrq(FnJrl) =0
This yields that
1
Pg—i—l,q = 775?11 + Z ~i OPrir g+ RnN+1,q
N
1<k<((N—q)+1)/2

with a remainder measure RY,, , such that supys; N(V=O+FD/Z RN, || < co. 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 4.12 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

< 0

tv

sup N? ’ PYi1q — it — N 0" Py

NZ>q+7

with a first order partial derivative given by the formula

a PnJrl,q( n+1) alQn,ngj_l(FnJrl) + q Z 31@n,qm53m (FnJrl)

0<m<n

with the sequence of integers q.,, = (1,,(k) + ¢1,(k))o<k<n. The first term in the right hand side in the
above displayed formula has been treated in corollary 3.14, on page 30, and we have that

alQn,qQSj-l(Fn*Fl)
f _
= Z Alk n+1 n+1)
0<k<n
q(g—1 -1 —
:¥ 3 yka)/EHy}f Nd(2?,...2) QP (Fryr)(@?, 2%, 2%, ... a)
0<k<n k

Each of the terms 0'Q,, , S (F,1) only involves the colored forests
VO<k<m  Frm:=UTemaUl)

associated with the trees T} ,, ,, and Uj, introduced on page 38. After some elementary manipulations,
we find that

al@n,qm S:zlm (FnJrl)

frm
=4q Z An'gn S (Fos1)

0<k<m
=q Z 'Yk(l) / ,y;?q(d(xl’_“’xq)) Qk,m(ém)(xl) Q?ghtl(?fﬂrl)(wla“wxq)
0<k<m Ej
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¢ A Wick formula derives from theorem 4.10. More precisely, for any F' € By'™ (E;. ), the partial derivatives

OFP,, 41 4(F) are null up to any order k < |¢/2], and for any even integer g, we have

8q/2Pn+17q(F) = V7L+1(1)7q 6(]/2@"7@@%—(}1-1(}?)

as soon as N > 2(q + 2) (so that (|[(N —¢q)/2| —1) > ¢/2). To prove this claim, we notice that for any
k < q/2, and any F € By"™ (E}, ), we have

Vp € Up<i<or Nt k<q/2<(|p|+¢q)/2 and therefore 8k@n7p+qSﬁ+q(F) =0

This yields that 0¥P,,,1 ,(F) = 0, for any even integer ¢, and any k < ¢/2. In the case k = ¢/2, we have
k=q/2 = (|p| + ¢)/2 if, and only if, p coincide with the null sequence 0.

We let || ]
of functions

Bym = Suppepsym [1(F)| be the Zolotarev seminorm on M(EY ) associated with the collection

Byt = A{F e By™(Enyy) « |IFIl <1}
For any even integer ¢ such that (¢ + 2) < N/2, we have

BN 1 1

1+q/2 R
sup N b Na/2 oy, (1)

NZ>q+7

0"*Qu4 Q'

sym
0,1

Combining the Wick formula stated above with the Borel-Cantelli lemma, we obtain for all ¢ > 4 the
almost sure convergence result
A}im (nN)PUF) =0 p.s.

for any bounded symmetric function F' € B;"™ (EZ). This result is an extension of the law of large numbers
for U-statistics obtained by W. Hoeffding [7] for independent and identically distributed random variables
to interacting particle models.

We mention that the same lines of arguments used in the proof of theorem 4.12 show that the sequence
of probability measures

- - ®
Pg—u,q : Fe Bb(EZ-H) = szv-s-l,q(F) =K ((777];[+1) ! (F))

is differentiable up to order | (N — q)/2], with 9°B,,; , = n?jl, and the partial derivatives given for any
1<k < |(N—q)/2] by the following formula

) 1 - »
O Ppi1,q(F) = > % *Qri1,(pg) (GS ® F)

1
PEUo<i<2uN T

In the same way, for any F € By (E{, ), and N > 2(q+ 2), the partial derivatives 0*Q,,41,4(F) are null

up to any order k < ¢/2, and for any even integer ¢, we have that
8q/2@n+1,q(F) = Ynt+1(1)77 8q/2Qn+1,q(F)

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

F=(f=nupa(f)® with [ € By(Bns1) = By o(F) = E([ne1 (f) = 101 ()] )

and for any even integer ¢ such that (¢ + 2) < N/2, we have the inequality

. 14q/2 [
sup N4 ntla ~ Nq/2 i1 (1)4

N>q+7

INRIA



Coalescent tree based representations for Feynman-Kac models 45

References

[1] Ch. Brouder. Runge-Kutta methods and renormalization. Eur. Phys. J. C. 12, 521-534 (2000).
[2] L. Comtet, Analyse combinatoire, Tome second, Presses universitaires de France (1970).

[3] A. Connes and D. Kreimer. Hopf algebras, renormalization and noncommutative geometry. Commun. Math.
Phys. 199, No.1, 203-242 (1998).

[4] P. Del Moral, Feynman-Kac formulae. Genealogical and interacting particle systems, with applications,
Springer Verlag New York, Series: Probability and its Applications (2004).

[5] A. Doucet, N. de Freitas, and N. Gordon, editors. Sequential Monte Carlo Methods in Pratice. Statistics
for Engineering and Information Science. Springer New York, 2001.

[6] A. Guionnet and E. Segala Maurel, Combinatorial aspects of matriz models, arXiv:math.PR /0503064 v2,
June 2005.

[7] W. Hoeffding, The strong law of large numbers for U-statistics. Inst. Statist. Univ. of North Carolina,
Mimeo report no 302 (1961).

[8] P. Hoffman. m-Rings and wreath product representations. Springer Verlag, Lect. Notes in Math. 746 (1979).
[9] S.D. Jacka, G. O. Roberts, On strong forms of weak convergence, Stoch. Proc. € Appl. 67, 41-53 (1997).

RR n° 5969



/<

Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)

Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopdle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lés-Nancy Cedex (France)
Unité de recherche INRIA Rhone-Alpes : 655, avenue de I’Europe - 38334 Montbonnot Saint-Ismier (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)

Editeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
http://www.inria.fr

ISSN 0249-6399



