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We design exact polynomial expansions of a class of Feynman—Kac par-
ticle distributions. These expansions are finite and are parametrized by coa-
lescent trees and other related combinatorial quantities. The accuracy of the
expansions at any order is related naturally to the number of coalescences of
the trees. Our results include an extension of the Wick product formula to
interacting particle systems. They also provide refined nonasymptotic propa-
gation of chaos-type properties, as well as sharp L ,-mean error bounds, and
laws of large numbers for U-statistics.

0. Introduction. The typical phenomenon we are interested in is the behav-
ior of particles scattered according to a diffusion process (encoded by a Markov
transition) and submitted to a potential function. The problem is fairly general,
since its modelization encodes, besides the scattering of particles in an absorbing
medium, also filtering problems in signal processing or polymerization models, to
quote only a few of the applications areas of the theory. In these three cases, the
potential function represents, respectively, the absorption rate, the likehood of the
signal values conditional to some observations, or the intermolecular attraction or
repulsion forces between the monomers. For further details and a survey of the
applications of Feynman—Kac interacting particle models, the interested reader is
recommended to consult the pair of books [5, 6], and the references therein.

As it is well known, naive Monte-Carlo methods fail to give a satisfactory an-
swer to these questions. This is easily understood with the example of particles
in an absorbing medium. In that case, the size of the nonabsorbed population will
decrease according to the absorption rate of the medium, so that, in the end, the
empirical distribution of the surviving sample may give only a poor approximation
of the final repartition of the particles. The solution to the decrease of the popula-
tion size is simple and relies on a mean-field approximation. In general, particles
will explore the state space as a free Markov evolution; during their exploration
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particles with low potential are killed, while the ones with high potential value
duplicate.

During the last two decades, the asymptotic analysis of these Feynman—Kac in-
teracting particle models has been developed in various directions, including prop-
agation of chaos analysis, IL,-mean error estimates, central limit-type theorems,
and large deviation principles. The purpose of the present work is to improve on
these results and develop exact, nonasymptotic, tree-based functional representa-
tions of particle block distributions. Actually, two probability distributions arise
naturally in these models. To stick with the diffusion-absorption scheme, they are
associated, respectively, to the empirical distribution of the nonabsorbed compo-
nent of the Markov chain modeling the trajectories (1.8) and to the corresponding
normalized empirical occupation measure (1.9). In both cases, the distributions
can be expanded polynomially with respect to N~!, where N stands for the total
population size. These Laurent-type expansions are the main results of the article.
They are described in Theorems 1.5 and 4.12.

They rely on an original combinatorial, and permutation group analysis on a
special class of trees and forests that parametrize naturally the trajectories of inter-
acting particle systems. Much attention has been paid recently to the combinatorics
of trees and their applications in physics. A short overview of the areas where these
phenomena show up is included in Section 3. To the best of our knowledge, their
introduction in the analysis of Feynman—Kac and interacting particle models is
new. Since the corresponding geometrical and combinatorial study might be use-
ful in other contexts, we have tried to isolate its exposition, as far as possible, from
its applications to Feynman—Kac models.

The functional expansions allow us to derive as a direct consequence Wick for-
mulas for interacting particle systems [Theorem 3.14, (5.1)], refined, nonasymp-
totic, propagation of chaos-type properties including strong expansions of the par-
ticle block distributions with respect to Zolotarev-type seminorms (5.2), as well
as explicit formulas for IL,-mean error bounds (5.4), and laws of large numbers
for U-statistics (5.3), yielding what seems to be the first results of this type for
mean-field particle models.

The article is divided into four main parts, devoted, respectively, to the pre-
cise description of Feynman—Kac particle models and tree-based expansions (Sec-
tion 1), to the proof of the expansion formulas (Section 2), to the combinatorial and
group-theoretical analysis of trajectories in mean-field interacting particle models
(Section 3), and to the extension to path-space models with applications to propa-
gation of chaos-type properties (Section 4). The last section gathers various direct
consequences of the main theorems.

Notation.

Combinatorial quantities. Let us gather first various notations, for further use
in the various parts of the article.
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Let S be a finite set; we write |.S| for the cardinal of S. The notation is extended
to applications a between finite sets and |a| denotes then the cardinal of the image
of a. Precisely, for any pair of integers (I, m) € (N*)2, we set [[] = {1,...,1}, and
[117] the set of mappings a from [m] into [/]. By |a|, we denote the cardinality of
the set a([m]), and for any 1 < p <[ we set

[N ={a e [1"™:a| = p}.

When [/ > m, we also denote by (m, [)(= [l],[;l"]) the set of all
[
(I —m)!
one-to-one mappings from [m] into [/], and by S; = (/,[) the symmetric group
of all permutations of [/]. We also denote by 1; the identity in S;. Recall that the

Stirling number of the second kind S(g, p) is the number of partitions of [¢] into
p nonempty subsets, so that

N1 = S(g, p)(N), and NY= 3" S(g,k)(N).
1<k=q

D =

Sequences of maps and associated quantities will be one of the main ingredients
of our approach to Feynman—Kac models. We write o, ; =def. ([q][‘f hyn+l (resp.
LAy, 4) for the set of (n + 1)-sequences of maps (resp. of weakly increasing maps)
a = (ap)o<p<n from [g] into itself:

&gl & — g1 gl S 1q).

lq]

Notice that we write in bold the symbols for sequences (of maps, integers, ...)
such as a.

For any sequences of integers p = (px)o<k<n, and 1 = (lx)o<k<n, we write p <1
if and only if py <[ forall 0 < k < n. We write ||p|| for (po+- - -+ p,). Assuming
now that p <1, we use the multi-index notation

n

Wp= [] Wp. =] w!.  s@p=]]sC po.

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

where the s (I, px) are Stirling numbers of the first kind. Recall that these num-
bers provide the coefficients of the polynomial expansion of the (N), (Stirling
formula):

(N)p= Y s(p,k)N*;

I<k<p

see, for example, [3] for further details. The difference (p —1) and, respectively, the
addition (p +1) of two sequences is the sequence (px — Ix)o<k<n and, respectively,
(P + lk)o<k<n- When no confusions can arise, we write N and q, for the constant
sequences (N)o<i<n, and (q)o<i<n. We also write 1 and, respectively, 0, for the



FEYNMAN-KAC PARTICLE MODELS 781

sequence of unit integers and, respectively, null integers. The above definitions are
extended to infinite sequence of integers p = (pi)i>0 € NN, with a finite number
of strictly positive terms. Any function « : N — N on the set of integers into itself,
is extended to integer sequences p € NN, by setting a(p) = (¢ (pr))k>o0-

In particular, for a € A, ,, we write ||a|| the sequence (||a; ||)o<i<n- By a slight
abuse of notation, we write ||a|| for ||(|a])|| = |ag|+- - -+ |ax|. The sequence q — |a|
is called the coalescence sequence of a. The coalescence degree of a is defined by

n
coal(a) := l|qll — [lall =Y (g — lai ).
i=0
The subset of 4, 4, of sequences a such that |a| > q — p is written A, 4 (p).

Measures, norms and related notions. Let (E, &) be a measurable space. We
denote, respectively, by M(E), P (E) and By (E), the set of all finite signed mea-
sures 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,cf | f(x)|. The total variation norm is written || - |Tv, so that, for
any linear operator L on 8By (E),

ILlITv = sup  |L(f)].
feBp(E)|fII<]

A bounded integral operator Q between the measurable spaces (E, §) and
(F, ), such that, for any f € B,(F), the functions

O(f)ix € Evs Q(f)(x) = /F 0(x.dy)f(y) €R

are &-measurable, and bounded, generates a dual operator u — pQ from M(E)
into M (F), defined by (£ Q)(f) := u(Q(f)). The tensor power Q®¢ represents
the bounded integral operator defined for any f € B,(F?) by

Q®q<f><x1,...,xq>=/Fq[Q<x1,dy1)---Q(xq,dyqnf(yl,...,yq).

For a bounded integral operator Q| from E into F, and an operator Q» from F
into G, we denote by Q1 Q> the composition operator from E into G, defined for
any f € B,(G) by (Q102)(f) := 01(Q2(f)).

The notion of differential for sequences of signed measures is also useful. Let
ON)y=1 € M(E )N be a uniformly bounded sequence of signed measures on a
measurable space (£, €), in the sense that supy 1O ||tv < oco. The sequence
@V is said to converge strongly to some measure ® € M(E), as N 1 oo, if and
only if

VfeBy(E)  lim N (f)=0(/f).
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DEFINITION 0.1. Let us assume that ®" converges strongly to ©. The dis-
crete derivative of the sequence (®N) ~N>1 is the sequence of measures (0 eN) N>1
defined by

0N .= N[eN — 0O].

We say that ®" is differentiable, if 3®" is uniformly bounded, and if it strongly
converges to some measure 00 € M(E), as N 1 oo.

The discrete derivative @Y of a differentiable sequence can itself be differen-
tiable. In this situation, the derivative of the discrete derivative is called the second
derivative and it is denoted by 920 = 9(0O), and so on.

A sequence OV that is differentiable up to order (k + 1) has the following
representation:

1 1
oN = —3'0 + ——oktteV
052}( N! Nk+1

with supy 1051 @ ||ty < 00, and the convention 3°® = ®, for [ = 0.
1. Feynman-Kac semigroups.

1.1. Definitions. We let (E,, §,),>0 be a collection of measurable state
spaces. In some applications, the series E, will be constant or there will exist
canonical isomorphisms between the various state spaces (think to the distribution
of particles in a fixed absorbing medium), but it may also happen that the vari-
ous state spaces are significantly different (think to path estimation and smoothing
in signal processing or to polymerization sequences of monomers). For a survey
of the various applications of the theory and examples of families of state spaces
E, occurring in practice, we refer to the pair of books [5, 6], and the references
therein.

We consider a distribution ny on Eg, a collection of Markov transitions
M, (x,_1,dx,) from E, | into E,, and a collection of &,-measurable and
bounded potential functions G, on the state spaces E,. We will always assume
that the potential functions are chosen such that
(1.1 0< inf G,(xy) < sup Gp(x,) < o0.

*n€En xn€Ey
We associate to these objects the Feynman—Kac measures defined for any function
fn € By(E,) by the following formulas.

DEFRINITION 1.1. The Feynman—Kac measure y;, and its normalization 1, are
defined by

(1.2)  va(fn) ::E|:fn(Xn) [1 Gk(Xk):| and 7, (fa) = ¥u(fu)/va(D),

O0<k<n
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where (X,),>0 is a Markov chain, taking values in the state spaces (E,),>0, with
initial distribution ng on Eg, and elementary transitions M, from E,_; into E,.

By the Markov property and the multiplicative structure of (1.2), we check that
the flow (1,),>0 satisfies the following equation:

(1.3) N1 = Puyr1(n),

where the transformations ®,,41: P (E,) — P(E,+1) are defined for any pair
(s fn+1) € (P (En) X Bp(En+1)) as follows:

77n(Qn+1 (fn+1))
M (Qn+1(1))

with @y 11(Xp, dxpi1) = Gp(xp) X My (Xp, dxpy1).

D 1(Mn) (frg1) =

The measures y;, can be expressed in terms of the flow (17,,)0<p<, With the formu-
las

(1.4) Ya(f) = ma(fa) x () withy (D)= [ np(Gp)

0<p<n

for any f, € Bp(E,).

To illustrate their meaning and motivate further the forthcoming developments,
let us develop with some details an important application of these Feynman—
Kac flows. Let us consider 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 Y, evolves according to two separate mechanisms. First,
it moves from a site y,_; € E,_1, to another y, € E, according to elementary
transitions M, (y,—1, dy,). Then, it is absorbed with a probability 1 — G, (y,), and
placed in an auxiliary cemetery state Y,, = c; otherwise it remains in the same site.
If we let T be the random absorption time, then it is not difficult to check that

(1.5) Ya(fu) =E[fa(Y)lr=n] and 0, (fa) =E[f(Y)IT = n].

In the above displayed formulas, we have used the convention that f,(c) =0,
when Y,, = c. In time-homogeneous settings (G, = G and M,, = M), we have
([5], Proposition 12.4.1)

Ya(D)=P(T >n) ~e ™"

as n — oo. The positive constant A is a measure of the strength and trapping ef-
fects of the obstacle. By a lemma of Varadhan’s, A coincides with the logarith-
mic Lyapunov exponent Ag of the transition operator Q(x,dy) = G(x)M(x, dy).
Whenever it exists, the corresponding eigenfunction # of Q represents the ground
state of the operator Q; see, for example, [5].
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1.2. Mean-field interacting particle models. A natural mean-field particle
model associated with the nonlinear Feyman—Kac flow (1.3) is the E, N _valued

Markov chain &, (V)
F € B,(EN) by

= (&, LN )i<i<n With elementary transitions defined for any

1.6) E(FEM)EN) =, (mEN)EVF)  with m(E™N) = Z(S,N

In other terms, given the configuration éﬁq at rank (n — 1), the particle sys-

tem S,EN) at rank n consists of N independent and identically distributed ran-
dom variables with common distribution &, (m (S,EIX)I)). The initial configuration

ESN) consists of N independent and identically distributed random variables with
distribution ng. Although the dependency of the model on N is strong, due to the
mean-field nature of the model, we abbreviate (S,’;*N )1<i<N tO (S,’;)lfif ~y when N
is fixed, except when we want to emphasize explicitly the dependency on N of
the model, for example, as in the definition of the measure PN below. The same
observation will apply for other random variables, measures or functlons in a self-
explanatory way.
Notice that

1
NN (dxy) = ( Gno1(E_ )M, (€ ,dxn>)
®nlm& ) SV Gai () Zl o :

so that the particle model evolves as a genetic-type model with proportional
selections, and mutation transitions dictated by the pair of potential-transition
(Gn—1, Mp).

DEFINITION 1.2. The approximation measure y,¥ and the normalized ap-
proximation measure 77,11\' associated with the Feynman—Kac measures y, and n,
are defined by the empirical occupation measures

my = m(5N)
and for any f,, € By(E,),

A7 v =l x Y ) withy, (D= ] 7)(G)).

O<p<n
The distribution of particle blocks for any size g < N is written ]P’,IX g

(1.8) Py, =Law(g, ", ... ") e P(E]).

For a rather complete asymptotic analysis of these measures we again refer the
reader to [5], and references therein. In particular, for any f,, € B85(E,), we have
the following almost convergence results:

hm My (fn) =nn(fn) and hm Vn (fn) =Yu(fn).
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It is well known that ynN is an unbias approximation measure of y,, in the sense
that

EWN () = va(fn)-

However, it turns out that for any n > 1

EmY (f) =E(fuEEY)) # nu(fo)-

This means that the mean-field particle model is not an exact sampling algorithm
of the distributions 7,. In practice, it is clearly important to analyze the bias of
these quantities, and more generally the one of the distributions IP’N From the

pure mathematical point of view, the IP’n’ o are better understood when they are
connected with the following measures.

DEFINITION 1.3. The tensor product occupation measures (resp. the re-
stricted tensor product occupation measures) on E,! are given by

))& = — Z Sleath  pa@)

-------

.....

The corresponding unnormalized tensor product occupation measures (yN )®4
[resp. restricted unnormalized tensor product occupation measures (y,, )Gq] are
defined for any F € B, (E)!) by

H®IU(F) == ))®1(F) x (Y (1))?  and
HCI(F) := M)P1(F) x (Y (1),

The corresponding nonnegative measure QY , indexed by the particle block sizes,

n,q’
on the product state spaces E,!, is defined for any F € B,(E,!) by
(1.9) QY (F) :=E((y,")® (F)).

Notice that these various tensor product occupation measures are symmetry-
invariant by construction. That is, for any F € Bp(E!) and any o €S,

) EI(F) = @)1 (Foo) and  (y))®9(F)=(,)®(F 00),

where o acts by permutation on E;! . In particular, we may assume without restric-
tion in our forthcoming computations on g-tensor product occupation measures,
that F is a symmetric function, that is,
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We write from now on, i)’Zym(E 1) for the set of all symmetric functions in B (E 1.

Notice also the following symmetry property, essential in view of all the
(N)

41> the E,’; are i.i.d., for any

forthcoming computations. Since, conditional to &
F € By(E}) and any a, b € (g, N)?, we have

E[F(EXD, . g8 D) ] =E[F(PD, ... g0@)].

For instance, we have that
(1.10) E((n))®1(F)) =E(F(&,,.... &) =By ,(F).

Let us return to the diffusion-absorption model introduced in the previous sec-
tion. As a consequence of the results presented in [5], the sequence of distributions
Qfx o converges, as N tends to infinity, to the distribution of ¢ nonabsorbed, and

independent particles (Y,’;)ls,-sq evolving in the original absorbing medium. That
is, we have that

lim Q) (F)=y21(F)=EFY,,....Y¥) 712, lrazn)
N—oo

for any F € B,(E;), and where T' stands for the random absorption time se-
quence of the chain (Y/i)kzo, with 1 <i <gq.

This article is mainly concerned with explicit expansions of the deterministic
measures ]P’,IX q € P(ED), and Q,IX q € M(E]D), with respect to the precision para-
meter N.

1.3. Expansion formulas. Recall that A, , stands for the set of (n + 1)-
sequences of mappings from [g] into itself. We let A, , be the nonnegative
measure-valued functional on #, , defined by

(111 Apgia€oyg> AR = (5" Day QT Dy, - 0 Dy,) € M(EY),

where the operator D, stands for the Markov transition from EJ into itself, asso-
ciated with a mapping b € [¢]!9!, and defined by

Dp(F)(x), ... x8):= F(xbM . xb@)
for any F € B,(E)!), and (x!,..., x9) € E;l. Notice that
Dy Dp = Dyp

for any pair of mappings (a, b) € ([q][q])z. For u a linear combination ) ;.; o;a;
of elements of [¢]'9), we extend the definition of D by linearity and write

Dy =) a;Dy,.

iel
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Notice that the measures Aa inherit a remarkable invariance property from
their set-theoretic definition. Namely, let us introduce the natural left action of the
group SZ” on A, 4, defined for all a € A, , and all s = (s, ..., Sp+1) € SZJr2 by

s(a) := (soaosl_l, slalsz_l, ...,snansn__:l).
Then, for any F € ;Bsym(E,(f ) we have
(1.12) AD (F)= A0 (F).

The identity would not hold if F was not a symmetric function. However, as
already mentioned, this is not a serious restriction as far as the determination
of the g-tensor occupation measures is concerned, since the latter are symmetry-
invariant.

DEFINITION 1.4.  We write £, , for the set of orbits for the action of SZ+2 on

An,q. We write a ~ b if a and b belong to the same orbit, that is, if there exists
s € S22 such that a = s(b).

If a € A, 4, the orbit of a under the action of s € SZJr2 is written a. We also

write Stab(a) for the stabilizer of a in SZH. According to the class formula, the
number of elements in a, written #(a) or #(a), is given by

(q!)n—i-Z

@) = TSiab@)

Explicit formulas for #(a) and for the various quantities associated to the action of
SZJr2 on A, 4 such as the number of orbits (and much more) will be given later,
and, from the combinatorial point of view, form one of the cores of the article.

Notice that, if a & b, |a] = |b|, so that the two sequences of maps have the
same coalescence sequence and coalescence degree. It follows that the notions of
coalescence degree and coalescence sequence go over to the set £, 4. In particular,
notation such as |a] or coal(@) is well defined. In view of (1.12), for any f =a in
Fn,q, We set

Al =A%, and |f|=al|.

The subset of 7, , associated to A, 4(p) is written F, 4 (p). We are now in posi-
tion to state one of the main results of this article.

THEOREM 1.5. Forany 1 < g < N we have the polynomial expansion

1 k
Vll\{q :)/t?q + Z Wa @n,q

1<k=<(g—D)(n+1)
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with the collection of signed measures Bk@n,q given by the formula

f], #
3an,q(F) — Z Z M 4 (F)

r<q—Li[|r||=k fe 5, , (r) (@

forany F € O‘B’Sym(EZ).

In Section 2, we will prove the exact polynomial expansion (in the parame-
ter N~!) of Theorem 1.5. In Section 3, we will develop combinatorial concepts
in order to compute #(f) for any f € #, ; (Theorem 3.8). In Section 3, we shall
also present several important consequences of Theorem 1.5, including explicit
descriptions of the first two order terms in the polynomial expansion, and a new
extension of the Wick product formula to forests (Theorem 3.14).

Although more difficult to study since their analysis involves tensor product
measures on path-spaces, the distributions IP’N have similar expansions (Theo-
rem 4.12). The description of these expansmns and of the corresponding signed
measures, is postponed to Section 4.

2. Particle measures expansions.

2.1. A preliminary stochastic tensor product formula. The link between the
two, usual and restricted, tensor products measures, (1, Ny®4 and (nN )©4, 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
measurable state space E are fixed once for all.

Consider first the surjection

7 [q1') x (g, N) — [N]19],

(s,a)—>as:=aos.

LEMMA 2.1. Let b € [N19); then the cardinal |w~'({b})| of #~'({b}) only
depends on the cardinal |b| of the image of b. It is given by

T AP = (N = 1B g—161()p1-

SKETCH OF THE PROOF. Let b € [N]“]. How many possibilities do we have

to write b in the form b =a o s with s € [q][Q], ac€{g,N)? Setky,... . kp €
[g] such that b({ki,...,kp}) = Im(b). Any sequence (without repetitions)
s(k1),...,s(kp) determines uniquely s (since a is injective and b =a o s) so

that there are (q)|p| possibilities for s. Then a(s(k;)) = b(k;) is fixed for any
i €{l,...,|b|} so there remain (N — |b|),—p| possibilities for a. []
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We denote by m(x) the empirical measure associated with an N-uple x =
(x)1<i<y € EV:

1 N
= — S.i.
m(X) N; M

For any integer ¢ < N, we also consider the empirical measures on E9 defined by

m(x)®4 =g Z S(yah, . xa@),
ae[N][‘I]

m(x)®4 ;= Z S(xalh . xa(@)y-
(N)q ae(q,N)

Although the notation is self-explanatory, notice that, in the sequel, we will write
simply x* for (x4, ..., x%@)) and 8y for S(xah),  xa(@)y-

COROLLARY 2.2. We have
mx)® =m@)>IDpy,

where

1 N
v L Njal

q
Nq ae[q][q] (Q)Ial

PROOF. In view of the following identity, that holds for any function F €
B,""(E9), with ¢ < N:
8xa Dp(F) = Dp(F)(xD, ... x4 @) = F(xaD | x®@D) = § . (F),

the corollary follows from Lemma 2.1 and the identity

—— (N)p(N —p)g—p=1 where N > g > p.
(N)q P q—pr O

COROLLARY 2.3. The tensor product measure m(x)®4 has a Laurent expan-
sion:

1
mEO)®! =m) - > Doy,
O<k<gq
where

Bqu= Z s(p,q — k)— Z a.
(@)p

q—k<p=q e[q]%’]
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The corollary follows from Corollary 2.2 and from the Stirling formula

(N)p= > s(p.k)N*.
1<k=<p
Assuming from now on that x is generic (i.e., x; # x; if i # j), we have the
following corollary. Notice that the assumption that x is generic is here only to
ensure equalities in Corollary 2.4, if it does not hold, we could replace the “=" by
‘6<.’7

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

Nimx)® —mx)® |ty — qlg—1),
N—+00

q
||m(X)®qDaqu||TV = > Is(p.q—k)S(q.p).
p=q—k

The corollary follows from our previous computations, from the definition of
the Stirling numbers of the second kind and from the following lemma.

LEMMA 2.5. Let Q =) g<p<qUp D qeiNilal Oxa, where the u), are arbitrary
real coefficients; then we have

1Oltv=D_ lupl(N)pS(q.p).

0<p=q

PROOF. Indeed, we have [|Q[tv < > g<,<4 [up|(N)pS(g, p) by direct in-
spection, since ||dx |ty = 1, for all a € [q][’”. Let us write sgn(uy) for the sign
of ug, and let us introduce the function ¢ € 8,(E?) defined by

SO,V = D s, s
0<k=q

where A(y1,...,yq) :=H{y1,...,yq}| and 5§(y1 Vo) stands for the Dirac function.

.....

Then, Q(¢) = > 9<p<q lup|(N)pS(g, p) and the lemma follows. [

2.2. Laurent expansions. The goal of this section is to prove Theorem 1.5,
that is, to derive a Laurent expansion of the measures Qfx q € M(E], Q,IX q(F )=

E((y,N)®4(F)), F € B,(EJ}), with respect to the population size parameter N.
The following proposition is fundamental. Recall from Section 1.3 that we write
Fn,q for the set of orbits in +4, , under the action of the permutation group SZH.

PROPOSITION 2.6.  For any integers q < N, any time parameter n € N and
any F € i)’zym(EZ), we have the Laurent expansion

1 N)fy

Q' (F) =~y
n,q Nam+D fe%q (‘I)\fl

#EH AL (F)
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with the mappings Ay 4 introduced in (1.11) properly extended to ¥, 4.

PROOF. Combining the definition of the particle model with Corollary 2.2, we
first find that

E((y,M)®(F)(g™))
= N )T x E((nM)®1(F) ™)
= (v, () x E())®! Dy (F)IED)

[by (1.6)] = (v, (1)) x E(@a (- Dy (F)IE,Y)).

Using the fact that, conditionally to &, W 1 ) and for F € i)’sym(Ef{ ),

N )®1(QFIF) _ (N )®1(QFIF)
N @) (N 80P (1))

@, (N N®U(F) =

and

G DEQFI (1)) = (1,1 Qa1 = (1, 1 (Gr)) = () (1)),

we arrive at
N \® ®q
VX )®(QR Dy F) S(N))
n—1

Vl)®(Q " (1))
=E((r, )P (07 Dy F)IED).
Integrating over the past, this yields that
E((, )®1(F)) = E((, L ) (@ Dy F)).
Using a simple induction, we readily obtain the formulas
E((y,)®U(F)) = E((g)®1 07! Dpy - 071 D y) (F)
=E((ny " Dy @7 Dpy -+~ 051Dy y) (F))
_ )3 (N)jal
N4+ (Q)al

ach, 4

E(( M) (F)e™M) = (N (1))? x E(

2.1

AR g (F),

where 4, , is the set of sequences of maps introduced in Section 1.3. In view
of (1.12), we know that

A (F) = 855 (F)

forany s € SZJr2 and the proposition follows. [J
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We are now in position to derive Theorem 1.5. According to Proposition 2.6

1 (N)
Yoo =2 3 #DAL (F).

N
(F)=——"m
n.q q(n+1)
N pE[l,q]nJrl (q)p fE?n,q,|f|=P

Using the Stirling formula ([3], page 48), we notice that

2.2) N)p= ) s.DN.
1<l<p
We also have that

QY (F)= > sl

1<l<p=q

1
Yo #DAL(F)

NI (q), e e

from which we conclude that

11
YoF)y= 3" > s(p.q- NIrI@MZ #(HAL , (F).

r<q—19-r=<p=q Fn.q|fl=p

The leading term of the development corresponds to the case r = 0. Since #(f) =
(g)"*+1if |f] = q, this term is equal to y,f@q. Observe then that, forr < q—1, |r] <
(g — 1)(n + 1). The theorem follows.

COROLLARY 2.7. The following formula holds for the expansion of Q,IX g

Jim NIQY, vty < (14 Dalg = D x_sup A7 lirv.

| SV

REMARK 2.8. If 0 < G <1, then the above supremum is bounded by 1. The
above corollary is here to show an estimate of the size of the error term we derive
from Theorem 1.5.

PROOF. The corollary follows from the Laurent expansion of Theorem 1.5.
The term 1/N in the expansion is given by sequences r s.t. ||r| = 1. But then, we
have two cases to consider, |f| > q — r (which happens if and only if |f| = q) and
If| =

Then, we have that #(f) = (¢!)**! if |f| = q and besides, |{r, ||r|| = 1}|=n+1,
and for any suchr, s(q,q —r) = —(g). In conclusion, the case |f| = q contributes
to (n + 1)q(g — 1)/2 to the asymptotic evaluation of N ||Q,]1V, g yn®q ITv.

Now, let us consider a sequence r with ||r|| = 1, for example, 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 set of all sequences of maps a in A, 4 witha; €Sy, j # i and
la;| = g — 1. In particular #(f) = (¢!)"*! (4), so that, on the whole, the case [f| =r;
contributes to g(g — 1)/2 to the evaluation. [J
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To conclude this section, notice that the above functional expansions also apply
to the dot-tensor product measures

NHP1U(F) = (yN (1)1 x ()4 (F).

More precisely, by definition of the particle model we have that
(2.3) E((y, )% (F) =B, N1 021 (F) =Q), (029 F).

3. Combinatorial methods for path enumeration. In the present section,
we face the problem of computing the cardinals #(f) involved in our Laurent ex-
pansions. We also derive various identities relevant for the fine asymptotical analy-
sis of mean-field particle interacting models, such as the number of elements in
Fn,q with a given coalescence degree. To express them, we have chosen to use
the language of botanical and genealogical trees, both for technical reasons (since
forests appear to be the most natural parametrization of elements in %, ,), and also
for the clarity of the exposition.

Forests, graphs, colored graphs and their combinatorics have appeared recently
or in various situations in probability and analysis, often in connection with prob-
lems in mathematical physics. A classical example is given by the forest formula
of Zimmermann, which encodes the renormalization process for the divergent in-
tegrals showing up in perturbative quantum field theory. The construction is clas-
sical, since it goes back to the foundation of modern particle physics (see, e.g.,
[2]), but has been revisited recently by Connes and Kreimer, who showed that
the algebraic study of Feynman graphs (colored by suitable terms appearing in
the Lagrangian of the theory) and of associated trees and forests could give rise
to a totally new Hopf algebraic approach to the theory [4]. Another example is
provided by the Butcher group and Runge—Kutta methods in numerical analysis.
Here also, once again, the fine study of the underlying combinatorial and algebraic
structures on trees has given rise to a renewal of the subject [1]. Let us mention
at last the appearance of the combinatorics of colored graphs in Gaussian matrix
integral models. We refer to [7] and subsequent papers by these authors for further
references on the subject.

The approach to Feynman—Kac particle models by means of trees, forests and
analogous objects which is introduced in the present article is original, to our best
knowledge, and the methods developed in this setting seem complementary to
the graph and tree-theoretical results that have been obtained in other application
fields.

3.1. Jungles, trees and forests.

3.1.1. Definitions. In this section, we detail the vocabulary of trees, that will
be of constant use later in the article. The following definitions are motivated by the
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parametrization of tensor product measures expansions introduced in the previous
sections.

Let a = (ag,ai,...,a,) be any sequence of maps ay:[pi+1] — [pr], with
k=0, ...,n. By associating to each element i in [pi] the point (i, k) in R? and
for k >0, an oriented arrow from (i, k) to (ax—1(i), kK — 1), the sequence can be
represented graphically by a graph J(a) in the plane, where the edges are allowed
to cross.

More generally, let us consider the set P of graphs in the plane defined by a
(possibly empty) finite set S of points in R? (the vertices) and a finite subset A
of $? (the arrows or oriented edges) with the following properties: (1) The ele-
ments of S are of the form (x, k), k € N (notice that, in particular, elements in
Sk :={s € S|3x, s = (x, k)} are naturally left-to-right ordered). (2) For each s € S,
there is at most one arrow starting from s. (3) The elements of A are of the form
((x,k+1),(x',k)), k >0.(4) Forany s € S, s = (x, k), there is always a (neces-
sarily unique) sequence of arrows joining s to a vertex (x’, 0).

Two elements (S’, A’) and (S, A) of P are said to be strongly equivalent if and
only if there exists a bijection ¢ between S and S with the properties: (1) ¢ maps
bijectively S to S. (2) ¢ induces a bijection between A and A’. They are said to
be LR-equivalent if they are strongly equivalent and moreover: (3) ¢ respects the
left-to-right ordering.

DEFINITION 3.1. A jungle is an equivalence class in IP for the LR-equivalence
relation. The set of jungles is written .

Notice that the process that is described above and maps a sequence of maps a
to the corresponding jungle [the equivalence class of J(a) in P, still written J (a)
by a slight abuse of notation] can be inverted. That is, jungles are actually in bi-
jection with sequences of maps; however, the introduction of jungles is convenient
for our purposes, as it will appear below. If j is a jungle, we write Seq(j) for the
corresponding sequence of maps [so that j = J(Seq(j))]. In the example in Fig-
ure 1, we have Seq(j) = (ag, a;) with ag (resp. a;) a map from [7] to [3] (resp. [6]
to [7]) and, for example, a1 (5) =7 and ap(3) = 2.

Notice that, since the LR-equivalence relation is weaker than the strong equiv-
alence relation, the strong equivalence relation goes over from graphs in [P to jun-
gles.

FI1G. 1. The graphical representation of a jungle.
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DEFINITION 3.2. A forest is an equivalence class of jungles for the strong
equivalence relation. The set of all forests is written . A tree is a connected
forest. The set of all trees is written 7.

Here, connected has the usual topological sense (an oriented graph is connected
if and only if two arbitrary vertices of the graph can be related by a sequence of
adjacent unoriented edges). The forest naturally associated to a sequence of maps a
and to the corresponding jungle J(a) is written F'(a).

A tree can be viewed alternatively as an abstract graph—more precisely as an
abstract finite connected oriented graph without loops such that any vertex has at
most one outgoing edge. The empty graph & is viewed as a tree and is called the
empty tree. 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 ver-
tices; the (necessarily unique) vertex without outgoing edge is called the root. This
terminology, as well as other notions introduced below, extend in a straightforward
or self-explanatory way from trees to forests, jungles, and so on.

Forests can be viewed as multisets of trees, that is, sets of trees with repetitions
of the same tree allowed. An algebraic notation is convenient for our purposes, and
we write

f=1""--.T"™

for the forest with the tree 7; appearing with multiplicity m;, i < k. This algebraic
notation will prove useful, among others, when computing Hilbert series for forest
enumeration; see Section 3.4. When T; # T for i # j, we say that f is written in
normal form.

We say that a tree T is a subtree of T’ and we write T C T’, if the graph of T
is a subgraph of the graph of 7’, and if the root of T is also the root of 7’. A sub-
forest f C f' of a forest f’ is defined accordingly, as a collection of pairwise disjoint
subtrees of the trees in f'.

Forests are equivalence classes of jungles. It will be convenient in our forth-
coming arguments to choose, for a given forest f, a representative in § with nice
graphical properties. For that purpose, we introduce the notion of planar forest and
planar tree. Namely, a jungle j such that Seq(j) is a sequence of weakly increasing
maps is called a planar forest. A connected planar forest is called a planar tree.
Graphically, planar forests are jungles in which the arrows do not cross.

It is important to notice that (as illustrated in Figure 2) a planar forest pf can
be viewed as an ordered sequence of planar trees. Planar forests can therefore be
represented by noncommutative monomials (or words) on the set of planar trees.
For example, if PT| and PT, are two planar trees, pf = PT PT> P T is the planar
forest obtained by left-to-right concatenation of P77, PT, and another copy of
PT;.
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FIG. 2. The graphical representation of a planar forest pf = PT| PT, PTj.

3.1.2. Functions and operators on jungles, trees and forests. The distance be-
tween two vertices in a tree is the minimal number of nonoriented edges of a path
joining 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 h#(T) of a tree T
is the maximal distance between a leaf and the root. The height A#(f) of a forest f
is the maximal height h#(T) of the trees T C f in the forest. We write v (f) for the
number of vertices in a forest f at level kK > 0. The number of vertices at each level
in a forest is encoded in the mapping

v:fe F = v() = (v (0)r>0.

Notice that for any pair of forests (f, g) € ¥, we have, using the algebraic nota-
tion (the product of forests corresponding to the union of the multisets of trees):

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

We write V for v(¥), which coincides with the set of integer sequences p =
(po)x=0 € NV satisfying the following property:
dht(p) e Ns.t. kslirzlzlzp) pk>0 and  sup_ . Pk =0.

For any p € V, we write #, for the set of forests f such that v(f) = p. Our
notation is consistent, since the height hz(f) of a forest f € F clearly coincides
with the height ht#(p) of the integer sequence p. When p € V is chosen so that
po = 1, the set Fp reduces to the set T of all trees T such that v(7) = p. These
notations on trees and forests go over to planar forests, planar trees and jungles
in a self-explanatory way. The notation is also extended to sequences of maps, so
that, if p = (po, ..., pn+1), #p stands for the set of sequences (ao, ..., a,) with g;
a map from p; 1 to p;.

For the unit empty tree 7o = &, we use the conventions

W(@)=0=(0,0,...), h(@)=ht0)=—1, Fo=1{2).

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

?’n::]_[}'p and 7, := ]_[ Tp-
PeVy peVy,po=1
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The shift operator
B:p=(pii=0€ V> BP)=(qniz0€V  withg; := pi4y

induces a canonical bijection, still denoted by B, between the set of trees Tp with
P € V.11 and the set of forests Fp(p) obtained by removing the root of the tree:

B:Te Tp — B(T) e }vB(p)-

We extend the map B from trees to forests to a map between forests and, if
f=1""--T" is a forest, set

B(f) = B(T)™" - -- B(Ty)"*.

From the point of view of graphs, the operation amounts to removing all the roots
and all the edges that have the root as terminal vertex from the graph defining f.

From the graph-theoretic point of view, the number of coalescences c(f); at
each level £ > 0 in a forest f € ¥ is defined by the mapping

c:fe F— c():=BwE) — |f].

The sequence c(f) is called the coalescence sequence of f, following the termi-
nology introduced for sequences of maps. In the above displayed formula, the
sequence |f| = (|f]x)x>0 represents the number of vertices at level k > 0 minus the
number of leaves at the same level, that is, the number of vertices with an ingoing
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) € ¥, we have

(Ifgl = Ifl + Igl and B(v(f) + v(g)) = B(v(D) + 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 ||c(f)| of a tree or a forest f
is the sum of the ci(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. Automorphism groups on jungles. For any given sequence of integers p €
V,.+1, the product permutation group

Sp = (SPO X SPI OIS Spn+l)

acts naturally on sequences of maps a = (ao, ai, ..., a,) € Ap, and equivalently
on jungles J(a) € Jp by permutation of the vertices at each level. More formally,
for any s = (so, ..., Sp+1) € Sp this pair of actions is given by

s(@) := (50a0S] '+ ..., Snans, ) and sJ(a):=J(s(a)).

An automorphism s € Sy, of a given jungle J(a) € Jp is a sequence of permutations
that preserves the jungle, in the sense that sJ (a) = J(a). The set of automorphisms
of a given jungle J(a) € Jp coincides with the stabilizer of a and J (a) with respect
to the group action of Sp.
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By definition of forests, two sequences a and b in Ap satisfy F(a) = F(b) if
and only if J(a) and J (b) differ only by the order of the vertices, that is, if a and b
belong to the same orbit under the action of Sp.

REMARK 3.3. The set of equivalence classes of jungles in J, under the action
of the permutation groups Sy, is in bijection with the set of forests F. In particular,
due to the equivalence between the two notions of jungles and sequences of maps,
it follows that the set , , of equivalence classes in +4, , under the natural action
of SZ*Z is canonically in bijection with the set of forests Fq with g vertices at
levels0 <i <n+1.

In the next section, we will compute #(f) (the number of jungles associated to a
given forest f) by computing the cardinal of the stabilizer of a planar forest pf such
that F'(pf) = f (such a pf always exists).

EXAMPLE 3.4. The jungle j represented in Figure 1 is such that Seq(j) =
(ag, ay) with

a(1)=2, a1(2)=a1(3) =1, ai(4) =a1(6) =35, a1 (5) =17,
ap(1) =ap(2) =1, ap(3) = ap(4) = ap(6) =2, ap(5) = ap(7) = 3.

For convenience, let us represent a permutation in S, by the sequence of its values
onl,..., p,thatis, by (i, ...,i,) for the permutation s of [¢] such that s(j) =i;
(take care that this is not the cycle representation of permutations, in spite of the
notational analogy). We get that the jungle represented in Figure 2 is obtained by
the action of (123) x (1,234,657) x (312,465) on j. The planar forest j' represented
in Figure 2 is thus in the same class as j (under the action of S(2 7,¢)).

A more graphical way of seeing the action of S(27,6) is to say that it permutes
the dots while the edges remain attached to their dots.

3.3. Aninductive method for counting jungles. From the Feynman—Kac mean-
field approximation point of view, the elements of -4, , parametrize the trajectories
of families of particles. Two trajectories that are equivalent under the action of Sq
have the same statistical properties; this is the ground for the formulas for tensor
product occupation measures that have been obtained in the previous section.

In the present section, we face the general problem of computing the cardinals
#(f), defined as the number of jungles associated to a given forest f € £}, for some
integer sequence p € V4. Let us write f in normal form (with the 7;’s all distinct)
as a commutative monomial of trees:

f:Tlml...Tkmk’ m1++mk:p0

Let us also choose arbitrary planar trees P7; representing the T;s, so that we can
view f as the forest associated to the planar forest

pf=(PT)™ - (PT})"™
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obtained by left-to-right concatenation of m; copies of PTi, my copies of

PT,, ..., my copies of PTy. We write PT{ e PTI’70 for the expansion of the non-
commutative monomial
3.1 pf=(PT)" - (PTY)"™ = PT{--- PT,

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

#(E) =#O0rb(pf) =#{gec Jp:Is€Sp s.t. g=s - pf}.
Due to the class formula, we also know that

ISp| _ p!
Stab(pf)  Stab(pf)’

where Stab(pf) stands for the stabilizer of the jungle pf € 7.

The computation of #(f) will be done by induction on (n + 1) = ht(f). Let us
assume that we know #(g) for any forest of height less than or equal to 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 discus-
sion, the problem amounts to computing the cardinals of the stabilizers Stab(pf)
inductively with respect to the height parameter.

#(f) = #Orb(pf) =

LEMMA 3.5. There is a natural isomorphism
Stab((PT)™" -+ (PTi)™) N ({1po} X S(py.....pue)
~ Stab(PT{) x --- x Stab(PT,)

[with the same notation as in (3.1)].

The lemma encodes the observation that an automorphism of a planar forest
which acts as the identity on the roots decomposes as a product of automorphisms
of the planar trees in the forest. This follows, for example, from the more general
fact that an automorphism of a jungle necessarily preserves connectedness proper-
ties.

Besides, the first coordinate mapping

T:8=(50,...,8p41) € Stab((PTy)"" --- (PTy)™*)
= 7(S) =50 € (Spy X -+ X Spy)

is a surjective map (it even has a natural section, the construction of which is
omitted), and

Ker(m) =" (1) ~ Stab(PT{) x -+ x Stab(PT},)
~ Stab(PT)™ x --- x Stab(PT;)"*.
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This yields the isomorphism formula

Stab((PT)™" - - (PT)™) /(Stab(PT)™" x - -+ x Stab(PT;)"*)
(3.2)

/\/(Sml X oo Xsmk)-
Let us introduce some further notation.
DEFINITION 3.6. Let f be a forest written in normal form f = Tlm1 cee Tkm".

In this situation, we say that the unordered k-uplet (m1, ..., my) is the symmetry
multiset of the tree 7 = B~ (f) and write

S(T) =s(B~(T{"" - T"™)) = (m1, ..., my).

The symmetry multiset of the forest f = 7,"'---T,"* is the disjoint union of the
symmetry multisets of its trees

("' ... ")y = | s(T1),....s(T), ..., s(Tx), ..., s(Tk)

mp terms my, terms

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

The definition of symmetry multisets extends naturally to planar forests and
planar trees. In particular, if pf is a planar forest with f as its underlying forest, we
set s(pf) :=s(f).

We deduce from (3.2) the following recursive formula for the computation of

#(f).

PROPOSITION 3.7. We have

k
| Stab((PTy)™ --- (PT)™)| = [ [(n;!] Stab(B(PT;))™)

i=1
k
=s(B~'(pH)! [ [( Stab(B(PT;)I™).
i=l

THEOREM 3.8. The number of jungles (or, equivalently, of Feynman—Kac
mean-field type trajectories with the same statistics) in £ € Fp, with p € V, 41,
is given by

p!
#tHh=————,
® i—_18(B(D))!

where we use the usual multi-index notation to define s(B' (f)!.
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PROOF. It clearly suffices to prove that

n

| Stab(ph)| = [ ] s(B' (ph)!

i=—1

for any planar forest pf of height (n 4 1). We check this assertion by induction on
the height parameter. First, we observe that a planar forest pf of height 1 can be
represented as a noncommutative monomial

pf=(PT))" - - (PTi)"™*

with different planar trees P7; of height 1, and some sequence of integers m;. In
that case, the planar forests B(PT;) reduce to sequences of trees with null height.
This yields that

| Stab(B(PT;))| =s(PT;)!.

By Proposition 3.7, we conclude that

k
| Stab(ph)| = [ | (m;!/(s(PT)))™) =s(B~" (pf))!s(ph)!.

Jj=l1

This ends the proof of the formula at rank 1.

Suppose now that the assertion is satisfied for any planar forest with height at
most n. By Proposition 3.7, for any planar forest pf = (PT7)™! --- (PTy)"*, with
height (n + 1), and written in terms of distinct planar trees P7T;, we have

k
| Stab(ph)| = s(B~ (p0)! [ ] | Stab(B(PT)|™.
i=1

Since the planar forests B(PT;) have height at most n, the induction hypothesis
implies that

n—1 n
| Stab(B(PTy)| = [] s(B/(B(PT)!= [ s(B/(PT))!.
j==1 j=0

Recalling that B/ (pf) = B/ (PTy)™! --- B/ (PT})™, we also find that
s(B/ (pf)) = (s(B/(PTY)), ...,s(B/(PTY)),...,s(B'(PT})), ...,s(B/(PT}))).

mi terms my terms

We conclude that

n

| Stab(ph)| =s(B~' (pH)! [ | s(B' (pf))!.

j=0

The theorem follows. [
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3.4. Hilbert series method for forest 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 1.5. For ex-
ample, we want to be able to compute the number of forests in any #, [the set
of forests f such that v(f) = p], or the number of forests in ¥, , (as defined in
Definition 1.4) with a given coalescence degree or a prescribed coalescence se-
quence. Recall that the notions of coalescence sequence and degree, as defined in
the Introduction for sequences of maps in A, 4, go over to arbitrary forests and
trees.

Recall first some general properties of free monoids. Let us write (4) for the
free commutative monoid generated by a set 4:

(8)={f" - f™:k>0and V1 <i <k,m; >0and f; € 8}

with the convention fln L fkmk =1, for k = 0. We then have the Hilbert series
(i.e., formal series) expansions

ls=2n:s" and — Zx

se)S

(3.3)

Now, if £ is a multiplicative map from (4) to an algebra A, we have, whenever the
expression on the right-hand side makes sense (this will be obviously the case in
the examples that we will consider):

Zg(x) = 5()

se%f

Since a forest is, in the algebraic representation, nothing but a commutative
monomial of trees, this result applies to forest enumeration. Moreover, as we shall
see, suitable refinements of the previous identity lead naturally to a formal se-
ries enumeration approach to the various quantities meaningful in the study of
Feynman—Kac particle models.

DEFINITION 3.9. The (multidegree) Hilbert series of forests, H'z (x), is the
Hilbert series associated to the partition of the set of forests of height less than or
equal to n into subsets according to the number of vertices at each level, that is,

[rod —1 T
X = ) R =HE 0+ ) [FHlxP,
ht(p)<n pev,

where we write xP as a shorthand for x[°x{" - - .
= ar0 oyl . : S
We let dp = Wp_lll -+, and we consider the mapping B~! from V into itself

defined for any k > 0 by
B 'ipeVir BT\ (@)= (1,p)=(1, po, p1....) € V1.
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Since forests f of height O are characterized by the number of roots in f, we clearly
have the formula

1
(VP € Vol Fp| = 1) = Hiz (x0) = 5 = > b
p=0

PROPOSITION 3.10.

V?’l > 1 n (X) — l—[ (;)Lﬁﬂ
- ¥ 1 —xB'®

ht(p)<n—1

7 -1
1 apH (0)
=Hr ' x ] <—)
F B!
PEV,—i I-x ®)
In addition, the generating function associated with the number of forests with
multidegree p € V,,, and built with trees with height n (elements of 7,), is given by

p . TpHL (0)
va=1 Y T NFIxP= [] <m>
peVy PeVa-i

The proposition follows directly from the formula for Hilbert series of free com-
mutative monoids and from the following three observations. First, the map that
sends a forest in #p to xP is a multiplicative map from the set of forests (viewed
as a free commutative monoid) to the algebra of formal power series over the vari-
ables x;. Second, as we have already observed, the set of forests identifies naturally
with the free commutative monoid over the set of trees, another formulation of the
fact that a forest is a multiset of trees. Third, the maps B! and B define bijections
between the set of forests of height n — 1 and trees of height n.

Notice that these formulas make the Hilbert series computable at any finite ver-
tex order, and at any height using any formal computation software. The first two
orders can be handily computed. We already know the generating series for n = 0.
By Definition 3.9 we find

HL (x) = Z x§° + Z | FplxlPxl.
po=0 peVi
This readily yields that for any p € Vi, we have

|l :#:(kn)n>o eNY: >k, =poand Y nk, = pi 1.

n>0 n>0

More generally, recall that for any m > 1, we have the following formal series

expansion
I \" —1+k)!
(L) = ety
1—u =0 (m — 1)'k!
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so that

= [ 3 (R
o . (| Fpl — D) lkp!
(P)=<n kp>0

< (|-¢p| - 1 +k(p))!>xzht(p)<nk(p)3l(p)‘
k:{p:ht(p)<n}—N \hr(p)<n (1Fpl = Dk(p)!

This implies that for any p € V.11, we have
= (1 Fgl =1+ k(q))!
GH = 2 ( 1 ~Gr— k@ )
ke{gqeht(@)<n} >N n(q<n 17 Q)
Yhiqy<n k@B~ (@)=p

To compute or estimate the Laurent expansions of the distributions Qfx g0 We
are actually interested in a more precise Hilbert series, namely the one taking into
account, besides the multidegrees of forests, their coalescence numbers.

DEFINITION 3.11.  We denote by Fp[q] := Fp N c_l(q) the set of forests in
Fp with a prescribed coalescence sequence q (we also use the convention Fo[0] =

{a}).

We let C'z (x,y) be the (multidegree) Hilbert series of forests associated to the
partition of the set of forests of height less than or equal to n with prescribed
coalescence sequences, that is,

Crx,y)= Y. Y  |FplqlixPy".
ht(p)<n qeC(p)

In the above display, C(p) stands for the set of coalescence multidegrees:
eV  Cp):=c(Fp)={qeN":(B® —p); <qa=(B@) —1),}
with (B(p) — 1)+ = ((px — D+)i=1, forany p = (p)i=0 € V.

PROPOSITION 3.12. The multidegree Hilbert series of coalescent forests
C'%(x,y) satisfies the recursive formula

1 apdp@Cy (0.0)
n _ mn—1 _
FeN=Cxy [[ ]I (I_XB'@)yq) '

PEVi-1qeC(B~(p))
Notice first that Fp = quc(p) Fplql, and ht(q) < (ht(p) — 1), for any q € C(p).
Also observe that
Fpipy=Tap = CB ') =c(Tup)={po—1}x C(p).

Notice at last that the map from forests to formal power series that maps a forest
in #,[q] to xPy4 induces a multiplicative map from forests to formal power series.
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The proposition follows then once again from the formula for Hilbert series of free
commutative monoids and the correspondence between trees and forests.

Using the same lines of arguments as before, this proposition can be used to de-
rive a recursive formula for the explicit combinatorial calculation of the number of
forests with prescribed heights and coalescence multi-indices. The first two orders
are given by

1

1
C%(x,y)=m and Cip(x,y)= []

1
pOZO (1 X0 xl y(PO )+)

Notice that the Hilbert series technique can be developed to any order of refine-
ment. 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 Q,IZ 4 could be read, in the end, entirely
on the corresponding Hilbert series. We leave the task of expressing the recursive
formula to the interested reader, and simply point out that the technique allows an
easy, systematic, recursive computation of the coefficients of the expansion of the
measures Q,]X ¢ at any order, in both n and g. The observation can be useful, espe-
cially in view of the systematic development of numerical schemes and numerical
approximations based on Feynman—Kac particle models.

3.5. Some forests expansions. In the present section, and the forthcoming one,
we take advantage of the language of trees and of the results obtained on their
statistics to compute the first orders of the Laurent functional representation of
Q,IX 4 and, respectively, to derive a natural generalization to Feynman—Kac particle
models of the classical Wick product formula.

Let us fix n and g > 4, so that the notation q denotes, once again, the constant
sequence of length n associated to g. As we have already pointed out, there is only
one forest in Fq without coalescence, which is the product of ¢ trivial trees of
height n. There is only one forest in Fq with only one coalescence, at level i, that
will be written f; ;. Its only nontrivial 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 two
coalescences at level i, written f% and £3 ;. The notation f} , denotes the forest
with only one nontrivial tree with coalescence degree 2, a Vertex with coalescence
order 2 at level i and its three leaves at level n. The notation f2 denotes the forest
with two nontrivial trees with coalescence degree 1 and the coalescence at level i.
There are four forests with coalescence degree 2 and two coalescences at levels
i < j, written fk ,k=1,...,4. The forest f1 has one nontrivial tree with

coalescences at levels i and j and its tree leaves at level n. The forest f2 i has one
nontrivial tree with coalescences at levels i and j and its three leaves at the levels
Jj,n,n. The forest fg . has two nontrivial trees with one coalescence at level i,

resp. j and their two leaves at level n. The forest fg ij has two nontrivial trees
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-
/

O<——0<— 0
0O<——0<— 0
@O<— 0 <— 0
0O<—0<— 0
[ ]
0O<—0<—0
0O<——0<— 0

2 4
szo,l Pf2,0,1

FI1G. 3. Examples of planar tree representatives pflr‘,x of the f’r‘,x sforq=4,n=2.

with one coalescence at level i, resp. j and their two respective leaves at level j, n,
resp. n, n. See Figure 3.

Expanding the formulas for 3’ Qg,n, using the formulas obtained in Theorem 3.8
for the cardinals #(f) and using that s(g,q —2) = (4 )3‘1 L (see, e.g., [3], on
page 63), we get the following result.

COROLLARY 3.13. The first three order terms in the polynomial functional
representation of Qfx q are given by the following formulas:

aOan:Vr;@q,
q(g—1) f
a@nq—TZ(A” 29),
0<k<n
92Qu = —L Z( Mty + - HATE (g -l
n,qg — n,q
(g —3)!3! 0ken 2
3g —1
q(qg — 1\? £ £
+(—2 ) > (1 — (Mg +A0Y)
0<k<lI<n
—1
+Q(q2 ) Z <A2kl+(q 2)(An2§l+A2k1)
0<k<lI<n

_l’_

(q _2)2(q 3) Anzgz)‘

3.6. A Wick product formula on forests. Let now JBSym(E,?) C By(E}) be the
set of symmetric functions F on E, such that

(D1, @ EIx1, g = [ PGt x5 v (@) =0



FEYNMAN-KAC PARTICLE MODELS 807

Notice that i)’(s)ym(Ef{ ) contains the set of functions F' = (P)sym, with P €

Poly(Ef{ ), where Poly(Ef{ ) C Bp(E}) stands for the subset of polynomial func-
tions of the form

P:ZC(a)fa with fa:(fa(1)®...®fa(Q)).

ael

In the above display, I is a finite subset of NI9!, ¢ € R/, and the elementary func-
tions f? € 8Bp(E,) are chosen such that y,,(f?) = 0. For instance, we can take

fP=(g” —nu(g"))  with g? € By(Ey).

Notice first that, by Theorem 1.5, for any integer ¢ and any F' € JBSym(Eg ),
0 Qg (F)=0, i< %
and, if ¢ is even,
!
q/2 _ g f
0 QO,q(F) - 2[1/2(Q/2)' AO,q(F)’

where f is the forest in Fp , containing % copies of the tree of unit height, with two
vertices at level 1, and % copies of the tree with the root as unique vertex (the reader
may check these identities or refer to the more general arguments given below).
For symmetric tensor product functions F = (f! ® --- ® f4 )sym, associated with
a collection of functions f i € B1,(Ep), such that no( f By = po( f 1y =0, for any
1 <i <g, we readily find that

24/2(g /2)! o
3.5) Ag,q(F)=#/)Z( I1 no(f’f’))

Iy Mi,jledy

as soon as ¢ is even. In the above displayed formula, {, ranges over all parti-
tions of [¢] into pairs. In a more probabilistic language, the above formula can be
interpreted as the gth-order central moment

312Qo 4 (F) = EWo(f)--- Wo(f7))

(Wéd‘)Z( I E(Wo(f">wo(ff>>>

Iy Mi,jledy

(3.6)

of a Gaussian field Wy on the Banach space of functions B (Eyp), such that for
any pair of functions (¢, V) € Bp(Ep), E(Wo(p)) = 0 and E(Wo(p) Wo(¢)) =
no(evy). In the above equation (3.6), the second equality is the classical Wick
formula.

We choose to call (3.5) and the more general identities that will appear below
“Wick formulas” because of this interpretation. More precisely,in the present sec-
tion we will show that the Wick formula (3.5) generalizes to forests in ¥, ; of
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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 for-
est with coalescence degree d has at most d nontrivial trees, and the equality holds
if and only if all its nontrivial trees have coalescence degree 1. In particular, if
a forest in ¥, , has coalescence degree d, it has at most (2d) leaves belonging to
nontrivial trees so that, if d < %, there is at least one vertex at level n 4 1 belonging
to a trivial tree (i.e., a tree with coalescence number 0).

The same reasoning shows that, when d = %, a forest in F, ; with coalescence
degree d, and coalescence sequence r, does not contain a trivial tree of height
(n+ 1) if and only if it is the forest f := T°Uy° - - - T," Uy", where we write Ty for
the unique tree of coalescence degree 1 with a coalescence at level £ 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 € ¥, ;, can be written
as the product (or disjoint union) of a forest g in ¥, ;1 with U, 1, the trivial
tree of height (n + 1), then, for any F € J)’Zym(EZ ) we have, by definition of the
measures Af

Al J(F)= A8 (D1, ® ya)(F)

which is equal to 0 if F € 8" (E}).
We are now in position to derive the forest Wick formula using Theorem 1.5.

THEOREM 3.14. For any even integer ¢ < N and any symmetric function
F e JB(S)ym(EZ), we have

Vk<q/2  3*Quu(F)=0 and
(3.7)

!
q/2 _ q- ot
1Quq(F)= > Sarg A F
r<q,|rl=%
For odd integers q < N, the partial measure-valued derivatives 9% are the null
measure on JBSym(E,q,), up to any order k < |q/2].

We close this section with a Gaussian field interpretation of the Wick for-
mula (3.7). We further assume that ¢ is an even integer. We consider a collection
of independent Gaussian fields (Wy)o<k<» on the Banach spaces (B (Ex))o<k<n>
with for any (¢, Yr) € By(E)?,and0<k <n

E(Wk(er) =0 and  E(Wi (o) Wi (Yi)) = vi(orvr)-

We also introduce the centered Gaussian field V,, on 8By (E;) defined for any ¢ €
By (E,) by the following formula:

Vi@ = > D)W Qin (@)

0<k<n
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Let (¢i)1<i<q € Bp(E,)? be a collection of functions such that y;,(¢;) = 0, for
any 1 <i < q. For the tensor product function F = % 25es, W0 (1) @ ® Yo (g))s
one can check that

24/2p)

f;
Ap g (F) =

—> 11 Z{yk(l)’k Il yk(Qk,n«ka,n(so,-))}.

Ied 0<k<n Jyedy (i, )€k

In the above displayed formula, the first sum is over the set { of all partitions
I = (Ix)o<k<n of [gq] into (n 4 1) blocks with cardinality |Ix| = (2r¢), and the
second sum ranges over the set J; of all partitions J; of the sets I; into pairs, with
0 < k < n. By definition of the Gaussian fields (Wi )o<k<n, and due to the classical
Wick formula, we find that

T vAfr Fo=>TI (1"[ mwk(Qk,n«pi)))

I1€J 0<k<n i€l

= E(Z IT I1v Vk(l)Wk(Qk,n((Pi))>

Ied0<k=<niely
from which we arrive at

2 zq/z ,A“ <Fn>=E( > > IT 11 m(l)Wk(Qk,n(go,-))).

r<gq,|lrll=q/2 r:||2r||=g I O<k<nicl

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

a‘f/z@n,q<Fn)=JE( I1 ( > \/yka)wk(Qk,n(w,-)))) =E( I vn«pl-)).
1<i<q

0<k<n 1<i<q
Written in a more synthetic way, we have proved the following formula:
092 Qu g (F) = E(V,2 (Fy)).

This result can alternatively be derived combining the L,-mean error estimates
presented in [5], Theorem 7.4.2, with the multidimensional central limit theorems
presented in [5], Proposition 9.4.1. More precisely, the g-dimensional particle ran-
dom fields

V¥ @izize = (VN7 @1)1<i<
converge in law to (V,, (goﬁl))lf,-fq. By the continuous mapping theorem, combined
with simple uniform integrability arguments, one checks that

NToo

N2QY (Fy) =E(V,)®1(Fy)) = 092Qu ¢ (Fy) = E(V,24(F)).
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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. Our goal is now to prove
Theorem 4.12 which states an expansion for measures IP’,IX 4 (analog to Theorem 1.5

for measures Q,]X ¢)- It will appear in the proof of Theorem 4.12 that we need expan-

sions of tensor products of measures (of the type V1® Mg ..® e n ). To this pur-

pose, we will introduce and study (in Sections 4.1-4.3) colored trees and forests.
We will also define Feynman—Kac semigroup on tensor products of measures (4.4)
and finally derive expansions of tensor products of measures (in Section 4.5). Un-
fortunately, Theorem 4.12 can only be written down after all these technicalities.

Let us make two general remarks about colored forests. First, the (two) colors
are used to distinguish between vertices that are authorized or not to have an in-
coming edge. Second, the statistical meaning of colored forests is similar to the
one of forests as far as the approximation measures y," are concerned. Namely,
the introduction of colors on vertices is a natural consequence of the replacement
of ¥,V by the path-space measures (yON )80 @ ... ® (y,N)®4. However, a precise
understanding of the meaning of colors can hardly be obtained without entering the
details of the constructions, and we refer therefore to Section 4.5 and Theorem 4.2
for deeper insights.

4.1. Colored trees, forests and jungles.

DEFINITION 4.1. A colored tree is a tree in 7 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—the converse being 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 7 and F.

As usual, 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 developed 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 Uk (T) = (vi(T), v (T)) for the number v (T), respectively v, (T), of white,
respectively black, vertices in the colored tree T, at each level k > 0.

We also let V be the set of all sequences of pairs of integers p = (P )ik>0 €
NN with B, = (pr, p;) for every k > 0, satisfying the following property:
3ht(p) € N s.t.

inf px + p; >0, inf p;, >0 and sup pr+ pr=0.
k=<ht(p) k<ht(p) k> Ti(P)
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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 1:5 be the set of colored trees T
with v (T) = pi white vertices, and v, (T) = p;, black vertices, at each level k > 0.
Since T is a colored tree, this implies that po = 0 and Py =1, except if ht(p) = 0.
In that case, pp may also be equal to 1 (and then p;, =0).

DEFINITION 4.2. For p € V,.11, let us call, by analogy with the uncolored
case, colored jungles (resp. colored planar forests) of type p any sequence of maps
(resp. of weakly increasing maps) (o, ..., &, ), where

@ = (. o)) € [pp] Pt s [p Pk,

The set of colored jungles is written .

The permutation group analysis of jungles and forests can be extended to the
colored case. For that purpose, we write

Sip.p) =Sp X Sp;

the group is acting on [p] by (o, B)(i) := o (i) and on [p'] by (o, B)(j) := B()).

We can define colored planar forests in a graphic way by saying they are colored
jungles such that, at any level, edges starting from a fixed color (black or white) do
not cross each other. It is the case in Figure 4, although it should be noticed that
some vertices are crossing each other (so that the notion of planarity for colored
forests is not the intuitive one).

Once again, the notation we use on colored forests extends to colored jungles
in a self-explanatory way. For instance, ?ﬁ, P € V.11, stands for the set of colored

jungles j with v (j) = px white vertices, and v} (j) = p}, black vertices, at each
level 0 <k < (n+1). Forany p € V,,11, we also have that gﬁ ~ g, Where Ap 1=
[yl c [ppl P51 x - [pl]Prst] 5 [ pl]1Pas],

4.2. Automorphism groups on colored jungles. As for the expansion of mea-
sures 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. It

appears that most of the constructions in Sections 2 and 3 can be extended without

o [ L]

N
o<t

FIG. 4. A colored jungle which is a colored planar forest.



812 P. DEL MORAL, F. PATRAS AND S. RUBENTHALER

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 € V41 be a sequence of (n + 1) integer pairs Py = (pk, p}), with
0 <k < (n+ 1). We associate with p the product permutation group

pP= ?oxsﬁl X"'Xsﬁnﬂ‘

This group acts naturally on sequences of maps a = (ag, ai,...,d,) € Eﬁ, where
a; € [plf][piﬂ] X [pl’.]["’t{+1 1 and on jungles J (a) in gﬁ by permutation of the colored
vertices at each level. More formally, for any s = (5, ..., 5,41) € Sp this pair of
actions is given by

S@@) := (50d0S| ..., 5x@s5,,,) and §J(@):=J(E@).

Two colored jungles in the same orbit under the action of §§ have the same un-
derlying colored forest. Conversely, if two colored jungles in gﬁ have the same
underlying colored forests, they differ only by a permutation of the vertices of
their colored graphs that preserves the colors of the vertices, and therefore are in
the same orbit under the action of §5. In other terms, we have the following lemma.

LEMMA 4.3. Equivalence classes of colored jungles in ﬁﬁ under the action

of the permutation groups Sﬁ are in bijection with colored forests in fxﬁ.

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 3.2, B for the induced map from the set of colored forests into itself.

4.3. An inductive method for counting colored jungles. Let us conclude this
section by enumerating the number #(f) of colored jungles associated to a given
colored forest f € ?ﬁ, with p € Vn+1. The process is as in Section 3.2, and the
result follows ultimately from the class formula

p!
| Stab(f)|
In the above displayed formula, p! stands for the multi-index factorial p! =
]_[Zi(l) Pi! p,/c!, and we have written abusively | Stab(f)|, for the cardinal of the stabi-
lizer in §§ of any representative pf of f, where f is viewed as an equivalence class
of colored jungles.

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

#f) =

f: HTimiv

i=l
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where the T';’s are pairwise distinct and m| > - - - > my. We write PT,; for a set of
representatives of the 7; viewed as equivalence classes of colored jungles (beware
that, here, the prime exponent has no color meaning).

As in Section 3.3, we shall write s(B~!(f)) for the unordered k-uplet (m1, ...,
my), called the symmetry multiset of the colored tree B~L(f), and extend the no-
tation to colored forests so that s(f) is the disjoint union of the s(7;). The proof in
Section 3.3 goes then over without changes, except for the replacement of forests,
planar forests and planar trees by their colored analogues. For instance, we have
the recursion formula

k
| Stab(pf)| = ] [ (m;!| Stab B(PT)™).
i=1

Specifying the recursion, we deduce the following theorem.

_ THEOREM 4.4.  The number of colored jungles with underlying colored forest
fe Fp, withp € Vi1, is given by

_ P!
= ————,
® i——18(B'(D)!

where we use the usual multi-index notation to define s(B' (f))!.

4.4. Feynman—Kac semigroups. In this section, the parameter n > O repre-

sents a fixed time horizon. For any sequence of integers q = (qo, ..., gn) € N1,
and any —1 <m <n, we set
4.1) G =D Gk

m<k<n

Notice that, for m <n, g,, = gm+1 +q,, 41 We associate with q the unnormalized
Feynman—Kac measures

=y @ - @yPh e M(EY)  where Ed = Ef° x - x Edr

is equipped with the tensor product sigma field. Points in E; are indexed as fol-
lows:

1 1
(s e s X80 ey (s oy xIM)).

DEFINITION 4.5. We let (y;,’)ofpfn, and (Qg)ofpfn, be the collection of
measures and integral operators defined by

® ®¢p— ®gp+q),) (90> qp—1-9p+a))
J/;l:(yoqo@...@yp_f l)®)/p pTdp (—)/ p—1dp p)

’

@p-1.9,_1)
Qi =D, ®--®D, )®Q, ",
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. (fip—l;q;,,]) ‘1p—1+‘1;,,1 . qp—1 ‘11/_,71
with the operators Q from E -1 into (E p—1 X E," ) defined by
the tensor product formula
(flpflsq;,,l) ®‘1;,7]
p = Dl‘lpfl ® Qp

(recall that the y,’s and Q,’s have been defined in Section 1).

Notice that, forany 0 < p <mn, yg is a positive measure on the product space

’
q._ 90 o, . qp—1 qp+4p
Ep._E0 X pr_1 x Ep

and Qg is a positive integral operator from Eg_l into Eg.

LEMMA 4.6. For any sequence of integers q € Nt and any 0 < p <n, we
have

Y =v,Q% .,
with the semigroup (Qg, ,p2)1<p1<pr<n defined by
a =qQf a —0! ...0% q
Qpl,pz - QPI‘H(QPH‘LPZ) (= Q[?H-l ) sz—lsz)

and the convention Q?,] ,p1 = 1d, the identity operator, for p| = p>.

PROOF. We start with observing that

® % Rdgn— ®qn n
y’;]: ()q0®yl ql®~"®)/n_q] 1®(Yn_q] QS?‘I)

(29 ® ®dn— ®(gn—1+4qn n
:VOqO®V1 Q1®._'®yn_t12 2®(J/ (gn-1 q)(qu,Fl@Q’?q ))

n—1

Therefore, we find that y,? = y,?_ng. Using a simple induction, the lemma fol-
lows. O

4.5. 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 Theorem 1.5.

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

ydN = ()0 @ (BN @ - @ () B

and the associated path-space measures @,]Zq € M(E}}) defined by

Qo F € ByEY — Q) o(F) =E(r3V (F)) € R,
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let us introduce some useful definitions. We associate with q the pair of se-
quences q and q’ defined by

Q= qp)-1<k=n and Q"= (q) 1<k
with the convention g1 = 0, and the integer sequence q' introduced in (4.1). No-
tice that g, = 0, llqll = g0 + q¢, ht(@) = (n + 1), and

dl= Y qi= > @+ap= Y (k+Dag.

—1<k=<n 0<k=<n 0<k=<n

Notice that [q,/c_l][qlifl] = [q,/c_l][qk] X [q,/c_l][q;cl. We will identify the two sets
of maps throughout all the sequel.

DEFINITION 4.7. Foray € [q,’{_l][”/k] X [ql’{_l][%ﬁ]’ we define the Markov tran-
sitions
qa _ _
Dk,ﬁk — DlCIO R quk—l X Dak'
For u a linear combination Y ;, aiﬁ,(j) of E,(f) € [q;_ 19 x [q,i_l][ql/f], we extend
the definition of D by linearity and write

a _ DU
Dy, = Z“le 20
iel wk
We let A, q be the nonnegative measure-valued functional on g defined by

An,q:a/: (509515 95}1)

— AY = n2pd _ QIDY_ ...QIDY_ e M(ED).

0,ao l,a; n,an

DEFINITION 4.8. We write £Zym(Eg) for the elements F of B, (E}) that are
symmetric in the first g variables, the next g; variables, ..., and the last g, vari-
ables. That is, we have that

V(00,...,00) € (Sgy X -+ X 8g,) F=(Ds Q- ®Dg,)F.
We consider the subset .;’Bgy "ED c £Zym (E}) of all functions F such that
(D1, ®--®Dy,  ®(Dy,, ,®y)®D1, & @Dy, )F=0

forany 0 < p <n.

Notice that :B’Sym (E) contains the tensor product

(By"(E(Y ® - ® By (EfM) = {Fo®---® F, Y0 < p <nF, € 8" (E}")
of the sets !B(S)ym(EZ” ) introduced in the beginning of Section 3.6, with 0 < p <n.
For the same reasons as in (1.12), we also have the symmetry invariance property

VF e 8)"(ED.VseSq.VieTy A (F) =),
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so that Aﬁ’q is well defined for f a colored forest. By construction, we also have
that

VFe s &Y Al (P =

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 Ix (€ [0, g;_,[) coalescent edges at level k is given by

Fqlll:={feFq:ifl=q -1}

Thus, for any r < ¢/, the set of colored forests ?q(r) with less than r; coalescent
edges at level k is given by

Fqr) = JFqlll.

I<r

The coalescence degree of a colored forest f € F, Fgll] 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 nontrivial
colored trees. In addition, a colored forest with a coalescence degree d has at most
(2d) leaves belonging to nontrivial trees. Since a colored forest in ?q has exactly
llq|l 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 f:q), with a coalescence degree d = ||q||/2, without any
trivial colored tree with a white leaf. This characterization follows the same lines of
arguments as the ones presented on page 808. For any integers 0 < k <! <m <n,
we let Tk,l,m be the unique colored tree, with a single coalescence at level k, and
white leaves at the levels (I +1) and (m + 1). Notice that colored forests with (2r)
white leaves, no black leaves, and coalescent degree ry, with ry different pairs of
coalescent edges at level k, are necessarily of the form

(tk) =tk lm
f l_[ Tk I,m
k<l<m<n

for some families of integers tx = (tk1,m)k<i<m<n SUch that [[te || = > 4 tet.m =
rr. Therefore, a colored forest in ?q, with coalescence degree ||ql|/2, a coales-

cence sequence r such that ||r|| = ||q||/2, without a trivial tree with a white leaf,
has necessarily the following form:
O —f0 . {0y

for some sequence of families of integers t = (tx)o<k<n, such that ||tx|| = ry, for
any 0 < k < n. In the above displayed formula, Uy denotes the unique trivial tree
with a single black leaf at level k, with 0 < k < n. We write t! for [ [;<j< <, tk.1.m!-
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We are now ready to extend the Laurent expansions, and the Wick formula
presented in Theorem 3.14, to particle models in path-spaces.

THEOREM 4.9. For any q = (qo,.--,qn), with ||ql < N and any F €

gym (EY), we have the Laurent expansion
—~N q I s
(4.2) Qg®=(r+ D 7 Qg
1=<k=|(g'=D+Il

with the signed measures ak@nvq defined by

_ f #
3an,q(F)= Z Z s(Ifl,q' —r) (f) (F)

s
r<d =k tergm (UM

In addition, for any even integer ||q| < N, and any symmetric function F €
£(S)ym (ED), we have

Vk<lqll/2 90, (F)=0 and

_ q! <t)
llall/2 _ Af
alal/ @n,q(F) Z Z 8(t)ty Ay q

r<q’[rl=lqll/2t

with the integer sequence (t) := (||tk|)o<k<n, and the sum of the diagonal terms
8(t) = D o<k<i<n k.11 For odd integers ||q|| < N, the partial measure-valued
derivatives 3% are the null measure on £0y (E ), up to any order k < |||ql|/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 (Vi)o<k<n
introduced in Section 3.6. Following the discussion given in that section, we get
that

oII2Q, o (F) =E((Vy'™ @ -~ ® V,2")(F))
for any tensor product function F of the following form: F = Fj 4y ® --- ® Fy ¢,

. 1
with Fi g, = 21 Yores, (07" ® -+ @ 9%, gl € By(Ey) and yk«ok) 0 for
any 1 <i <grandany 0 <k <n.

PROOF OF THEOREM 4.9. By definition of the particle model, and arguing as
in the proof of (2.1), we find that

E([(y N N®1 & (V)80 (p) M)
= [P @ (L " Q" Dy }(9)

= [(yn]\il)®(011—l+Qn)]Qﬁl‘h—l,qn)(qunil ® DL(II\Z)«D)

Oy need )
— [(ynlv_l)@(anl‘Fqn_])]an 1:4p—1 (D ®DLN )((p)

9p—1
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for any ¢ € £Sym(E q" x Ej™). This yields that (recalling Definition 4.7)

E(y N (F)I52]) =7, QDY (P,

9p—1

from which we readily conclude that

E(y " (F) =EG, 1 1QIDY (P,

n—1

A simple induction yields that
N q0+4g
EGaN(F)=E@, " ™Dy v QDY QD! (F)
ao+4j) 90 dn—1

(N)lal ( )|f‘ F
N|q| Z (q/)ll n,q N“H Z /) l#(f)A q(F),

from which we find the followmg formula:
1 ™)
Q) () = > RSt gl ().
NI 2 (q)p

<p=q feFq:(fl=p

Using the Stirling formula (2.2), we readily check that
1 I

=2 D s 3 #Hha
qu (@) p| /
1<l=q¢'1=<p=q’ feFq:Ifl=p
From previous computations, we conclude that

oY = L e r_ 1 AT
Qq=2_ i 2= B4 =) T

r<q feFqm

Finally, we notice that ¥ q(0) reduces to the single class of all sequences of bi-
jections in Aq. The end of 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 3/l4l/ 2@n,q(F )]

q!
HOfkgn [ri! (Hkglgm <n Tk, lm ) (Hkglfn 2k )] .

Since we have s([f|, ¢’ — r) = 1, and (q’)|f<t>| = [1-1<k<n (@) g) —ry,,> for any
r = (rk)o<k<n, We conclude that

# (f‘(t)) _

st
s(If 7], q' — l‘)# f(t)) _ .«
q) ) 280!

with t! = [To<x<j<m<n tk...m!. The end of the proof of the theorem is now straight-
forward. [
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4.6. Propagations of chaos-type expansions. This section is essentially con-
cerned with applications of the differential forest expansion machinery devel-
oped 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 intro-
duce some notation. We shall work throughout with a fixed time horizon n > 0,
and a constant particle block size ¢ < N. We let NZ“ be the set of integer

sequences P = (Pk)o<k<n € N**+1 guch that IIpll = g. We associate to a given
P = (Pk)o<k<n € N"*1 the pair of integer sequences p’ and p + ¢ defined by

VOo<k<n  ppi= > p and p+q:=(po,...,Pa—1, Pn+q)

k<l<n

We also denote by (Gk)ogkfn and Efp the collection of functions defined by

_ 1 _
Gy = x (k(G) —Gi) and G =Gy ®--- @G
Yk(Gi)

(recall the Gy’s have been defined in Section 1). Finally, we consider the inte-

gral operators Q,, P+ from E2™ into EZ e

defined for any function F,; €
By(E? 141) by the following formula
+ =® —=® n ®pn
Q) Fur) =Gy @ G, @ (G, ® 0 Furym
with
— 1

Fp=——

Yu (14

The following proposition and lemma are technical results that will be needed
in the proof of Theorem 4.12.

(Fp — 029 (Fy)).

PROPOSITION 4.10. For any g < N and any n > 0, we have the polynomial
decompositions
1

ma’flzq,n.

EYy=E((1=% GC/mG))= Y

q/2<k=(n+1)(g—1)

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

9 = =®
" Eqn= . Y. 3G,

peN T A=I(P' =D+l

PROOF. We first check the following decomposition:

4.3) L=y (G /va(Gn)= Y v} (Gp).

0<p=n
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To prove this formula, we notice that

NG =G = ] 7Y Gp— ] m(Gp)

O0<p=n 0<p=n
= VnN (Gn — Nn (Gn))
+ 1N 1 (Gre1) = Va1 (G X 12 (Gp) = - --

Y v (Gp—np(Gp) x [ [1 rlk(Gk):|

O0<p=n p+1<k=n
with the convention [ [ = 1. Finally, combining the multinomial decomposition
q
(4.4) (=7 G/m(G) = 3~y (G

Ipll=q
with the Wick expansion stated in Theorem 4.9 we conclude that

1 q! ,— —
2 : Valld 2 : } : k P
peN’”rl peNfIH'1 q/2<k<|[(p'=D)+|| )

This completes the proof of the proposition. [

LEMMA 4.11. Forany u € R — {1}, and m > 1, we have the decomposition

a—lw > (q+k)k—+u 2 ((qﬁ)njm)« : )k)

0<k<m 1<k<q+1 1—u

with (g + k) = (g + k)!/q!.

PROOF. This formula seems classical but we did not find it in the literature.
The proof is essentially based on the fact that for any n > 0 and u # 1, we have

1 un—i—l nf
fay=—= > u*+ and =n!frH
1—u e 1—-
<k<n
This implies that for any m > n, we have
8nf 3" um-i—l
k
dun (1—u)n+1 2 (ot <l—u>

n<k<m

Applying the Leibniz binomial derivation formula for %( fg) to the product
u™ 1 x - we find that

1 9" Mm-‘,—l - m+ 1 uk—i—l
n_!au”<1—u>=u Z (”—k)(l—u)kﬂ'

0<k<n

The lemma follows. [
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THEOREM 4.12. For any n > 0, the sequence of probablltty measures
(Pn-i-l )N>q is differentiable up to any order with a0 Ppi1,g= nn+1, and the par-
tial derlvatlves given by the following formula:

(g =D +IpD!
) W=D +IPD) sy

(p+q)
(q—l)! ! Qn p+qQ

k
8 ]:Pn_’_l’q =
peUo<i<o N !

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

1 k N
IP)nJrl q = nn—i—l + Z k8 P”‘qu +Rn+1,q
1<k<|(N—q)/2]

with a remainder measure R;11V+1,q such that sup y - N((N_q)+l)/2||Riv+Lq ITv <
Q.

REMARK 4.13. Contrary to the expression in Theorem 1.5, where we have an
exact expansion as a sum of polynomial terms, the expansion above, though exact,
is the sum of a polynomial term plus a remainder term which is not polynomial.
This particular form comes from (4.5) appearing below in the proof of the theorem,
where we have to develop a fraction, whose expansion is an infinite sum.

PROOF OF THEOREM 4. 12 We let F,, 41 be a bounded measurable symmetric
function on EZ ntls such that 77” iy 1(FnJr]) = (. By definition of the particle model,
we have that

E((nY, ) (Fas)IEN) = N (G) ™ x (1)1 0% (Fur1)
=1 —ul)™ " x (yM)®1 0 (Fus1)

with the sequence of random variables u =0 -y, N(Gn)/yn(Gp)). Using
Lemma 4.11, we find that

4.5)

ynN(G,»)k
vn(Gn)

X (Vn )®q(Qn+1 VH-I) + Rgn’,]r\zl(Fn-i-l)

B0 ) (Fas)IEM) = 32 (@ = 1) + k), k,(

0<k<m

with the remainder term

N G” m+1
mn<Fn+1)—( —%) )40, Fop)
s (q+m>< )/nN(Gn))k_l/<y,fV(Gn))k‘
Yn(Gp) Yu(Gy)

1<k<gq

We also have from Proposition 4.10

Supy > WE(IynN(Gn) _ yn(Gn)|m+1)1/m+l - 0.
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Using the regularity hypothesis (1.1) on the potential functions we conclude that
supysy N2 REN ||py < oco.
Finally, using the multinomial decomposition (4.4), we conclude that

1 NG \* -
Y (=005 (1= 250 ) o0 P

0<k<m

1 _
= Y (@g=D+k); > EV,SN‘“’N(QS,"”)(FHO)-

0<k<m pGNZH

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

N ((g—=D+[pD!'=~v =+ N

Pn—i—l,q - Z (q _ 1)'p‘ Qn,p—l—an + RlZl,l’l

Ipll<m

with a remainder measure R,‘,ﬂ’,[,\f, such that sup N1 N (m+1)/2 | R,?;,’,Y ITv < oo. This
implies that for any k < (m + 1)/2 we have

k (g =D +1IpD! 1= =(p+q)
MPusta= 2 = ppr 0 G

This proves the first assertion of the theorem. Notice that kth-order derivative mea-
sure ak@n’pﬂ only involves colored forests with less than k coalescent branches,
from the original root, up to the final level. If ||p|| > (2k), then these colored forests
contain at least one elementary tree with a white leaf. By definition of the operator

6(p+q) we find that

n

Ipll<m

& e+
0" QuprgQ) " (Far) =0.
This yields the second part of the theorem. [

5. Consequences. We end this paper with a series of some direct conse-
quences of the above theorem. Some of the already known properties of particle
systems can be found in Section 1.

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

sup N?
N>g+7

<0

N ®q 1 1
IP)n—&-l,q B PS ﬁa ]P)n—I—l,q v

with a first-order partial derivative given by the formula

alHDn—i—l,q (Fn—l—l) = 81Qn,q Q,?_il(fn—l-l) +4q Z al@n,qmﬁgm (Fn-i-l)

0<m=<n
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with the sequence of integers q,, = (1,,(k) + q1,(k))o<k<n. The first term in
the right-hand side in the above displayed formula has been treated in Corol-
lary 3.13, and we have that

alQn qQS?.ﬁ](fn-&-l)

—1
Q(qz i Z Af,ISQn+1(Fn+1)
0<k=<n
—1
A 3 y(l)/ V@G, x)
0<k<n

x Ot (Fupn) @, x%, 2%, x9),
Each of the terms Bl@n’qm 63’” (Fy+1) only involves the colored forests

VO<k<m fk,m = Uka,m,nU:,]_zll

associated with the trees Tk, ,, and Uj, introduced on pages 816-817. After
some elementary manipulations, we find that

3'Q.q,, Q" (Fut1)

f"l m
=q Z Ankqm Q! (Fus1)

0<k<m

—q Y m(l)/ yEIAG . x9) Qo (G) (1)

0<k<m

® —
X Ot (Fupn) !, x).

e A Wick formula derives from Theorem 4.9. More precisely, for any F €
JBSym(Eq +1)> the partial derivatives *P,i1. ¢(F) are null up to any order
k <|q/2], and for any even integer g, we have

(5.1) 992Py 4 1,4(F) = yus1 (1) 77872Q, 4 027, (F)

assoonas N > 2(q +2) [sothat ([(N —¢q)/2] — 1) > ¢ /2]. To prove this claim,
we notice that for any k < g/2, and any F € !BO (Eq+1) we have

vpe |J N k<g/2<(Ipll+¢)/2 and therefore
0<l<2k

— ~(p+
0 pprg Q" (F) =0,

This yields that BkIP’,,H,q(F) =0, for any even integer ¢, and any k < ¢g/2. In
the case k = g /2, we have k = q/2 = (|lpll + ¢)/2 if, and only if, p coincides
with the null sequence 0.
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o We let ||,u||£sym = supFe£sym | (F)| be the Zolotarev seminorm on M(EHH)

associated w1th the collectlon of functions
B = {F e By (El,):|IF| <1},
For any even integer g such that (¢ +2) < N/2, we have

" 1 1

= 44/
meia = NaR et e O

< OoQ.
sym

(5.2) sup N1+Q/2‘
0,1

N>g+7

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

(5.3) Nlim mNH®1(Fy=0  ps.

for any bounded symmetric function F € £sym(EZ ). This result is an exten-
sion of the law of large numbers for U -statistics obtained by Hoeffding [8] for
independent and identically distributed random variables to interacting particle
models. One can also look at [9] for a more modern reference.

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

]fDr]XFl,q tF € Byp(Ey ) > [@Q’H,q(F) = E (7, ¥ (F))

is differentiable up to order | (N — ¢q)/2], with 801~Pn+1 q= n;?fl, and the partial
derivatives given for any 1 <k < [(N — ¢g)/2] by the following formula:

(g =D +1PD! 15
ZN,M (g — D'p!

pPeUo<i<ox N

FPys1q(F) = *Qui1.p.g) Gy ®F).

In the same way, for any F € £sym(E q wt1) and N > 2(g + 2), the partial deriva-

tives 9% Qn41,4(F) are null up to any order k < ¢/2, and for any even integer ¢,
we have that

31°Py 11,4 (F) = Y1 (1) 79992 Qui1 4 (F).

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

F=(f = ()™
with f € Bp(Eyp+1) = ]P)n+1 q(F) = E([n,11v+1(f) - 77n+1(f)]q)

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

& 1 1

ntla T Na2 Y, (1) =

sym

0,1

(5.4) sup N1+q/2‘
N>g+7

q/an-H,q
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