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Abstract

We are interested in the computation of spatial statistical solutions’ intensities for
the McKean-Vlasov and 2d-vortex equations. Inspired by the probabilistic approach of
Talay and Vaillant [33], we introduce and study a new adaptive particle approximation
which uses wavelet estimators with hard thresholding. Convergence rates are proved
by adapting to our dependent particle model a wavelet regression approach inspired
by Kerkyacharian and Picard [18] in random and independent design. The difficulties
arise from the fact that our particles are no more in mean field interaction. Because
of the special dependency, we can not use usual coupling methods like in Sznitman
[31] or Méléard [25]. The new key is to prove spectral gap inequalities in order to deal
directly with the interacting particles, as Malrieu and Talay did in a different context
[22].

The vortex equation associated with the 2d-Navier-Stokes equation is carried as an
illustration. Additional difficulties are introduced since the interaction kernel is not
bounded and since the initial conditions may have a weight and a sign. O

In this paper, we are interested in partial differential equations (PDFEs in the following)
with random initial conditions. The flow of such PDE is therefore random, and its law is
called statistical solution of the problem.

Statistical solutions are particularly interesting when modelling complex phenomena or
when introducing the notion of uncertainty in the initial state. The 2d-vortex equation we
study in Part 5 of this article has been one of the equations motivating these developments.
It is obtained from the famous 2d-Navier-Stokes equation, which models the velocity of
a viscous incompressible fluid in the plane. In the case of this equation, the theory of
statistical solutions is for instance an attempt to take into account the turbulence arising
with high velocities and low viscosities. Vishik and Fursikov [35] or Constantin and Wu
[8] have studied such problems with analytical tools.

Talay and Vaillant 33, 34| generalized the probabilistic approach of McKean-Vlasov
equations developed by Sznitman [31] and Méléard [25] to the case of a random initial
condition. In particular, they proposed an original stochastic particle method with ran-
dom weights to compute numerically the moments of the statistical solutions. They left
however the case of the 2d-vortex equation open.

We consider the McKean-Vlasov and 2d-vortex equations with random initial condi-
tions, and our aim is to provide a new numerical method for the computation of the
intensities of the associated spatial statistical solutions, which are the time marginals of
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the statistical solutions. We follow the probabilistic approach in Talay and Vaillant [33].
The new approximation we propose is based on wavelet regression estimators. This allows
us to extend the method of Talay and Vaillant [33] to a larger class of initial conditions
and to obtain better asymptotic convergence rates. Another advantage is that we obtain
an adaptive numerical scheme. The latter does not require any a priori knowledge of regu-
larities for the parameters which govern the randomness of the initial condition. Our main
result is presented as Theorem 1.2, for McKean-Vlasov equations, and is used to obtain
Theorems 5.1 and 5.3, for the 2d-vortex equation.

First, we work in the quite general frame of McKean-Vlasov equations. In section 1,
we recall the probabilistic setting we will consider and define the statistical solutions and
their intensities. We then introduce our new particle systems and explain the advantages
of using the nonlinear wavelet regression estimators inspired by the work of Kerkyacharian
and Picard [18]|. Parts 2 to 4 are devoted to the proof of our main result, Theorem 1.2,
concerning the rate of convergence of our approximation. Because of the nonlinearity of the
estimators we use, we can not couple our interacting particles with independent nonlinear
diffusions as it is usually done (see Sznitman [31], Méléard [25]). The new key is to establish
the concentration inequalities, which we need to obtain the convergence rates, directly on
the interacting particle system, with the use of spectral gap inequalities. The calculations
are similar to the ones carried by Malrieu and Talay in [22] when they construct confidence
intervals for Euler schemes. We show here how these ideas are well suited for the use of
statistical tools on particle systems.

Finally, Section 5 is an adaptation of our numerical method to the 2d-vortex equation.
Additional difficulties arise since the interaction kernel is not bounded and since the initial
conditions may have a weight and a sign. We use a cut-off equation, and a trick due to
Jourdain [15] to overcome these problems. The main results for the vortex equation are
given in Theorems 5.1 and 5.3. We conclude with some simulations which seem to confirm
the efficiency of the algorithm that we propose.

Notation:

We denote by C(E, F) the set of continuous maps from E to F. The space Cf'(E, F)
is the set of functions of class C*, bounded, and whose successive partial derivatives are
continuous and bounded to the order k € N. The space CI])”E(E, F) is the set of functions
of CF(E, F) whose derivatives of order k are e-Holder continuous. The space By(E, F)
denotes the set of bounded measurable functions from E to F. We denote by LP(E) the
usual space of measurable functions f from E to R such that [|f[P < co. Finally, we use
D(FE) for the set of density functions on E.

For any random variable X, we write £(X) or PX for its law.

For a measurable space E, we write P(E) the set of probabilities on E. For Q) € P(E)
and f € By(E,R), we use the notation (Q, f) for [, fdQ.

Let (£2, P) be a probability space which will characterize the randomness of the initial
condition.

The stochastic processes studied here will be considered as random variables defined on
(C([0,T],R™), Py ), where Py is the Wiener probability measure. The canonical process
is thus a Brownian motion in R”, which we will write (W),co,77- E is the expectation
operator under the Wiener law. (F)c[o,7] denotes the natural filtration associated with
(Wt)te[O,T]-

We will be lead to introduce the space C([0,7],R™) x R, on which we will define a
reference measure P” := Py ® v, with v a probability measure on R. E¥ is the expectation
operator under this measure.



When we will be dealing with Euler schemes, we will write At for the discretization
step, which will be assumed constant and less than 1 for the sake of simplicity. On the
interval [0,7], with T" > 0, we can choose for instance At = %, which defines K + 1
discretization times t;, = k At for k =0 to K.

Finally, C' is a positive real constant that can change from line to line.

1 A Probabilistic Approach for the Computation of McKean-
Vlasov Spatial Statistical Solutions’ Intensities

1.1 Statistical Solutions for a McKean-Vlasov PDE and their Intensities

Let us consider a random function py(z,w) depending on z € R™ and on an alea w € (),
such that P(dw)-almost surely (P(dw)-a.s. in the following) pp(.,w) is a density function.
We call ;1 the law of probability of py, considered as a L'(R")-valued random variable
with support in D(R™).We will suppose, in all the article, that the randomness of py arises
through its dependence on a scalar random variable 8 € R of law v:

P(dw) — a.s.,po(.,w) = po(.,0(w)),

where pg is a deterministic measurable function on R™ x R. In this case, y is the image
measure of v through the mapping:

®:ar—po(.,a).

We consider the following McKean-Viasov equation with random initial condition py:
P(dw) —a.s., Vt € [0,T], Vo € R™,

%p(t,x,@) = 72?:1 di;('l (ub,i(taxaa)p(t7z79))

+ 3 ZZj:l #amj ((uo (t, @, 0)us(t,x,0))i;p(t, x,0))
ub(t7 z, 9) = f]Rn t 'Y, G)dy
U (t,z,0) = fRn p(t,y, 0)dy,

where b and ¢ are functions respectively defined from (R™)? to R™ and from (R™)?
M xn(R), the set of n x n real matrices.

The probabilistic approach which constitutes the frame of our study relies on the weak
form of PDE (1).

Definition 1. We say that the random variable in C([0,T], P(R"™)), (Qi(dz, 0))icio,, is
a weak measure-solution of the McKean-Viasov equation if it satisfies:

P(dw) — a.s.,¥¢ € CZ(R™,R),Vt € [0,T],

J o(@)Qu(dz,0) = [ é(@)po(w,O)de + [y [ (£ ?lum(sxe) ()

99

oz

s (o (s, O)us (s, ,0)) (%Law] ) (dx,0)d -
w(t,z,0) = o b(z,y)Q:(dy,0)

ud(tvmvg) = f ( ) t(dya )

Qo(dz,0) = po(x G)dx

Remark 1. With an abuse of notation, we will say that a random probability measure Q(6)

on C ([0, T],R") is a weak measure-solution of PDE (2) when its time marginals constitute

a weak measure-solution in the sense of Definition 1. O
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Remark 2. When P(dw) — a.s. and for allt € [0,T], the time marginals Q(dx, 0) of the
weak measure-solution of PDE (2) admit densities p(t,xz,0) with respect to the Lebesgue
measure dr on R™, the family of these densities is called weak function-solution of the PDE.
It can be viewed as a random function in C([0,T], L*(R™)), the continuity being a L'-weak
continuity. O

Let us now define the statistical solutions of the McKean-Vlasov problem:

Definition 2. When the evolution problem (2) admits a unique weak measure-solution
(Qt(d,0))ieio,r) (up to a null-set), then the following map is p-a.s. well defined:

S: LYR")  — C([0,7],P(R"))
p:po(.,a) = (Qt(dxva))tE[O,T}-
The law m € P (C([0,T],P(R™))) of the weak measure-solution of (2) can thus be

written as the image measure of p through the mapping S, and is called statistical solution
of the McKean-Vlasov problem:

m=poS t=vo(Sod) L (3)

The marginal Q(dx,0) at time t of the weak measure-solution of (2) is a random
probability measure on R™ whose law my € P (P(R™)) is the t-time marginal of m. The
probability measure my is called spatial statistical solution at time t of the McKean-Viasov
equation. &

The setting of the problem can be summed up in the following diagram:

@ %R 3 IE) S ¢([o. 7], P (&)
w — a —  pl.,a) = Spoldz, a) = (Qi(dw, a)),cior
P v p=vod! m

When dealing with statistical solutions, only mean quantities can be computed. Since
we consider random probabilities, interesting mean quantities are their intensities (see
Sznitman [31]). The intensity I(m;) € P (R™) of the spatial statistical solution m; at time
t is defined by:

vIeBE R, (m).f) = [ (@ nmiae

l4«50¢WDmﬁVM®- (4)

The aim of this article is to approximate this last expression (4) by using a wavelet stochas-
tic particle method.

Remark 3. When there exists a unique weak function-solution to PDE (2), and when
the initial mean energy is finite ([o ||po(.,a)||r2v(da) < oo), the intensity I(my) can be
linked to the first moment of the statistical solution as defined in Talay and Vaillant [35]:
vt € [0,T], 3'My(t) € L2(R™), Vf € L2(R"), (I(my), f) = (Mi(1), f)r2(mn)- a

1.2 Probabilistic Approach of the Problem

We now recall the probabilistic interpretation for the McKean-Vlasov equation given in
Talay and Vaillant [33].

We deal here with two different sources of randomness. The first one comes from the
initial condition and will be considered through the random variable . The second one
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is related to the probabilistic approach, which consists in looking for Markovian processes
whose time marginals satisfy the weak PDE (2). Here, the process of interest is given by
the nonlinear stochastic differential equation (SDE) introduced in Theorem 1.1.

We state existence and uniqueness results for this SDE, then we enounce existence and
uniqueness results for the weak PDE (2).

Assumption 1. The following assumptions will be made for b, o and py:

(A1) The functions b and o are Lipschitz continuous functions:
3L >0, Vo, y, 2 u € R, bz, y) — b(z,u)| + [lo(@,) — oz 0| < Lilz — 2| + |y — ul),
(A2) The functions b and o are bounded,
(A3) P(dw) — a.s., po(.,0) is a density function,
(A4) P(dw) —a.s., [2?po(z,0)dz < .

Theorem 1.1. Suppose that Assumptions (A1) to (As) are satisfied. Let (Wyi)ycpor) be
a Brownian motion on R™, let 6 be a random variable of law v and let (Xo(a))eer be a
family of random variables such that a — Xg(a) is measurable and such that P(dw) —
a.s., L(Xo(0)) = po(x,0)dx. We assume that (Wi)epor), 0 and (Xo(a))acr are inde-
pendent. Then, pathwise existence and uniqueness are available for the following SDE:
P(dw) —a.s., ¥t € [0,T],

dX.(0) = wpt, Xf(o) 0)dt + uqy (t, X;(6), 0)dW,

b 7x70 f]Rn €T, y PXt( )(dy) (5)
(t,ZL‘ 9) = fRn xz, y PXt(e) (dy)
L (Xo(0)) = po(z, Q)dx
O

Proof. Notice first that the law of X;(0) depends continuously on the initial condition
Xo(0) (see Kunita [19]), which is itself measurable in 6. The conditional law of X;(0)
knowing 6 is therefore well defined. The idea of the proof is that existence and uniqueness
results for the conditioned diffusion knowing # are similar to their non-conditioned coun-
terparts.

Since the random variable ¢ is independent of the Brownian motion (W¢),ejo,77 and of
the family of random variables (Xo(a))qer, looking at the conditional version knowing 6
of SDE (5) amounts to considering this equation for every realization a of 6. Hence, we
are lead to study existence and pathwise properties for the following SDE:

{ dXi(a) = up(t, X¢(a), a)dt + us(t, X¢(a), a)dW; (6)
L(Xo(a)) = po(z, a)dz.

The solution (X¢(0)),efo,) of SDE (5) is then linked to the solution (X¢(a)),ef 7 of
SDE (6) by:
L(X:(0)]0 = a) = L(Xi(a)) . (7)

For a given realization a of 6, we can use the proofs in Sznitman [31] and Méléard |25].
Let o = (e(dz)),e 0,7y be a given family of probabilities in C([0, 7], P(R")). Let us define:

witn) = [ boldn), ubtn) = [ oty 0

n

We can associate with the nonlinear SDE (6) a linear SDE by replacing the coefficients
up(t, z, a) and uq(t, z,a) with uj (¢, z) and u5(t, z) respectively:

Xt'(a) = Xo(a) + /t ub (s, XK (a))dWs + /t ul (s, X¥(a))ds, fortel[0,T]. (9)
0 5 0



Pathwise existence and uniqueness of the solution of the linear SDE (9) hold, thanks to
Theorems 2.5 and 2.9 (pages 287 and 289) in Karatzas and Shreve [16].

To deduce the existence and uniqueness of a weak solution for SDE (6), we use a fixed
point theorem. The weak solutions of SDE (6) and SDE (9) belong to the space:

P2(C([0,T],R™)) = {P probability law on C([0,T],R™) | (P,sup,cp|X:|*) < o0
where X, is the canonical process on C([0,T],R"™)}.

This space, endowed with the weak convergence, is metrisable with the Vaserstein complete
metric pr, defined for m!', m? € Py(C([0,T],R™)) by (see Rachev [29]):

Pt m?) = 0 { fo o 100 5P o — yPm(de, dy) | m € Pa(C(0.T)R") x C((0, 71, R")

with marginals m' and m2} .

Existence and uniqueness of the weak solution of SDE (6) are equivalent to the existence
and uniqueness of a fixed point for the mapping:

G = P2AC([0,T],R™) — P2(C([0,T],R"))
I = L(XHa)),

where X#(a) solves SDE (9). The latter result is obtained thanks to the completeness of
(P2(C([0,T],R™)), pr) and to the following inequality (see Sznitman [31] or Méléard [25]
for a complete proof):

vt € 0,71, Ym',m* € Po(C([0,T],R™)), p; (Ca(m'), (a(m?)) < Cr /0 t pa(m*,m?)du.

Finally, for a given initial condition Xo(a) and a given Brownian motion (W¢);c(o,77;
pathwise existence and uniqueness for the linear SDE (9) where 1 has been set to the unique
weak solution of SDE (6) imply pathwise existence and uniqueness for SDE (6). [

Proposition 1.1. Under Assumptions (A1) to (Ay), there exists a weak measure-solution
to PDE (2). =

Proof. This can be seen by using It6’s formula to compute EY¢(X¢(6)), where ¢ € CZ(R™,R)
and (X¢(0))se(o,7) is the solution of SDE (5). [

Proposition 1.2. Suppose that Assumptions (A1) to (A4) are satisfied. Then if (P} (dz, 0))iejo,m
and (P?(dx, 0))iclo,1) are two weak measure-solutions of PDE (2):

P(dw) — a.s., Vt € [0,T), P}(dz,0) = P*(dz,0).
O

Proof. As in the proof of Theorem 1.1, we can work conditionally to a realization a of 6
such that Assumptions (A;) to (Ay4) are satisfied.

Let p = (pe(dw)),epor) be a given family of probabilities in C([0,T], P(R")). We can
associate with the nonlinear PDE (2) and with the nonlinear SDE (5) linear versions by
replacing the coefficients uy(t, 2, a) and uy(t, 2, a) by uj (¢, z) and uf(t, z) defined in (8).

Take iy = (PH(dz,a))ieo.r) and pg = (PZ(dz, a))ieo.r] two measure-solutions of non-
linear PDE (2).

Consider the solutions X' (a) = (X} (a))ep,r) and X?(a) = (X7(a))sepo,r] of the linear
SDE (9) with respectively pl and p2. Using Ito’s formula, we see that £(X!(a)) and
L(X?(a)) are solutions of the linear PDE associated with (2) with respectively pl and p2.
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Since p1} and 2 solve the nonlinear PDE (2), they also solve the associated linear PDEs
defined respectively with ul and p2.

Since the generator of the linear PDE associated with (2) for a given y is a diffusion
generator with bounded coefficients, we can use Theorem 5.2 in Bhatt and Karandikar [3] to
obtain uniqueness of the weak measure solution of this PDE. Thus: V¢ € [0,7T], £(X}(a)) =
P}(dz,a), and L(X?(a)) = P?(dx,a).

Consequently, X'(a) and X?(a) also solve the nonlinear SDE (6) (Notice that the
nonlinearity in SDE (6) only plays through the solutions’ marginal laws). Thanks to
Theorem 1.1, uniqueness implies: £(X!(a)) = L(X?(a)).

Thus: Vt € [0,7T], P}(dr,a) = P?(dz,a). |

We can now reformulate the intensity of the spatial statistical solutions defined in (4)
with the nonlinear diffusions (5) and (6):

vt € [0.T), Vf € By(R",R), (I(my), f) = / Ef (Xi(a)) v(da) (10)
— EI(X,0)). (1)

1.3 Particle Approximations
Remark 4. Until section 4, we will assume, for the sake of simplicity, that n = 1. O

We review here three approximations for the computation of the intensity I(mr) ap-
plied to a test function f € By(R™,R). This allows us to explain our purpose. The first
approximation relies on the formulation (10), while the second and third ones use the ex-
pression (11). The two first approximations have been studied by Talay and Vaillant [33].
The third one is the original approximation which makes the object of this article.

We are interested here in the case where the law v is absolutely continuous with respect
to the Lebesgue measure on R. We refer to Talay and Vaillant [33| for the discrete case.

1.3.1 Existing Particle Approximations and Problematics

Method 1: The first "naive" idea is to return to the standard McKean-Vlasov case, using
(10). This first method has been mentioned by Talay and Vaillant [33].

We set 6 to a and approximate the expectation Ef(X7(a)) under the integral in (10)
by computing a mean over interacting particles. The latter are simulated by replacing
the unknown law £(X;(a)) appearing in the coefficients uy (¢, x,a) and u,(t,z,a) by the
empirical law of the particle system. The convergence of the empirical law to £(X(a))
is known as propagation of chaos and has been described in Méléard [25] or Sznitman
[31]. Once we have done this, we evaluate in turn the integral in a with a Monte-Carlo
approximation.

The algorithm is thus the following;:
1. We simulate Ny random variables (0;);c[1,n,] i-i.d. of law v.

2. For each 6;, we simulate Ny particles, (Yi’l’%(ﬁl))ie[l Nl

N, random initial conditions (Yg’l’Nz (9;)) . iid. of law po(z,8;)dz. Then, we define
1€[1,N2
the paths of the particle system with an Euler scheme of discretization step At and of

discretization times t, = kAt: Vi € [1, N1], Vi € [1, No], Vk € [0, K],

To this purpose, we simulate

i, N. Yan sl
VN 0) = b (V00,7 ) A
0o (VN 00, Y 00) Wi, - i,
7
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where (Wi’l)ie[l,Nl],le[l,Nz] is a N1 X Ns-dimensional Brownian motion, independent from

the random variables (6;);e[1,n,) and from the initial conditions (YS’Z’NQ (91)) .
’ i€[1,N2],le[1,Nq]

3. An approximation of (I(mg), f) is given by:
Ny N>
1 1 = i,1,Na
Wm0 3 5, 29 (Vi o)

The corresponding approximation error, though not given by Talay and Vaillant [33],
can be fairly obtained:

Proposition 1.3. Ifb, 0 € Cg+E(R2, R), with e > 0, and if the initial condition py satisfies
(A3) and (Ay4), then: Vf € CJT5(R,R), 3C = C(T, f,b,0) > 0,

11 4,0, N2 1 1
E|<I(mT),f>—E;E;f(YT 0) < C(JEJF\/JTQJFN)‘

a

The asymptotic rate of convergence here is the one of the Central Limit Theorem
(CLT), which is the best we can hope with stochastic methods.

However, as pointed out by Talay and Vaillant, this method is numerically very expen-
sive, since it uses a two-steps imbricated simulation procedure. The number of simulations
at each stage has to be high. The total number of simulations, N1 x No, with N1 and N»
high, is therefore very large: Vaillant (|34], section 3.7 page 79) showed that the complexity
of this method is of order O (N1 N3 /At).

Notice also, that contrarily to the two other methods, Method 1 does not require any
assumption on the dimension of the space where 6 takes its values.

Methods 2 and 3: The aim is to find numerically more efficient methods. In order
to avoid imbricated simulations, we follow Talay and Vaillant [33] and consider particle
approximations based on Expression (11) and SDE (5).

We approximate directly the expectation E” f(X7(#)) in (11) by computing a mean over
interacting particles (X%N(Gi))ie[l’m whose laws are expected to be close to L(X7(0)).

To simulate these particles, we have to replace the unknown coefficients uy(¢, x, ) and
uq(t, z,0) by quantities depending on the empirical measure of the system. Since SDE (5)
can be rewritten as: P(dw) — a.s., ¥t € [0,T],

dX;(0) = BY ((b(x, X¢(0))]6) la=x,(9) dt +E” ((0(2, X1(0))|0) |o=x,(0) dW:
L(X0(0),0) = po(z,a)dxv(da) (12)
W is a Brownian motion independent of the random variable 6 and of X (),

(we will choose for (¢,z) — E¥ (b(z, X¢(6))]0) and (t,x) — E¥ (o(z, X¢(0))|#) continuous
modifications of the conditional expectation processes), this amounts to approximating the
expectations in the law of X;(#) conditionally to €. To this purpose, we will use regression
estimators.

The particle approximations which are considered here are based on the following al-
gorithm:

1. Simulate N random variables (0;);c[1,n] of law v,



2. For all i € [1, N], associate a (single) particle, defined by its initial condition XN (6;) of law
po(x,0;)dx and by its trajectory described by the following Euler scheme: Vi € [1, N], Vk €
[0, K1,

XiN(0:) = X000+ (0, X57(0:),0.) A+ (0, X5V 00,0) (Wi, = Wi, (13)

where ay,(tg, XZ};N (0:),6;) and uy (tg, X’Z;N(Gi), 0;) are some regression estimators constructed

on our particle system: we compute the regression of the observations (b()_( ; ];N (6:), X} ];N (HJ))) .
JelL,

on (6;)jen,n) to approximate a — ub(tb)?;’cN(Qi),a) = E” (b(x, X4, (0))10 = a) | ,_x1.vg,)-

. tk ‘
The value of the regression function at point 6; gives us (¢, XZ;N(QZ'), ;). The same goes
for u,.

3. The approximation of (I(mr), f) is then:

N
(I(m Z (XZ N ) . (14)

The two following stochastic particle methods use this approach, but with different
regression estimators.

Method 2: The Particle Method with Random Weights.
This method has been introduced by Talay and Vaillant [33]. It is based on the use of
Nadaraya-Watson regression estimators to compute 4, and u,: Vi € [1, N], Yk € [0, K],

N

Hy(6; —6; e X/
S 00, (x50, %2V 0,))
=1 2= Hn (0 = 01)

N
T (XN 0,0) = Hi(0; — 6, o (XN 0, X170))). (15)
j=1 Zl:l HN(ej —61)

where Hy = H(./hy)/hn for a given window hy and a given Parzen-Rosenblatt kernel
H on R (see Bosq and Lecoutre [4] for more information. A possible choice for H is the
Gaussian density function for instance).

Talay and Vaillant [33] and Vaillant [34] computed the accuracy of this second method:

iy (s X2 (60),0:)

Proposition 1.4. (Talay and Vaillant [33]) Under the following assumptions:
1. The functions b and o are in C;*(R,R),

2. The law v of 0 is absolutely continuous w.r.t. the Lebesgue measure and has a strictly positive
Lipschitz continuous density g supported by a compact interval © C R,

. The application ® : a > po(.,a) is Lipschitz continuous for the norm in L*(R),

3

4. Ya € ©, po(.,a) is a density function,
5. Sup,ee Jp 2'po(w, a)dz < oo,

6

- My oo Ay — 0 and limy o0 285 =0,
N
7. The kernel H used in the weights is a Parzen-Rosenblatt kernel.

Consider the particle system (13) constructed with the estimators defined in (15), then:

YO<e<1,VfeC™R,R),IC =C(T, f,bo) >0, 3Ny, VN > Ny,

N
v 1N 1 1/4



The asymptotic rate is not as accurate as the one obtained with Method 1 because con-
vergence rates of non-parametric regression estimators are slower than the ones of empirical
means.

An optimisation of the right hand side in hy tells us that a window hy ~ 1/v/N gives
a convergence rate in N~/8. This rate is however never attained, since the condition on
the window constrains us to choose hy such that log N/(Nh%) — 0.

However, simulations are faster than in Method 1 and less demanding in memory.

The random weights Hy(0; — 6;)/ (Zf\il Hy(8; — 91)> depend only on the realizations

of (ei)ie[l, N] and neither on the function being regressed, nor on t;. These weights are
thus computed once and for all at the beginning of the algorithm, when the (Hi)ie[l, ] are
simulated, and are then used for the computation of 1}, and u, at each date tj.

From the computations of Vaillant ([34], section 3.7 page 79), we deduce that the
complexity of this method is of order O (N 2/ At).

1.3.2 Method 3: The Wavelet Particle Approximation

We now propose a third method. It is based on the algorithm (13) with the choice of
truncated warped wavelet regression estimators for the computation of u;, and u,. These
estimators are inspired by the works of Kerkyacharian and Picard [18]. Since the two re-
gression estimators are similar, we deal only with ;. The results are the same for u,. A

short review on the wavelet theory and on wavelet regression in random design is given in
Appendices A and B.

Let us consider a Multi-Resolution Analysis (MRA) generated by the father wavelet
¢ € L?(R) and the mother wavelet 1) € L2(R), satisfying the following concentration and
moment properties:

Assumption 2. 1. Concentration Property (H): Va € R, Y 7 |¢(a+12)| < C < oo.
2. M Null-Moments Property (M):

M >1, J (A +]aM) [¢(a)|da < oo
J @+l [p(a)lda < oo,
Ym € [0, M — 1], J a™p(a)da = 0.

We define the descendants of 1 by ¥7(a) = 211/2¢(21va — L), where I = (I, I5) is a
double index with I; > 0 and I € Z. To simplify notations, ¢ is often written 1_1 o, and
we define for any I € Z, Y_11,(a) = ¢(a — I2).

A wavelet decomposition on the MRA (v7) I>—1.5ez 1s available for any function of
L? (see Appendix A).

Recall that our aim is to approximate the conditional expectation:

up(ty, z,a) = E” (b(x, Xy, (6))0 = a) .

In the following, we denote by G the distribution function of . We will assume that the
law v of 6 admits a density g w.r.t. the Lebesgue measure on R and that this density has
a connected support © C R, possibly R itself. The distribution function G hence defines a
bijection from the interior of O into ]0,1[. We also define Gy the empirical equivalent of

G:

N
1
Va € R, Gy(a) = i Z 1o, <a- (17)
i=1

10



Since a +— up(tg, z, G71(a)) is a bounded application with support in [0, 1], it belongs
to L%([0,1]) and a wavelet expansion on the MRA (¢/7); is thus available for this function:

Va € [0,1], Vk € [0, K], Vo € R, uy(ty, 2, G™" Zﬂ,” 'ik)

This expansion is equivalent to the expansion of a € R +— wy(t, x,a) on the warped wavelet
basis (17 o G);:

Va € ©,Vk € [0, K], Vz € R, uy(ty, 2, a) Zﬁ(“k (G(a)). (18)

The coeflicients ﬂ}b’t’“) (x) can be expressed with respect to these two equivalent expansions:

ﬁgb,tk)(x) _ Yr(a)up(te, z, G~ a))do = / Y1(G(a))up(ty, z,a)v(da). (19)

[0,1]

Using (18) and (19), we propose the following regression estimator for u;, inspired by
Kerkyacharian and Picard [18] (To see how this estimator has been built, refer to Appendix
B): Vae ©,Vk € [0,K], Vx € R,

1
Bt ea) = Y Y B @) (Gra)), (20)
I1=—1 Is
with:
N
Bt () Z 0)0 (2. X57(0;))  and B (@) = thr (B (@), tn ), (21)

where thr(x, \) = x1|;/- is the thresholding function, ¢y, the threshold level and IV, the
resolution level.

The expression of estimators (21) is simpler when we rank the couples <0j, Xfl;N (@)) .

in increasing order of (6;) jcn1,n- The ranked sequence of (6;) jc(1,n] is denoted by (6;) je[1,n7-

The ranked couples are noted (;), (Z)’N(G( )))jef1,n) With the index j between parenthe-

7)
sis. For any x € R, estimators (21) can then be rewritten as:

M) (5 f:]bqp ( ) (;,; X(” (0(]))). (22)

J=1

When we plug the regression estimators (20) in the particle system defined in (13),
with XZ}’CN(Hi) as x and 6; as a, for the regressions defining the path of XZI;N (0;), we obtain
the particle system on which Method 3 is based:

Definition 3. Let (0;)ic;1,n) be i.i.d. wvariables of law v, let <X6’N(9i)). L] be inde-
€1,

pendent random variables of initial laws po(x,0;)dx, and let W = (W1, ... ,WN) be a N-
dimensional Brownian motion independent of the variables (0;)ic(1,n) and of (Xé’N(HZ-))Z-E[LN].
Introduce the coefficients ﬁ}b’t"’)(a}) and B}U’tk)(az) as in (21). We can define the following
particle system: Vi € [1, N], Vk € [0, K],

X 00) = X060 + S Sy B VED G0er () a0

b S e A DY @aer () (Wi, - W)

%
11



In the sequel, it will be useful to notice that the sequence of particles ((X

_(i)vN 9 . .

e (0@))ien, N re[1,K]
for the discretization times ¢ can be considered as a RY-Markov chain with transition ker-
nel S defined by:

vz € RN, Vf € CG(RY,R),

1Y , ,
¢ J
S S S () (3) Uy s oo

Sf(z) =
] PheTh ke 1<i<N
N IV
" NZ Z Zl/)l ( ) ( ) ! ¥ Zih ¢I(%)U(1ivzj)\>twg($i’xj)mBi 24)
e 1<i<N

where the (B;);c[1,n) are independent centered reduced Gaussian variables.

Our main result deals with the convergence rate of this method:

Theorem 1.2. Consider the following assumptions:
1. The functions b, o € C;¢(R? R),

2. The law v of 6 admits a density g on R w.r.t. the Lebesque measure. The support © of g is
assumed to be connected, and can be R itself,

3. P(dw) — a.s., po(.,0) is a density function with moments of order 2,

4. The marginal law in x of po(x,a)g(a)dadx, satisfies a Poincaré inequality with the positive
deterministic constant cq:

Vf e CY(R,R), /Rf?(z) </p0(:17 a)g( da) dx — </f </p0 z,a)g (a)da> dz>2
< [ [95@P ( [ misalg(aia) an

5. The application ®o G~ : a € [0,1] — po(., G~ () is s-Hélder continuous for the norm in
LY*(R), with s > 1/2, and G the distribution function of 6,

6. The father and mother wavelets ¢ and 1 used to construct the estimators w, and U, are
compactly supported, Lipschitz continuous, and satisfy Assumptions (H) and (M ),

7. We threshold the estimators with ty = k(log N)/v/'N where r is a positive constant that
depends only on b, o, co, ¢, ¥, T and At (see (55) in the proof for more information on the
choice of k),

vV IN
log N’

Then the particle system (23) is well defined and satisfies:

8. The resolution level I satisfies 21

YO <e<1,YfeCTs 3C =C(T, f,b,0) >0, 3Ny, VN > Ny,

S e
E”\<I<mT>,f>f%Zf(ngwim < c(mHog N(h;gjjvv ) )
O

The asymptotic convergence rate of this method, still slower than the one of Method
1, is better than the one of Method 2, given by Proposition 1.4. The Nadaraya-Watson
estimators depend indeed linearly on the empirical measure of the particle system and
do not always attain minimax rates (see Hérdle et al. [14] section 10.4, Donoho et al.
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[11, 12] or Kerkyacharian and Picard [17]). Since they are nonlinear, the Kerkyacharian-
Picard estimators can achieve better convergence rates. If ® o G~! is Lipschitz continuous,
we have a rate slightly slower than N~1/3 which is more accurate than the preceding N /8.

The assumptions of Theorem 1.2 are also weaker than those of Proposition 1.4.

First, Theorem 1.2 allows weaker regularities for G and ®, which characterize the alea
of the initial condition. For instance, when the law v of # admits a positive Lipschitz
density g with respect to the Lebesgue measure on a compact set ©, as in Proposition 1.4,
it suffices that ® be s-Holder continuous to achieve the assumption of Theorem 1.2, which
is weaker than ® Lipschitz in Proposition 1.4.

Secondly, in Theorem 1.2, the support of the law v does not need to be a compact
interval of R any more, as it was required in Proposition 1.4. A much larger class of prob-
ability laws, including Gaussian laws and Gaussian mixing in particular, is then available
to parameterize the randomness of the initial condition pg.

Notice moreover that the optimal choice of the window hy in Method 2 (see Proposition
1.4) usually depends on the regularities of ® and g, which may be unknown (see Bosq and
Lecoutre [4]). The wavelet regression estimator introduced by Kerkyacharian and Picard
[18] is adaptive: it adjusts itself automatically to the unknown regularity of the regres-
sion function we estimate. Here, the parameters ¢y and I}V only depend on the number
of observations and on basic bounds for cg, b and o (and not on the regularity s of PoG™1).

Numerically, this method is more demanding in computations than Method 2, since
the regression estimators have to be recomputed entirely at each date, because of the
thresholding procedure. Still, if we use for instance the Mallat cascade algorithm, which
complexity is of order O (N) (see Hérdle et al. [14], Chapter 12, page 223, or Mallat [21]
Chapter VII, sections 7.3 and 7.5), the complexity of Method 3 remains in O (N2/At),
which is better than Method 1.

2 Convergence Rate of the Wavelet Particle Approximation

In this section, we will prove Theorem 1.2, which gives the asymptotic convergence rate
of the wavelet approximation (14) constructed on the particle system (23). We thus work
under the assumptions of this theorem.

Let us first introduce some objects we will use for the proof. The Euler scheme associ-
ated with SDE (5) is given by: Vk € [0, K],

(25)

{ ):(tk+1 (9) = th (9) + ub(tk’ th (9)7 H)At + Ug (tlﬁ th (9)7 9) (Wtk+1 - Wtk)
X0 = Xo.

Consider as well i.i.d. copies of this Euler scheme coupled with the particles defined
in (23) (same parameters (6(;);e[1,n], same initial conditions (XS’N(O(Z-)))%[LN] and same
Brownian motions (Wi)iE[L ~1), and which are also ranked in increasing order of (6;);e(1 n:
Vi € [1,N], Vk € [0, K],

{ X80, (00) = K82 01a)) + ot X8 (00)), 00 )AL + 1o (e, X1 (010)), 000) (Wi, — Wi, )

20 = O,
(26)

13



Since the (unordered) particles (Hi,)_(ZI;N(Gi)) L] defined with the regression esti-
1e|l,

mators (21) are exchangeable, they have a common law. We will call C()_QI;N(G)) the
common first marginal law, and denote by E” (b(x, XIQLN(H))W) the expectation of b(z,.)
under this law conditioned by the random variable . Notice that the conditional laws
L <XZI;N (0:) | 92~> may be all different. This makes the difficulty.

In the developments, we will also need the wavelet decomposition of the function a €
O — up(ty, z,a) :=EY (b(w, X}/LN(G))W = a) on the warped wavelet basis (17 o G):

Va € O, m(t, v,a) = Y B (2)91(G(a)), (27)

I

with:

") () = / U1(G@)E” (b, XX (0)) | 6=a)v(da). =

Remark 5. From now on, we will write with a notational abuse Xt(,? and )_(,g?’N for

the particles ranked in increasing order of (0;);c(1 N, instead of Xt(z) (05)) and X(i)’N(O(i))

ty
respectively. O

Proof of Theorem 1.2. We can decompose the approximation error at time 7 in three
sources:

(Fme), 1)~ 37 (K9) =)+ @)+ 3), (29)

i=1

where:

1 1
o - AE9)-H S ()

=1 =1

The discretization error (1) can be upper bounded thanks to the following result due
to Talay and Vaillant (33|, Proposition 5.1), which generalizes a result from Talay and
Tubaro [32]:

Theorem 2.1. (Talay and Vaillant [33]) For b and o in C;T¢(R?,R):
Vf € CTE(R,R), 3C = C(T, f,b,0) > 0, Va € O, [Ef(Xr(a)) — Ef(X7(a))| < CAt.  (30)

The constant C = C(T, f,b,0) can be upper bounded uniformly in a by a sum of terms of
type |lﬁél)b|\oo\|3;(pj)a||oo||f(k)\|oo for 0 <i,j,k <4. Integrating over a, we obtain:

Vf € CHE(R,R), 3C = C (T, f,b,0) > 0, [E” (F(Xr(0))) — B (f(X7(0)) | < CAL.  (31)

|
The L'-norm of the statistical error (2) can be upper bounded thanks to the CLT:
S @\ | < ClIf
3 EY |E” (f(X7(9))) — = X7 )| < —==. 2
C >0, B B (f(Xr(0))) N;f( == (32)

14



Now let us focus on Term (3). This term appears because we use approximated coef-
ficients to overcome nonlinearity. The difficulty here is that the classical propagation of

chaos is no longer available since the particles X " are no more in mean-field interactions.
From the definition, for any 7 € [1, N] and any k € [0, K]:

0 _ g@N

trt1 tet1

= (i =(i),N
= Xt(k) — Xt(k) + (ub(tk, th 79( )) — ub(tk, 9(1 ))
(1 —~ (i), N 7 7
(ot X8 00) — ot XD 010) (th - W)

Taking the square, then the expectation:

(1),N
| th+1 - th+1 |

= B (| X X(z | ) +E¥ (I Ub(tky XD 00y) — @ (te, X1 00)) |2) At?
B (Lot K8 00) — 5 (b XN 00) 12) A
+ 2AtE” Xt(k) — Xt(z) ) (ub(tk, te 79( )) — ub(tk, G(Z )))
+ 2EY ((X(“ - X“)’N) (u (te, XD 00y) — ot N g )) (Wi Wy ))

th o\lk; te 0 () U k? (’L tha1 tr
+ 2AtEV ((ub(tk7Xt(k ,9(1)) — ub(tk,X( 9(2))) (uO‘(tk,th ,9( )) — ud(tk’X(l) N,@(i)))

(Wi = 2))
(33)
The last two terms are zero. This can be seen when conditioning by F:, Vo(6;,7 € [1, N]).
Given that 2ab < a? + b2, an upper bound of the fourth term in the right hand side of (33)
is:
v (7 - (i),N v v (4 S 7 (1),N
At [Eﬂ (]Xt(k) — Xt(k) !2> +E (| Ub(tht(k)v@(i)) - Ub(tkaXt(k) ,00y) ’2)} .

Moreover:

— (i 2
Equb(tk,ng,e ) - b<tk7XéQ’N,em>\)

B (b, X ()10 = 000)) |,_x 0 = @lta, X 00)

< 2 E” (b(x, X4, (0))|0 = 0)) | E” (b(z, X4, (0))|0 = 0()) |

)
)]

_ (s — (i 2
Ug (L, x 00iy) — Uo (tr, Xt(z)’N, 9(,-))‘ ) can be treated similarly.

tr

=X o=X{

+ B

The expectation E¥ (

Let us introduce the notation:
SN tk‘H ZEV|th+1 Xt(;ﬂ | ’
By summation, and for At < 1, we deduce from (33):

N N
Vi € [0,K], Sn(tre1) < (1+At)Sn(tr) +0At< Z (i,tr) + ;VZAQ(W))(M)

i=1

where A; and Aj are given by: Vi € [1, N], Vk € [0, K],

B _ub(tkaXt(k W b)) |2

Ai(iste) = BB (bx, X (0)I0 = 0)) |, g

B E (o, X ()10 = 0) |,_go — Tt XN 600) (35)
As(ite) = EV|E” (b(x, X¢,(0))|0 = 0) |, —x E” (b(z, X4, (0))10 = 0(sy) |z:5(t<;> 2

+ EY|EY (o(z, X, (0))0 =0 |, _x( ~ E” (o(x, X, ()10 = 01)) | _ g |* (36)
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To complete the computation of an upper bound for the L'-norm of Term (3) in (29),
we need to consider the terms A; and As defined in (35) and (36). Since the terms in b
and in o are similar, we do the computations only for the terms with b.

Term Ajg results from the discretization step and can be handled with arguments simi-
lar to those used to obtain (30). We replace T" with ¢, f with b ()_((Z)(H(i)), .), and choose

tg

0(;) as a. Summing over the particles gives: + Zfil As(i,t) < C (At)2.

Now, turn to Term A;. Because of the nonlinearity of the wavelet regression estimator,
we do not use coupling methods as in Sznitman [31] or Méléard [25]. We choose to work
at once on the part of the error linked to the estimation:

where:

ab(tk, Xt(z)’N,Q(i)) — E¥ (b (J?,th (9)) |0 = 0(1')) ‘I:Xt(;)

) < C (E"(A)? +E"(B)> +E¥(C)?), (37)

(A) = e, XN, 00) — (b, XN 000))
(B) =t XN, 00) = B (b (2, X0 (0)) 10 = 000)) |, _g o

(€)= B (bl X010 = 0) |,_ o —B (b (5, %, (0)) 10 = ) |, _g0-

Since Term (B) can be rewritten as:
(B) = B (b (m,XI;;CN(G)) — b (2, X,,(0)) |0 = e(i)) R
25

we have:
E(B) < LE"(IX™ - X)),
To deal with (C'), we use the Lipschitz property of = — E” (b (z,X;,(0)) [0 = 0;) .
Thus:
E*(C)* < LE(IX"™ - X(P).
To upper bound E¥(A)2, we use the two following lemmas:

Lemma 2.1. Consider the particle system defined in (23). Under the assumptions of
Theorem 1.2, the coefficients ﬁ}b’t’“)(:v) and B§b’tk)(x), defined in (22) and (28) respectively,
satisfy:AN,, C > 0, ¥y > 0, VN > Ny, Vi € [1,N], VI = (I, I1) € [-1,I¥] x Z, Vk € [0, K], 3x =
K(Py, T7 At? b7 ag, (bu 1/))7

il (38)

L[ 150,88)  5(4),N ~(b, = (i),N
P (1B D) - B ) 2 <

mlogN) < C
~ 2VN

|

This lemma is proved in Section 3. It can be noticed that in the sequel, we will
choose v > 7/2 (see Lemma 4.1). Then, the above property determines the constant
k=k(7/2,T, At,b,0,¢,1) that we should use for the wavelet thresholding procedure (see
Equation (55) in the proof for the accurate expression of k).

The second lemma we will need gives us the regularity s of the function a +— (¢, z, G~ (<))
that will eventually appear in the convergence rate of our method.

16



Lemma 2.2. Under Assumptions 5) of Theorem 1.2, the application a € [0,1] — wy(tg, z, G~ ()
1s s-Hélder continuous. O

Proof. A sufficient condition is that ®oG~! is s-Holder continuous, where ® : a +— pq(., a)
and G~ is the quantile function for 6.

To see this, notice that for —1 < a1 < a9 < --- < ay <1, the law of the particle system
(Xt(;)’N(ai))ie[l,N] is: (po(.,a1), -+ ,po(.,an)) S*, where S has been defined in (24). For any
j € [1, N] and for the measurable bounded function f; : (y1,--- ,yn) € RN  b(z,y;) € R,
we have: Yoy, a9 € [0,1],

B (b (o, X (@ ) ) =B (b (o XN (G (02)) )|

[1Po(-, G (en)) = po (., G He2))l |1 1% £l |

<
S C|a1*a2|s7

thanks to Assumption 5) in Theorem 1.2.

Since this is true for every j € [1, N], we deduce that o — E¥ (b (w,Xt‘;N(Gfl(a))))
is also s-Holder continuous. |

The following corollary then concludes the computation of an upper bound for A;. It
is proved in Section 4:

Corollary 2.1. Let us consider the particle system defined in (23). Under the assumptions
of Theorem 1.2, and with the choice of k for the threshold tn as in Lemma 2.1, the estimator

Tty X3 00y defined in (20) satisfies: 3No, C > 0,YN > No, Vi € [I,N],VI =
(I, 1) € [-1,I]N] x Z, Vk € [0, K],

logN)lf?s
VN ’

where uy(tg, x,a) has been defined in (27) and is s-Hélder continuous thanks to Lemma
2.2. O

— (i B — (i 2
EY <‘ab(tk’Xt(k)7N79(i)) _ ub(tk,ng%N,e(i))‘ > < C(log N)? (

Let us come back to the proof of Theorem 1.2. Gathering the upper bounds of A; and
Ay in (34), we deduce:

Sn(tks1) = (1+CAL)SN(tx) +C AL ((At)Q + (log N)? <1C\)/gNiV> 1+2>

1+CAHF -1 log N T
< k+1 ( 2 2 )
< (1+CAH)ISN(0) + O At C At <(At) + (log N) <\/N

As k <T/At and log(1 + x) < z for any = > —1:
(1+CAtF = exp(klog(l 4+ CAt)) < exp(CkAt) < exp(CT), (39)
Thus, if we notice in addition that Sy (0) = 0:

Sn(tk+1) < C(T) <(At)2 + (log N)? (10gN>1+2a> .

VN

We can now conclude the computation of an upper bound for the L'-norm of Term (3) in
(29). Using the fact that f is Lipschitz continuous with constant || f’||oc and the Cauchy-

Schwarz inequality, we have:
Ly (%0) - S (XY | < CDIIf 1o A+ 10N (2 i
N =1 ’ N =1 ’ a - \/N ‘

El/

(40)
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The result announced in Theorem 1.2 is finally obtained by gathering (31), (32) and
(40). |

3 Proof of Lemma 2.1

We have:
Pv ( A(b,tk)(X(i),N) _ B(b,tk)(X(i),N)) > KlOgN)
I tr T th > 2\/N
3lote) (5 (), a klog N
< P ( gb,tk)(Xt(A),N) _ R (ﬁ§b,tk)(x) » > )
* > mZXt(k)‘N 4_\/N
v v (3btx) 2(bitr) o (1), N klog N
o ( . <ﬁl ) (x)) a=x N T CX )’ = 4\/N> (41)

The first term in the right hand side of (41) is dealt with Lemma 3.1 which is proved in
Paragraph 3.1. The second term vanishes for sufficiently large N, thanks to Lemma 3.2
which is proved in Paragraph 3.2. This concludes the proof of Lemma 2.1. |

Lemma 3.1. We consider the particle system (23) and work under the assumptions of
Theorem 1.2. Then: 3Ny, C > 0, VN > No, Vi € [I, N], I = (I, I5) € [-1,I]N] x Z, Vk €
[0, K], ¥y >0, 3 = k(7, T, At,b,0,¢,¢) :

e ([ (x0) -2 (30 )

Lemma 3.2. We consider the particle system (23) and work under the assumptions of
Theorem 1.2. In particular, we define ty and I{V as in Theorem 1.2, with the constant
k appearing in Lemma 3.1 for the thresholding. Then: ANy, C > 0, VN > Ny, Vi €
(1, N],VI = (I, I5) € [-1,I]N] x Z, Vk € [0, K] :

B (B (@)

(42)

S HlogN) < c
4/N )~ N7

ac:)?t(;)’N

|

PY — a.s.,

_ bt (X“‘)’N) < ¢
x:Xt(;),N ﬂ[ 123 —\/N'

3.1 Proof of Lemma 3.1

The difficulty in establishing the inequality (42) of Lemma 3.1 lies in the fact that our
data are dependent. This prevents us from using the same techniques as in Kerkyacharian
and Picard [18]: Bernstein and Rosenthal inequalities (see Hérdle et al. [14], page 239) do
not hold any longer. We do not deal with a classical mixing case either since the addition

of a supplementary particle changes the definition of the whole system (Xt(z)’N> LN
el

The idea is to prove a spectral gap inequality and to deduce a concentration of measure
phenomenon.

Let us first recall some definitions (see Ane and al. [1|, Bakry [2] or Ledoux [20] for
further details).

Definition 4. Poincaré Inequality (or Spectral Gap Inequality)
A probability measure p € P(RYN) satisfies a Poincaré inequality with constant p > 0 if for
every function f € CH(RN,R):

Vary(f) = (p, f2) = (1, £))* < plus [V F).
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Remark 6. Let us give two examples:

The Gaussian measure on RY, N(m,X) satisfies a Poincaré inequality with constant
p > 0 the greatest eigenvalue in absolute value of the covariance matriz ¥ (and thus also
with all other real number greater than p)(see Ané and al. [1] page 10).

The Dirac measure 8, v € RN, satisfies a Poincaré inequality with any positive con-
stant. |

An interest in looking for a Poincaré inequality is that it implies the following Concen-
tration Phenomenon:

Corollary 3.1. Concentration Phenomenon (Ledouz, [20])
Let p be a probability measure that satisfies a Poincaré inequality with constant p > 0. For
every r > 0, for every Lipschitz application f with Lipschitz constant Ly, we have:

30 > 0, u(If = (u, f) 2 1) < Cexp (—QL;”W) .

The constant C' does not depend on f nor on pu. O

Our purpose in the sequel is to show that the law of the particle system (Xt(,:‘)’N) ]
i€(l,
satisfies at each discretization time ¢ (k € [0, K]) a Poincaré inequality. Then, we will use

the Concentration Phenomenon to obtain inequality (42).

3.1.1 A Technical Lemma

We first provide a technical lemma, which will be useful to prove that some of the quantities
which will appear are well-defined. The difficulty lies in the fact that wavelets can not be
uniformly upper bounded: their suprema 2/1/2|[1)|| tend to oo when the resolution levels
I increase.

Lemma 3.3. Assume that the father and mother wavelets ¢ and ) are Lipschitz continuous
functions with compact support. Then, for any functions n; : (z,y) € R? — n;(z,y) € R,
i € {1,2}, such that n2 is bounded by M, and for the choice of tn = r(log N)/\/N and I{V
such that 211 ~ t]_vl, terms:

L X Y .

J
NZ Z Z"L/H () Y1 <N> 1{‘% Y, wl(%)m(z’zj)th}WQ(zaxj) )
j=1|L=—1 I

are bounded by C x M, where C is a constant, uniformly in N € N, k € R, a € [0,1],
zeR and z = (x1, -+ ,xN). O

Proof. Let us write:

N | I ,
1 J
N 2| 2o D vr(e)ur (N) Ld S wr(F)man > 20)| S Ti+ Tz,

j=1|L=—1 I,

with:
N /N
T = Z/ Kin (a,y) dyna (2, 25) |,
=17 G-1)/N
Ny vy j
i ; lellzwI(a)d)I (N) L3 S0 (8 )m ) > eny 12 (25 25)
= 1= 2

)

J/N
- / Kix (o y) dyna(z, 2;)
(j-1)/N
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IN .
where: KI{V (_fI;’ y) = Eﬁ:_l 212 wf(x)wl(y)lﬂﬁ Z;V:1 ¢I(%)ﬁ1(z7xj)|>tN} looks like the pro-
jection kernel on the space VI{V generated by (d]])*lShSI{V,IQEZ (see Appendix B).
To upper bound 77, let us write:

N

i/N
T < 2/ Koy ()| dy (2, 2,)
(G-1/N

< M/ ZZWU Yl (y)ldy < MC,

I=-1 I>

by using the Concentration Assumption (H) (introduced in Paragraph 1.3.2).
Let us now work on T5:

> /”N

(i—1)/N sz ( )1{11vz;¥1¢1(1¢)m<w]>|>t1v} Kpy (0, y)| Ina(2, 25) | dy

I1=—11I2€Z

< MZ/ ZZWJ}

D/Np=11,

J
(N) - 1/}1(1/)’ L S0 () m () > eny DY

Since 1 is Lipschitz continuous (we denote by Ly, its Lipschitz norm), vy, 1, is Lipschitz
continuous with constant 231/ 2L¢. Moreover, using compact supported wavelets implies
that the sum on I corresponds to a finite number C' of non nul terms that does not depend
on I;. Resuming the above computation gives:

311/2 J
B w3 S [ (2o
=1 1L1=-11:€Z
N Y
< MY > 0211/2||«,z)|\002311/2L¢2N2
j=1L=-1
22| |4) oo Ly
< CM—F—F——.
- 2N
N
From the choice of va such that 271 ~ R@N, we have 22;,1 — 0. |

3.1.2 Spectral Gap Inequality for the Transition Kernel associated with a
discretization step

Lemma 3.4. For any v € RY, for the transition kernel S defined in (24), and for py an
upper bound of:

2
s (Nz 3 3 ()0 (3) 1t <>) |

[N
werN i€[LN] j=1h=—1 I

0.5 satisfies a Poincaré inequality with constant p1At:

Vf e CLRY,R), Vars,s(f) < p1 AtS (|Vf]?) (2). (43)
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Proof. From (24), 6, S is the law of a Gaussian variable with expectation:

N I .
1
NZ Z Z@Z)I <]1[> 7/1[ ( ) 1 1 Z] 11/11(%) (xi,z]-)|>th($i"Tj)At s

j=1L=—1 I» | <i<N

and with covariance matrix the diagonal matrix:
L LY . . 2
. ? J
e N Z;1231 ;W <N> v (N> 3 St ( o) >t olzi,zj) | At
J=1h=— 2
1<i<N

(Lemma 3.3 tells us that the terms in the expectation and of the covariance matrix are
well-defined.)

The conclusion is a consequence of Remark 6. |

3.1.3 Permutation Formula

We now want to obtain a Poincaré inequality for the transition kernels of our particle
system (23) between 0 and any discretization time ¢;. The reiteration we will consider in
Paragraph 3.1.4 will let terms like 6,|VS¥ |2 appear. To deal with these terms and prove
a Poincaré inequality for ¢,5%, an interversion formula of V and S is established.

Lemma 3.5. For the transition kernel S defined in (24) and for any probability law p(dx)
on RY, we have for almost every real k (that appears in the definition ty = ﬁlOgN)

u(de) — as., Ipz > 0, Vf € CLRY,R), [VSF(@)P < p2 S VSR (). (44)
O

Proof. Let us compute VSf(x). Looking at the definition (24), we would like to take
the derivatives under the expectation. The term under the expectation is however not
differentiable everywhere since discontinuities originate from the thresholding.

However, the set {m >0 | p ()N le( ) (@i, ) ‘ = nlOgN) > 0} is at most

i
log N
countable. Let us choose £ > 0, such that p (’N Z] 1 U1 (N> b(x;,xj) ‘ =K %) =0.

Then, for f bounded and smooth enough, we can p(dx)-almost surely take the derivatives
under the expectation:

IVSf(z)|
< E ‘A(z)Vf <x+ (ﬁ > le=—1 Y vr (%) v (£) L2 ()bl ,zj)\>mb(l’i:%)m)

1 N I{V . .
+ (N 21 2= 2 V1 (R) U1 () Lt £ i (4o (o) 5en O (Fi ) VALB; 1<1<N> '

where the (B;);e(1,n) are centered and reduced Gaussian variables, and where A(z) is a
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random matrix that can be decomposed into: A(z) = Id+M (x)+D(x), with: V(i,j) € [1, N]

LY , ,
Mij(z) = ]1[121127#] <]i[) Y1 <]<7) L SN (3 )b o) >ty Vub(@i o)At
1=—1 I
1 & i j
TN h;lg% <N) v <N) U S5 v (8 ot e Vo0 (00 7) VLB,
and:

N 1 . .
. 1 i j
D(z) = diag [N E E g U1 (N) Uy (N> 1‘% R 1111(%)b(ﬂﬂuwj)btz\rv””b(wi’xj)At

N . .
1 ) J
+ N Z Z wa <N) wI (N) 1 %Z;\; wl(%)a(xi,xj)|>mvw‘7(33i’333')VAtBi

1<i<N

Recall that: VR € Myxn(R), Yo € RV, |Rv|?> < p(RR*)?|v|?, where p(RR*) is the
greatest eigenvalue of RR*. Let us hence look for an upper bound for p(A(x)A*(x)).

Using Lemma 3.3 and the fact that b and o have bounded derivatives, we deduce the
following upper bound:

sup sup |Dii(z)| < C sup (||Vab|laoAt +[|Vao|loo VAL [Bi]).
RN i€[1,N] i€[1,N]

On the other hand, we are also able to control the eigenvalues of M (z), thanks to
Hadamard’s Theorem (see [30]). Take A(z) the greatest eigenvalue of M (x) in absolute
value:

[A(@)] < sup max Zleg )l

RNZG[l
1 N W ;
< s o (53010 S ur (5 ) 0 (5) et g s (i A
oeR j=1|n=—1rLez
| Y ) )
¢ J
+ Nzl [le ZQ/]I (N) "/}I (N) VUy($i>$j)1 %z;\rzlwl(#)a(% x,)|>tNVAtBi . (46)
J= 1=— 2

Lemma 3.3 again assures us that the spectre of M (x) is uniformly controlled in 2 by:

sup C (||Vyb||ooAt+ HVyaHoo\/AﬂBl-\) .

1€[1,N]

The spectre of A(x)A*(z) is therefore controlled by:

2
sup (14 C ((1Vablloo + [[Vyblloo) At + (1[V20] oo + IVy0rlloc) VAEB) )
1€[1,N]

which is almost surely finite. Moreover:

E (lo(A(2)4" (@)))
< s B(14C ((IVabllo + [Vbllo)At + (19:01loc + 1y0]|) VESE Bi))’
< p2 < o0 (47)
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Resuming the preceding computation (45) gives that p(dx) — a.s.:

IVSf(z)l
N I . .
< lp(A(z)A™ (x))| |V f (a:+ <;Z1121zzw1 (%) b1 (%) llﬁ Z;\flu,l(%)b(mi,mj)>th(-Ti,~Tj)At>
LA i j
+ (N ;I;llzq/)l (N) v (%) 1\%2?:1 wz(z‘@)“(%@j)l>tzva(xi’xj)mBi) ) u
< VE (pP(A@) A (@) SIVFIP < Vo2 / S|V

|
3.1.4 Spectral Gap Inequality for the Law of the Particle System at Discretiza-
tion Time ¢t

Now, we are ready to prove that, at each discretization time t;, the law of the particle
system (23) conditioned on its initial position z € RV satisfies a Poincaré inequality:

Proposition 3.1. Consider the transition kernel S defined in (24). Then: 3pi,ps >
0, for almost every k >0, Vo € RN, Vk € [0, K], Vf € C;(RN,]R),

VCLT(;Isk(f) < P1 At p2 Sk (|Vf’2) ( )

g
Proof. We follow here the computations in Talay and Malrieu [22].
Varg,s:(f) = 5 (%) (2) - fﬂ ((5*=)%) @ = 57 ((*=10)7) )]
- ﬁ?yﬁsaskvf)u>@nﬁ77Mmf}
= isilvmms (S¥77f)
< ijsilpl AtS (|VSEH ) (x) (48)
< ﬁépﬂup?%ﬂ(Vfﬂ<@ (49)

< mAt %sWWﬂ>U

Inequality (48) is obtained with Lemma 3.4 and Inequality (49) comes from the use of
Lemma 3.5 with the measures u = 6,5, i € [1, k]. |

3.1.5 Generalization to Non-Dirac Initial Measures

Now, we generalize the result of Proposition 3.1 to the case where the initial condition at
time ¢ = 0 is not a Dirac in # € RY but any probability measure ug € P(R") (we have in

mind the law of (X{"™) )
1€
23
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Theorem 3.1. Let ug be a probability measure that satisfy a Poincaré inequality with
constant co: Vary,f < co [ |V f|?dug. Consider a transition kernel S on RN satisfying a
Poincaré inequality with constant p > 0 for every initial condition x € RN : Varéz gf <

p§ (\Vf|2) (), and for which the following permutation inequality is available: ug(dx) —
a.s., |VSf(z)]? < CS (|Vf]?) (z).

Then, the measure ugS satisfies a Poincaré inequality with constant: p + co C. O

Proof. Take f € C}(RN,R). We have:

Var, sf = (ug, (Varézgf)>+Varu0 (gf)
puoS (IV£12) + couo (|v§f|2)
< (p+eoC) uS (IVF]?).

IN

We used the spectral gap inequality for ug to obtain the first inequality and the permu-
tation formula to obtain the second one. |

Notice that in our numerical procedure, the particles at time ¢t = 0 are independent.
Hence, the following tensorization lemma and Assumption 4) in Theorem 1.2 ensure that

the law of (X'éi)’N> - satisfies a spectral gap inequality with constant cg:
1€

)

Lemma 3.6. Tensorization(see Ledouz [20]) Assume that the measures i, -+ , N sat-
isfy Poincaré inequalities with constants C1,--- ,Cn respectively. Then ®Z»]\L1ui satisfies a
Poincaré inequality with constant C' < max;c(1 n) C;- a

We can finally deduce the spectral gap inequality we were looking for:

Corollary 3.2. Under the assumptions of Theorem 1.2, the law at discretization time
ti of the particle system defined in (23) satisfies a spectral gap inequality with constant:

_ 1-pj§ k
Dy = lOlAtlfpi + cops. O

3.1.6 End of Lemma 3.1’s Proof

We use Corollary 3.2 and the Concentration Phenomenon (Corollary 3.1) to obtain a first
inequality, that we will exploit to obtain Inequality (42) in Lemma 3.1.

Lemma 3.7. We consider the particle system (23) and assume that the law of (X'éi)’N)ie[LN]
satisfies a Poincaré inequality with constant upper bounded by co. Then, we have: 3C >
0,3C" > 0, Vk € [0, K], YN € N, VI = (I}, I) € [-1,IN] x Z, ¥z € R, ¥r > 0,

\/Nr>

- 2C'L\/Dy, (50)

P (|30 (@)~ B (B (@)] > ) < Cexp (

ok
where Dy, = plAtip"’ + co p§ is a positive constant independent from N. (Recall that L

P2

is the Lipschitz constant for b). O

Proof. If f : R — R is Lipschitz continuous with constant L, then the application:
F(z) = 1/N Zjvzl Y1 (j/N) f (x;) from RY to R is Lipschitz continuous with constant

C'L/V/N, where C' is an upper bound for the terms \/1/]\7 Z;VZI ¥? (j/N) which con-
verge deterministically to /f[o 1] 1[}% () dx upper bounded by 1, when N grows to oc.
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We have indeed, using f Lipschitz and Cauchy-Schwarz inequality:

jifﬁ:lwf (é) fz) = ;éwf (ji,) f () \/Lﬁ\l ;]ﬁ:lﬁ (é)\lim — I

Jj=1

IN

oL

The result then follows from the use of the Concentration Phenomenon (Corollary 3.1)
with the Lipschitz function F' since Corollary 3.2 tells us that the law at time ¢z of the
particle system satisfies a Poincaré inequality with constant Dy. |

Now let us prove Lemma 3.1. Our purpose is to extend inequality (50) by replacing

the parameter z with the random position of particle (i), Xt(z)’N. To achieve this, we will
show the tail bound somehow holds uniformly in x:

Proof of Lemme 3.1. Let r > 0, and let us define the interval £ = [E¥ (X't(Z%N) —¢,E¥ <X't(z),N>+
¢] with ¢ > 0. From Corollaries 3.1 and 3.2, we deduce that:

P¥ (\ng _EY (Xt(,?’N)‘ > g) < Ce Whr (51)

Since K is a compact interval, it can be covered by a finite number of balls |z;— o, x;+ o],
with (z1)e[1,¢ a finite sequence of K and ¢ > 0. It is possible to choose £ = [¢/o] + 1, where
[.] stands for the integer part. Then:

N . N .
o | > R e R E i G ) [

I
las}
N
2|~
[]=
<
~
N
=
~——
o
—
sl
VZ
sl
>
z
SN—
|
=
—
2|~
()=
<=
~
N
=
~——
o
—
ﬁ
>
o
z
SN—
~
Vv
=

IN
~
S
2|~
[~]=
<=
~
/N
Z|<
——
>
—
sl
=
Lol
i)
=
~——
|
=
/
2|~
[~]=
<=
~
N
<
——
>
—
8
ol
)
=
~——
~
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For a given [ € [1, /], we have:

1 N . i, o 1 N .
Nzwf@)b(w:’wﬁ@w)—ﬂ«:(Nwa@)b(x,xfew) |
Jj=1 Jj=1 o=X (N
tk
S J (DN 50N ()
S L e e
1 S J (4),N v 1 al J (7),N
+ N;¢1<N>b(xl,xtk )-E N;w, (N>b<1:l,th )
RS J (@).N BN J ()N
+ |E NZwI()b(x,th ) ~E NZ¢,( )b(:c,th )
=1 =1 o N
tk
< 20L|m - XV
L& . B
+ sz_:lw1<]{[)b($let(Z ) ( sz( ) (a:z, mN)), (53)
where C’ is an upper bound for \/1/NZ§V71 Y7(j/N))nen. Thus, using Lemma 3.1
N
;zw@)b(-szw,xfw(;zw@)b@xﬁzw) R
j=1 Jj=1 =X (N
tk
’Xt()N_xl‘SQ)
< 1 iw (j)b(iﬂ X(j)’N)—E iiib (j>b(a: )_((j)’N) >r—2C'L
= Nj:l N 1y Aty Nj:l N Uy Ay 0
= ( Bl ( (A§b’t’“)(xl))‘>r—20’LQ>
_ VN(r—2¢'Lo)
< Ce 290VPir |
Thus
P iZN:w J b(X(z)NX(J)N)_E izN:w J b(mX(j)N) o
N="\N O N & "\N ot |
j=1 j=1 =X (N
tk
IS _ VN(r—2C'Lo) .
o[ ) e o

If we choose ¢ = 177, we can upper bound the right hand side of (54) by:

S

___VNr s
f(o) = AC'CLSe "Dk ¢ 2V/k,
r

The derivative in ¢ of this bound vanishes for:

, JFr
— 2/l

<0 k108 <8C’CL\/D;€> RSTe

and:
8C'L+\/Dy, r 8C'CL\/Dy, —_YNr
<o (Vb e () foyN 4 EEVER) Ty
flo) < < o8 (éz(,*'c*L\/sz)+ YN+ == ¢
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Let us finally choose r = xlog N/(4v/N), then:

24C"L/Di/ N log N 24C"'"CL\/Div/ N
fle) < CR C'L\/Dy/ log< k log >+2 G C'CL\/Dyv
N 16C7L/Dy, klog N 24C"C'L\/DivV N klog N
C
S - < 1-
N 1667Ly/Dy; 2
Choosing:
1
k > 16C" L/ Dy, <7 + 2> , (55)
allows us to obtain the announced result. [ |

3.2 Proof of Lemma 3.2

Recall that B&b’t’“)(x) and @b’t’“)(l‘) are defined in (28) and (22) respectively. We can rewrite
them as:

N
X = B (}VZW(@))E” (b(x»Xi;N(H))I(’:@j))

_ v (),N
r=X{" = e RN
23
Then
A = FEY (B}b,tk)(x)) o B *;b,tk) (Xg;),N)
1 & |
= = Y E ([ (Gn(8))) — 1 (G(8,))) ot 2, 60,)],_go.v

N = th

The immediate use of the Lipschitz continuity of ¢; does not lead to the result we
are looking for, because the Lipschitz constant 231/2||¢)||s is not counterbalanced by
EY||GN — Glloo < \/% We follow here some ideas in Kerkyacharian and Picard [18] and

use more deeply the structure of wavelets. The idea is to take advantage of the regularity
of o+ ty(ty, 7, G~1(a)) by an integration by parts-like formula.

To this purpose, let us recall that if ¢ is a wavelet with compact support, then, there
exists a compact supported Lipschitz continuous function ¥ such that: ¢ = A_,(¥) =
U(.—h) —¥(.), with h =271 Thus:

Yr=A_p (U)), with hy =277 and U, (y) = 21/20(20y — 1),
I

Let us also introduce the following notations:

1 N
Un(@) = + 10,0y (G(0:)) (= Gn (G H(a)).)
=1
(=) 1 o La>co,))
Up'(e) = « > 1)-00.0) (G(6:) = Un (@) - ==
i=1,i#j

Recall the Dvoretsky-Kiefer-Wolfowitz inequality (DKW) (see [13]):

dK > 0,VA >0, P¥ ( sup |Un(a) — «af ZA) < Ke 2NV, (56)
a€l0,1]
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Integrating this inequality in A gives:

JdK >0, E" [ sup |Un(a) —al | <K I (57)
a€(0,1] 2N
We are now ready to prove Lemma 3.2. We first use the independence of the (6;);c1,3)

and separate the term A into two parts. The first one (A; in the sequel) allows us to carry
out the integration by parts mentioned previously. The second one (As) is a residual term.

N
A = D (A, (U ON(G0,)) ~ A, ((GONE (o, XN 0) | 6=0,))],_gon
- A1:A27
with:
1 Y v ! —J — -1
A = N;E (/0 Ay, (q/, (U](V >(,))_\p,(.)) (@) (tr, z, G (a))) s da (58)

‘k

&
I
2=

EY (/01 (‘IJI(UJ(\fJ')(Oz) —h) =W (UG (o - h[))) uy(tr, @, G_l(a))da> a=X;N

1 tg

E (/01 (xp, (U](V_j)(a)) — <U§V‘j>(a) + ;)) iy (te, , Gl(a))da>

We first upper bound A; defined in (58). Using an integration by parts formula as well
as the properties of MRAs on an interval (see Cohen et al. |7]), we have:

J

+

2=

(@)

i,N
=X,
tg

J=1

4 = jvixa ([ (w0 (067 @) - wi(a) S0, (fe)in)

Thanks to Lemma 2.2, the application o + iy (t, r, G~!(a)) is s-Hélder continuous
with s > 1/2 for every z € R. We thus have:

TN (=)
R ([ (o (057 @) - wa(@) ) . (60)
Let us introduce the following set:
log N
By(s) =< sup [Uy(a) —a| > ¢/ 21, (61)
a€f0,1] N

where the constant ¢ has to be properly chosen (in the sequel, we will be lead to choose

¢ > 4/3/8). Using DKW (56) yields:
K
N22

P" (Bn(s)) < (62)
Then:

< AR +at), (63)

B ( /0 1 (v (U5 7(@)) ~ wr(a) da>

where:

A%) _ R (/01 “1’[ <UJ(V_j)(a)) _ \III(O()‘ da 1BN(g)>

Ay = ([ o (05 @) - vt aatgg )
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Using (62), we obtain the following bound for Agjl):

: 2 x 20/2|| ¥ K
A) < 25 212wl P (By(s)) < 22t

Now consider the term A%). On the set By (<), we have:

(—5) 1 logN 1
sup (U5 (@) —a] < sup [Un(a) —af+ L <o/ BN L L
acl0] acl01] N N N

Thus, the support of o — ¥ (U](V_j) (a)) — U () is included in a compact interval of length

C(s) depending only on ¢, ¥ and N. For any double index I € [~1,I}¥] x Z, there exists
an interval Z; of length C(s)27!t such that:

£ %)t

Thus:

U, (U}\; ')(a)) - \111(04)‘ dalge (). (65)

A < PPy (/I Uz(v_j)(a)—oa]dalec))
I

< 2311/2L\1/EV (sup U](\;j)(a) _ Oz‘) C(g)th
< 2M2LyCO)K, |
< wC(s) N’ (66)
where the third inequality has been obtained thanks to (57).
Therefore, from (60), (63), (64) and (66) we deduce:
1 1 C
A4 < C < = 67
Al < 0 (gmt o) < e (7

if we choose ¢ such that ¢ > 1/2.

Now turn to the residual term Ay defined in (59). We consider as before the set By ()
defined in (61):

it < Dl S ([ [ @ = ) = 0100 = ) )

N <
J=1
[18]s0 < ! () ()
o v —J _ —J
+ 5 ;:115: </O \III(U (a)) xIJI(UN (a)+N> da>
[1Blloo < [ 4G) . 40
o0 J J
< N ;Zl: [A21 +A22}: (68)
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where:

AY = mr (/01 (‘\I/I(U](V_j)(a) —hy) = U (UG (0 — hI))‘

+ o, (U](V_j)(a)> — <U](V_j)(oz) + ;,) D dalBN(g)>
Ay = B ( / (| @) = 1) = w0 = )|
+ | (U};j)(a)> - <U](Vj)(a) + ]1V> D da1B§v(§)> .

We have for Agjl):

' 4 x 21 2|0 K
A< 4x 20| (By(9)) € e

Now let us study the term A%). Similarly to (65), we have:

Ay - e (i) = ) = w0 - )
’1111 (U8 (@) - v (U}V‘”(a) - ]1V> D da1BCN(§)>

2B0214,C()27 1 sup <E”
a€[0,1]

_l’_

IN

U5 () — U (o — hy) — hr|+

Using the Cauchy-Schwarz inequality then the independence of (02-)@-6[17 N

N -1

EV
N

Uy (@) = U (o= ha) =

hi

1 & i
(N Z (1}ah1,a]G(9i)hI))]

i=1,i#]

1
\/NVCLT (l]afhl,a]G(H))

< hi(1—hr)
- N

IN

Then, we finally have:

() < oh/2 hi(1—h;)  hr+1
Ay <2 Lq,C(g)( ~ 4 ¥
1 2[1/2
= O+t : 70
- (x/N N ) (70)

From (68), (69), (70), and as I; € [1, I{V]:

A < © ! R S — < ¢ (71)
2= VIog NN22-1/4 7 /N " JlogNN3/4) = /N’
if we choose ¢ such that ¢ > \/%
From (67), (71), and if we choose ¢ > 1/3/8, we conclude that:
C
Al < —,
A= E
and Lemma 3.2 is proved. |
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4 Proof of Corollary 2.1

Let us now prove Corollary 2.1. Since:

E” <’Ub(tk7 N 00y) — ap(tr, XN 00) )
< FE* ( 51[1p] ’ﬂb(tk,Xt(k)’N,G L)) —ub(tk,X()N G 1(04))‘ >7
agl0,1
2
< 2FE* 51[1p] ﬂb(tk,)_(t(z)" , G~ Z Zﬁ(bt” X( )¥r(G(G™H(a)))
ac 071 Il——l 12

2

+ 2EY | sup Z Zﬁ(bt‘) Xt(z Y1 (a )—ﬂb(tk,)_(t(z)’N7G_1(a))

a€l0,1] L1 1,

it appears that we can conclude with a proof similar to the classical computation of uni-
form convergence rates for wavelet regression estimators (see Donoho et al.). We first
give a lemma allowing to control some moments, then we upper bound the first term in
the right hand side of (72) thanks to Lemma 4.2 and the second term thanks to Lemma 4.3.

Lemma 4.1. Under the assumptions of Lemma 2.1, we have: Vv > 0, ANy, C > 0, VN >
No, Vi € [1,N], VI = (I, I5) € [-1,I}¥] x Z, Vk € [0, K], 3x = k(7, T, At,b,0,¢,) (as in
Lemma 2.1),

— (i ~ i rlog N C
P <sup|ﬁf“k< XN _ ot (g Ny 5 K1og ) < (73)

Is 2\/N log NNv—-1/2°

Moreover, if we choose v > 7/2, we can deduce from the preceding inequality (73) that:
Vp € [1,6],

7 C(log N)P
B (sup BP0 - AP (kP Mp) < SRERE (74)
2

a

Proof. The tail upper bound of Lemma 2.1 implies that:

Sbytn) 5 (0)Ny  2bitr) ;o (0),N klog N

v (bitk) ¢ (D), N =(bts) o (5),N klog N)
P (X, X >
Z(ﬁ )= AR =

IN

= > (i log N
< ol (B (XN ) (DN 5 B )
< (B0 = G RN 2 S

¢
log NN7—1/2’

since the number of non nul coefficients for a given level I; is of order 2/t when we consider
MRAs generated by compact supported wavelets. From the preceding inequality, we have:
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o (s?p A (% 5,3”)—ﬁ?”t“(ffé,?“)rp)
2
P

t i i t
o (sup B RO - AP < )

v i — (i t
+ (20| |b|[EP (supw“k( Xy - ﬂ?”t“(Xt‘k”N»zN)

o #P(og NP (2C")7[[b][5
= 2oNPZ T log NNYL/2

IA

since supy, \ﬂlb ) (X( )’N) - 7§b7t’“)(X(i)’N)| is bounded by 2C"||b||s, where C” is an upper

tr tr
bound for \/1/]\7 ijl ¥2(j/N) that converges to 1. The choice of v > 7/2 gives the
desired conclusion. [

Lemma 4.2. Under the assumptions of Theorem 1.2, and with the choice of k for the
threshold ty as in Lemma 2.1: INy,C > 0, VN > No, Vi € [1,N], VI = (I1,15) € [-1,I]] x

Z,Vk € [0, K],
log N T
C
()

g

(b, X{N, G Z ST AP XNy (GG ()

I1=—1 Iy

EY | sup
a€0,1]

Lemma 4.3. Under the assumptions of Theorem 1.2, and with the choice of k for the
threshold ty as in Lemma 2.1: INy,C > 0, VN > Ny, Vi € [I,N], VI = (I1,15) € [-1,I]] x
Z, vk € [0, K],

2

logN>1i2

Z S B ED N () — (i, XY, G @) VN

I1=-1 I3

< C(IOgN)2<

EY | sup
agl0,1] |,

g

Let us notice that the convergence rates depend on the regularity s of o +— (¢, z, G~ (<))
(see Lemma 2.2). This was to be expected, since this regularity can be traduced in term of

properties of the wavelet coefficients B}b’t’“). Recall indeed that when ¢ and ¢ satisfy As-
sumptions (H) and (M) (see Paragraph 1.3.2), the wavelet coefficients ; of any s-Holder
continuous function f satisfy:

3C > 0,V > —1, sup |Br,p,| < C 2 0(s+2), (75)
I

4.1 Proof of Lemma 4.2

Let us introduce some notations. We write Ay y(a) for ¢;(G(a)) — ¢¥1(Gn(a)). As we
deal with compact supported wavelets, for any given Iy, the number of index Is such
that A7 n(a) does not vanish is finite and does not depend on Iy. Since vy is Lipschitz
continuous with constant Lw23h/ 2 we notice that:

(' 9301p/2

v p
Vp > 1, BY[|Ar N[5 < N2

(76)
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We are now ready to start the proof of Lemma 4.2:

El/

gI{VZE

[ (t, XN, G (@) —

I1=-1

5

oY AP e(GGE T @)%

Iy

=—1 I>

<|| Zﬁ(b PN (o Gy — 1o Q) |1, )

The number C' of non nul terms in the sum » 1, is finite and depends only on ¢ and
¢. Thus, we have:

I Zﬁ(b Jtr) X(l

where:
1) =
2) =
3) <

Coup B (X0 ) = P (K0 1

Iz

C'sup |5 (X ()

Iz

Iy

o B;b,tk) (Xt(z),N

Let us work on Term (1):

E” (1)

IN

X

Hence:

EY | sup
Iy

=

sup
Iz

(B (1ar,n11%)) 2.

Using Lemma 4.1 and (76), we obtain that:

E” (1

Bt (N ﬂ(bm(xu)zv’ .

)Azn(a)|l% <0sup|5<“”<X“

1/3
~ — (s _ — (i 6
/B§b7tk) (Xt(:;)ﬂN) _ ﬁijtk)(xt(’i)v]v)’ )) (P (sup

PlALNIE <

S(byt) 1 o (1), N |2 2
Csup |3 ()| Liae o @ pze 1810 e

i 1.2 g (@
B (DN 2en} (18R (RN |<en 2}

I

) +(2) +3),

3(b, ¢ (), N 3(b; ¢ (1N
B &) = B (XD 2

A7 N2

N———

~+~
w2

) < C(logN)2 " 1 " 230 2311(10gN)5/3
- N (10gN)1/3N“//3*1/6 N — N11/6+~/3
4s
C log N\ T+2=
N v
L Z B log N)/3 N1/3+v/3 = ¢ < /N > ’ (77)

I=-1

certainly if we choose v such that 1/3 + /3 > 2s/(1 + 2s) i.e. v > (4s —1)/(1 + 2s).
This is the case if we choose v > 7/2 as in Lemma 4.1, since Vs > 1/2, (4s—1)/(1+42s) < 2.

Now, consider Term (2):
E” (sup
I

(uz
(

IN

X

<sup
I

o (log N)?

N

L B o 6\ \ 1/3 _
%) - a0 )) (2 (s O 0 > e 2)
2

E¥ (|| Ar]8))"*

2005, (X

Sbte) ;o (1),N A(bitr) o (3),N
BN - g (xOM)1

(1),N
tk

2
(B M 2t L1 (20 1< 3 1A e

2
. )’ LB Ry ) (R a2y 1B e

)

2
AL (XM 203 LA t“(xf;’”mw/z}|AI7N”°°)

6
tN

>>6>>”‘°’ .
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Since a — iy (ty, 7, G71(a)) is s-Holder continuous for all z € R, we can use (75). Thus,
if1/2 < s < 1:

o 21N (1— 2s s

log N221 (1=9) log N log N\ %

DY E"@)fcogzvl“((jﬁg ) SC(Ofg ) ’
= N N

since 2/(1 + 2s) < 1. If s > 1, we have:

I 2 i
» log N log N\ +2¢
19’2@(2)30( N) gc( Tv) ,

Ii=—1

since 2s/(1 + 2s) < 1.

Let us finally work on the expectation of term (3):

_ _ s 2 i D 4 2311
v (bstr) ¢ 57 (0),N ‘ 9 , (btr) o ()N 20
- <S}12p A 1{IB§Z”W(X£;)’N>ztw}”A”N°°> = C\/ (Sip AREE| ) N
22[1(1—5)
= T
Thus, if 1/2 < s < 1:
N log N 2211 (1=9) log N i
Y E@3) < cNgc(W) ,
IN
And if s > 1:
INZEV(?)) < C (10gN)2<C (1OgN)1f2<
1 < < .
N VN VN
|

4.2 Proof of Lemma 4.3

The proof of Lemma, 4.3 is very similar to the usual computation of the uniform convergence
rate for wavelet regression estimators (see Donoho et al. [11]). The main difference is that
the term we upper bound is not really a convergence rate. It rather describes the difference
Y (Z)aN G—l

between the regression approximation a — ﬂb(tk,th ,

(a)) and the function a —
ap(t, Xt(z)’N, G~!(a)), which is random (as the second argument z is taken at the random

position )_(t(z)’N) and depends on N. We have:

u

v (0, o (2),N _ -(i),N

B (1 D0 DDA M 0 5003 gy y U (G0)) = i, X )] 2
h=-1 I L

< ClM)+@2)+B)+ @)+ 6),
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5
— ¥ (bt ) (@),N 2
(1) = E ||12121{\B(btm(}((>N)|<tN/2 |5(bfk)(X()N)|<t 1 § (X )wl” )
1=—1 I
_ v 3(b:tk) (7) N 2
(2) = E ||IZII21{W(MR)(X()N V>tn /2, IB;b’tk)(Xt(,i)"N)|<tN} 1 § ( )’l/} H )
1=—1 Iz
Iy
v b,t N bt
e HIZ1;1{W® RN Stn /2,18 (XD 2w} ( i) k)(X() )= B k)( ))¢ I~ )
1=—1 Iy

v b,t i =(b,t) v (2),N
(4) = E || Z Zl{w(btk) X()N |>tN/2,|[31“k)(X()N)|>t }( 5! k)(X() ) ﬁ} tk)(Xt(k) ))¢I|§o)

Ii=—1 I»

(5) = B[ > YA w1|2>

Li>IN I

Using (75) and s+ 1/2 > 1, we deduce that:

log N\ 2 T
(5) S C2—21¥(8+1/2)2I{V S C <(\)/gﬁ> S C (105%\]) 142 . (78)
Now, let us consider Term (1).
IN
N I 2 v (bit) (5 (8),N 2
) 5 OR3P IIEE (S0 o sy ).
—

For 0 < r < 2, we have:
2—r
b, N IN S(b,tr) o (1),Ny r
L300 20y 00 P < < ) A (RO,
C

2—r
10gN> o-Iir(s+1/2)
VN

We deduce, with r = 2/(2s + 1):

i log N
W <o’y <°g ) g hir(s+1/2-1/)
I=—1

logN)%ZJSrl
VN '

Now turn to Term (2) Using (75) again:

< co(

i . i ¢
2 < cr¥ Z P (supﬁ(b’t’“)(Xt(k)’N)—ﬂ§b’tk)(Xt(k)’N)\ZN>

I1=-1 2
(b, §),N
x \/ ”(SlIlpW[ (X )!4>|l¢1\|§o
N
1
< —2[15
- C /log NNv/2-1/4 212
L=
C(log N)3/?
< )
= T Nv/2-1/4

35



Choosing 7 such that v/2 —1/4 > 2s/(1 + 2s), i.e. v > (5s+1/2)/(1 + 2s), and this is
the case with 4 > 7/2, implies that this term decreases faster than the rate announced in
Lemma 4.3.

Let us consider Term (3):

i),N bitr) s v (1),N
@ <oy Jo (sup B4 (X0) - 5 ()1
I1=—1
x \/v(s?prﬂ“”k( XN - B (x ’>N>\>tN/2)r|wz\|2
2
~ (log N)? 1 IN
s Chi—y \/logNN’Y/Q*l/‘lQl
o (log N)*2
= Y Nv/243/4

Again, choosing v > (s — 3/2)/(1 + 2s) (this is the case when we choose v > 7/2) allows
us to neglect this term.

Let us finally consider Term (4):

I
W < o Y e (sl 2 2

(b,t Ny abitr), o (0),N
x \/ g <sup 157 ) = B ] >r4)2huwuzo.
Thanks to (75), we know that all the wavelet coefficient ﬁlb obe) (Xt(k')’N) vanish for I; such
that 2~ 1(s+1/2) tn/2. Thus the sum in [; is in fact a sum from —1 to 1'54) only, where
I§4) is such that 21" (+1/2) — tn/2. Thus:

™

Cr¥ 37 o (sup BN - B RO )2h

L—1 Iy

(4)

IN

(log N)? P
N

IN

Clog N

2

(log N)? [ty T+
log N———( —
C'log ~ 5

IN

IA
2
0
=
AN
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5 Application to the 2d Navier-Stokes Equation

5.1 2d Vortex Equation

The statistical two-dimensional Navier-Stokes equation models the velocity v = (v1,v2) of
a viscous incompressible fluid in the plane: P(dw) — a.s., Vo = (z1,72) € R?, Vt € [0,T],

%—;’(t,x, 0)+ (v-V)v(t,z,0) = (62/2)Av(t,z,0) — Vp

Vv(t,z,0) =0
v(0,z,0) = vo(z,0) (79)
L) =v.

In the above equation, p is the pressure and o2/2 the viscosity (¢>0), which we assume
to be constant. The random initial condition v is as before parameterized by a random
variable 6 defined on a probability space (€2, P) and with values in © C R (possibly R
itself). Detailed studies of the probabilistic approach for the Navier-Stokes equation with
deterministic initial condition have been carried by Marchioro and Pulvirenti [6] and by
Méléard in [26, 27, 28].

The probabilistic approach relies on the vortex equation which can be deduced from
the Navier-Stokes equation by considering the curl of the velocity: w = curl(v). We
consider the following evolution problem, where G is the 2 dimensional Poisson kernel (Vr >
0, G(r) = —(In7)/(27)) and K is defined by K(y) = V-G(Jyl) = 1/(2ly[?) (—ya, 1)

P(dw) — a.s., Vo = (z1,22) € R?, Vt € [0,T],

%(Lx, 0) = —(K *w-V)w(t,z,0) + (62/2) Aw(t, x, ),
w(0,z,0) = wy(z, H) (80)
L(0) =v.

A difficulty arises since the kernel K explodes at 0. To overcome this problem, we will
consider wo(x,0) € L' N L>, the space of integrable bounded functions (see Marchioro-
Pulvirenti 6], Méléard [28]).

The velocity v can be recovered from the vortex w by: v = K s« w. Then, the mean ve-
locity vector field associated with the Navier-Stokes equation with random initial condition
(79) at point # € R? and time T > 0 expresses as:

Vi € {1,2}, /Rvi(T,x,a)V(da) = A(w(T,dy,a),Ki(x—y)>u(da)
= (I(m7),K'(z—.)). (81)

Our purpose is now to adapt the results of Part 1 to the special case of the vortex
equation (80), in order to compute the mean velocity vector field (81).

5.2 Regularized Equation

The vortex equation (80) is a McKean-Vlasov equation with: Vx,y € R? Va € O,

1 Y2 — T2
- K(p—t) = —
b, y) (=) 27r\a:—y\2<961—y1>
) = Kxuw(t,z,a)

) = o.

Q

9 9

up(t
U (t,

Assumptions (A;) and (Az) are not satisfied, since K explodes at 0. Following Mar-
chioro and Pulvirenti [6] we regularize the equation to overcome this problem. Take € > 0,
and consider the cut-off equation:

x
x

Q

9
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W (t,2,0) = — (K.
vVt € [0,T], P(dw)—a.s., we(0,z,0) = wo(x,0)
L) =v,

* w). V) we (t, z,0) + (02/2) Aw(t,x,0)

(82)
where the function K is defined by:
€ ! T
Kela) = V-Gullal) = (GLlel)
with:

[ Glal), it x| = e,
Ge(lz]) = { extended in a Cp° way on B(0,¢).

—G;<|x|>“) , (83)

x|’ ]

It is possible to choose G. such that its derivatives vanish at the origin and satisfy the
following inequalities:

vr >0, |6® () < sup |GP (W) < —— | k> 1. (84)

u>e 27T6k ’ o

In particular, K. is bounded by 1/27e and Lipschitz continuous with constant 1/2me?.

5.3 Weighted and Signed Initial Measures

Another difficulty lies in the fact that the vortex initial condition wyg is not necessarily a
probability density. The function wg may take negative values and have a L'-norm that
differs from 1. Hence, Assumption (As) also fails. We use a trick due to Jourdain [15] to
pass from a density function py to any wg € L' N L. We assume here that:

JA > 0, P(dw) — a.s. ([|lwo(.,0)|| 1 + ||Jwo(., 0)||1=) < A. (85)
Let us introduce the bounded random function A defined by: P(dw) — a.s., Vz € R?,

wo(z,0)[|wo (., 0)]| 1
|wo(x,6)]

h(z,0) =

0
sign(wo(z, 0)) x ||wo(.,0)||zr or 0, with the convention 0= 0. (86)

2 _ [wo(@,0) s |wo (x,0)] T
Then P(dw) — a.s., Vo € R*, wo(x,0) = h(x,@)m with m a probability
density.
Let us also define, for a probability transition measure Q(dx,a) on C([0,T],R?) mea-
surable in a € R, the family (Q¢(dz,a)):>o of weighted signed transition measures on R?

measurable in a by: P(dw) — a.s., VB Borel subset of R% V¢ € [0, 7],

Q(B,0) = (Q(dx,0), 15(z(t))h(x(0),0)). (87)

The following result from Jourdain [15] can be extended to the case of statistical solu-
tions by working conditionally to 8 as in the proof of Theorem 1.1.

Proposition 5.1. (Jourdain [15]) If P(dw) — a.s. the marginals Qi(dz,0) at time t of
Q(dx, 0) are absolutely continuous with respect to the Lebesque measure on R?, then Qq(dz, )
is also P(dw) — a.s. absolutely continuous. O
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5.4 Existence, Uniqueness and SDE Associated with the Regularized
Equation

Part 1’s general presentation can be adapted to the case of the regularized vortex equa-
tion (82) and we can extend the results obtained for a deterministic initial condition (see
Méléard |26, 27, 28]) to the case of statistical solutions by working conditionally to 6 again.

Proposition 5.2. (Méléard [26]) There exists a unique weak function-solution of (82)
in the sense of Definition 1 and Remark 2, which we denote by (w(t,.,0)),cp0 - This

weak solution is the density process of (@%(dm,@)) o1’ associated as in (87) with the
telo,

weak-solution (Q5(dz, 9))te[07T] of the following nonlinear SDE: P(dw) — a.s., ¥Vt € [0,T7,

X5(0) = Xo(0) + oW, + [; K.+ Q3(X5(6),0)ds
L(O)=v

D _ |wo(=x,0)|dz
E(Xo(0)) = Trun(oylie (88)
W is a Brownian motion independent of 8 and of the initial condition Xo(6)

Qs (dx,0) = L(XZ(0)),
Q% (dx,0) is associated with Q5(dx,0) as in (87).

Moreover, pathwise existence and uniqueness are available for SDE (88) (for a given Brownian
motion W, a given random parameter 6 and a given initial condition X(0)). O

5.5 Existence and Uniqueness of the Statistical Solution

Existence and uniqueness of a weak function-solution (w(t, ., 0))c[0,7] for the original equa-
tion (80) hold by adapting again the proofs with deterministic initial condition (see Méléard
26, 27, 28)).

Proposition 5.3. (Méléard [26])
(i) For a random initial condition wo(.,0) on L*(R?) N L®(R?), there exists a unique weak
function-solution (w(t, .,0))sco,r) of (80) in the sense of Definition 1 and Remark 2. This

weak solution is the density process of (@t(dw,ﬁ))te[oﬂ, associated as in (87) with the
weak-solution of the following nonlinear SDE: P(dw) — a.s., ¥Vt € [0,T],

Xi(0) = Xo(8) + oW, + [; K * Q4(X,(0),0)ds
L(0) =v
L(Xo(8)) = lwo@dld

= Two (DI (89)
W is a Brownian motion independent of 6 and of the initial condition Xo(0)

Qs(dx,0) = L(X(0)),

Qs(dx,0) is associated with Qs(dx,0) as in (87).

(i) The function-solution (w(t,.,0))icpo,r) can be viewed as a random variable parameter-
1zed by 0 with values in the following space:

H= {(qt(fﬁ))Ko | Vte[0,T], ¢ € L'N L™, st:p||qt||L1 < A, S'l%pHQtHLoo < A, A given by (85)}

endowed with the complete norm: |||q||| = sup,e(o 1 [|l@:lll, with |[|g:ll| = [lgellzr + [lge|[z. O

The following lemma, from Méléard [26], is also still available. It shows that we can
approximate the weak function-solution w of (80) with the weak function-solution w® of
(82):

Lemma 5.1. (Méléard [26])Take ' > & > 0. We have:
P(dw) — a.s., ||[w®(.,.,0) —w® (.,.,0)||| < C e exp(CT). (90)

Inequality (85) tells us that the constant C depends only on A and not on w. O
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Using completeness of (H, |||.]||) and Lemma 5.1, we can show by adapting the proofs
in Méléard [26], that P(dw) — a.s., w(.,.,0) is the limit in H of w*(.,.,0) when ¢ — 0.
Letting € — 0 in Lemma 5.1, we deduce that:

P(dw) — a.s., |||w(.,.,0) —w(.,.,0)||| < Ceexp(CT). (91)

5.6 Particle Approximation for (I(mr), f)

Since P(dw) — a.s., K+ O5(X2(0),0) = E (h (X0(0), 0) K (z — XZ(0))) l,—x=(0)» SDE (88)
can be rewritten as: P(dw) — a.s., ¥t € [0,T],

X(f ()9) = Xo(0) + oWi + [y B (h (Xo(0),0) Ke(w — X5(0))|0) [o=x:(9)ds
LO)=v
L(Xo(0)) = [wo (x,0)|dz

~ Two (01
W is a Brownian motion independent of § and of the initial condition Xq(6).

(92)

As in Part 1, we can now build a particle system similar to (23) in order to approximate
the law of the diffusion (92). To this purpose, we replace the conditional expectation by a

regression estimator.
We simulate N realizations (6;);c(1,n) of 6, rank them, and associate with each of them

a particle with initial condition Xéi)’N’E(Q(Z-)) of law [wo(z,0;))|dz/|[wo(., O)|[r1. We

compute the regressions component by component: Vi € [1, N], Vk € [0, K],

N I ) )
S(i),N,e _ 5(i),N, i i 1 i J & (5),N,
XN = X oW~ Wi )+ |50 DD Do <N> v <N> n(X9V00)

j=1IL=—1 I,

+(i),N,e +(3),N,e
1 . iy Dy o Kl (X('L)» € x\I)
S b (R 0 ) res (e s K (K02 = X

7 (1),N.e _ (j),Ne

X - X0

At. (93)
2
T (R (59 0 a0z 5 K2 (XU

1

where € > 0 is fixed and K (z) and K2(z) are the first and second components of K.(x).

Theorem 5.1. Under the following assumptions:
1. The law v of 8 admits a density g with connected support on R w.r.t. the Lebesgue measure,
2. P(dw) — a.s., wo(.,0) € L' N L,
3. P(dw) — a.s., [ z*|wo(z,0)|dz < oo,
4. The marginal law in x of %g(a)da dx, satisfies a Poincaré inequality with the positive
deterministic constant cg.

5. The application ®o G~t : a € [0,1] — % 1s s-Hélder continuous for the norm
-, .
in LY(R), with s > 1/2, and G the distribution function of 0,

6. The father and mother wavelets ¢ and ¢ are compactly supported, Lipschitz continuous, and

satisfy Assumptions (H) and (M),

7. We threshold the estimators with tn = mlc\)}gNN where k = k(g) is a positive constant that has
to be chosen (see (55) to see precisely how),

8. The resolution level IV satisfies 217~ k‘)/ﬁN,
g
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Then,
Ve >0,¥0 <n<1,Yf €CT"(R), 3Ny, VN > Ny,

Cl = Cl(fah76)702 = CQ(f? h)703 = C3(f7 h) > 07

2s
v )N, =(i),N, log N\ T+25
E”[{I(m7), f Zh< c 9( )) f(Xr}) E)| < Oy At+Cylog N < JN ) +Cse,

(94)
where h is defined as in (86). The constants C1(f, h,€), Co(f, h) and C3(f,h) can be respec-
, R
tively upper bounded by C||h||so (w 510) Cl1h oo [1f oo and C|| f|lool1P]]o0- O

Proof. We have:

N

1 N e
E"[(I(mr), f) — NZh (XO)’N’ 79(1')) f(X;)’N* )|

i=1
N
< EY[Imr). f) = (I (mr), f)] + B (I (mr), Z (X870 ) XN 95)

Let us consider the first term in the right hand side of (95). If X and X¢ are solutions
of the SDE (89) and (92) respectively, then:

[{L(m7), f) = (I*(m7), ) [E” (h(X0(0),0)f(X7(0))) — E” (h(X0(0),0)f(X7(0))) |

< [ [ 1f@l(Te.0) ~ w (2. 0) dv(do)
< /Ilfllooll\w @) — w (T, ,a)|| v(da)
< O, A)||f]|e,

thanks to (91).

The second term in the right hand side is dealt with a result similar to Theorem 1.2.
As in the proof of Theorem 1.2, the approximation error can be decomposed in three terms
as in (29): the error due to the use of an Euler scheme, the statistical error and the term
linked to the propagation of chaos.

As in the proof of Theorem 1.2, the error linked to the use of an Euler scheme (31) is
in (Cl|h]|so Zi:o [|f*)]|s)/® and the statistical error (32) is in C||A||so||f]]eo/VN.

The part of the error linked to the use of a particle system can be divided in two terms
as in (34). The first term, which corresponds to the term A; in (34), can be upper bounded
with Theorem 2. 1 An upper bound is then CyAt, where the constant C1 is upper bounded

by Cf[h]loo 10y KL ool |02 K [|oo < O[] loo /210, using (84).
The second term, which corresponds to the term As in (34), can be upper bounded
with spectral gap inequalities as it was done in paragraph 3.1. The proofs extend indeed

to the case where the unknown drift:
E” (h (X0(0),0) Ke(z — X;(0)) |0) |o=xz(0),

also depends on X (#). To see this, we have to show that the law of (Xéi)’N’e, Xt(z)’N’e)ie[l,N]
satisfies a spectral gap inequality similar to the one obtained in Corollary 3.1. This comes
from the fact that (X'O(Z) ’N’E)ie[l’ ~] do not vary with time, and from the assumption that

their laws satisfy spectral gap inequalities with constant c¢g. An upper bound for the

_2s
term As 1s then 00 oo 10 o) . Notice that the constant ere
Ay s then C|[hl ool ||oo log N ((log N)/v/N) ™. Notice that th Ch

does not depend on e, but that the constant x, which appears in the threshold ty =
k(log N)/v/ N and which is set by considering this part of this error, does depend one. W
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Letting N — oo in (94) shows that for any given € > 0, the biais of our particle method

is asymptotically of order:

At

—5 T €
210

It seems however impossible to set € = ey and let ey — 0 when N — oo with our
proof (Section 3). Changing the discretization step At = o(e}}) allows the right hand side
of (94) to converge to 0 with N indeed, but we can not bound the threshold k = k(en)
independently of N. As a matter of fact, x (defined in (55)) depends on the Poincaré
constant Dy, (defined in Corollary 3.2) which we can control independently of At thanks to
arguments similar to (39) and on the Lipschitz constant of K., which we can not control.

5.7 Mean Velocity Vector Field
5.7.1 Particle Approximation

Recall that the mean velocity vector field associated to the statistical solution of (79) at
point x € R? and time 7' > 0 has been defined in (81). This computation corresponds to
the following particular choice for f in (81): Vy € R?, f(y) = K(z — y).

Since K (x—.) and its derivatives are not bounded at 0, we use a cut-off technique again
and cut-off the test function with 6 > 0 as in (83). The approximation we will consider for

(Imr), K (@ =) is: & S b (X800 ) Koo - X009,
Theorem 5.2. Under the assumptions of Theorem 5.1:
Ve, 8 > 0, Yo € R2, 3Ny, YN > Ny,

Ik = k(e), C1 = C1(6, h, ), Cy = Ca(6, h), Cy = C3(8,h),Cy > 0,

N
: = EURE ()N,
) K= = 30 (5577 0) Kot X
=1
2s

log N
VN
The constants Cy, Ca, Cs can be respectively upper bounded by C||h||s ( L+ a%), %

|lh|| e
OO
hlloc O

1+4+2s
< Gy AH—C’glogN( > + Cse + C4.

and

Proof. We first decompose the error:

EY|(I(mr), K(z —.)) =

IN

[(I(m), K(z —.)) = (I(m7), Ks(z - .))|
+ EY|[(I(mr), Ks(x —.)) = (I*(m7), Ks(z = )]

N
v £ 1 v(2),N,e -(1),N,e
BRI (), Ko =) =~ SO0 (XN 00)) Ks(o - X)) (96)

i=1

The two last terms in the right hand side of (96) can be dealt with Theorem 5.1. Let us
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now consider the first term:

|<I(mT) K(z —.)) = (I(m7), Ks(x = )]

< (B (W(Xo(0),0)K (z — Xr(0))) — E* (h(Xo(0), 0)Ks(z — Xr(0))) |
< / / K (z —y) — Ks(x — 9)| [w(T, y, 0)|dy v(da)

< / /| o VK@= )l .0y da)

< /| LY \dy/le ... a)|l|(da)

< O(T, A)s.

The rate of convergence obtained in Theorem 5.3 does not depend on the point = € R?
where we approximate the mean velocity vector field.
For any given € and §, the asymptotic biais when N — oo is of order:

To s T O (97)

5.7.2 Numerical Experiments

We study the Navier-Stokes equation (80) with ¢ = 10~%. The initial condition is given
by: L£(Xo(0)) = N(6,0.3), where the distribution of # is a gaussian mixing:

0 =1y—10W + 17-00?,

with U a binomial random variable that takes the value 1 with probability 0.3, and with
0™ and 6® two gaussian random variables with respective expectations 1.3 and 0, and
with standard deviation 0.2. The random variables U, 81 and 6?) are independent.

We are interested in the mean velocity vector field and use formula (81), to simulate its
time evolution. We apply our particle approximations to: fs = Ks(x—.), with z = (x1, x2)
varying on a grid of 0.5 x 0.5 on [—3,3] x [~3,3] and with § = 10~!. In our particular
example, we have h = 1.

We compare the results provided by each of the three preceding methods for a given
number of 28 = 256 particles. The number of particles is a power of 2 because we use
a Mallat algorithm to handle the wavelet expansions. The drift function is cut-off as in
Paragraph 5.2, with ¢ = 1072. The diffusions are simulated by using Euler Schemes with
At = 0.5 (the theoretical discretization step At = 1072! that we should use to be coherent
with (97) requires very powerful computational abilities).

The random numbers generator has been seeded such that in each of the three methods,
the same simulations are used for § and for the Brownian motions underlying the particles’
diffusions.

The evolutions of the mean velocity vector fields on Figure 1 look similar in every case
of our example. This was to be expected, since the example has good regularity properties.
We can verify here that the three methods are concordant. Notice however that for this
particular example the assumptions of Proposition 1.4 do not hold. Thus, the theoretical
asymptotic convergence rate is not available for Method 2.

Notice also that the Markovian structure of the particles’ diffusions as well as the trav-
elling properties of the 2d-Brownian motion make the influence of the initial randomness
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decrease with time. Though, on our simulations, the center of the vortex evolves differently
according to the chosen method.

Figure 1: Approximation of the mean velocity vector field given by the first particle method (left),
the second particle method with Nadaraya- Watson estimators (center) and with Kerkyacharian-
Picard estimators (right). The first line corresponds to the initialization, then the two other lines
represent the approximation of the mean velocity vector field after respectively 5 and 11 discretiza-
tion steps.

Let us now have a look at the quality of the regression estimators. In each of the plots
of Figure 2, we draw the points <6’(i), K} ()_(,5(1128)’256’5 - Xt(f)’%G’E)) N with bullets and
SN

the first component of the regression estimator a — Ug. (tl,Xt(ll%)’z%’E,a) in continuous
line. We choose the particle number 128 as it corresponds to the median realization of 6.
Results are only presented for the first components of K and ug. (1, )_(,5(1128)’256’5, ).

It seems that the wavelet estimator fits better to the data. In particular, in the gap
between the two peaks of our gaussian mixing, where fewer observations are available, the
Nadaraya-Watson estimator is not robust at all. In contrary, in the "crowded" regions,
where many realizations of 6 can be found, the Nadaraya-Watson estimator seems to av-
erage more than the Kerkyacharian-Picard estimator and thus, it misses some aggregation
features. This can give an intuition to understand why the method based on wavelet regres-
sion estimators is more accurate than the method based on Nadaraya-Watson estimators,
and why it extends to less regular initial conditions.
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Figure 2: On the z-axis are the values of (0;);cni,n). The circles correspond to the points

(Q(i),Ksl (Xt(mg),gse,g foi)’QS&E))ie[l N and in continuous line is the first component of the

regression estimator a — Uk, (t, X't(l%)’zsﬁ’e, a). Left is the Nadaraya- Watson estimator with band-
with 0.1, whereas right is the Kerkyacharian-Picard estimator with threshold 0.1 and level 4 reso-
lution. The results are presented for the first, third and fifth discretization time.

5.8 Test Case and Comparison of the Three Methods of Section 1
Finally, we end this paper with another numerical test in order to conclude the comparison
between the three particle methods introduced in Section 1.

5.8.1 Test Problem

Following Milinazzo and Saffman [24] and Bossy [5], we consider the vortex equation (80)
and focus on the following quantity:

2w(t, z, a)d
vVt € [0,T],Va € ©, L(t,a) = Jre |z)Pw(t, x, a)dx
fRQ w(t7‘r7a)d$
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which satisfies the following equation:
vt € [0,T], Va € ©, L(t,a) = L(0,a) + 2to>.

In case P(dw) — a.s., wo(.,0) is a density function, we have:

vt € (0,71, /RL(t,a)V(da) = /R - l2[2w(t, x, a)dx v(da) = (I(my)(dx), |z|?).

The idea is then to compute the approximations of ¢t + (I(m;)(dx),|z|?) given by the
three particle methods introduced in Section 1, and to see how they fit the theoretical line
t — [z L(0,a)r(da) + 2to?. Since the map x € R? — |z|? is not bounded, we replace it
with z € R? — |‘T|21{|E\SM}

Let us mention the convergence theorem for the wavelet particle method:

Theorem 5.3. Under the assumptions of Theorem 5.1, and with the following additional
assumptions:

1. P(dw) — a.s., wy(.,0) is a density function,
2. P(dw) — a.s., [g |z[*wo(z,0)dz < oo,

then: Ve > 0, 3Ng, VN > Ny, Ik = ,‘Q(E), C, = 01(57M),02,Cg = Cg(M),C4 >0, Vt € [O,T},

El/

N _2s

1 (i), N,e |2 log N\ 72 C

2\ (1),N,e g 4

(i) (da), 2?) = 5 | X o ) +Coe+ Sb.

i=1

1{‘X£'i),N,s‘SM} < Ci At + Oy logN (

The constants Cy(e, M) and Cs(M) can be respectively upper bounded by C (M25+1 + %)

€ el

and C' M. 0

Proof. As previously, we decompose the error:

< [{I(me)(d), |z[*) = (I(me)(de), |2 * 10 <ary)]

2
E” 1{‘Xt(i),N,€‘SM}

N
1 i
(I(mo)(da), |of?) = D [£ON
=1

+EY [(I(my) (dx), |2 1121 <ary) — (15 (ma) (d), 21101 < a0y

- 1
(I5(my), |2*1{jp)<ary) — N 4

2

+E” 1 - (98)

N .
‘Xt(Z),N,e
-1

(XN 1<my

The two last terms in the right hand side of (98) can be dealt with Theorem 5.1. Let us
now consider the first term:

(I me)(de). o) ~ (L) (d), oL apan)] = [(Eme) (), [ gsany)
= ‘IE” (’Xt(0)|21{\Xt(9)|>M}>‘

B (1X(6)*) VB (X (O > M).

IN

Our assumptions imply that: supycp 7 E (\Xt(ﬂ)\4) < oo and sup,¢ (o 7 PV (| X¢(0)] > M) <
supyepo,r) B (|Xt(0)|2> /M? which concludes the proof. [
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5.8.2 Numerical Results and Conclusions

We consider the vortex equation (80) with o = 1073 and choose as initial condition
L(Xo(0)) = N(0,0.6) with a gaussian mixing of means -1 and 1.3 and of standard de-
viations 0.2 for the distribution of §. We apply our particle approximations with the
choice of the test function: f(z) = |2|?> and compare the results provided by each of the
three preceding methods for a given number of 28 = 256 particles. The drift function is
cut-off as in Paragraph 5.2, with ¢ = 5.107%. The diffusions are simulated by using Euler
Schemes with At = 0.05 and T = 5.

A criterium to compare how well the particle approximations of ¢ +— (I(m)(dz), ||?)
fit to the theoretical line ¢ — [, L(0,a)v(da) + 2to? is given by the relative error. If
we denote by A(t) the particle approximation of [, L(t,a)v(da), the relative error can be
defined by:

o5 — |A(t) — A(0) — 2to?|
®) = AQ

0.006
|

0.004

Relative error

0.002
|

0.000
|

Figure 3: FEwvolution of the relative error for th—(la—ir];](frticle methods 1 (dotted), 2 (dashed) and 3
(plain).

In term of relative error, it clearly appears on this set of simulations that Method 1
(dotted line) gives the best performance. Our particle method with wavelets (Method 3,
in plain line) is a little less accurate, but remarkably better than Method 2 (dashed line).
In term of simulation time, Method 3 is longer than Method 2 but avoids the imbricated
simulation procedure of Method 1.
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We recall here some facts about wavelet decomposition and about the wavelet regression
in random design. For further details, there is an abundant literature on the subject (see
for instance Daubechies [9], Héardle and al. [14] or Meyer [23| for the wavelet theory,
Kerkyacharian and Picard [17], Donoho and Johnstone [10] or Donoho and al. [11] for
wavelet regression).

A Wavelet Decomposition

Notation: In this paragraph, we denote by ]/‘\the Fourier transform of f € L? endowed
with its canonical euclidian structure: f =Je —iw £(¢)

Take ¢ € L?. One defines the descendants of this application by é;,7, = 2/1/2¢(21a
IQ), for [ €N, I, € Z.

Assumption 3. ¢ is said to be a scale function if it satisfies the following properties

Loy o \cb(w + 2Iom)|[? = 1 almost everywhere. This condition is equivalent to the
orthogonality in L* of the translated functions (¢(. — 12)) 1, ¢z

2. There exists a 2m-periodic function mg € L%[0,2n] such that: g/g( ) =mo (%) o (%)
which is equivalent to the increase in the inclusion sense of the spaces Vi, defined by:

Vo Sp{¢0127 Lely={f=cnbn | X len* <o}
Vi, = {h f(2ha) = 212 cnLonn(a) | f€Vo, Y |CIz|2 < 00}7 I > 1.

Assumption 4. We also assume that there exists a map 1 € L? which satisfies the fol-
lowing properties (HO2), where the applications (1,1,) are defined by the same way as the

(¢1,1,) were:

Ly ¥ O(w+2Lm)2 =1 a.e.

2. There exists a 2r-periodic function my € L?[0,2x] verifying: @(w) =m (%) g(%)
which means that Y € V7.

SADIA D(w+2Lm)0(w + 20o7) = 0, which tells us that Vo and Wy are orthogonal, where
we have defined:

Wo = {f = 212 CIQ¢0,12 | Z|012|2 < OO}
Wi, = {hla)= f2a) = >, cntnnla) | £ €W, Ylenl> < oo}, > 1.

4. mi(w) = e “mg(w + m)p(w), where p is 2m-periodic with |p(w)| = 1 a.e. This
implies that Vi = Vi & W.
These conditions are sufficient to prove that, more generally, for a given Iy > 0, the

1
functions (Y1,1,) 1, form an orthonormal basis of Wy,, and that Vi, 41 = Vi, & Wy,.
The function ¢ is called father wavelet, whereas v is the mother wavelet.

Assumption 5. Hypothesis (HO3) : ¢ € L' N L2. This assumption implies the continuity
7[/2

of the Fourier transform and the fact that <UI1>0 Vh) = L2. Notice that this assumption

is implied by the concentration property (H) enounced in section 1.3.2.
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When all the previous properties are satisfied, the sequence of spaces (Vr,) 1,>0 gener-
ated by ¢ is called MultiResolution Analysis (MRA) of L?. The sets (Wy,) >0 are then

the resolution levels of the MRA.
Then, a wavelet decomposition is available for every f € L?:

VfeL? VaeR, f(a Z ar,dor,(a) + Z Z BrnYnr(a Z Z Br Y 1,(a), (99)

I2€Z I1,=012€Z I=—11€Z

where we have written ¢or, := %_15, and 8_15, = ay, in order to simplify the formulas.
The coefficients of the wavelet expansion are:

Brry = gy = / f(a)pon,(a)da and fr,1, = / F(@)rs 1, (a)da. (100)

Heuristically, we may consider I; as a degree of liberty in the frequency scale. The
coefficients o thus sum up general shape of f whereas the coefficients 3 correspond to
"details". The index Is corresponds to a translation parameter and can be viewed as a
degree of liberty in the time scale.

Using Expansion (99), we can approximate any f € L?, by its sequence of projections
on VI{v:

Py, fla Z > Brei(a

Ih=-112€Z

We can show that the projection operator PVN on VIN, for I{V > 0 is associated with the

kernel Ky (z,y) = 211_11 Y pez 1(@)Yr(y): Vf € L?, Py, f(z) = [ Kin(,9)f (y) dy.

It can also be proved that under Assumption (H), [ |K I{v z, )| dy is bounded uniformly
in N by the positive constant C' appearing in (H).

Finally, let us notice that when ¢ and v satisfy Assumptions (H) and (M), the wavelet
coefficients of any function f € B o 0, the Besov space of s-Hélder continuous functions,
satisfy:

3C > 0, sup |Br,1,| < C2711(5+3) (101)
Ip)

In fact, this inequality characterizes the functions of the Besov space Bj oo 0c-

B Presentation of the Warped Wavelet Regression Estimator

We now present the warped wavelet regression estimator inspired by the work of Kerky-
acharian and Picard [18]. Then, we give a theorem dealing with its L2-error.

Suppose we are trying to estimate the regression function f in:

with independent identically distributed observations (Y, 0;);cn,n € (R % R)Y, with the
same law as (Y,0), and unobserved (g;);c[1,n), Which are assumed to be centered and
orthogonal to the sigma-field o(¢) generated by the (6;);c(1,n]-
The theoretical solution, which minimizes the variance of the residuals ¢;, is the con-
ditional expectation: E(Y'|# = a) = argminsE (Y — F(0))%
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In the following, we also suppose that the law £(6) of 6; has an unknown density which
we will call g. We denote by G its distribution function, by G~! the usual generalized
inverse of G and by G the empirical equivalent of G as we did in (17).

The supports of f and g are also assumed to be imbedded in a compact interval Z.

We look for estimators ]?for f of the form:

1y
flay="3" 3 Brtn(@) s 5, (103)

IL=-1 I

where 31 are estimators of 7 appearing in (99) and where I{V corresponds to the trunca-
tion of the serie (99). Small terms corresponding to estimated coefficients §; with absolute
values under the threshold ¢y are eliminated.

When dealing with deterministic and equi-spaced data 6; (; = i/N), one classically
uses the following estimator for §r (see Donoho and Johnstone [10] or Donoho and al. [11]):

1 N .
b=+ ;1/11 (;7) Y;. (104)

When the explicatives 6; are random, the estimator (104) is no more valid.

Instead of looking for a complicated estimator, whose choice would be conditioned on
the chosen wavelet base, Kerkyacharian and Picard [18] tried to stay close to the statistical
data and therefore used warped wavelets to construct natural estimators. One can indeed
reduce the problem to the case of uniformly distributed data on [0, 1] since G(0;) are
uniformly distributed on [0, 1]. A natural extension of (104) is then:

-~

N
@=;§wwmm. (105)

This is an unbiased estimator of the coefficient Gy appearing in the following expansion
of foG~! on the wavelet base (¢1) or equivalently of the expansion of f on warped wavelets

(Y10 G):
fla)y= >3 Bri(Gla)).

ILi>-1 Iz
A natural estimator of f would then be:
Y

Flay= 3 3 Bion(@a)i e, (106)

I=—112€Z

with ¢ty and I {V appropriately chosen.

Since this transformation relies on G, which is in fact unknown, we replace it by G n(a).
The new estimators of the coefficients are then:

SO 1 Y i
Br = N ;¢I(GN(91‘))Yi =N ;¢I <N> Y, (107)

where the Y(;) correspond to the observations ranked by increasing values of ;. The ranking
is made here to simplify notation: we have just re-indexed the sum.
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A generalization of the estimator (106) is therefore:

0
J/H(a) = Z Z B}wl(GN(a))lﬁﬂth’ (108)

I=—112€Z

with ¢y and I {V appropriately chosen.

Notice that the expression (107) is very similar to (104), which is nice, since the com-

putation of (104) is often already implemented in statistical softwares.
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