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Abstract

The aim of this note is to revisit propagation of chaos for a Langevin-type interacting particle system recently
proposed as a method to sample probability measures. The interacting particle system we consider coincides, in
the setting of a log-quadratic target distribution, with the ensemble Kalman sampler [13], for which propagation of
chaos was first proved by Ding and Li in [9]. Like these authors, we prove propagation of chaos using a synchronous
coupling as a starting point, as in Sznitman’s classical argument [25]. Instead of relying on a boostrapping argument,
however, we use a technique based on stopping times in order to handle the presence of the empirical covariance in
the coefficients of the dynamics. This approach originates from numerical analysis [17] and was recently employed
to prove mean field limits for consensus-based optimization and related interacting particle systems [18, 15]. In
the context of ensemble Langevin sampling, it enables proving pathwise propagation of chaos with optimal rate,

whereas previous results were optimal only up to a positive &.

1 Introduction

Context. In a wide variety of applications, ranging from Bayesian inference to statistical physics and computational

biology, it is necessary to produce samples from high-dimensional probability distributions of the form

e Z ¢ 1.1
n=g —/Rde ' (L.1)

where ¢: R? — R is a given function. In [13], the authors propose to simulate the following interacting particle

system in order to generate approximate samples from p:

dX7 = —C(u])Vo(XI)dt +/2C(u!)aW],  je[L,J], (12)

where (W7 )jef,s] are independent standard Brownian motions in RY, uf = % 2;121 ) X7 is the associated empirical
measure, and C(u;) denotes the covariance under uf; see (1.7) below for the precise definition. They also present
a gradient-free approximation of (1.2) that is well-suited to those Bayesian inverse problems for which it is difficult
or undesirable to calculate derivatives of the forward model [10]. Taking formally the limit J — oo in (1.2), they

conjecture that the mean field limit of the system is given by the following McKean stochastic differential equation

{dXt = *C(ﬁt)vﬁb(yt) dt + V QC(ﬁt) dWs, (1 3)

ﬁt = Law(yt) .

For background material on propagation of chaos, we refer to [6, 7]. The mean field equation (1.3) is often simpler to
analyze mathematically than the interacting particle system (1.2), and doing so is useful in order to better understand
the behavior of the particle system for large J. In the setting where ¢ is quadratic, for example, it is possible to show
that the law p, converges exponentially, in an appropriate sense, to the target distribution [5, 13].

In [23], a correction of (1.2) is proposed to ensure that the interacting particle system possesses as invariant
distribution the tensorized measure p®’ for every value of J > d + 1. The properties of the resulting interacting

particle system, with acronym ALDI, are analyzed in [14].
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Summary of previous work. In [9], Ding and Li study propagation of chaos for (1.2) in the particular situation
where ¢ is quadratic. In the setting of Bayesian inverse problems [24], this situation arises when the forward model
is linear, observational noise is Gaussian and the prior distribution is Gaussian. In order to show convergence, in an
appropriate sense, of the interacting particle system (1.2) to the mean field limit (1.3), they employ as a pivot the

following synchronously coupled system, with the same initial condition and the same Brownian motions:

dX’ = —C(p,)Vo(X') dt + v2C(p) aW;,  je[1.J], -,
. 1.4
p, = Law (X i) .
Using a novel bootstrapping argument, which is summarized in [7, p. 142], they prove that for every ¢ > 0, there

exists C' independent of J such that
sup B [|X7 - X || <cute (1.5)

t€[0,T)

Combining this bound with Wasserstein convergence estimates for empirical measures formed from i.i.d. samples [12],

they then deduce a convergence estimate of the form
VI EeNY,  E[Wa(utpp)] < I (1.6)

for an appropriate a > 0. This part of the argument is straightforward and independent of the interacting particle
system considered. In the terminology of [6], estimate (1.5) establishes pointwise infinite-dimensional Wasserstein-2

chaos, whereas estimate (1.6) implies pointwise Wasserstein-2 empirical chaos.

Contributions of this note. The aim of this note is to revisit propagation of chaos for the interacting particle
system (1.2). For simplicity, we consider neither the modification proposed in [23, 14] nor gradient-free approximations,
but note that the approach we present generalizes to the ALDI sampler from [14] in a straightforward manner. Our

contributions are the following;:

e We generalize the work of [9] by relaxing the assumption that ¢ is quadratic. The assumptions made on ¢ in

our main result are similar to those in [14].

e Whereas (1.5), in the terminology of [7], may be viewed as a pointwise estimate for the Wasserstein-2 norm, the

result we prove is a general pathwise estimate for the Wasserstein-p norm.

e We employ an approach based on appropriate stopping times, which is novel in the context of mean field limits
and may prove useful for the analysis of other interacting particle systems. This leads to an estimate which is

is optimal, in the sense that (1.5) holds with e = 0.
e Finally, we prove a well-posedness result for the mean-field dynamics (1.4).

The rest of this document is organized as follows. Well-posedness results for the interacting particle system and its
formal mean field limit are presented in Section 2. We then present additional auxiliary results in Section 3, and the
main results in Section 4. The appendices contain the proofs of well-posedness results (Appendix A) and auxiliary

results (Appendix B).

Notation. Welet N:={0,1,2,3,...} and N* := {1,2,3,...}. For amatrix X € R%*?, the notation || X refers to
the Frobenius norm. The set of probability measures over R? is denoted by P(R), and the notation P,(R%) C P(R?)
refers to the set of probability measures with finite moments up to order p. For a probability measure u € P(R?) the

following notation is used to denote the mean and covariance under p:
M = [ wudo). 0= [ (o= MG0) @ (2 M() pldo). (1.7)

For a probability measure x4 € P(R?) and a function f: R — R, we use the short-hand notation

ulf] = /E f() ulda).



By a slight abuse of notation, we sometimes write u[f(x)] instead of p[f] for convenience. For example, for a probability
measure p € Py(R), the notation u [:Ez] refers to the second raw moment of . Throughout this note, the notation Q
refers to the sample space, and C refers to a constant whose exact value is irrelevant in the context and may change

P it is always assumed that the exponent

from occurrence to occurrence. Furthermore, in expressions such as E’ f(X)

is inside the expectation; otherwise we write (E [f(X)])p.

that |z|? < |z|2 for all a < b and all z € R.

Finally, for convenience, we let |z|, = max{1,|z|}, so

2 Assumption and well-posedness

Throughout this note, we denote by A(¢) for £ > 0 the set of negative log-densities ¢ that satisfy the following

assumptions, with that value of £.

Assumption H. Without loss of generality, we assume that the function ¢: RY — R is bounded from below by 1.
We assume furthermore that ¢ € C2(RY) and that there are positive constants cg,c, and a compact set K such that

the following inequalities are satisfied for all z € R4\ K :

co|z]? < o(x) < ez, (2.1a)
celz[ T < V()] < eulz|, (2.1Db)
colz' Iy x D? () < cu g |z)" (2.1c)

Remark 1. A few comments are in order.

o The upper bound in (2.1c) implies that V¢ is locally Lipschitz continuous: there is Ly > 0 such that
Yo,y € R [Ve(2) = Vo) < Lo (1+ [z +[yl") |2 — yl. (2:2)
o Assumption H implies that there are constants ¢y, ¢, such that
Ve e RY,  Glelt < o(n) <Gl |Vo(@)| <alall,  |ID?o(@)], < dulelt. (2.3)

We shall henceforth assume that these inequalities are satisfied with the same constants as in Assumption H.

o When the target distribution (1.1) is the Bayesian posterior associated with an inverse problem with a linear
forward model, Gaussian noise and a Gaussian prior, the function ¢ is quadratic. In this case Assumption H is
indeed satisfied with ¢ = 0.

Before presenting well-posedness results, we describe the mathematical setting more precisely than in Section 1.
Given independent standard Brownian motions (W7 )j en+ 1 R? and independent random variables (Xg )j e+ Samm-

pled from some p, € P(R?), we consider for each J € Nt the following interacting particle system
Xg=X3+/ b (X7, 1l) ds+/ o (XI,pul)awi, j e[t J] (2.4)
0 0
where the drift b: R? x P(R?) — R? and diffusion o: R? x P(RY) — R¥*? are given by

bz, p) == =C()Vo(x), oz, p):=+2C(). (25)

Following the classical synchronous coupling approach [25], we couple to (2.4) the system of i.i.d. mean-field McKean-

Vlasov diffusions

X . t _ t _ .
X :X3+/ b(Xi,ps) ds+/ a(Xi,,pS) A9,
0 0

P, = Law (X)),

Vi e[1,J], (2.6)



driven by the same Brownian motions and with the same initial conditions as (2.4). The well-posedness of (2.4)

and (2.5) follows from Proposition 1 and Proposition 2 respectively, stated hereafter and proved in Appendix A.

Proposition 1 (Well-posedness for the interacting particle system). Assume that ¢ € A(L) for some £ > 0 and
that py € Pp(R%) for some p > 2. Then for any J € Nt the system of stochastic differential equations (2.4)
has a unique globally defined strong solutions that is almost surely continuous. Furthermore, for all T > 0 there
is k = k(p) > 0 independent of J such that

E

sup |X]|p] : (2.7)
telo,T

Proof. The proof of well-posedness is essentially that of [14, Proposition 4.4]. The moment estimate (2.7) generalizes
those from [9]. See Appendix A for details. O

Proposition 2 (Well-posedness for the mean field dynamics). Suppose that ¢ € A(l), that py € Pp(R%) forp > (+2,
and that C(py) = 0. Fiz g ~ py and T > 0. Then, there exists a unique strong solution X € C([0,T],R%) to (1.3)
such that Xo = xo and t — C(p,) is continuous in [0,T]. Furthermore, the function t — C(p,) is differentiable and
there is & = R(p) > 0 such that

dc(@,)

E
dt

<F, (2.8)
F

aup uw] <m  sw CE) My <R sw
te[0,7T] te[0,T) te[0,7T]

Proof. The proof uses a classical fixed-point approach, similar to that used in [4]. See Appendix A for details. O

3 Auxiliary results

The proof of the main results presented in Section 4 relies on the moment bounds (2.6) and (2.7), as well as the

following auxiliary lemmas.

Lemma 1 (Bound on the probability of large excursions). Let (Z;),en+ be a family of i.i.d. R-valued random variables
such that E[|Z1|"] < oo for some r > 1. Then for all R > E[|Z1|], there exists a constant C' > 0 such that

J
1 _r
vJ e NT, P j§_: Z;>R| <CJ =,
Proof. This follows from a generalization of Chebychev’s inequality [22, Exercise 3.21]. Let

J
2.7

j=1

%\)—‘

By the classical Marcinkiewicz-Zygmund inequality, it holds that E|X —E[X]|" < Cuz(r)J~2E|Z; —E[Z;]|". There-

fore, using the Markov inequality, we deduce that

P[X > R| < P[|X ~BX||" > (R—E[X])T} <E

which concludes the proof. O

Lemma 2 (Wasserstein stability estimates). For all (u,v) € P2(R%) x P2(R?), it holds that

H H (W2 #00) + Wa(v, 50)) 2(p,v), (3.1a)
HF FH < V2Wa(p,v). (3.1b)
Proof. See Appendix B.1. 0



Lemma 3 (Convergence of the empirical covariance for i.i.d. samples). For all u € Pa,(R?), there is C depending

only on p and the 2p-th moment of u such that for all J € N,

E|c(r!) - Cu)|p < 0I5,

e

{Yj}jeN i, (3.2)

K\H

Furthermore, for all i € Pa,(RY) satisfying C(1) = nly = 0, there is C depending only on (p,n) and the 2p-th moment

of p such that for all J € NT,
P
B\ - Ve
F

Proof. This is essentially [9, Lemma 3|. We include a short proof in Appendix B.2 for the reader’s convenience. [J

<CJ7E, (3.3)

4 Main results

We first present, in Subsection 4.1, a sharp quantitative result in the setting where ¢ € A(0), in which case V¢ is
globally Lipschitz continuous. Then, in Subsection 4.2, we extend the result to the setting where ¢ € A(¢) for £ > 0.
While the methodology used in the proof of Theorem 3 is rather general and potentially applicable to other interacting
particle systems, the approach used in the proof of Theorem 4 is more technical and tailored to the interacting particle

system (2.4). Finally, in Subsection 4.3, we present a corollary of these theorems with applications in sampling.

4.1 Sharp propagation of chaos for globally Lispchitz V¢

Theorem 3. Suppose that ¢ € A(0), and consider the systems (2.4) and (2.6) with the coefficients given in (2.5).
Assume that py € Pg(R?), for some q > 6, and that C(py) = 0. Then for all p € [2, %], there is C > 0 independent
of J such that

VJeN',  Wie[l,J], E| sup ‘X? X ‘ oy {884 5 ) (4.1)
t€[0,7]
Proof. Fix p € [2,4] and r € [p, £] to be determined later. Fix also R € (0, 00) such that
R\" r
() >E| sup |X;| |. (4.2)
2 t€[0,T)

By Proposition 2, the right-hand side is indeed finite. Consider the stopping times

7(R) =infdt>0: ]Xgr

1
7. SRS = inf{t >0 W (), 60) > R}, (4.3a)

|

1 r
j SRS = inf{t >0 W (g, 60) > R}, (4.3b)

™M= 1M

and let 6;(R) := min{TJ(R),?J(R)}. Since R will be fixed until the end of the proof, we omit this dependence in
the notation. By Hélder’s inequality, it holds that

E ‘Xj Yj‘p
— B sup _
2r—1 te[0,T) K k
— . i_x . i_xI"
=E | sup |X] - X; 1{0J>T} +E | sup |X; — X, l{ngT}
te[0,T) t€[0,T7]
ya
—j p . —j q K %
<E| sup ‘XW,J XM(,J‘ +(E| sup ‘th —Xt‘ (P[eJ gT]) , (4.4)
te[0,T] t€[0,T]

We bound the two terms on the right-hand side separately, and then conclude the proof.



A. Bounding the first term in (4.4). Since [|Y|;.(q) < [[Y]lpsq) for any random variable Y and any a < b, it

holds that .
p rl\ "
] < <E D | (45)

Bounding the right-hand side of this inequality is not simpler than bounding the left-hand side directly. However, the

j <77
sup ‘XMQJ - XtAOJ
te[0,T]

j 7
sup ‘Xt/\eJ = Xino,
t€[0,T]

E

bound obtained with r > p will be useful to bound the second term in (4.4). In order to bound the right-hand side

of (4.5), we adapt Sznitman’s classical argument. We have

T
T

<

1 : —
7 J
or—1 Xt/\e,, - XtABJ

tAG 5 ) .
/ b(Xﬁ,u;’)—b(Xiyﬁs) ds
0

T

tAO g ) . )
s [ o (ud) <o (Xhp,) aw;
0

Let us introduce the martingale
t :
M = / o (XIpl) -0 (Y;ps) awi.
0

By Doob’s optional stopping theorem [17, Theorem 3.3], see also [11, Equation 2.29, p.285], the process (Mtj/\e‘])go
is a martingale, with a quadratic variation process given by ((M7)ng,)t>0, where (M7) is the quadratic variation
of M7. Therefore, by the Burkholder-Davis—Gundy inequality, we have for all ¢ € [0, T that

. . r tAO ] . r
E Xg/\aJ - XiA@J < (2T)T_1E/O b (ngﬂsj) —b (Xi7ﬁs) ds

sup
s€[0,t]

T

tAO
+ CBDGQT—lT%—lE/ RCES (4.6)
0

o (X1ul) — o (X0.7.)

From the triangle inequality, it holds that

1 tAO g
r—1 E/
2 0

r

ds

r t X S
ds < /0 E ‘b (XgAO,]’MSJ/\GJ) —b (XZAQJ,ESJM)J

+ B (La) -0 (%L

b(xt )~ (X0

" ds. (4.7)

Similarly, for the diffusion term, we have

1 tAG 5
r—1 E /
2 0

T

t ) . r
ds < /0 E HU (Xg/\ejvusJAeJ> -0 (Xi/\OJ’ﬁLs]AH,]) ’F ds

t ) _ -
+/ Bl (X)) -0 (X07.)
0

ds. (4.8)
Next, we bound the terms on the right-hand side of (4.7) and (4.8).

o (Xi.ul) — o (X7,)

F

F

A.1. Bounding the first term in (4.7). By (2.5) and the triangle inequality, it holds that

2B (€ ) € (7)) V5 (X )|

Lol ‘C (7no,) (V¢ (ngj) - Vo (Yiwf)) ’T '

E ‘b (XiAerﬂ;IAHJ> —b (yi/\ejaﬁls]/\ﬁj)

By (3.1a) in Lemma 2, we obtain

Hc (12n0,) = C (o,

’F < 2(W2 (/fsjAeJa 50) + Ws (ﬁ;]Aoja 50))W2 (MsJAeJaﬁ;]AG,,) < 4R Wy (NsJAkoﬁ;]AGJ) )



where we used the definition of the stopping times in the second inequality. Therefore, we deduce that

(4R)"E ’W2 (NsJAe,,»ﬁ;]Aej) V¢ (X2A9J> ‘r

B(C (1uha,) =€ (72n0,) ) V6 (Xna, )| <

J
= (4R)"E | W (MsJAeJaﬁsJ/\GJ Z‘ ( s/\ej)’ )

where we used exchangeability in the second line. By the assumption (2.1b) of linear growth of V¢ and the definition
of 6, this leads to

<

r

B|(C(1ha,) = € (ro,) ) V0 (XL, )| < OB |Wa (il o) %Z)sz]

< CE [WQ (Hé]AGJaﬁé]AGJ)T (1 + WT(“:J/\GJ’ 6O)T)]

< CE [Wz (MSJ/\eJ’ﬁSJAeJ)T} : (4.9)

On the other hand, by definition of the stopping time 6, and the inequality ||C(u)||r < W2(u, dp)? which holds for
all 4 € P(RY), it holds that

)

B (i) (V6 (X20,) = 6 (Xina,))| < BB[90 (X,) = 90 (Fora, )|

< R27 E ‘Xs/\e Yi/\elj (410)

where we used the assumption of Lipschitz continuity on V¢ in Assumption H. In view of the inequalities (4.9)
and (4.10), and of the bound

T

7
SN0 s XS/\OJ ’ (411>

_E‘X

_ X/
E [Wr (HSJAkoﬂsJAeJ } S N Z ‘Xs/\aJ Xsno,

which holds by definition of the Wasserstein distance, we deduce that

T

j 7
CE ‘Xg/\OJ - XS/\OJ

7‘7 _ T
E ‘b ( S/\0J7/'I'S/\9]> b (XS/\0J7/'I’:SI/\9,]) <

A.2. Bounding the second term in (4.7). For this term, we have

o (¥2) - (%)

~B|(c(@) - c(7,))Vo(X))|
< CE [[le) - e, (1+X1")]
;) EheEr)

where we used (2.1b) in Assumption H and Holder’s inequality. Using the moment bound in Proposition 2 and then

¢ (Blew) - cr)
using Lemma 3, noting that p, € Ps-(R?) by assumption, we deduce that

Blo(Xa)-v(XLa)|

A.3. Bounding the first term in (4.8). For the first diffusion term, we have that

27||\/C (129,) — /€ (s,

.

<CJ 2.

. . T
J J 7 —J
HU (XSAQJ’/'LS/\H,]> -0 (XS/\QJ’ILLS/\OJ> F -

Using Lemma 2 together with the bound (4.11), we obtain

r4l r

‘T < 2% E‘Xj
F

7
SN 5 - XS/\@,]

. — B
E HJ (XgAejvﬂng,]) -0 (Xs/\e,]a /‘;I/\GJ)



A.4. Bounding the second term in (4.8). By Proposition 2, there is n > 0 such that C(p,) = nl, for all ¢t € [0, T].

Thus, it follows from Lemma 3 that

E Ha (Yi,ﬂsj) -0 (Yi,ﬁs

) =2m] e w) - vew| <co

A.5. Concluding part A. Combining the bounds on all terms, we finally obtain from (4.6) that

E | sup XLZ/\GJ —YJSMJ +C/ sup | X .9, —Yfme] ] ds.
s€0,t] u€l0,s]
By Gronwall’s inequality, this implies that
E| sup ‘Xg’w] —xX, || <cos (4.12)
te[0,T) ’ '

B. Bounding the second term in (4.4). We have by Propositions 1 and 2 that

E sup ‘th|q

t€[0,T)

+E

sup |Xt] Xzyql <207t (E

t€[0,T]

sup | X7 D <277 (k(g) + R(9))-
te[0,T]
In order to complete the proof of the theorem, it remains to bound the probability P [0; < T, which can be achieved
by noticing that

Pl0;<T|=P[r; <T<7;]+P[7; <T].

Using the almost sure continuity of the solution to the interacting particle system, together with the triangle inequality,

we bound the first probability as follows:

Plry <T<7;]<P| sup WT(M{MJ,%) =R
_te[o,T]

<P| sup Wr(ﬂi]AeJaﬁZ]AeJ> + sup Wr(ﬁi]AeJa(SO) z R
| t€[0,T] te[0,T]

. R
sup Wo(fifhg, . 60) = =

+P
t€[0,T] 2

<P | sup W,-(M;]AeJaﬁgAeJ) 2 D)
| t€[0,T]

)

where we used that P[A+ B > k] < P[A > k/2] + P[B > k/2| for any two real-valued random variables A and B,
because {A+ B > k} C {A > k/2} U{B > k/2}. The probability P[f; < T] can then be bounded as follows:

Pl0; <T|=Plry<T<7)]+P[F;<T|

_ R
sup W”‘(:u’%]/\aﬂp’;ﬁ]/\&;) Z 9
t€[0,T]

R
sup W, (T, o) > 5

<P
te[0,T) 2

+ 2P

Using (4.11) and Markov’s inequality for the first term, together with the inequality sup > < > sup, we then obtain

J
or 1 . — T
P[@J < T] <5 E | = Sup ’XgAOJ - Xg/\HJ

RT’
Rr J ; te[0,T]

x| s 413
=k (1.13)

J
1
+2P | = sup
; te[0,T]

The first term is bounded from above by C.J~% by exchangeability and (4.12). In order to bound the second term,
let us introduce the i.i.d. random variables

Z;= sup ’X . je[LJ]

t€[0,T)

By the moment bounds in Proposition 2 and the assumption that p, € P,(R?), the random variable Z; has finite

moments up to order £ > 1. Furthermore, by definition (4.2) of R, it holds that E[Z)] < };—T Thus, it follows



from Lemma 1 that there is a constant C' independent of J such that

J

1 o
P jz sup]‘Xg

J=1 tel0,T

J
r T 1 T q
B _pliyg s B <ot (4.14)
27 J & %

C. Concluding the proof. Substituting the bounds (4.12) and (4.14) in (4.4), we finally obtain that

E | sup ‘Xg —Xi‘

<C (J‘g L J‘qip) .
te[0,7)

This inequality is true for any r € [p, 2], with a constant C' depending on 7. The best estimate is obtained when the
exponents of the second and third terms are as close to equal as possible, that is to say when r = max{p, min{,/g, %}},

which leads to the estimate (4.1) and concludes the proof. O
Remark 2. A few comments are in order.

o If py has sufficiently many moments, then (4.1) recovers the optimal convergence rate J~%, which is obtained

in the classical setting with globally Lipschitz coefficients, see [7, Theorem 3.1].

e In the proof of Theorem 3, the probability P[r;(R) < T| was bounded from above in terms of P[7;(£) < T and

an appropriate distance between the stopped particle systems. The probability P[?J(g) < T is simple to bound

directly, because the synchronously coupled mean field particles are independent and identically distributed.

e In order to obtain an estimate with a scaling that is optimal in J, it was crucial to first prove in (4.12) a
propagation of chaos result for the stopped particle system in a metric L™ with v larger than the value p in the
final LP estimate (4.1).

o For ¢ € A(L) with £ > 0, the proof presented above does not go through. The issue in this case is to obtain a
bound similar to (4.10). It is still possible, however, to prove sharp propagation of chaos using a slightly different

and more technical approach; see Theorem /.

e Reasoning as in [9], we deduce from Theorem 3 that Wasserstein-p empirical chaos holds for the ensemble

Langevin sampler (2.4), in the sense of (4.15) below. Indeed, an application of the triangle inequality gives
E{WP(Mgaﬁt)} < E[Wp(ﬂij>ﬁg)} + E[Wp(ﬁijvﬁt)]

Under the assumptions of Theorem 3, the first term on the right-hand side tends to 0 in the limit J — oco. On
the other hand, by [12, Theorem 1], the second term decreases as J—<, for a constant « € (0, %] depending on p,
the dimension d and the number of bounded moments of p,, We refer to [12], see also [6, Lemma 4.2], for the
explicit value of o, which is in general strictly smaller than the Monte Carlo rate %, even when p, has infinitely

many moments. Therefore, it holds that

Jlim < sup E[Wp(,u;],pt)]> =0. (4.15)
=0\ te[0,T]

4.2 Extension: sharp propagation of chaos for locally Lipschitz V¢
In order to prove sharp propagation of chaos for this case, we need the following additional auxiliary result.

Lemma 4 (Convexity inequality). If ¢ € A({) for some £ > 0, then there are ¢y > 0 and co > 0 such that
V(w,y) eRIX R (y—2,Vo(y) - Vo(@)) > er (1+]al’ + yl*) |y — al* — caly — af.

Proof. By the fundamental theorem, it holds that

1
Vo(y) — Vo(z) = /0 D? gi)(ac +t(y — x)) (y — x) dt. (4.16)



Assumption (2.1c) implies that there is ¢a > 0 such that
Ve e RY,  D2o(x) = col] Ty —coly.

Therefore, taking the inner product with y — 2 on both sides of (4.16), we obtain that

1 1
(v=2.Vot) = Vo) > o [ o +ty—a)l y—aPdi—cs [ ly—afar

Suppose without loss of generality that |y| > |z|. Then, using the triangle inequality, we obtain that

1 1 1 )
/ |z +t(y — z)[" dt>/3 Ity + (1 — t)z|’ dt>/3 (t|y|—(1—t)|x\) dt
0 1 I

4

1
C
> /3 (Zt - 1) Iyl dt > Cly|* > 5 (|x|e + ‘y|e) )
1

which concludes the proof. O

In the following result, we assume for simplicity that the probability measure p, has infinitely many moments, but

this assumption is not required.

Theorem 4. Suppose that ¢ € A(f) for some £ > 0, and consider the systems (2.4) and (2.6) with the coefficients
given in (2.5). Assume that p, € Py(R?) for all ¢ € N and that C(py) = 0. Then for all p > 0, there is C > 0
independent of J such that it holds that

P »
VJeN*t,  Vie[l,J], E| suw ‘Xﬂ X" <ok, (4.17)

t€[0,T)

Proof. Tt suffices to prove the statement for p > 4 because, by Jensen’s inequality, it holds for all p < p that

)

i)

sup ‘X -X ’ E | sup ‘Xt —Xt’ .
te[0,T7] t€[0,T7]

Fix p > 4, as well as r = 2p and ¢ = 4p(¢ + 1). Fix also € > 0 to be determined later, and R € (0, c0) such that

E

R >E

sup
t€[0,7]

1 (4.18)
and let 6; := min{tJ,?J}, where the stopping times t; and 7; are given by

ty :mf{t> 0: Wy (u, 1)) 25}, (4.19a)
Ty= mf{t >0 Wypar) (73], 60) > R}. (4.19b)
By the triangle inequality and the definition of 6, it holds for all ¢ € [0, 7] that
WT(M%]/\OJaéO) < Wi (Mt/\e,v Mt/\ef) + W, (/j‘t/\Gﬂ(SO) e+ R.

In addition, in view of the Wasserstein stability estimate (3.1a), it holds that

|Cith,) = CEtng,)| < 2R +2)e. (4:20)

10



As in the proof of Theorem 3, we have by Holder’s inequality that

——E
2p te[0,T)

S
sup ‘th—Xi‘]

—j p
Xt/\@,;

sup ‘Xt]

<E Ny
t€[0,T]

+ (E q] )g (Pos < 7)) - (4.21)

A. Bounding the first term in (4.21). Here, the approach is slightly more technical than that in the proof
of Theorem 3. Recall that, by Proposition 2, there is k > 0 such that

sup ‘XL? - Yﬁ
t€[0,7]

dC(p,)
dt

wewr o], veor, |

< K. (4.22)
F

Using this bound, applying It6’s lemma to f(z,7,t) = 3(z — Z)" C(p,) ~*(z — T), and noting that f (Xg,Yé, 0) =0,
we obtain that, for all ¢ € [0,7],

Lxiex] < (x3 X ) = - /O X - X1, Vo(X]) - Vo(X1)) ds

+ [ (1= Xhem) ™ () - cud)) Vo)) as
( C(u) \/c<ug>\/c<ps>>:<c<ps>1 c<ps>1> 0
1

C(ps)v/C(ud) C(p,) —C(p,)™" C(py)™"

+ [ 5= Ter) G ) (g - X Tas
[ (-0 e (Vaewd) - vaei ) aws. (4.23)

Let us bound the terms one by one.
e By Lemma 4 and Assumption H, the integrand in the first term satisfies

xi- x|

S

—(x1 - XL, V(X)) - VO(XD)) < —e (1 + x|+ || ) X7 - X

2
s| tce2

A i~ j ~7 i
<7 [xi =X [Voxd) - VoxD) | + e | X - X
¢

e By (4.22) and the triangle inequality, the integrand in the second term satisfies

(xi-X0,c()7 (Cp,) - Cud)) Vo(xD))

< |x3 =X e.) - e, [Voxd)| +x |Xi - X @) - )l | vorxi) - vo(xl)
X3 =X @) - e, [vo X

<w|xi =X + 5 lle@) - e VoDl + 5 llea) — cwd)|E [voh|
+ |t = X le@?) - )|, [vorxd) - vox].

where we used Young’s inequality in the second inequality.

11



e For the third term in (4.23), a simple calculation gives that

( C(yl) \/c<uz>\/c<ps>>:<c<ps>-1 —c<ps>-1>
VC([D,)v/C (1) C(p,) —C)™" C)™!

= ((Vewd - Vem) (Veud) - Ve@) e )

[VemTT(vewn - vew) | < x| ew - vewm| (4.24)
2

< 26Wo(u), 1)) + 2 ||\ C(E)) — V/C(P,) (4.24D)
F

where we used (4.22) in (4.24a), and then the triangle inequality and the Wasserstein stability estimate (3.1h)

from Lemma 2 in (4.24b).
e For the fourth term in (4.23), we have in view of the bounds (4.22) on the mean field covariance that

. — D . — . 12
(xt X)) e P e (- X) T < Xy - X

S

e Finally, for the last term in (4.23), let M; denote the martingale

i = [ (xi-%) e (\/2c<ug> - W) awy.

By Itd’s isometry, the bounds (4.22), the triangle inequality, and the Wasserstein stability estimate (3.1b), the

quadratic variation of this process is bounded from above as follows:

C/ ‘Xj H\/ (1) \/75
<C/0 ‘Xi— [ W, (4! 1) H\/ () \/Ts

Combining all the bounds, we obtain

ds. (4.25)

1 2 t B
s == < [ (et - e, - 5 )\xa x2) — o] ds
bl 2 P E e o
+O/ g =X+ waud ) + |etud) — e || Vo[ ds
0
. 2 2 — 12 ‘
+C/0 le@) - c@.) L vo(xd)| +H\/@—\/@ ds o
=L+ T + T} + Mj. 126)

In view of (4.20), it holds that

1 tAO
< oo ) |
Ly

Let ¢ be such that the first factor on the right-hand side is negative. Then, evaluating both sides of (4.26) at the

stopping time s A 0, raising to the power 3, and taking the supremum, we obtain

X! - X1 [Vo(x]) - Vo(X0)] ds.

1 —j r z
351 sup ng; Xong,| < sup |Z AGJ‘Q + SUP | A91|2 + SUP | t/\e,|
s€0,t] s€[0,t] s€0,t s€lo,t
< t/\OJr + ‘IB|2 + Sl[lp | t/\eJ| . (4.27)
se(0

12



As in the proof of Theorem 3, we use that

r

). [ve (| ds

tAej‘Q C/ ’Xg/\eJ sAe, +W2 (Ns/\eJ»NsAej + HC /‘s/\&,) C(ﬁ;]AeJ

Taking the expectation in (4.27), then using (4.11), the optional stopping theorem and the Burkholder—-Davis—Gundy

C/ ‘X - 5A9J T} ds
+c/0 B{c) - )| 1votx | +EH¢C<T’>—JC(T>

By exchangeability, the Wasserstein stability estimate (3.1a) in Lemma 2, and the definition of the stopping time 6,
it holds for some C' = C(R, ) that

T

|-=

inequality, and finally using the bound (4.25) on the quadratic variation of M7, we deduce that

Xj

S/\@J S/\gj

E | sup

s€0,t]

‘F ‘VQS(Y?S/\Q‘])

_|_ E [HC /,Ls/\gJ) C(ﬁg/\«%)

ds.

( s/\GJ)

Z\w ons)

B||Ctitn,) ~ Cmt ). et @)

J
_ r 1 —k (4+1)
g CE W2 (IU':SI/\QJ’ H;‘I/\GJ) j ’ SAO ‘| (428)
k=1
< CE |Wa (1lpg, +Tidna,)"| < CBIX 50, = Klg, [
On the other hand, by the moment bounds in Proposition 2 and by Lemma 3, it holds that
s
B\ - VEG| <o
F
1 1
_ _ r ST _ _ 2r\ 2 S 127 2 _r
E (| - c@lly [vox)|] < (Blle@) —c@lly )" (BIvex)”) < cus.
Therefore, we obtain that
E | sup XgAG, YiAgJ —l—C/ )X —711/\9] ds.
s€[0,t]
By Gronwall’s inequality, this implies that
E | sup ‘XSM, Yi/\gj <CJ %, (4.29)
s€[0,t] 7 ‘

B. Bounding the second term in (4.21). We have by Propositions 1 and 2 that

E sup ‘th|q

t€[0,7)

+E

sup |th —X{’ql <207t (E
t€(0,T]

sup bd D <277 (k(g) + R(9))-

te[0,T]

In order to complete the proof of the theorem, it remains to bound the probability P [0;(R) < T]. By using the same
strategy as in (4.14) in the proof of Theorem 3, it is simple to show that there is C' such that

Plr, <T] < CJ =0,

13



On the other hand, by the Markov inequality and (4.29), it holds that

r J
1 . . r
Pty KT <7 =P | sup W, (ung, . Ting,) =c| <P | sup jZ‘XgMJ—Xt/\gJ >e"
| t€[0,T] te[0,T) =1
<p|Lly X, —x, [z < LiE X, X, <2
S i < 1t€SI(1)pT A0, inos| ZE S teb[l(l)%] A0 tnos| | S
Given the definitions of p and ¢, it follows that
=" e -\ T 1= 32Fm) p
(Pios<1)) © <c(smtm4ss) T =c(sr+a) <CJ k.

The proof can then be concluded exactly as the proof of Theorem 3.

4.3 Corollary: bound on the sampling error

To conclude this section, we mention the following corollary of Theorems 3 and 4, which is similar to [8, Theorem 2| and

useful in the context of sampling. It states that, for the purpose of calculating the average of an observable f: R? — R

with respect to p,, the interacting particle system at time ¢ is as good, in terms of convergence rate of the approximation

error with respect to J, as an estimator constructed from J i.i.d. samples from p,.

Corollary 5 (L? bound on the sampling error). Suppose that ¢ € A(f) for some £ > 0, that p, € Py(R?) for allq > 0
and that C(py) > 0. Assume additionally that f satisfies the following local Lipschitz continuity assumption:

vay eRY[f(@) — FW)] < L(1+ [of + [yl ) le — yl.

Consider the systems (2.4) and (2.6) with the coefficients given in (2.5). Then for any p >

on (p,L,s) and a finite number of moments of p, such that

J
Z Avi <CJ3.

k \

Proof. By the triangle inequality, it holds that

=

P\ B P
J P
1

E
j=1 j=1 j=1

S seh-nln] | < (B3 () —s@&D)| |+ (B3 & -7

(4.30)

1, there is C' > 0 depending

1
P\ b

[f] . (4.31)

By Jensen’s inequality, exchangeability, the local Lipschitz continuity of f, the Cauchy—Schwarz inequality, the moment

bound in Proposition 2, and Theorem 3, the first term satisfies

1
P\ »p P

6|1 (e )| ) < (s[5 - s

<L (3B 1+ X7+ (X)) ( |x! - %,

- (elren

1

) = F(X1)

1
P);

2p 1
) <ort,

By the Marcinkiewicz—Zygmund inequality and the moment bound in Proposition 2, the second term on the right-hand

side of (4.31) also tends to 0 at the classical Monte Carlo rate J =3, which concludes the proof. O

A Proof of well-posedness and moment bounds

We present first the proof of well-posedness for the interacting particle system in Appendix A.1, then auxiliary results

in Appendix A.2, and finally the proof of well-posedness for the mean field dynamics, relying on these auxiliary results,
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in Appendix A.3. In several proofs in this section, we will use that if ¢ € A(¢) and f(z) = ¢(x)? for ¢ > 0, then by
the upper bounds in Assumption H, it holds that

veeR!, D f(@)]p = Hq<q—1>¢<x>q*2v¢<x>®v¢<x>+q¢< ) D% H

In addition, we repeatedly use the following inequality, which is implied by Jensen’s inequality and holds for any
probability distribution € R%, any function h: R — R* and any a,b € R*:

b

ey utae) [ wo i) < ([ auan)) ([ n@tuan) T = [ n@rtuan. a2

R Rd R4
A.1 Proof of Proposition 1
We first prove well-posedness, and then the moment bound (2.7).
Well-posedness of the interacting particle system. This part is similar to the proof of [14, Proposition 4.4,
but slightly simpler because we do not need to prove nondegeneracy of the empirical covariance. Let £ denote the

generator of the interacting particle system and let 2~ € R’ be the collection (X!,..., X7). Fixj € [1,J] and ¢ > 0

and let ¥ denote the Lyapunov functional

1

=7 2y
Let also f(x) = ¢(«)? and 7 = 3527 6x,. It holds that

£ 2) = 53 (=VoX)T @)V (2) + ) D2 ()

<
Il
-

~l=

J
(~ap(X) V60T Clu Vo (X7) + C?) : D? (X)) < 5 Z F(x7),

Il
~l =

~
Il
_

where V; denotes the gradient with respect to X7. Using (A.1), we deduce that

(L)1)

J
LY(Z) < CHC(M‘])HFG;’Xﬂ,i(z+2)_2> h=1 3=t

=C (/ ‘:UE /LJ(dx)> (/ |x|z(€+2)*2 ,uJ(dw)) <C }x|tj(€+2) /LJ(dCE),
R4 R4 Rd

where we used (A.2) in the last bound. Using (2.1a), we conclude that

N

V2 eRY,  LY(2)<CV (D). (A.3)

From this inequality with ¢ = 375, it then follows from [19, Theorem 3.5], see also [21, Theorem 2.1], that there exists

a unique strong globally-defined solution to the interacting particle system if p, € P,(R%), and that furthermore

sup E[¥(21)] < oc. (A.4)

t€[0,T]

Proving the moment bound (2.7). Fix j € [1,J] and let again f(z) = ¢(z)?. By Ito’s formula and a reasoning

similar to above, it holds that
t t
£ < SO0 + [ el D peeds+ [\ sea aw.
t 0 o o
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Taking the square and the supremum, then taking the expectation and using the Burkholder—Davis—Gundy inequality,

we obtain that

1
3E sup |f |

t t
E[|f(x))|"] +cr / E[x7[*"*) ds + 20ppa / B[V /(X])TC(u)VF(XD)|ds. (A5)
s€[0,4] 0 0

Here we used that, by (A.1) and (A.2),

q(¢
E|C(u!) s D? £(XD)| < .

CE|[le(ud)|l, [x127 < cE x|

Since |V f(z)| < C’|3:\Z(€+2)_1 for all z € R by (2.1b), we have using exchangeability that

)

<CB | [ loPudlaa) [ 1o 00| < ORI,
R4 R4

E[V/(X)T cu)VI(XD)| <E |[le(u) IIF( ]w

where we used again inequality (A.2). Substituting this bound in (A.5) and using (2.1a), we deduce that

sup |X‘] 2q(€+2)

E S
s€[0,t]

*

t
< B[] o [ Bl s

The moment bound (2.7) then follows from (A.4), or from an application of Gronwall’s inequality.

A.2 Auxiliary lemmas to establish well-posedness of the mean field dynamics

In the following, we endow the vector space X := R%*¢ with the Frobenius norm, and we let R: R**? — R%*9 be the
map defined by R(I") = VITT. We prove auxiliary lemmas in this section, and postpone the proof of Proposition 2
to Appendix A.3.

Lemma 5. Suppose that ¢ € A({) and that p, € Pp(R?) forp > £ +2. Fiz T € C([0,T),X) and yo ~ py. Then there
is a unique strong solution Y € C([0,T],R?) to the stochastic differential equation

dY; = —R(T)Ve(Y;) dt + 2R([T,) dW,, Yo =0, (A.6)

In addition, the function K: [0,T] — X given by K(t) = C(p:), where py = Law(Y;), belongs to C1([0,T],X), and
there is o > 0 depending on ||I'[|c((o,17,x) such that

K| <o (A7)

c(jo,.x)

Proof. The existence of a unique continuous strong solution Y € C([0, 7], R%) to (A.6) follows from classical theory
of stochastic differential equations, for example from [19, Theorem 3.5] with the Lyapunov function z (;5(90)/5%2 It
remains to prove (A.7). By Ito’s formula, it holds with f(z) = ¢(x)? for any ¢ > 0 that

df (V) = —qé(2)" ' V(o) TR(T) V() dt + R(Ty) : D? f(Yy) dt + VF(Y2)TV/2R(Ty) AW, (A.8)

By (2.1b) in Assumption H, it holds for all z € R? that |V f(z)| < C|z|g(€+2)_1. Thus, writing (A.8) in integral form,
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then taking the supremum and using the Burkholder-Davis—-Gundy inequality, we obtain for all ¢ € [0, T

2
ds
F

1
-E

‘ 2
3

sup | f(Ys)

2
E||D? /(v,)
s€0,t] F

<E|f(Y0)]* + T/otHR(Fs)

t
+2Ckna | B|VAYV)TR(N) VAV ds
0
t
< CEN L 4 ¢ (I3 o110 +1)/ E|Y, 2042~ L gy, 2042 g,
0

Using the lower bound in (2.1a) and rearranging, we finally obtain

E

t
2q(4+2
sup [¥ 2 ﬂ < CEIY"“? 1 C (I o 17,2 + 1) / E
s€|0,

sup |Yu|zq(£+2) ds.
u€l0,s]

From Gronwall’s inequality, it follows that

2q(0+2)
*

E | sup |Y|

s€0,t]

<CEL“? o (Il ggorryy) (A.9)

for some increasing function o: Rt — R*. In particular, since p, € Pry2(R?), we can use this inequality with ¢ = Z-i-%
and dominated convergence to deduce that the functions ¢ — E[Y;] and ¢ — E[Y; ® Y}] are continuous. Furthermore,
using (A.9) with ¢ = 1 we deduce that these functions are also differentiable on [0, 7] because, by It6’s lemma and

dominated convergence,

1 1 t+h
= (ElYisn] — E[Y)]) = —E RV du| S BIR(TVSY), (A.10)
and similarly
lim - (BIY, 11 © Vo] ~ B[V © Vi) = ~B[(RIC)VOM)) © Y, + ¥ ® (RIVA(Y)| + 2RI (A1)

Another application of dominated convergence yields continuity of the derivatives. Finally, we bound the right-hand
side of (A.10) as follows:

£+1
’E[R(Ft)ngS(Yt)]‘ < E[HFtHFW‘ﬁ(Yt)H S C"HFHC([O,T],X)E’KL '
Employing a similar reasoning for the right-hand side of (A.11), and using (A.9), we finally obtain (A.7). O

Lemma 6. Suppose that ¢ € A({) for £ >0 and p, € P,(RY) for some p > 2. Fiz xg ~ p, and £ € [0,1], and suppose
that X € C ([0,T],R?) is a strong solution to

{dXt = —£C(p) V(X)) dt + /26 C(p,) AW, (A1)
Pt = Law(yt)ﬂ
with initial condition Xo = xg. Then there is k > 0 independent of & such that
E | sup |Xi|p] < K, (A.13)
t€[0,T]
Finally, if p > €+ 2 and C(p,) > 0, then there is n > 0 such that
vt € [0,T], C(p,) =nly. (A.14)

Proof. The statements (A.13) and (A.14) are obvious if £ = 0. The proof for a fixed value of £ € (0,1] is the same for

all values of £, so for simplicity we assume from now on that £ = 1.
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Proof of the bound (A.13). The proof of this bound is similar to the proof of (A.9) in Lemma 5. Let f(x) = ¢(x)?
for some g > 0. By Itd’s formula, it holds that

df(Xs) = =Vo(Xy) " C(p)Vf(X:)dt +C(p,) : D? f(X,) dt + V f(X,)T/2C(p,) AW,
= —qp(X) T V(X)) C(p,)VO(Xy) dt + C(p,) : D? f(Xy) dt + Vf(X4)T/2C(p,) AW (A.15)

Writing this equation in integral form, taking the supremum and using the Burkholder-Davis—Gundy inequality, we
obtain that

1 _
gE sup |f(Xt)|2
s€0,t]

B[l K]+ 7 [ lew B0 (%) o

+QCBDG/O E|Vf(X,)TC(p,)Vf(Xs)| ds.

Let us bound the terms in the integrals on the right-hand side. Using the inequality HC(ﬁt) < E|X,[?, the

I
bound (A.1), and then Jensen’s inequality, we obtain

C(E UYS‘QD B|X. |2q (+2)—4

<C ( [|X |2q Z+2)})W (E [|Ys|iq(€+2)}>2q2(f(++2) _ CE|Ys|iQ(E+2).

— 2 ~
le@)lIsBlID* F(Xo)|p <

By a similar reasoning, it holds that

E|V/(X,) C(p,)VF(X,)| < CE[X,[*?.

Therefore, using the lower bound in (2.1a), we deduce that

E Sup |_X ‘211(["!‘2)

s€[0,¢]

gCE\i 2q/+2)+0/

sup ’X |2q(é+2 ] ds
u€(0,s]

Letting g = ﬁ and using Gronwall’s inequality, we obtain (A.13).
Proof of (A.14). Let g(z) = 2 ® x. By It6’s formula, it holds that

dg(X1) = —(C(pIVH(X) © X dt — X1 ® (C(p,) V(X)) dt +2C(,) dt

+ X, ® (V2C(p,) dWy) 4 (V2C(p,) dWy) © X

Therefore, taking expectations, we deduce that

Eg(X,) - Eg(Xo) = / C(r.) ~E[(C()VH(X,) @ X+ X, @ (C(p,)Vo(X,))] ds.

On the other hand

t
E[X/) - B(Xo = - [ C(p)E[Vo(X.)] ds

0
Combining these equations, and noting that ¢ — C(p,) is differentiable by Lemma 5, we deduce that

< e =2¢() ~ B [(rvo(X) © (X0 - M@)] - B [(X0 - M7) © (c)v6(X0)]

Inspired by [14, Lemma A.1]|, we define the Lyapunov function

Ve(p) = —logdet(C(p)).
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Using Jacobi’s formula for the determinant, we deduce that

Ve = (€07 0@ ) = (128 [Fo(X) & (%, —Mip)] )

It follows that

Ve(p) = Ve(po) < td +2Vd / B[[|Vo(X.) @ (Xo ~ M)l
:td+2\/&/0 E[|V¢(Y5)y X —M(ﬁs)” ds.

The integrand can be bounded from (A.13) with p = ¢4 2, which concludes the proof since for any symmetric positive
definite matrix A it holds that

det A
det(A) g )\min (A)Amax(A)dil = Amin (A) > ”Qﬁa
F

where Apin(4) and Apax(A4) are the minimum and maximum eigenvalues of A. O

A.3 Proof of Proposition 2

The proof of well-posedness of the mean field dynamics is based on a classical fixed point argument, applied in the

vector space C([O, 7], RdXd). Similarly to the proof of [4, Theorem 3.1|, we first construct a map
T:C(0,T],X)— C([0,T],X)

whose fixed points correspond to solutions of (1.3). This section follows closely the proof of [15, Theorem 2.4].

Step 1: Constructing the map 7. Consider the map

T:C([0,T],X) — C([0,T], X)
r— (tHC(pt)),

where p; := Law(Y}) and (Y3)e[0,r) is the unique solution to (A.6) with matrix I'. By Lemma 5, the map T is
well-defined. Fixed points of T correspond to solutions of the McKean-Vlasov SDE (1.3). The existence of a fixed
point follows from applying the Leray-Schauder fixed point theorem [16, Chapter 11] in the space C ([0, 7], X'), once

we have proved that 7 is compact and that the following set is bounded:
{r € C([0,T], X) : 3¢ € [0,1] such that T = €7 (r)}. (A.16)
Step 2: Showing that 7 is compact. To prove that 7 is a compact operator, fix R > 0 and consider the ball
Bp = {F € C(0, T, %) : IVl ¢ o, 77,2y < R}-
By the Arzela—Ascoli theorem, we have a compact embedding
C'([0,T],X) = C([0,T], X).

Thus, it suffices to show that 7 (Bg) is bounded in C! ([0, 7], X), which follows immediately from the assertion (A.7)

5.

in Lemma
Step 3: Showing that the set (A.16) is bounded. To this end, assume that I' € C([0, T, X) satisfies

I =¢7(T) (A.17)
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for some ¢ € [0,1], and let (Y;) denote the corresponding solution to (A.6). By (A.17), the stochastic process (Y;) is

also a solution to

dYy = —€C(pe)Vo(Yy) dt + /26 C(pr) AW, pt = Law(Y}).

By Lemma 6, it holds that ||C(p;)|| is bounded uniformly in [0, 7] by a constant independent of £, and so the set (A.16)
is indeed bounded. This establishes the existence of a fixed point of 7. Furthermore, Lemma 6 yields the first and

second moment bounds in (2.8), whereas (A.7) in Lemma 5 yields the third bound in (2.8).

Step 4a: Showing uniqueness when ¢ € A(0). Let I' and T be two fixed points of T with corresponding
solutions Y;, Y, of (A.6). By definition of 7~ and since C(u) is symmetric and positive semidefinite for all u € Po(R%),
it holds that R (I';) = T'y and R(ft) =T, forallte [0,T). Let p;, py € P(R?) denote the marginal laws of Y; and ﬁ,
respectively. By the Burkholder-Davis—Gundy inequality, we have for all ¢ € [0, T]

1 =
iE sup ‘Y Y | C(ps) - C(ps) (A18)
s€[0,t]

t t
/ B |C(0)Vo(Y.) ~ C(3)Vo(Ta)| ds+ 20800
0

By Lemma 2, together with the inequality W,(ps,ps)? < E|Y, — ?S|p, which follows from the definition of the

Wasserstein distance, we have that

|vetn - Ve, <

For the first term on the right-hand side of (A.18), we use the triangle inequality to obtain

2Ws (ps, ps)° < 2E[Y, — Y,[%.

SB[C(p)Vo(Y.) () Vo(T)|
<E[(Clps) ~ C(3,) VoY)|” + E |C(3,) (Vo(Ys) — Vo (V) ]2

< C[C(ps) — Cpo)|[FEIY:[2 + Lo |C(70) |2 E

< CE

b

2
g C<W2(Psa 60) + WQ(ﬁs,(;O)) WQ(psvﬁs)Q + CE

where we used the Lipschitz continuity (2.2), the Wasserstein stability estimate for the covariance in Lemma 2, and
the moment bound established in Lemma 6. We conclude that for all ¢ € [0, 7], it holds that

<ofr

By Grénwall’s lemma, it follows that the left-hand side is 0 for all ¢ € [0,77], and so I'; = L'y for all ¢ € [0, 7], which

concludes the proof of uniqueness.

E | sup ’Y Y|

sup ’Y Y ‘
s€[0,t]

u€l0,s]

Step 4b: Showing uniqueness when ¢ € A(¢) with ¢ > 0. Recall that Y; and Y, satisfy

dY; = —-I'Vo(Y3) + 2Ly AW,

Ay, = —T,Vo(Yy) + \/ 2T, dW,.

Applying Itd’s formula to f(y,y,t) = %(y — ﬂ)TI‘;l (y — ﬁ), and noting that f(Yp, }70, 0) = 0, we obtain that

t

B0 Ti0) = B [ (Y o Vo00) - VoT) s + B [ (¥~ T I7 (- T velr) ) ds

t 1—13 Fs fs F71 71"71
+/ /= \ﬁ/\ : - ) ds
0 Fs’ /Fs Fs _Fs Fs
t
1 ~ dr, S
+E / S(Ye = V) T T (Y, - V) T ds.
0 2 ° ds ¢
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Let us bound the four terms on the right-hand side.

e In view of Lemma 4, it holds that

—(¥. = ¥, Vo(Y)) = Vo(1.)) <z |V — T,

e For the second term, we have from the Cauchy—Schwarz inequality

Nl=

E(Y, -V, I (0 - D) ve®)) < ] [P, - F(Ew;—m?f (BIVe(v.)?)

a
F

<Cle@)-ci)| (B, - %) < CEIY; - T2,

where we used the moment bounds from Lemma 6 and the Wasserstein stability estimate from Lemma 2.

e For the third term, a simple calculation gives that

R N ey B (OISO
TR

12
<CEM—E\

2
F

where we used the estimate (A.14) in Lemma 6 and Lemma 2 in the last inequality.

e Finally, it immediately follows from the bounds on I's = C(ps) and I,=¢C (ps) given Lemma 6, as well as the

upper bound (A.7) on the time derivative of I'y, that

1 > dr ~ 2
SV - Y) T ST (Y - 1) <O -V
2 S ods °
Combining all the bounds, we deduce that
~ |2 ~ t ~ |2
B, 7 <Omw@nw<c/ﬁzm—n ds
0

Gronwall’s inequality then gives that the left-hand side is 0 for all times, which concludes the proof.

B Proof of auxiliary results

B.1 Proof of Lemma 2

We prove the statements separately, using exactly the same approach as in [15].
Proof of (3.1a). By the triangle inequality, it holds that
1C() = Cw)||p < ||ulz @ 2] — vz @ ]|, + M) @ M(p) = M(v) @ M(V)||p- (B.1)
Let m € II(u, v) denote an arbitrary coupling between p and v. By Jensen’s inequality, it holds that
nrwal - vl < [ ews-yoylensdy).
RIxR4
Recall that for all (z,7) € R? x R, it holds that

@z —y@ylp=|z@—y)" + @ -y ||
<z@ =) g+ 1@ =)'l =l e =yl + yl - |z =yl = (Jz] + [y]) |z — yl. (B.2)
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Therefore, we deduce that

ol @]~ vle @ 2], < \///R Rd<|f'+'y'>2”<dfdy>\///m o=y (e dy).

Infimizing over all couplings 7 € II(y, ), we conclude that

|ulr ® 2] — vz ® a:]HF < (Wg(u,éo) + Wa(v, (50)>W2(,u, V).

Applying a similar reasoning to the second term on the right-hand side of (B.1), we deduce (3.1a).

Proof of (3.1b). It is sufficient to check the claim for measures p and v of the form

KAH
k‘\H

J
Z Syi,  JeNT. (B.3)

J
Z(SXja

Indeed, assume that the statement holds for all such pairs of probability measures, and take (1, ) € Pa(R?) x Po(R?).
By [27, Theorem 6.18], there exists a sequence {(/J,J,Z/J)}JGNJr in Po(RY) x Po(RY) such that Wo(u’,pu) — 0
and Wa(v?,v) — 0 in the limit as J — oo. Then

|vew - vew|, < HWW) - Jew)
-5, -,

The first term is bounded from above by v/2W, (1, v”7) by the base case, while the other two terms converge to 0 in

the limit as J — oo by (3.1a) in Lemma 2. Taking the limit J — oo, we deduce that

Vet - e, < v

Proof of the statement for empirical measures. By [28, p.5|, the Wasserstein distance between empirical

measures 7 and v” of the form (B.3) is equal to

J
1 ) 12
J o J : _vyo(d)
Wa(u” v )—5161}% 7 E_I‘XJ Y J(

where S; denotes the set of permutations in {1,...,J}. Thus, the claim will follow if we can prove that, for any pair
of probability measures (u”,v”) € Pa(R?) x Py(R?) of the form (B.3), it holds that

|ew) - ew)

We henceforth drop the superscript .J in p”/, v/ for simplicity, and write X = (Xl, ey X‘]) and Y = (Yl, ceey YJ).
The proof of (B.4) presented below follows the lines of a proof shown to me by N. J. Gerber, who proved this inequality

p

I v o
<V2 (=N |xi—vif| . B.4
) V2 szj | (B.4)

in preliminary work with F. Hoffmann which eventually lead to the preprint [15]. First note that

%((Xl—/\/t(u)) (XJ—M(M)))'

C(u) = MxMy,  Mx :=
Proceeding in the same manner, we construct a matrix My € R?*7 such that M(v) = My M{,. A result by Araki
and Yamagami [1], later generalized by Kittaneh [20] and Bhatia [3], states for any two matrices A and B with the
same shape, it holds that

H\/ATA - \/BTBHF <V2|A-Blp.
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See also [2, Theorem VIL.5.7] for a textbook presentation. This result, applied with A = Mx and B = My, yields

2
2

Vet - Ve, <3 3o - st - 2 )

1 1
2 2

2 U v 2
‘ <V2 j;]X—Y ,

J

1 , ,

= mi 21 = § ’X] _YyI —

V2 ¢
J=1

which shows (B.4) and completes the proof.

B.2 Proof of Lemma 3

Equation (3.3) follows from (3.2), and from an inequality due to van Hemmen and Ando [26], see also [2, Problem X.5.5],

which in view of the assumption C(u) = 1l > 0 gives that

- v

The bound (3.2) follows from usual Monte Carlo estimates. Using the triangle inequality, we have that

F

F<;Ww%—amﬂ.

le@) —cw| = |7 e ) - nle @ 2] - M@E") & M@E") + M) @ M)

<27 oo @ ol — lo @l 427 M) @ ME) - M) © MG

Convergence to zero of the expectation of the first term with rate J~% follows from the Marcinkiewicz—Zygmund

inequality. For the second term, we use (B.2) to obtain that
E|M(a") & M(a") — M) & M),
<E [(IM@E)] + M) IME) = M(u)[7]
)= M)

< st (B (M@ + Me)™])"

1
2

< (B[(IM@)] + M) E[m(

=

[N

where we used again the Marcinkiewicz—Zygmund inequality. The claim follows since E [‘M(ﬁ" )|2p] <E “YJ |2p} by
Jensen’s inequality.
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