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Backward propagation of chaos”
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Abstract

This paper develops a theory of propagation of chaos for a system of weakly interacting
particles whose terminal configuration is fixed as opposed to the initial configuration
as customary. Such systems are modeled by backward stochastic differential equations.
Under standard assumptions on the coefficients of the equations, we prove propagation
of chaos results and quantitative estimates on the rate of convergence in Wasserstein
distance of the empirical measure of the interacting system to the law of a McKean-
Vlasov type equation. These results are accompanied by non-asymptotic concentration
inequalities. As an application, we derive rate of convergence results for solutions
of second order semilinear partial differential equations to the solution of a partial
differential written on an infinite dimensional space.
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1 Introduction

The theory of propagation of chaos takes its origin in the work of M. Kac [39]
whose initial aim was to investigate particle system approximations of some nonlocal
partial differential equations (PDE) arising in thermodynamics. The intuitive idea is
the following: Consider a large number n of (random) particles starting from n given
independent and identically distributed random variables and whose respective dynamics
interact. Because there is no deterministic pattern for the starting position of the
particles, one says that the initial configuration is chaotic. Kac’s insight was that if the
interaction between the particles is “sufficiently weak” and the particles are “symmetric”,
then as the size of the system increases, there is less and less interaction and in the limit
the particles “become independent”. That is, the initial chaotic configuration propagates
over time. This intuition was put into firm mathematical ground notably by [48], [53]
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and [26] and has generated a rich literature with a variety of fundamental applications.
We refer for instance to [47, 41, 7, 52, 35, 37, 36] for a few recent developments
and applications. In particular, the theory of propagation of chaos has undoubtedly
motivated (and benefited from) the more recent and very active theory of mean-field
games introduced by [43] and [33].

The basic question motivating the present work is to ask whether Kac’s intuition
carries over to systems of particles with chaotic terminal configurations. There are
numerous such examples, for instance in quantitative finance where different parties
independently set investment goals which need to be met at a prescribed future date,
but with inter-temporal trading decisions that are correlated. More precisely, we ask
whether a chaotic terminal configuration will propagate to past configurations as the
size of the system becomes large. As mentioned above, an important application at the
origin of the theory of propagation of chaos is the particle system approximation of some
nonlocal PDEs. We also analyze such an application in the present setting and use the
backward propagation of chaos viewpoint to derive a particle system approximation of a
semilinear PDE written on an infinite dimensional space (akin to the master equation in
the theory of mean-field games). The interest here lies in the fact that, being written on a
finite dimensional space, the approximating PDEs are much easier to handle analytically.
For instance, well-developed theories of weak solutions and interior estimates for the
gradients are available for such equations. The main idea leading to this approximation
result is the probabilistic representation of solutions of some parabolic PDEs, especially
due to [20], which allows us to transform the problem of approximating PDE solutions
into a purely probabilistic question.

In the present paper, we model backward particles by solutions of backward stochas-
tic differential equations (BSDEs) as introduced by [50]:

T n n T
. , , 1 _
Yy, =G +/ E (Y™ Z00" — E dyim) du — E / Z;’k’” de, i=1,...,n, (1.1)
t n < “ t
j=1 k=1

where W', ... W™ are independent Brownian motions and ¢, is the Dirac mass at a
vector x. That is, the interaction is through the empirical distribution of the system.
In the main contributions of the paper we derive various convergence results of the
n-particle system to solutions of McKean-Vlasov BSDEs of the form

T T
Y;':Gw/ Fu(Yg,Z;,L(Y;))du—/ ZLAWE, LY = law(Y) (1.2)
t t

under classical Lipschitz continuity conditions on the generator and integrability con-
ditions on the terminal value. The focus is put on deriving explicit, non-asymptotic
convergence rates for the empirical measure as well as the processes. We strengthen our
convergence results by deriving concentration inequalities, some of which dimension-
free. All our results are gathered in the next section. The main result relies on an
adaptation of the coupling technique of [53] and BSDE estimates on the one hand, and
arguments from the theory of measure concentration on the other hand, notably results
from [5].

To the best of our knowledge, only the papers of [10], [11] and [30] touch upon limit
results for interacting backward particles. The first paper considers mean reflected
BSDESs, with mean field interactions only through the reflection constraint. The authors
proved propagation of chaos with convergence rates for the particle approximation.
We shall come back later to the connection with some of their results. The other two
papers consider a particular type of interaction, see Remark 2.10 and Example 2.14 for
details. In [11], a convergence rate for the interacting processes to the McKean-Vlasov
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equation is derived; we recover their result by a different argument based on functional
inequalities for BSDEs. In [30] (where the term “backward propagation of chaos” is
first coined) a convergence result for the empirical measure of the interacting particles
is obtained. However, nothing is said concerning the rate of convergence. Another
somewhat related article is the work by [8] on the approximation of BSDEs with normal
constraints in law.

The ideas and results of the present paper are also connected to the theory of mean
field games, which has recently attracted a surge of interest. In fact, BSDEs of mean-field
type arise naturally in optimality conditions for mean field games (MFG) with interactions
through the controls, which are sometimes referred to as “extended MFG” or “MFG of
controls” and have been introduced by [27]. Such models are particularly relevant in
economics and finance, cf. e.g. [19, 15]. The connection with mean-field BSDEs stems
from Pontryagin’s maximum principle and has been stressed by [16, Section 4.7.1] and
more recently by [1]. We provide a more extensive discussion on the applications of our
results to large population games and mean-field games in [44]. Another application
of the limit theorems investigated here concern the study of particle systems with
known terminal positions. We refer for instance to works on crowd motion with tagged
pedestrians by Aurell and Djehiche in [4, 3]. Hereby, Y*™ represents the position of a
given pedestrian (in a population of size n) who must be at position G? at time T. Our
results show that the path followed in the infinite population limit is given by (1.2).

Concerning the approximation problem of PDEs on the Wasserstein space by PDEs
on finite dimensional Euclidean spaces, let us mention that a similar question was first
analyzed by [14] (see also [42, 12]) based on PDE estimations they derive for the finite
dimensional system. Their results concern the quasilinear form of the master equation.
Our contribution here is mainly methodological, as we obtain a convergence result by
purely probabilistic techniques. However, our setting also differs from that of [14, 12] in
a number of ways, the most important difference being the type of nonlinearities in the
measure argument that we consider.

In the rest of the paper, we dedicate Section 2 to the presentation of the precise
setting of the work and its main results. The proofs are postponed to Section 3.

2 Setting and main results

2.1 Setting and notation

Let d,m € IN be fixed. Unless otherwise specified, R?, R™ and R**™ are endowed
with the Euclidean norm denoted by | - | in all cases. Let us denote by (2, F,P) a
probability space carrying a sequence (Wi)izl of d-dimensional Brownian motions. As
usual, equalities and inequalities between random variables will be understood to hold
up to null sets of the Wiener measure P. Denote by F" := (F}");c[o,r] the completion of
the raw filtration of W', ..., W™. Let us equip 2 with the filtration F". We will always
use the identification

W=Ww"! and F=F".

Given a vector & := (x1,...,z,) € (R™)", denote by

1 n
k=1

the empirical measure associated to . Then, L™(x) € P,(R™), the set of probability
measures on R™ with finite p'* moment. Let us be given a function F : [0, 7] x  x R™ x
R™*4 x Py(R™) — R™, and a family of Fr-measurable i.i.d. random variables G*, ..., G™.
We are interested in the asymptotic behavior (as n becomes large) of a family of weakly
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interacting processes (Yl’”, -+, Y™") evolving backward in time and given by
Y =G +/ F, (Y, Z0n LM(Y,)) du — Z/ Zikrawk  i=1,...,n, (2.1)
t it

where we used the notation Y := (Y1 ..., Y™"). Here as well as in the remainder of
the article, we assume that for every (y,z, ) € R™ x R™*? x P(R™) the stochastic
process F(-,-,y,z,u) : (t,w) — F(t,w,y, z, 1) is progressively measurable. In analogy to
weakly interacting particles evolving forward in time, in the limit, the above family will
be intrinsically linked to the so-called McKean-Vlasov BSDE

T T
Yi—Git / Fu(Yi, 23, L(Y)) du / Zi dwi. 2.2)
t Jt

Hereby (and henceforth) £(X) denotes the law of the random variable X with respect
to the probability measure P. Since under our assumptions on F and G the processes
(Y?); will be i.i.d., we will often omit the superscript i and simply write £(Y) for the law
of Y.

We equip the space P,(R™) with the p™ order Wasserstein distance denoted by Wy

and defined as
1/p
Wy (p,v) = inf {/ | — y|P dw}
R™ xR™

where the infimum is over probability measures 7 on R™ x R™ with first and second
marginals p and v, respectively. Given p € [1, 2], we will often consider the condition

(Lip,) The function F' is Lg-Lipschitz continuous and of linear growth in the sense that
there is a constant Ly > 0 such that,

[Fy(y, z, 1) — Fu(y', 2", 1) < Le (ly — o' [+ |2 = 2" + Wy, 1))

and

1/p
Bzl < L (el el ([ lapra) ™)
]R/,
forallt € [0,7), y,y € R™, 2,2/ € R™*% and p, ' € P,(R™).

Remark 2.1. Note at once that under condition (Lip,), and if G' has a finite second
moment, i.e. E[|G!?] < oo, then the equations (2.1) and (2.2) admit unique, square
integrable solutions. See the beginning of Section 3 for details.

Throughout, we denote by Y the value process of the solution of (2.1) and by Y that
of (2.2), say with ¢ = 1.

Having made precise the probabilistic setting governing the paper, let us now presents
its main results. Most of them pertain to the limiting behavior of Y*". As explained in
the introduction, we also deduce approximation of parabolic PDEs on the Wasserstein
space. The focus is put on quantitative (i.e. non-asymptotic) estimations of convergence
rates. All proofs are postponed to Section 3.

2.2 Convergence of empirical distributions

We start by showing that the empirical distribution L™(Y}) of the system converges
to the law L(Y;) of the McKean-Vlasov BSDE.

Theorem 2.2. Let p € [1,2]. Assume that E|[|G%|*] < oo for some k such that k > p and
k > 2, and that I satisfies (Lip,). Then it holds that

E [W{,’(L”(Yt),ﬁ(}ﬁ))] < Crym,qp vt € [0,T], (2.3)

EJP 27 (2022), paper 69. https://www.imstat.org/ejp
Page 4/30


https://doi.org/10.1214/22-EJP777
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Backward propagation of chaos

with
n~1/2 4 p-(a=p)/a ifp>m/2 and q # 2p
Fom.gp i= n—1/2 10g(1 + n) + n*(Q*P)/q7 ifp= m/2 and q # 2p (2.4)
n=P/m 4 p-(e-p)/a ifp € (0,m/2) and q # d/(m — p)

for all p < q < k, and for some constant C' depending on T, m, Lr,p, k and E[|G*|¥].

It is well-known that the Wasserstein topology is much stronger than the weak topol-

ogy. Thus, Theorem 2.2 shows, in particular, that the sequence of (random) measures
(L™(Y})), converges to the (deterministic) measure £(Y;) in the weak topology. This can
be seen as a type of quantitative law of large numbers. As a direct application we obtain
the following strong law of large numbers for the sequence Y.
Remark 2.3. The reader may wonder whether the Lipschitz-continuity condition (Lip,)
on the generator F' can be generalized to allow quadratic generators. The main issue
here is that (2.1) is actually a system of coupled BSDEs and, as is well-known, the
well-posedness of multi-dimensional quandratic BSDEs cannot be guaranteed in general.
More delicate structural conditions need to be imposed. We refer for instance to
[40, 21, 31, 38, 55, 46] for ample discussions on this issue.

However, if the condition (Lip,) is replaced by

|F(y,z,p) = Fr (v, 2" 1) < L (ly = o' + (J2] + [2'D)]z = 2/ + Wy, 1)), p <2

and the equations (2.1) and (2.2) admit unique, square integrable solutions, then the
conclusion of Theorem 2.2 remains true, that is, we have

EWE(L™(Y:),L(V1))] < Crpmap,  VE€[0,T].

The argument of proof is the same, it will be explained after the proof of Theorem 2.2,
see Section 3.1.

Corollary 2.4. Let p € [1,2). Assume that E[|G*|*] < oo and that F satisfies (Lip,). Then
we have the L'(Q, P)-limit

) 1 n in
nl;r{:oﬁ ;Yf = E|Y:] forevery t.
Proof. By the Kantorovich-Rubinstein duality, we have
E [I ; fWdL*(Yo)(y) — | fy) dE(Yt)(y)I} S EWLIL" (Y1), £(Y2)] < Crmogp

]R m

for some p < g < 2 and for every 1-Lipschitz function f : R™ — R. In particular, taking
f(x) = x yields the result. O

Remark 2.5. Under a stronger integrability condition, namely that E[|G!|¥] < oo for
some k > m + 5, the argument of the above theorem allows to obtain the bound

E[WE(L™(Yy),L(Yy))] < Cn~?/"F) forall (t,n) € [0,7] x N (2.5)

for some constant C' depending only on 7', m, Lr, G and E[|G*|*].

The estimates (2.3) and (2.5) are uniform in time in the sense that the convergence
rate is time-independent, but the supremum (in ¢) can be taken only outside the expecta-
tion on the left hand side. A stronger uniform estimate can be obtained at the cost of
also stronger integrability conditions and a worse convergence rate.
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Proposition 2.6. Assume that E[|G!|¥] < co for some k > m + 5, and that F satisfies
(Lip,) for some p € [1,2]. Further assume that the solution (Y, Z) of (2.2) is such that
supyc(o.7) E[|Z:|**] < cc. Then it holds

E| sup W;;(L”(Yt),/:(Yt))} <COn P/ forallne N, andpe[1,2]  (2.6)
t€[0,T]

for some constant C' depending on T, Ly, k, E[|G'|*] and sup,c(o 7] E[|Z:|*"].

Remark 2.7. Compared with Theorem 2.2, the above statement relies on the assumption
sup, E[|Z;|**] < co. However, this is by no means a restrictive one, since it has been
shown to hold in many classical cases. For instance, when G* = G(W}) for a bounded
and Lipschitz continuous function G, and Fi(-,-, 1) is differentiable for all (¢, i), then it
holds E[sup,c(o,r |Z;|?*] < oo for all k > 1, see [34, Theorem 5.3]. Alternatively, under
conditions on the Malliavin differentiability of G and F), it can be shown that 7 is even
bounded, see [22, 40] for details. The results of these papers apply for instance when G
is Lipschitz continuous on the path space equipped with the supremum norm and F'is
deterministic. In this case, the integrability condition on G also follows. Furthermore, a
similar condition is also used in [10, Theorem 4.3] to obtain rates of convergence, and
the authors provided a sufficient condition as well as an example in [10, Lemma 4.4,
and Example 4.5 ]. Lastly, in some cases, Z can also be bounded as a random variable,
see [9].

2.3 Concentration estimates

Given two probability measures Q; and Q- on (2, let us denote the p'* order Wasser-
stein distance on () equipped with the supremum norm by

1/p
Wo |l (@1, Q2) := inf {/Q sup Jwi (t) — wa(t)[P dﬂ(wl,wz)}

xQ t€[0,T]

where the infimum is over probability measures = on  x  with first and second
marginals @); and @5, respectively. The following result gives concentration estimates
for the interacting family Y. We consider concentration for the time ¢ marginal as well
as for the law of the entire process.

Theorem 2.8. Let p € [1,2]. Assume that E[|G'|*] < oo for some k > 2p, and that F
satisfies (Lip,). Then it holds that, for all ¢ € (0,00) and epr := ¢/ exp(TetrT),

P (WP(Ln(Yt)’ E(Y;f)) Z 5) S C(amEF,Tl{EF,TSl} + bn,k,EF,T) (2‘7)

with by, k.. == n(ne)~(=9/P and

exp(—cne?), ifp >m/2
an.e := S exp(—cn(e/log(2 + 1/x))?), ifp=m/2
exp(—cne™/?), ifp € (0,m/2)

for three positive constants § € (0,k), C and ¢ depending on p,m,k, T, L and E[|G*|*].
Moreover; if the functions F, and G* are also Lipschitz continuous as functions on
(2, - ||oc), that is,

IFy(w,y, 2, 1) = B/, 2o 1)| < Lie (= ' lloo + Iy — /1 + |2 = /] + Wy, 1)
and |G'(w) - G'(W)] < Lallw — /||,
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then it holds that
P (Wa o (EN(Y), L(Y)) = EWa 0 (L (Y), £(Y))]| > &) < 2e7C=™" (2.8)

for a constant C depending only on Lg, Lg and T.
If in addition F' does not depend on z, then there is ny € IN such that for all n > ny
we have
P (Wa 1 (L (Y), £(Y)) 2 &) < e O5n (2.9)

for some constant C depending on T, Ly, Ls, m and k.

The proof of Theorem 2.8 relies on quadratic transportation inequalities for BSDEs
investigated in [5] and on standard results from the theory of concentration of measure,
see Section 3.2.

2.4 Interacting particles approximation of McKean-Vlasov BSDE

This section is concerned with convergence of the sequence of stochastic processes
(Yén Zim) to the solutions of the McKean-Vlasov equation. These results will easily yield
quantitative propagation of chaos results and have interesting applications in terms of
PDEs.

Theorem 2.9. Assume that E[|G'|*] < co for some k > 2, and that F satisfies (Lip,).
Then it holds that

E | sup [¥" - V][

te[0,T)

T
+E / \ZPP™ — ZH2dt| < Crpomge forall (t,n) €[0,T] x N
0

(2.10)
for all ¢ € (2,k) and for some constant C' depending on T, m, Lr, L and E[|Y;}|*] and
Tn,m,q,2 IS defined by (2.4).

Remark 2.10. The above result shows that in general, the sequences (Y*") and (Z%"™)
converge at the same rate as L"(Y,). In the special case of particles in “linear” interac-
tion, such a convergence result has been analyzed in [11]. More precisely, [11] considers

the case when Y = (Y1 ... Y™") solves the system
. _ T _ , . T
Yo =G +/ = fu (YY", 25 du — / Zim dw, (2.11)
t N2 t
Jj=1
where W is a given Brownian motion, and (G!,...,G") are functions of the terminal

values of a system of interacting (forward) particles. In this case, the rate of convergence
of the n-particle system to the McKean-Vlasov equation can be improved and does not
depend on the dimension. Interestingly, we can slightly generalize the result of [11]
using different arguments. We consider the system

T n T n
vir =Gl [ R (v Zin S R i 2 ) du - Yz awy @a2)
t t P Jau- |3

that often appears in applications, see e.g. [32, 6, 18] for linear-quadratic mean-field
models and [30] for a contract theory problem. We obtain the usually optimal rate 1//n
for this more general system.

In fact, consider the McKean-Vlasov equation

T T
Yti:G"'Jr/ Fu(YiZ0 | FulViiy, Z0) ALV () du—/ ZidWE  (2.13)
t t

]Rm

and the following Lipschitz continuity and linear growth conditions
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(Lip) The functions F : [0,7] x Q2 x R™ x R™*4 x R™ — R™ and f : [0,T] x R™ x
R™ x R™*? — R™ are respectively Lg-Lipschitz and L ¢-Lipschitz continuous and
of linear growth in (y, z,a) and (y1,y2,2) uniformly with respect to (¢,w) and ¢
respectively. That is, there are constants Ly, Ly > 0 such that

|Fi(w,y,2,0) = Fy(w',y, 2, a")| < Lr (lo = &'l + [y = /| + 12 = 2| +]a — d])

|Fi(y, z,a)] < Lp (14 [y| + |2| + |al)
and
|fe(yrsy2,2) = fe(Wh, 92, 2)] < Ly (v — o4l + |y2 — ya| + 2 — 2'))
|fe(y,y1,2)| < Ly (L + |yl + |ya] + |2])
forallt € [0,T), a,a’, v,y ,y1,v2, Y}, yy € R™, 2,2 € R™*4,
Remark 2.11. Note that under (Lip), if G* has a second moment, then both equa-
tions (2.12) and (2.13) admits unique, square integrable solutions.

Proposition 2.12. Assume that E[|G'|?] < oo and is Lipschitz continuous with respect
to the uniform norm on 2, and that the functions F' and f satisfy (Lip). The respective
solutions (Y*", Z43") and (Y, Z') of the equations (2.12) and (2.13) satisfy

T
E [\Yﬁ" - Ytﬂ +E / \Zb" — ZM2dt| < Cn~' forall (t,n) € [0,T) x N (2.14)
0

for some constant C depending only on T, Ly, Ly and L¢.

Direct consequences of Theorem 2.9 and Proposition 2.12 are the following quantita-
tive propagations of chaos.
Corollary 2.13. Put 0*" := Law(Y''",... ,Y*") and let L(Y)®* be the k-fold product
of the law L(Y'!) of Y, solution of the McKean-Vlasov BSDE (2.2). If (Y*", Z%J") and
(Y", Zi) solve (2.1) and (2.2) respectively, then under the conditions of Theorem 2.2, we
have, for alln € N and all k < n, that

{WS,.Hw(z(ylm,aYl)) < Cramas .15

4% 0k L(Y)®F) < kCTpmgp

for some constant C depending on T, Ly, L and m.

If (Y4n, Z53m) and (Y, Z') solve (2.12) and (2.13) respectively, then under the con-
ditions of Proposition 2.12 we have, for all (t,n) € [0,7] x IN and all k < n, that

WE(LY"), £(V) < Cn7! 2.16)
W (0™, L(V,)®F) < kCn~! '
for some constant C depending onT, Lr, Lg, Ly and m.
Proof. Since L(Y;}) = L(Y}}), it follows by definition that
W3 1 (LYE™), L(YY)) < E | sup LalE A
t€[0,T) ]
and
k _ N
Wi (057 L)) < B Y sup [V = VP
e 77 te[0,7) |
Thus, (2.15) follows by (2.10). Similarly (2.16) follows by (2.14). O
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Example 2.14 (Convolution interaction). In relation to a principal-agent problem of
mean-field type, [30] investigated the case of the generator F;(y, z, 1) := ¢ u(y) for some
function ¢ : R™ — R™, where the convolution ¢ * 1 is defined as ¢ * p(z) := [, o(z —
y) du(y). This case falls within the scope of Proposition 2.12 (with F(t,y, z,a) = a and
fly,y',2) = p(y — y')), and Corollary 2.13 additionally gives a sharp convergence rate.

2.5 Finite dimensional approximation of parabolic PDEs on the Wasserstein
space

In this subsection, we assume that F' does not depend on (¢,w). Given four functions
B : R? x P3(RY) — RY, o : RY x Po(RY) — R4, G : R? x Po(RY) — R™ and F :
R x R™ x R™*4 x Py(R?) x Po(R™) — R™, we consider the PDE

OV (t,x, 1) + Bz, 1)0.V (t, x, 1) + 5tr(02eV (t, x, p)a(z, 1))
+F(z,V(t,x,p), 0" (x, )0,V (t, z, @), , V)
+ Jpa 0uV (t 2, 1)(y) - By, m)du(y) + Jga 5tr (04 0,V (t,z, 1) (y)aly, 1)) dp(y) =0
V(T 2, p) = G(z, )
(2.17)

with (t,2z, 1) € [0,T) x R? x P,(R%), a := 0o’, and v the law of V (¢, &, ) when L£(€) = p.
The derivative

8MV(t’ z, :u) (y)

denotes the so-called Wasserstein derivative (also called L-derivative) of the function
V in the direction of the probability measure p, see e.g. [2, 45] or [16, Chapter 5] for
details. The goal of this section is to show that the solution V' of the PDE (2.17), written
on the infinite dimensional space [0, 7] x R¢ x Py(R?) can be approximated by a sequence
of solutions of PDEs written on the finite dimensional space [0, 7] x (R%)". More precisely,
we will be interested in the system of PDEs

ot (t, ) + B(wy, L™(2)) 05,0 (t, ) + Str (0py0, 0" (8, @)a(z;, L™ (2)))

+F (mi, v (t, @), Oy, 0" (t, @), L™ (m)o (2, L™ (), 2?21 5uf="(t,ac)) =0

with (¢, ) € [0,T] x (R%)" (2.18)
VT, x) = G (z, L"(z)), == (21,...,7,) € (RH)"

i=1,...,n.

The following condition is copied almost verbatim from [20]. It guarantees the existence
of a unique classical solution V' to (2.17).

(PDE) The functions o, B, F' and G satisfy the following:

(PDE1) The function ¢ is bounded, and the functions B, o, F' and G are three times
continuously differentiable in w = (z,y, z) and u, with bounded and Lipschitz-
continuous first and second derivatives (with common bound and Lipschitz
constant denoted Lp).

(PDE2) There exist a constant @ > 0 and a function ®, : (L?(2, Fr, P;R4T™))% >
(x,X') = ®.(x,Xx) € Ry continuous at any point (, x) of the diagonal and
such that

1/2
P,(x,X) < E Kl + X+ X P+ IIXIIS"‘) X — x’l}
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for all x,x € L?(Q, Fr, P; R¥™) satisfying £(x) = L(x'). Moreover, letting
h = B,o, F or G, it holds
Duh(w, £(x)) = Buh(w!, LO)| < Lir (Jw = w'| + a(x: X))
Buh(w,x) = 9uh(w', )| < Li (o = ' + @a(x. X))
forall w = (z,9,2),w = (z',9',7') and x,x’ € L?(Q, Fr, P; R¥*™). Further-

more, for every x € L?(Q, Fr, P;R¥*™), the family (9,h(w, X)) is uniformly
integrable.

(PDE3) Letting h = B, 0, F or G, the mapping v — 0,h(w, it)(v) is Lg-Lipschitz contin-
uous, the mapping (w,v) — J,h(w, 1)(v) is continuously differentiable at any
point (w,v) such that v is in the support of p, (w,v) — 0,[0,h(w, 1)](v) and
(w,v) = Oy [0uh(w, w)](v) are continuous and it holds

B [10.[0,h(w, L0000 = Bulduh(w’, L6 DI)P]
+ E[|0,[8:h(w. L0000 ~ 0:[0uh(w’, LK)
< Li(Jw = ' + Balx: X))

1/2

Under the condition (PDE), we then have the announced convergence of v>" to V. More
precisely, we have:

Theorem 2.15. Assume that F does not depend on (t,w) and that the condition (PDE)
is satisfied. Then the sequence (v'™"),, converges to V in the sense that for every i.i.d.
sequence (§;)iew in L*(Q, Fy, P;RY) for some k > 4 and every u € Po(R?) with L(&1) = p,
it holds that

E[ sup |[0M(EEry . En) —V(t,fl,u)F] < CLpten (2.19)
te[0,T]
where ¢,, is defined as
n~1/2, ifd < 4,
en = n Y2log(n), ifd=4, (2.20)
n=2/d ifd >4

and Cy,,. . is a constant depending on Ly, T and E[|¢;]"].
Moreover, for every n € N and every ¢ € [0,T] it holds that

B0 (4,61, 60) = V(L& L] < Crprlen+rmana) (22D
with € := (&1, ..,&,), where Cp,. v depends on the Lipschitz constant Ly of B, F and G
and onT, and r, 4,2 is defined by (2.4).

3 Proofs

In this final section we give detailed proofs of the results presented above. We start
by justifying well-posedness of (2.2) and (2.1). For simplicity of notation, we will put
Zin . giin
whenever this does not cause confusions.
Proof of Remark 2.1. By [16, Theorem 4.23], the equation (2.2) admits a unique solution

(Y, Z) solution in the space S?(R™) x H%(R™*%), where we use the notation: for each
integer k > 1,
S*(RF) := {Y c HORF) | E sup |Y;|* < Jroo},
0<¢<T
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and

T
H2(RF) = {Z € HO(RF) ‘ E/ |Z4|2dt < +oo} :
0

with H°(R¥) being the space of all R*-valued progressively measurable processes.
Moreover, we can apply [24, Theorem 2.1] to the system (2.1) to justify the existence
and uniqueness of a solution. To that end, it helps to write it in the more compact form

T T
Yt:G—i—/ Fu(Yu,Zu)du—/ Zw AW, (3.1)
t t

where G(w) := (G (w!),...,G"(W")), w = (W!,...,w"),
Y = (Y")ic1, o, V= (200, 20, W =W"iz1,..n
Z := diag(Z"")i=1... » and F : [0, 7] x Q" x (R™)" x (R™*4)" — (R™)" is defined by
F(t,w,y,z) = (F(w'y", 2", L"(Y)))i=1,..n

fort € [0,T),y = (y',...,y") € (BR™)", z=(2},...,2") € (R™* )" and w := (w!,...,w") €
Q™. Now it suffices to check that the function F is (8L r)-Lipschitz continuous (the Lips-
chitz constant does not depend on n). We do this for the reader’s convenience. For every
t€[0,T],y;,y, € (R™)", 21, 2z € (R™*9)" it holds that

n

F(t,y1,21) = F(t,ya,22) = D 1B, 21" L (9)) — Fu(ys, 27, L (92))
i=1

n _ _ o y 2
< Loy (vt — bl + 24 = 25+ WL (1), L (312))

=1

n
. . .. .. 2
< LY (v — bl + 12— '+ Wa(L7 (9,), L (1))

1=1
n N N 1 " 4 4
<ALp) | o — w41 =2 P+ = vl - vl
=1 =

<8Lr (ly, — Yol + |21 — Z2|2) .

To derive these inequalities, we successively used assumption (Lip,), the fact that
Wy, v) < Wa(p,v) for any p € [1,2], and the fact that W», for two n-sample empirical
distributions L™ (y, ), L™ (y,) is given by

n 1/2
n n : 1 o (i i
Wa(L™(y1), L"(y3)) = min (n Z |y1( )~ y2|2> )
i=1
where the minimum is over permutations o of {1,...,n}, see e.g. [13, Lemma 5.1.7]. O

3.1 Proofs for Subsection 2.2

We begin with two moment estimates for the solution of the McKean-Vlasov BSDE.
Given a square integrable progressive process g, we will denote by

t 1 t
e W)i= oo ([ aua =3 [ lauau)

the stochastic exponential of ¢, and for every measure p € P,(R™), we let
My(p) = [ d
IRm

be the p"-moment of 4.
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Lemma 3.1. Letk > 2. Assume E[|G|*] < oo and that F satisfies (Lip,) for some p € [1,2].
Then, forall ¢ > 0, if ¢ = 2 or q < k, the solution (Y, Z) of (2.2) satisfies

sup E[|Y;]9] < oo.
t

Proof. If ¢ = 2, there is nothing to prove because the result follows from Remark 2.1.
Let us assume ¢ < k. Since F is Lipschitz continuous in the z-variable, it is almost
everywhere differentiable. Thus, it follows from the mean-value theorem that

T T
m:G+/ (Fu(Yu,Zu,E(Yu))—Fu(Yu,O,L‘(Yu))+Fu(Yu,O,£(Yu))) duf/ Zy dW,
t t
T 1 T
:G+/ </ azFu(yu,Azu,c(yu))dAzu+Fu(yu,o,,c(yu))) du—/ Zo AW,
t 0 t

T
— B G+/ Fu(Yu,O,E(Yu))du|ft]
t

where we used Girsanov’s theorem, with () being the probability measure with density
dQ/dP = 807T(’y . W) and

1
Yy 1= / 0, By (Yu, A2y, L(Y,)) dA.
0
Hence, using the linear growth of ' we obtain

T
%" < CriaBo |GI7+ [ (L4 ¥l + MY (£(v))) dum]
t

for a constant Cr, , depending only on k£ and F'. Thus, by Gronwall’s inequality we have

Y9 < eCrralCpy o Eo ||GlT+ sup May(L(Y )2 +T | F

u€[0,T]

(k—q)/k X
} q EHG‘kl]__t]q/k

< eCF,k.qTCF)kﬂE [&T(V . W)k/(k—q) | F

+ Crig(T+ sup My(L(Y,)?).
u€[0,T]

Note that, since 7 is a bounded process, the random variable & (v - W) has moments of
all orders. Furthermore, sup,, (7] M2(£L(Y,)) < oo since Y € S*(R™), see Remark 2.1.
Therefore, taking expectation on both sides and applying again Holder’s inequality
concludes the argument. O

Lemma 3.2. Let k > 3. Assume that E[|G|*'| < oo for some k' > 2k and that F
satisfies (Lip,) for some p € [1,2]. Assume that the solution (Y, Z) of (2.2) is such that
sup, E[|Z;|**] < 0o. Let 0 < t; <ty < T be such thatt, —t; < 1. Then we have
(i) E[Y; — Ys[¥|Ys — Y. |¥] < C|t — r|? for some C > 0 and forallt; <r < s <t < ts.
(ii) E[|Y; — Y,|¥] < O|t — s| for some C > 0 and for every t; < s <t < t,.

Proof. Let us start with the proof of (i). A direct estimation and repeated applications of
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Holder’s inequality yield
E[|Y; = Y[V, = Y, "]

s t

< 2% 2(g — ) E-D (g — ) (-1 B [/ |Fu(Yu,Zu,z:(Yu))|’fdu/ \Fy (Y, Zy, L(Y)|F du
T . S k

/ Z, AW,

t s k
/|Fu(Yu,Zu,£(Yu))|kdu / Zo AW, ]

s 1/2 ¢ 2k 1/2
/ Z AW, / 7. dW, ] .
T S

E
Now, recall that by Lemma 3.1, it holds sup, ¢,z E[|Y:|**] < 00, sup;c(o 1) M2(L(Y1)) < 00
and by assumption, that sup, E[|Z;|?*] < co. Thus, by the linear growth condition on F
and Burkholder-Davis-Gundy inequality, we have

ST / | Fu(Ys Zus £(Ya)|* du

+ 22k—2(t _ S)(k—l)E

2k
+ 22/1:—2E

E[|Y, = Y|*|Y, = Y, |*]

T
<PRLET(E = PO 0E | [ (0 P |2 MEHE(YL))) du
0

1/2 1/2

P Lp(e-n) 0B | [T P 2P e )| B

o ]
([0 ]

1/2 1/2

t
+2%* Lp(t—r)* D E [ / (1+n|2’“+|zu|2k+M§’“<£<m>du)} E

([resa)]e[([ mra) ]

< QQkCF,T(t _ T)Q(k—l) =+ 22kCF,T(t _ T‘)(k_l)(s _ t)k—l + 22kCF,T(t _ ’f‘)(k_l)(t _ S)k'—l

+ CF,T22]€ [(S o ’f‘)k_l(t o S)k—1]1/2
< CF,T(t — T)k_l.

1/2

+2%kF E

Since k > 3 and t — r < 1, we can conclude from the above that
E[|Y;: = Y "IV, = Y, [*] < Crroplt — 1P,

where Cy, 7, F is a constant depending on k, T, Lr and the 2kt" moments of Y and Z. This
proves the first claim.
Let us turn to the proof of the second claim, which is similar (and simpler). In fact,

arguing as above we get
t
/ Z,dW,

t
<24t 0B | [ IR Zu L) ] + 2B

k k

E[lY; - Y["] <2"'E +

t
/ Fo(Yo, Za, L(Y,)) du

(fore)

<2Lp(t —s)F Y 42k C(t — 5)* V2 < Cpplt — s,

where we used the facts thatt — s <1 and k£ > 3.
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In the case that F' is bounded in z the argument is exactly the same. Since the terms
|Z;|** will not appear in the estimates we can conclude without assumptions on the
moments of Z. O

Next, we will adapt to BSDEs a well-known coupling technique that will allow to use
some known quantitative bounds for i.i.d. samples in our interacting particles case. This
coupling technique, which probably originated from the work of [53], is by now standard
in SDE theory, see e.g. [23, 14] for recent references. Hence, let (Y, Z) be the solution
of the McKean-Vlasov BSDE (2.2). Let (Y, Z'),... (Y™, Z") be i.i.d. copies of (Y, Z) such
that for each 4, (Y, Z%) solves the equation

T T
?;':Gmr/ Fu(?;,zg,ﬁ(yu))du—/ ZL AW, (3.2)
t

t

Such copies can be found because the McKean-Vlasov BSDE has a unique solution, and
thus we have uniqueness in law. We let Y = (Y!,...,Y™).

Lemma 3.3. Let p € [1,2]. Assume that E[|G'|?] < co and that F satisfies (Lip,). Then it
holds that
W, (L™(Y4), L(Y2)) < exp(TerTYW,(L™(Y,),L(Y;)) P-as. (3.3)

for all (t,n) € [0,T] x IN.
Proof. Leti € {1,...,n} be fixed. It follows by the mean-value theorem that
Y/ti _ }/tzn
T ~ . ~ . . ..
— [ [P 2 - i 220 (V)] d
t
n T ~ . .. .
=S [ (- 2o aw
j=1"*
= / {042 + 6, + / 0. F, (Y™, Z0™ + XN Z), — Z00™), L(Yy)) dN(Z, — Z5™) | du
t 0

- ]Zl [ (57 zim) aws

with 8;; = 1if i = j and d;; = 0 otherwise, o, := F,(Y}, Z}, L(Y,,)) — Fu (Y2, Z8, L(Y,))
and (¢ = F, (Yo", ZLn L(Y,)) — Fu(Y,m, Z0v" L™ (Y,)). Note that since F is Lipschitz
continuous, the derivative 0, F' can be defined almost everywhere, and is bounded. Thus,
the density process

1
SO,t(’Y : Wl) with Yu = / azFu<Y1f7nv ZziL’i’n + A(Z; - ZziL’n)v ﬁ(Yu)) dA
0

defines an equivalent probability measure ). Due to Girsanov’s theorem and square
integrability of Z»9™ and Z¢, taking the expectation above with respect to Q) yields

Y —Y/" = Eq

T
| sl Ft”] . G4
t
Again by Lipschitz continuity of F’, it holds that

bl 184 < L (19 = Y| + Wy(L"(Y), £(Ya)))
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so that by Gronwall’s inequality, we have

Vi Y < etrTEg

/0 WL (Y, £(Y)) du | fﬁ] |

Hence, using the definition of the pth-Wasserstein distance, we obtain the estimate

n 1/p
WL (Y, 1" (%) < (;Z 7 - Y)

i=1

S €LFTEQ

T
/0 W, (L™(Y), L£(Yy)) du | .7-}”1 .
Now, combine this with the triangle inequality to obtain

Wy (L™ (Y1), £(Y2)) < Wy(L™(Ye), L™(Y4)) + Wy(L™(Y4), L(Y:))

< b T B /OT WL (Y.), £(Y)) dus | F'| + Wy(L"(Y,), £(V7).

(3.5)
Applying again Gronwall’s inequality yields the desired result. O

With the proofs of the above lemmas aside, we are ready to prove quantitative
estimations for the convergence of the empirical measure of Y; to the law £(Y};) of the
McKean-Vlasov BSDE.

Proof of Theorem 2.2 and Proposition 2.6. The proofs begin with Lemma 3.3. In fact
this lemma implies that

E [WE(L™(Yy),L(Yy))] < exp(Te™ ") E [Wg(L"(Yt),L(m))] for all (¢,n) € [0,T] x IN.

(3.6)
Since E[|G'|*] < oo with k > p, we have by Lemma 3.1 that sup,c (o 7 E[[V;|9] < oo for
q € (p, k). Thus, it follows by [25, Theorem 1] that

B WL (Y0), £(Y)] € Crumis

for a constant C' depending on L, T, m,p and k. Therefore, the estimate (2.3) is obtained
due to (3.6).

To get the estimate (2.6), let 0 =ty < t; < --- <ty = T be a partition of [0,7] in
N intervals of length ¢;,; —t; <1 (if 7" < 1 we simply take N = 1). Considering the
decomposition: for all t € [0, 77,

N-1

WE(L™(Y1), L(Y2)) = WE(L" (Yo), £Y0)) Loy (£) + > WE(LM(Y 1), LYD) Lty 1,001 (0)s
§=0
we have
N—-1
E| sup WP(L™(Y,),L(Yy))] < E su W[’)’L"Yt,EYt . (3.7)
Le[o,pﬂ B (Y. L)) < Y Le[t,ﬁm (L"(Y20), £(Y0)]

j=

From Lemma 3.3 we have: forallne N, j < N —1,

E[ sup wg(L”(Yt),ﬁm))}gexp(pTeLFT)E

teft; b1l

sup Wg(Ln(?t)a L(Yy))

te[t;tj41]
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Since p € [1,2], it follows by Jensen'’s inequality and the inequality WV, < W, that for all
n € N,

2/p

E| s WIL(Y), L)  <erTE

tE[t; tj41]

sup W3 (L"(Yy), L(Y7)) (3.8)

tE[L; tj41]

Since t;11 —t; <1, Lemma 3.2 applies, in view of which it follows from Lemma 3.1 and
[29, Theorem 1.3] that

E[ sup Wg(L"(Yt),ﬁ(Yt))}gCG,F’k,mn’W(m*S).

tE[t; tj41]

Therefore, we deduce from (3.8) and (3.7) that

E[ sup WE(L"(Yy), g(yt))} < NePLrT O pjomn P/ m48),
te[0,T)
This concludes the proof, since N can be chosen less than 7"+ 1. O

Proof of Remark 2.3. In the quadratic case, the estimate of Lemma 3.1 for ¢ = 2 is
guaranteed by assumption. The proof of Lemma 3.3 remains the same, up to replacing
the process ~, therein by the process

u’

Yu = Tin = Zi.i,n?éz,, .
Zuv 3 _ Z’lZL { L u}

EL(YVU%JL7 Z:.fi’na ‘C(}/u)) — Fu(}/?jna ZZ E(Yu)) 1

By the quadratic growth assumption in z and square integrability assumption on Z%%"
and Z°, the process (v;); is square integrable. The rest of the proof is the same. O

Proof of Remark 2.5. The proof is the same as that of the estimate (2.3) with application
of [29, Theorem 1.2] instead of [25, Theorem 1]. O

3.2 Proof of Theorem 2.8

The proofs of Theorem 2.8 and Proposition 2.12 partially rely on functional inequali-
ties that we now recall for the reader’s convenience. See however [54, Chapters 21 &
22] for further details.

Let W, ; denote the Wasserstein distance of order 2 with respect to a distance 4
on a Polish space E. A probability measure p € P(E) is said to satisfy Talagrand’s T
inequality with constant C' if

Wy s(p,v) < /CH(v|u) for every probability measure v,
where H is the Kullback-Leibler divergence defined as
dv :
Jlog(gr)dv, ifv<p
400, otherwise,

H(vln) = {

with the convention E[X] := oo whenever E[X*] = oco. Below, we will exploit the
efficiency of Talagrand’s inequality in deriving concentration inequalities, but also the
fact that it implies other functional inequalities, notably the 7} inequality

Wi s(p,v) < +/CH(v|p) for every probability measure v,
and Poincaré’s inequality

Var(f) < C /E VFP dp

for every (weakly) differentiable function f : F — R and where Var(f) is the variance
with respect to the probability measure u.
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Proof of Theorem 2.8. The proof of the first concentration bound also uses Lemma 3.3.
For simplicity, let Cr 1 = exp(TeXrT) denote the constant factor appearing in the right
hand side of (3.3). It follows by (3.3) that

P (Wy(L"(Y2), £(V))) = &) < P (Wy(L" (Y1), £(Y0)) = ¢/Cryr )

Fix k > 2p such that E[|G|*] < oo, let ¢ € (2p, k). By Lemma 3.1, we have E[|Y;]7] < co
and thus we can apply [25, Theorem 2], to obtain the inequality

P (Wy(L"(¥2), £00)) > er7) < ClanensLerp<ty +bnerr):

where epr = ¢/Cp . This concludes the proof of (2.7).

As for the proof of (2.8), consider the representation of the system (2.1) given in (3.1)
on the probability space (2", F", P). Since G’ is Lipschitz continuous for each i, it is
easily checked that the random variable G is again Lg-Lipschitz continuous. In fact,
given w, 8 € Q)"*, we have

G(w) = G(O))” =D _|G' (W) =G (0] < La Y |lw' = 0']|% = Lallw — 6] 1%,

i=1 i=1
where for every w € = sup;epo,7) (Dies \wi(t)\z)l/z. Similarly, one shows that
the function F is Lg-Lipschitz continuous. In particular, the Lipschitz constants of F

and G do not depend on n. By [5, Theorem 1.2], the law of Y, satisfies Talagrand’s
Ts-inequality with the constant

Crar:=2(Lg +TLp)?e*TEr.

Thus, it follows by [28, Theorem 1.3] that there is a constant C' > 0 such that for every
1-Lipschitz continuous functions f : C([0,7],R™)™ — R we have

P(f(Y) = Bf(Y)] > &) <e =€
The function w := (w',...w™) — /Wy .||, (L™(w), £L(Y)) is 1-Lipschitz continuous on
Q". Thus, we have
P (Wa o (L™ (Y), L)) = EWy o (L™ (Y), L(Y)] > €) < e= O, (3.9)

from which we deduce (2.8).
Lastly, we turn to the proof of (2.9). If ' does not depend on z, we do not need the
change of measure to get (3.4). In fact, a direct estimation yields

Y-y " =E

/ " (RTi L)~ RuYi 1Y) du | ft”] .
By Lipschitz continuity of F' and Gronwall’s inequality we have

Vi yinp < empE[/T Wa(L™(Y ), £(Y.)) du | ]-‘t”r. (3.10)
Thus, it follows by triangle inequality an(; definition of Wasserstein distance with respect

to the supremum norm that

W3 |11 (L (YY), £(Y)) < W3 |1 (DY), L*(Y)) + W227H_HOO(L"(Y),L(Y))

n

< sup EZD”*

telo, 7] ™

2+ W; Nl (L *(Y), L(Y))

2
< sup eQTLFE / Wa(L™(Y ﬁ(Yu))du\F[‘]
t€[0,T]

W31 (L (Y), L(Y))
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where the last inequality follows from (3.10). Hence, it follows by Doob’s maximal
inequality that
T
EWE 1 (V). £())] < T TE[ [ WAL (Y.),£(v.) du]
0
+ E[W;H_HOO(L"(?),L(Y))}

< O + B[ W3 . (L"(X), L(YV),

vHHoc

for some ¢ € (p, k) where the last inequality follows by Fubini’s theorem and Theorem 2.2.
Since Y = (Y,...,Y™), are i.i.d., it holds E[WQQH_HOO(L”(?),E(Y))} — 0 as n goes to
infinity. Thus, there is and integer ny large enough such that for all n > ny we have

E W22,\|~||m(Ln(Y)’E(Y))} < Crpm,k,2. Hence, we have

E{WQQ,H.HOO(L"(Y),L(Y))] < Crumk,2 (3.11)
for n > ng. Now, by (3.9), it holds that

P (W |1 (L"(Y), L(Y)) > ¢)
<P Wy o (LM(Y), L(Y)) = BV, 1 (L™(Y), L(Y))] > £/2)
+ P (B[ (£ (0).£0)] > </2)

<eCngp (E [WZH.HOQ(L"(Y),L(Y))} > 5/2) .

In view of (3.11) and the fact that 7y, ., 1,, | 0 @s n goes to infinity, we can choose ng > 7y
large enough such that for all n > ng

P (E{WZH-HW(L"(Y),E(Y))} > 6/2) =0.
This concludes the proof of (2.9). O

3.3 Proofs for Subsection 2.4

We begin with the proof of Theorem 2.9. As we will see below, this result is obtained
as a consequence of Theorem 2.2.

Proof of Theorem 2.9. Since Y1 and V! satisfy (2.1) and (2.2) respectively, we have

1,n
R

T

/ (Fu(Yo ™ 2" LMY ) = Fu(Yy, 2y, L(Ya))) du | f?]
t

so that by Lipschitz continuity of F', and Gronwall’s inequality it holds

V" =Y <t TE
t

/T Ly Wa(L"(Yu), L(Ya)) + |2, = Z,]) du| }'Z’] :
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Therefore, it follows by Doob’s maximal inequality that

E sup |}/t1,n _ 5/;1‘2

t€[0,T)

2

§L262LFTE sup F
t€[0,T)

/T (Wo (L™ (Y W), L(Y)) + |2y = Z3)]) du | }'{L]
0

2
T
< Lpe?"E </ (WL (Y), £(Ya) + |Z257 — Z2) d“)
0

T
/|Z;v"—z,1|2duD. (3.12)
0

On the other hand, applying It6’s formula to the process |Yt1’" -Y!

T
< 2LATe2brT (/ EW3(L"(Yu), L(Yy))] du+E
0

2, we have

e T T

*Z/ (Z37" = 1, ZI)( 230" — 61 Z0)d(WT, W),

7,1=1

T
2 [ Y (B ZE LN (YD) - R 2L £ ds.
t

By Lipschitz continuity of F' we then have

v, — Y1I2+Z/ (Zy9" =03 Z)(Z30" = suZy)d(W W),

73,=1
< 22/ (Y -y (zhin — 61,20 dw?
T
+2 / LelY2" = Y| Z8t - Zlds +2 [ Lelyin - vIPas
t t
T
+2/ Lp|YE" = YIWo(L™(Y,), L(Y))) ds

T
4 L
2§j/ (Yrr —yhyzbin (sljzg)dwng/t —QF|Z§’1’”—Z;\2ds

T T
+/ (Ba+ Lp)|YE™ — Y;|2ds+/ LeW2(L™(Y,), L(Y})) ds, (3.13)
t t

where the last inequality follows by Young’s inequality with some constant o > 0.
Choosing a = Lg 4+ 1, we obtain

;" =Y P<E

T T
[ @ Lo Lelyi <Y Pds s [ LeWRN (V). £ ds | f?]
t t
so that by Gronwall’s inequality we have that

D/tl,n _ Yrtl|2 S 6(4+LF)LFTE

t

T
/ LeW3(L™(Y.), £(Y,))) du | f’] . (3.14)
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Now, integrating on both sides yields

T
E [|Y;17n _ }/tl|2 < 6(4+LF)LFTE / LFWS(LH(YU),,C(Y;)) du

0

< eWHER)LrT ] /OTE (W3 (L™(Y.),L(Y,))] du (3.15)
from which we derive, due to Theorem 2.2, that

E [\Y;L" - Ytl|2] < eWHLRLET L POy s (3.16)
with ¢ € (2,k).

To get the convergence estimate for the control processes Z'", notice that by (3.13)
(with the choice « = Lr + 1), we have

T
/ |z — 712 du
0

T T
(4—|—LF)LF/ \Y,}7"—Y,}|2du+LF/ W2 (L™(Y.), L(Y,})) du
0 0

E

<(Lr+1E

T
<@e+ (@ LoLe [ BV -V du
0

+Lp /OTE [W2(L"(Y.), L(V.1))] du). (3.17)

Now combine this with the inequalities (3.12), (3.16) and Theorem 2.2 to conclude. O

We now turn to the particular case of systems with linear interaction. Unlike The-
orem 2.9, the proof of Proposition 2.12 does not follow from the convergence of the
empirical measure of Y, but by a direct argument which seems tailor-made for “linear
interaction functions”. Before presenting the proof, let us justify the well-posedness of
the system.

Proof of Remark 2.11. The existence and uniqueness of square integrable solutions
follows, as in the non-linear interaction case, from [24] for the system (2.12) and [16,
Theorem 4.23] for the McKean-Vlasov BSDE (2.13). It suffices to show that the generators
are Lipschitz continuous (with Lipschitz constant independent of n). We give only the
argument for the McKean-Vlasov equation. Let .,y € R™, 2,2/ € R™*? and pu, ' €
P(R™). By (Lip) we have

|F(y,z,p) — F(y', 2", 1)

<Le(ly—y|+1z =21+ [ fya2)p(da) -
R™ Rm™

1/ a,2') i (da) )

<Le(ly-yl+z -2+ Ly

1 1 ’
/ L—ff(y, a, z) p(da) — /]R fff(y’ a, z) ' (da)

)

< Le(lo= vl 1e =21+ Laluu) + Ly [ (=141 - (o)

m

_|_

~/]Rm f(y,cuz) M/(da’> - f(y/7avz/) ,u’(da)

Rm

< max(Lp, LeLy, Lp)(Jy = o/ | + 2 = 2/ + Wa(u, 1) ).

To derive the penultimate inequality, we used Kantorovich-Rubinstein duality formula. O
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Proof of Proposition 2.12. It follows by application of It6’s formula that

ly,hm — Y1|2+Z/ (Zbim — gy, 20z — 5,20 d(WI WY,

7,l=1

<23 [ 00 YAz,
T 1 & )
w2 [y [ Ry 2l LS av v i)
t n
Jj=1

- R} 7, fu<YJ,y,Zi>dc<Y,3><y>))du

T
, 1
< 22 / (2,77 = 61;2,)AW] + Ly / S12u" = 2, du
t

—|—LF/ (20 + 2|V — Y2 du
t
2

11
+LF/ qu (vhn yin ziny - fuYhy, ZHde(Y)(y)| du  (3.18)
t R™

where the last inequality follows by Young’s inequality with some constant o > 0. Let us
analyze the last term above. It follows by triangle inequality that

1 S n j,n n
- E fu(Yul) 7Y1f7 7ZL ) - fu(Yu17y7Z1i) d‘C(Yul)(y)
n =1 R™

2

l - 1,n yvijn 1,ny 1 jn 7ln

Jj=1
2

1 n .
4= 1 7,n Iny _ 1 J 1,n
+ nz quaYu ?Zu ) fu(Yu’Yu’Z ))

Jj=1
2

1 n
8|S (FuVLYEL 2L — (VLY 2L)
j=1

n
2
1 n
oS (Rt - [ nodzhacrdo)
n]:l R™
I e ... ,
SLp {2V —YIP 482" — ZUP} + AL = Y - Y
n
j=1
2
8 n
PSS etz - [ ndszhacah)

j=1
Coming back to (3.18), this allows to obtain, after taking conditional expectation with
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respect to the sigma algebra F}*,

T
Y- Yipa | [ 1zin - zipas| 7y
t

<E 8Ly +Lp
«

r 2L
/ {(LF(2Q+2)+Q)|YJW—Y32+
t

iz~ 21} du| f;’]

(07

4L I [F .
+—LB|=> / Y™ — VI du | FP
n-: t
=1

8 T
v | [ [aorz - [ ot zaceo)

an? = R

2
du | F{*

Choose a = 8Ly + Lr + 1. Then, we have

T
[ 1z 2ipas) ft"]
t

T
/ {(Lra+2)+ 1)V, " =Y’} du| ]—?1
t

a|§/;1,n _ }/—tl|2 + E

< aF

1< T )
AL+E | = Y —YI2 du | FP
g 030 [ v 7

2
8 &
wue| [ ooz - [ e zhacodie)]| | Gao

j:1 Rm™

Since E[|Y;"" — Y;!|?] = E[|Y/"" — Y/|?] for all j we can apply Gronwall’s inequality to

get
T
/

- fu( uaya 11L) d‘C(Y;Ll)(y)]

R™

S AV VY, 2)

J=1

C
1, T.F.f
V""" =Y < 5 F

2

du | .7-7;|

for a constant Cr r s depending only on 7, L; and Lr. Now, denoting by f¢ the ¢th
component of f and using that Y,! and Y/ have the same law we deduce that

2

E |Ytl’”—Ytl|2} < CTF’CE / Z[fu (Y., Y. Z,) - A fu(Yivy,Zi)dﬁ(YJ)(y)} du
<Ot [Tl S (rot vz [ stz o)
0=1 j,k=1 Rm

< (riviyizh - [ vk 2D b)) | o

C r&

T,F,f

< ZLES E
<=5 /0 ;:1:

F (YL, 71 /R LYy, ZY) dL(Y.)) ()

2]
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C’TFf/ ZE Var (fu( Y,},YJ, ))] du.

The equality before the last one follows from the fact that Y}, j = 1,...,n are i.i.e. for all
t. Since the law L(Y,!) of Y,! satisfies Talagrand’s 75 inequality with a constant Cr, ;¢ 1
which depends only on the Lipschitz constants of F) f and G and of T (and which does
not depend on the dimensions) (see [5, Theorem 1.3]) it follows e.g. by [54, Theorem
22.17] (see also [49, Section 7]) that £(Yu1) satisfies the Poincaré inequality with the
same constant. That is, it holds that

Var(f,(z,Y?,2)) < prfyg,T/ 0y fulz,y, 2)|? dL(YI)(y) for all z, » fixed.
Rm,

Since f is Lipschitz continuous, Lfc is an upper bound for the integral in the right hand
side above (uniformly in z, z). Therefore, we have

B[t v ] s2n2 [ B[ o zpanio] w

IA
3\@\

for some constant C' depending on T, Ly L and the Lipschitz constant of G.
Now, showing that E[fOT |ZLbn — Z? du] < C/n follows by (3.19). In fact, that
inequality implies

T T
E / |Z§1” _ Z;‘st < / CE [D/Sl,n _ }/31|2] ds
0 0
2
8 T1 1,n n rln 1 1 )
+ SE qu (ybm ygn zhny - fuYEy, ZHde(YH(y)| ds
n2 0 R™

We have just seen that, up to the factor CT (for some constant C' > 0), the first term is
smaller than the second one, which in turn is less than C/n for some constant C' > 0.
This completes the proof. O

3.4 Proof of Theorem 2.15

The main argument for the proof is the probabilistic representation of parabolic PDEs
on the Wasserstein space given in [20]. This representation links the PDE (2.17) to the
(decoupled) McKean Vlasov FBSDE

Y = G(XES, LX) + [T F(XLE, Y E V7L L(XES), L(YVES)) du — [T Z0E dW,.
(3.20)
In preparation for the proof of Theorem 2.15, let us first show the following Lipschitz-type
property for the solution of (3.20).

{X§’§=€+ftsB(ij§7ﬁ(Xt5 dut [} o (XS, LX) dW,

Lemma 3.4. If the functions B, F and G are Ly Lipschitz continuous, then there is a
constant C' depending only on Ly and T such that

B[P YR < CE[le - ¢

for every square integrable and F;-measurable random variables &, £'.
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Proof. This follows by standard arguments, thus we give only the main steps of the proof.
Firstly, apply It6’s formula to [Y¢ — Y/¢'|2, s € [t,T] and then using Lipschitz continuity
of G and F and Young’'s inequality to obtain

B[V =Y 1)) < LpE[| X5 — X35 [ + W3 (L(X5), LX)
T
+ (5LF + 1)E[/ Y4 — ye 12
t
FIXEE = XS WE(L(XEE), LXEE)) + WE(L(YEE), L(YEE ).

Since we have W3(L£(X%%), £L(X14)) < E[|X5¢ — X%¢'|?] and a similar inequality for Y4
and Y4¢, applying Gronwall’s inequality yields (with Ly :=5Lp + 1)

B[V Y2 < eErT (1 + T)E[ sup | X6 — Xfﬁ'ﬂ. (3.21)
w€e[0,T]

Next, we can estimate | X %€ — X*¢'|2 using Lipschitz continuity of b and ¢ and Burkholder-
Davis-Gundy inequality to obtain

T
B[ sup [X0S - X0 P] < Bllg - € + O [ 1XUE - X0 P 4 WRLCE), LX) du
uw€[0,T] 0

where C' is a constant depending only on L and the universal constant in Burkholder-
Davis-Gundy inequality. Thus, applying Gronwall’s inequality yields

B| swp X6 - X0 < CTE[lg - €.
u€[0,T]

Combine this with (3.21) to conclude. O

Proof of Theorem 2.15. First note that the PDE (2.18) admits a (classical) solution.
Assumption (PDE1) says that B is differentiable on P,(R?). Thus, it follows by [16,
Proposition 5.35] that, for every z € RY, the projection of B on R? x (R%)" given by
(z,x) — B(z,x) := B(z, L"(x)) is again differentiable, with
0., B(,x) = %8#B(~,L”(w))(xi), i=1,...,n (3.22)
One similarly shows that the respective projections o, F and G of ¢, F' and G on
finite dimensional spaces (with appropriate dimensions) are three times differentiable,
and by the identity (3.22) the derivatives of first and second order are bounded by Lr. In
particular, the bound does not depend on n. Therefore, it follows from [51, Theorem 3.2]
that the PDE (2.18) admits a solution v*" : [0, 7] x (R%)™ — R™ with the probabilistic
representation

VP (s, X ba X mmbeny — yinb® forall s >t (t,x) € [0,T] x (RY)",
where (Xémhei yinte zintz) | o solves the decoupled FBSDE

Xt = a4 [ BOXE LX) du+ [ o (X5m0m, DN (XG)) W,
,n,t,x 1,n,¢,2; n ;L T 7,n,t,x; i,n,t,x ,n,t,x n T n T
Yimb® = QX" LNXGT)) + [, PGt Yimbe, zinte [n(XE®), L (Y5®)) du

T .
_ fs Z}jn,t,m AW,
1=1,....n
(3.23)
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with Xt = (XLmtz o xnntee) gpd YE® = (YLmbe | ynnt®) o In particular
Vi (t, ) = Y"™5®  Naturally, it follows by standard SDE and BSDE theories (see
e.g. [50]) that the system (3.23) is well-posed, since by (PDE1) and the identity (3.22),
the functions B, o and F are Lipschitz continuous (recall they are defined on finite
dimensional spaces).

On the other hand, the PDE (2.17) is connected to the decoupled McKean-Vlasov
FBSDE (3.20) whose solution is the triple (X*¢, V¢ 7€), with £ € L2(Q, F;, P;RY)
fixed. Since B is differentiable on P,(R%), it follows by definition of d,, B that for every
p, 11’ € Po(RY), one has

B~ Bl = [ [ 0,53+ (1= 0= )i

Since y — 0, B(z, 1)(y) is Lp-Lipschitz continuous, it follows by Kantorovich-Rubinstein
formula that

1
|B(a. 1) — Bla, )| < /0 LeWi (1) d) = LW, ).

That is, B is Lipschitz continuous. One similarly shows that the functions o, F' and G are
Lipschitz continuous on their respective domain. Thus, the equation (3.20) is well-posed,
see e.g. [53] and [16].

By the assumption (PDE) and Lemma (3.4) we can apply [20, Proposition 5.2], to
obtain that the PDE (2.17) is well-posed and that its solution V satisfies

V(Sa Xﬁ’ga L:(X;{)) - y*st’£

forall 0 <t < s < T and¢ € L?(Q,F;, P;RY). In particular, V(t,&, 1) = Ytt’E for all
(t,&, 1) € [0,T] x L2(Q, Fy, PyRY) x Py(RY) with £(€) = p.

Let&;, i=1,...,n, beiid. random variables in L?(Q, F;, P; R?) with common law
and denote & := (&1,...,&,). Then we have

E| sup bt e,. .. 6) —V(t,gl,a(gl))ﬂ :E{ sup |Y,""4 —YJ@P] (3.24)
re0.7] tef0.7)

To conclude, it remains to estimate the convergence rate of the right hand side of (3.24).
This can be done as in the proof of Theorem 2.9. The only difference here being that the
generator and terminal condition of the n-particle system “depends on (i,n)” through the
processes X»™& and their empirical measure. But thanks to the Lipschitz continuity
property of F' and G (proved above) this does not cause much problems. One can follow
the estimations in the proofs of Lemma 3.3 and Theorem 2.9, adding the terms

5? = |X81,n,tw51 _ Xﬁ’61|2 and 77.7: — W%(Ln(xi,£1)7£(X£,£1))'

In fact, using the arguments leading to Equation (3.12), Equation (3.15) and Equa-
tion (3.17) respectively, we obtain

T
E[ sup |Y,mhE YJ@F] < 16L%e2LFTE[/ (67 + n7 + W2(L™(YLE), L(VH9))) du
te[0,T] 0

T
+ / |ZLmte — ZE|2 du] +2LLE [5;2 + n%],
0
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B [|Ys1,n,t,§ _ Yst,sm < eA+Lr)LrT (LgE {5% + 7755]

+LpE| /0 (O WELM (Y, L) du])

< e(4+LF)LFT(TLF\/LG\/LF) E[ sup 4y + sup 77:}
s€[0,T] s€[0,7T7]

+ E[/OT WE(L™(YEE), £(Y1)) du]) (3.25)

and

T
E[/ |Z111’"’t’5 — Zf;5|2 du} <(Lp+1) Lc;E{ sup oy + sup ng}
0 s€[0,T] s€[0,T]

T
+/ (5+LF)LFE[|Y7}’"¢’E —Yj’5|2] du
0

T
+LeE| / w§<L”<Yf;€>,c<YJvf>>du]>.
0
Therefore, there is a constant C,,. 7 depending only on Ly and 7" such that

B[ sup [V 0€ v
t€[0,T]

T
< Copan(E[ swp o+ swp ]+ [ EpUE YL L) du). (326)
s€[0,T] s€[0,T] 0

Moreover, by the theory of (forward) propagation of chaos, see e.g. [17, Theorem 2.12],
it holds that
E{ sup dy + sup 77?} < Cey,. (3.27)
5€[0,T) 5€[0,T]

It remains to estimate E[W3(L"(Y4%), £(Y,>®))]. This is done as follows. We apply Itd’s
formula to |Y™%& — Y1¢|2, This yields, thanks to the Lipschitz continuity of F and G,

T
|Ysi,n,t,g YRR < Ly (0 4 ) + LF/ {(53 ot |Zf[n’t’£ — 78| ¢ |Yui.,n,t,€ — YHE|
S

) 1 .

+ WL (YL), L(VE)) V6 = Yk | = S| Z5m 06— ZL4 1] du
T . .

_ / (YJ”"’t’g _ Yj’f)(Z;’"’t’E _ thj&) dw,,.

Thus, using sucessively Young’s inequality with a constant a > 0 and Gronwall’s inequal-
ity we have

T
YimtE YO < Cupa B[ GF )+ [ (50 4+ WL (XU, £Y1))

1 1 .
_ leyn,t,ﬁ —7b€12 g ]:s}
+ (50 = 5)1Z5m08 — 24 du |

T
< Cupl| swp 84 swp b+ [ WRLN(YLH, L1 | 7],
s€[0,T] s€[0,T)] 0
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where the second inequality follows by choosing o > 1 and for some constant C'r,,. 7 > 0.
Since

2
’

IR
W (LM (Y50), LY5) < = > |yimhe —yhe
Lt
we obtain by Gronwall’s inequality that

EWH(LM(Y19), L0VE9)] < CLpnB| sup o7+ sup n?]
s€[0,T s€[0,T]

and it thus follows from (3.26) and (3.27) that

E[ sup |Y;mhE — Ytt’gﬂ < CLp,TEn
t€[0,T]

for some constant Cr,, + > 0. Combining this with (3.24) leads to (2.19).

To prove (2.21), let (&1, ...,&,) be nii.d. Fi-measurable, square integrable random
variables. It follows by triangle inequality that

[0 (t, &y ) — VIt &, L7(E))]
< 0"t &y 6n) = V(& LEO)|+ [V (1, L62) = V(1 6, L (9))]
<t s En) — V(&L £(6)] + CWL(L(E)), L™ (),

where the second inequality follows by Lipschitz continuity of V' given in [20, Proposition
5.2]. Therefore, we obtain by (2.19) and [25, Theorem 1] that

E["™(t,&, .. &) = V(& L] < Crpr (n + Tnap2)-

This concludes the proof. O
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