N

N

AN ALGEBRAIC CONVERGENCE RATE FOR THE
OPTIMAL CONTROL OF MCKEAN-VLASOV
DYNAMICS

Pierre Cardaliaguet, Samuel Daudin, Joe Jackson, Panagiotis Souganidis

» To cite this version:

Pierre Cardaliaguet, Samuel Daudin, Joe Jackson, Panagiotis Souganidis. AN ALGEBRAIC CON-
VERGENCE RATE FOR THE OPTIMAL CONTROL OF MCKEAN-VLASOV DYNAMICS. 2022.
hal-03618944v1

HAL Id: hal-03618944
https://hal.science/hal-03618944v1

Preprint submitted on 25 Mar 2022 (v1), last revised 10 Dec 2022 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03618944v1
https://hal.archives-ouvertes.fr

AN ALGEBRAIC CONVERGENCE RATE FOR THE OPTIMAL CONTROL OF
MCKEAN-VLASOV DYNAMICS

PIERRE CARDALIAGUET, SAMUEL DAUDIN, JOE JACKSON AND PANAGIOTIS E. SOUGANIDIS

Version: March 25, 2022

ABSTRACT. We establish an algebraic rate of convergence in the large number of players limit of
the value functions of N-particle stochastic control problems towards the value function of the
corresponding McKean-Vlasov problem also known as mean field control. The rate is obtained in
the presence of both idiosyncratic and common noises and in a setting where the value function
for the McKean-Vlasov problem need not be smooth. Our approach relies crucially on uniform in
N Lipschitz and semi-concavity estimates for the N-particle value functions as well as a certain
concentration inequality.

1. INTRODUCTION

We consider an optimal control problem with a large number of particles. The value function for
this optimization problem reads

T N
. 1
V¥ (tg,x0) == inf, B [ [ Gy o pck )+ s sk )0
where T > 0 is a finite horizon, to € [0, T] is the initial time, and xo = (2§, ..., 2{) € (R?)" is the

initial position of the N particles. The infimum is taken over the set AN of progressively measurable
(R4)N_valued processes o = (a*)N_, in L2([0,T] x ; (RY)N) and X = (X1,..., XV) solves, for each
ke{l,...,N},

¢

Xk =k +/ ods +V2BF +/2agBY  t € [to,T). (1.2)
to

The (B*)i>o are independent d-dimensional Brownian motions defined on the fixed filtered prob-

ability space (Q,F,F,P) satisfying the usual conditions, and L2([0,T] x ©; (R4)") denotes the set

of square-integrable and progressively measurable processes taking values in (R9)Y. Here 6, is the

Dirac mass at x, and the empirical measure m%t is given by

N
1
m¥, = ~ > - (1.3)
k=1

The cost function L : R? x R* — R is supposed to be convex in the second variable and smooth
while the maps F,G : P;(R%) — R are assumed to be smooth and bounded over the space P;(R?)
of Borel measures on R? with a finite first-moment (precise assumptions will be given in section 2).
The constant ag > 0 is the level of the common noise, and the (Bk)kzl are viewed as independent
or idiosyncratic noises.

1.1. Our results. To describe our result we need to introduce the map U : [0,7] x P2(RY) — R,
where P5(IR?) is the space of Borel measures on R? with a finite second-moment, given, for (t9, mg) €
[OvT] X ?Q(Rd)v by

T
U(to, mo) == inf IE[/ (L(Xs, ) + F(L(X|FE)) + S(L(Xr|FE)), (1.4)

acA to
1
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where the infimum is taken over an appropriate set A of admissible controls (this will be made
precise later), FB" = (S"tBo)ogtST denotes the filtration generated by B°, £L(X;|FB") is the law of
X conditioned upon 3"{30, and

t
X; = X4, + / as(X,)ds + V2(B; — By,) +V2ao(B) — BY.), (1.5)

to

with B another Brownian motion, 7,50 a random initial condition with law mg and B°, B and 7,50
mutually independent.

Although it is known (more about this later in the introduction) that, as N tends to infinity, V¥
converges to U, the existing convergence results come without any rate.

Our main result is the following algebraic convergence rate: there exists 8 € (0,1], depending
only on the dimension d, and C' > 0, depending on the data of the problem, such that, for any
(t,x) € [0,T] x (RN

VN (¢, m) = U(t,md)| < OCNTP(1 4+ My (md)), (1.6)

where May(ml) = N—1 Zﬁl |z¢|? is the second-order moment of the measure m2.

Although the exact value of 8 could be traced back through the computation, it is clearly not
optimal. In particular, it is very far from the one obtained for standard particle system. Similarly,
even if some dependence with respect to a moment of the measure is expected, the dependence given
here is probably far from sharp.

1.2. Background and related literature. The convergence of V¥ to U was shown by Lacker [20]
in a very general framework and for suitable initial data but without common noise, that is, with
ap = 01in (1.2). Very recently, the results of [20] have been extended in Djete, Possamai and Tan [13]
to problems with a common noise and interaction through the controls. Beside [13, 20] several other
papers have studied the question of the mean field limit of optimal control problems, for example,
Cavagnari, Lisini, Orrieri and Savaré [8] and Fornasier, Lisini, Orrieri and Savaré [14] investigate
the problem without noise using I'—convergence techniques. The recent contribution of Gangbo,
Mayorga and Swiech [16] studies the mean field limit without idiosyncratic but with common noise
using partial differential equations (PDE for short) techniques. This is possible thanks to the fact
that VY solves the Hamilton-Jacobi equation

N
-0, VN ZAUNV (t,x) — ag Z tr D2 VN (t, x) Z (27, ND,; V™ (t,x))
Jj=1 7,j=1 j=1

=F(my) i (0,T)x RHY
VN(T, x) = S(mf:[) in (Rd)N

(1.7)

where

H(z,p) = sup [-p-a — L(z,a)],
a€R?

while U is expected to solve (in some sense) the infinite dimensional Hamilton-Jacobi equation

—oU(t,m) — (1 + ap) /Rd divy (D U(E, m, y))m(dy)
—ao [ (DUt

+ /]Rd H(y, D,,U(t,m,y))m(dy) = F(m) in (0,7) x fPQ(Rd),
W(T, m) =G(m) in Py (RY).
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For the definition of the derivatives D,,U and D2, U we refer to the books of Cardaliaguet, Delarue,
Lasry and Lions [5] and Carmona and Delarue [7].

One of the reasons for introducing the value functions is that they provide optimal feedbacks for the
optimization problems. For the particle system, this optimal feedback is given (rigorously) by

O‘;c (tv X) = _D;DH(:Eiv NDIiVN(ta X)),
while for the limit system it takes the form (at least formally)
ay (xr,m) = —DpH(z, D,U(t,m, z)).

The difficulty in the PDE analysis of [16] is that, in the absence of the idiosyncratic noise, the value
functions V¥ are not smooth in general, and, thus, the equation (1.7) has to be interpreted in the
viscosity sense. A suitable notion of viscosity solution for the infinite dimensional Hamilton-Jacobi
equation (1.8) without idiosyncratic noise is introduced in [16] , and then is proven that V¥ converges
to this viscosity solution. In the presence of idiosyncratic noise the notion of viscosity solution to
(1.8) is not understood yet and we will not try to use this approach.

1.3. More about our results continued. While the existing results mentioned above demon-
strate the convergence of V¥ to U under many different technical hypotheses and using a variety
of techniques, none provides a rate of convergence. Our main result fills this gap in the literature,
by providing a rate of convergence of V¥ to U in the presence of both idiosyncratic and common noise.

The primary challenge we face is related to the (lack of) regularity of U. Indeed, if U is a smooth
solution solution to (1.8), then the projections UV : [0, 7] x (RY)Y — R given by UV (t,x) = U(t, mY)
are smooth solutions of the Hamilton-Jacobi equation

N N
2PN ( 1 j N
—ouN Z N(t,x) — ag ZtrD v tx))—i—NZH(xJ,NDzju (t,x))
g=1 a7t ) =l (1.9)
=F(my )+ En(t,x) in (0,7) x (R*)™,

UN(T,x) = §(mY)  in (RN
with

N
1
En(t,x) = N2 Z tr(Dymn U, mY | x5, 24)).
j=1
If D, U is bounded, then it is immediate that |E,| = O(1/N). Thus, UY solves the same equation

as V¥ up to a term of order O(1/N). By a comparison argument, we conclude that [U—V| = O(1/N),
that is, there exists a constant C such that, for all t € [0, 7] and x € (R4)N

c

N

VN (t,x) — Ut,mY)| < = N

See also [17] for more on what convergence results can be obtained once (1.8) has a sufficiently
smooth solution. This argument is similar to the approach taken in [5, 7] to study the convergence
problem in the context of mean field games (see Lasry and Lions [24]) in situations where a classical
solution to the so-called master equation is known to exist; also see Bayraktar and Cohen [1] and
Cecchin and Pelino [10] for related results. In this setting, convergence is related to the propagation
of chaos for the optimal trajectories of the game.

Of course, the simple argument outlined above works only when the value function U is smooth. For
instance, this would be is the case if the maps F and § were convex and sufficiently smooth (see the
discussion in Chap. 3.7 of [5]). However, we do not assume such a convexity property and the map
U is expected to present discontinuities in its first-order derivative, as can be seen in, for instance,
Briani and Cardaliaguet [3]. Because of this, the techniques in [5, 7] break down.
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When the value function is not smooth, the convergence rate has been studied primarily in the
case of finite state space; see Kolokoltsov [19] and Cecchin [9]. We refer also to the recent work of
Bayraktar and Chakraborty [2], which adapts the arguments of [9] to the continuous state space
under a certain structural condition (see Assumption 2.2 in [2]) which loosely speaking guarantees
that the running cost depends on m only through finitely many of its moments. In this finite state
space setting, the convergence rate is of order 1/4/N. Indeed, as explained in [9], the particle system
is then a kind of discretization of the continuous McKean-Vlasov equation.

The situation is different and much more difficult in the continuous state space setting. This might
come as a surprise since the convergence rate for particle systems is very well understood; see, for
instance, Fournier and Guillin, [15]. The main difficulty, however, is that, even though the optimal
feedback in the particle system remains bounded independently of N (see Lemma 3.1), it cannot be
expected to be uniformly continuous as a function of the empirical measure. Indeed, this uniform
continuity would imply the C!—regularity of the limit U, which does not hold in general. So it is
necessary to find a way to show that, despite the fact that the controls played by each particle might
be very different, a kind of concentration of measure takes place.

1.4. Strategy of the proof. We discuss briefly the strategy of the proof. We first point out that
we do not rely on a propagation of chaos, which we cannot prove at this stage. Indeed, as for a given
initial condition there might be several optimal trajectories for the limit problem, a propagation
of chaos is not expected to hold without additional assumptions on the initial data. The main
ingredients for the proof are, uniform in N, Lipschitz and semiconcavity estimates for VY, and a
concentration inequality. To bound from above VY by U is relatively easy, because VV can be
transformed into an approximate subsolution for the Hamilton-Jacobi equation (1.8). The opposite
inequality is much trickier, because it seems impossible to transform an optimal control for the VVV,
in which the control depend on each particle, into a feedback for U. We overcome this difficulty
by dividing the particles into subgroups in such a way that the optimal controls for the particles in
each subgroup are close and show a propagation of chaos, based on a concentration inequality, for
each subgroup. The proof being technical, we first show the result when there is no common noise,
that is, for ag = 0, and, in a second step, extend the result to problems with common noise.

1.5. Organization of the paper. The paper is organized as follows. In the rest of the introduction
we fix notation. We state the assumptions and the main result in section 2. As the proof of the
convergence rate is technical, we start in section 3 with the problem without common noise. Indeed
this case contains the main ideas without the extra technicalities due to the common noise. We
first give some estimates on V¥ and U (subsection 3.1), then show the relatively easy bound from
above for VVV in subsection 3.2. The main part of the proof, that is, the bound from below, which
is the aim of subsection 3.3 requires a concentration inequality proved in subsection 3.4. We finally
explain the adaptation of the proof to the case with common noise in section 4.

1.6. Notation. We work on R¢, write I for the identity matrix in R?, and Bg for the ball in R¢
centered at the origin with radius R.

For x = (z!,...,2") € (RHN, mL € P(R?) stands for the empirical measure of x, that is, mY =
1 N

N > im1 i

If ¢ : [0,T] x RY — R? is smooth enough, we write Dy, Ap and D?¢ for the derivatives with respect

to space and ;¢ and Oy the derivatives with respect to time. Similarly, for V = V(¢, 2!, ...,2) :
[0,T] x (RN — R, we define the derivatives D sV, A xV, 9;V.

We denote by P(R?) the set of Borel probability measures on R? and note that, if m € P(RY) has
a density, for simplicity of notation, m is also be used to denote the density. Given m € P(R?)
and p > 1, Mp(m) is the p'"—moment of m, that is, My(m) = [p. |z[Pdm, and Pp(R?) the set of
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m € P(R?) such that M,(R?) < co. We endow P,(R?) with the Wasserstein metric d,,, defined by

d? "Y:i= inf —y|Pd
b(m,m') Wenl(gmm,)/w |z — y[Pdn(z,y),
where II(m,m’) is the set of all 7 € P(R? x R?) with marginals m and m’. We recall the duality
formula

dl(m7 m/) = sup (bd(m - ml)u

¢€EL JRE

where L is the set of all 1-Lipschitz functions from R? to R.
We write L for the set of all 1-Lipschitz functions ¢ : Bg C R? — [~R, R]. For any ¢ € Lg, & is
the extension ¢ : R? — [~ R, R] (note that ¢ is also 1-Lipschitz) given by

o(z) lz| < R,
o(z) = ”%J%(‘%x) R < |z| < 2R,
0 |x| > 2R.

oU
For U : P;(R?) — R smooth enough, S P1(RY) x R — R denotes the linear functional derivative,
m
which satisfies, for all m, m’ € P;(R?) and all h € (0, 1),

1
U(m') —U(m) = /0 /Rd Z—T[{L((l — h)ym + hm/, x)(m' —m)(dz)dh.

We use the standard convention [, g—U(m, x)m(dx) = 0 for all m € P1(RY). If g—u is differentiable
m

m
oU

with respect to the space variable, we define the L-derivative of U by D,,U(m,z) = DI(S_(m’ x).
m

Higher order derivatives are defined similarly. We refer to [5, 7] for the properties of the L-derivatives.

Finally, throughout the paper we use C' for positive constants that depend, unless otherwise noted,
on the data and may change from line to line with this being made explicit.

1.7. Acknowlegments. Cardaliaguet was partially supported by the Air Force Office for Scientific
Research grant FA9550-18-1-0494 and the Institute for Mathematical and Statistical Innovation.
Daudin was partially supported by the Institute for Mathematical and Statistical Innovation. Jack-
son was partially supported by the National Science Foundation grant DGE-161040 and the Institute
for Mathematical and Statistical Innovation. Souganidis was partially supported by the National
Science Foundation grant DMS-1900599, the Office for Naval Research grant N000141712095 and
the Air Force Office for Scientific Research grant FA9550-18-1-0494. All authors would like to thank
the Institute for Mathematical and Statistical Innovation for its hospitality during the Fall 2021
program.

2. ASSUMPTIONS AND MAIN RESULT

2.1. Assumptions. We now state our standing assumptions on the maps H, F' and G, which con-
stitute the data of our problem. We keep in mind that L : R x R? — R is a Legendre transform of
H with respect to the last variable:

L(z,a) = sup [—a-p — H(z,p)].
peER4

We assume that

{there exist constants ¢, C' > 0 such that

(2.1)
~C+clp]* < H(z,p) < C+¢pf* forall (z,p) € R x RY,
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H:RYx R? - R is of class C?, (2.2)
H is locally strictly convex with respect to the last variable,
that is, for any R > 0, there exists cg > 0 such that (2.3)
D2 H(z,p) > cglq for all (x,p) € R x Bp,

{there exists a constant C' > 0 such that (2.4)

|D.H(z,p)| < C(lp| +1) for all (z,p) € R? x R?,

{for any R > 0, there exists Cr > 0 such that (2.5)
|D2,H (x,p)| + |D2,H(z,p)| < Cr forall (z,p) € R*x Bp,

F: P1(R?) — R is of class C? with F, D,, 7, Dim.’f and D2, JF uniformly bounded, (2.6)
and, finally,

G: P1(R?) — R is of class C* with all derivatives up to order 4 uniformly bounded. (2.7)
For simplicity, in what follows we put together all the assumptions above in

assume that (2.1), (2.2), (2.3), (2.4), (2.5), (2.6) and (2.7) hold, (2.8)

Remark 2.1. We make the following comments regarding (2.8).

(i) The strict convexity of H with respect to the gradient variable is standard in optimal control. In
particular, it implies that L has the same regularity as H.

(ii) Although (2.4), which is used to obtain, independent of N, Lipschitz estimates on the value
function VY (see Lemma 3.1), is somehow restrictive, we do not know if it is possible to avoid it. It
is, however, satisfied by, for instance, a Hamiltonian of the form H(z,p) = |p|?> + V(x) - p for some
smooth and globally Lipschitz continuous vector field V : R4 — R

(iii) The fact that the “full” Hamiltonian (z,p,m) — H(z,p) — F(m) has a separate form is not
completely necessary. Some (small) extensions are possible, but we have decided to keep it in a
separate form in order to avoid unnecessary technicalities.

(iv) The uniform bounds on D,,F and D,,S imply that both maps are Lipschitz continuous in
P1(R%). The additional smoothness is used to obtain, independent of N, semiconcavity estimates
on the value function V¥ (see Lemma 3.4).

(v) As L is the Legendre transform of H, (2.1) and (2.2) imply that

{ for any R > 0, there exists Cr > 0 such that

— (2.9)
|DoL(7,a)| < Cr for all (z,a) € R? x Bg

Although this is standard, we repeat its proof for completeness. Indeed, for |a|] < R, € R% and
p = D,L(z,a), in view of (2.2), we have L(z,a) = —a-p — H(z,p). It then follows from (2.1), that

R2
—Rlp| = C+ (1/0)lp* > L(w,a) < sup{—a-p'+ C = clp[’} < C+ -
p/
2.2. The formulation of the problem. For concreteness, we fix throughout the paper a filtered
probability space (2, F,F = (F)>0,P) satisfying the usual conditions and hosting independent d-
dimensional Brownian motions B® and (B*)gen.

2.2.1. The definition of VN. The definition of V¥ and the relevant quantities/functions were given
and discussed in the introduction—see (1.1), (1.2) and (1.3), where it was also explained that, as-
suming (2.8), V¥ is the unique classical solution to the Hamilton-Jacobi equation (1.7) and that the
infimum in (1.1) is achieved (in feedback form) by the function a = (a*)¥_, : [0, 7] x (RN — RN
given by

an(t,x) = =D, H(z* ND_x VN (t,x)). (2.10)
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2.2.2. The definition of W without common noise. Suppose now that ag = 0. To define U, we find it
more intuitive to work with closed-loop controls, and to view the problem in terms of deterministic
control of the associated Fokker-Planck equation.

For fixed (tg, mo) € [to, T]x Po(R?), let A(to, mg) to be the set of pairs (m, ) with m = (Mmt)tetto, 1] =
(m(t,-))eefto,r) € CO([to, T]; P2(R?)), o : [to, T] x R — R? measurable and such that

(1) m solves (in the sense of distributions) the Fokker-Planck equation
oym = Am — div(ma) in (to,T] x R? and m(to,-) = mo,
T
2) [, Jra la(t, )|>m(t, dx)dt < oo.

Then we define U : [0, 7] x P2(RY) — R by

T
U(tg, mo) = (m,a)eifcltf(to,mo) {/t (/Rd L(z,a(t,z))m(t,dx) + F(my))dt + 9(mT)}. (2.11)

0

One advantage to using this deterministic formulation of the McKean-Vlasov control problem is that,
at least in the absence of common noise, the dynamic programming principle is straightforward. In
particular, we can assert the following, which will be useful in what follows.

Proposition 2.2. Assume (2.8). Then, for any 0 <ty <t; <T,

U(tg, mo) = (mya)eiﬁf(toﬂmo) {/t ! (/Rd L(z, a(t,z))m:(dz) + F(my))dt + U(tl,mtl)}.

0

2.2.3. The definition of U with common noise. To define U when ag > 0, we once again use a form
of closed-loop formulation, but this time the relevant Fokker-Planck equation becomes stochastic
and we work with a notion of weak solution.

For fixed (tg, mg) € [0,T] x P2(R?), we define a control rule R € A(tg, mg) to be a tuple
R = (Q, ?7 F? ]P)7 W’ m, a),
where

(1) (Q,F,F = (Ft)o<i<r,P) is a filtered probability space supporting the d-dimensional Brown-
ian motion W,

(2) o = (a4),<i<T is a F-progressively measurable taking values in L>°(R%; R?) and such that
« is uniformly bounded, in the sense that

< 0. (2.12)
Loo(Q)

sup ||0‘tHLoo(Rd;Rd)
te[to,T]

(3) m satisfies the stochastic McKean-Vlasov equation
{dmt(:zr) = [(1 4 ap)Amy(z) — div(myau(x))] dt + v/2a9Dmy(z) - dW; in (tg,T] x RY, (2.13)
my, =mo in RY,
The last condition means that, P—a.s., for any smooth test function ¢ € C°([0,7] x R%) with a
compact support and for any t € [tg, T] one has,

o (2)ma(dz) = [ do(w)mo(dz) + / / (0065(2) + as(x) - Do () + (1 + a0) Ass () )ms (da)ds
R4 R4 to JRRA

+ / t V2a0 | Doy (x)ms(dz) - dW.
to R4
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Now we define

T

U(tg, mp) =  inf EP[/ (/ L(z, ou(z))my(dz) + F(my))dt + G(mr)|. (2.14)
REA(to,mo) to Rd

The connection to the informal description (1.4) of U is that, if « is a bounded L*°(R%; R%)-valued

process defined on some filtered probability space probability space (2, F,F = (F;)o<i<r, P) sup-

porting independent Brownian motions B and W, « is a adapted to the filtration of W and X is a

strong solution to the McKean-Vlasov equation

t

X, =X, + / as(Xs)ds +V2(B; — Byy) + v2a0(W; — Wy,), (2.15)
to

then (Q,F,FW W, m,a) € A(tg, mo), where m; = L£L(X;|W), that is, m is the conditional law of X

given the filtration of the Brownian motion W.

As in the case ag = 0, we have the following dynamic programming principle.

Proposition 2.3. Assume (2.8). Then, for any 0 <tg <t; < T, for U defined by (2.14), we have

ty
U(to, mo) = inf E? {/ (/ L(z, oy (z))my(dx) + F(my))dt + U(t1, my, )
(m,a)€A(to,mo) to JR4

Unlike in the case without common noise, where the control problem is deterministic and thus the
dynamic programming principle is straightforward, in the common noise case we will need to use
some machinery from Djete, Possamai and Tan [12] and Lacker, Sholnikov and Zhang [21] to verify
that the dynamic programming principle holds in this setting. To streamline the presentation, we
present the proof of Proposition 2.3 as well as of some other technical results from [12, 13, 21] in
the Appendix.

Remark 2.4. We could have defined U using (2.14) when ag = 0 as well, and, in the end, it would
be possible, thanks in part to Lemma 3.3 below, to prove that this is equivalent to the definition
(2.11). We chose to define things separately with and without common noise mostly to avoid some
unnecessary technicalities and to simplify the presentation for the reader interested in the case
without common noise. The only mathematical reason for splitting up the definitions is that, for
technical reasons, it is convenient to work with L —feedback controls in the case of common noise,
whereas without common noise we have no difficulty working with square-integrable controls.

2.3. The main result. With V¥ defined by (1.1), U defined by (2.11), if ag = 0, or (2.14), if
ap > 0, we have the following result.

Theorem 2.5. Asume (2.8). Then there exists § € (0,1] depending only on d and C > 0 depending
on the data such that, for any (t,x) € [0,T] x (RH)N,

|V (t,x) = U(t,my )| < C—(1+ Ma(mY))).

1
~a
For the convenience of the reader we repeat here the strategy of the proof. We detail in section 3 the
proof of Theorem 2.5 when ag = 0, the adaptation to the case ag > 0 being the aim of section 4. The
proof of Theorem 2.5 requires several steps: We first obtain uniform in IV regularity estimates on
VN namely Lipschitz and semiconcavity estimates in Lemma 3.1 and Lemma 3.4 respectively. Then
we show how to bound from above V¥ by U plus an error term (Proposition 3.7). This estimate
is relatively easy and boils down to transforming the map V¥ into a subsolution of the Hamilton-
Jacobi equation (1.8). The converse estimate, which is more involved, is the aim of Proposition
3.8. The technical reason is that we found no way to embed U into the equation for VV as a
subsolution. Actually, since U is semiconcave, it is naturally a supersolution of that equation and
the remaining term is a priori large. We overcome this issue by using locally optimal feedback of
the N —problem for the continuous one, the main difficulty being to compare the empirical measure
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in the N—problem to the solution of the Fokker-Planck equation. This step, which is difficult, relies
on a key concentration result (Lemma 3.11).
3. THE PROOF OF THEOREM 2.5 WITHOUT COMMON NOISE

We assume that ag = 0 and, throughout the proof, we use the fact that V¥ is the unique solution
of the uniformly parabolic backward PDE (1.7) and, therefore, is smooth.

3.1. Some regularity estimates. We first establish the, uniform in N, regularity estimates for
VN,

Lemma 3.1. Assume (2.8). There exists a constant C > 0 such that, for any N > 1,
[V¥loo + N sup [[ Dys VY oo + [0,V [l < C.
J
Remark 3.2. The estimate on D,; VY implies that the optimal feedback of the problem, given by
af(t,z) = =D, H(x', ND,; VN (t,x)) remains uniformly bounded.
Proof. The bound on V¥ is obvious.

We note that w® = D,: VY satisfies

N
. . 1 ) )
—yw' (t,x) — I; Agrw' (t,%) + 7 Do H (2, Nw'(t, %))
al . 1 3.1
£ 30 D H(H, NDu VY (6,3) - Dyt (,5) = DS a?) im (0,7) x (R, (3.1)
k=1
w'(T,x) = iDmg(mfy,:zri) in (Rd)N,

N

and observe that the maximum principle gives that the N||D,; VY ||«’s are bounded uniformly in N
and j.

In the same way, w' = 9,VV satisfies

N
=0 (t,x) = Y Agew' (t,x)+
k=1

N
+> DpH(2* ND VN (£,x)) - Dypw' (t,x) = 0 in (0,T) x (RY)Y,
=1 (3.2)
1 & 1
(T30 =~ St [ D ) 4 10, )

oy S DSl )~ o) i (R

and the uniform bound on [|0; V||« follows again from the maximum principle. O
Lemma 3.3. Assume (2.8). There is C > 0 such that, for all to,so € [0,T] and mg, o € Pa(RY),
|u<t0, mo) — U(So,m0)| < C(|t0 - 80|1/2 + dl(m,m))

Moreover, if (to,mo) € [0,T] x P1(R?) and (m, ) is optimal in the definition of U(ty,mo) in (1.4),
then ||alleo < C.

Proof. The result is standard so we only sketch the argument and refer to [3] and [11] for more
details. Fix (to,m0) € [0,T] x P1(R%). It follows from (2.8) that there exists at least a pair (m, )
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optimal in the definition of U(tg, o). Moreover, for such optimal pair (m, «), there exists a map
u: [to, T] x R — R with ay(x) = —D,H (z, Du(t,z)) and such that (u,m) solves the system
—owu(t,x) — Au(t,z) + H(x, Du(t,z)) = g—&r(mt,x) in (to,T) x R?
m
dime(z) — Amy(x) — div(DpH (x, Du(t,z))ms(s)) = 0 in (to,T) x R,

mey, = Mo, u(T,z) = g—ﬂgl(m;r,:v) in R%

Arguing as for the Lipschitz estimate in Lemma 3.1, one can check that there exists a constant
C > 0 such that || Dul|s < C and, since o« = —DpH (z, Du), ||a||sc < C. By the standard parabolic
regularity this implies that ||Dalle = || D[DpH(-, Du(-,-))]|leo < C.

Fix m; € P1(R?) and let u be the solution to
gt — Ap 4 div(pa) =0 in (to, T) x R with pu(ty) =
It is easy to check that there exists C' = C(|| D, T') such that
sup dy(u(t),m(t)) < Cdy(my,mo).

te(to, T

Thus, for some constant C' depending on T, on the regularity of L, ¥ and § and on ||De||s,

T
Ulto, 1) < / ( / Lz, au()pu(t, dr) + F(u(t)))dt + S(u(T))

to R4

</ g [, Llasau(pm(t,do) +Fm(®))dt +5(m(T) + C s (), m()
< U(Oto,mo) + Cd; (M, mo). )
This establishes the estimate
[U(to, mo) — U(to, m0)| < Cdy(mg,mp). (3.3)

Finally, we fix so < to, and we choose (m, ) optimal in the definition of U(sg,mo). By dynamic
programming (Proposition 2.2), we have

U(so, mo) = /:0 (/RdL(x,a(t,x))mt(dx) +3"(mt))dt+U(to,mt0),

0

and so

to
Wso,m0) = Ultomo)| < | [ ([ Lwat.a)yms(de) + Fome) )] + [Uto,m,) ~ Uto, mo)
s R4
S C(to — So) + Cdl(mto,mo) S O(to — 80) =+ O(to — 80)1/2 S O(to — 80)1/2,

where we have used (3.3) and the boundedness of a, together with the fact that Assumption 2.1
implies a similar inequality for L. This completes the proof. g

The key estimate on V¥ is discussed next.

Lemma 3.4. Assume (2.8). There exists an independent of N constant C, such that, for any
N=>1 ¢= (&) e R)Y and & €R,

Z D2, VN (t,x)€! €J+2ZD%VN(t x)-£'€% + DAV (t,%)(€°)?

i,j=1 =1

N
Z§|2+C§° . (34)

2|Q
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Remark 3.5. Inequality (3.4) plays a crucial role in the proof of Lemma 3.13 below. Since
VN converges to U, it follows that (3.4) implies the semi-concavity of the extension U : [0,7] x
L2((9, F,P); RY) — R defined, for X € L2(,R%), by
Ut X) == Ult, £(X)),
where (0, 7, P) is a fixed atomless probability space and £(X) is the law of the random variable X.
Proof. For 1 <14,j,k < N, let
{wi _ DzivN . €i7 zg _ D2 VNé-z §J wO — atng()’ wO,i — wi,O — 8tDzivN . 5051

rixd

WO = 9, VN (£0)2) & = Zgjzo wh and o = NN Dyrw'.

A straightforward computation gives

N N
— 0@ =Y Ap@+ Y Dy DpH (¥, ND VN (¢, x))
k=1 k=1

N N
=—NY D2 H(" NDVV(t,x))ox - op =2 D2, H(a", ND VN (t,%))€" .04
k=1

2ol (z",nD VY (t,x))€" €0

k=1

N

2

e ZD my @', 2l)¢! m—ZDD F(my,x')e' ¢
3,7=1

i=1
Denote by 7 the right-hand-side of the equality above. Recalling that H is strictly convex in the p
variable and that N9, V" is bounded, we have, for all 1 < k < N,
C
— NDp, Hoy - o — 2D7, HE" oy < [€77.

We can use again the Lipschitz bounds on V¥ and (2.5) to deduce that

C N
<Y §2

Next, fix (to,%o) and consider the weak solution m® to

om™ ZA sm™ (t, %) ZdlvDH(:v ND VN (t,x))m™) =0 in (to,T) x (RHY
k=1
mN(th )_5x0 in (Rd)

Integrating the equation satisfied by & against m” we deduce that, for all (t,xo) € [0,7] x (RN

W(to, x0) < sup [|&(T, ¥)lloe + Z [
k 1

In order to bound the right-hand side of the inequality above, we first note that, by the equation
satisfied by V¥V, we have

at ZAmng H(.Ik,NDmng(X)) _g:N(X)v

ol
=



12 PIERRE CARDALIAGUET, SAMUEL DAUDIN, JOE JACKSON AND PANAGIOTIS E. SOUGANIDIS
where FV (x) := F(ml') and GV (x) := §(ml'), and, similarly,

OZVN(T, x) ZAwkat (T, x) +ZD H(z* ND, SN (x)) - D0 VY (T, x).
k=1

Recalling the expressions of the derivatives of ¥V and GV in function of the derivatives of F and §
in Proposition 5.35 of [7], we find, after a tedious but straightforward computation that, under our
standing assumptions on F and G, that, for some C,

st@MM_NZWP%M%

O

3.2. The easy estimate. The second step in the proof of Theorem 2.5 is an upper bound of V¥
in terms of U. Our strategy will be to first compare U to VYV, where

MmN ,7 N al j
VN (t,m) := /(Rd)Nv (t,x)Hm(d:z: ). (3.5)

We start with a Lemma, whose proof is a straightforward computation which is essentially the same
as the one carried out in the proof of Proposition 3.1 in Cardaliaguet and Masoero [6]. Hence, we
omit the details.

Lemma 3.6. Let VN be given by (3.5). Then VN s smooth and satisfies the inequality
—a,VN (t,m) — / div(D,, VN (8, m, y))m(dy)
Rd

+ [ H(y,D,VN(t,m,y))m(dy) < FN(m) in (0,T) x P1(R?),
R4
VY(T,m) =GN (m) in Py (RY),

where
N

N
FN(m) = d:cj and §N m) = g mfz[ m(dz?).
m=f .7 ) I o= [, S [[mia)

j=1
Next we prove the easier inequality in Theorem (2.5).

Proposition 3.7. There exist constants C' depending on the data and 8 depending only on d such
that, for all (t,xo) € [0,T] x (RH)N
C
VN (tmag) < Ut m,) + 15 (1 + M, *(m)). (3.6)

Proof. Theorem 1 in [15] gives constants C' and 3 depending only on d such that, for any m € Py (R?)

and for all N € N,
N

; C 12
dy(mY,m) | | m(dz®) < — M,"*(m).
Lo 1 7

=1

Fix (to,mo) € [0,T) x P2(RY) and let a* be optimal in the definition of U(ty,mg). Using Lemma
(3.6) together with a standard verification argument, for example, using It6’s formula in [7], we see
that

o~ T o~ ~
VWitomo) < _int /t o /R Lot m)me(de) + (o) )t + 8 (mr)] }

and, hence,

T
T?N(to,mo)g/to (/Rd/:(x,a*(t,x))+§N(mt))dt+§N(mT). (3.7)
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Since, in view of Lemma 3.3, o is uniformly bounded by a constant independent of N, an easy
computation shows that the corresponding state process satisfies

sup / |z|?>m(t, dx) < (1 + CT)/ |z|?*mo(dz) + CT.
te(to,T] JRE R4
It then follows from the Lipschitz continuity of F with respect to d; that
FN N al j C 1/2
FH(m(t)) < F(m(t)) +C oy di(my,m(t) [ m(t,da’) < F(m(1)) + ~5 (L+ My (mo)),
j=1
and, similarly,

° c 1/2
Y (m(T)) < S(m(#)) + 775 (1 + My"*(mo)).
So, by the optimality of a*, we can use (3.7) together with the estimates of FN and § to obtain

MmN ’ * C 1/2
P (t0,ma) B[ [ (L(Xey0f) + 5(E(X0) )t + SLCE)] + 205 (14 343/ (m0))

to
C
< U(to,mo) + N_(l + My"? (mo)).
Fix now xg € (R?)". Then the Lipschitz estimate on V" and the same argument as above yield

< o ().

Putting together the last two estimates gives (3.6). O

‘VN(to,Xo) —@N(tovmi\;)

3.3. The main estimate. The main step of the proof is to show the opposite inequality.

Proposition 3.8. Assume (2.8). There exists 8 € (0,1] depending only on the dimension and
C > 0 depending on the data, such that, for any N > 1 and any (t,x) € [0,T] x (RN

ut,mdy — vV (t,x) <7 Z| | (3.8)

Proof. Following a viscosity solutions-type argument, we double the variables and, for 6, € (0, 1),
we set

N
A .
M = s(U N—V t i 02 —t2— E 12.
ooy ey © (LT ) x) 29N Z' A 9|S "o = vl

We denote by ((to, Xo), (S0, y0)) @ maximum point in the expression above and we continue estimating
in the next lemma the error related to the penalization. Its proof is postponed for later.

Lemma 3.9. Assume (2.8). There exists C > 0 such that, for any i € {1,...,N},

N
1 &L C
N ;L% —yol* + [0 — to* < CH* and _Z lyol” < N

We continue with the ongoing proof.

As pointed out in the introduction, the main difficulty is that it does not seem possible, at least to
us, how to transform an optimal control for the VY depends on each particle into a feedback for U.
We overcome this difficulty by dividing the players into subgroups in such a way that the optimal
controls for the agents in each subgroup are close and showing a propagation of chaos-type result
for each subgroup using a a concentration inequality.

We begin explaining how to create the subgroups based on an appropriate partition of {1,..., N}.
Since we will use it again in the next section, state and prove the following lemma.
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Lemma 3.10. For each § > 0 there exist a constant C depending only on the data, and a partition
(C‘j)je{l7...7J} of {1,...,N} and, for j =1,...,J, & € R? such that J < C5~¢ and, for all k € C7,

|H (2§, NDx VN (to,%0)) + & - (NDx VN (to, %0)) + L(zf, )| < C6. (3.9)
Proof. Let a*(t,x) = —D,H (¥, ND,+V"(t,x))be the optimal feedback for particle k, and recall
(see Remark 3.2),that there exists R depending only on the data such that |a*(¢,x)| < R.

Given § > 0, we can find a d-covering of Br C R? consisting of J < C3~¢ balls of radius & entered
at (aj)je{17,,,7J} C Bgp.

Then, we choose the partition (C7);c1,..s so that, for each k € C7, |a*(t,x) — @’| < 4. Tt follows
using (2.9)that, for each k € €7,

H (2, ND VY (g, %0)) + @ - (NDy V™ (to, %0)) + L(ak, @)
= [(of — @ (to, %0)) - (ND V™ (to, x0)) + L(zk, &) — L(ak, a(to, xo))|
< (NDszN(t07X0)) + ”DaLHLOO(RdXBR) )|ak(t0=xo) - aj| < Co.

Fix j € {1,...,J}, set of =a7 if k € C7, let
thoJrT:a:g—FTak—l—\/iBf and YSIf)JrT:yg—l—Tozk—l—\/iBf,

; 1 ; 1
m¥ =— g dyx  and mi :_45 Oxr
to+T nJ so+T so+T nJ to+T
keCi keCi

consider the solution mJ to

om?! —Am? +@ -Dm? =0 in (so,T) x RY and m?(sp,-) = mg,o in R%,

1 o
and, finally, set m(s) = N > jeg n'ml(s).
We state next the concentration inequality we need for the proof.

Lemma 3.11. There exist positive constants [ € (0,1/2) depending on d and C, which depends
only on sup; [@’|, d and T, such that, for all h >0,

E[di(m (so + ).k, )| < OO+ M3 (s0)) " (3.10)
so+h (TLJ)B
and
j J 1 k k 1/2, h?
E [dl(mj(so + h),mxw)} <= > Jab — b+ C(1+ My (m (s0))) Y

keCi
and, as a consequence,
hB

E |du(m(so + 1), ¥, )] < COP0 4N T

and

N
E [dl (m(so + h), m§t0+h):| <00+ 057#}(1 +A72) NB®

We postpone the proof of Lemma 3.11 to subsection 3.4 except for the one of the third inequality,
since it contains an argument is needed for the ongoing proof.
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Proof of the third inequality in Lemma 3.11. Using the first two inequalities of Lemma 3.11 as well
as the Cauchy-Schwarz inequality, the concavity of the maps n — n'=? and n — n' =28, the fact that
> n/ = N, and the assumption that 8 € (0,1/2), and recalling that J < C6~¢ and the estimate of

Ms(m(so)) in Lemma 3.9 we obtain the following string of inequalities which prove the claim.

E[di(m(so + k), m¥ )| <> ?;E [du(m? (o + )% ,)]

jeJ
B
12 (1 h
< CZ (14 M, *(m (so)))(m)ﬁ
JjeJ
B B 1/2 LN Y,
<Ch Z +Ch (Z NMQ(mJ(SO ZN n])w)
jeJ jeJ jeJ
J .
< Chﬁ% S ey K] & e
jeJ

< O (L+ M m(s0)).

We proceed with the ongoing proof.
The Lipschitz regularity of U in Lemma 3.3 and the definition of X; and Y, give

M>E [eS°+h<u<sO +homy, ) = VY (to + b, X 1n))
<NZ| soh = Xtonl® + (to = s0) ) NZ| Yeo il }
> B[ (WU(so + hm(so + ) = V(1o + b, th))] _ 0514 A )

N N
< Z — z5[% + (s0 — to) ) Z lyg| + Ch'/?)?

hB
NB

To continue, we need a dynamic programming-type argument, which is stated next. Its proof is
postponed for later in the paper.

Lemma 3.12. With the notation above, we have

U(so + h,m(so + h)) = U(so, myn)

J

so+h 1 . X .
_ / QO [ L, a)m (s, 2)da + F(m(s))ds.

j=17R
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Using It6’s formula for VN we find

so+h J
1 . o
M > eso+hu(so,m§,\;) - eso+h/ (/ E —n! L(z, & )m? (s, x)dz + F(m(s)))ds
s0 R § N

— eSthE

to

to+h N
VN (to,%0) +/ @V (6, Xe) + Y (A VN (8, Xy) + of - D V(t, X)) )dt
k=1

h? al P
—05*d5(1+x-)N6 —< Z 6 — 261” + (so — to) )——NZ|y0|+Ch1/2

Since the @’ are uniformly bounded, the map L(-, @) is uniformly Lipschitz independently of j.
Hence, using Lemma 3.11 and Lemma 3.9, we find

so+h J
/ / Z n? L(z, @ )m? (s, z)dxds
RY T

so+h J
1 . 1 . ) .
<E / S LX) + Ol (5) k)i
50 j=1 keCi

B to+h N 1
<E / Z‘; NL(X’“ oF)ds

to+h N
<E / Xk o*)ds
to

J
I N
j=1
hB

—dp _%
+ OO+ CO (L4 A™%) 5

Note that in the last inequality we used exactly the same argument as for the proof given above for
the third inequality of Lemma 3.11.

Hence, recalling the optimality of (xg,yo) and employing the equation for VV, we get

Y N
0 > (e%0Fh — %) (U(sg, m2 ) — VN (g, x0)) — CO~(1 + )\_f)]]z]ﬁ — CARMENTN " lyh| — COR

i=1

Yo

so+h
_ erothE U (F(m(s) = F(mx,, _,,.)ds

S0

to+h N
—eothE H/ D (L(XE k) +oF - (NDV(s, X,)) +H(Xf,NDIkV(s,XS)))ds] .
to k=1

Using the Lipschitz regularity of ¥ and Lemma 3.11 to deal with the difference of the ¥ and Lemma
3.9 to deal with the term in >, |y§|, we find

L
0> e h(U(so, md) — VN (to, x0)) — CO~ (1 + A—f)% — CA\Y2RY2 — COh — Ch?

_ S()-‘rh]E

to+h N
/ XE ok +aF  (NDV(s,X,)) + H(XE, ND_V(s, XS))ds)ds] .
to
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The regularity of L and H and the uniform boundedness of the o and of ND VY allow to infer
that

. B
0> e h(W(s0,m3)) — V¥ (10, x0)) ~ G5~ (14 x4 1

Yo

— CA\Y2RY2 — COh — Ch?

to+h N
— ethE H/ > (L(zf, a")ds + oF - (NDV(s, X)) + H(af, ND,V(s, X,)))ds | — Ch/2.
to k=1

and, in view of (3.9),

0> e*oh(U(so, md)) — VN (to,x0)) — Co~ (1 + )\“) — C\'/2pY/2 — COh — CH3/?
(3.11)
—CE [ L[l SN INDw VN (5, X)) — NDIkVN(s,xo)ﬂds} — Ch.

The semiconcavity of VY and the penalization by the term in 6 give the next lemma. The proof is
postponed to end of the section.

Lemma 3.13. For any (t,x) € [0,T] x (RH)N

N

> D VN (%) — Dy VN (to, X))
k=1

N 1/2
g e = abl 1" - x’5|2>> gl — ol 2

E‘Q

C N
k=1

We continue with the ongoing proof. Inserting the estimate of Lemma 3.13 in (3.11), we obtain

hB

0> e h(U(so, m ) — VN (to,x0)) — C6~(1 + x%)m — OXYV2RY2 — C(0 + 6)h — Ch3/?

Yo

C < c < Yy
—CE / N; Xk—$o|+(N—E|X§—$§|+|X§—$§|2)> +W|S—to|l/2)d8

hB
NB

> e h(U(so, mY ) — VN (tg,x0)) — C6 (1 + A 2)

Yo
— C(0 + 8)h — CXNV2hY2 — Co~YV2R(RY/2 4 h)V/2.
Dividing by h we find, for each choice of ,A,0 >0 and 0 < h < (T' = sg) A (T — to), that

S hB_l
e* (U(so, md)) — VN (to,%0)) < Cxgm(1+A” V2) £ C(0 + 6) + CAY2R=Y2 4 cpt/te—1/2,
We take
N Afl/Qhﬁfl N W W
0=h", §=("—F5—)" A=N"" and h=N""

Making appropriate choices of oy, s, as and f ay we deduce that
e* (U(sg, md) — VN (t,x0)) < ONF (3.12)

holds for some 8 = B(8) € (0,1/2) and for all values of N such that h = N~ < (T — s0) A (T — to).

For those values of N such that h = N=% > (T — s9) A (T — tp), we have by Lemma 3.9 that
(T —s0) V(T — sp) < h+ C#0, and, so, using Lemmas 3.1 and 3.3, we find
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[W(so, myy) = VN (to, %0)| < [U(so, myy) = G(myy)| + [S(myy) = S(m)| +[S(mi,) — V™ (to, xo)|
<C(h+0)V2+C0+C(h+60)<CNP,

where in the last line we choose B even smaller if necessary. With this choice of E, we have now
established that (3.12) holds for all values of N.

Finally, we conclude that, for all (¢,x) € [0,7] x (R%)Y,

Yo

N
A .
el (U(t,my) — VN (t,x)) < e (U(so, miy ) — VN (o, %0)) + N ; ||

N
s 1 .
— min(8,a3) 7|2
<CN 3(1+N§_1|w|).

O

Before proving the various lemmas used in the proof of Proposition 3.8, we complete the proof of
the main result.

Proof of Theorem 2.5. Combining Proposition 3.7 and Proposition 3.8 we know that there exist
B € (0,1] depending on dimension and C > 0 depending on the data such that, for any (¢,x) €
[0,T] x (R,

u(t,m) = VN (t,x))| < CNP(L+ My *(ml) + Ma(m¥)) < ON~P(1 + My(md)).

We continue with the proofs of the several auxiliary results sated earlier.

Proof of Lemma 3.9. The proof of the first statement is an immediate consequence of the uniform
bound on U and VY and of the Lipschitz estimate for VV. |

Proof of Lemma 3.12. For K € N and any nonnegative integrable functions mj}, ..., m{ on R? such

that Zszl mk € P(RY), let

ey it S e e+ 03w
07m07"'7m0 T (mlyﬁl)ﬁ_l_r_ly(mK,ﬁK) to ( Rd =1 “ mk(t7df17) " e (k:].m
K
+5(>_ m*(T)),
k=1

where the infimum is taken over the tuple of measures (m*, 3%) (the B* being a vector measure)
with 8% << m* such that (m*, 3¥) solve in the sense of distributions,

omF — AmF +div(B*) =0 in (to,T] x RY and mF(to) =m§ in R%
We establish next that
UK (tg,md, ..., m&) = Uto, mp + - - -+ m),

and the result will then follow from Proposition 2.2.

Since obviously U (tg,m{,...,m&) < U(tg,m} + -+ + m{), next we concentrate on the reverse
inequality.
Fix & > 0, let (m', 8',...,mX, 35) be e—optimal for UK (tg,m}, ..., m{), and set g = S p_, BK

and m(t) = S, m¥(t). Then (m, ) solves
oym — Am 4 div(8) =0 in (to,T] x R and m(ty) =mo in RY
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and we have

e+ UK (tg,md, ..., mE)
K K
BR(t, @) mF(t,x) k k
L(x t t t T
/ /RdZ ) e g) ™+ T mE ) + S mH(T))
T k
t
> [ e B P e o)+ Sm(r)
to JRd m(t, x)
> u(t()v mO);
where the second inequality follows from the convexity of the map (8,m) — mL(x, ﬁ) and the
m
third one by the definition of U. O

Proof of Lemma 3.13. Set p* = D xV(to,%o) and p* = 0;V(tg,%o). Then, in view of Lemma 3.4, we
have, for any (t,x), (to,%o) € [0,T] x (RY)N

2|Q

VN(t,x)—VN(to,xo)— pk-(xk—ac’g) p'(t —to)

1M

N
Z|xk—x§|2+0(t—to)2.
k=1
The optimality of (o, X0, S0, y0) also gives, for any (¢,x),
1 & 1 1 & 1
— Lyl P —(t—s0)?+ V(¢ > —— o yl2 4 to— VN (¢ . (3.13
29N;|33 Yol +29( s0)” + V7 (t,x) > 29N;|33o Yol”+ 29(0 s0)> + V¥ (to,%0). (3.13)

From (3.13), we conclude that

E_ ok
k_ Y —Z ¢ _ S0 —to
= d =
PP="n "¢ P 0
Furthermore, rearranging (3.13) yields
1 1
VY (t, ) — VN (to, z0) > 29]\, Z |25 — 5> — 20N > olt —yslP + WHO = s0|* = 5ot = sol®
k=1
1 & 1 & 1
:MZ|I§—ZJ§|Q—MZ|(Ik—I§)+( —yo)I* + 29N|t0_50| M(t—toﬂ'(to—soﬂ2
k=1 k=1
N Ny 1
_ ko (kL k Eor oy L ok k22
k=1 k=1
and, after some elementary manipulations
1 & 1
N ¢ k_ k|2 2
VN (t,x) — VN (to, x0) Zp (z* — zF) P(t—to)Z—m;bﬁ — x5 —%(t—to) .
Assuming that § < (20) 71, it follows that
N oX
(t,x) = VN (to,x0) — VN (t,x) + Zpk (" — a5) +p'(t — to) + N Z 2" — ag]” + C(t — to)
k=1 k=1
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Thus, for any (¢,x) and any (s,y), we have
N

Z Dyew(t,x) - (y* — 2%) + duw(t, x)(s — t) S w(t,x) + > Dypew(t,x) - (y* — 2*) + duw(t, x)(s — 1)
k=1

1
Sy_eNZW— (S—to)-

Letting y* = af + 30N D, vw(t,x) and s = to + 200,w(t, ) in the inequality above, we obtain

ON
e Z |Dew(t,x)|* < Z Darw(t,x) - (2% — af) + dpw(t, 2)(t — to), (3.14)
k=1 k=1
and, after using the Cauchy-Schwarz inequality,
N N 1/2
Z |Drw(t,x)| < N/? <Z |Dzkw(t,x)|2> (3.15)
k=1 k=1

N 1/2
4 4
1/2 kL k _
<N <_N9 E |zg — 2®||Dyrw(t, x)| + N0|8tw(t,x)||t t0|> .

k=1
Recalling the definition of w and that |D VY| < C/N and |9, V| < C, we find
2C 2C
|Dgrw(t,x)| = | — Dox VN (t, %) + p* + W(xk — b)) <CONT'+ W'“’k — k|
and
|8tw(t,x)| = | - 8tVN(t0,xo) + QC(t — to)l <C.
Returning to (3.15), we have
N N 1/2
2C C C
Z|_ N, x)+p" +W(k :170|_< > g k|+N9 |x§—:z:k|2+§|t—t0|> ,
k: k=1
from which we deduce the result by the definition of p*. g

3.4. Proof of the concentration inequality. To complete the proof of Proposition 3.8, we are
need to show Lemma 3.11. For this, it is convenient to introduce a few more facts.

Let L(e, R) be the e-covering number of Lg with respect to the L>°-distance, that is,
L(e, R) = inf{k € N : there exist ¢1, ..., ¢ € Lg such that for all ¢ € Ly, [|¢ — ¢, < € for some j}.
It is known (see, for example, [18]) that

L(e,1) < exp{Ce}, (3.16)
and, after a rescaling argument,

d

L(e,R) < exp{C’(%) 1. (3.17)

Indeed, if {¢1, ..., ¢»} € Lis ¢/R-dense in L, then {51, . (En} is e-dense in L, where 51(33) = Ro(%).
Thus (3.17) follows from (3.16).

We need two preliminary estimates and note that, without loss of generality, we can take to = 0 in
what follows. Finally, we recall the notation after Lemma 3.9.

Lemma 3.14. There exists a constant C' > 0 such that, for any ¢ € L and any j € {1, ..., J},

Pl ot () = md,) > o] < exp {2}
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Proof. Let u the solution of

—0u—Au—al -Du=0 in (0,h) xR and u(h) =¢ in RY
and note that, since ||D¢|| < 1, ||Dulls < 1.
Using Ité’s formula and the equation for m7, we get

¢(m? (h) —mi, ) \/— - > / Du(s,YF).dB*

d
R ! peoi

The random variables h~1/2 foh Du(s,YF)dB¥ are independent and sub-Gaussian, uniformly in k.
Indeed, viewing h~1/2 fo Du(-,Yk)dBk as a time-changed Brownian motion, we have that B, =

h—1/2 foh Du(t,YF)dBF, where B is a standard Brownian motion and 7 < 1 is a stopping time (we
use here that || Du|ec < 1). In particular,

/ Du(s,YF)dB* > 2] <P[ sup |B;| > h'/?x],
0<t<1

from which the claim follows easily.

We may now apply Hoeffding’s inequality (see, for example, Proposition 2.5 in [26]) to complete the
proof. O

Lemma 3.15. There exists a constant C such that, for any j € {1,...,J} and R > 0,

E[ sup / (;NS(mJ(h) — mi/h)] <C(l+ Rd%?)(nj)%hd%?.
$ELR JR? '

Proof. We fix € > 0 and use the estimate on £L(¢, R) to choose K < exp{C(%)d} and @1, ..., 0k in
Ly such that, for each ¢ € Ly, there exists k € {1, ..., K} such that ||¢ — ¢k||L°°(BR) < ¢, and hence

-, <

Lo (R¢)

Then, using Lemma 3.14 and the upper bound on K, for any = > ¢, we have

P[ sup B(m (h) — m{,h) > z] <P[3k such that ox(m? (h) — m{,h) >z — €

$€LR JRI Rd
K .
; R.a ni(z—¢)?
SZI gbk (m? (h) — m{,h’)>x—e]§exp{C(z) “ = (- (3.18)
We fix a small positive parameter v, and note that, if
€ = ,7—%Rhl/dx—2/d(nj)—l/d,
then
R.a nix? niz?  ni(r —e)?
Rexp{C(?) on } —Rexp{Cw P on . (3.19)
Further computations reveal that there is a constant C' such that x > 2¢ as soon as
1
RT3 7
T > 071. (3.20)
By choosing 7 even smaller, we deduce, in view of (3.18) and (3.19), that, for some constant C' and

all R, z as in (3.20),

o 4 i 22
P[ sup ¢(m](h)—m§,)>x]§exp{— }
¢€Lp Jre " Ch
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It follows that

~ . O™ > —nlz?
E[ sup p(m? (h) —my. )] < / 1dz —|—/ . exp{ Ydx
¢eLp JRd 0

< C(1 + Ra®)(nf) a2 hats.

Finally, we give the proof of the concentration inequality.

Proof of Lemma 3.11. Throughout this argument, C' denotes a positive constant which, although
changing from line to line, depends only on d, T', and sup; lad].

Next, we prove (3.10) in the case to = 0. We fix R > 0, and note that, any ¢ € L normalized with
¥(0) = 0, can be written as ¢ = ¢ + ¢, with ¢ € Lr and [p| < [z[15..

Thus, for any h € (0,1], we get

E[ds (m (h),m}, )] = Elsup | ¢(m (h) —mi, )]

¢eL JRY
<E[sup [ ¢(m!(h)—mi,)] +/ {15, m7 (h) +]E[/ j@[1; md, ]
¢ELR JRA R Rd
j J
< E[ sup 5(mj(h) _ m{/h)] + M2(n;;(h)) N E[M2;myh)]
¢€Lr JR?

< E[ sup d(m? (h) — mi, )] + O(]L - M2(mj(0))). (3.21)

¢€LRr JR4 R
Using Lemma 3.15, we find that

Eldy(m? (1), m, )] < C(1+ o)y ats 4 ¢ LH el 0))

<O+ Ryt 4+ o LE sz(zmj(m))_

Optimizing in R, that is, taking R = (nj)ﬁh_ﬁ 1+ Ma(mi(0)), gives the result with g =

1
2d+4°

4. THE PROOF OF THEOREM 2.5 WITH A COMMON NOISE

We now show that the method developed above can be adapted to problems with a common noise,
that is, for ag > 0. Recall that V¥ and U are defined by (1.1) and (2.14) respectively.

Proof of Theorem 2.5 when ag > 0. Since the proof follows closely the one in the case a = 0, here
we emphasize and explain the main differences.

We first note that the estimates of Lemma 3.1 and 3.4 remain valid (with the same proof), that is,
there exists C' > 0 such that

V¥ oo + N sup [| Dys V¥ [|oo + 10V [l < C,
J

and, for any (¢,x) € [0,T] x (RN, ()21~ € (RY)N and £° € R,

.....

Z D2 VN (t,x)€" - € + 2ZD%NN<t x)&'€" + DEVN (t,%)(€°)?

1,j=1 =1

N
Z§|2+C§°

2|Q
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We note for later use that the observation above implies that the conclusion of Lemma 3.13 still
holds, because its proof relies only on the above estimates.

However, the proof of Lemma 3.3 does not adapt to the case ag > 0. Hence, we need a new argument
which relies on some results of [13].

In particular, we have the following analogue of Lemma 3.3.

Lemma 4.1. Assume (2.8). There exists a constant C' > 0 depending only on the data such that,
for all s,t € [0,T] and all m,m’ € P,(R?)

U, m) = Ult,m)| < € (i m,m') + [t~ 51),
and, moreover, for any € > 0 and (to,mo) € [0,T] x Pa(RY), there exists an e-optimal control rule
R=(Q,F,F,W,m,«) € A(to, mo) for U(to, mo) such that
oo < C.

Proof. Fix R > 0 and let V¥ and U denote the values of the problems defining V¥ and U when
controls are restricted to the ball B C R4,

More precisely, define AN to be the set of @ = (a¥)Y_,’s such that |a*| < R for each R, and
AF(tg,mg) to be the set of (Q,F,F,P,m,a) € A(ty,mo) such that |o| < R. Then define VN
exactly as in (1.1) but with AN f replacing A and define U exactly as in (2.14) but with A% (t, mg)
replacing AF.

Then Proposition 5.1 and Theorem 3.6 of [13] give

lim VYRt xN) = Ul (t,m)

N —oc0

where xV = (2!,...,2"V), m € P4(R?) and z',...,2" € R? are such that
L& L&
il4 _ d
511\1[p -2_1 |2*|* < oo and E_l Oy VoL mE Pa(RY).

It follows from Lemma 3.1 and Lemma 5.2, that there is Ry > 0 such that Vo = VN and Ufo = U,
and so we infer that, for all z; and m as above,

lim VN (t,x) = U(t,m).

N—o00

Hence, the uniform regularity on V¥ established in (3.3), which, as noted above, holds equally well
when ag > 0, is enough to conclude that, for some C > 0,

[U(t,m) — U(t,m")| < Cdy(m,m) for all m,m’ € Py(R?).

Finally, for any € > 0 and (¢y,mg), we can choose an e-optimal pair (m, ) for U, and that this
control is also e-optimal for U. This completes the proof. O

I:et VN lle defined in Lemma 3.7. Then it is easily checked that YN is smooth and satisfies, with
FN and G as in Lemma 3.7,

—9, VN (t,m) — (1 + ao)/ divy(Dm\?N(t,m,y))m(dy)
Rd

—ao / (D2, 9N (¢, 2, m, ') m(dy)m(dy)
R2d

+ /R dH(y,DmvN(t,m,y))m(dy) <F(m) in (0,T) x Py(RY),
V¥(T,m) = G(m) in Pi(R?),
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Then, as in the proof of Lemma 3.7, it is possible to use 1t6’s formula for conditional measures (see,
for example, [7]) to infer that, for any solution (m,«) to (2.13),

T
\A7N(t0,mo) <E l/ (/ L(z, az(z))mys(x)dx + ?N(mt))dt + §N(mT)

to R4

Using the same argument as in the proof of Lemma 3.7 with Lemma 4.1 replacing Lemma 3.11, we
arrive at

VN (to,m,) < Ulto,m,) + C(1+ My (m )N 7.
We now turn to the opposite inequality. As before, for 6, A € (0, 1), let
Ao
M= (1), (59)€00.T)x (R ' (U(s my ) = V7 (t,%) 29N Z' P _| - W; T
and denote by ((to,X0), (S0,¥0)) a maximum point in the expression above.

As in Lemma 3.9 we have
N

1 i i 1 i _
DI R R TR e e S e e
i=1 i=1

2

Next, for § > 0, we use the partition (C7);eq
We set of =a7 if k € C7, and let
Xk =gk 1ot —|—\/_Bk—|—\/2aB §g§+7_y§+7ak+\/§B£+v2aOBS,

so+7 T

gy of {1,..., N} constructed in Lemma 3.10.

,,,,,,

J

and m =

Yogir i E Y A
keCJ

and m? be the solution to

dm! = |(14a°)Am] —a’ - Dmi} +V2a0Dmi - dBY in (s0,T] x R? and mi =ml in R%

Yo

Finally, we set m, = N~} ZjeJ nimJ, and claim that, for all h > 0 and j € {1,...,J},

B
i 12, P
E [di(m), i, ,,)] < O+ My 2(md,) s (4.1)
and 5
—d _1
B [di(ma e, )] < 0O+ COP+ A H) 5 (4.2)

The proof follows from Lemma 3.11. Indeed, to establish (4.1), we first note that the process
(i) tefso, 7] SOlves (2.13) in the sense of distribution (with B replacing W) if and only if the
process m; = (Id — v/2a°(BY — By,))tm, solves P—a.s. in the (classical) sense of distributions, with
ay(z) = oz + V2a°(BY — By)), the equation

dimg(x) = [Amy(z) — div(meag(z)] dt in (to, T] x RY g, =mg in RY, (4.3)
Next, we consider
mt0+T = (Id—V2a° Bo)ﬂmt0+T and on-i-r t0+‘r —V2a°BY,

and notice that i’ and Y* solve the same equations as in Lemma 3.11, and, hence, (4.1) holds with
ﬁz{o 4, Teplacing m{o 4, and mi?to% replacing m@twh.

Since _ _

mio-‘r’f‘ = ﬁlio-‘rT * 5@377



CONVERGENCE RATE FOR THE OPTIMAL CONTROL OF MCKEAN-VLASOV DYNAMICS 25

and
m 1 s ~ (L b5 *0 = mi )
Yt0+7' - nj Z Y50+T+WBQ B (nj Z Y§0+1—) \/2‘1_032 - mYSo+T * WBQ’
keCi keCi
we can conclude that

E[dim], k. )| =B [di0nd, 0+ 0 smmpy mb, L+ amn)| = E {dl(ﬁziﬁh,mi?s e

and so (4.1) holds. The proof for (4.2) is similar.

We proceed with the proof noticing that the dynamic programming principle in Lemma 3.12 still
holds but with an expectation, since now the measures are random, and with Proposition 2.3 re-
placing Proposition 2.2.

Moreover, since the conclusion of Lemma 3.13 also holds as already pointed out, we can argue as in
the proof of Proposition 3.8 (the time-regularity provided by Lemma 4.1 replacing that in Lemma
3.3) that

N
1 1 -
N N 7|2
(k) =V (60) < O (14 5 3ol
The conclusion then follows as in the proof of Theorem 2.5. O

5. APPENDIX

The purpose of this appendix is to adapt some technical results from [12] and [13] to our setting.
Most importantly, we need to infer the dynamic programming principle (Proposition 2.3) in our
setting from the dynamic programming principle which is stated in Theorem 3.1 of [13]. Most of the
arguments here are straightforward adaptations of the superposition and mimicking results achieved
in [21], and so the proofs are only sketched.

Following Definition 2.1 in [12] and Definition 2.3 [13] we define, for each (tg,mo) € [0,T] x P2(R%),
the set of weak controls A, (to, mo) to be the set of tuples
R=(Q,9,P,F = (Ft)o<i<t, G = (S)o<i<r, X, B, W, m, a)
such that
(1) (,3,P) is a probability space equipped with filtrations G, F such that, for all 0 < ¢ < T,
91& C g:t and ?t V 9—'15 1 9T|9t-
(2) X = (X;)o<i<r is a continuous, F-adapted R? valued process.
(3) o = (ay)ty<t<T is a bounded, F-predictable process taking values in R<.
(4) (B,W) is a R? x Re-valued standard F Brownian motion, W is G-adapted, and F; V o(B) L
Sr.

(5) m = (my)y<t<7 is a G-predictable process taking values in Po(R?) and such that m; =
L(X]G;) for dP @ ds-a.e. (s,w) € [t,T] x Q.
(6) the state equation

t
X, =Xy, +/ asds +V2(B, — Byy) + V2a0(Wy — Wy,),  L(Xy,) =mo

to
holds for all to <t < T.
We also let
T
W (to,mo) = inf Eﬂ”’[/ (L(Xy, 1) + F(me))dt + G(mz)]
REA (to,mo) to
In our context, a superposition principle is a result asserting thejoﬁl}owing: given a control rule R =
(QF F,P,W,m,a) € A € R(tg, mg), we can find an extension (2, F, G) of (2, F,F) hosting another
Brownian motion B independent of F and a process X such that dX; = ay(X:)dt+ V2d B ++/2a0dW;
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such that m; = L(X¢|F;). We refer to [21] for details. The superposition results of [21] are useful to
us because we need to apply some technical results from [12, 13], and the superposition allows us to
check that our formulation is equivalent to the one used in [12, 13].

In what follows, for technical reasons, that is, to have the coercivity condition on the cost appearing
in Assumption 2.1 of [13], we will work with a truncated version of the weak formulation defined
here. Namely, we define Agv (to,mo) just as Ay (tg, mg), but with the controls « required to take
values in Br C R?. Then, we write

T
Uﬁ(to, mo) = inf EP[/ (L(Xt, Oét) + ?(mt))dt + 9(mT)]

:Re‘Ag(tLhmO) to

We also truncate the original form of the problem, by defining U® just like U, but with controls o
required to take values in Br C RY.

The following can be obtained using the superposition and following results of [21], as in the proof
of Theorem 8.3 of [21].

Proposition 5.1. For each R, UF = U~.

It is also useful to note that the regularity results of Lemma 3.1, which holds also in the case ag > 0,
can be used to infer that U™ = U for all R > Ry.

Lemma 5.2. There exists Ry depending on the data such that, for each R > Ry, UF = U.

Proof. Theorems 3.1 and 3.6 in [13] together with Proposition 5.1 allow to conclude that, for each
R > 0, we have the following form of convergence of V¥ to U,

For all t € [0,T], u € P4(RY) and x; € R? such that
N | X

4 . d

wpy 2 failt <o and 3 a2 m i Pa(RY)

we have, for xV = (21, ...,2x) € (R},

lim VRN (¢, xN) = UR(t,m). (5.1)

N—o00

Next, notice that, by (3.1) (see Remark 3.2), there is Ry depending only on the data such that, for
all R > Ry, VN'f = VN, Thus (5.1) actually gives, for all R > Ry,

lim VN (t,x) = Ul (t, m).

N—oo
It follows that
U = ufto,
Indeed, clearly U < Ufo.

For the other inequality, for any (tg, mg), we can choose R = (2, F, F,P, W, m, a) to be e-optimal
in the definition of U(tp, mg). Since « is bounded by hypothesis, there exist R > Ry such that
R € AR (ty,mp), and, hence,

U™ (to,mo) = U (o, mo) < U(to,mo) + €.
Letting € — 0 gives U(tg, mg) = U (ty, mo). O

Now, we turn to the dynamic programming principle, that is, Proposition 2.3.
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Proof of Proposition 2.3. We combine Theorem 3.1 of [12] with Proposition 5.1 to conclude that,
for all 0 <ty <t; <T and any R > Ry,

U(to, mo) = uR(tQ, mo) = u‘]}/ (to, mo) = inf EP[/ ' (L(Xt, at) + ?(mt))dt + u‘]}/ (tl, mtl)]

Re AL (to,mo) to

= inf EP[/tl (L(Xt,Oét) +5F(mt))dt+uR(t1,mt1)]

:RE.Aa/(t(),mo) to

-~ imf EF / (X, ) + Fma))dt + Uk, ).

ReAR, (to,mo) o

Since R can be arbitrarily large, it is easy to see that the above imply

t1
u(to,mo) = inf E]P[/ (L(Xt,at) —l—ff"(mt))dt—l—U(tl,mtl)]
REA (t(),m()) to
To get from here to
ty
Wtamo) = _int B[ [ ([ Lo aule)madn) + Fomn)de + Ul )],
:RGA(t[),mo) to R4
we again use the superposition and adapt arguments results from [21]. |
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