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Regularity of the value function and
quantitative propagation of chaos for mean
field control problems
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Abstract. We investigate a mean field optimal control problem obtained
in the limit of the optimal control of large particle systems with forcing
and terminal data which are not assumed to be convex. We prove that
the value function, which is known to be Lipschitz continuous but not
of class C', in general, without convexity, is actually smooth in an open
and dense subset of the space of times and probability measures. As
a consequence, we prove a new quantitative propagation of chaos-type
result for the optimal solutions of the particle system starting from this
open and dense set.

Mathematics Subject Classification. 93E20, 82C22, 491.12.

Introduction

The paper is about the regularity of the value function and quantitative prop-
agation of chaos for mean field control (MFC for short) problems obtained as
the limit of optimal control problems for large particle systems with forcing
and terminal data which are not assumed to be convex. The value function of
MFC problems is known to be a Lipschitz continuous but, in general, not C''-
function in the space of time and probability measures. Our first result is that
there exists an open and dense subset of time and probability measures where
the value function is actually smooth. The second result is a new quantitative
propagation of chaos-type property for the optimal solutions of the particle
system starting from this open and dense set.

The background

In order to state the results it is necessary to introduce the general set-up.
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We consider the problem of controlling optimally N particles in order to
minimize a criterion of the form

1 T N o T
JN (to,x0,a) :=E N/ ZL(X;,Q;)dH/ F(m¥,)dt + G(m¥.,)
to

i=1 to
(0.1)
Here T' > 0 is a fixed time horizon, to € [0,T] and xg = (2},...,2)) €

(RN are respectively the initial time and the initial position of the system
at time to. The minimization is over the set A of admissible controls a =
(@), in L2([0,T] x Q; (R?)Y) which are adapted to the filtration generated
by the independent d-dimensional Brownian motions (B%);—1 . n, and the
trajectories X = (X1,..., X*) satisfy, for each k € {1,..., N},

¢
Xf:xngr/ ozfder\/i(BffoO) for t € [to,T).

to

In (0.1), m%t is the empirical measure of the process X; given by

N
1
my, = ¥ > ok, (0.2)
k=1

where §, is the Dirac mass at x.

The maps F and G, which are defined on (suitable subsets of) the set
of Borel probability measures on R?, describe the interactions between the
particles X?. Finally, the cost function L = L(z,a) : R? x R? — R is convex
and grows quadratically in the second variable.

The value function for this optimization problem reads

VN (¢ = inf JN(¢
( 07X0) alelilN ( 0,X0704)

aelr-}qN ‘/to N k=1 ( Lo t) (mxt) (qu ) :

In a more general framework and under slightly different conditions on

the data, Lacker [24] proved that the empirical measure m%\, associated to
t
the optimal trajectories of (0.3) converges in a suitable sense to the (weak)
optimal solution of the mean field control problem (written here in a strong

sense) consisting in minimizing the quantity

Joc(to,mo,a) =E

T T
/ L(Xt,ozt)dt—i—/ FL(X))dE + G (X)) |, (0.4)

where mg is an initial distribution of the particles at time ty, a € A, the
set of admissible controls consisting of square integrable Rd—vahﬁd processes
adapted to a Brownian motion B and to an initial condition X, which is
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independent of B and of law mg, and the process (X;)icp, ) satisfies

t
Xt = YQ +/ Oést + \/i(Bt — Bto) for t e [t(),j"]7
to
and L(X;) denotes the law of X;.
The value function U of the last optimization problem is given (heuristi-
cally at this stage) by

U(t = inf J®(t
(to,mo) JIEIAJ (to, mo, @)

T (0.5)
= inf B[ (X5 00) + TE(X0) e + 5(E(X)]
0

In addition, [24] points out that there is a propagation of chaos-type
property (an easy consequence of Sznitman characterization of propagation of
chaos), if the minimization problem (0.5) has a unique weak minimizer. Note,
however, that such uniqueness is known only when the maps (z,a) — L(z, a),
m — F(m) and m — G(m) are globally convex, as in Carmona and De-
larue [8]. The conclusions of [24] were extended to problems with interaction
through the controls in Djete [17] and for problems with a common noise in
Djete, Possamal and Tan [18]; see also related results for games in Djete [16]
and in Lauriére and Tangpi [26]. Several other results on the convergence of
MFC problems without diffusion were obtained in Cavagnari, Lisini, Orrieri
and Savaré [10] and Gangbo, Mayorga and Swiech [20]. A quantitative con-
vergence rate for the value function V¥ to U was given, for problems on a
finite state space, in Kolokoltsov [23] and Cecchin [12] and, for problems on
the continuous state space, in Baryaktar and Chakraborty [1] under a cer-
tain structural dependence of the data on the measure variable, in Germain,
Pham and Warin [21] under the assumption that the limit value is smooth,
and in Cardaliaguet, Daudin, Jackson and Souganidis [7] under a decoupling
assumption on the Hamiltonian. In addition, a propagation of chaos is proved
in [1,12,21] assuming, however, that the limit value function is smooth. The
characterization of the value function U as viscosity solution was recently ob-
tained by Cosso, Gozzi, Kharroubi, Pham, and Rosestolato [13] and, using a
completely different approach, by Ceccin and Delarue [11].

The results

In this paper we study nonconvex MFC problems for which the limit value
function is not expected to be globally smooth and show that for a large
class (a dense and open set) of initial times and measures the value function
U is smooth (Theorem 1.1) and the propagation of chaos holds with a rate
(Theorem 1.2).

To write the results in this introduction requires considerable notation.
Thus we postpone stating the precise theorems to Sect. 1.

We explain, however, the very general idea of proof. We identify the open
and dense in time and space of probabilities set O where U is smooth as the
set of initial conditions (tg,mo) from which starts a unique (in a strong sense)
and stable (in a suitable linear sense) minimizer of J°°. This step, which is
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reminiscent of ideas from standard optimal control (see, for instance, the book
of Cannarsa and Sinestrari [3]), is similar to what was obtained by Briani
and Cardaliaguet [2] for MFC problems in a different framework, namely, the
state space is the torus and the initial measures have smooth densities. Here,
the state space is all of R? and the initial conditions are arbitrary probability
measures. To show that U is smooth in O, we adapt ideas used in the con-
struction of a solution to the master equation in mean field games given in
Cardaliaguet, Delarue, Lasry and Lions [6]. Here however we argue without
the convexity, which translates to monotonicity for general mean field games,
assumption used extensively in [6]. Then, using the regularity of U, we de-
rive the propagation of chaos property for the optimal solution of the particle
system when starting from the set O. The key argument is the fact that the
optimal trajectories of (0.5) that start in O remain there, while U is smooth
and satisfies (almost) the same Hamilton—Jacobi equation as VV in O.

We finally comment about possible extensions to problems with com-
mon noise emphasizing once more that we do not assume any monotonic-
ity /convexity. The convergence (with algebraic rate) of V¥ to U for MFC
problems with common noise was established in [7]. However, the generaliza-
tion of the results of the present paper to such a setting is far from clear. For
example, one of the basic tools we use to prove that the set O is open and dense
is a result of Lions-Malgrange-type, which yields the uniqueness of the mean
field game system characterizing the optimal solution (see system (1.12) be-
low), but with initial conditions both in u and m: see the proof of Lemma 2.7.
At this time, we do not know if there is a counterpart of this argument for
problems with a common noise, where the mean field system becomes a system
of forward-backward stochastic partial differential equations (see [6]).

Organization of the paper The paper is organized as follows. In Sect. 1,
we introduce the standing assumptions, present the main results and recall
some preliminary facts that are needed for the rest of the paper. Section 2 is
about establishing the smoothness of U (Theorem 1.1). Section 3 is devoted
to showing the propagation of chaos property (Theorem 1.2).

Notations

We work on R? and write Br for the open ball centered at the origin with
radius R and I; for the identity matrix.

We denote by P(R?) the set of Borel probability measures on R?. Given
m € PRY) and p > 1, we write M,(m) for the p'*-moment of m, that
is, Mp(m) = [ga|z|Pdm. Then P,(R?) is the set of m € P(R?) such that
M,(RY) < co. We endow P,(R?) with the Wasserstein metric d,, defined by

db(m,m’) ;== inf /Rd |z — y|Pdr(z,y),

well(m,m’)
where II(m,m') is the set of all 7 € P(R? x R?) with marginals m and m/. For

p = 1, we recall the duality formula

dl(m7 m/) = sup (bd(m - m/)u
¢ JRd
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where the supremum is taken over all 1-Lipschitz maps ¢ : R — R.

For x = (2!,...,2") € RHN, m& € P(R?) is the empirical measure of
x, that is, mY = % Ziil Ogi.

Given a map U : P;(R?) — R, we denote by 6U/dm its flat derivative
and by D,,U its Lions-derivative when these derivatives exist, and we use the
corresponding notations for second order derivatives. We refer to [6] and the
books of Carmona and Delarue [9] for definitions and properties.

We write Cl’“OC and C* for the sets of maps on R? with continuous and
continuous and bounded derivatives up to order k. For r > 0, r ¢ N, we
denote by C™?" the standard parabolic Holder spaces and by C7»?" the subset
of functions of C™2" with a compact support. The notation ||u||~ stands for
the supremum of a map u (or essential supremum, depending on the context)
in all variables.

Given a topological vector space, we write by E’ for its dual space.

We often need to compare continuous maps defined on different intervals
of [0,T]. For this, we simply extend the maps continuously on [0,7] by a
constant. For instance, if to € (0,T], E is a topological space and f : [tg, T] —
E is continuous, we set f(s) = f(to) for s € [0, to].

Finally, throughout the proofs C' denotes a positive constant, which, un-
less otherwise said, depends on the data and may change from line to line.

1. The assumptions, the main results and some preliminary
facts

The standing assumptions

We state our standing assumptions on the maps H : R x R — R, F :
P1(RY) — R and G : P;(RY) — R, which constitute the data of our problem.
We recall that L : R? x R — R is the Legendre transform of H with respect
to the second variable:

L(z,a) = Sélﬂgi [—a-p— H(z,p)|.

We assume that

H = H(z,p): R x R* = R is of class C;}

loc and strictly convex with respect to the

second variable, that is, for each R > 0 there exists (1 1)
cr,Cr > 0 such that, for all (z,p) € R% x Bg, ’
Dng(va) > crlg and |Dng($,p)‘ + ‘D:%pH(zva < Cr,

{there exists a constant C' > 0 such that, for all (z,p) € R x R4, (1 2)

—C+C7Hp|? < H(z,p) < C(1+|pl*) and |[DyH(z,p)| < C(lp| + 1),
F: P1(R?) — R is of class C? with F, D, F, ngﬂf and D2, F uniformly bounded,
and, moreover, * — %(m,m) is bounded in C? uniformly in m, (1.3)
while y — %(m, x,%) is bounded in C? uniformly in(m, x),

G : P1(RY) — R is of class C* with all derivatives up to order 4 uniformly bounded.
(1.4)
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For simplicity, in what follows we put together all the assumptions above
in
assume that (1.1), (1.2), (1.3) and (1.4) hold. (1.5)

The assumptions on the Hamiltonian H are fairly standard, although a
little restrictive, and are used in [7] to obtain, independent of N, Lipschitz
estimates on the value function VV. We recall this estimate in Lemma 1.7
below. An example satisfying (1.5) is a Hamiltonian of the form H(x,p) =
Ip|? + V() - p for some smooth and globally Lipschitz continuous vector field
V : R? — RZ The regularity conditions on F and G are also important to
obtain the estimates of Lemma 1.7 and to prove the regularity of U.

The results
Given (tg,x) € [0,T) x (RH)N, VN(ty,x) is the value function of the optimal
control of the N-particle problem given by (0.3).
We now define in a rigorous way the value function U of the MFC, which
was informally introduced in (0.5). For each initial point (tg,mg) € [0,T) X
P1(R), we use the set M(tg,mo) of controls given by
(m,a) € CO[to, T, P1(RY)) x LO([to, T] x R%; R?) :
M(to, mo) := {fOT Jzala|*m < oo and } ,
Om — Am +div(ma) =0 in (to,T) x R® and m(0) = mg in R?
(1.6)

with the equation in (1.6) understood in the sense of distributions and where
LO([tg, T] x R%R?) is the set of Borel measurable maps from [tg, T] x R? to
R4,

Then the value function U(tg, mg) of the MFC problem is given by

{/t“T /R(, L(z, a(t, z))m(t, dx) + F(m(t))dt + S(m(T))} .

(1.7)
We are going to prove the regularity of U and the propagation of chaos
in the set O defined by
0 (to,mo) € [0,T) x Po(R?) : there exists a unique stable minimizer
"] in the definition of U(tg, mg) ’

u(

to,mo) = inf
(m,a) EM(tg,mo)

(1.8)

The notion of stability is defined in terms of the linearized MFG system
and is introduced in Sect. 2.
The first main result is stated next.

Theorem 1.1. Assume (1.5). The value function U is globally Lipschitz con-
tinuous on [0,T] x P1(R?) and of class C in the set O, which is open and
dense in [0, T] x Po(RY). Moreover, U is a classical solution in O of the master
Hamilton-Jacobi equation

-0 U(t, m)—/}Rd div(D,,, U(t, m, y))m(dy)—i—/w H(y, Dy, U(t, m,y))m(dy)=F(m).

(1.9)
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In addition, for any (top,mp) in O, there exists ¢ > 0 and a constant
C > 0, which depends on (to,mq) and is such that, for anyt € [0,T], z,y € R?
and m*,m? € Po(R?) with [t —to| < &, da(mo,m') < & and d2(mg,m?) < ¢,

| D U(t,m', ) — Dy Ut,m?, y)| < Oz — y| + da(m',m?)).  (1.10)

By a classical solution of (1.9), we mean that the derivatives of U involved
in the equation exist and are continuous.

Our second main result is a quantitative propagation of chaos property
about the optimal trajectories of the underlying N-particle system.

Theorem 1.2. Assume (1.5). There exists a constant v € (0,1) depending only
on the dimension d such that, for every (to, mg) € O with Myy5(mg) < +00,
there is C' = C((tg,mo)) > 0 such that, if Z = (Z*)p—1,.. N is a sequence of
independent random variables with law mqg, B, = (B_k)k:17___7N s a sequence of
independent Brownian motions independent of Z, and Y,N = (YN”“);C:L“_,N
is the optimal trajectory for VN (to, (Z¥)k=1... ), that is, for eachk =1,...,N
and t € [to, T,

t
Y= 2t [ (v DY s Y ds + VRBE - BE), (L)
to
then
E

sup dl(m%v,m(t)) <CN7.

te(to, T

Remark. The value of the constant v depends on the convergence rate of Vv
to U in Proposition 1.8 below, which is unfortunately not explicit and poorly
understood.

Some preliminary facts

We recall here some well known facts about MFC that we use in the paper.

We begin with some regularity properties of the underlying backward-
forward MFG system. Fix (tg,mq) € [0,T] x Pa(R%). We recall (see, for
example, [28,29] for the original statement or [14], in a framework closer
to our setting) that there exists at least one minimizer for U(tg, mg) and
that, if (m,a) € M(to,mp) is a minimizer, then there exists a multiplier
u : [to,T] x RY — R such that o = —H,(x, Du) and the pair (u,m) solves
the MFG-system

—0yu — Au+ H(x,Du) = F(z,m(t)) in (to,T) x RY,
oym — Am — div(H,(z, Du)ym) =0 in (to,T) x R, (1.12)
m(tO) = mo, U(T7 J}) = G(x,m(T)) in Rda
where
o7 55
F(xz,m) = %(m,x) and G(x,m) = %(m,x).

Note that, in view of the assumed strict convexity of H, given (m, a), the
relation o = —H,(x, Du) defines uniquely Du.
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Lemma 1.3. Assume (1.5) and let (u,m) be a the solution of (1.12). Then, for
any 6 € (0,1), there exists C' > 0, which is independent of (to, mo), such that

dz(m(t), m(t'))

[ullg+ar/245 + e = ¢ and
sup / |lz|?m(t, dz) < C/ || mo (dz). (1.13)
t€lto,T] J R R4

Remark 1.4. Note that, under our standing assumptions, we do not have, in
general, uniqueness of the solution to (1.12). Indeed, the problem defining
U(tog, mp) may have several minimizers and/or solutions of (1.12) may not
necessarily be associated with a minimizer of U(tg, mog).

Proof of Lemma 1.3. The uniform bound on Du follows as in the proof of
Lemma 3.3 in [7], and then the estimate on m are immediate. The C'(3+9)/2:3+0_
local regularity of u is a consequence of the classical parabolic regularity theory,
since the map z — G(m,z) is bounded C* uniformly in m and the map
(t,x) — F(x,m(t)) is of class C(1H9)/2149 for any § € (0,1). For the space
regularity, this comes from the boundedness in C? of the map = — %(m, x),

uniform in m. For the time regularity, we have, in view of the equation satisfied
by m,

d oF
GFG@m(®) = [ (8,5 (o). .9) = Hyly. Dutt.y)
oF
D
which is bounded in view of the boundedness in C?, uniform in (m, ), of the

2
map y — 2% (m, z,y).

The only point is to explain why this regularity holds globally in space.
For this, we first note that the uniform boundedness of D2, F and of D2, G
yield a C' > 0 such that, for all =,y € R?,

(Pl m(©) = Fm®)| +[Ge,m(6) = Gly.m(0)] < Cla — .

It then follows from the maximum principle that u is, uniformly in (¢o, m0)
and in t, Lipschitz continuous in the space variable. The same argument ap-
plied to the equation satisfied by u,, for each i =1,...,d, implies that Du is
also uniformly Lipschitz continuous in the space variable.

The general conclusion can be established similarly, using the maximum
principle for the global estimates and the parabolic regularity for the local one.

O

In view of the uniform estimates in (1.13), we have the following stability
for minimizers in (1.7) when they are unique.

Lemma 1.5. Assume (1.5), fiz (to,mo) € [0,T)xPa(RY), suppose that U(to, mo)
has a unique minimizer (m, o), and let u be the associated multiplier. If (t§, mg)
converges to (tg,mg) in [0,T] x Pa(RY) and if (m™,a™) is a minimizer for
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U(ty, my) with associated multiplier u™, then u™, Du"™ and D*u™ converge re-
spectively to u, Du and D*u in C%/%°. In addition, if tg = to for all n, the
convergence of (u™) holds in C(3+9)/2:2+9,

Proof. Tt easily follows from the regularity of w (see (1.13)) that, without loss
of generality, we can assume that ¢ = to. Moreover, again in view of (1.13) and
the continuity of U (see Lemma 1.7 below), the minimizer (m™,a™) converge
along subsequences in CO([tg, T] x P1(R%)) x Cllof([to, T] x R?) to minimizers
for U(to, mo). Since the latter is assumed to have a unique minimizer (m, a),
the convergence holds along the whole sequence. Arguing as in Lemma 1.3, we
can also check that the convergence of the u™’s holds in C'(219)/2:2+0 hecause

z™ = u™ — u solves a linearized equation of the form
02" — A"+ V" - D" = F(x,m"(t)) — F(xz,m(t))
2T, ) = Gz, m™(T)) = Gz, m(T)),

with V"(t, z) fo ((1 — s)Du™ + sDu,x)ds, and where, in view of the
regularlty of Fand § and the convergence of m™ to m, F(-,m"(:)) — F(-,m())
and G(-,m"(T)) — G(-,m(T)) converge as n — oo to 0. O

The following second-order optimality condition is used several times in
the proofs of the main results.

Lemma 1.6. Assume (1.5), fir (to,mo) € [0,T) x P2(R?) and let (m,a) be a
minimizer for U(ty,mo). Fiz B € CO([to, T] x R4 RY) or B € L>([tg, T] x
R% R?) with B = 0 in a neighborhood of ty and let p € CO([ty, T], (C*+9(R%))")
be the solution in the sense of distributions to

N v (pa ivimB) =0 in (to d
(o B g By =0 i G0 TR gy
Then
T
/t (/Rd La,a(fl',a(t,x))ﬂ(t’x) . ﬁ(t’ I)m(t, dl’)
* <§5@( m(t),-), p(t) ®p(t)>)dt (1.15)

This statement is an adaptation of an analogous result in [2]. The exis-
tence of the solution to (1.14) and the proof of (1.15) are given in the Appendix.

It is well-known that the map VV defined in (0.3) solves the uniformly
parabolic Hamilton Jacobi- Bellman (HJB for short) equation

{_atv (t, x)—ZAz]v (t, x)+ ZH(aﬂ NDg; VY (1, %) =F(m,) in (0,T)x (&Y,
vV (Tx)—9(m ) in (RHY,

and, therefore, VV is smooth for any N. This is in contrast with the limit U,
which might not be C*!.

The following result, proved in [7], states however that both maps are
uniformly Lipschitz continuous.
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Lemma 1.7. (Regularity of VN and of U) Assume (1.5). There exists constant
C > 0 depending on the data such that

[VVloo + N sup [|Dy V| < C,
j=1,...,N

and, for all (t,m),(t',m’) € [0,T] x P1(R?),
(U(E,m) = U, m")| < C(Jt = '] + d(m, m")).
The following convergence rate is the main result of [7].

Proposition 1.8. (Quantified convergence of VY to U) Assume (1.5). There
exists v € (0,1) depending on dimension only and C' > 0 depending on the
smoothness of the data such that, for any (t,x) € [0,T] x (R},

VN (t,x) — U(t,my)| < C% (14 Ma(my)) .

2. The regularity of U

We prove here Theorem 1.1. A crucial step is the analysis of a linearized
system, which is reminiscent of a linearized system studied in [6] and [2] for
MFG problems. The main and important difference from [6] is that here we do
not assume that F and G are convex, while [2] deals with problems on the torus.
We go around the lack of monotonicity by using the notions of stability and
strong stability of a solution, which are introduced next using the linearized
system. Finally, stability is also used to define and analyze the open and dense
set O on which the map U will eventually be smooth.

The linearized system
We fix to € [0,T), a constant Cp, and, for mg € Pa(R%) and V : [to, T] x RY —
R? with ||V|c1s < Cp, let m be the solution to

{(“)tm — Am —div(Vm) =0 in (to,T) x R?,

m(to) =mg in RZ (2.1)

We analyze the inhomogeneous linearized system

—Opz—Az+V(t,x) - Dz:g—i(%m(t))(p(t )+ R (t,z) in (to, T)xRY,
dip — Ap — div(Vp) — odiv(mI'Dz) = div(R?) in (to,T) x R, (2.2)
plio) = € and 2(T,) = 5 (o, m(T))(p(T)) + B in R,

om
where
o €10,1] and ¢ € (0,1),
I e CO([0,T] x RG R ) with [T < Co, (2.3)

R' € C%/*° R? e L™ ([to, T], W) (R%,R?)), R®€C?*T® and £ (Wh™).

The pair (z,p) € C%([to, T] x RY) x C°([0,T], (C**9)") is a solution to
(2.2) if z and p satisfy respectively the first and second equation in the sense
of distributions.



NoDEA Regularity of the value function and quantitative Page 11 of 37 25

Note that, because of the regularity of p and the assumptions on F and
G, the maps (t,7) — 3£ (z,m(t))(p(t)) and & — 5 (z,m(T))(p(T)) are con-
tinuous and bounded.

We will often use system (2.2) in which V(¢,2) = Hp(z, Du(t,x)) and
I'(t,z) = Hpy(x, Du(t,z)), where (u,m) is a classical solution to (1.12). In
this case, V, I' and m satisfy the conditions above.

Next we introduce the notion of strong stability for the homogeneous
version of (2.2), that is the system

—0yz — Az +V(t,x) - Dz = 2L (2, m(t))(p(t)) in (to,T) x R,

om
Oip — Ap — div(Vp) — adiv(mI'Dz) =0 in (to,T) x RY, (2.4)
p(to) =0 and 2(T,z) = 2 (z,m(T))(p(T)) in R
We say that

the system (2.4) is strongly stable if, for any o € [0, 1],
its unique solution is (z, p) = (0,0). (2.5)

When dealing with the optimal control system, we will use a weaker
notion of stability for (2.4), which only requires that the unique solution to
(2.4) with o = 1 is (z,p) = (0,0). We need however the notion of strong
stability for Proposition 2.4 below in order to prove the existence of a solution
to (2.2) by a continuation method.

The main result of the subsection is a uniqueness and regularity result
for the solution to (2.2).

Lemma 2.1. Assume (1.5) and (2.5). There ezist a neighborhood V of (V,T) in
the topology of locally uniform convergence, and n,C > 0 such that, for any
(V' th, mh, T', R | R>' | R¥" ¢ o') with
(V',I") €V, |to— to| +da(mg,mo) <n, ||V llcrs + ||[T]|e <2Co, o €10,1],
R €O, RY € L (o T) (WY (RARY), RY € OPFF, e (W),
(2.6)

any solution (z',p') to (2.2) associated with these data on [t(,T] and m’ the
solution to (2.1) with drift V' and initial condition my, at time t{, satisfies

6", ) = /(& )l 2oy

!
|t/7t|1/2 SCM’

2"l ce+)/2.246 + sup [1p'(L, )|l (o2+sy + sup
teft],T] t'#t

(2.7)
where

M’ = ||§/||(W1,oo)l + HRL ||Cé/2‘6 + ||I%3$ ||C2+6 + sup HRz’ (t)”(Wloo)l
tet;,T]
(2.8)
An immediate consequence is the following corollary.

Corollary 2.2. Assume (1.5) and (2.5). Then, for any (V',m{,I") satisfying
(2.6), the corresponding homogeneous linearized system is strongly stable.
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The proof of Lemma 2.1 follows some of the ideas of [6], where a similar
system is studied. The main differences are that, here, we use the stability con-
dition instead of the monotonicity assumption of [6] and work in an unbounded
space.

In what follows, we need a preliminary result which we state and prove
next. The difference between the estimate below and the one of Lemma 2.1 is
the right hand side of the former which depends on the solution itself.

Lemma 2.3. Assume (1.5) and let (z, p) be a solution to (2.2). There is a con-
stant C > 0, depending only on the regqularity of F, G and on ||V crs + |T co,
such that

tE[to,T] t'#t [t —t[5/2

tl, v — t, N 5y
2|l cets)/2.205 + sup sup llp(t',-) — p(t, )l (c2+s) <c
tEto, T

M+ sup ||p<t>||<02+ay>,

where

M = ||| wrsey + R |gorzs + sup  [[R*()||wreey + || R? || g2
tefto,T]

Proof. Throughout the proof, C' denotes a constant that depends only on the
data and may change from line to line.

Set R = sup,ep, 1) lp(t) l(c2+5) < oo. It follows that the maps (¢,x) —
%(xv m(t))(p(t)) and x — %(m, m(T))(p(T)) are bounded by C'R, the latter
in %19,

Then, standard parabolic regularity gives that z is bounded in C'(1+9)/2,1+6
by CR.

The main step of the proof is to show that

s sup [p(t") — p(t)||(c2+s)
te[to,T] t'#t |t —t]0/2

< C(M +R).

Arguing by duality, we fix to < t; < t, < T and, with ¥ € C**9, we
consider the solution " for i = 1,2 to

{ —aﬂ/}l — A’l,[)z —+ V(t,d?) . Di/)z = O on (t07ti) X Rd, (29)

Y(t;) =9 in RY,

which, in view of the assumption on V' and parabolic regularity, satisfies, for
i = 1,2, the bound

19" |cerarears < Cllipllcats.

It is immediate that, for i = 1,2,

(p(t).5) = (€0 (0) = [ [ 7D Dutmdwat — [ (R0). Dv 1)

to
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Thus

(o) = 0).7) = (6.%(t0) = (0l = [ [ TD=(Du? = Dty
—0/2/ FDz-Dw2m—/1<R2(t),(Dz/)2—Dw1)(t)>dt (2.10)
t; JRA to

ta
— / (R%(t), Dy (t))dt.
t1

Note that 92 — ! solves (2.9) on (to,t;) with a terminal condition at t;
given by (¢¥? —?)(t1,-) = ¥%(t1,-) — (¢, -), which, in view of the regularity
of 1?2, is bounded in W% by C(ty — t1)%/2(|¢)|| c2+s.

It then follows from the maximum principle that (2 —!)(¢,-) is bounded
in W2 by C(ty — t1)%/?||¢)||c2+s for any ¢, and, hence,

(€, %2 (to, ) — ' (to, )| < [[€llwrmey 1903 (to, ) — ¥ (to, )|l
< C(ta — )29l czws [|€ll (wreey < Clta — t1)%/2 ||| cors M,

t1
/ / I'Dz- (Dy?* — D¢1)mdxdt‘ < O||Dz|oo(t2 — 1) 2|0 o245
to R4

< Olta = 11)" || 245 R

and

ty
/ (R*(t), (DY — le)(t»dt’ < sup ||[R*(t) || (wi.oey sup | DY (t) — D' (£) || w.oo
to t t
< C(ta — 1) gars M.

Note that the regularity of 1?2 yields

to _
- / / Dz - Dmedxdt’ < Clts — 1) D2lloc | DY ||e < Clts — 1)/ [Blloass R
Jt, JRA

and

to
/ <R2(t),Dw2(t)>dt‘ < (t —tl)sgpl\RZ(t)lhvaooy sgpllDwg(f)me

t1

< Cltz — t1)[[Pllca+s M.

Since 1 is arbitrary, it follows from (2.10) that

Ip(t2) = p(tr)ll(czrsy < Clta — t1)*(M + R).

This regularity of p implies that the maps (t,2) — 2E (z,m(t))(p(t))

om

and z — %€ (z, m(T))(p(T)) are bounded in C%/2?% and C**9 respectively by

om

C(M + R). Thus z is also bounded in C?+9)/2:2+3 by C(M + R). O

Proof of Lemma 2.1. The first (and main) part of the proof consists in showing
the existence of V, n > 0 and C' > 0 such that, for any (V'  t{, m{, TV, RY R
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R3¢ 0") as in (2.6), any solution (z', p') to (2.2) associated with these data
on [t}, T satisfies, with M’ is defined by (2.8),

sup 10" () ll(2+sy < CM'.

€lty,

We prove this claim by contradiction, assuming the existence of sequences

(V™) nen, (t5:mg)nen, (Mm")nen, (I'™)nen, (Ri’n)neNv (§")nen, and (0")nen
such that (V™,T™) converges locally uniformly to (V,T),

ltg — tol + da(mg, mo) < 1/n, [[V*|crs + [T [oc <2Co, o™ €[0,1],
and
€™ ooy + R [lezs + [RY [ or2a + sup [|R*™(#) | (wroey <1,
te(to,T)
and, for each n, a solution (2", p™) to (2.2) associated with the data above,
such that

)\n = Sup ||pn(t)||(c2+é)/ Z n.
te(ty,T]

It follows that (27, p") = (2", p") solves the system

—OE" — A" 4+ VI (t,z) - DE" = Z—F(r,m"(t))(ﬁ"(t)) + %R{L(t, ) in (t2,T) x RY,
m n

1
Orp™ — Ap™ — div(V"p™) — o™div(mI™Dz"™) = )\—ndiv(RQ) in (t2,7) x R, (2.11)

FUEE) = (€ and (T,E) = 00 (e mh(T)GHT) + o By R

Since, by definition, sup,cpn 7y [lp"()|[(c2+s) = 1, Lemma 2.3 implies
that the (2")’s and p"(t,-)’s are bounded in C(?+9/2:2+6 and C9/2([0, T7,
(C?#+9)") respectively.

Hence, we may assume that, up to a subsequence, the sequences (0™),en,
(Z")nens (P")nen and (V™) en converge respectively to some o € [0,1], Z €
CL2 5 e Cto, T), (CFH0Y), where (C210) is endowed with the weak—sx
topology, and V € C9([to, T1, C’lzot‘s).

The goal is to show that (Z,p) is a nonzero solution to the homogenous
equation (2.4), which will contradict the strong stability of the system.

There are two difficulties that need to be addressed both caused by the
above claimed weak convergence of the p™’s to p.

The first is to prove that, as n — oo,

OF nr oF _ G n .
O o ) (1)) = S (1)) (1) and 0 (™ (1) (T))
G -
= 2 ()T,
and the second is to show that, since sup, [|p"(t)||(c2+s) = 1, we must have

(z,p) is nonzero.

To overcome these two issues it is necessary to upgrade the convergence
of the p™’s to p in

C%([to, T], (C*+9)’) from weak to strong.
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We first note that p" = p™! 4 p™?2 with p™! and p™? solving respectively

1 1
op™t — Ap™t — div(Vp™t) = )\—ndiv(RS) and p™t(ty) = Fg”,
and
op™? — Ap™? — div(V"p™?) — o™ div(I™DZ"m™) = 0 and p™3(ty) = 0.

(2.12)

We show next that sup, [|0™! (t)||(c2+s) — 0. Indeed, for fixed t € (17, T
and 1 € C?*°, let 9" be the solution to the dual problem
{ —0p™ — A" + Vi (t, ) - DY =0 in (t2,7) x RY,
YP"(t) =1 in R
It follows from the standard parabolic regularity that ™ is bounded in

C2+9)/2:248 by O||4)|| 2+s with C is independent of n and #, and since, in view
of the duality, we have

(2.13)

71 0.0) = 35 (€0 — [ (R D),

g

we obtain
~n,1 C n 2,n
sup (7 (Ol covsy < o7 (1€ vy + sup R0 ey):
tefty,T) te[tn,T]

Hence, supye(gs r |7 ()l ooty — 0 25 (I oy + Supregs
[R2™ ()| (W) — 0.

It follows from (2.12) that, for any £ € [t7,T] and ¢ € C2t9, if ¢ is
the solution to (2.13) on [t%, "] with terminal condition ¢™(Z") =", then

.
2@ =0 [ [ rp Dot (2.14)
tz JRd

In order to prove the uniform convergence of the p™2’s in (C?*9)' we
assume that the ||En||cz+a ’s are bounded and, without loss of generality, that
the 7"’s and ¥'’s converge respectively to T € [to,T] and 1 € C*H0 the last
convergence being in C>° for any 6, € (0,0). We need to prove that the

loc

(72, 9"))’s converge to (p2(f), 1), where p? is the solution to
0ip? — AP — div(Vp?) — odiv(TDZm) =0 and 72(to) = 0.
Note that

T
#@.0) =0 [ [ r0z-Dim,
to JRE
where 1 is the solution to

—0pp — A+ V(t,z) - DY =0 in (to,f) x R? and (f) = in RY,

and recall that the I'"’s and DZz™’s are bounded and converge locally uniformly
to I and to DZ respectively.
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Similarly, due to the parabolic regularity, the ¢™’s are bounded in
C(2+9)/2.245 and the Dy™’s converge locally uniformly to Di).
Moreover, since m™ is the solution to

om™ — Am™ +div(V"m") =0 in (t§,T] and m"™(t},-) = my in RY,
with V" uniformly bounded, we know that the m”™’s converge uniformly to m
in P;(R?), and we have the second-order moment estimate

sup/ |lz|Pm™ (t, dx) < C’sup/ |z|?*mf (dz) < C.
t,n JRd n Rd

In addition, using that I'Dz - D1 is globally Lipschitz, for any R > 1 we
find

n —

| 2,37 = (7P 0,8)| < Cllo™ = ol + " =T + 1t — tol)

IAT"
+o / / (CDZ - Dym —T™"DZ"™ - Dy"m"™)
tovty JRA

< C(lo™ —o| + [t" =T + [t§ — to| +supdi(m™(t), m(t)) + R™2)
t

IAT"
+o / / (IDZ- Dy — T"D3" - D™ ym"
toVty J Br

Letting n — oo and then R — oo proves the convergence of the (p™2(#"),
" Vs to (p2(T), ). It follows that the sequence (5™)nen converges to p = p
strongly in CO([to, T, (C?+9)").

To summarize the above, we know that the sequences (6™)nen, (2")nen,
(P")nen and (V™),en converge respectively to o € [0,1], Z in Cllo’f, p in
CO([0,7], (C*%)') and V in CO([to, T}, C1,°).

Passing to the limit in (2.11) we infer that (Z,p) is a solution to the
homogenous equation (2.4).

Since sup;epyn 1y 0" (0)|l(c2+sy = 1 for any n, it follows that
supsept, 1] 1P(t) || (c2+5), = 1. Thus (Z, p) is a nonzero solution to the homoge-
nous equation (2.4) which contradicts the strong stability assumption (2.5).

The second part of the proof consists in upscaling the regularity obtained
in the first part. For this, we let (V’, ), m}, T, R R>" R¥" ¢ ¢') be such
that (2.6) holds and (z’, p’) be a solution to (2.2) associated with these data,
where m/ is the solution to (2.1) with drift V' and initial condition m(, at time
to.

We have already established that, for the M’ in (2.8),

sup 1o/ (t)[l(cz+ey < CM'.
te(ty,T]

It then follows from Lemma 2.3 that

0/ (t, ) — P/, )l c2+s
|t' _ t|6/2

12’ | c28) /2,245 + sup
£t

<OM' + swp [|p/(1)llc2+sy) < M.
telty, T
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O

We complete the section with an existence result for system (2.2) given
a solution m to (2.1).

Proposition 2.4. Assume (1.5) and (2.5). Then, for any &, 6, T', R', R?, R3
as in (2.3), there exists a unique solution to the linearized system (2.2) with
o=1.

Proof. We use a continuation method. Let ¥ be the set of o’s for which (2.2)
has a solution for any data &, R!, R? and R? satisfying (2.3). We have to check
that ¥ is nonempty, open and closed in [0, 1].

If o = 0, then the equation for p (which does not involve z) has a unique
solution; then one can solve the equation for z in a standard way. Hence 0 € %
and ¥ is nonempty.

We now check that ¥ is closed. Let 0™ — o € [0,1] and (2™, p™) be the
associated solution to (2.2) given some &, R', R? and R?. In view of Lemma 2.1,
we have
Hpn(t/’ ) - p/(t, ')||(CQ+5)’

<C.
[t — |1/ <C

12" | cetor/z2+s + sup  ||p"(t,-)[|(c2+sy + sup
tefto,T) t' £t

Then it is easy to pass to the limit in system (2.2) to find a solution to
(2.2) for o as a limit (up to subsequence) of the (2", p™)’s. This solution is
unique thanks to Lemma 2.1. So ¥ is closed.

Finally, we check that ¥ is open. We fix &, R', R? and R3 and o € ¥ and,
for o’ € [0, 1] close to o, we build the solution of (2.2) for ¢’ by a Banach fixed
point argument. Indeed, given (2', p') in C(3+9)/2:2+0 5 GO([to, T, (C?+0)), let
(2", p"") be the solution to

—02" — A"+ V(t,z) D' = g—F(w, m(t))(p"” (t)) + Rt in (to,T) x RY,

m
Bp" — Ap" —div(Vp") — odiv(mI'Dz") = div(R2 4 (¢/ — 0)mT'Dz') in (to,T) x RY,
o (to) =€ and 2'(T,z) = %(a}, m(T))(p" (T)) + R® in RY,

which is uniquely solvable since ¢ € ¥. Moreover, a fixed point of the map
(', p") — (2", p") is a solution to (2.2) for o’. We prove next that this map is
a contraction. Let (21, p}) and (2}, p5) be two data, with associated solutions
(24, pY) and (24, p4y) respectively. The difference (2§ — 2, p§ — pY) satisfies
an equation of the form (2.2) with o and with R! = R® = ¢ = 0 and R? =
(¢! — o)mI'D(25 — 2z1). By Lemma 2.1, we have therefore

1’

llz5 — 21l cernrzars + S[up ] 15 — pY)(t, )l (c2+s)
telto,

ll(py =PI, ) = P’ (t, )l (2o
+ sup
bt [t —t[/2
<Clo' —o| sup [[(mID(z] — 25))(t, )| (wiey < Clo’ —olllz5 — 21 | cerorzers.
tE€[ty,T)

This shows that the map (2/,p) — (2”,p"”) is a contraction if |0/ —
o| is small enough. Therefore ¥ is open, which completes the proof of the
proposition. ]
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The stability property

We discuss here the notion of stability of a solution (u, m) of the MFG-system
arising in MFC.

Let (to,mo) € [0,T] x P2(R?) and (m, ) be a minimizer for U(t, mo)
with associated multiplier u, that is, the pair (u, m) solves (1.12) and «a(t, x) =
—H,(z, Du(t, x)).

Definition 2.5. The solution (u,m) is strongly stable (resp. stable), if for all
o € [0,1] (resp. o = 1) the only solution (z,u) € CU+/21+8 5 OO([ty, T);
(C*9(R%))) to the linearized system

—0vz — Az + Hp(xz,Du) - Dz = g—g(x,m(t))(u(t)) in (to,T) x R%,
Aepr — Ap — div(Hy(z, Du)p) — odiv(Hpyp(z, Du)Dzm) =0 in (to,T) x R?,

ulto) =0 and =(T,2) = 2 (o, m(T))(u(T)) in B

(2.15)

Since, given a minimizer (m,«), the relation o = —H,(z, Du) defines
Du uniquely, the stability condition depends on (m, «) only. We say that the
minimizer (m,«) is strongly stable (resp. stable) if (u,m) is strongly stable
(resp. stable).

The above makes also clear the definition of the regularity set O in (1.8).
We remark that at this point we do not know whether O is a nonempty set.
This will follow from Lemma 2.8 below.

We also note that (2.15) is the linearized system studied in the previous
subsection for the particular choice of vector field V(t,z) = Hy(x, Du(t, z))
and matrix I'(¢, z) = Hpp(x, Du(t, x)). To emphasize that we are working with
this particular system and also be consistent with other references, heretofore
we use the notation (z, u) instead of (z, p).

The following lemma asserts that the minimizers starting from an initial
condition in O are actually strongly stable.

Lemma 2.6. Assume (1.5), fix (tg,mo) € O and let (m, «) be the unique stable
minimizer associated to U(to, mo). Then (m,a) is strongly stable.

Proof. Let (z,p) be a solution of (2.4). If o = 1, the fact that (z,p) = (0,0)
is just the assumed stability of (m,«). If o = 0, then the equation of p does
not depend on z and thus p = 0, which in turn implies that z = 0. So in what
follows we assume that

o€ (0,1).

Lemma 2.1 gives that z € C(?19)/2:249 while using the duality, we have,
for any ¢ € [to, T,

(c(t ).t = = [ ([ (ol Du)D - domae) + (G () a0) (4 ) .

m
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and, in particular, for t = T, we get

T
OF

(/ (/iak@ﬁxJ%QDz-Dzmdm+(——QJnU»QKﬂLu@»)ﬁ

to Rd 6m (2 16)

3G '
+ (5, (m(D))((T)), w(T)) = 0.
We now use that (m, «) is a minimizer as well as the second-order condi-

tion (1.15) with (p, 8) = (n,0Hpp(z, Du)Dz). Recalling that L, o(z, a(t, z))
H,,(z, Du(t,z)) = Id, we get

// 02H »(z, Du)Dz - Dzm
Rd
5F
/R d 1), w(t, 2)u(t,y)dy ) dads

5m

- (1), y) (T, 2) (T, y)dydx > 0,

and, in view of (2.16),

(0 — 02)/ /Rd H,p(z,Du)Dz - Dz m < 0.
to

Since Hp, > 0 and o — 02 > 0, the last inequality yields Dz m = 0, from
which we easily conclude, going back to the equations satisfied by u and by z,
that (z, ) = (0,0). O

We turn next to O. The next lemma establishes an important property
together with the fact O is not empty. A similar statement is proved in [2]
when the state space is the torus. The adaptation to the whole space is given
here for the sake of completeness.

Lemma 2.7. Assume (1.5). Fiz (to,mo) € [0,T) x Pa(RY) and let (m, ) be a
minimizer for U(to, mo). Then (t,m(t)) belongs to O for any t € (to,T).

Proof. Fix (tg,mg) € [0,T) x P2(R%), and let (m,a) be a minimizer for
U(tg, mo) and w its associated multiplier.

For t1 € (to,T), set my = m(t1) and let (m, @) be an optimal solution
for U(t1, m1) with associated multiplier @. Since, in view of the dynamic pro-
gramming principle,

[ (m,a) on [ty,t1) x RY,
(WM_{ﬁ@MMmﬂxW,
is optimal for U(tg,mg), we know from Lemma 1.3 that a € C(1+0)/21+0 1t
follows that «(t1,-) = a(t1,-) and thus that Du(ty,-) = Du(t1,-). Thus, the
pair ((zk)kzly_“,d,,u) = ((O, (u — U))g=1,... 4, m — m) solves the system

—02F — AZF 4 gF(t,2) =0 in (t1,T) x RY,
O — Ap+div(h) =0 in (t,T) x RY, (2.17)
p(t) =0 2%(t;,) =0 in R,
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where

gk(t,lﬂ) = sz (37, D’u,) - Hﬂ% ($, Dﬁ) + Hp(x’ Du) : D(azku) - HP(‘,E’ Dﬁ) ’ D(azka)
— Fup (m,m(t)) + Fup (z,m* (1)),

h = H,(Du)m — H,(Du)m

In order to estimate ¢* and h, we note that, since t; > to, m,m €
CY2([t1,T] x RY) and m(t,-) and m(t,-) are bounded in L2. It follows that

d
Z 19" (8, 2)* < C(l2(t,2)* + | D2(t,2) | + [|u(®)][7),

\h( 2)[? < C(lz(t,2)|* + |u(t, 2)]*),
[div(h(t,2))|* < C(l2(t, 2)]* + [Dz(t,2)* + |u(t, 2)* + |Dp(t,2)[*). (2.18)

Then a Lions-Malgrange-type argument shows that z, = p = 0, and,
hence, the solution starting from (¢1,m;) is unique. We refer to Lions and
Malgrange [27] for the original argument and Cannarsa and Tessitore [4] and
[2] for its adaptation to forward-backward equations.

Next we check that this solution is stable. Let (z,u) be a solution to
(2.15) in [t,T] x R? with ¢ = 1, which by the standard parabolic regularity
is actually classical. An elementary calculation yields

/ (/Rd (z, Du(t,x))Dz - Dz mdm+<§5b(,m(t)),u(t),u(t)>> dt

(2.19)
(G om0 o). o)) =

Using Lemma 1.6, we know that, for any 3 € L>([to, T|] x R%;R?) van-
ishing near ¢t = tg, if p is the solution in the sense of distributions to (1.14) in
[to, T] x R, then

J(B) = ' Lo.o(x,a(t, ) 8(t, ) - B(t, z)m(t, dz)
/(]

to “JRd

T m(e), ). 00) @ (1) )t
7 m(T), ), (T, ) @ p(T, ) 2 0

The solution p to (1.14) associated to the map (3 defined by 8 = 0 on
[to,t1) and 3 = —H,,(x, Du)Dz on [t1,T] is given by p(t) = 0 on [tg,t1) x R?
and p(t) = u(t) on [t;, T] x R

It then follows from (2.19) that J(3) = 0, and, hence, 3 is a minimizer
for .J, a fact that, by standard arguments (see, for example, [2])), implies that
(3 is a continuous map. Thus Dz(t1,-) = 0.

We differentiate with respect to space variable the first equation in (2.15)
and obtain that ((0y,2)k=1,....d, /) solves a system of the form (2.17) with zero
initial condition and data g and h satisfying (2.18). This implies, as before,
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that ((0s),2)k=1,....a, ) = (0,0). Coming back to (2.15), we obtain z = p = 0.
Therefore the solution is stable. O

The next theorem establishes the key properties of O.
Theorem 2.8. Assume (1.5). The set O is open and dense in [0,T) x Pa(R9).

Proof. Lemma 2.7 implies that the set O is a nonempty, dense subset of [0, T") x
Py (RY).

Next we show that O is open arguing by contradiction. For this, we fix
(to,mg) € O and assume that there are initial positions (t",mg) ¢ O which
converge to (tg, mg) in [0, T] x Po(R?). Let (m, a) be the unique and stable min-
imizer for (t9,mo) and u be the associated multiplier, that is, « = —H,,(x, Du)
and the pair (u, m) solves (1.12).

Since ("™, m{) ¢ O, there are two cases (up to subsequences): either, for all
n, there exist several minimizers for U(t™, m{}) or, for all n, there exists a unique
minimizer which is not stable. This latter case is ruled out by Lemma 2.1 and
the strong stability of (m, «).

It remains to consider the first case and we argue as follows. Let (m™!, a™1)
and (m™?2, a™?) be two distinct minimizers starting from (¢, m{) with asso-
ciated multipliers u™! and u™? respectively.

Since the problem with initial condition (¢g,m0) has a unique minimizer,
it follows from Lemma 1.5 that, for i = 1,2, the (m™*, a™*%)’s converge to (m, a)
in C°([0,T]; P1(R%)) x C%/2% while the u™"’s, Du™"s and D?u™"’s converge
to u, Du and D?u respectively in C'%/2:9.

Set

0" = HDu"’1 — Du™? |co/2.6 + sup dl(m"’l(t),m"’2(t))

t€(to,T]

and note that, since (m™!, a™1) and (m™?,a™?) are distinct, 6 > 0 and, in
view of the previous discussion, #,, — 0, and, finally,

6" < C||Du™' — Du™?|| s /2.5 (2.20)

This last estimate follows from the fact that again the uniform parabol-
icity implies that the D?u™"s are uniformly bounded. Applying Gronwall’s
inequality to the stochastic differential equations associated with the Kol-
mogorov equations satisfied by m™! and m™?, we find the distance
supy,, ) di(m™*(t),m™?(t)) is controlled by C||[Du™' — Du™?|| and thus
by C||Du™! — Du™?||cs/2.5.

Next we introduce the differences 2" = (u™! — u™?2)/0", 1
m™?2) /0™ and observe that

n n,l _

= (m

oF
—0pz" — A2" + Hy(z, Du™?) - Dz" = T(x’m”’l(t))(u”(t)) +R™,
m
dep™ — Ap™ — div(Hp(z, Du™ )u™) — div(Hpp (z, Du™1)Dz"m™ 1) = div(R*™),
G
w"(to) =0, 2™ (T,x) = 5 (z,m™ (7)) (u™(T)) + R>™,

m
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with
R™=(0™)"" [H(m, Du™?) — H(z, Du™") — Hp(x, Du™") - (Du™? — Du™")
~ (Pem™2(1) = Flo,m™ (1) - %(w,m”’l(t))(m”’2(t) - m”’l(t)))},
R™2=—(0") 7" [ Hy(w, Du™2)m™2 ~ Hy (@, Du™ Jm™* — Hy (w, Du™*)(m™ 2 ~m™?)
~ Hyp(w, Du™*)(Du™2 = Du™)m™ )]

and
R = — ()7 G, m™(T)) = Gla,m"(T))

=5 (@m™ (D) (m™*(T) = m™{(T))].

It follows from the regularity of F', G and H and the definition of 6™ that
|R™ || gos2s + || R™3||c2ss + sup HR”’Q(t)H(Wl,oo)/ <Ccom. (2.21)
t

€lto,

However, Lemma 2.1 yields that the sequence (z"),en tends to 0 in
CU+9)/2.148 5 contradiction with (2.20). a

The smoothness of U in O

We prove here Theorem 1.1.

Before we present the arguments, we state below as lemma a preliminary
fact that is needed to establish the regularity of U. It is about a stability prop-
erty in the appropriate norms for the multipliers associated with minimizers
starting in O. In turn, this will allow us to compute the derivative of U with
respect to m. Its proof is presented at the end of this subsection.

Lemma 2.9. Assume (1.5) and fix (to,mo) € O. There exists 6,C > 0 such
that, for any t,, mb, m3 satisfying (ty, my) € O, |t — to| < 8, da(mg, mf) <
8, if (mi,a?) is the unique minimizer starting from (ty,md) with associated
multiplier v fori =1 and i = 2, then
u! — u?||cerer/z2es + sup da(mt(t),m?(t)) < Cda(m, md).
te(ty,T)

We continue with the proof of Theorem 1.1 which consists of three parts.
In the first, we establish the regularity of U in O. In the second, we show
that the infinite dimensional Hamilton—Jacobi equation (1.9) is satisfied in O.
Finally, the third part is about (1.10).

Proof of Theorem 1.1. The proof consists of three parts, namely the regularity
of U, the fact that the Hamilton—Jacobi equation is satisfied, and the regularity
of D,,,U.

Part 1: The reqularity of U Lemma 1.7 yields the Lipschitz continuity of
U.

We establish that U is differentiable at any (tg,mg) € O. We fix such
a (tp,mo). Let (m,«) be the unique stable minimizer for U(tg,mg) and u
its associated multiplier. We check that D,,U(tg, mo,-) exists and is given by
.Du(to7 )
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Let § > 0 and ¢’ € (0,d) be such that the J-neighborhood of the [0, T]
Po(R?)-compact set {(t,m(t)) : t € [to, T]} is contained in O, and, for any m} €
B(mo,d"), sup,ey, 71 di(m(t), m'(t)) < &, where (m',a') is the minimizer for
u(to, m(l))

Fix m$ € B(myg,d'). Let (m!,a!) be the minimizer for U(ty, m{), u® its
associated multiplier, (z, ) the solution of the linearized system (2.15) with
initial condition 1(0) = m{ —mg (which exists thanks to Proposition 2.4), set

(w,p) = (u! —u—2z,m" —m —p)
and note that (w, p) satisfies the linearized system (2.2) with £ =0,
R'(t,x) = — (H(z, Du') — H(z, Du) — Hy(z, Du) - (Du' — Du))
FF(am?) = Fa,m) — S (a,m(0)(m (1) ~ m(1)),

R*(t,x) = Hy(z, Du')m' — H,(z, Du)ym — H,(z, Du)(m" —m)
— Hyy(2, Du) - (Du' — Du)m

and

0G

(z, m(T))(m*(T) = m(T)).
Then, using Lemma 2.9, we get

IR g2 + 1R | o2vs + sup |R(#) ]| (w.ee) < Cd3(mg, mo)
te(to, T

and, in view of Lemma 2.1,

uh —w— wlgsrmmars + sup () — m(t) — p(t)leaey < CAYmb, mo).
t€(to, T

Recall that o' = —H,(x, Du'). Thus
o' = a — Hy,(z, Du).Dw + o(d; (m§, my)).

where o(+) is small in uniform norm.
It follows that

U(to, mb) = /T(/ Lz, a'ym! + F(m") )dt + §(m* (T))

U(to, mo) / Rd D L(z,a) - (—Hpp(x, Du)Dwm + L(z, o) u(t, z)
+ F(z,m(t))u(t, ))dxdt

/ G(x, m(T))u(T, z)dz + o(da(mp, mo)).
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On the other hand, recalling the equations satisfied by v and p and using
duality we find

G(:L‘ m(T)) (T, z)dx —/ ul(to, x)(mf — mo)(dx)

»
/.u@d H(x, Du) — F(x,m(t)) — Hy(x, Du) - Du)p

— Hp,(z, Du)Du - Dwm).

Thus,

Uity m) = Wto:mo) + [ ulto, ) = mo) )

/t ~/]Rd (x, Du) Hp(vau) - Du+ L(z,a))u
— (Hpp (2, Du)Du - Dw + Dy L(x, @) - (Hpp(z, Du)Dw))m> dadt

+ o(da(mg, mo))

In view of the relationship (convex duality) between H and L and the
fact that o = —H,(z, Du), we have Dy L(z, ) = —Du and, therefore,

H(z,Du) — Hy(z,Du) - Du+ L(z,a) =0
and
H,,(z, Du)Du - Dw + D,L(z, o) - (Hpp(z, Du)Dw) = 0.
Thus,

U(to, mp) = Ulto, mo) + /d u(to, z)(mg — mo)(dw) + o(d2(mg, mo))-
R
Applying the above equality to m$ = (1 — s)mg + s, (for some y € R?
and s € (0,1)), we infer that the limit

lim 1(U(to, (1 —s)mo + sdy) — U(to, mo)) = u(to,y)

s—0t §
exists.
Recalling the stability of the map mo — (u,m) proved in Lemma 1.5,
this limit depends in a continuous way of (mg,y). It follows from Lemma B.1
n [5] that U(tp,-) has a linear derivative in a neighborhood of mg given by
u(to, -). Hence

D, U(tg, mo,x) = Du(to, ).

Using again the stability of the map mg — (u, m), we actually have that
(to,mo) — D, U(to, mo,+) is continuous in O with respect to the ds-distance
for the measure variable into C2.

Part 2: The Hamilton—Jacobi equation Next we show that U is a classical
solution to (1.9).
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Using the notation of Part 1 and the dynamic programming principle
with h > 0 small, we find

Uto, mo) = /:"Jrh(/R Lz, a(t, 2))m(t, x)dz + T(m(1)) ) dt + Ulto + h,m(to + b)),

0

and, in view of the C'-regularity of U,

U(to + hy m(te + 1)) — Uto + hy mo) / o / (TeD2, U(to + hym(t). y)
+D,,U(to + h,m(t),y) - Hy(t, Du(t,y))) m(t, dy)dydt.
It follows that 0;U(tg, mo) exists and is given by
Ot U(to, mo) = — /Rd L(z, a(to, z))mo(dz) — F(mo)
- /Rd (TrDzm"L[(to,mo,y) + D U(to, mo, y) - Hp(to,Du(to,y)))mo(dy).

Since Du(ty,x) = DpU(to,mo,x) and ofto,z) = —Hp(z, Du(te, x)),
(1.9) is then satisfied.

Part 3: The regularity of D,, U We prove that (1.10) holds.

Let 6,C > 0 be given by Lemma 2.9. For any ¢t € (tg — d,to + J) and
m3,mg € Pa(RY) with da(mg,m}) < 6, dg(mo,m%) < 6, (t,m{) € O and
(t,m3) € O, and for any z*, 22 € R?, let u! (respectively u?) be the multiplier
associated with the unique minimizer (m!, o) for U(t,m}) (respectively with
the unique minimizer (m?, %) for U(t, mo))

Since, as already established, D,,U(t,m},z') = Dul(t,z') and D, U
(t,m?, x%) = Du?(t,2?), we find, using Lemmas 1.3 and 2.9, that

| D U(t,mg, ") — Dy U(t, mg, 2°)| < |[Du'(t,2”) — Du?(t, 2%)]
+ (| D?ul oot — 22|
< C(da(mg, mg) + |zt — 2?)).

We conclude with the remaining proof.

Proof of Lemma 2.9. Let (m, «) be the unique stable minimizer starting from
(to, mo) with multiplier u. It follows from Lemma 2.6 that the associated linear
system (2.15) is strongly stable.

We set V = —Hp(z, Du) and I’ = —Hp,(z, Du), consider the neighbor-
hood V (in the local uniform convergence) of (V,I') given in Lemma 2.1, and
choose § > 0 so that, for any m{ such that da(mg, m$) < d, we have that

(VLT e,

with V! = —H,(z, Du') and Ty = pr(x Du'), u! being the multiplier asso-
ciated with the optimal solution (m!,al) for U(to7 mp). The above is possible
since, if § is small, then, in view of Lemma 1.5, u! is close to u in C'%/2:9,
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Furthermore, choosing, if necessary, 6 even smaller, we have that, for
some 1 > 0 to be chosen below, and, for any ¢, m{, (m’,«") and u* as above
such that [¢) — to| < 6 and da(mg,mj) < 6 for i =1 and i = 2,

lu' — u?||geso 22 + sup do(m!(t), m?(t)) < n. (2.22)
tefty, T

Classical estimates on the Kolmogorov equation (see, for instance, [6])
yield that, for ¢, m{, (m*,a’) and u’ as above, we have

sup ]dz(ml(t),mQ(t)) < C(dz(mg, mg) + [|Du’ — Du?|l),  (2.23)
telty,T

for a constant C' depending on T', H and || D?u?|| »,, which is uniformly bounded
by Lemma 2.3.
Then the pair
(2, 12) = (! — w2, m? — m?)
satisfies the linearized system (2.2) with
V(t,x) = —H,(z,Du?), T =—H,,(z,Du?), &=mj—m3,
R' = —(H(z, Du') — H(x, Du*) — H,(x, Du*) - (Du' — Du?))
+ F(z,m! (1) — F(z,m*(t))
- g—i(m,mQ(t))(ml(t) —m?2(t)), R* = Hy(z, Du')m' — H,(x, Du*)m?
— Hy(x, Du*)(m' —m?) — Hpp(x, Du?) - (Du — Du®)m?
— (Hy(w, Du') = Hy(w, Du))(m" — m?)
+ (Hy(z, Du') — Hy(x, Du®) — Hp,(z, Du?) - (Du' — Du?))m?,

and

0 m (1)) (m (1) — (1)),

Note that
R? =(H,(z, Du') — Hy(z, Du?))(m" — m?)
+ (Hy(z, Du') — Hy(x, Du*) — Hy,(z, Du?) - (Du' — Du?))m?.
Thus

M = |l wrey + (IR [orzs + IR [ c2vs + sup [|R(8)]| wr.oe)
te(ty,T)

< di(mg,m§) + C{||Du’ — Du?|[Es/0s + sup d3(m' (), m*(t))}.

It follows from Lemma 2.1 that
Hul - u2||c(2+5)/2.2+5 < C{dl (m(l), m(z))
+[|Dut — Du?|[Es 2.5 4 sup 3 (m' (1), m* (1))}
t
Hence, choosing i > 0 small enough in (2.22), we find

[u' = w?(|cesn 2ers < C{di(mg, mg) 4+ supds(m' (t),m*(t))},
t
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and inserting the last inequality in (2.23) we obtain
sup da(m’ (t), m*(t)) < C{dz(mg, mg) +supdj(m' (1), m* (1))},
t t

which yields, for n > 0 small enough,
supdy(m! (t),m?(t)) < Cda(m}, m?).
t

Going back to the previous inequality on ||u? — u?||o(2+6)/2.245 completes
the proof. O

3. The propagation of chaos

We present the proof of Theorem 1.2, which consists of several steps each
of which is stated below as separate lemma. Throughout this section, Z =
(Z*) =1~ is a sequence of independent random variables with law mg, B, =
(B,k)kzlw) ~ is a sequence of independent Brownian motions independent of Z,
and YN = (YN’k)k:LMN is the optimal trajectory for V¥ (to, (Z’“)k:LM’N),
that is, for each k =1,..., N and ¢ € [to,T], a solution to (1.11).

In preparation, we fix (to,mo) € O with My y5(mg) < 400 and let (m, «)
be the unique minimizer for U(ty, mg).

It follows from Theorem 1.1 and the compactness of the curve {(¢,m(¢)) :
t € [to,T]} that there exists 0,C' > 0 such that, for any ¢; € [to,T], t €
(t1 =08, t14+8) and m{, m2 € Po(RY) with da(m(t1), m$) < d, da(m(ty), m3) < 6,
(t1,m}) € O and (t;,m2) € O, and z!,2? € RY,

|D,,LU(t1,m(1J,x1) - DmU(tl,mg,xQﬂ < C’(\J;l - a:Z\ + dg(mé,mg)). (3.1)
For o € (0,9), set
=1

Vo = {(t,m/) € [to, T] x Po(RY) : do(m/,m(t)) < o}
and
VY ={(t,x) €[0,T] x RN : (t,my)) € Vo }.
We consider the solution (X} )iy, 7] = (xM XtJV’N)tE[tmT] to

. . t . . . .
X =20~ [ (X D s XN+ VEB ~ B,
to

(3.2)

on the time interval [to, 77V], where the stopping time 7V is defined by

™ = inf {t € [to, T), (t,XN) ¢ V:;%} or 7V =T, if there is no such a t.

Note that, in view of (3.1), X is uniquely defined.
Set

N =inf{t € [to, ], (t, YY) ¢ V&) or 7 = 7V is there is no such at.
(3.3)

Let us stress that 7V can be equal to tg if (Z29)j=1, N & V:;N.
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Lemma 3.1. Assume (1.5). There is a constant C > 0 depending on (to, mo)
such that

E| sup d; (m%N .m(t))| < CNTV/ @8 (3.4)
tE[to,TN]
and
P [N < T] < CN-H @+,
Proof. The proof is standard and relies on propagation of chaos estimates; see,

for instance, the proof of Theorem 5.6 in [15].
Let X% be the i.i.d. solutions to

dXN = —H,(X, DUt m(t), X)) dt + v2dB] X2 =77,
which exist on [tp, T, in view of the global Lipschitz property of D,,U(t, m(t), -).

Then (3.4) is an easy consequence of the inequality

E

te[0,T]

which follows from Theorem 3.1 in Horowitz and Karandikar [22], for some C
depending only on (tg,mg) through the regularity of D,,U in Vj.
Then

PN <T] <P [ sup di(myy,m(t)) > 5/2] < COTINTYAES),

tefto, ]

Next, for (t,x) € V{, we set
UM (t,x) = UL, md).
Recalling the regularity of U given by Theorem 1.1, it is immediate that,
on V(;N , UN is C' in time-space with D,;UY Lipschitz continuous in space and
(see, for example, [6])

1 . 1 .
D UN(t,x) = NDWU(t,mf,x]) and |D2, UN(t,x) — —=D? U(t,mY, z7)

xIxd N ym
< Zs a.e. in V5 .
Finally, UY satisfies
N
—UN (£, %) = > Ay UN(t,x) + ON (8, x)
J=1 (3.5)

N +& Z%lH(xj,J\[fiDﬁjuN(t,x)):IT(miV) a.e. in VN,
U™ (T,x) =G(my ) on (R?)

X

where

ION(t,x)] < CN™'  ae in V. (3.6)
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Lemma 3.2. Let YV = (YN’i)izl,,__,N and 7™ be defined by (1.11) and (3.3)
respectively. Then,

;N
N / N7US Hp (VN NDUN) = Hy (VN NDyy V) Pdt | < C(NT' + RY),
to -

J

where RN = [|[UYN — V|| and UN, VN and their derivatives are evaluated at
(&, YY)

Proof. For t € [ty,7V] and, in view of (3.6), we have

dUN (6, YY) = QUN + ) ALUN =S HL (VY ND YY) - Dy UN ) dt
J J
+v2> D, uN - dBj
J

= (3 S HONI NDAC (YY)~ 3 (VN ND V) - D
J J
+ON = F(mgy))dt
+v2Y D, UN - dBy
J

1

Z(N

> (—LYNI —H, (Y™ ND, V) + O H, (Y, ND,u)
J

— Hy (Y7, ND,;VN)?)

— ON"' = F(myy))dt + V2 D UN - dB],

J

the inequality following from the uniform convexity of H in bounded sets.

We take expectations and integrate between to and 7V above to get

E [UNFY, Y] — E [UN (to, ZV)]

=N
o1 . ; .
- [/ (5 2 (L0, = Hy (VY9 N D V) 4 O (VY ND,yuN)
to j

- p(anj,NDz,-vN)P) ~ ON~' — F(my))dt |
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Rearranging, using the definition of RV, the dynamic programming prin-
ciple and the optimality of Y~ for V¥ (to, Z") we find

N

1 ; .
o 2 (VN N DY) = Hy (Y, ND, V) Pt
J

E [UN (to,ZV)] + E ’

to

=N

1 . )
/t (N Do LN —H, (VN NDW-VN))
0 J

+ONT! 4 F(my))de + VN F, Y] + RY

<E

<E[VN(to,Z")] + CN~' + RV,

and, using once more the definition of RY, we get

;N
E / LZ|HP(YtN*J',NDﬂuN)—Hp(nN’j,NijvN)\th < CN~'4+2R"Y.
w CNZ
U
Lemma 3.3. (Convergence of optimal trajectories) For XV = (X™?) and

YN = (YN defined by (3.2) and (1.11) respectively, we have

E| sup N 'Y XN -y <C(NTt+ RNV

Se[to,;N] j

and

P[FN < T] < C(N7VUEFS) 4 (RN)1/2),

Proof. Lemma 3.2, the regularity of UY in (3.1) and an application of Gron-
wall’s inequality give the first inequality since, for any t € [tg, T,

E sup Nﬁlz\XiV’j—YsN’”

sE[to, tATN] F

7
SE / Nﬁlz|Hp(YtN7J7NijuN(taY£N))
to j
—Hy (Y ND VY (1Y)t

tATN )
VE| [ N0 N DAY YY)

to j

—Hy (XY, N D UN (1, X))t

tAFN
N,j N,j
[ XN vojas

to

<C(NT'4+RV)V24CNT'Y E [

J
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Then,

PN <T]<P[N<T|+P| sup N XN —yNI|>5/2
Se[toﬂ' ] j
< ON“VES 4 5T N+ RNV,

O
We can proceed now with the proof of the propagation of chaos property.

Proof of Theorem 1.2. It is immediate that

E| sup dl(mgN,m(s)) <E| sup dl(mgN,mQN)
s€[to,7V] s€[to, V]
+E| sup dl(mgw,m(S)) (3.7)
s€[to, 7]

<E| sup N~ IZ\XN’J YN +E
s€[to, 7]

sup dl(m%N, m(s))} .
s€[to,7V]

Lemma 3.3 gives that the first term in the right-hand side of (3.7) is not
larger than C'(N !+ RN)I/Q, where RV can be estimated by Proposition 1.8,
while Lemma 3.1 implies that the second term in the right-hand side of (3.7)
is not larger than CN—1/(4+8),

Thus, for some " depending on d only and C depending on the initial
condition (tg,mo),

<CON.

s€[to,7V]

E[ sup dl(mgN,m(S))

Finally, we have

E| sup di(myy,m(s))
Se[to,T]

1/2
P < 1]

<E +E| sup d2(m¥N,m(s))

s€[to,T)

sup di (myy,m(s))

s€[to, 7]
SCN—’V +C(N_1/(d+8)+(RN)1/2)1/2,
the last inequality coming from Lemma 3.3 and the facts that, since, in view

of Lemma 1.3, m(s) has a uniformly bounded second-order moment and, by
Lemma 1.7, the drift of the process Y¥ is also uniformly bounded,

E <C

sup di(myx~,m(s))
Se[to,T]

Using once more Proposition 1.8, we get that, for a new constant 7"/ €
(0,1) depending on d only and a new constant C’ depending on the initial
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condition (to, mo),

E| sup dy(min,m(s)| <C'N".
SE[to,T] #
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Appendix A: The proof of Lemma 1.6

Proof. A fact similar to Lemma 1.6 was given in [2] for the torus and for
smooth initial data. Here, we extend the argument for the whole space and
general initial conditions and slightly simplify it.

We begin with the existence of a solution to (1.14), the uniqueness being
obvious in view of the regularity of .

Fix 3 € C((to, T] x R% R?) and note that the product mf is smooth,
because the only singularity of m is at time ty. Thus, there exists a unique
classical solution to (1.14).

In order to prove its regularity, fix tg < t; < ta, & € C*TO(R9), let w be
the solution to

—0yw — Aw —a(t,z) - Dw =0 in (ty,T) x R? w(ty) =¢ in RY,

and note that, for a constant C' depending only on the data of the problem,
since the regularity of o depends only on the data of the problem,

[wlloo + [[Dwllec < Cll€[lwr. and [[wllgs/2s + [Dwllgsrzs < ClIE][gz+s.
(A1)
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Then,
/ p(tz, z)é(x)dx = / w(ty, z)p(tr, x)dx — /t2 B(t,z) - Dw(t,x)m(t, dz)dz,
R R t; Jrd

and, choosing t; =ty and o arbitrary in [tg, T], we get

sup _||p(@)[ w00y < IB(E, )1, (0,7 xR4)- (A.2)
telto,T]

In addition, since, thanks to (A.1),
lw(ty, ) = w(ta, ) [lwree < Clta = t1)°|€]|c2+s

using (A.2) we find
/ (pltz,) — plts, ))& () do
Rd
— [ (w(ts,) = wlte,o)p(tr,2)da
Rd

- /t2 B(t,x) - Dw(t, z)m(t, dx)dx
t Jra
< w(t, ) — w(te, ) lwroe ot )l (wreey
+ C(ta — 1) 2118l L2, (0,7 xr) 1 Dw] 0
< C(ta — )28t )L, (o,1)xRe) 1Ell2+s
+ C(ta — 1) 2118l L2, (o7 xR 1€ w1 o

The last estimates proves the existence of a solution p for 3 € CO([to, T x
R?: R%) or for 3 € L> vanishing near ¢ = to by approximation.
Next, let

J(m', o) = /tT (/R Lz, o (t, 2))m' (t, dz) + ?(m'(t))) dt + G(m'(T)).

The quantity J(m/, o) is defined, for instance, for m’ € CO([ty, T], P1(R%))
and o/ € C%([to, T] x R4 RY). Let 3 € C°((to, T] x RY) and p be the classical
solution to (1.14), and, for h > 0 small, let m; € C°([to, T], P1(R?)) be the
solution to

Ormyp, — Amy, + div(mp(a+ hB)) =0 in (to, T) x RY and my(to) = mo in RZ
Then my, = m + hp + h2&;,, where &, solves in the sense of distribution
i — AL 4+ div(€n(a + hB3)) +div(Bp) =0 in (to,T) x R? and &,(tp) =0 in R%

The regularity of a, 8 and p imply that ||€]lcc < C, with C depending
on (3, and, as h — 0, the (£,)s converges weakly in L*>°-weak-* to the solution
£ of the same equation with A = 0.
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Then

J(mn, o+ h3) = /t ( /R Lo+ hB)m(t, o) + S"(mh(t))> dt + S(mu(T))

=J(m,a) + h{/tT( y Do L(z, ) - B(t,x)m(t,dz) + /Rd L(z,a)p(t,x)dx

+ 35 ) ottt + 25 ()07}
2 T

+ %{ /t ( [ DanLlz,0)(t.2) - Blt.z)m. da)

+2 y Do L(z, ) - B(t,x)p(t, z)dz

+ [ 2L a6t ade + 25 (m(O)(E0) + 5 () (D). p(0))
0G 529 2

£ 295 (D) (E(1) + 22 (m(T))(p(T), (1) } +0(1?).

The first-order necessary optimality condition implies that the factor of
h above vanishes and, therefore, the limit as h vanishes of the term in h? is
nonnegative.

Thus

T
/t ( y DooL(z,a)B(t, x) - B(t, x)m(t, dz) + 2 y D, L(z,a) - B(t,z)p(t, x)dx

202
+ [ 2Lt e+ 25 (ml)EO) + 5 (m(O)p(0), (1)) e
Rd

m om

”%WT))@(T»+§%<m<T)><p<T>,p<T» > 0,

Using the equation satisfied by the multiplier « and the equation satisfied
by & we find

T
| [ (e aettards + S mO) €@+ 5 mT)ED)
T
= /t /Rd((fH(:E,Du) —«a - Du)é(t,x)dx
0F

+ T () (E(®))dt + 2 (m(T))(E(T))

om om

T
- / Du(t, z) - 8(t, 2)p(t, x)dwdt
to Rd

T
. / DaL(z,0) - B(t,2)p(t, z)dadt.
to R4

Inserting the last equality in the previous inequality yields the second-
order optimality condition when ( is smooth. The general case is obtained by
approximation using the estimates in the first part of the proof. O
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