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BELLMAN EQUATION AND VISCOSITY SOLUTIONS
FOR MEAN-FIELD STOCHASTIC CONTROL PROBLEM *

HuviEN PuaMb® AND X1AoLl WETL!

Abstract. We consider the stochastic optimal control problem of McKean—Vlasov stochastic differ-
ential equation where the coefficients may depend upon the joint law of the state and control. By
using feedback controls, we reformulate the problem into a deterministic control problem with only the
marginal distribution of the process as controlled state variable, and prove that dynamic programming
principle holds in its general form. Then, by relying on the notion of differentiability with respect
to probability measures recently introduced by [P.L. Lions, Cours au Collége de France: Théorie des
jeux & champ moyens, audio conference 2006—2012], and a special It6 formula for flows of probability
measures, we derive the (dynamic programming) Bellman equation for mean-field stochastic control
problem, and prove a verification theorem in our McKean—Vlasov framework. We give explicit solutions
to the Bellman equation for the linear quadratic mean-field control problem, with applications to the
mean-variance portfolio selection and a systemic risk model. We also consider a notion of lifted viscosity
solutions for the Bellman equation, and show the viscosity property and uniqueness of the value func-
tion to the McKean—Vlasov control problem. Finally, we consider the case of McKean—Vlasov control
problem with open-loop controls and discuss the associated dynamic programming equation that we
compare with the case of closed-loop controls.
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1. INTRODUCTION

The problem studied in this paper concerns the optimal control of mean-field stochastic differential equations
(SDEs), also known as McKean—Vlasov equations. This topic is closely related to the mean-field game (MFG)
problem as originally formulated by Lasry and Lions in [27] and simultaneously by Huang, Caines and Malhamé
in [24]. It aims at describing equilibrium states of large population of symmetric players (particles) with mutual
interactions of mean-field type, and we refer to [14] for a discussion pointing out the subtle differences between
the notions of Nash equilibrium in MFG and Pareto optimality in the optimal control of McKean—Vlasov
dynamics.
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While the analysis of McKean—Vlasov SDEs has a long history with the pioneering works by Kac [26] and
McKean [33], and later on with papers in the general framework of propagation of chaos, see e.g. [25,36], the
optimal control of McKean—Vlasov dynamics is a rather new problem, which attracts an increasing interest
since the emergence of the MFG theory and its numerous applications in several areas outside physics, like eco-
nomics and finance, biology, social interactions, networks. Actually, it has been first studied in [1] by functional
analysis method with a value function expressed in terms of the Nisio semigroup of operators. More recently,
several papers have adopted the stochastic maximum (also called Pontryagin) principle for characterizing solu-
tions to the controlled McKean—Vlasov systems in terms of an adjoint backward stochastic differential equation
(BSDE) coupled with a forward SDE: see [3,9,38] with a state dynamics depending upon moments of the dis-
tribution, and [13] for a deep investigation in a more general setting. Alternatively, and although the dynamics
of mean-field SDEs is non-Markovian, it is tempting to use dynamic programming (DP) method (also called
Bellman principle), which is known to be a powerful tool for standard Markovian stochastic control problem,
see e.g. [21,34], and does not require any convexity assumption usually imposed in Pontryagin principle. Indeed,
mean-field type control problem was tackled by DP in [5, 28] for specific McKean—Vlasov SDE and cost func-
tional, typically depending only upon statistics like its mean value or with uncontrolled diffusion coefficient, and
especially by assuming the existence at all times of a density for the marginal distribution of the state process.
The key idea in both papers [5,28] is to reformulate the stochastic control problem with feedback strategy as a
deterministic control problem involving the density of the marginal distribution, and then to derive a dynamic
programming equation in the space of density functions.

Inspired by the works [5, 28], the objective of this paper is to analyze in detail the dynamic programming
method for the optimal control of mean-field SDEs where the drift, diffusion coefficients and running costs
may depend both upon the joint distribution of the state and of the control. This additional dependence
related to the mean-field interaction on control is natural in the context of McKean—Vlasov control problem,
but has been few considered in the literature, see however [38] for a dependence only through the moments
of the control. By using closed-loop (also called feedback) controls, we first convert the stochastic optimal
control problem into a deterministic control problem where the marginal distribution is the sole controlled
state variable, and we prove that dynamic programming holds in its general form. The next step for exploiting
the DP is to differentiate functions defined on the space of probability measures. There are various notions
of derivatives with respect to measures which have been developed in connection with the theory of optimal
transport and using Wasserstein metric on the space of probability measures, see e.g. the monographs [2,37].
For our purpose, we shall use the notion of differentiability introduced by Lions in his lectures at the College de
France [32], see also the helpful redacted notes [11]. This notion of derivative is based on the lifting of functions
defined on the space of square integrable probability measures into functions defined on the Hilbert space of
square integrable random variables distributed according to the “lifted” probability measure. It has been used
in [13] for differentiating the Hamiltonian function appearing in stochastic Pontryagin principle for controlled
McKean—Vlasov dynamics. As usual in continuous time control problem, we need a dynamic differential calculus
for deriving the infinitesimal version of the DP, and shall rely on a special It6’s chain rule for flows of probability
measures as recently developed in [10,16], and used in [12] for deriving the so-called Master equation in MFG. We
are then able to derive the dynamic programming Bellman equation for mean-field stochastic control problem.
This infinite dimensional fully nonlinear partial differential equation (PDE) of second order in the Wassertein
space of probability measures extends previous results in the literature [5,12,28]: it reduces in particular to
the Bellman equation in the space of density functions derived by Bensoussan, Frehse and Yam [6] when the
marginal distribution admits a density, and on the other hand, we notice that it differs from the Master equation
for McKean—Vlasov control problem obtained by Carmona and Delarue in [12] where the value function is
a function of both the state and its marginal distribution, and so with associated PDE in the state space
comprising probability measures but also Euclidian vectors. Following the traditional approach for stochastic
control problem, we prove a verification theorem for the Bellman equation of the McKean—Vlasov control
problem, which reduces to the classical Bellman equation in the case of no mean-field interaction. We apply
our verification theorem to the important class of linear quadratic (LQ) McKean—Vlasov control problems,
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addressed e.g. in [7,38] by maximum principle and adjoint equations, and that we solve by a different approach
where it turns out that derivations in the space of probability measures are quite tractable and lead to explicit
classical solutions for the Bellman equation. We illustrate these results with two examples arising from finance:
the mean-variance portfolio selection and an inter-bank systemic risk model, and retrieve the results obtained
in [15,20,29] by different methods.

In general, there are no classical solutions to the Bellman equation, and we thus introduce a notion of viscosity
solutions for the Bellman equation in the Wasserstein space of probability measures. There are several definitions
of viscosity solutions for Hamilton Jacobi equations of first order in Wasserstein space and more generally in
metric spaces, see e.g. [2,19,22] or [23]. We adopt the approach in [32], and detailed in [11], which consists,
after the lifting identification between measures and random variables, in working in the Hilbert space of square
integrable random variables instead of working in the Wasserstein space of probability measures, in order to
use the various tools developed for viscosity solutions in separable Hilbert spaces, in particular in our context,
for second order Hamilton-Jacobi equations, see [30,31], and the recent monograph [18]. We then prove the
viscosity property of the value function and a comparison principle, hence uniqueness result, for our Bellman
equation associated to the McKean—Vlasov control problem.

Finally, we consider the more general class of open-loop controls instead of (Lipschitz) closed-loop controls.
We derive the corresponding dynamic programming equation, and compare with the Bellman equation arising
from McKean—Vlasov control problem with feedback controls.

The rest of the paper is organized as follows. Section 2 describes the McKean—Vlasov control problem and
fix the standing assumptions. In Section 3, we state the dynamic programming principle after the reformulation
into a deterministic control problem, and derive the Bellman equation together with the proof of the verification
theorem. We present in Section 4 the applications to the LQ framework where explicit solutions are provided with
two examples arising from financial models. Section 5 deals with viscosity solutions for the Bellman equation,
and the last section considers the case of open-loop controls.

2. MCKEAN—VLASOV CONTROL PROBLEM

Let us fix some probability space ({2, F,P) on which is defined a n-dimensional Brownian motion B =
(Bi)o<t<T, and denote by F = (F})o<i<r its natural filtration, augmented with an independent o-algebra Fy C
F. For each random variable X, we denote by P, its probability law (also called distribution) under P (which is
deterministic), and by dx the Dirac measure on X. Given a normed space (E,|.|), we denote by P,(FE) the set
of probability measures 1 on E, which are square integrable, i.e. ||u||? := [, |z|*u(dz) < oo, and by L?(Fo; E)
(= L*(2,Fy,P; E)) the set of square integrable random variables on (2, Fy,P). In the sequel, E will be either
R9, the state space, or A, the control space, a subset of R™, or the product space R? x A. We shall assume
without loss of generality (see Rem. 2.1 below) that Fq is rich enough to carry E-valued random variables with
any arbitrary square integrable distribution, i.e. P,(E) = {P¢, & € L*(Fo; E)}.

Remark 2.1. A possible construction of a probability space, which is rich enough to satisfy the above conditions
is the following. We consider a Polish space {2y, its Borel o-algebra Fy and let Py be an atomless probability
measure on (29, Fo). We consider another probability space ({21, F1,P1) supporting a n-dimensional Brownian
motion B and denote by FP = (F7) its natural filtration. By defining 2 = 2 x 1, F = FoVF, P = Py @ Py,
and F = (F;) with 7, = FP vV Fy, 0 <t < T, we then obtain that the filtered probability space (2, F,F,P)
satisfies the required condition in the above framework. O

We also denote by Ws the 2-Wasserstein distance defined on P, (F) by

W, ') o= inf { ([ lo-sPntas.an)

- inf{(E|§—§'|2)% 68 € TA(Fo B) with Pe = p, Po = i}

1
2

:m € P,(FE x E) with marginals u and u'}
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We consider a controlled stochastic dynamics of McKean—Vlasov type for the process X = (X)o<i<r
valued in R%:

Dad = b (t,Xf‘,at,P(X?m)) At + o (t,Xﬁ,at,Pw%”) dB,, X& = Xo, (2.1)

where Xy € L? (fo,Rd), and the control process o = (a;)o<i<r i progressively measurable with values in a
subset A of R™, assumed for simplicity to contain the zero element. The coefficients b and o are deterministic
measurable functions from [0, 7] x R? x A x P, (R% x A) into R? and R?*™ respectively. Notice here that the drift
and diffusion coefficients b, o of the controlled state process do not depend only on the marginal distribution
of the state process X; at time ¢ but more generally on the joint distribution of the state/control (X, ay) at
time ¢, which represents an additional mean-field feature with respect to classical McKean—Vlasov equations.
We make the following assumption:

(H1) There exists some constant Cp , > 0 s.t. for all t € [0,T], z,2" € R%, a,a’ € A, \,\ € P,(R? x A),
|b(ta z,a, >\) - b(ta I‘/, (1/, /\/)| + |U(t7 Z,a, A) - U(ta ‘rlv a/a )‘/)| < Cbﬂ U‘T - 33/| + |CL - a/| =+ W2(Aa )‘/)]7

and
T
/ |b(ta Oa 076(0,0))|2 + |U(ta 07076(070))|2dt < Q.
0

Condition (H1) ensures that for any control process «, which is square integrable, i.e. E| fOT | |2dt] < o0,
there exists a unique solution X to (2.1), and moreover this solution satisfies (see e.g. [36] or [25]):

T
/0 |ozt|2dt]> < oo. (2.2)

In the sequel of the paper, we stress the dependence of X“ on « if needed, but most often, we shall omit this
dependence and simply write X = X when there is no ambiguity.
The cost functional associated to the McKean—Vlasov equation (2.1) is

IE{ sup |X§“|2} <C <1+E|X02+E
0<t<T

J(@)=E VOT f (t,Xt, at,IP(Xt7at)) dt + g (XT,PXT)] (2.3)

for a square integrable control process a. The running cost function f is a deterministic real-valued function
on [0,7] x RY x A x P,(R? x A) and the terminal gain function g is a deterministic real-valued function on
R? x P,(R?). We shall assume the following quadratic condition on f, g:

(H2) There exists some constant Cy, > 0 s.t. forall t € [0,T], 2 € RY, a € A, p € P,(R?), A € P,(R? x A),
[f(t 2,0, N[+ lg(@, w)] < Crg (1412 +lal* + (Il + M) -

Under Condition (H2), and from (2.2), we see that J(«a) is well-defined and finite for any square integrable
control process a. The stochastic control problem of interest in this paper is to minimize the cost functional:

Vo = o}relfA J(a), (2.4)

over a set of admissible controls A to be precised later.

Notations. We denote by z.y the scalar product of two Euclidian vectors x and y, and by M™ the transpose
of a matrix or vector M. For any u € P,(E), F Euclidian space, we denote by L7 (F) the set of measurable
functions ¢ : E — F which are square integrable with respect to p, and we set

(o) = /E p(@)lda).
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We also denote by Ly°(F) the set of measurable functions ¢ : E' — F which are bounded p a.e., and [[¢]|
denotes the essential supremum of p € Lo (F).

3. DYNAMIC PROGRAMMING AND BELLMAN EQUATION

3.1. Dynamic programming principle

In this paragraph, we make the standing assumptions (H1)—(H2), and our purpose is to show that dynamic
programming principle holds for problem (2.4), which we would like to combine with some Markov property
of the controlled state process. However, notice that the McKean—Vlasov type dependence on the dynamics of
the state process rules out the standard Markov property of the controlled process (X;);. Actually, this Markov
property can be restored by considering its probability law (th)t. To be more precise and for the sake of
definiteness, we shall restrict ourselves to controls a = (ay)o<i<7 given in closed loop (or feedback) form:

ap=a(t, X, Py), 0<t<T, (3.5)

for some deterministic measurable function @&(t,x, ;1) defined on [0, 7] x R? x P,(R%). We shall discuss in the
last section how one deal more generally with open-loop controls. We denote by Lip([0, T] x R% x P, (R%); A) the
set of deterministic measurable functions & on [0, 7] x R? x P,(R?), valued in A, which are Lipschitz in (x, u1),
and satisfy a linear growth condition on (x, ), uniformly on ¢ € [0, 7], i.e. there exists some positive constant
Cg s.t. for all t € [0,T], z,2’ € RY, p,p/ € P,(RY),

T
|O~‘(t7xnu’) - d(t’ {E/, ,U,/)| < Ca (|£E - xl‘ + WZ(M) ;u'/)) 7/ |d(t7 0, 50)|2dt < o0.
0

Notice that for any & € Lip([0,T] x R? x P,(R%); A), and under the Lipschitz condition in (H1), there exists
a unique solution to the SDE:

dXt =b (t,Xt,ONé(t,Xt,th),]P) ) dt + o (t,Xt,ONL(t,Xt,]P)Xt),]P) dBt7 (36)

(xea(rxey,)) (eea(exeex, )))

starting from some square integrable random variable, and this solution satisfies the square integrability con-
dition (2.2). The set A of so-called admissible controls « is then defined as the set of control processes «
of feedback form (3.5) with & € Lip([0,T] x R? x P,(R%); A). We shall often identify o € A with & in
Lip([0,T] x R? x P,(R%); A) via (3.5), and we see that any a in A is square-integrable: E[fOT | ?dt] < oo,
by (2.2) and Gronwall’s lemma.

Let us now check the flow property of the marginal distribution process P, = ]P’Xta for any admissible control

ain A. For any @ € L(R%; A), the set of Lipschitz functions from R into A, we denote by Id& the function
Ida:R* - R x A
x = (z,a(x)).

We observe that the joint distribution P, associated to a feedback control o € A is equal to the image by
Ida(t,.,Py,) of the marginal distribution PP, of the controlled state process X, i.e. P =Ida(t,. P, %P ,
where  denotes the standard pushforward of measures: for any & € L(R% A), and p € P,(R%):

(Ida % p) (B) = p (Ida~'(B)), VB e BR"x A).

We consider the dynamic version of (3.6) starting at time ¢ € [0,7] from ¢ € L2(F;; R?), which is then written
as:

Xt€—¢ + /t b(r Xt (nXPEP ) dda (r P )+ P ) dr

+ / a(r,X}f’g,&(r,X}f’g,P ,g),fda(r,.,IP ,é)*IP’ tg)dBr, t<s<T. (3.7)
" X, Xy Xy
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Existence and uniqueness of a solution to (3.7) implies the flow property:

t.¢
XbE= X% wo<t<0<s<T, ¢e LA(F,;RY. (3.8)
Moreover, as pointed out in Remark 3.1 in [10] (see also the remark following (2.3) in [16]), the solution to (3.7)

is also unique in law from which it follows that the law of X*¢ depends on ¢ only through its law [P, . Therefore,
we can define

PLH = Poe for 0<t<s<T p=P € P,(RY), (3.9)

As a consequence of the flow property (3.8), and recalling that P,(R?) = {P¢, & € L?(Fo;R9)}, it is clear that
we also get the flow property for the marginal distribution process:

t,
0,P4 "
S

PLr =P, V0<t<0<s<T, pucP,R. (3.10)
Recall that the process X*¢, hence also the law process P* depends on the feedback control o € A, and if
needed, we shall stress the dependence on a by writing PH#<,

We next show that the initial stochastic control problem can be reduced to a deterministic control problem.
Indeed, by definition of the marginal distribution P, , recalling that P, = = Ida(t,..P, )*P, , and Fubini’s
theorem, we see that the cost functional can be written for any admissible control a € A as:

J(a) = /OTf(t,IP’Xt,d(t,.,IP’Xt))dt—i—Q (IPXT),

where the function f is defined on [0, T] x P,(R?) x L(R? A) and § is defined on P,(R%) by

flt,p,a) = (f(t,al.), Idaxu),pm), g(p) = (g(., 1), m)- (3.11)

We have thus transformed the initial control problem (2.4) into a deterministic control problem involving the in-
finite dimensional controlled marginal distribution process valued in P, (R?). In view of the flow property (3.10),
it is then natural to define the value function

T
o(t, p) = inf V f(s,PLr a(s, ., Phh)) ds + g(PR) |, t€[0,T], pe P, (R, (3.12)
t

so that the initial control problem in (2.4) is given by: Vo = v(0,P ). It is clear that v(t, u) < oo, and we shall
assume that

v(t,p) > —co, Yte[0,T], ueP,(RY). (3.13)

Remark 3.1. The finiteness condition (3.13) can be checked a priori directly from the assumptions on the
model. For example, when f, g, hence f , §, are lower-bounded functions, condition (3.13) clearly holds. Another
example is the case when f(¢,z,a, ), and g(z,u) are lower bounded by a quadratic function in x, p, and A
(uniformly in (¢,a)) so that

ftm,é) + gz, p) = =C(1+|pl,), YueP,(RY), ae LR:A),

and we are able to derive moment estimates on the controlled process X, uniformly in «: ||IP’“‘||§ = E[|X%¢)?]

< C(1+ ||pll?), (for p = P,) which arises typically from (2.2) when A is bounded. Then, it is clear that (3.13)
holds true. Otherwise, this finiteness condition can be checked a posteriori from a verification theorem, see
Theorem 3.4. O
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The dynamic programming principle (DPP) for the deterministic control problem (3.12) takes the following
formulation:

Theorem 3.2 (Dynamic Programming Principle). Under (3.13), we have for all0 <t <0 < T, u € P,(R9):

6
v(t, p) = inf, l / f(s,PLH a(s, ., PL))ds + (6, P5*)]| . (3.14)
aec t

Proof. In the context of deterministic control problem, the proof of the DPP is elementary and does not require
any measurable selection arguments. For sake of completeness, we provide it. Denote by J(t, u, «) the cost
functional:

T
J(t ) i= / f (s, Po a(s, ., P)) ds + g (P%), 0<t < T, peP,(RY),a € A,
t

so that v(t,u) = infaea J(¢, p, @), and by w(t, u) the r.h.s. of (3.14) (here we stress the dependence of the
controlled marginal distribution process P“#% on «). Then,

w(t, pt) nf

0
inf V f (s, PLme a(s, ., Po?)) ds + inf J(G,Pg”"“,ﬁ)]
t BEA

6
— inf inf A Pt,#,a ~ . Pt,,u,a d J(6 Pt’“’a
élélAégA [/t f(57 s 704(57 s s )) s+ ( y g 7ﬂ)

%
= inf inf [ / f (s, PLetedl 5fa, g)(s, . RLefe ) ) ds 4 (0, 7 oo, ﬁ])]
’ t

where we define v[a, 8] € A by: Y[a, 8](s,.) = &(s,.)lo<s<o +B(s, Jlg<s<r. Now, it is clear that when «, 8 run
over A, then v[a, 8] also runs over A, and so:

0
w(t, p) = 'inelfél /t f (s, PorY 3 (s, PERY)) ds + J (6, ng“ﬂ,y)]

— inf /af(s P, 5 (s Pt’”))ds+/Tf(s piF” 5 (s P?’PQ“)) 44 (P&P?’“)
YEA \ Yyl g y ool g ) yi's 3 59l s T

0 T
=t | [ 7 (s B, B s+ [ f(sJP?“ﬁ(s,.,P?“))+g(pgﬂ)1,
t 0

yEA

by the flow property (3.10) (here we have omitted in the second and third line the dependence of Py in ). This
proves the required equality: w(t, u) = v(t, ). O

Remark 3.3. Problem (2.4) includes the case where the cost functional in (2.3) is a nonlinear function of the
expected value of the state process, i.e. the running cost functions and the terminal gain function are in the form:
ft X, a0, Py L)) = ft, X, B[ Xy), 0), t € [0,T7, 9(X7, Py ) = g(X7,E[X7]), which arises for example in
mean-variance problem (see Sect. 4). It is claimed in [8,38] that Bellman optimality principle does not hold, and
therefore the problem is time-inconsistent. This is correct when one takes into account only the state process X
(that is its realization), since it is not Markovian, but as shown in this section, dynamic programming principle
holds true whenever we consider the marginal distribution as state variable. This gives more information and

the price to paid is the infinite-dimensional feature of the marginal distribution state variable.
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3.2. Bellman equation

The purpose of this paragraph is to derive from the dynamic programming principle (3.14), a partial differ-
ential equation (PDE) for the value function v(t, i), called Bellman equation. We shall rely on the notion of
derivative with respect to a probability measure, as introduced by P.L. Lions in his course at College de France,
and detailed in the lecture notes [11].

This notion is based on the lifting of functions u : P,(R%) — R into functions U defined on L?(Fy;R%) by
U(X) = u(P,). We say that u is differentiable (resp. C!) on P,(R?) if the lift U is Fréchet differentiable (resp.
Fréchet differentiable with continuous derivatives) on L?(Fp; R?). In this case, the Fréchet derivative [DU](X),
viewed as an element DU (X) of L?(Fy; R?) by Riesz’ theorem: [DU](X)(Y) = E[DU(X).Y], can be represented
as

DU(X) = 8,u(P, )(X), (3.15)

for some function d,u(P,) : R* — R, which is called derivative of u at u = P,. Moreover, d,u(p) € L% (R?)
for u € P,(RY) = {P,, X € L*(Fo;R?)}. Following [16], we say that u is partially C? if it is C!, and one can
find, for any pu € P,(R?), a continuous version of the mapping z € R? — 9,u(p)(x), such that the mapping
(1, ) € P,(RY) x R? — 9, u(u)(x) is continuous at any point (u,z) such that € Supp(p), and if for any u €
P,(R%), the mapping x € R? — 9,u(u)(x) is differentiable, its derivative being jointly continuous at any point
(1, ) such that x € Supp(u). The gradient is then denoted by 0,0,u(u)(z) € S?, the set of symmetric matrices
in R4, We say that u € CZ(P,(R%)) if it is partially C2, 9,0,u(n) € L;O(Sd), and for any compact set K of
P, (R?), we have

sup [/Rd |0 u(p)(@)]*p(da) + Hama,,u(u)nw] < 0.

per

As shown in [16], if the lifted function U is twice continuously Fréchet differentiable on L?(Fy; R?) with Lipschitz
Fréchet derivative, then u lies in C2(P,(R%)). In this case, the second Fréchet derivative D2U(X) is identified
indifferently by Riesz’ theorem as a bilinear form on L?(Fy;RY) or as a symmetric operator (hence bounded)
on L?(Fp;RY), denoted by D2U(X) € S(L%(Fo;R?)), and we have the relation (see Appendix A.2 in [12]):

E D2U(X)(YN).YN] = ]E{tr(@zﬁﬂu(IP’X)(X)YYT)}, (3.16)

for any X € L?(Fo;R?), Y € L?(Fyp; R¥*%), and where N € L?(Fy;R?) is independent of (X,Y’) with zero mean
and unit variance.

We shall need a chain rule (or Itd’s formula) for functions defined on P, (R%), proved independently in [10,16],
see also the Appendix in [12], and that we recall here. Let us consider an R%valued Ito process

dX; = bydt + 0dB;, Xo € L (Fo; RY),

where (b;) and (o) are progressively measurable processes with respect to the filtration generated by the n-
dimensional Brownian motion B, valued respectively in R and R%*", and satisfying the integrability condition:

E

T

/ 1be]? + |at|2dt] < 0. (3.17)
0

Let u € CZ(P,(R%)). Then, for all t € [0, T],

u(IP’Xt) = u(IP’XO) + /0 E {@LU(IF’XS)(XS).bS + %tr(@xﬁﬂu(ﬂbxs)(Xs)ascr;) ds. (3.18)
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We have now the ingredients for deriving the Bellman equation associated to the DPP (3.14), and it turns
out that it takes the following form:

{8t11 =+ inf [f(t,,u,o?) + <£?U(t7u)vu>} = 07 on [OvT) X 7)2 (Rd)v (319)

GEL(R%;A)
v(T,.) =g, on P,(R?)

where for @ € L(R% A), ¢ € C2(P,(RY)) and (t, 1) € [0,T] x P,(RY), LFo(n) € L2(R) is the function: R? —
R defined by

LEo(p)(x) == Oup(p)(x).b(t, v, a(x), [da x ) + %tr(@xaugo(u)(m)aw(t, z,0(x), Ida* ). (3.20)

In the spirit of classical verification theorem for stochastic control of diffusion processes, we prove the following
result in our McKean—Vlasov control framework, which is a consequence of It6’s formula for functions defined
on the Wasserstein space.

Proposition 3.4 (Verification theorem). Let w : [0,T] x P,(R?) — R be a function in Cp*([0,T] x P,(RY)),
i.e. w is continuous on [0,T] x P,(R?), w(t,.) € CZ2(P,(R%)), for allt € [0,T], and w(., ) € C*([0,T)). Suppose
that w is solution to (3.19), and there exists for all (t,u) € [0,T) x P,(R?) an element a*(t,. ,u) € L(R% A)

attaining the infimum in (3.19) s.t. the mapping (t, z, p) = &*(t,z,p) € Lip([0,T] x RY x P,(R); A). Then, w
= v, and the feedback control o* € A defined by

af = a"(t, Xy, Py,), 0<t<T,
is an optimal control, i.e. Vo = J(a*).

Proof. Fix (t,;n =P¢) € [0,T) x P,(R?), and consider some arbitrary feedback control o € A associated to X**
the solution to the controlled SDE (3.7). Under condition (H1), we have the standard estimate

]E[ sup |X§’5|2} < C(1+E[P) < o,
t<s<T

which implies that

T 2
tE ~ t,
E /t b (s X086 (s, XI5P (5P ) *P )|
”P

) 1da
2
n ‘a(s,X;ﬁ,&(s,X;’ﬁ,P tg),Idd(s. ,E)*IP’ 5)’ ds| < oo
xt xt xb

One can then apply the It6’s formula (3.18) to w(s,IP’Xtrs) = w(s,PL*) (with the definition (3.9)) between s =
t and s = T, and obtain ’

T, P4 PLH)
wl / T
+E[8Nw(s,]P’?”)(X§’5).b(s XEE G(s, XUE, PER), Idas, ., PE1) « PEH)

+ %tr(axﬁuw(s,]P’?“)(Xﬁ’f)oso (s, X0, a(s, X8, PLM), Ida(s, ., L) « IF”;’”))]ds

T 5 -
=w(t,p) + / %;)(S,IF’Z’“) (L2 E Dy (s, PLY PERY s, (3.21)
t
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where we used in the second equality the fact that PL# is the distribution of X%¢ for s € [¢,T]. Since x
a(s,.,Pt#) € L(RY; A) for s € [t, T], we deduce from the Bellman equation satisfied by w and (3.21) that

T
P > wlt, p) — / F(s, B, G(s, ., PL#))ds.
t

Since « is arbitrary in A, this shows that w(t, u) < v(t, ).
In the final step, let us apply the same Itd’s argument (3.21) with the feedback control a* € A associated
with the fonction &* € Lip([0,T] x R? x P,(R9); A). Since & attains the infimum in (3.19), we thus get

T
L) = w(t, ) - / Fls, P, &% (s, ., PE))ds,
t

which shows that w(t, p) = J(t, u, a*) (> v(t, u)), and therefore gives the required result: v(t, u) = w(t,pu) =
J(t, p, ). O

We shall apply the verification theorem in the next section, where we can derive explicit (smooth) solutions
to the Bellman equation (3.19) in some class of examples, but first discuss below the case when there are no
mean-field interaction, and the structure of the optimal control (when it exists).

Remark 3.5 (No mean-field interaction).
We consider the classical case of stochastic control where there is no mean-field interaction in the dynamics
of the state process, i.e. b(t,x,a) and o(t,z,a) do not depend on A, as well as in the cost functions f (¢, x,a) and
g(x). In this special case, let us show how the verification Theorem 3.4 is reduced to the classical verification
result for smooth functions on [0, T] x RY, see e.g. [21] or [34].
Suppose that there exists a function u in C2([0, 7] x R?) solution to the standard HJB equation
{@u + ;relg [f(t,z,a) + L{u(t,z)] =0, on 510,T) x R?,

uw(T,.)=g on R4 (3-22)

where L{ is the second-order differential operator
1
Liu(t,z) = Ozu(t,z).b(t,z,a) + itr(aiwu(t, z)oo'(t,z,a)),

and that for all (¢,z) € [0,T) x R?, there exists a(t, z) attaining the argmin in (3.22), s.t. the map = ~ a(t, x)
is Lipschitz on R%.
Let us then consider the function defined on [0,7] x P,(R?) by

wlt) = (ult ) = [ ulto)ulda).

The lifted function of w is thus equal to W(t, X) = E[u(¢, X)] with Fréchet derivative (with respect to X
€ L*(Fo,P)): [DW](t, X)(Y) = E[d,u(t, X).Y]. Assuming that the time derivative of u w.r.t. ¢ satisfies a
quadratic growth condition in x, the first derivative of u w.r.t. x satisfies a linear growth condition, and the
second derivative of u w.r.t. 2 is bounded, this shows that w lies in C}*([0, T] x P, (R?)) with

8tw(tnu) = <8tu(t7 ')7N>7 aﬂw(ta /u') = 8ﬂﬂu(ta ')v 8ﬂﬂaﬂv(ta /u) = 8535“(157 )
Recalling the definition (3.20) of L& w(t, 1), we then get for any fixed (t,u) € [0,T) x P,(R?):

oot ) + __inf (0 m6) + (LFwt ). )]

= it [t + pta () + L) o)

d ac

- / inf [Owu(t,z) + f(t,z,a) + L{u(t, z)| p(dz). (3.23)
R
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Indeed, the inequality > in (3.23) is clear since &(z) lies in A for all 2 € R?, and & € L(RY; A). Conversely, by
taking a(t,r) which attains the infimum in (3.22), and since the map x € R? — a(t,x) is Lipschitz, we then
have
/ inf [Dou(t,2) + f(t,2,a) + Liu(t, z)] p(da) = / [Grult.x) + f(t.2,a(tx)) + L u(t, 2)] p(da)

R Rd

4 a€

> inf At t,x,a LIt d
> nf [ [odta) + 16 @) + 2 ult ) n(a),
which thus shows the equality (3.23). Since w is solution to (3.22), this proves that w is solution to the Bellman
equation (3.19), a*(t,z) = a(t, z) is an optimal feedback control, and therefore, the value function is equal to
v(t, ) = (ul(t,.), pw). O
Remark 3.6 (Form of the optimal control).

Consider the case where the coefficients of the McKean—Vlasov SDE and of the running costs do not depend
upon the law of the control, hence in the form: b(t, Xy, at, Py, ), o(t, X¢, o, Py, ), f(t, X¢, 04, P ), and denote
by

Xt

1
H(taxaavﬂlaqu) = f(taxvavﬂ“) + q.b(t;r,a, 1“’) + itr(MUO—T(tvxaavﬂ))

for (t,z,a,u,q, M) € [0,T] x R x A x P,(R?) x R? x S¢, the Hamiltonian function related to the Bellman
equation (3.19) rewritten as:

Opw(t,u) + deLiﬁ{fd;A) /]Rd H(t, 2, &(x), p, Opw(p) (), 0,0, w(p)(z)) pu(da) = 0, (3.24)

for (t, ) € [0,T) x P,(R%). Under suitable convexity conditions on the function a € A +— H(t,z,a, u, g, M), there
exists a minimizer, say a(t, z, u, q, M), to inf,ec 4 H(¢, x, a, u, g, M). Then, an optimal control @* in the statement
of the verification Theorem 3.4, obtained from the minimization of the (infinite dimensional) Hamiltonian
in (3.24), is written merely as &*(¢,z, ) = a(t, z, p, Opw(p)(x), 0x0,w(p)(x)), which extends the form discuss
in Remark 3.5, and says that it depends locally upon the derivatives of the value function. In the more general
case when the coefficients depend upon the law of the control, we shall see how one can derive the form of the
optimal control for the linear-quadratic problem. O

4. APPLICATION: LINEAR-QUADRATIC MCKEAN—VLASOV CONTROL PROBLEM

We consider a multivariate linear McKean—Vlasov controlled dynamics with coefficients given by
b(t,x, p,a,\) = bo(t) + B(t)x + B(t)i + C(t)a + C(t)\,
a(t,z, pm,a,\) = oo(t) + D(t)x + D)+ F(t)a + F(t)N,
for (¢,2,p,a,)\) € [0,T] x R? x P,(RY) x R™ x P,(R™), where we set

o= /Rd zp(dr), A = /m aX(da).

Here B, B, D, D are deterministic continuous functions valued in R?*¢ and C, C, F, F are deterministic
continuous functions valued in R4*™ and by, oy are deterministic continuous function valued in R%. The
quadratic cost functions are given by

ft,x 0, \) =27Qa(t)x + 1" Qo ()i + a™ Ra(t)a + A" Ra(t) A + 227 Mo (t)a

(4.25)

+ 207 Ma()A + qu (). + @ (£). i + ri(8).a + 71 (£).A,

9(x,p) =27 Pox + i" Pofi + pr.w + P fi, (4.26)
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where Q2, Q2 are deterministic continuous functions, P, P, are constants valued in R4*?, Ry, Ry are determin-
istic continuous functions valued in R™*™, M,, M, are deterministic continuous functions valued in R¥>™ ¢,
¢1 are deterministic continuous functions, p;, p1 are constants valued in R?, and ri, 7; are deterministic con-
tinuous functions valued in R™. Since f and g are real-valued, we may assume w.l.o.g. that all the matrices @2,
Q2, Ry, Ry, Py, Py are symmetric. We denote by Si the set of nonnegative symmetric matrices in S%, and by
Si . the subset of symmetric positive definite matrices. This linear quadratic (LQ) framework is similar to the
one in [38], and extends the one considered in 7] where there is no dependence on the law of the control, and
the diffusion coefficient is deterministic.
The functions f and ¢ defined in (3.11) are then given by

F(t,p, @) = Var(u)(Q2(t) + a7 (Qa2(t) + Qo (1))
V(@ 1) (Ralt)) + G % (Ralt) + Ralt))a 5
PR (M () + V()T + 2 fya( — 1) Mo (0) (2 () (127
(@) +q(t)-a+ (rit) + 7u(t)).axp
§(n) = Var(u)(P2) + a7 (Pe + P2) i+ (p1 + p1)-it,

for any (t, ) € [0,T) x P,(RY), & € L(R% A) (here with A = R™), where we set for any A in S? (resp. in S™),
and p € P,(RY) (resp. P,(R™)):

pa) = [ Asu(de), Var(u)(4) =, (4) - 574,
We look for a value function solution to the Bellman equation (3.19) in the form

w(t, 1) = Var(u)(A(£)) + i D(#)i + 3 (8)-f + x(0), (4.28)

for some functions A, I' € C*([0,T);S%), v € C*([0,T);R%), and x € C'([0,T];R). The lifted function of w
in (4.28) is given by

W(t, X) = E[XTA@®)X] + E[X]7(I(t) — A())E[X] + ~(8).E[X] + x(¢),
for X € L?(Fy;RY). By computing for all Y € L?(Fo; R?) the difference
WiEt,X+Y)-W(Et X) = IE{(QXTA(t) +2E[X]"(I'(t) — A(t)) + y(t)).Y} + o(IIYl,»),

we see that W is Fréchet differentiable (w.r.t. X) with [DW](t, X)(Y) = E[(2XTA(t) 4+ 2E[X]7(I'(t) — A(t)) +
7(t)).Y]. This shows that w lies in C2([0,T) x P,(RY)) with
Opw(t, p) = Var(u)(A'(t)) + p I () + v (D5 + X' (1),
Opw(t, p)(x) = 207 A(t) + 27 (I'(t) — At)) + (1),
Oz 0w (t, p)(x) = 2A(t).

Together with the quadratic expression (4.27) of f, g, we then see that w satisfies the Bellman equation (3.19)
iff

Var(u) (A(T)) + 7 D(T)ji + y(T).fi + X(T) = Var(u)(Bs) + 57 (Po + P+ (py + o)t (4:20)
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holds for all u € P,(R?), and
Var(p) (4'(t) + Q2(t) + D()TA)D(t) + A1) B(t) + B(t) A(t)) + __inf  G}(a)

( t) + Q2(t) + Q2(t) + (D(t) + D(t))"A(t)(D(t) + D(t))

)
+L(W(B() + Bt) + (B(t) + B)'T(1))f
+ (@) + @ ®) + 1O (B) + B) + 205 AD(DE) + D) + 2ot L(1))

X (8) + ():bo(t) + o0 (1) Ao t)
=0, (4.30)

holds for all ¢ € [0,T), pu € P,(R?), where the function G} : L%(A) D L(R% A) — R is defined by

Gl(a) = Var(axp)(Uy) + axp'Viaxp + 2/ (x — @)"Sia(x)p(de) + 2p"Zia o + Yi.aox p, (4.31)
Rd

and we set U, = U(t, A(t)), Vi = V(t, A(t)), Sy = S(t, A(t)), Ze = Z(t, A(t), ['(t)), Yy = Y (¢, [(t), 7(t)) with

U(t, At)) = F(&)TA)F (1) + Ra (1),

V(t, A1) = (F(t) + F(t)) A()(F(t) + F(t)) + Ra(t) + Ra(t),

S(t, A1) = D@)TA@)F(t) + A)C(t) + Ma (1), (4.32)
Z(t, A(t), I'(t)) = (D(t) + D))" A)(F(t) + F(t)) + I(t)(C(t) + C(1)) + Ma(t) + Ma(t)
Y(t, I(t),y(t) = (C(t) + C()) "y (t) + ra(t) + 71(t) + 2(F(t) + F(t)) " A(t)oo(t).

We now search for the infimum of the function GY. After some straightforward calculation, we derive the
Gateaux derivative of G} at @& in the direction 8 € LZ (A), which is given by:

DGY (&, 8) := lim Gi(a+ep) - Gi(a) = /

e—0 3
with
g (z,a) =2U0a 4+ 2(Ve — Up)ax p+ 257 (z — o) + 227 i + Yz

Suppose that the symmetric matrices U; and V; in (4.32) are positive, hence invertible (this will be discussed
later on). Then, the function G}’ is convex and coercive on the Hilbert space Li (A), and attains its infimum at

some & = &*(t,., ) s.t. DGY(G&;.) vanishes, i.e. g} (z,&*(t,.,pu)) = 0 for all z € R?, which gives:
1
& () = U SHw — ) — VO Z — LV (4.33)

It is clear that &*(¢,., ) lies in L(R?; A), and so after some straightforward caculation:

sert , G1(@) =GY(@(t, ., ) = —Var(u) (S0, 57)

— AT (ZVi )
1
—YVO g - YV Y (4.34)
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Plugging the above expression in (4.30), we observe that the relation (4.29)—(4.30), hence the Bellman equation,
is satisfied by identifying the terms in Var(u)(.), @7(.)@, fi, which leads to the system of ordinary differential
equations (ODEs) for (A, I, v, x):

A(t) + Q1) + DE)TA[)D(¢) + A(t) B(t) + B(t)TA(t)
t

—S(t, A)U(t, A(t)) LS (t, A(t))T = (4.35)
A(T) = P23
I'(t) + Q2(t) + Q2(t) + (D(t) + D)) A()(D(t) + D(1)) + I'()(B(t) + B(1))
+ (B(t) + B(t)) T(t) — Z(t, A(t), (1)) V (L, A(t)) ' Z(t, A(t), (1)) = 0, (4.36)

I(T) = Py+ Py,
V() + (B(t) + B)™y(t) = Z(t, A(t), (#))V (t, A(£)) 'Y (¢, (), ()
+aq1(t) + qi(t) +2(D(t) + D(t)) " A(t)oo(t) + 21 (t)bo(t) = (4.37)
Y(T) = p1+p1

X'(t) — %Y(tf(t)ﬁ(t))TV(tA(t))_ly(tf(t)ﬁ(t))
+ 7(t)-bo(t) + oo ()T A(t) oo (t) = 0, (4.38)
x(T) = 0.

Therefore, the resolution of the Bellman equation in the LQ framework is reduced to the resolution of the
Riccati equations (4.35) and (4.36) for A and I', and then given (A, I'), to the resolution of the linear ODEs (4.37)
and (4.38) for v and y. Suppose that there exists a solution (A, I') € C*([0, T); S%) xC1([0, T]; S%) to (4.35)—(4.36)
st. (U, Vi) in (4.32) lies in ST, x S, for all t € [0,T] (see Rem. 4.1). Then, the above calculations are
justifieda posteriori, and by noting also that the mapping (¢, z, i) = &*(t, z, u) € Lip([0,T] x R? x P, (R%); A),
we deduce by the verification theorem that the value function v is equal to w in (4.28) with (4, I',~, x) solution

0 (4.35)—(4.38). Moreover, the optimal control is given in feedback form from (4.33) by

* ~ % * — T * * — T * 1 —
Qp =« (taXt,th*) =-U; 1St (X; —EX/]) -V, 1ZtE[Xt] - 5‘/t 1Y£a (4.39)

where X™ is the state process controlled by a*.

Remark 4.1. In the case where My = My = 0 (i.e. no crossing term between the state and the control in the
quadratic cost function f), it is shown in Proposition 3.1 and 3.2 in [38] that under the condition

Py >0, b+ Py > 0,Q2(t) > 0, Qa(t) + Qa(t) > 0,Ra(t) > 61, Ro(t)+ Ro(t) > 61 (4.40)

for some § > 0, the Riccati equations (4.35)—(4.36) admit unique solutions (4,I) € C'([0,T];S%) x
C1([0,7);S%), and then Uy, V; in (4.32) are symmetric positive definite matrices, i.e. lie in S7, for all t €
[0, T]. In this case, we retrieve the expressions (4.39) of the optimal control in feedback form obtained in [38].

We shall see in the next two paragraphs, some other examples arising from finance with explicit solutions
where condition (4.40) is not satisfied. O

4.1. Mean-variance portfolio selection

The mean-variance problem consists in minimizing a cost functional of the form:

J(a) = gVar(XT) — E[X7]

=& [0’ - xr] - (Epxn)
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for some n > 0, with a dynamics for the wealth process X = (X¢) controlled by the amount «; valued in A =
R invested in one risky stock at time t:

dXt = T'(t)Xtdt + (673 (p(t)dt + ﬂ(t)dBt)7 X() =Ty € R,

where r is the interest rate, p and ¢ > 0 are the excess rate of return (w.r.t. the interest rate) and volatility
of the stock price, and these deterministic functions are assumed to be continuous. This model fits into the LQ
framework (4.25) and (4.26) of the McKean—Vlasov problem, with a linear controlled dynamics that does not
have mean-field interaction:

50207 B(t):’f'(t), B:O7 O(t):p(t)7 OZO)
oo=D=D=0, F(t)=9(t), F =0,
Q2=Q2=DMy=My =Ry =Ry =0,

G =q=r=7=0, P2:g7 P2=—g, p1 =0, pp = -1

2 7
A(t) - ( 79222 —20(1) ) AW) = 0, A(T) = 1,
() — 9192(2)];1 ((tt)) +or()I(t) =0, I(T) = 0,
(4.41)
/ PP _ _
70+ 1070 = 50T — o0, (1) = -1
X0 - 25— 0. (1) = o
whose explicit solution is given by
At) = gexp (ftT 2r(s) — 1?2(3 ds) )
I(t) =0,
(4.42)

v(t) = —exp (ftTr(s)ds)

1 T p*(s)
) =—— ds) — 1]
) = =5 [ow (07 e
Although the condition (4.40) is not satisfied, we see that (U;, V;) in (4.32), which are here explicitly given by
U; =V, = 9(t)2A(t), are positive, and this validates our calculations for the verification theorem. Notice also
that the functions (Z;, Y;) in (4.32) are explicitly given by Z; = 0, Y; = p(t)(t). Therefore, the optimal control
is given in feedback form from (4.39) by

Ot: = d*(tv Xt*a]pxg)

__p(t) = ; Mex T@—rs S
= ?92(75) (X -EX/]) + 102 (1) p </t 192(8) (s) d ) , (4.43)

where X* is the optimal wealth process with portfolio strategy a*, hence with mean process governed by

N . O B s O N
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and explicitly given by

E[X}] = zoels 745 4 %exp (/tT gzg —7(s) ds> (exp (/Ot gzg ds) — 1) :

Plugging into (4.43), we get the optimal control for the mean-variance portfolio problem

ot = p(t) z ef&‘r(s)ds lex TPQ(S) 5 — TT s)ds | — *
A Te [ 0 +7I p(/o ﬂz(s)d /t ()d> Xt‘|ﬂ

and retrieve the closed-form expression of the optimal control found in [3,29] or [20] by different approaches.

4.2. Inter-bank systemic risk model

We consider a model of inter-bank borrowing and lending studied in [15] where the log-monetary reserve of
each bank in the asymptotics when the number of banks tend to infinity, is governed by the McKean—Vlasov
equation:

dXt = [K/(]E[Xt] - Xt) + Olt]dt + O'dBt7 XO = X9 € R. (444)
Here, k > 0 is the rate of mean-reversion in the interaction from borrowing and lending between the banks, and
o > 0 is the volatility coefficient of the bank reserve, assumed to be constant. Moreover, all banks can control
their rate of borrowing/lending to a central bank with the same policy « in order to minimize a cost functional
of the form

J(a) = ]E /0 (;Oz? - qOét(]E[Xt] - Xt) + g(E[Xt] — Xt)Q) dt + g(]E[XT] — XT)2 s

where ¢ > 0 is a positive parameter for the incentive to borrowing (a; > 0) or lending (a; < 0), and n > 0, ¢ > 0
are positive parameters for penalizing departure from the average. This model fits into the LQ McKean—Vlasov
framework (4.25) and (4.26) with d = m = 1 and

c c
G=q=r=1=0, P2—§7 Py=—5,pp=p1=0.
The Riccati system (4.35)—(4.38) for (A(t), I'(t),v(¢), x(t)) is written in this case as
1
A(1) = 2r + q)A(t) = 243(5) = 5(¢* —m) = 0, A(T) = 3,
/ — 2 g g
I'(t)—2r?@t)=0, I'(T) = 0, (4.45)
Y (t) = 2y9()I'(t) = 0, ~(T) = 0,
X (t) + ?At) — 37°(t) = 0, x(T) = 0,

whose explicit solution is given by I' = v = 0, and

T
x(=a* [ as)as,

(¢ — n2)(e(5+—5*)(T—t) _ 1) _ c(5+e(5+—5*)(T—t) _ 5—)
d—e0T=67)(T—t) — 5+) — ce0T=6)(T-t) — 1 ’

A =
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where we set

F=—(k+qQ =V (E+02+ 1 —q?).

Moreover, the functions (U, Vi, Z,Y:) in (4.32) are explicitly given by: U, = Vi = 1 (hence > 0), S; = A(t) + £,
Zy =1I'(t) =0,Y; = v(t) = 0. Therefore, the optimal control is given in feedback form from (4.39) by

af = & (t, X;,P) = —(2A(1) + ¢) (X7 - E[X]]), (4.46)

where X* is the optimal log-monetary reserve controlled by the rate of borrowing/lending o*. We then retrieve
the expression found in [15] by sending the number of banks N to infinity in their formula for the optimal
control. Actually, from (4.44), we have dE[X] = E[a}]d¢, while E[a}] = 0 from (4.46). We conclude that the
optimal rate of borrowing/lending is equal to

af = —(2A(t) + q)(X] —30), 0<t<T.

5. VISCOSITY SOLUTIONS

In general, there are no smooth solutions to the HJB equation, and in the spirit of HJB equation for standard
stochastic control, we shall introduce in this section a notion of viscosity solutions for the Bellman equation (3.19)
in the Wasserstein space of probability measures P,(R%). We adopt the approach in [32], and detailed in [11],
which consists, after the lifting identification between measures and random variables, in working in the Hilbert
space L?(Fp; R?) instead of working in the Wasserstein space P, (R%), in order to use the various tools developed
for viscosity solutions in Hilbert spaces, in particular in our context, for second order Hamilton-Jacobi equations.

Let us rewrite the the Bellman equation (3.19) in the “Hamiltonian” form:

v
7& + H(t,,u, 8#”(757/‘)3 3z3uv(t7u)) =0 on [OvT) X PQ (Rd)a (547)
v(T,.)=§ on P,(R?
where H is the function defined by
H(t,p,p,I") = — inf [(f(t, by &), Ida x p) 4+ p(L).b(¢, ., p, &(.), Ida * p)
a€eL(R4;A)
1

+ St (P()oo (b, & (), Idéx ), ) | (5.48)

for (t, 1) € [0,7] x P,(R?), (p, ') € L;,(R?) x L (SY).

We then consider the “lifted” Bellman equation in [0, 7] x L?(Fo; R%):
v +H(t, &, DV (t, &), D*V(t,£)) =0 on [0,T) x L*(Fo;R%)

ot ’ Sy 3S )y ’ ) 05 ; (549)

V(T7 5) = G(f) = E[g(f,[@ﬁ)], g € L2(]:0;Rd)7
where H : [0,T] x L?(Fo; RY) x L?(Fp; RY) x S(L?(Fo;R?)) — R is defined by
M6 PQ) =~ inf {]E [f(t, &P, a(¢), Ida «P,) + Pb(t, &, P, Idd « P,)

+ %Q(a(t, &,P,,a(€), Ida+P)N).(o(t, &, P, G(£), Ida IP’é)N)} } (5.50)
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with N € L2(Fy,R") of zero mean, unit variance, and independent of &. Observe that when v and V are
smooth functions respectively in [0, T] x P,(R%) and [0, T] x L?(Fy; R?), linked by the lifting relation V (¢, &) =
v(t,P,), then from (3.15) and (3.16), v is solution to the Bellman equation (5.47) iff V' is solution to the Bellman
equation (5.49). Let us mention that the lifted Bellman equation was also derived in [5] in the case where o =
o(z) is not controlled and does not depend on the distribution of the state process, and there is no dependence
on the marginal distribution of the control process on the coefficients b and f.

It is then natural to define viscosity solutions for the Bellman equation (5.47) (hence (3.19)) from viscosity
solutions to (5.49). As usual, we say that a function u (resp. U) is locally bounded in [0, 7] x P,(R) (resp. on
[0,T] x L*(Fo;R%)) if it is bounded on bounded subsets of [0,7] x P,(RY) (resp. of [0,T] x L?(Fo; R?)), and
we denote by u* (resp. U*) its upper semicontinuous envelope, and by w, (resp. U,) its lower semicontinuous
envelope. Similarly as in [22], we define the set CZ([0,T] x L*(Fo; R?)) of test functions for the lifted Bellman
equation, as the set of real-valued continuous functions @ on [0, 7] x L?(Fy; R%) which are continuously differen-
tiable in ¢ € [0,7), twice continuously Fréchet differentiable on L?(Fy; R?), and which are liftings of functions
on [0,T] x P,(R?), i.e. D(t,€) = p(t,P¢), for some ¢ € Cp*([0,T] x P,(RY)), called inverse-lifted function of &.

Definition 5.1. We say that a locally bounded function u : [0,7] x P,(R?) — R is a viscosity (sub, super)
solution to (5.47) if the lifted function U : [0, T] x L?(Fp;RY) — R defined by

U(t,€) =u(t,P,), (t¢) €[0,T) x L*(Fo; RY),
is a viscosity (sub, super) solution to the lifted Bellman equation (5.49), that is:

(i) U*(T,.) < G, and for any test function ® € C2([0,T] x L2(Fo; R%)) such that U* — & has a maximum at
(to’go) € [O,T) X L2(.7:0;Rd), one has

O (1.6) 4 Ml D, €,), D1, ) <0

(ii) U.(T,.) > G, and for any test function @ € CZ([0,T] x L?*(Fo;R?)) such that U, — & has a minimum at
(tovgo) € [07 ) X LZ(FO;Rd), one has

0P

_E(tmgo) + H(tmgovDq_ﬁ(tovfo)vD2¢(tm£o)) > 0.

The main goal of this section is to prove the viscosity characterization of the value function v in (3.12) to
the Bellman equation (3.19), hence equivalently the viscosity characterization of the lifted value function V :
[0,T] x L?(Fp; RY) defined by

V(t,€) =v(t,P,), &€ L*(Fo;RY),

to the lifted Bellman equation (5.49). We shall strenghten condition (H1) by assuming in addition that b, o are
uniformly continuous in ¢, and bounded in (a, A):

(H1’) There exists some constant C , > 0 s.t. for all ¢, € [0,T], z,2" € R%, a,a’ € A, \, N € P,(R? x A),

Ib(t,z,a,\) —b(t', 2", a', )| + |o(t,z,a,\) —a(t', 2’ a’, \)]|
< Cog[muo(ft=t]) + |z — 2’| +la—a'| + Wo(\ V)],

for some modulus my, » (i.e. My (7) — 0 when 7 goes to zero) and

b(,0,a,d, )|+ |o(t,0,a,6,, )] < Cho-

0,0)
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We also strenghten condition (H2) by making additional (uniform) continuity assumptions on the running
and terminal cost functions, and boundedness conditions in (a, A):
(H2’) (i) g is continuous on R? x P, (R?) and there exists some constant C,, > 0 s.t. for all z € R?, u € P, (R9),
9z, )] < Co(1+ |2 + [Iull?)-
(ii) There exists some constant Cy > 0 s.t. for all t € [0,7], x € R%, a € A, A € P,(R? x A),
[f(t w0, N < Cp(1+ [ + AIL),

and some modulus my (i.e. ms(7) — 0 when 7 goes to zero) s.t. for all t,# € [0,T], z,2’ € RY, a € A, \,N €
P, (R4 x A),

|f(t7$, a, A) - f(t/,l'/, a, A/)‘ S mf(|t - tl| =+ |.13 - Z‘/| + WQ()‘7 A/))
The boundedness condition in (H1’)—(H2’) of b,0, f w.r.t. (a,\) € A x P,(R? x A) is typically satisfied
when A is bounded. Under (H1’), we get by standard arguments

sup E[ sup |XD¢)?] < oo,

acA t<s<T
for any t € [0,T], £ € L?(F;R?), which shows under the quadratic growth condition of g and f in (H2?)
(uniformly in a) that v and V also satisfy a quadratic growth condition: there exists some positive constant C

s.t.
ot w)] < CA+ull2), (tp) €[0,T] x P,(RY),
V(I < CA+E|P), (t.€) €[0,T] x L*(Fo; RY),
and are thus in particular locally bounded.

We first state a flow continuity property of the marginal distribution of the controlled state process. Indeed,
from standard estimates on the state process under (H1”), one easily checks (see also Lem. 3.1 in [10]) that there
exists some positive constant C, such that for all a« € A, ¢,¢' € [0, T, t <s<T, ¢/ <& <T,u=P¢,p/ =P¢ €
P, (R4):

(5.51)

E| X6 — X5¢ P < C(1L+EIER +BIEP) (jt — '] + |s — s'| + Bl — €'2),
and so from the definition of the 2-Wasserstein distance
Wa (B PO ) < € (1t + D) (It = #13 + Js = 1%+ Wa(, 1)) (5.52)
The next result states the viscosity property of the value function to the Bellman equation as a consequence
of the dynamic programming principle (3.14).
Proposition 5.2. The value function v is a viscosity solution to the Bellman equation (3.19).
Proof. We first show the continuity of ¢ — v(t,.) and V(¢,.) at t = T. For any (t,u =P¢) € [0,7) x P,(R?), a
€ A, we have from (5.52)
3 L
t, t, 1
Wa(P, ) < (BIXEE —€)" < OO+ |lul,)IT ~ 1%, (5.53)

for some positive constant C' (independent of ¢, y, ). This means that P, converges to p in P,(R?) when ¢
T, uniformly in o € A. Now, from the definition of v in (3.12), we have

acA
< COLA+[lplDIT —t| + sup |6(PF") — a(u)], (5.54)

T
[o(t, 1) — 31| < sup / |£(s, P, G(s, ., PE)|ds + | 9(PE) — ()|
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from the growth condition on f in (H2’). By the continuity assumption on g together with the growth condition
on g in (H2”), which allows to use dominated convergence theorem, we deduce from (5.53) that §(P%*) converges
to §(p) when ¢t A T, uniformly in o € A. This proves by (5.54) that v(t, 1) converges to §(u) whent /T i.e.
v* (T, p) = v (T, n) = g(u) = v(T, p), and equivalently that V(7' ) converges to G(&) whent /T, i.e. V*(T,€)
=Vi(T,pu) = G(§) = V(Tv £),

Let us now prove the viscosity subsolution property of V on [0,T) x L?(Fo;R%). Fix (t,,&,) € [0,T) x
L*(Fo; R), and consider some test function @ € C2([0, 7] x L*(Fo; R?)) such that V* — & has a maximum at
(ty,&,), and w.lo.g. V*(t,,&,) = D(t,,&,), so that V* < @. By definition of V*(¢,,&,), there exists a sequence
(tns €n)n in [0, T) x L2(Fo; RY) s.t.

(tnagn) — (toago)a V(tvugn) — V*(tovgo)v

as n goes to infinity. By continuity of @, we have
Tn = (V - gp)(tmgn) — (V* - ds)(to’go) =0,

and let (h,) be a strictly positive sequence s.t. h,, — 0 and 7, /h, — 0. Consider the inverse-lifted function
of @, namely ¢ : [0,T] x P,(R?) — R defined by ¢(t, n) = ®(t,€) for t € [0,T] and pp = P, € P,(R?), and recall
that ¢ € Cp2([0,T] x P,(RY)). Let & be an arbitrary element in L(R% A), and consider the time-independent
feedback control a € A associated with &. From the DPP (3.14) applied to v(ty, fin), with p,, = P, we have

tnthn
U(tnaﬂn) < / f(&PI;mMn’ d)dS +wv (t" + h”’P::fﬁn) :
t

n

Since v(t, p) = V(t,£) < V*(t,£) < D(t,€) = @(t,p) for all (t,u=P,) € [0,T] x P,(R?), this implies

t +h, tnsln \

Vi 1 n no " B So(tn + hn, Pt +h ) @(tna :u‘n)
n o = s, Ptnbn &)ds + S :
hn = /tn f( s ) hn

Applying 1t6’s formula (3.18) (similarly as in the verification Thm. 3.4) to (s, Pt»#n) between t,, and t,, + hy,
we get

’Y 1 tnthn a(p ~
= < — f(S7PimMn7d) + 7(871%7““”) + <£‘;SD(S’P§H7NTL)7P§7L7HH> ds
hy, h, t ot

Recall that Wa(pn, 1) < (El&, — §0|2)%, where p, = P, , which shows that u, — po in P, (R9) as n goes to

infinity. By the continuity of b, o, f, ¢ on their respective domains, the flow continuity property (5.52), we then
obtain by sending n to infinity in the above inequality:

7 ~ Oy a
O S f(t()’:u’07a) + a(t(ﬂuﬂ) + <‘Ct0@(t07:u'0)7:u0>7

Since @& is arbitrary in L(R?; A), this shows

0
_aif(tm/‘o) + H(t()vNo»a#@(tovﬂo)’amaﬂ@(toﬂ ILLO)) <0,
and thus at the lifted level:
ob ,
_E(tmgo) + IH(tmfoa Dé(tovfo)v D ¢(t07§o>) < 07

which is the required viscosity subsolution property.
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We proceed finally with the viscosity supersolution property. Fix (,,&,) € [0,T) x L?(Fp;R%), and consider
some test function ® € C2([0, T) x L?(Fo; RY)) such that Vi —® has a minimum at (¢,,&,), and w.lLo.g. Vi(¢,,&,) =
D(t,,&,), so that V,, > &. Again, by definition of Vi (¢,,&,), there exists a sequence (¢,,, &, ), in [0, T) x L2(F;R9)
8.t (tn, &n) — (£,,&,), and V (t,,&,) — Vi(t,,&,) as n goes to infinity. We set v, := (V — @)(t,, &, ), which
converges to zero, and we consider a strictly positive sequence (h,) converging to zero and s.t. 7, /h, also
converges to zero. Consider the inverse-lifted function of @, namely ¢ € C; 2(10,T] x P,(R%)) defined by o(t, 1)
= ¢(t,&) for t € [0,T] and p = P, € P,(R?). From the DPP (3.14), for each n, and denoting by p, = P, €
P, (R%), there exists a” € A associated to a feedback control &" € Lip([0,T] x R% x P,(R%); A) s.t.

tothn
O(tn, ftn) + 2 > / f(s,Piotn @™)ds + v (t, + hn,]P’i"f;L‘ ).
t

n

Since v(t, pn) = V(t,€) > Vi(t,€) > &(t,€) = @(t, ) for all (t,u =P,) € [0,T] x P,(R?), this implies

In

Ptn + ha, Byl ) — p(tn pin)

1 tn+hn .
h Thn =g /tn fs, Byt a™)ds + I,
Applying 1t6’s formula (3.18) to (s, Pi»#n), we then get
~ tnt+hn ~n Ptn bn
Mz g [ { 5, Bln) 4 f(s, Byt 6" (s, Blpotn) 4 {£57 P %o(s,nvzm“n),wzﬂ’“”ﬂ ds
n

tn+hn
> trln 3 £ trln a trin trln .
> / ( (s, Bty + | jnf £ (s, Pl @) + (L3 (s, PLrte), P >D ds

By sending n to infinity together with the continuity assumption in (H1’)—(H2’) of b, 0, f, ¢, uniformly in a
€ A, and the flow continuity property (5.52), we get

0
_aif(toalj'o) + H(t07Moaau(p(tovuo)vawauw(tmuo)) Z 07

which gives the required viscosity supersolution property of V,, and ends the proof. (I

We finally turn to comparison principle (hence uniqueness result) for the Bellman equation (3.19) (or (5.47)),
hence equivalently for the lifted Bellman equation (5.49), which shall follow from comparison results for second
order Hamilton-Jacobi equations in separable Hilbert space stated in [31], see also [18]. We shall assume that
the o-algebra Fy is countably generated upto null sets, which ensures that the Hilbert space L?(Fy;R?) is
separable, see [17], p. 92. This is satisfied for example when fo is the Borel o-algebra of a canonical space {2
of continuous functions on R, in which case, Fo = V__ F; B° , where (F, BO) is the canonical filtration on (2,

s>0 S
and it is then known that Fj is countably generated, see for instance Exercise 4.21 in Chapter 1 of [35].

Proposition 5.3. Letu andw be two functions defined on [0, T]|xP,(R?) satisfying a quadratic growth condition
such that u (resp. w) is an upper (resp. lower) semicontinuous viscosity subsolution (resp. supersolution )
0 (3.19). Then u < w. Consequently, the value function v is the unique viscosity solution to the Bellman
equation (3.19) satisfying a quadratic growth condition (5.51).

Proof. In view of our Definition 5.1 of viscosity solution, we have to show a comparison principle for viscosity
solutions to the lifted Bellman equation (5.49). We use the comparison principle proved in Theorem 3.50 in [18]
and only need to check that the hypotheses of this theorem are satisfied in our context for the lifted Hamiltonian
‘H defined in (5.50). Notice that the lifted Bellman equation (5.49) is a bounded equation in the terminology of
[18] (see their Sect. 3.3.1) meaning that there is no linear dissipative operator on L?(Fy;R?) in the equation.
Therefore, the notion of B-continuity reduces to the standard notion of continuity in L?(Fy;R?) since one can
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take for B the identity operator. Their Hypothesis 3.44 follows from the uniform continuity of b, o, and f
in (H1’)—(H2’). Hypothesis 3.45 is immediately satisfied since there is no discount factor in our equation, i.e.
H does not depend on V' but only on its derivatives. The monotonicity condition in Q € S(L?(Fy;R%)) of H
in Hypothesis 3.46 is clearly satisfied. Hypothesis 3.47 holds directly when dealing with bounded equations.
Hypothesis 3.48 is obtained from the Lipschitz condition of b, in (H1’), and the uniform continuity condition
on f in (H2’), while Hypothesis 3.49 follows from the quadratic growth condition of ¢ in (H1”). One can then
apply Theorem 3.50 in [18] and conclude that comparison principle holds for the Bellman equation (5.49), hence
for the Bellman equation (3.19). O

6. THE CASE OF OPEN-LOOP CONTROLS

In this section, we discuss how one can consider more generally open-loop controls instead of (Lipschitz)
closed-loop controls as imposed in the previous sections. We shall restrict our framework to usual controlled
McKean—Vlasov SDE with coefficients that do not depend on the law of the control but only on the law of the
state process, hence in the form

dX, = b(s, Xy, a5, Py )ds + 0 (s, X, a, Py )dB, (6.55)

where b, o are measurable functions from [0,7] x R? x A x P,(R?) into R?, respectively R4*" satisfying a
Lipschitz condition: for all t € [0,7T], z,2' € RY, a € A, u,p’ € P,(R?),

b(t, z,a, ) = b(t, 2" a, 1) + |o(t, 2,0, 1) — o(t,2" 0, 1")] < Clla — 2’| + Wa(u, 1)), (6.56)

for some positive constant C. We denote by A, the set of F-progressive processes a valued in A, assumed for
simplicity here to be a compact space of R, and consider the McKean—Vlasov control problem with open-loop
controls when there is no running cost:

i a5,
Under (6.56), and given t € [0,7], £ € L%(F;RY), a € A,, there exists a unique (pathwise and in law) solution
XHE = Xb&a ¢ < s < T, solution to (6.55) starting from ¢ at time ¢, satisfying

E [ sup |X§“} <C(1+EeP),
t<s<T

for some positive constant C' independent of a@ € A,. As in (3.9), one can then define the flow Pt+ = Pl
t<s<T,uecP,(RY, a € Ay, of the law of X!, for u = P¢, and it satisfies the flow property (3.10). We
then define the value function in the Wasserstein space

vo(t, ) := inf (PR, t€[0,T], p € P,(RY, (6.57)

so that Vo = v,(0, Py ). Since the set of open-loop controls is larger than the set of feedback controls, it is clear
that v, is smaller than v the value function to the McKean—Vlasov control problem with feedback controls
considered in the previous sections. By similar arguments as in Theorem 3.2, one can show the DPP for the
value function with open-loop controls, namely:

o(t, ) = inf v, (0, PLH),
Vo (t, ) alenon( o)

forall0 <t <60 <T, u="P € P,(RY). It would be possible to consider a nonzero running cost function f,
but in this case, one could not reformulate the value function v, as a deterministic control problem as in (6.57),
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and instead one has to consider the pair (X, th) as state variable in order to state a dynamic programming
principle. This will be investigated in detail in [4]. From It&’s formula (3.18), the infinitesimal version of the
above DPP leads to the dynamic programming Bellman equation:

{ —040o(t, 1) + Ho (¢, 11, 0,00 (L, 1), 020,00(t, 1)) =0, on [0,T) x P,(RY), (6.58)

vo(T,.) = g, onP,(RY)

where H, is the function defined by

Hy(t,u,p, I") := —aienf‘oE {p(f).b(t,@at,u) + ;tr(F(g)aaT(t,g,amM))] J

for (¢, ) € [0, T] x P,(RY), (p, I') € L%(RY) x Ly (S?), and with P¢ = p. Similarly as in Propositions 3.4 and 5.3,
one can show a verification theorem for v, and prove that v, is the unique viscosity solution to (6.58).
For any @ € L(R?; A), it is clear that the control a defined by a, = &(¢), t < s < T, lies in A,, so that

Hotop D) 2 = _inf B €406, 600 + §n(I(€)007(1.6,3(6).0)|

= H(t,p,p,I),

with H the Hamiltonian in (5.48) for the McKean—Vlasov control problem with feedback control. This inequality
H, > H combined with comparison principle for the Bellman equation (6.58) is consistent with the inequality
v > v,. If we could prove that H, is equal to H (which is not trivial in general), then this would show that v, is
equal to v, i.e. the value functions to the McKean—Vlasov control problems with open-loop and feedback controls
coincide. Actually, we notice that the minimization over the infinite dimensional space A, in the Hamiltonian
H, can be reduced into a minimization over the finite dimensional space A, namely:

Ho(t7/147pa F) = Ho(t7:u7p7 F) (659)
= — <;r€1£‘ [p(.).b(t, ., a, p) + %tr(F(.)aoT(t, . a,ﬂ))],p> .

Indeed, it is clear that H, < H,. Conversely, by continuity of the coefficients b, ¢ w.r.t. the argument a
lying the compact space A, and invoking a measurable selection theorem, one can find for any (¢, u,p,I") €
[0,T] x Pd?(Rd) x L2 (R%) x L2 (S%), some measurable function € R? — a(t, z, pu, p(x), I'(z)) = a(x) s.t. for
all x € R%,

it [p(x) b(t, 2,0, + Str(T(2)oo™ (1,20, )] = p() b1, 2, 64(2), 1) + Str(D@hoo (2, 6(2), ).

By integrating w.r.t. u = P¢, we then get

Ayt .0, T) = ~E [p()b(1,€,4(6), ) + 5x(D(€)o0™ (1,6, 6(6), )
< Ho(t, p,p, I'),

which shows the equality (6.59). Suppose now that there exists some smooth solution w on [0,T] x P,(R?) to
the equation:

—pw(t, ) + Ho(t, p1, Opw(t, p1), 0:0,w(t, u)) =0, on [0,T) x P,(RY),
w(T,.) g, on P,(RY),
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such that for all (¢, ) € [0,T) x P,(R?), the element x — a(t,x, p1, O, w(t, 1)(x), 00, w(t, p)(x)) achieving the
infimum in the definition of H, (t @, Opw(t, 1), 0,0, w(t, M)), is Lipschitz, i.e. lies in L(R%; A), then (recall also
Rem. 3.3)

Ho (t, 1, 0pw(t, 1), 0p0,w(t, 1)) = H (L, 1, Opw(t, 1), 0x0,w(t, 1)),

which shows with (6.59) that w solves both the Bellman equations (6.58) and (5.47). By comparison principle,
we conclude that w = v = v,, which means in this case that the value functions to the McKean—Vlasov control
problems with open-loop and feedback controls coincide. Such condition was satisfied for example in the case
of the mean-variance portfolio selection problem studied in paragraph 4.1.
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