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FOKKER-PLANCK EQUATIONS OF JUMPING PARTICLES
AND MEAN FIELD GAMES OF IMPULSE CONTROL

CHARLES BERTUCCI

ABSTRACT. This paper is interested in the description of the density of particles
evolving according to some optimal policy of an impulse control problem. We
first fix sets on which the particles jump and explain how we can characterize
such a density. We then investigate the coupled case in which the underlying im-
pulse control problem depends on the density we are looking for : the mean field
games of impulse control. In both cases, we give a variational characterization
of the densities of jumping particles.
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Part 3. Results on the impulse control problem 30

1. INTRODUTCION

This paper is the second of a series devoted to the systematic study of mean
field games (MFG for short) with optimal stopping or impulse control. In [5] we
developed an obstacle problem approach to solve a forward-backward system which
models MFG with optimal stopping (without common noise). We here develop the
same point of view for MFG with impulse control. As the definition of a Fokker-
Planck equation associated with a density of players playing an impulse control
problem is a difficult question in itself, it is the subject of the first part of this
article. This part is independent from the MFG theory. The case of the master
equation (i.e. when there is a common noise) will be treated in a subsequent work.

MFG model situations in which a continuum of indistinguishable players are
facing an optimal control problem. The evolution of the density of players is
induced by the optimal choices the players make. In general the costs involved in
the optimal control problem depend on the density of players and we have a non
trivial coupling. Denoting by u the value function of the optimal control problem
of a general player and by m the density of players, a classical forward-backward
MFG system during the time interval (0,7) is

-0 — Au+ H(z,Vu) = f(m);
om — Am + div(D,H (x, Vu)m) = 0;
m(0) = mo; u(T) = g(m(T)).

where H(z,p) is the hamiltonian of a continuous optimal control problem, my is
the initial condition for the density of players and g and f are respectively the
terminal and running costs. A solution (u,m) of this system corresponds to a
Nash equilibrium for the game with an infinite number of players. This system,
as well as MFG, have been introduced in [21, 22, 23] by J.-M. Lasry and P.-L.
Lions. In these papers they also proved general conditions under which existence
and uniqueness hold for this problem. We also refer to [24, 7] for more results on
this system. MFG models have a wide range of applications, see [2, 16, 17] for
examples. Many interesting questions have also been raised around this system,
we can cite for example long time average [9], learning [8], the difficult problem of
the convergence of the system of N players as N goes to infinity and the presence
of a common noise [10]. Numerical methods are also being developed, let us cite
[1, 6] for instance. Let us also mention that a powerful probabilistic point of view
on MFG has been developed, we refer to [11, 19] for more details on this point of
view. In this paper, we generalize the results of existence and uniqueness of the
previous system to the case in which the players face an impulse control problem.

Concerning closely related works, several optimal control problems, related to the
2



impulse control problem, have been studied in a MFG setting. Optimal stopping or
obstacle problems have been studied in [5, 14, 25, 12], singular controls in [13, 18]
and optimal switching in [15].

Impulse control problems have been studied since the 70s. We refer to the work
of A. Bensoussan and J.-L. Lions[4] for a complete presentation of the problem.
The terminology impulse control refers to an optimization problem in which the
state is driven by a stochastic ordinary differential equation with jumps :

0 {Vt € (7371 ), X, = V/2dWy;

XT,+ = XT,i + gl’

where (W});>0 is a brownian motion under a standard probability space (£2, A, P).
The jump &; occurs at time 7; and is controlled by the player. Hence the jumps are
characterized by the random sequence of stopping times (7;);>0 and the random
sequence of jumps (;);>o. Those two sequences are adapted to the brownian
motion (W;);>o in the sense that the sequence (7;);>0 is indeed a sequence of
stopping times for this brownian motion and that (&;, 7;) is measurable with respect
to the o-algebra generated by (W;)o<i<r,. We assume that (&;);> is valued in a
set K C T¢. Denoting by f the running cost and by k(z, &) the cost paid to use
the jump ¢ while on the position x, we define the value function u by

#(75);

u(t,z) := inf [E[/t f(s, Xs)ds + Z k(X -, &)l;

(73)4,(&0)q =

where the infimum is taken over all sequences ((7;);, (§;);) which are adapted to
the brownian motion in the sense prescribed above and which satisfy the fact that
(7:); is an increasing sequence and that (;); is valued in K. The trajectory (Xs)s>t
is given by (1) with the initial condition X; = z. Under some assumptions on the
costs( which are detailed in the appendix), the value function u satisfies, in the
sense of quasi variational inequality (QVI) (which is also detailed in the appendix),
the Hamilton-Jacobi-Bellman equation :

{max(—@tu — Au— foult,z) — infeere {k(z, €) + ult,z + €)}) = 0.;
u(T) = 0.

In a MFG context, the main question we are asking is how will evolve an initial
density of players, if those players are facing the same impulse control problem.
Intuitively, the density of players m has to satisfy (formally) at least some require-
ments :

e Oym — Am = 0 where it is optimal for the players to wait and not to jump
and where no player is arriving.

e m = ( where it is strictly suboptimal not to jump.
3



e The flux of arriving players at x is equal to the sum over £ of the flows of
players which choose to use the jump & at z — &.

Let us note that, at least formally, we talk about parts of the space on which it is
optimal to jump (i.e. to use a control to make the process (X;); jumps) because
all the players being indistinguishable, if it is optimal for one player to jump, then
it is optimal for all the players to jump.

The problem of finding a density m which satisfies the above requirements is not
classical, mostly because there is no particular assumption on how the players use
their controls. We focus on the problem of modeling the evolution of a density of
jumping players in the first part of this article. We build a dual characterization
of the solution of the Fokker-Planck ”equation”. We fix a function V (¢, z, £) which
describes wether or not the players use the jump & at the position z and time ¢.
Then we construct a density of players m which satisfies the required properties and
thus solves a Fokker-Planck equation of jumping particles. The characterization of
this density relies on the fact that we can interpret such Fokker-Planck equations
as dual equations of QVI. The construction of such a solution uses a penalized
version of the problem in which we can write properly the PDE satisfied by the
density m. We then find a priori estimates which allow us to pass to the limit
in this penalized version of the problem, while obtaining a characterization of the
limit density. In the second part, we present results on uniqueness and existence
for the impulse control problem in MFG. We also recall that in view of the results
of [5] we expect the solutions of the MFG system to be mixed solutions, meaning
that optimal strategies are random in general as the Nash equilibria of the MFG
can be mixed equilibria.

Part 1. Fokker-Planck equation of jumping particles

In this part we present the dual definition of the Fokker-Planck equation satisfied
by the density of jumping particles. We work in the d dimensional torus (denoted
by T%) in a time dependent setting. The positive real number T is the final time
and my € L*(T®) is the initial density at time ¢ = 0. The aim of this part is
to construct a suitable notion to characterize densities of jumping particles. By
opposition to Fokker-Planck equations of jumping processes, we do not want to
model populations of particles which are driven by Poisson processes or other jump
processes of the sort. Namely if a unique jump & is possible, we are interested in
building solutions for € > 0 of

Ome — Ame + 21ame — L(Lame)(t,x — &) = 0;
m(0) = my;

(2)

and passing to the limit ¢ — 0. The interpretation of (2) is that the particles jump
¢ further if they are in the set A with a probability given by an exponential law

of parameter e~ !. The interpretation of the limit m of solutions of (2) is that it
4



describes particles evolving only along brownian trajectories in A¢ and which jumps
¢ further once they reach A. If A is a smooth closed set such that the reaching time
of 0A is well defined, then the trajectory (Xs)s>o of a generic particle is defined
by

dXS = \/QdWS, ViVs E]ti, ti—l—l [,

th = Xti_ + n(Xti—)f;

where n(z) is the smallest integer p such that = + p ¢ A and where ¢, is the
stopping time defined by the reaching time of A by the process (Xs)s>¢,. We recall
that this interpretation is given in the case in which a unique jump is possible, a
similar interpretation also exists in the case of a finite number of possible jumps.

Finding solutions of the penalized equation (2) does not require new techniques
and is not a difficult question in itself. The majority of this part is concerned with
building, uniform in €, a priori estimates (lemma 1.2) to pass to the limit € — 0.
Even though we use these uniform a priori estimates to prove proposition 1.1 and
theorem 1.1, this estimate is crucial only to prove the existence of a limit as € goes
to 0 (theorem 1.2).

As explained in the introduction, we shall characterize in this part the solution of a
Fokker-Planck equation (the limit density) of jumping particles with dual proper-
ties and not with a PDE. The main duality idea of this part is that a Fokker-Planck
equation of jumping particle is somehow the dual or adjoint equation of a QVI,
which by the way describes how it is optimal to jump and thus how dynamics of
jumping particles evolve. Thus QVI are crucial for the study of the density of
jumping particles. For the sake of clarity, the results needed on QVI are given in
the appendix. We define here the notion of a smooth cost of jumps k. A function
k is said to be a smooth cost of jumps if it satisfies :

{vg € K, k(-,€) € HX(Td);

3
(3) dko > 0 such that k > ko;

where K is a finite subset of T%. The interpretation of k(z, &) is that it is the cost
paid by the player (or the energy used by a particle) to instantaneously go from
x to x + & We also define the operator M which plays an important role in the

study of QV'I by :
(4) M(ku) = inf {k(z, &) +ult,z + )}

When there is no ambiguity on k, we shall write only Mu = M (k, )

We begin the study of Fokker-Planck equations of jumping particles with the sim-
pler case of a unique possible jump before addressing the case of a finite number of

possible jumps. In each of these situations, we begin by constructing a penalized
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version of the problem and we then pass to the limit in the resulting penalized
equation.

2. THE CASE OF A UNIQUE POSSIBLE JUMP

We work here in the case in which a single jump ¢ is possible. We also assume
that there is a measurable set A on which the particles jump. The first part of this
section is devoted to the study of a penalized equation. We then prove existence
and uniqueness of the limit density under a certain assumption. The study of the
penalized equation is quite simple however we warn the reader that the estimates
of lemma 1.2 that we use at a penalized level are crucial to study the limit case.
An important feature of our model is that some assumption has to be made on the
set on which the particles jump. This assumption shows in some sense the limit
of this model. It can be formulated in the following way.

Hypothesis 1. The set A is such that there exists k € L™ satisfying (3), and
uw € L2((0,T), H3(T4)) N H((0,T), L>(T%)) N L>=((0,T) x T) such that

u(t,x) = k(z,&) +u(t,z + &) on A;
u(T) = 0.

Formally, this assumption restricts the situations which we are able to model to
a case in which the particles do not jump an infinite number of time in a finite
period. Let us also note that if we interpret u as the value function of some impulse
control problem, then we are assuming that it is optimal to use its control on the
set A. We advice the interested reader to look at the case A = T? everywhere to
convince himself/herself that the model we present is indeed not applicable to all
measurable sets.

2.1. A penalized version of the problem. In order to understand how the
density of jumping particles behave we first introduce a smoother version of the
problem. We here assume that the particles do not simply jump when they are
in A but that they have a given uniform probability of jumping in this set. This
method allows us to work with a PDE. We naturally work with the equation :

@ {atme(t, ) — Ame(t, ) + M am(t, 2) — L(1am)(t,z — &) = 0 in (0,T) x T4

m(0,z) = my(x) in T%

where € > 0 is a real number which describes the probability of jumping in A.
The term 11 4m(t, z) stands for the leaving rate of particles which jump in A. The
term —%(]lAm) (t,z — &) stands for the arriving rate of particles which jump at
(t,z—&) and thus which arrive at (t,z). As e goes to 0, the probability of jumping
becomes more and more important. Thus finding the limit as € goes to 0 gives the
desired density of particles.



For the rest of this paper we may not always write the ” (¢, z)” in order to lighten
the notations. So by default, if the variable considered is not written, it is (¢, x).

We begin by showing how we can find estimates on such a penalized equation.
Let us introduce the set H defined by

(5) H:={ve L*(0,7),H(T%), 0w € L*((0,T), H '(T*)}.
The following lemma will be useful to establish a priori estimates on m.

Lemma 1.1. Let m € L*((0,T), H*(T%)) be a solution of (2) and k satisfying (3).
Ifm>0,uée H and u < Mu almost everywhere on A, then

/ (Oym — Am)u + — /kaO.
Td

Proof. We multiply (2) by v and we integrate, we then obtain after a change of
variable :

T 1 1
/ (Oym — Am)u + — / mu = — / m(t, x)u(t,z + &)dtdzx.
0o J1d €Ja €JA
Using the fact that u < Mwu on A we deduce the desired result. O

The previous result suggests to work with the set H (k) for some k where H (k)
is defined by :

H(k) == {m € L*((0,T), H'(T%), D(k,m) > —o0};
where D(k,m) is defined by

T

D(k,m) := inf{/ (—8tu—Au,m)H_1xH1—/ w(0)ymolu € H,u < M(k,u) on A,u(T) = 0}.
0 Td

We recall that M is defined in (4). When no confusion is possible, as we do for

M, we shall only write D(m) and H.

The set ‘H has to be interpreted as the set of admissible solutions of the Fokker-
Planck equation. Indeed if m is a density of jumping particles, then when particles
leave (or jump) we should have exactly the same arriving particles ¢ further. We
recall that 9;m — Am < 0 is interpreted as particles leaving and 9ym — Am > 0 as
particles arriving. Thus it is natural to measure the variation of dym — Am with
functions u such that u(x) —u(z+¢§) < k. This "test” quantifies the fact that some
negativity for dym — Am has to be compensate by some positivity of this quantity
¢ further. Moreover, as jumps can only occur on A we restrict ourselves to the
case in which those conditions are satisfied only on A. We now prove the following
lemma, which states that in some sense, the quantity D(m) is of interest to bound

m in some functional space (this lemma is crucial to study the limit ¢ — 0):
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Lemma 1.2. Let k be such that it satisfies (3) and hypothesis 1 with a given
u € H. For any m € HNH(k), m >0, there exists C(k) > 0 depending only on
k and u such that

1l [L2 0.y, < —D(kym) + C(R)(L + [[ml|2oz), ) mol |2

Remark 1. The assumption m € H 1is crucial as it allows us to deal with the
problem of the time reqularity.

Proof. Because hypothesis 1 is satisfied, we are able to apply proposition 3.2 (ap-
pendix) and we deduce that there exists @ € L2((0,7T), H*(T?)) such that :

u < M(k,u) on A,

Vv e Hyv < M(k,u) on A;

— fOT J1a Ov(v — ) + fOT JraVa-V(v—a)+ 3 [rao(T))* > fOT Jpa(Am) (v — @).
Because we made the assumption m € H, we can remark that

T
D(k,m) = inf{/ (Om—Am, v) g1y |v € L2((0,T), HY(T%),v < M(k,v) on A}.
0

Thus we deduce

(6) D(k,m) < /0 (Oym — Am, @) -1y g1

One would like to write :

T T
/ (8tm — Am, fL)H71><H1 = / (—8{& — A’ZL, m)H71><H1 — / ’ZL(O)mQ;
0 0 Td

T
g/ (Am,m)Hlel—/ @(0)my;
0 Td

but since & ¢ H, this does not make sense. However, because of the weak varia-
tional inequality satisfied by u, we can deduce that

T T
/ (825771 — Am, a)H—lel < / (Am, m)H—1 «Hl + ||m0||L2||ﬂHLoo(L2).
0 0

Hence we obtain that

T
D(k,m) < —/ /d |Vm|* + |[mo|| 2| @] | Loe (£2)-
0 JT

Recalling the estimate of proposition 3.2, the result is proved. O

This lemma suggests to find a priori estimates for solutions of (2) by looking at
the quantity D(m). However, this estimate requires the positivity of m. In order to
use this estimate to exhibit solutions of (2), we prove a maximum principle for this
equation. This proof is very general and can be applied to more general equations.
See [24] for an example of the use of this proof for systems of conservation laws

for instance.
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Proposition 1.1. Let A € L>*((0,T) x T%), X > 0, mg € L*(T?), mg > 0, and
m € L2((0,T), H*(T%)) be a solution of
(7)
om(t, z) — Am(t, ) + At x)m(t,x) — Mt,x — E)m(t,z — &) =0 in (0,T) x T4
m(0) = mg in T<.

Then, m > 0.

Proof. We assume in a first time that A\ and mg are smooth functions and that
mg > 0. Then by classical parabolic estimates, m is also smooth (C! in time and
C? in space). If there exists (to,z9) € (0,7) x T¢ such that m(tg,x9) < 0, then
there exists > 0 such that m(tg, xo) + dtg < 0. We define u by :

p(t, x) = m(t, ) + 0t,Y(t,z) € (0,T) x T
1(0) > 0 and u(tg, 2¢) < 0, thus there exists (t1,z;) € (0,7) x T¢ such that

u(t) > 0,9t < t;
p(ty, x1) = 0;
Oyp(ty, z1) < 0;
Ap(ty, z1) > 0.

Let us remark that
O = Oym + 6;
=0+ Am—Im+ (Am)(- —&).
Evaluating this last expression at (t1, 1) we obtain that Oyu(t1, 1) > 0 which is
impossible. So we have proven that if A and mg are smooth, then m > 0. Because

of the uniqueness of solutions of (7) (which will be independently proved in the
theorem 1.1) this result extends to non smooth A and mgy with only mg > 0. O

Next, we establish the main result of this section : existence and uniqueness of
a solution of (2).

Theorem 1.1. For any mg € L*(T¢), my > 0, there exists a unique m € H such
that

5 om — Am + 214t 2)m(t, x) — 2La(t, z — Em(t,x — €) = 0.in (0,T) x T%
@) m(0) = myg in T4

where the first line has to be taken in the sense of distributions. Moreover, m > 0.

Proof. We define A € L™ by

1
A= 1,
€

9



We then define the application F from L2((0,7) x T4) to itself by : F(m) is the
only solution in H of

O F(m) — AF(m) + At, x)m(t,x) — At,x — E)m(t,z — &) =01in (0,T) x T4
m(0) = myg in T%

By standard parabolic estimates, F is continuous and compact. Let us take p €
[0,1] and m € L2((0,T) x T?) such that m = pF(m), m satisfies

om — Am + p\(t, x)m(t,z) — p\(t,r — E)m(t,x — ) = 01in (0,T) x T¢;
m(0) = mg in T%

By proposition 1.1, m > 0. For any v € H such that v < Mv on A, we obtain

using lemma 1.1:
T T
/ / (Oym — Am)v > —,u/ / Am.
0 Td 0 Td

Hence by the lemma 1.2 we deduce that there exists C' > 0 independent of p such
that :

T
Il oy < Cllmlzzgomamoplimoll +1e [ [
< Cllml[r2(o/r),m vay lmol [z + pl[Allz2|[ml]]| 2.
From which we deduce that the set
{m e L*3uel0,1],m=puF(m)}
is bounded in L?. Applying Schaefer’s fixed point theorem, we obtain that there

exists a solution of (2).

For any m; and msy solution of (2), we denote by ém = m; — msy the difference of
these solutions. The function dm satisfies

oom(t, x) — Adm(t, x) + Mt, x)dm(t, z) — Mt,z — E)dm(t,z — &) =0in (0,T) x T4
dm(0) =0 in T

Multiplying this equation by ém and integrating in space, we obtain

1d

S Td(57fl)2 + » |V5m|2 + /Td )\(5m)2 — /Td()\5m)(t,x)(5m)(t’x + €)dux;
1d 9 )
5 [ 6m? < 1o 5 ) o

Finally, we deduce, using Gronwall’s lemma, that dm = 0 and thus that there
exists a unique solution of (2).

U
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2.2. Existence of a limit density. We show here how we can pass to the limit
in the equation (2) and hence obtain a characterization of the density of jumping
particles. For the rest of this section, we fix k& given in hypothesis 1. We now
describe the behavior of the solutions of (2) as € goes to 0.

Theorem 1.2. Assume hypothesis 1 holds, then there existsm € L?((0,T), HY(T?))
such that, extracting a subsequence if necessary, (m.). converges weakly in L*((0,T), H*(T%))
toward m which satisfies

m =0 a.e. in A.

{D(m) > —00;
Moreover, for allv € H such that v < Mv on A and v(T) =0,

T
/ (=0 — Av,m) -1y 1 —/ v(0)mqg
0 T

T
> / (=0 — Au,m) g-15 1 —/ u(0)mg = D(m);
0 Td

for any w € H which satisfies u = Mu on A, u(T) = 0.

Remark 2. Let us note that the trace condition m(0) = mg is not satisfied, we
send the reader to the paragraph following the proof for the interpretation of this
fact.

Proof. We define m, for all € > 0 as the unique solution of

8tm5 - Ams + %:H-A(tv x)me(t7$) - %]]-A(tax - g)mf(tv T — 5) =01in (07 T) X -I]—dv
me(0) = mg in T%

For all € > 0, in view of lemma 1.1, we can observe that

T
—00 < D(me) = / (=0 — Au,me) -1 1 —/ u(0)mo;
0 e

where u € L>* N L*((0,T), H(T%)) is given by hypothesis 1. Hence we deduce
from Lemma 1.2 that (m.)o is a bounded sequence of L2((0,7), H*(T%)) and
as a consequence, that (D(me))eso is also a bounded sequence. Thus, extract-
ing a subsequence if necessary, (me).so converges weakly toward a limit m €
L*((0,T), HY(T%)). Now take any v € H such that v < Mv on A and any u € H
such that v = Mu on A and u(T) =v(T) =0. For all e > 0 :

T T T T
/ (Oyme, w) -1 g1 +/ / Vm€Vu§/ (Oyme, V) g-15 1 +/ / Vm.Vu.
0 o Jrd 0 o Jrd

11



Thus we deduce that

T
/ (—@u—Au,mE)Hlel—/ u(0)mq
0 Td
T
S/ (—atv—Av,me)Hlel—/ v(0)myg.
0 Td

Passing to the limit € goes to 0 we deduce :

T
/ (—&gv—Av,m)H_lel—/ v(0)mg
0 Td
T
2/ (—8tu—Au,m)H_1xH1—/ u(0)my.
0 Td

In particular,
D(m) > —ooc.
Let us note that for all € > 0

1 1
D(m¢)=—— [ km. < —= [ kom..
€JA €JA

Thus, m = 0 almost everywhere on A because (D(m)). is bounded. O

2.3. Interpretation of the limit density. From a variational point of view, the
properties of the limit density m given in this theorem are characterizing what we
expect for such a density. Indeed, as we mentioned earlier, D(m) > —oo stands
for the fact that m is an admissible density for describing jumping particles. The
condition m = 0 on A stands for the fact that m is a density of particles which
are actually jumping on A because otherwise there will be particles on A. The
condition :

Yu € Hyu = Mu on A :
(8) {

D(m) = fOT(—ﬁtu — Au,m) -1 — [au(0)mo;

stands for the fact those particles are not jumping elsewhere than on A. Indeed
at a penalized level we know that

D(me):—l/Akme.

€

Thus the quantity D(m) is closely related to the set A on which the particles
actually jump. It appears that the quantity D(m) measures the total aggregate
costs "paid” by all the particles which jump. Because m = 0 on A, we know that
the particles jump at least on A, formally (8) states that the particles do not jump
elsewhere than on A ; because the total ”cost” is minimum for particles which
jump on at least A. To understand why we state that (8) stands for the fact that

the particles do not jump elsewhere than on A, let us look at an example : we take
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B a measurable subset of T? which satisfies hypothesis 1 and such that A C B.
We define p, by :

at,ue - A,ue + %]]-B,ue - %(le:uﬁ)(t? T — f) = 07
1(0) = mo.

Letting € go to 0, recalling the previous theorem, p satisfies D(u) > —oo and
i = 0 on A because p = 0 on B. What is differentiating p from m is that, for
ve Hv< Mv,v=Mvon A, we do not necessary have an equality in :

T T
D) < [ @+ [ [ Vv
0 0o Jrd
if v # Mv on B.

Finally, let us note that the initial condition m(0) = my may not be satisfied.
This is a consequence of the fact that if A is not negligible near {t = 0}, then
particles are jumping instantaneously. We cannot expect in such a case for the
initial condition to be satisfied. However the variational relation satisfied by m is
sufficient to "remember” that the density starts from mg. This discussion leads to
the following definition :

Definition 1. For any positive mg € L*(T%), A measurable subset of T¢, m €
L%((0,T), HY(T%)) is called a solution of the Fokker-Planck equation of particles
Jgumping on A if

em=0o0nA;

[ ]

Vv,uEHU<MU on A,u = Mu onA,v(T):O u(T):O'
fOT(—atu Au,m) -1 — [rau(0)mg < fo (=0 — Av,m) g1 — [ra0(

Even though we just explain in which extent this definition is legitimate, the
following section on uniqueness, despite being a bit more restrictive on the set A,
justifies this choice of definition.

2.4. Uniqueness of the limit density. We now turn to the uniqueness of such
solutions. Once again, the proof we give is based on a duality argument. The main
idea of the following is that uniqueness of solutions of the Fokker-Planck equation
comes from an existence result for an ”adjoint” equation. Because we have not
made any particular assumption on the regularity of A for the moment, the time
regularity of the functions involved in this part may be an issue. To avoid entering
into to much details, we make an additional assumption on A and we send the
reader to the end of this section for a discussion on this assumption. We assume

the following :
13



Hypothesis 2. The set A is of the form
[0,T] x A;
where A is a closed set of T? for which there exists, k satisfying (3) and u € H?(T9)
such that
u(x) = k(x) + u(x +€) a.e. on A.

We introduce the following lemma which states an existence result for a partic-
ular type of QVI.

Lemma 1.3. Assume hypothesis 2 holds and take (k,u) given by hypothesis 2. For
any f € L>((0,T)xT9), there existsv € H such that, for all u € L*((0,T), H(T4)),
pw=0onA:
T T

fo <_8tv - AUHM)H_lXHl = fO f'[rd fluv

v = M(k,v) on A;

v(T) = u.
Proof. We take (u, k) as given by hypothesis 2. We denote by w; € H the solution
of the QVI

Vo € L2((0,T), H\(TY), ¢ < M(k,w,) :
Jo (=01, 6 —w) g1 + [} [1a VYo —wi) > [ fra £ —w1);
w1 (T) = wywy < M(k,w).

The existence of w, is given by classical results on QVI. We denote by wy € H the
solution of the QVI

Vo € L2((0,T), H'(TY), & < M(k, i) :
foT<_atU72, ¢ — Wa) 15 + fOT J1a Vo V(p — i3) > fOT(Q(AU) — [, — W) g-1xmr;
U72<T> = Uj; ’1172 S M(/{?,’lﬁg)

The existence of wy is also classical. We define wy € H by ws = 2u — wsy. Let us
remark that

Wy > M(/{?,’wg) on A,
—Oywy — Awy > f in D'((0,T) x TY).
wo(T) = u
Thus, by the maximum principle, the set = {v € H,w; < v < wsy} is non empty.
We define on K the application L by L(v) is the only solution of
—0,L(v) — AL(v) = f on (0,t) x A¢;
L(v) = M(k,v) on A;

L(v)(T) = u on T
14



The application L is well defined, order preserving and is valued in IC by the
maximum principle. Thus it has a fixed point in K. This fixed point satisfied the
required properties. 0

We are now able to prove the following result :

Theorem 1.3. Assume hypothesis 2 holds, for any positive initial distribution
mo € L2(T9) there exists at most one m € L2((0,T), HY(T%) solution of the
Fokker-Planck equation of particles jumping on A.

Proof. We denote by m; and msy two solutions, and we define a real number P > 0.
The idea of the proof consists in constructing for : = 1,2, v; € H as in lemma 2.3
with f; = m; A P and then evaluating

T
/ (-825(’01 — ’UQ) — A(Ul — ’UQ),ml — mQ)H_1 < H1-
0

This proof is the adaptation of the uniqueness proof we give for the MFG problem
at the end of this paper, which is itself an adaptation of the proof of uniqueness of
J.-M. Lasry and P.-L. Lions [23]. Because m; and my are solutions, the following

holds: .
D(my) = [ (=0u0) = Ay = [ 0O

Hence,

9) /0 (=0 (v1 — va) — A(vy — v3), M1 — M) -1 = 0.

On the other hand, using lemma 1.3, we derive that

T

/ (—8t(v1 —’Ug) — A(Ul —’Ug), ma —mz)Hflel = / (m1 — mg)(ml /\P — My /\P)
0 c

Recalling (9), we conclude that m; = msy since the previous holds for any P > 0

and thus that there is a unique solution for this Fokker-Planck equation. O

2.5. A remark on hypothesis 2. As mentioned above, we prove the uniqueness
of solutions given by definition 1 under hypothesis 2 because we do not want
to address the question of the time regularity of such solutions. However, let
us explain why, intuitively, this problem of time regularity should be possible to

overcome. The main idea of the proof we gave above is to construct, for certain
f € L>® ve H, such that

v = Muv on A;
—0w — Av = f in A%

where the PDE has to be satisfied in a weak sense which we do not precise here.

Because we do not have time regularity for m, we have to construct v such that
15



Ow € L*((0,T), H1(T?)). Indeed we want to be able to write, using duality, the
term

(Oym — Am,v)

with the time derivative being applied to either v or m. For a general set A, this
time regularity for v is impossible to reach, and cannot be compensate by proving
some time regularity for m. Let us take an example to fix the idea. If the set A is
given by

A= [tl, tg] X /1

where A is a closed subset of T and 0 < t; < ty < T. Then we can expect
(and it is the case if A is not trivial) that dym is not well defined around ¢;. On
the other hand, for a generic f, we also expect that 0yv is not well defined around ts.

However, intuitively, 0;v is well defined around ¢; whereas dym is well defined
around t,. Hence, despite having a global time regularity result for either v or
m, one can still hope to establish uniqueness of solutions of those Fokker-Planck
equations as v and m seems not to lack time regularity in the same places (in the
time-space domain).

3. THE CASE OF A FINITE NUMBER OF POSSIBLE JUMPS

We now address a more general model as we look at situations in which different
jumps can occur. As we shall see, all the results of the case of a single jump are
adaptable to the case of several jumps. However there are in this section more
notations and we advise not to read this section before the previous one. We
denote by K C T the finite set of possible jumps. In this setting a single set A is
no longer sufficient to describe all the jumps. We introduce V' which describes the
jumps by : V(,t, ) is the proportion of particles which use the jump & at (¢, z).
We assume the following :

Ve L>*(K,(0,T),T);
(10) V >0
doeer V(6 tx) < 1.
We also define the following sets :
VEe K, Ae . ={V (£, -,-) > 0};
VEE K, A + &= {(t,x) € (0,T) x T4(t,z — &) € A¢};

As in the case of a single jump, an assumption on the sets on which the particles

jump is still needed. We make here the following assumption :
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Hypothesis 3. There exists k satisfying (3) and w € H such that
(11)
u < M(k,u) in (0,T) x T%
u(T) = 0;
VEe K, V(& tx)(k(z, &) +ult,z + &) —ult,z)) =0 ae in (0,7) x T4
This hypothesis is slightly more sophisticated than hypothesis 1. This is due to
the fact that multiple jumps being possible, we have to be more precise. We still

assume that the sets on which the particles are jumping are given as a result of an
impulse control problem but we precise for which ¢ the minimum is reached.

3.1. The penalized equation. We introduce first a penalized version of the prob-
lem. We recall that this penalization models situations in which the particles have
a certain probability to jump in the prescribed sets, and that the limit as € goes
to 0 corresponds to the probability of jumping going to 1. At this penalized level,
we expect the density of particles m to satisfy :

(12)
8tm — Am + %m(ta $)(Z§el< V(gv t l‘)) - %de[{ m(t7 T — S)V(ga l,x— g) =01in (Oa T) X -I]—dv
m(0) = my in T¢.

Let us assume that m is a smooth solution of the previous PDE. Let us remark,

as in the case of a single jump, that for any u € AD(k), after a simple change of
variable we obtain that :

/o (Oym — Am,u)g-1x g1 = —% /0 /W m(t, SL’)(Z V(& tx)(u(t,z) —u(t,x +§)))dtdz;

{eK

1 T
> /0 /T () (V& 10 (t, . )i

feK
where AD(k) is defined by :
AD(k) :={u e Hu(T) =0,V € K,V (t,z,6)(u(t,v)—k(z,&)—u(t,z+&£)) < 0 on A}.

This set represents the set of admissible solutions of an impulse control problem
in which one can only use the jump £ € K at (¢,z) if V(¢,2,£) > 0. We also define
the meaningful quantity :

(13)  D(k,m) := inf{/o (=0 — Au,m) -1 — [ mou(0)|u € AD(k)};

Td
We introduce the set H(k) := {m € L*((0,T), HY(T%)), D(k,m) > —oo}. Let us
remark that for any u satisfying (11) :

T
D(/{:,me) = / (8257”6 — Am€7U)H—1><H1.
0
17



The proofs of the following lemmata are the exact analogous of the proof we did
earlier in the case of a single jump so we do not present them here.

Lemma 1.4. Assume hypothesis 8 holds for (k,u). Then there exists C > 0
(independent on m and depending on k and ||u||p~ ) such that for any m € H(k)N
H, withm >0 :

1m1 2200y, < =Dk, m) + Cllml| 2.0y, [mol | 2.

Lemma 1.5. Let mg € L*(T%), mg > 0, and m € L?((0,T), H'(T?)) be a solution
of (12). Then, m > 0.
Furthermore, as in the case of a single jump, we can prove the following result.

Theorem 1.4. Assume hypothesis 8 holds, then for all mg € L*(T¢) there exists
a unique solution m € H of the penalized equation (12).

3.2. The limit density. We now present how we can pass to the limit in (12)
using the previous result. As in the case of a single jump, existence follows from
lemma 1.4 and we prove uniqueness under a more restrictive assumption to avoid
technical difficulties.

Theorem 1.5. If there exists k satisfying (3) such that hypothesis 3 holds, then
there exists m € L*((0,T), HY(T9)) such that

D(k,m) > —oc;
m =0 i A,

and, for allv € AD(k) :

T T
/ (—@v—Av,m)H_lel—/ v(0)my > / (—@u—Au,m)H_lel—/ u(0)mo = D(k, m);
0 T 0 T

where uw € H satisfies (11) and u(T) = 0.
We recall that A is defined by
A= UﬁGK{V<£7 K ) > O}

We do not present the proof of this result as it is the same as the one we presented
in the case of a unique jump. Like we did in the case of a single jump, we give the
following definition :

Definition 2. For any mo € L*(T?), V measurable function satisfying (10), m €
L2((0,T), HY(T%)) is called a solution of the Fokker-Planck equation of particles
Jumping with jumps described by V if

em=0onA;

[

{VU € Hv< Mv,YVue H satisfyz’ng (11):

T T
Jo (=0 — Av,m) g1, — [rav(0)mo > [ (—0u — Au,m) g1 — [7a v(
18



We now turn to the question of uniqueness of such solutions. As in the case of
a single jump, uniqueness is a consequence of an existence result for an adjoint
equation ; and as the manner in which we proceed in this particular case, we are
going to make the assumption that A does not depend on time to avoid technical
difficulties. The assumption we make is the following :

Hypothesis 4. For all £ € K, there exists a closed set flg C T¢ such that :
Ag = [O,T] X Ag
Moreover, there exists k satisfying (3) and u € H*(T?) such that u < M(k,u)

{vg € K,x € A = (k(z,&) +u(z+&) — u(z)) =0;

(14) VE€ K,z € A = V&' # & u(r) < k(x, &) +ulz + &).

Let us note that the second line of (14) allows us to prove the analogous of
lemma 1.3 in the exact same way. Namely we have the following :

Lemma 1.6. Let k and u be given by the hypothesis 4. Then for any f €
L>=((0,T) x T), there exists v € H such that

e k,v satisfy (11),
e v(T)=u
e for any m € L*((0,T), HY(T%)) such that m =0 a. e. on A,

T T
/ (=0 — Av,m)g-1m = / fm.
0 0o Jrd

We are now able to state uniqueness of solutions of Fokker-Planck equation
of jumping particles in the case of a finite number of possible jumps for a time
independent set A.

Theorem 1.6. Under hypothesis 4, for any positive mg € L*(T¢), there exists
at most one m € L2((0,T), H'(T?)) solution of the Fokker-Planck equation of
particles jumping with jumps described by V.

This result is proved with the same arguments as the one for a unique possible
jump.

4. A REMARK ON THE GENERALITY OF THIS METHOD

Before using this notion of solution of Fokker-Planck equation to a MFG of im-
pulse control, we precise some straightforward generalizations of the results of the
previous part. First working on the torus T¢ does not play any role but simplify-
ing the notations and fixing a framework. Thus those results generalize to more
complex domain and boundary conditions. Secondly, the cost of jumps k can be
allowed to depend on the time variable. If this dependence is smooth, this does

not change our results. Also more general jumps can be model with this kind of
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method. For example one can think of impulse control in which any jump is pos-
sible ; or a problem of optimal stopping time type, except that instead of leaving,
"stopping” the trajectories restarts it at the origin (or at any given point). In this
second problem, it is not the jumps but the destination which belongs to a finite
set. Both of these optimization problems have value functions which solves QVI
under some assumptions. In these two examples continuity of the value function
is crucial, hence appropriate assumptions have to be made on the regularity of
solutions and a solution of the Fokker-Planck equation may not be more regular
than a measure. The important point is that with the QVI comes a notion of
”admissible” solutions for the QVI (in this article being admissible is satisfying
u < Mu). With this notion comes the notion of admissible density of particles
which is, in this article, the fact that D(m) > —oo. Then a priori estimates on
the solutions of the Fokker-Planck equation are available and we can continue de-
veloping such solutions.

Moreover, the results of uniqueness of solutions relies on the time regularity of
the adjoint problems we solved in the lemmata 1.3 and 1.6. Hence, the results of
uniqueness seem to remain true if we allow the sets on which the particles jump
to move smoothly in time.

Finally, let us note that optimal switching problems can be formulated in terms
of QVI. Thus we can model a density of particles, whose trajectories are given by
optimal trajectories of an optimal switching problem, using the same technique as
the one we have just presented in this section.

Part 2. Mean field games of impulse control through quasi-variational
inequalities

We present in this part an application of the notion of solutions of a Fokker-
Planck equation of jumping particles. We study a MFG of impulse control where
the density of players is naturally a solution of this kind of equation. We work
here in the case of a finite number of possible jumps. We note K the set of jumps.
We denote by k satisfying (3) the cost of the different jumps depending on the
position. For any v € L2((0,T), H*(T?)), we define Mv by

Mu(t,z) = gél}f({k(x,f) +o(t,x + &)},

and we denote by f the running cost of the problem. The function f depends on
space, time and on the repartition of the player (i.e. f = f(t,z,m)). We make the
important assumption that f € C(L*((0,T), H'(T4))) for the weak topology (we
see here f as an application which takes m as an argument and gives the image
f(-,;-,m) and assume that this application is continuous for the weak topology of

L*((0,T), HY(T%))) and that f is uniformly (in m) bounded. As in the previous
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part, we work on the d dimensional torus to simplify the notations but all the
following results are adaptable to more complex situations. The problem we are
interested in, is finding (u,m) such that :

15
<'n2ax(—8tu — Au— f(m),u — Mu) =0in (0,T) x T%

w(T) =0 in T4

D(m) > —oc;

Yve Hv< Muv:

fo (=0 — Av,m) g1 — [rav(0)mo > [if (=0 — Auym) g1, — fra
\fo fw (=0 — Au — f(m))m = 0;

where D(m) is defined by

T
D(m) = ng\iﬁ’fveH/O (=0 — Av,m)g-1xg1 — 5 mov(0).
The function u denotes the value function of the impulse control problem for a
generic player of the MFG and m is the density of players.The first two lines have
to be taken in the sense that u is the solution of the associated QVI. Thus that
it formally solves the impulse control problem for the generic player in which the
running cost is f(m) and k is the cost for the jumps. We refer to the appendix
for some details on QV'I and to [4] for a complete study of the problem. In view
of the previous part, m is a solution of a Fokker -Planck equation which models
the density of (jumping) players of the game. Let us note that because there is
no constraint such that m =0 on {u = Mu}, m is not necessary the solution of a
limit problem of the previous part with some V' (describing the jumps) well chosen
depending on u. Indeed, in view of [5], we do not expect existence of solutions
if we impose such strong conditions which are assimilated with Nash equilibria in
pure strategies for the MFG. That is why we do not impose the condition m = 0
on {u = Mu} but the integral relation of the last line. It is the formulation of the
fact that (u,m) is a mixed solution of the MFG, i.e. that this system characterizes
Nash equilibria in mixed strategies. We recall the interpretation of such a relation.

Formally, a natural requirement for the solution of such a MFG shall be to im-
pose that m = 0 on {u = Mu} which is the set where it is optimal to use an
impulse control. The integral formulation in this system requires that m = 0
on {—0wu — Au < f(m)} which is the set where it is strictly optimal to use an
impulse control. The difference here is that on {u = Mu} one can still have
—0iuw — Au = f(m) and thus that it is both optimal to stay and to use a control.
We do not impose that m vanishes in such a situation. Such a relaxation makes
the problem more convex and allows us to prove an existence result while still

conserving a uniqueness property.
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The methodology to work on (15) is the following : we first introduce a penalized
version of this problem and then we show how we can pass to the limit to obtain
existence of solutions of (15). Later on we prove a result of uniqueness for such
solutions.

5. THE PENALIZED PROBLEM

We introduce here the penalized problem :

(16)
(max(—du — Au— f(m),u — Mu) =0 in (0,T) x T
w(T) =0 in T¢

Oem — Am + L fumpruym — D e V(E T — f,f)MR{UZMU}(t,x —&mt,x — &) =
in (0,T) x T¢;

m(0) = mg in T%

(u—Mu)+ (=0 — Au— f(m)) #0 = a = 1;

Ve K,u(t,z) # k(t,z, &) +u(t,z+ &) = V(t,2,§) = 0;

Ve e K\V(t,r) € (0,T) x T4, 0 < V(t,x,€) < 1;

|V(t,2) € (0,T) x T90 < aft, z) < 1.

Recalling the previous part, it is natural to introduce first such a penalized system,
and then pass to the limit € goes to 0. Indeed the equation satisfied by m cannot
be easily written in terms of a partial differential equation whereas it can at a
penalized level. The potential V' gives at each point (¢,z) the jump used by the
players at this point. If V/(¢,z,£) # 0 then some players use the jump £ at (¢, z).
The term « adds convexity to the problem and make possible the existence of a
solution ; it is the translation at a penalized level that we are looking for Nash
equilibria of the MFG in mixed strategies. The technique here is inspired from [5]
where it is shown that such a system, for variational inequality instead of quasi
variational inequality, leads to a solution of the MFG system.

Theorem 2.1. There exists a solution (u,m,a, V) € (L*((0,T), H*(TY))NH((0,T), L*(T?))) x
L2((0,T), HY(T4)) x L>=((0,T) x T4) x L®(K x (0,T) x T of (16) such that u
solves the associated QVI and the equation in m s satisfied in a weak sense.

Proof. We define an application F; from L2((0,7T) x T?) to itself by : for any
m € L?, Fi(m) is the only solution of the QVI with costs f(m) and k. F; is well
defined and continuous recalling results on QVI (see appendix). Then, we define
the set-valued function F, from L%((0,T) x T?) to itself by : for any u € L?,

Folu) :={m € L*((0,T) x T%),3a,V € L=, (m, o, V) solves (16)(u)};
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where (16)(u) is

(Oym — Am + 2L _prym — Yeee Vit x — &)X gy (tx — mt, z — &) = 0;
m(0) = mo;

(16)(u) § (u — Mu) + (=0u — Au— f(m)) #0 = a = 1;

VE € Ku(t,x) #k(t,x, &) +ult,x +&) = V(t,z,§) =0;

0 < V(t,x,&) < 1.

As we want to apply Kakutani’s fixed point theorem on F := F5 o F;, we need
to prove that F is upper semicontinuous and that it is valued in the set of convex
and closed subsets of L2. As the last point is trivial, we focus in this proof on the
upper semicontinuity. We recall that a set valued function F' from A to B is upper
semicontinuous if for any open set O C B, {x € A, F(z) C O} is open in A. Let
us take an open set O C L? and m € L*((0,T), H(T%)) such that F(m) C O.
In view of the previous part (namely lemma 1.4), we can affirm that F(m) is a
compact subset of L?((0,T) x T%), hence
d = dist(F(m),0°) >0

Let us take § > 0 and m’ € L? such that ||m — m/||;: < §. We now prove that
if ¢ is small enough, then F(m') C O, and thus that F is upper semi continuous.
First, we define u; and us by

= Fi(m);uy = Fr(m).
For any us € F(m'), there exists (aw, V) such that (us, as, Vo) solves

8tu2 - AMZ + a_f]]-{uziMuz}MZ deK ( g g)om (o g):ﬂ{u2 Mug}( g)MQ(ta T — 5) = O;
,MQ(O) = My.
Now we define ay on {u; = Mu;} N {—0u; — Auy = f(m)} by

o oy = g on {ug = Mus} N {—=0Quy — Aug = f(m')};
e a;=1o0n { 8{&2 AUQ < f( )}
o a; =0 on {us < Muy};

and we set a; = 1 elsewhere. Now we define V; by
o V(t,z,£&) such that u;(t,x,&) = k(t,z,&) +u;(t, z, x+ &), for 1 € {1;2}, then
‘/i(t7$7§) - ‘/Q(t,x,g),

e clsewhere the value of V; does not matter so we just define it in such a way
that it satisfies

VE e K u(t,z) # k(t,x,8) +u(t,z,x + &) = V(t,z,£) = 0;
0<V(t,z &) <1

which is aways possible.
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Let us define p; as the unique solution of

111(0) = mo.

{at,ul - Aﬂl + %]]-{ulem}Ml - de[( Vi(t, T — 575)%1{u1=Mu1}(ta T — S)Ml(ta T — 5) = 0;

By construction, p; € F(m). We then define p := pu; — pe. Once again by
construction, (0) = 0 and pu satisfies

o~ At 21y o= S valt e — 6020 it —g)

{eK {eK

a2
= ?:H_{UQIMUQ}Q{UI<MUI}(Z %)Mz

(eK
as(t,or — &
- Z ‘/Q(ta T — 57 5)%1{U2=MU2}0{U1<MU1}(L T — g)/@(tv T — 5)
(eK
&%)
+ ?:H-{UQZMUQ}O{IHZMQH}OAC(Z ‘/2)/112
(eK
as(t,z — &
~ Sl €9 T e (b - Ol — ©)
(eK
aq
- ?:H‘{UQZMUQ}Q{UleUI}mAC(Z ‘/1)”1
(eK

aq(t, x —
+ Z ‘/i(ta T — 57 g)g:ﬂ-{ugzMug}ﬂ{uleul}ﬂAc (t7 €T — g)ﬂl(ta xr — g)
¢eK

1
= —1{pun)= P < fmnas () Vi)
{eEK

1
+> Witz —¢, &) - ptua)=smin{Pu)<fmnac (b, @ = Otz = ).
(eK

Where we have used for A the set of coincidence :
A= A{(t,x)/VE, Va(t, o, §)aa(t, v, &) Liug=rrus} (L, @) = Vi(t, 2, &) (t, ©, §) Lpuy =pruyy (L, 7) }
The operator P is here defined by being the parabolic operator :

P(u) := —0wu — Au.

Let us remark that all the terms in the right hand side of this expression are the
ones which involve different coefficients (i.e. different o and V') in front of y; and
io. We can also note that all the terms of the right hand side are multiplied by
a characteristic function of a subsets of which the Lebesgue measure goes to 0 as

||m’ — ml|L2 goes to 0. Indeed, because F; is continuous,
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[Jug — wr |20,y 11 (v4)) 50 0.

Hence, taking ¢ sufficiently small, we obtain that the Lebesgue measure of the
following sets are as small as we want :

o forall § # & € K@

o (P(w) < f(m)} N {P(us) = f(m)}

° {U1 < Mul} N {UQ = MUQ}
Thus because p; and po are bounded in L2((0, T') x T¢) independently of § (lemma
1.4), we deduce that taking § sufficiently small, the right hand side of the previous
equation is as small as necessary in L?((0,7) x T?). Thus, we fix n > 0 and we
choose § such that the right hand side is smaller than 7 in the L2((0,T) x T) norm.
Multiplying by p and integrating over T¢ the equation u satisfies, we deduce that

1d

1
5 7 1 Oz2gray < —#EV Izl 2wy + nll 1l |2

where #(K) stands for the cardinal of the set K. From this inequality, it follows
that

d 1
SO 2y < —#E)V | llal | z2ra) + 1.

Hence, we conclude with Gronwall’s lemma that taking 7 small enough, u is as
small as necessary in L>=((0,7T), L*(T%)) (we recall that (0) = 0). Because of the
partial differential equations satisfied by pu, it follows that taking ¢ small enough :

d
HM||L2((0,T),H1(W)) < 5;

which proves that pus € O and thus that F(m') C O. Hence F is upper semi
continuous and we deduce from Kakutani’s fixed point theorem the existence of a
solution. 0J

6. EXISTENCE OF SOLUTIONS OF (15)

In this section we present existence of solutions of the system (15). The proof of
this result consists in passing to the limit in the penalized system. Let us remark
that in the previous part, we use either hypothesis 1 or 3 to be able to pass to
the limit ¢ — 0. Here such an assumption is no more required, as the jumps the
players are using, are by definition optimal for a certain optimisation problem.
Obviously this problem is the optimization problem the players have to solve.

Theorem 2.2. There exists a solution (u,m) € L*((0,T), H*(T)NH((0,T), L*(T?))x
L2((0,T), H'(T?)) of (15).
25



Proof. For € > 0 we denote by (u, me, a., V;) a solution of the penalized system
(16). We first show some compactness for the sequence (mg)cso. Let us remark

that .
D<m6) = / / (_atue - Aue)me - / U€<O)m0.
0 Td Td

Furthermore, because of lemma 1.4,
—D(me) + Cllmol| 2| lmel| 2oy, m1) = 1mel [Z2o.y,m0);
where C only depends on ||ue||z~ (and on k& which is fixed here). We then deduce
from the uniform bounds on f, which we assumed to have, that :
Imellz20,m.0) < CllImollzz + [Imell12):

where C' only depends of the uniform bounds of f. Thus we deduce that (m,).s¢ is
a bounded sequence of L*((0,T), H'(T%)). So there exists m € L?((0,T), H'(T%))
such that, extracting a subsequence if necessary, (m.). weakly converges toward m
in L2((0,T), H(T?)). Because f is continuous for the weak topology, we deduce
from lemma 3.1 (see appendix), that (u). converges toward u solution of the quasi
variational inequality associated to

max(—0yu — Au — f(m),u — Mu) =01in (0,7) x T¢;
u(T) =0 in T%

Moreover, by passing to the limit in
(17)
Vv e Hiv< Mv,v(T)=0:

T
/ (=0 — Av,me) g-1x 1 —/ v(0)my >

0 Td
= D(m.);

T

<_8tue - Auea me)H*1XH1 - / U‘6<O>m0

Td

we obtain

(D(m) > —o0;
Vo, < Mv,v(T)=0:

T T
/ (=0 — Av,m)g-1x g1 —/ v(0)mgy > / (=0 — Au,m) g-15 1 —/ u(0)mqg
0 Td 0 Td

= D(m).

Let us note that we can pass to the limit in the right hand side of (17) because
the uniform bounds on f yields some uniform estimate in Holder spaces for the
time derivative of u.. Thus, we can easily deduce that extracting a subsequence if
necessary :

\

2 -1
Os e g (i> ) oyu;

ue(0) 5 w(0).
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Now let us remark that for all € > 0,

_D(m,) = % /0 /w (S VU, ()l wym(t, )

£eK

1 T
> E / /d(z V(t, xZ, 5))k50me(t, ZL‘)]l{_atue_Au€<f(me)}(t, :L‘)d:L‘dt;
0 T

ek
ko [T

> = Ml dyue—Auc< f(me)}-
€ 0 Td

Since (D(me))eso is a bounded sequence (c.f. (17)), we deduce that

ko [T
(b MLy~ Bue< fmo)} ) mg
0 JTd

is also a bounded sequence and thus that :

/OT /W(_atu — Au— f(m))m = 0.

This ends the proof of the fact that (u,m) is a solution of (15).

7. UNIQUENESS OF SOLUTIONS OF (15)

We now turn to the question of uniqueness of solutions of (15). As it is the case
in MFG of continuous control [23], uniqueness does not hold in general. However
it does under an assumption on the monotonicity of the costs of the MFG (i.e.
the coupling) with respect to the density of players. In our model the density of
players appears only in the running cost f and thus only an assumption on f is
required for uniqueness to hold. We recall that f is said to be strictly monotone
if :

/OT /W(f(Tm) — f(ma))(my — ma) > 0 if my # ma.

Theorem 2.3. Assume that f is strictly monotone, then there exists at most one
solution of (15).

Proof. The proof of this statement is directly inspired from the original proof of
uniqueness in MFG of continuous control [23]. Let us take (u1,m;) and (ug, ms)
two solutions of (15). We denote by u and m the difference u; — us and my — ms.

Let us observe that because of the optimality of u; in D(my) and similarly for uy
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in D(msy) we obtain

/i/‘ (=0 — Au)ym (/ / o ) Ay — ),
+/0 /Trd(—ﬁt(uQ ) = Al — ug))ma:

On the other hand, because my > 0, and

T
/ / (—0yur — Ay — f(ma))mn = 0;
o Jrd
we deduce that

/OT /W<—8tu1 — Aup)m = /OT /Wf(ml)ml (s + Auy):
> [ s )

Where we have used the fact that —0,u; — Auy < f(my). Obviously we have the
analogous relation for uy. Putting the pieces together we finally obtain

[ [ = s —m < [ [ -ow - aum <o

Using the strict monotonicity of f, we have just proven that m; = msy and thus
that there exists at most one solution of (15).
O
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APPENDIX
Part 3. Results on the impulse control problem

The problem of impulse control is classical, we refer to the book of A. Bensoussan
and J.-L. Lions [4] for a more complete presentation of the problem. We fix a
probability space (€2, .4, P). The problem of impulse control consists in minimizing
the following expectation :

T #(75);
18 inf E/ s, Xg)ds + E(r, X_-,&));
(18) onf Bl f(s X)) ; (i, X, -, &)]

where the infimum is taken over the (finite and infinite) sequences (7;); of times
such that 0 < 7; < 7,41 and over the sequences (&;); valued in the finite set K. The
(random) sequences (7;); and (;); are measurable with respect to the o-algebra
generated by the process (X;)s>0, which is defined below in (19). The function
f € L*((0,T), T denotes the running cost and k € L>=((0,T) x T¢ x K) denotes
the cost of the jumps (i.e. k(¢,z,€) is the cost paid to use the jump & at the time
t and the position z). In (18), (Xj)s is the process given by

VS € (Ti,Ti+1),dX5 = \/QdWS,
(19) XT.+ = XT._ +£Zv
XO =T € -I]—d,

where (Wy)s is a standard brownian motion under (£2,.A4,P). The problem of
impulse control then consists in choosing the optimal jumps (defined by a time
and an element of K) to impose on the state (Xs)s>0 in order to minimize (18).

We define M (k,u) by
M(k,u)(t,z) = gg}f{{u(t, r+&) +k(tx &)}

We shall note Mu instead of M (k,u) when there is no ambiguity on k. Several
assumptions can be made on the regularity of k£ as well as on its dependence on
the variable of the problem. We here assume that the following holds in order to
work with solutions of the problem which are smooth enough:

{vg € K, k(-,€) € HX(T?);

(20)
dko > 0 such that k > k.

In the same way value functions of optimal stopping problems can be solutions of

obstacle problems [3], we expect the value function of this impulse control problems
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to be a solution of

(21) max(u — Mu, —0u — Au — f) =01in (0,7T) x T%

u(T) =0 in T

However, just as variational inequalities are the most natural object to represent
solutions of obstacle problems, quasi-variational inequalities (QVI) are a natural

object associated to (21). The QVI for this impulse control problem, which we
denote by QVI(f, k), is:

u < Mu ae. in (0,T) x T4
Yu e L2((0,T), H'(T?),v < Mu;

= Jo Jra v —w) + [ fra V- V(0 =) = [ fra f(0 = w);
u(T) =0 in T4,

QVI(f,k)

The function u is here the solution/unknown of QVI(f, k). Finding a solution of
QVI(f,k) is not possible for any f € L? in any dimension. This is a consequence
of the fact that if f is not bounded by below, then we cannot expect in general u
to be bounded by below. Indeed in such a case, it is unclear in which sense the
condition u < Mu has to be understood. Usually a solution of (3) is build as the
limit of the sequence (uy),en defined by :

(22) max(—stny1 — Atpy1 — frUnpr — Muy,) =0 in (0,T) x T
Ups1(T) =0 in TY

with by convention u_; = 4o00. The obstacle problem (22) is understand in
the sense of variational inequalities. For all n € N, u, € L*((0,7T), H*(T%)) N
HY((0,T), L*(T%)) because (20) holds. Moreover, (uy,)nen is a decreasing sequence
because M is monotone. If one can find v € L2((0,T), HY(T%))NH*((0,T), H=*(T?))
such that v < u, for all n € N then we deduce that :

—/OT/Watun(U—Un)+/OT/WVUTL'V<U_”")Z/OT/WJC(U_U”)'

Rearranging this inequality we deduce that :
(23)

T T
wp a1+ [ [ 1Vl < [ @00+ [ [ 00— 80+ s
0 Td Td 0 Td

0<t<T
T
_ / fo
0o JTd

Thus we obtain estimates on the sequence (u,),en from the existence of a uniform
lower bound v. Let us note that if f > 0, then u,, > 0 for all n € N so we can
choose v = 0 in (23). More generally if f is bounded by below by a constant —C

then for all n € N we deduce that u,(t,z) > —Ct for all (t,z) € (0,T) x T¢ and
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we can choose v = —C' in (23). Moreover, if f is bounded by below by a constant
—C', because k satisfies (20), the following estimate is classical :

(24) O[> + |l 22y < CL(T+ [ f]]12)

where C depends only on C' and on k. We present a result of stability concerning
solutions of regular QVI. This result does not seem to be new but we detail the
proof for the sake of completeness.

Proposition 3.1. Let us take any sequence (f,), and a constant C' > 0, such
that for alln € N, f, € L*((0,T) x T%) and f, > —C . We also assume that
k € L>(Tx K) satisfies (20). If (fo)n converges toward f € L*((0,T) x T¢) in L?
with f > —C, then the sequence (uy,), of solutions of QVI(f,, k) converges toward
the solution u of QVI(f, k) in L*((0,T), H(T?)).

Proof. The sequence (||f,||r2)n is bounded. Hence (u,), is a bounded sequence of
L2((0,T), H*(T4) n HY((0,T), L3(£2)). Extracting a subsequence if necessary, it
converges to a limit u* € L?((0,T), H*(T¢)) for the L*((0,T), H'(T%)) norm. The
limit u* satisfies u* < Mu* almost everywhere. Let us take v € L2((0,T), HY(T%))
such that v < Mwu*. Obviously the following holds :

vy, = v — Mu* + Mu, < Mu,,.
Thus because of QV I(f,, k), we obtain

—/OT/W&un(vn—un)+/0T/WVUn'V(Un—Un)Z/OT/Idf(Un—un)-

Re arranging this inequality leads to

T T T
/ flo—wuy,) S—/ 8tun(v—un)+/ Vu, - V(v —uy,);
o Jrd 0 o Jrd

-H—d
_ /T/ Oyt + An — F)(Muy, — Mu®).
0 Td

Let us remark that (||Mu, — Mu*||12), converges to 0 as n goes to infinity. Thus,
because (Oyu, + Au, — f), is bounded in L?, passing to the limit in the previous
equation we obtain

_/OT/Tdatu*(U_u*)jL/oT/qu*~V(v—u*)Z/OT/Tdf(v—u*).

We conclude by uniqueness of solutions of QV'I [20], that u* = u, the only solution
of this QVL U

We now present a result on weaker QVI. To pass to the limit € — 0 in (2), we
need an estimate for right hand side f which are only in L?((0,7T), H=1(T¢)). The

following lemma gives such an estimate for a QVI in which we do not impose the
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constraint u < M (k,u) on the whole space but only on the part which of interest
in (2), for a given cost function k. The new constraint we impose is that

VE € K : Loy (ult,x) — k(z,&) —u(t,z + &) <O0.
We note K(k,u) the convex closed set :
K(k,u) := {v e L*((0,T), H'(T),V¢ € K : iy g0y (v(t, 2)—k(z, &) —u(t, 2+E)) < 0}.

Proposition 3.2. Assume that there exists V' satisfying (10) for which hypothesis
3 holds. We note k and w the couple given by hypothesis 3. Then for any f €
L2((0,T), HYT%))NMy((0,T) x T4) there exists u € L*((0,T), H(T?)) such that
(25)

u € K(k,u);

Yo € Hyv € K(k,u);

—Jy Sy 0w —w) +v [} fra Ve V(o —u)+ 5 fra (TP > [§ fra flo—w);

Moreover we have the estimate
[ullzoo(r2y + [Jull L2y < O+ | fllz2-1));

[wllo
where C' only depends on K and ~—2=.

The idea of the proof is that the QVI (25) is associated to a formal impulse
control problem in which one can only use the impulse control £ on {V(£) > 0}.

Because hypothesis 3 is satisfied, the QVI is somehow more regular and thus we
can solve it for unbounded cost functions f.

Proof. Denoting k£ and w the functions given by hypothesis 3, there exists n* € N
such that :
k

V(t,2) € Ugere, B(Er, &) € KP,p = 0" Wk < (p—1), (o + Y &) € {V(&,) > O}

i=1
This fact is a direct consequence of w € L* and is obtained by evaluating w(¢, z +
Zle &;). Moreover, we have :

2[[w|| =
~inf, ¢ k(x,€)

*

We now define f by

P

= min min ot i)
/ PIN* (£1,.,8p) f( ; . )

The function f € L2((0,T), H'(T%)) is well defined because f € L2((0,T), H Y(T%))n

M,((0,T) x T4 and it represents the best running cost one can face by jumping
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at the same time a maximum of n* times. We define @ by:

—0yii — At = f in (0,T) x T¢

a(T) =0 in T4
As already mentioned above, existence result for QVI usually comes from the
existence of a lower bound for an approximating sequence. The function u plays

the role of a lower bound for the sequence (uy,)nen that we now define. We denote
by ug € H the only solution of

—0ug — Aug = f in (0,T) x T
uo(T) = 0 in T4,

We then define for all n € N, u,, € L%((0,T), HY(T%)) by u,41 € L2((0,T), HY(T%))
is a solution of the weak variational inequality (we refer to [4] for a presentation
of weak variational inequalities) :
(26)

Vo e Hyv e K(k,upi1);

T T T

- fo fvd 815@(“ - unJrl) + fo fwyd Vg V(“ - un+1> + % fmrd ‘U(T)‘z > fo fw f(v - un+1)'
Straightforwardly, we deduce iteratively that for every n € N, (u,)nen is well
defined, u,11 < up, 4 € K(k,u,). The last point is a direct consequence of the

definition of KC(k,-) and 4. Evaluating the second line of (26) with v = 4, we
deduce :

T T T
(27) / |Vun|2 S — / (—8,5@ — f, U — Un)H—l x H1 + / Vun - V.
0 Td 0 0 Td

Thus, (up),ere is a bounded sequence of L2((0,T), H'(T%)). Because, it is also
a decreasing sequence, it converges weakly in L2((0,T), H}(T%)) to a limit u €
L*((0,T), HY(T)). Tt follows that

Yo € Hyv € K(k,u);

T T T

—Jo JraOww —u)+ [ [z Vu-V(v—u)+ s Jralv(D))? > Jo Jra f(v—w).

Moreover, because
U S u S Uo,
and @, ug € L>°((0,T), L*(T%)), we obtain that v € L*°((0,T), L*(T¢)). Finally, let
us remark that
[@]| oo (z2) + [t]| 22y < O+ ([ fllz20r-1)),
where C' does not depend on f. Moreover, by construction of f,
1 llz2qr-1y < CllFllzgr),s

where C' depends only on K, and n*. Hence, u satisfies

|| oo 2y + [|ull 2eary < CA A+ flz2m-1)),
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[lwlloo
inf

where C' depends only on K and (and on v and d).
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