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STATIONARY DISCOUNTED AND ERGODIC MEAN FIELD GAMES OF
SINGULAR CONTROL

HAOYANG CAO, JODI DIANETTI, AND GIORGIO FERRARI

ABSTRACT. We study stationary mean field games with singular controls in which the representative
player interacts with a long-time weighted average of the population through a discounted and an
ergodic performance criterion. This class of games finds natural applications in the context of optimal
productivity expansion in dynamic oligopolies. We prove existence and uniqueness of the mean field
equilibria, which are completely characterized through nonlinear equations. Furthermore, we relate
the mean field equilibria for the discounted and the ergodic games by showing the validity of an
Abelian limit. The latter allows also to approximate Nash equilibria of — so far unexplored — symmetric
N-player ergodic singular control games through the mean field equilibrium of the discounted game.
Numerical examples finally illustrate in a case study the dependency of the mean field equilibria with
respect to the parameters of the games.

Keywords: stationary mean field games; singular control; discounted and ergodic criterion; one-
dimensional It6-diffusion; Abelian limit; optimal productivity expansion; e-Nash equilibrium

1. INTRODUCTION

Dynamic stochastic games formalize models of competition in which different agents adjust the
dynamics of underlying state variables, while optimizing a certain performance criterion that also
depends on the other players’ actions. The standard solution concept is that of Markov perfect
equilibrium (see ( )), where a player’s equilibrium action depends on her
state and on the state variables of all the other agents at the current time. However, the complexity
and difficulty of stochastic games drastically increase with the number of players. As a matter of
fact — as also argued in ( ), among others — when the game faces a large number
N of players, the concept of Markov perfect equilibrium gives rise to two issues: computability and
plausibility. On the one hand, the explicit construction of Markov perfect equilibria can be very
challenging from a technical point of view, if possible at all. On the other hand, when a large
number of agents play the game, the fact that each player perfectly observes and keeps track of the
rivals’ states can be at least debatable.

For these reasons in the past decades it has been proposed the notion of mean field equilibrium

(introduced independently in ( ) and ( ); see also the two-
volume book ( ) for a complete overview of theory and methods) and the
related one of oblivious equilibrium for infinite models, developed in ( ). Both

those concepts share the idea of mean field approximation from Statistical Physics: A large number
of exchangeable agents playing a symmetric game with mean field interaction does not react to the
actions of each single other player (as it would be in a Markov perfect equilibrium), but only to the
distribution of the other agents’ states, and possibly actions. Within this setting, stationary mean
field games and stationary oblivious equilibria for infinite models (cf. ( ); ( );

( )i ( ), among others) assume that the representative player
makes actions only on the basis of her own state and the long-run average state of the mass. This
encompasses the following idea: In a symmetric game with a large number of players, whose state
and performance criterion only depend on the distribution of opponents’ state (i.e. an anonymous
game; cf. ( )), fluctuations of players’ states are expected to average
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out, the behavior of the other agents is “lost in the crowd” ( ( ), p- 208), and the
population’s state remains roughly constant over time.

Our motivation and problem. So far, most of the research on mean field games and games with
oblivious equilibria has focused on the important questions of existence, uniqueness, and approxi-
mation of solutions, and analytical results in closed form have been obtained in particular models.
Clearly, the difficulty of providing explicit constructions of equilibria is also due to the fact that, in
general, games with mean field interaction possess an intrinsic infinite-dimensional feature, due to the
dependency of the performance criterion/dynamics on the distribution of the continuum of players.
It thus follows that one can hope to determine the explicit structure of mean field equilibria only in

specific settings, as when the game has a linear-quadratic structure (see, e.g, ( )
and references therein), or when the problem is stationary and the interaction is through moments
of the population’s state with respect to the stationary distribution (cf. ( ) and

( ), among others).

Motivated by the aim of providing the explicit construction of equilibria in games of productivity
expansion, in this paper we consider a class of continuous-time stationary mean field games with sin-
gular controls. Our analysis allows to treat the mean field version of a symmetric dynamic oligopoly
model, which is described as follows. In the pre-limit, each company can instantaneously increase via
costly investment its productivity, which is affected by idiosyncratic noise modeling, e.g., exogenous
technological shocks. In the spirit of Chapter 11 in ( ) or ( ), each
unit of investment gives rise to a proportional cost, and investments do not need to be necessarily
performed at rates; also singularly continuous actions and gulps are allowed. The operating profit
function of each (exchangeable) company depends in an increasing way on the company’s produc-
tivity, and it is decreasing with respect to a long-time average of a weighted mean of all other firms’
productivities. In the limit, the representative company is then expected to react to a weighted mean
of the population’s stationary productivity. In this paper, we actually abstract from this concrete
application and study a stationary mean field game where: (i) the state variable of the representative
agent is a nonnegative singularly controlled Ito-diffusion; (ii) the interaction among players is through
the reward functional, in which instantaneous profits depend on a suitable weighted average of the
state process with respect to the stationary distribution; (iii) the representative agent maximizes
either a discounted net profit functional or its ergodic version. Notice that a study of the ergodic
mean field game is particularly relevant when one considers decisions in the context of sustainable
development and management of public goods, in which it might be important to take care of the
payoffs received by successive generations.

Our contributions. The main contributions of this work are the following. First of all, we are
able to construct the unique mean field stationary equilibrium, both for a discounted and an ergodic
reward functional. In both cases, the equilibrium control is of barrier-type: there exists an endoge-
nously determined threshold x* at which it is optimal to reflect the state process upward in a minimal
way (i.e. according to a so-called Skorokhod reflection; see, e.g., Chapter 6 in ( )). The
equilibrium stationary distribution is given by a truncated version of the speed-measure of the un-
derlying Ito6-diffusion; that is, it coincides with the speed measure on [z*, 00) and it is zero otherwise.
The equilibrium triggers are characterized as the unique solutions to some nonlinear equations involv-
ing marginal profits, marginal cost of investment, and characteristic quantities of the Ito-diffusion.
Those equations can be easily solved numerically, even explicitly when, for example, the state process
is a geometric Brownian motion. The approach leading to such a complete characterization of the
discounted and ergodic mean field equilibria is as follows: we fix the stationary average 6 of the
population, and we solve one-dimensional singular stochastic control problem parametrized by 6. In
line with (2015, )i (2011); (2006); (2008),
among others, we find that, for each given 0, it is optimal to reflect the state upward at some z*(0).
We then impose that the value of 6 at equilibrium is actually the one which is computed through the
stationary distribution of the state process reflected at x*(0). We prove that the resulting fixed-point
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problem admits a unique solution 6*, which, in turn, leads to the equilibrium trigger x* := x*(6*).
It is worth observing that a byproduct of our analysis is the solution to a class of ergodic singular
stochastic control problems, via exploiting a connection to optimal stopping in the spirit of

(1953).

Second of all, we can show that the so-called Abelian limit holds for our mean field games. This
means that, when the representative agent discounts profits and costs at a rate r decreasing to zero,
the expected reward associated to the mean field equilibrium of the r-discounted problem, multiplied
by r, converges to a suitably constant. The latter actually is the equilibrium value of the ergodic
mean field game. Moreover, also the barrier triggering the equilibrium control of the discounted
problem converges to that of the ergodic problem when r | 0. To the best of our knowledge, this is
the first paper that shows the validity of the Abelian limit for a (stationary) mean field game with
singular controls. The proof of such a convergence requires a careful analysis of the dependency with
respect to r of the equilibrium trigger and average arising in the discounted game. This is possible
by analyzing the continuity with respect to r of the solution to the system of equations uniquely
defining the equilibria.

A natural question is whether the determined mean field equilibria approximate the corresponding
symmetric N-player games. Moreover, in light of the Abelian limit, one can wonder whether the mean
field equilibrium for the discounted problem relates to e-equilibria in the ergodic symmetric N-player
game. The study of these two questions represent the third main contribution of this work. We
introduce ergodic and discounted N-player symmetric games where each player reacts to the long-
time average of an increasing function of a weighted mean of the opponents’ states. We then show
that the mean field equilibria of the ergodic and discounted problems realize an ¢ xn-Nash equilibrium
for those N-player games, with ¢y converging to zero as N goes to infinity. Furthermore, when
N is large and r is small, the validity of the Abelian limit allows to prove that the equilibrium of
the discounted mean field game approximates a Nash equilibrium of the ergodic N-player singular
control game. While N-player games with singular controls have already attracted some attention in
the recent literature (see, among others, ( ); ( );

(2017); (2019); (2020); (2020); (2015)),
to our knowledge, singular control games with ergodic criterion have not yet been investigated. The
previous approximation result thus sheds light on a novel class of dynamic stochastic games which
naturally arise in applications.

Finally, we complement our theoretical analysis by a study of the aforementioned productivity
expansion model motivating our study. Here, we assume that the productivity of the representative
firm evolves as a geometric Brownian motion with negative growth rate (i.e., a positive depreciation
of productivity), and that the profit function is of power type. In such a setting, the equilibrium
investment triggers can be explicitly determined and numerical experiments provide the dependency
of the mean field equilibria on the model’s parameters. For example, consistently with the single-
player optimization, one observes that, at equilibrium, larger fluctuations of the productivity leads
to an increase in the “value of waiting”, while a larger depreciation rate makes the representative
company invest earlier. Further, in both the discounted and ergodic cases, the equilibrium pro-
ductivity distributions are of power-type (cf. ( )), with productivity concentrated on a
right-neighborhood of the equilibrium triggers.

Related literature. Our work contributes to the literature on mean field games with continuous
time and continuous state-space. In particular, it is placed amongst those recent works that study
mean field equilibria for games with singular controls. The closest paper to ours is the recent

( ), where it is studied a stationary discounted mean field game with two-sided singular
controls, and its relation to the associated N-player game. However, differently to our general
diffusive model, in ( ) the dynamics of the state process is a geometric Brownian
motion and the relation to the ergodic formulation of the mean field game is not addressed. In

( ) and ( ) mean field and N-player stochastic games for finite-fuel follower
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problems are studied, and the structure of equilibria is obtained. Finally, the work
( ) provides a careful technical analysis of the question of existence for general mean field games
involving singular controls.

Closely related works are also those studying mean field games with impulsive controls and stop-
ping times. As a matter of fact, generally speaking, singular control problems can be seen as the
limit of impulsive ones when the fixed cost component vanishes (cf. ( )), and
optimal timing questions can be thought of as the marginal version of singular control problems (see

( )). Mean field games of optimal stopping are studied in

( ), ( ), and ( ), among others. In ( ), it is
proposed a relaxed-solution approach and it shown that the considered class of mean field games
of stopping admits a relaxed equilibrium and that the associated value is actually unique. An ap-
plication of the approach to electricity markets is then addressed in ( ). In

( ) it is instead studied via analytical means the variational inequality associated to the mean
field game of optimal timing. It is also worth noticing that mean field stationary optimal stopping
problems appeared also in the economic/finance literature. Amongst many others, we refer to the

early discrete-time model of firms’ dynamics in ( ), to its continuous-time version
in ( ), and to the competitive equilibrium model of capital structure by ( ).
In ( ), it is studied nonzero-sum N-player and mean field stochastic games with

impulse controls. Under suitable requirements, it is shown that the mean field game provides an
e-Nash equilibrium approximation to the N-player game. The results are then illustrated in a cash
management problem. The work by ( ) addresses a question similar to ours,
but in the setting of impulsive mean field games. In particular, in ( ) it is
studied a class of explicitly solvable ergodic mean field control problems/games arising in optimal
harvesting. However, differently to the present work, the validity of the Abelian limit and the relation
to N-player games are not investigated there.

Paper’s structure. The rest of the paper is organized as follows. In Section 2 the probabilistic
setting is introduced, while the mean field games are presented in Section 3. Section 4 collects the
results of existence and uniqueness of mean field equilibria, and Section 5 derives the Abelian limit.
The relation between the considered mean field games and their related symmetric N-player games is
then discussed in Section 6. Explicit results and numerical experiments in a case study are presented
in Section 7, while the Appendices collect the proofs of the main results of this work.

2. THE PROBABILISTIC SETTING

We introduce here the probabilistic setting of our study. On a given complete filtered probability
space (Q, F,F := (F;), P) satisfying the usual conditions, consider a stochastic process X*, whose
dynamics is affected by an F-Brownian motion B and by an adapted, right-continuous, nondecreasing
process v. Namely,

(2.1) dX? =b(XV)dt + o(XV)dB; + dvy, Xo- =z € R

Here and in the sequel, R} := (0,00), and b and o are suitable drift and diffusion coefficients (see
Assumption 2.1 below). X" models the state process of the representative agent, while v is the
control variable belonging to the set

(2.2) A:={v:Q xRy — Ry, F-adapted and such that ¢ — 14 is a.s.

nondecreasing, right-continuous and s.t. vy- = 0}.

The nondecreasing property of the paths of v models the fact that v; represents the cumulative
amount of control exerted up to time ¢, such as the cumulative investment into production made up
to time ¢t. On the other hand, the F-adaptedness of v prescribes that actions should be taken on the
basis of the flow of information available to the agent.
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In order to ensure that, for any given v € A and x € R, there exists a unique strong solution to
(2.1), we make the following assumption (cf. Theorem 7 in Chapter V of ( ))-

Assumption 2.1. The coefficients b : R, — R and o : Ry — Ry are continuously differentiable.
Furthermore, b and o are (globally) Lipschitz continuous, and oo’ is locally Lipschitz.

The locally Lipschitz property of oo’, as well as the Lipschitz continuity of b, will be needed in our
subsequent analysis (cf. (2.5) and Proof of Lemma 5.1, respectively). We denote the solution to (2.1)
by X*¥ and, when needed, we use the notation E[g(X*")] = E,[g(X")], for any Borel-measurable
and integrable function g.

Furthermore, the uncontrolled diffusion process X := X solving

(23) dX; = b(Xt)dt + O'(Xt)dBt, Xo=x€Ry,
is nondegenerate, and for any z, € Ry there exists € > 0 (depending on z,) such that
Tote 14 b
(2.4) / LG g, < o
vo—e  02(2)

The latter guarantees that X is a regular diffusion. That is, starting from = € Ry, X reaches any
other y € R, in finite time with positive probability. Finally, to stress the dependency of X on its
initial value, from now on we may write X*.

In our subsequent analysis, an important role will be also played by the one-dimensional Ito-
diffusion X evolving as

(25) d)?t = [b()?t) + (O'O'/)(Xt)]dt + O'(Xt)dét, XQ =T c R+,

for some one-dimensional F-Brownian motion B.
Notice that, under Assumption 2.1, there exists a unique strong solution to (2.5), up to a possible
explosion time. Moreover, one has that for any z, € R there exists € > 0 such that

P14 |b(2)] + oo’ ()]
(2.6) 5
To—e o%(z)
ensuring that Xisa regular dlﬂ'usmn as well. In order to highlight the dependence of X on its initial

value, in the following we write X * when needed, and we denote by E the expectation under the
measure P, on (€, F) such that P,[-] := P[-| Xy = a].

dz < 400,

1. On the diffusions X and X: Characteristics and requirements. In this subsection we
recall useful basic characteristics of the diffusion processes X and X. We refer to Chapter II in
( ) for further details.
The infinitesimal generator of the uncontrolled diffusion X is denoted by Lx and is defined as the
second-order differential operator

(2.7) (LxF) () = 50(@) () D) f(2), feC*(Ry), aeRy.

On the other hand, the infinitesimal generator X is denoted by L and is such that

28)  (Lgh @) = 3’ @f @)+ b) + o) @) @), feCRy), ek

For r > 0, we introduce 1, and ¢, as the fundamental solutions to the ordinary differential equation
(ODE),

(2.9) Lxu(x) —ru(z) =0, x € R4,

and we recall that they are strictly increasing and decreasing, respectively. For an arbitrary x, € R4

we also denote by
/ L B ? 2b(2)
S'(x) :=exp ( /xo 2202) dz |, reRy,
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the derivative of the scale function of X, and we observe that the derivative of the speed measure of X
is given by m/(z) := m Together with the killing measure, scale function and speed measure

represent the basic characteristics of any diffusion process. In particular, S is related to the drift of
the diffusion and, more specifically, to the probability of the diffusion leaving an interval either from
its left or right endpoint. On the other hand, it can be shown that the transition probability of a
regular diffusion is absolutely continuous with respect to the speed measure.

Throughout this paper we assume that

Assumption 2.2.
oo
/ m/(y)dy < oo, for any a > 0.
a

This requirement guarantees that the process X reflected upward at a level a > 0 is positively
recurrent.
Moreover, when r — b/'(z) > r, > 0 for x € R, any solution to the ODE

(2.10) Lgu(z) — (r—b(x))u(z) =0, reRy,

can be written as a linear combination of the fundamental solutions QZT and 57«, which are strictly
increasing and decreasing, respectively. Finally, letting z, € R, to be arbitrary, we denote by

9 (2) = exp <_ /: 2b(z) + 20(z)0’(2) dz) 7 rER,.

o?(2)

the derivative of the scale function of X, and by m/(z) :=

One can easily check that the scale functions and speed measures of X and X are related through
5'(z) = §'(x)/o2(x) and W/ (z) = 2/5'(z), for © € Ry.

Concerning the boundary behavior of the real-valued Ito-diffusions X and X , in the rest of this
paper we assume that 0 and +o0o are natural boundaries for those two processes. In particular,
this means that 0 and oo are unattainable in finite time and that, for each r > 0, we have

the density of its speed measure.

2.11 limy,(x) =0, lim¢,.(x)=-+oo, lim,.(x)=+oco, lim ¢.(x) =0,

(211) im 5, (2) = 0. lim (o) lim (o) lim g ()
() ¢ (z) () _ dr(2)

2.12 1 = =— 1 = 1 -
(2.12) oy~ Mg T T gy T oo M ey
Also, when r —V/(x) > r, > 0 for each z € R, we have

2.13 lim Ar x) =0, lim Ar xr) =400, lim, = 400, lim¢.(x) =0,
(213) i 6, (2) = 0. lim (o) lim (o) = +00, L 6, (z) =

" 7 "
(2.14) lim 2@ _ 0, tm 2@ _ o g @) 9@
=0 §'(x) =0 §(x) ztoe S(x) ztoo §'(x)
Furthermore, we require that
lim —oo and lim . (z) = co.
in 61 () = lim /(o)
Then, by arguing as in the second part of the proof of Lemma 4.3 in ( )
one can show that, under our conditions on X and X, one has ¢, = —¢/. and 1, = /..
Finally, the following useful equations hold for any 0 < a < b < oo:
Gp(0) / o\
() (r = b'( y)dy,
o S, % () (y)
(2.15)
d);(b) ¢;~(a) / n / ~/
= — = = or(y)(r —b'(y))m (y)dy.
50 5 =L - rw)
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We conclude this discussion by noticing that all the requirements on X (and, consequently, on X )
assumed so far are satisfied, for example, by the relevant cases in which X is a geometric Brownian
motion with drift b(z) = —dz, 6 > 0, or an affine mean-reverting dynamics with drift b(z) = k(A —z)
and volatility o(z) = oz, for positive &, A, 0.

3. THE STATIONARY MEAN FIELD GAMES

In this section we introduce the stationary mean field games (MFGs) that will be the object of
our study. For any v € A, x € Ry, and 6 € Ry we consider the discounted expected profit

(3.1) J@wﬂwwza[/ a“ﬂx;m@—/"ewm%} 0,
0 0

as well as the ergodic expected profit

1 T
(3.2) G(z,v,0) := limsup TE:D [/ (XY, 0)ds — I/T:| .
Ttoo 0
In (3.1) and (3.2), 7 : R? — [0, 00) is an instantaneous profit function and the control processes are
picked from the admissible classes

(3.3) Ag = {VE.A: E[/Oooe_rsdys} <oo} and A, := {VGA: E[VT] <ooVT>O},

respectively. In order to simplify notation, in the sequel we shall omit the dependency on r of the
set Ay, which in fact will be clear from the context. Furthermore, in (3.1) the integral fg (+)dvs is
intended in the Lebesgue-Stieltjes sense as f[o’ t]( - )dvs, thus including a possible initial jump of v of
amplitude vyp.

Next, for a probability measure p on R, i.e. u € P(R;), we define

(3.4 o) =7 ([ flohutan)) € 0,501

where the functions F' and f are a strictly increasing nonnegative functions.

In the mean field games defined through the next Definitions 3.1 and 3.2, the term 6 = 6(u)
appearing in (3.1) and (3.2) describes a suitable mean with respect to the stationary distribution
p = Pxy of the optimally controlled state process X* (provided that one exists). For example, if
XY describes the productivity of the representative company, then p provides the distribution of the
asymptotic productivity, and its weighted average — with weight function f — defines a price index
through the function F' (cf. Remark 3.4 below).

In the sequel, we focus on the following definition of MFG equilibria.

Ry

Definition 3.1 (Equilibrium of the discounted MFG). Forr > 0 and x € Ry, a couple (v*",0F) €

Ag x Ry is said to be an equilibrium of the discounted MFG for the initial condition x if
(1) J(.’B, V*’rue:;r) > J(.’B, v, 9:;T): fOT’ any v < Ad;

(2) The optimally controlled process X** := X%V admits a limiting distribution Pz satisfying
05 = 0(Pxex).

Definition 3.2 (Equilibrium of the ergodic MFG). For x € Ry, a couple (v*¢,0%) € A. x Ry is
said to be an equilibrium of the ergodic MFG for the initial condition x if
(1) G(z, v, 0%) > G(z,v,0%), for any v € A.;
(2) The optimally controlled process X** := X%V admits a limiting distribution Pz satisfying
07 = 0(Pxzr).
We enforce the following structural conditions on the running profit and weight function.

Assumption 3.3. The running profit m : R — [0, 400) belongs to C*(R2). Furthermore,
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(m-1) 7(-,0) is concave and nondecreasing for any 0 € Ry ;
(m-ii) 7 has strictly decreasing differences; that is, myo(x,0) < 0 for any (z,0) € R%;
(m-iii) for any x € Ry,

I _ I _ o
01&)17%(1‘,9) +o0o  and ngrgloﬂm(m,H) 0;

(m-iv) for any 0 < a < b < oo there exists a function h*® : R, — R, such that
~ a,b a,b 1
€T ) —_ ) 9 Y 9y Y *
|m20(z, 0)| M/ (x) < h*°(z), for any x € Ry, 6 € (a,b), and h*” €L’ (k,00) for any k € Ry

Moreover, the weight functions F and f appearing in (3.4) satisfies:

(i) The functions F, f : [0,00) — [0,00) are continuously differentiable with F', f' > 0 and, for
B € (0,1) and a constant C > 0, they satisfy the growth conditions:

f@) < O+ 2],
F(z) < C(1 + [2]7),
F(y) — F(a)| < C(1+ [2] + [y))? "y — 2,

for any y,z € Ry ;
(ii) limyos F(y) = +oo and limyyeo f(y) = +oo.

Remark 3.4. With regard to a stationary mean field formulation of a game of productivity expansion,
a benchmark example of running profit function and average satisfying Assumption 3.3 are

m(z,0) =2 6=+0) .= g(p) = </R

Such a form of interaction can be obtained from the so-called isoelastic demand obtained from Spence-
Dizit-Stiglitz preferences (see, e.g., footnote 5 in ( ) for such a derivation).

:rﬁ,u(dx))ﬁ, B € (0,1).

+

4. EXISTENCE, UNIQUENESS, AND CHARACTERIZATION OF THE MEAN FIELD EQUILIBRIA

In this section, the discounted MFG problem and the ergodic MFG problem are solved. In partic-
ular, existence and uniqueness of equilibria is shown by charaterizing the equilibria in terms of the
unique solution to systems of nonlinear equations.

4.1. On the discounted stationary MFG. In order to deal with the discounted MFG problem
for a fixed discount factor r» > 0, we make the following additional requirement (see also
( ), ( ), among others).

Assumption 4.1.

(i) For each x € Ry we have r — b/ (x) > 2¢ > 0, for a constant ¢ > 0;
(ii) For any 6 € Ry, there exists T,(0) € Ry such that

<0, z>7z,(00),
e (z,0) —r+b(x){ =0, x =z,(0),
>0, x<Z,(0).

Condition (i) above guarantees that the discount rate is (uniformly) larger than the marginal
growth rate of the diffusion X. It is automatically satisfied in the particular cases in which X is a
geometric Brownian motion with drift b(z) = —dx, 6 > 0, or it is an affine mean-reverting process
with drift b(z) = w(A — x), kK,A > 0 (and volatility o(z) = ox, 0 > 0). Moreover, bearing in
mind the mean field game of productivity expansion discussed in the introduction, Condition (i7)
in Assumption 4.1 ensures the following: The marginal running profit 7., net of the “user cost
of capital” r — ¥/, changes sign at most once. Such a requirement guarantees that the mean field
equilibrium is of threshold type, as in fact, for any given 6, it should not be profitable to increase



STATIONARY SINGULAR CONTROL MEAN FIELD GAMES 9

productivity via costly investment when 7, (x,6) — r + b/(z) < 0. This is formalized in the following
theorem, whose proof can be found in Appendix 9.1.

Theorem 4.2. Let r > 0, and let Assumptions 2.1, 2.2, 3.3, and 4.1 hold. For any x € R, there
exists a unique equilibrium (v*",07) of the discounted MFG. Moreover, v*" makes the state process
reflected upward at the barrier x} < Z,(0y), and the couple (x},0y) is determined as the unique

ryrr
solution to the system
oo

@) a6 V@) @y =0 nd [ (1)~ PO ()dy =0

4.2. On the ergodic stationary MFG. Our analysis of the ergodic MFG problem is subject to
the following requirements, which are consistent to those in Assumption 4.1 when r = 0.
Assumption 4.3.

(i) For each x € Ry we have b'(z) < —2¢ < 0, for a constant ¢ > 0;
(ii) For any 6 € Ry, there exists To(0) € Ry such that

<0, z>7zy(0),
m:(2,0) +V(2){ =0, x=72(0),
>0, z<zo(6).

Notice that the condition 0'(z) < —2¢ < 0 is easily seen to be verified in the relevant cases of X
being a geometric Brownian motion and a mean-reverting affine process with drift b(z) = k(A — ),
Kk, A >0, (and volatility o(x) = oz, o > 0).

Recall now the mean field game problem with ergodic net profit given by (3.2), together with its
notion of solution given in Definition 3.2. For each 6 > 0, set

1 T
(4.2) A*(0) := sup limsup —E, [/ m(X7,0)ds — vr
veAe Ttoo 0
The next result provides a complete characterization of the ergodic mean field equilibrium. Its
proof can be found in Appendix 9.2.

Theorem 4.4. Let Assumptions 2.1, 2.2, 3.3, and 4.3 hold. For any x € R, there exists a unique
equilibrium (v*¢,0%) of the ergodic MFG. Moreover, the process v*¢ reflects the state process at the
barrier x5 < To(0%), and the couple (x},0%) is determined as the unique solution to the system

(43) 0(0) (9. 07) + V) )y =0 and [ (1) = P @) ()dy =0,
Finally, the value of the ergodic MFG at equilibrium is given by
(4.4) A(67) = b(xg) + m(az, 07).

5. CONNECTING DISCOUNTED AND ERGODIC MFGSs: THE ABELIAN LIMIT

A natural question is whether the mean field equilibrium and the relative equilibrium value of the
discounted game can be related to those of the ergodic game in the limit r | 0. In this section we
provide a positive answer to the previous question by showing the validity of the so-called Abelian
limit for the equilibrium value of the discounted game. Moreover, we also prove convergence of the
equilibrium boundary of the discounted game towards that of the ergodic game. Although similar
results are known in the literature on singular stochastic control problems (cf.

( ), ( ), ( )), to our knowledge they appear here for the first time
within this literature in the mean field context.

The main idea of the subsequent analysis is to show suitable regularity, with respect to the discount
factor r in a neighborhood of 0, of the solutions to the systems of equations provided in Theorems
4.2 and 4.4, which in fact completely characterize the MFG equilibria. Throughout this section, we
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let Assumptions 2.1, 2.2, 3.3, and 4.3 hold, so that Assumption 4.1 is also satisfied for any
r > 0.
Let then ¢ > 0 be as in Assumption 4.3, and define the functions

I(y,0;7) == m/'( )(m(y,ﬂ) —(r=¥(y))) 2, 0>0, 7€ (~c1),
K(z,0:7) = / br (1) (y, 0, r)dy, 2,0 >0, 1€ (—c1),
K(x,0;7) :== K(x,0;7)/ (), 2,0 >0, re(—cl),
Gla0) = [ ()~ P O )y 7,0 0.
Define next ® : R% x (—c, 1x) — R? by setting
(5.1) O(z,0;7) := (K(z,0;7),G(x,0)).

The function ® describes the system of equations determining the MFG equilibria of the discounted
problem and of the ergodic problem. Indeed, for each r > 0, since @ > 0, we have K(z,0;7) =0
if and only if K (z,0;7) = 0; hence, according to Theorem 4.2, for each r > 0, there exists a unique
(xF,0%) such that <I>(:U 0r;r) = 0. Analogously, according to Theorem 4.4, there exists a unique

Trr TyYry
(x%,0%) such that ®(z},0%;0) = 0.

Clearly, continuity of ® is a necessary ingredient for the previously discussed convergence of the
equilibrium of the discounted MFG towards that of the ergodic MFG. This is accomplished in the

next technical lemma, whose proof is postponed to Appendix 9.3.
Lemma 5.1. The function ® : R2 x (—c,1) = R? is continuous.

For each r € (0,1], denote now by V(x,r;6F) the equilibrium value of the MFG with discount
factor . We are then in the condition of stating (and proving in Appendix 9.4) the main result of
this section.

Theorem 5.2. For any x € Ry, one has
hﬁ)l(x 0r) = (23,05) and her(x 0x;r) = N*(07).

YT er’e yYr

6. MEAN-FIELD VS. N-PLAYER: APPROXIMATION RESULTS

In the previous sections, we have established existence and uniqueness of the solutions to both
the discounted and ergodic MFGs with singular controls. Here we provide the connection of these
mean field solutions to symmetric N-player games. In particular, we show that each mean field
solution approximates the Nash equilibrium of a suitable N-player game. Furthermore, by exploiting
the Abelian limit, we find that the mean field equilibrium of the discounted game realizes an e-Nash
equilibrium for the N-player ergodic game, when N is large and r is small. These results have the two
following implications: on the one hand, they shed light on the “closeness” of N-player discounted
games with the — so far unexplored — N-player ergodic games, when N is large and r is small; on the
other hand, they provide an operative way of constructing approximate equilibria.

Throughout this section, we let Assumptions 2.1, 2.2, 3.3, and 4.3 hold, so that Assumption
4.1 is also satisfied for any r > 0.

The N-player games are described as follows. Let the filtered probability space (2, F,F =
(Ft)t>0, P) support a standard Brownian motion W, and a sequence (W%);cy of independent F-
Brownian motions, independent from W. Suppose also that the filtered probability space is rich
enough to allow for a sequence (£%);en of i.i.d. square-integrable R, -valued Fo-random variables, in-
dependent from W and (W?);cn, and with distribution pg. For each i € {1,..., N}, player i chooses
an (open-loop) strategy v’ € A in order to control its state process X**', which evolves according to

(6.1) dXP" = b(XF"Ydt + o (X)) AW + dvf, X =€
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For strategies v € A, we denote by v=% = (v1,... ,ui_l,y”l,..'.,u]\‘f) the vector of strategies
picked by player i’s opponents, and we define profile strategies by (v*, %) := (v1,..., V). We set
1 [t 1 w
2 N = lim - F(i Xiv )
J#

and, for ¢ € {d, e} and A, as in (3.3), introduce the sets:
le\flvfl = {1/7" € Aévfl . 07, exists finite a.s.}.

Then, the ergodic and the discounted payoffs of player i arising from playing v* € A, and v* € Ay,
respectively, are given by

o A 1 T o . .
(6.3) G'(V v = lijrﬂnsup —E [/0 T (XZ’V ,95_1-) dt — V}], vie AN
—00
and
(6.4) JWvThr) = E[/O e " (XZ’V ,95_1-) dt — /0 e_rtdug], vie AL

Definition 6.1 (e-Nash Equilibrium). For e > 0,
(1) v* = (v*t ..., voN) € AY s called e-Nash equilibrium (-NE) of the ergodic N -player game
if for anyi=1,..., N we have v~ € AN~! and

Gi(y*’i, u*’*i) > Gi(yi; V*’*i) —e, Ve A;
2) v- = Wi, voN) € AY s called E—Nagh equilibrium (e-NE) of the discounted N -player
game if for anyi=1,..., N we have v>" € Aév_l and

Ji(u*’i,u*’_i;r) > Ji(yi;v*’_i;r) —e, Ve A

In order to approximate Nash equilibria when the initial conditions for the SDEs (6.1) are random
variables, for any 6 > 0 we define the profit functionals for the mean field game problems:

(6.5) G(v,0) := G(z,v,0)up(dz), v e A,
R4

J(v,0;7) ::/ J(x,v,0;r)up(dz) v e Ag r>0.
Ry

Remark 6.2 (On the initial distribution). We point out that all the results in the previous sections
hold true also for profit functionals as in (6.5); that is, if the deterministic initial condition Xo- = x €
Ry is replaced by Xo- = &, for a positive square-integrable Fo-random variable &, with distribution
to-. In particular, by the Markov property of the solution to the reflected Skorokhod problem (cf.
Theorem 1.2.2 and Ezercise 1.2.2 in (2014)), the MFG equilibria (v*",0r) and (v*°,0%)
are still characterized by couples (x},07) and (xf,0%) solving the systems of equations provided in
Theorems 4.2 and 4.4, respectively.

For any i = 1,..., N, let us consider the policy ¢ € A, according to which the state is re-
flected upward at the boundary z%. Similarly, for » > 0, the policy 7*" € A, makes the state
upward reflected at x}. We observe that, for ¢ = 1,...,N and ¢ € {d,e}, the profile strategies
(pha,. .. pi=ba pitla  phNa) ¢ ./Zl\évfl. Then, define accordingly:

(6.6) = (vhe, .. o), ot = (whr o), b =gl

V—i,e;

and LN .= g

DT
To facilitate our discussion, we enforce some additional mild requirements on the dynamics of the
state processes and on the profit function.
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Assumption 6.3.

(1) There exists x5 > 0 such that 2x b(x) + o?(x) <0 for any > Tp4;
(2) For any a > 0, there exists a constant C' > 0 such that

|7T(ZC,91) — W(.%',@Q)‘ < C(l + ‘l'm(gl — 92’, v91,02 > a,
for all x € R.

Notice that the previous conditions are satisfied by the benchmark cases in which b(z) = —dx or
b(z) = () — ) and o(x) = oz (that is, geometric or affine dynamics) when 26 > o2, and for a profit
function 7(z, ) = 2# ~0+8) for some elasticity 5 € (0, 1).

For 6 > 0 and r > 0, let Z.(6) be as in Assumption 4.1 and 4.3. It is easy to show that the function
Zr(0) is continuous in (6, r) so that, by the convergence in Theorem 5.2, we can set

B:=2maxq sup Z.(F(f(z}))), Bo(F(f(x}))), sup af, af p < oo.
re(0,1] r€(0,1]

Next, for any ¢ = 1,..., N, by definition of 7€, we have XZ’VW >z}, P-as., for any ¢t > 0. This
fact, for 05N as in (6.6), by monotonicity of f and F' implies that oo > F(f(z})), P-a.s. In the
same way, 0 > F(f(x?)), P-a.s. for each i = 1,...,N and r > 0. Therefore, since for r > 0 the
functions Z, are nonincreasing in 6, by definition of B we have

(6.7) 2o(02") < Bo(F(f(a2))) < B, & (0pY) <& (F(f(a}))) < B, r>0.

It is shown in the proofs of Theorems 4.2 and 4.4 that, for any # > 0, the optimal control never
acts when the optimally controlled state process lies in the set {y : m,(y,0) — (r —V/(y)) <0} ={y:
y > T,(6)}. This observation, together with (6.7), suggests to concentrate the attention only to those
strategies v € A, q € {d,e}, that do not increase when X% > B.In fact, defining, for ¢ € {d, e},
the set Aq(g) = {v € A, : supp(dv) N {X"" > B} = (), P-a:s.}, it can be shown that
(6.8)

sup Gi(v, o) = sup Gi(v,p"%), sup J(v,p )= sup J(v,07 "), for r > 0.
veAe vEA.(B) veAq vEAq(B)

Moreover, since 2%, 25 < B/2, we have 7" € Ay(B) and ¢ € A.(B).
All these facts allow to prove the following important a priori estimates. Their proof is in Appendix
9.5.

Lemma 6.4. We have

1 T o T .
sup limsup E[/ |th’”|2dt] <oo and  sup E[/ e_rt\XZ’V|2dt} < oo forr > 0.
veA(B) T 1T Lo veAqy(B) LJO

We are finally ready to state (and prove in Appendix 9.6) the main result of this section. It states
that mean field solutions realize approximate Nash equilibria in the related symmetric N-player
games defined in Definition 6.1, when N is large and/or r is small.

Theorem 6.5. The following approzimations hold true:

(1) v° is an en-NE for the ergodic N -player game with en — 0 as N — 00;

(2) V" is an en-NE for the ergodic N-player game with en, — 0 as N — oo and r — 0;
(3) U is an en-NE for the discounted N -player game with eny — 0 as N — 0o;

(4) V¢ is an ey -NE for the discounted N-player game with en, — 0 as N — oo and r — 0.

Remark 6.6. We point out that results analogous to Claims 1 and 2 in Theorem 6.5 can be obtained
even if the mean field interaction term (6.2) in the N-player game is replaced by a time-dependent
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interaction. As a matter of fact, one can consider
1 i i
N Pp— .])y
O)(1) = F (53 2 I(X)).
J#i
and define accordingly, for vi € Ae, player i’s ergodic profit functional

o , 1 T o A A
Gl(]ﬂ" y_l) = lim sup —E |:/ e (XZ"V 7@5_1' (t)) dt — l/%:| s vt (= Aév_l.
0

T—o00
7. EXPLICIT AND NUMERICAL ILLUSTRATIONS IN A CASE STUDY

In this section, we illustrate the results of the previous sections in a mean field version of a
dynamic game of productivity expansion. The productivity of the representative company evolves
stochastically as

(71) dXéj = —6X;/dt + UX;/th +dvy, Xo_ =z >0.

In (7.1), the parameter 6 > 0 measures the natural decay rate of productivity, e.g. because of
production machines’ deterioration; the Brownian motion W models any exogenous shock, such
as new technological achievements, that affects productivity level with volatility ¢ > 0; 14 gives
the cumulative amount of investment in production or in R&D made up to time ¢, and which
instantaneously makes the company’s productivity increase.

The representative firm interacts with the continuum of other symmetric companies via the oper-
ating profit function, which we take of the form

m(x,0) = 2P o~0+8) g .= (/
R

As already noticed in Remark 3.4, such a choice of 7 can be obtained from an isoelastic demand
function obtained from Spence-Dixit-Stiglitz preferences (cf. ( ) and footnote
5 in ( )). Here, #=! can be interpreted as the price index, whose equilibrium level
is then determined as a result of the mean field interaction.

B
z? PXgo(dl’)> , B8€(0,1).

+

7.1. The solution to the discounted MFG. Within this setting Assumptions 2.1, 2.2, 3.3, and 4.1
are easily verified, and, employing Theorem 4.2, the solution to the mean field stationary discounted
game as in Definition 3.1 can be explicitly calculated. Namely, one has

where
1-82 14+
L (142 -8\ [on(r) - B - 2

with

") o 1 wﬂ2+%<0() AN yH2+m>1
mr) ==+ —-\/l=+=| += n(r):=|—+< —+=-] +—=>1
o2 2 o2 2 o? ’ o2 2 o? 2 o?

Hence, (p,’f)ﬁ = (0)~!, and — up to taking the root of order 1+ — p identifies with the equilibrium
price index. Also, defining
*

207
o?[n(r) = B[B —m(r)]’

H(pj;r) »=
the reflection boundary is

H(ps 1818 — m(r)] |77

(7.3) zy = T —m(r)
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(A) Ergodic MFG (B) Discounted MFG with » = 0.5

FIGURE 1. Density functions of the stationary distributions in equilibrium

Furthermore, the equilibrium stationary distribution is given by

1+ 2 2
(74) PXV*’T (dl‘) = 2052 z 35 z]l[az* 00) (ﬂj‘)dl‘
- (wr) i

Figure 1b describes the density function when r = 0.5.

7.2. The solution to the ergodic MFG. In the setting of this section it is also clear that Assump-
tions 2.1, 2.2, 3.3, and 4.3 are verified. Hence, Theorem 4.4 can be applied in order to determine the
solution to the ergodic MFG defined in 3.1. Also in this case the equilibrium barrier and weighted
average can be explicitly determined. In particular,

0r = (o) T,

where
B1'F [12n-p)] ¥
n— 281 vi(n—
7.5 = — _—
(7.5) e R
with n:=1+ g—g. Moreover, the reflection barrier is
1
20253 ]1/3
7.6 xy = [e ,
(0 =P 5
while the the equilibrium stationary distribution, as in Figure 1a, is given by
1+2 5
(7.7) P e (dz) = 5T 2 g ooy (z)de
S w

Taking limits in (7.2) and (7.3) as r | 0, by continuity, it is immediate to see that 6} — 60}
and x} — x}, consistently to our general result presented in Theorem 5.2. This is also illustrated
in Figures 2 and 3 where it is plotted the convergence, with respect to r, of =} to z}, and of p}
to p;, respectively. We see that x7 increases as r decreases; i.e. a lower discount rate makes the
representative company invest earlier. On the other hand, the larger r is, the larger is p} since the
equilibrium population’s productivity is distributed over a bigger interval.

7.3. Sensitivity analysis of mean field equilibria. In this section, we study the sensitivity of
the mean-field solutions with respect to key model parameters, namely drift coefficient §, volatility
coefficient o, and elasticity 8. The default choices of these parameters are set to be dgefauit = 2,
Odefault = 1 and Byefaury = 0.6.
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FIGURE 3. Abelian limit: Convergence of p} towards py.

7.3.1. Drift coefficient §. The productivity decreases exponentially (in expectation) at rate §. The
decision then depends on the trade-off between the running payoff pwf , with p := 6=+ and the
instantaneous cost of intervention dv;. If no intervention occurs during the time interval [t,¢ + At],
then the running payoff at ¢t + At is given by

5 o2 8252
pef exp { (55 — G601~ Bt fexp { Bo(0Wera— W) - 2 e
where —3 — "726(1 — /) is the expected growth rate. The larger 0 gets, the larger the rate of
depreciation of productivity. As shown in Figure 5a, as larger as d gets, indicating a decreasing
productivity, the equilibrium price p* increases. Higher price index then leads to higher tolerance of
a low individual production level, as shown in Figure 4a. Similar trends in p; and z; as ¢ varies can
be observed for the discounted mean field game as shown in Figures 5b and 4b.

7.3.2. Volatility coefficient o. The volatility coefficient ¢ measures the fluctuations in the productiv-
ity level. Due to the relation between equilibrium price p* and the limiting productivity level X
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FIGURE 4. Sensitivity of reflection boundaries with respect to §
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FIGURE 5. Sensitivity of p* with respect to §

given by (7.5), we can see that higher volatility leads to a higher equilibrium price p*, as shown in
Figure 7a. Meanwhile, players may take advantage of a higher volatility by postponing their inter-
ventions; therefore, “the value of waiting” increases and as a consequence on can observe a decease
in the reflection boundary as o increases in Figure 6a. Similar trends in p} and ] as ¢ varies can
be observed for the discounted mean field game as shown in Figures 7b and 6b.

7.3.3. Elasticity 8. The parameter 8 provides the elasticity of the payoff with respect to the produc-
tivity. The equilibrium price p* inversely depends on 3, showing a decrease as § increases in Figure
9a. On the other hand, the more sensitive the profit becomes with respect to product, the more
willing the players would like to keep their productivity at a high level. Therefore, as § increases,
the reflecting boundary also increases, as shown in Figure 8a. Similar trends in p} and x7 as [ varies
can be observed for the discounted mean field game as shown in Figures 9b and 8b.

8. CONCLUSIONS

In this paper we have considered stationary mean field games in which a representative player can
exert a singular control in order to instantaneously increase the level of an underlying Ito-diffusion
process. The considered class of problems well models a mean field version of a symmetric dynamic
game of productivity expansion, in which each company interacts with the opponents through its
profit, which depends in a decreasing way on a weighted average of the asymptotic productivities.
This is possible since the continuum of firms are affected by idiosyncratic shocks and it is assumed



0.54
0.52
0.50

"~ 0.48 A

0.46

0.42

2.655
2.650 -
2.645 -
2.640 -
2.635 A
2.630 -
2.625 -

2.620 -

0.50

0.45

0.30 1
0.25

0.20

STATIONARY SINGULAR CONTROL MEAN FIELD GAMES

0.2

0.4

0.6
(4

0.8

1.0

(A) Ergodic MFG: z} vs. o

0.48
0.46 -
0.44
0.42
0.40

0.38

(B) Discounted MFG with r = 0.5: 2 vs. ¢

0.2

0.4

0.6
o

0.8

1.0

FIGURE 6. Sensitivity of the reflection boundaries with respect to o

02

0.4

0.6
(4

0.8

10

(A) Ergodic MFG: p} vs. o

3.155
3.150
.. 3145
QU
3.140

3.135 A

(B) Discounted MFG with r = 0.5: pX vs. o

02

04

0.6
o

FIGURE 7. Sensitivity of p* with respect to o

0.35

(A) Ergodic MFG: 27 vs. 8

0.45
0.40
0.35
0.30
0.25

0.20

(B) Discounted MFG with r = 0.5: x} vs. 8

0.8

10

FIGURE 8. Sensitivity of the reflection boundaries with respect to 8

17

that a form of the Law of Large Numbers is valid. In this sense, our games encompass what pointed
out by A.K. Dixit and R.S. Pindyck (cf. p. 271 in Dixit and Pindyck (1994)):
level, the shocks and responses of firms can aggregate into long-run stationary conditions, so that the
industry output and price are nonrandom. However, the equilibrium level of these variables is affected

“At the industry
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by the parameters of firm-specific uncertainty”. We propose r-discounted and ergodic versions of the
game. Under appropriate requirements on the data, we show existence and uniqueness of equilibria
of barrier type, and, for the first time in the related literature, we connect the equilibria of the two
classes of games as the discount rate r vanishes (Abelian limit). Such a link allows us also to shed
light on a class of strategic ergodic models that has not yet been investigated, and that can find
natural applications in sustainable development and management of public goods. As a matter of
fact, we prove that, as N is large and r is small, the mean field equilibrium of the r-discounted
problem approximates a Nash equilibrium for an N-player game in which each exchangeable agent
can play singular actions and aims at optimizing an expected ergodic net profit functional.

There are several directions towards which the present work can be generalized. For example,
it would be interesting to investigate analogous results when the representative agent reacts to the
current distribution of the population (rather than to the stationary one), and then to study the
transition dynamics of the equilibrium. Further, a multi-dimensional underlying state process could
be considered in order understand the role of different sources of uncertainty in the mean field
equilibrium. These and other generalizations are left for future research.

9. APPENDICES
9.1. Proof of Theorem 4.2. The proof is organized in two steps.

Step 1. For any fixed 6 € R4, here we solve the problem

oo o0
(9.1) V(x,0;r) := sup Er[/ e_TSW(X;’,O)ds—/ e_rsdl/s}
veAq 0 0
We shall see that an optimal control for (9.1) is such that to keep (with minimal effort) the state
process above a trigger x*(#). Although the arguments of this step are somehow classical (see, e.g.,

( )) we sketch here their main ideas for the sake of completeness. In the following, in
order to simplify exposition, we do not explicitly stress the dependency on r, unless strictly necessary.
Motivated by the intuition that a costly investment should be made only when the productivity

is sufficiently low, for any « € R, we define the candidate value

(2. 0) Apr(x) +v(2,0), x> x*(0),
(9.2) ( 79)- {(x—x*(ﬂ))—i—@(l’*w),(g), :L’SJI*(Q),

for constants A and z*(0) to be found, and with

v(z,0) = Ex[/ e "r(Xs, 0)ds|,
0
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which is finite due to () and (i7) of Assumption 4.1.
In order to determine A and x*(f) we impose that v(-, ) belongs to C?(R ), from which we obtain

that
 T.(27(0),0)
(6:3) A== 0)

and
2 (2%(0), 0)¢; (2% (0)) — Vo (27(0), )¢y, (27(0)) = ¢/ (27(9)).
Now, using that ¢).(z) = —¢,(z) and dividing both members of the latter by S’(z*(#)) we obtain

Uao(2*(8), 0)r (2(0)) — o (2(0), 0) &) (*(6)) _  &n(2*(6))

§'(2*(6)) S e)

Notice now that for any function h € C%(R, ), standard differentiation, and the fact that £ )?g =0
and (L — (r—10"))g=0for g € {15, QAS}, yield
B (x) ~ oL (x
/\( )¢T<m) - /\( )
S'(x) S5'(x)
This last relation applied to the left-hand side of (9.4) with h = ¥, and to the right-hand side of
(9.4) with h = 1 gives

(9.6) [ Or () (y) (L g — (r =V (y)))Ta(y, 0)dy = /Oo e (y) (r — V' () (y)dy.
x*(0) x*(0)

(9.4)

a
dx

(9.5) h(z)| = ¢p(z)i (z) (L g — (r — V() h(z).

Using now that (Lg — (r — V' (y)))02(y,0) = —74(y,0) we obtain from (9.6) an integral equation for
xz*(0):

(9.7) K(27(0),0) =0, where K(z,0):= / 6r(y) (ma(y,0) — v+ V() (y)dy.
Due to Assumption 3.3 it is easy to see that K (z,(6),0) < 0. Moreover,

~ N >0, x>z, (0
(9.8) Ko (2,0) = () (mal,0) — 7 + V() (2) { S

Also, for any = < Z,(0) — e := Z(0), for suitable ¢ > 0, and for z € (x,Z.(0)), by the integral
mean-value theorem we find

Ze(0)
K(,0) = / 60(y) (e (9,0) — 7+ V()7 (y)dy + K (3.(6).6)
mal(2,0) 4 V() (a;@s(e)) . $;<x>> N

T S0 B K(z:(9),0),

where (2.15) have been used in the last step. Using now that m,(z,0)—r+b'(z) > 0 by Assumption 3.3,
that » —b'(z) > 2¢ > 0, and (2.14) we see that that lim, o K (z,0) = co. The previous considerations
thus lead to the existence of a unique z*(0) € (0,Z,(6)) solving (9.7). For later use, we stress that

(9.9) K, (z*(0),0) < 0.
It can then be checked that v(x, ) as in (9.2) is a C%-solution to the HJB equation
(9.10) min {(Lx — r)u(z,0) + m(z,0),1 — ug(z,0)} = 0.

In turn, this allows to show, via a classical verification theorem, that v(z,6) = V(x, ) and that the
control v*(6) such that

S

t
(9.11) X0 > ar9) and v (6) = / Lz @ gy s 0), V2 0P —as,
0 S —_



20 CAO, DIANETTI, AND FERRARI

belongs to Ay and is optimal. As a matter of fact, since the free boundary z*(6) is a constant, the
latter control rule exists by classical results on the Skorokhod reflection problem (cf. Chapter 6 in

( ) and Chapter 3.6 in ( )

Step 2. Since the control v*(f) reflects upward the process X" () at z*(6), the optimally con-
trolled process X**"(?) is positively recurrent and its stationary distribution is such that (cf. Section
12 of Chapter II in ( )

m/(x)ﬂ[x* (6),00) (I)

P z,v*(0) (dx) - %) dx
e fa;*(o) m/(y)dy
Indeed, by Assumption 2.2 we have
(9.12) / m/(y)dy < oco.
z*(0)

It thus follows from (9.12) that the consistency equation (i.e., (2) in Definition 3.1) reads

_ > e fom (m)dy
0 = F(/x*(e) f(y)PX;gy*(e) (dy)) =F ( fxof(a) () dy ) ;

that is,
(9.13) Qo) = | T ()~ F @)l (y)dy = 0.

We now show that (9.13) admits a unique solution 6* so that (v*,0*) := (v*(0*),0*) is the mean
field equilibrium for the discounted stationary MFG.

Recall the definition of 2*(f) and K in (9.7). Since K € C'(R2) due to 7-(iv) in Assumption
3.3, by the implicit function theorem we find that 6 — 2*(6) is continuously differentiable and has
derivative

d * KQ(SL'*(Q),Q)
(9.14) 75° 0) = K.(2(0).0)

where the last inequality follows from (9.9) and from the fact that 0 — 7, (z, 0) is strictly decreasing,
by Assumption 3.3.
We thus have that @ as in (9.13) is continuously differentiable with derivative

d d 1 e8]
9.15 —Q(0) = —(f(z*(0)) — F~'(0 ’*9*9—/ '(y)dy.
01 QO =~ O) ~ F O ) o 0) ~ gy [

Let now 6 be the unique solution to f(z*(6)) — F~(6) = 0. Such a value indeed exists. To see this
notice that foxz* is strictly decreasing and continuous. Moreover, by using 7-(ii7) of Assumption 3.3
it can be shown that 2*(8) — +oo as 6 | 0 and 2*(0) — 0 as € 1 oo, which, by (i7) of Assumption
3.3, in turn gives

<0,

lim f(a*(6)) = F~'(6) = o0 and lim f(a*(6)) = F*(6) = —oc.

Then Q(@) >0 and d%Q(Q) < 0 for any 6 > 0. Moreover, for any 6 < 5,

Q) = (1 O) = F0) [y > (@) - @) [ iy =o.

z*(0) *(0)

where the strictly decreasing property of f o z* has been used. Finally, for any 6 > 6, > 9 we see
that

d 1 o
@Q(g) < _F’(Fl(e))/x*(ao)m (y)dy,
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where we have used that z*(-) is decreasing. Hence,

o 1 > I -1 -1 * /

Q) -0 < ~( [ wmryts) [, o=t~ Foo) [ mii
and, taking limits as 6 1 oo in the latter, and using that F~1(f) — oo, we obtain Q(#) — —oc.

All the previous properties of () imply that there exists a unique 6* > ) solving the consistency
equation (9.13). Therefore, stressing now the dependency of the involved quantities with respect to
r, and setting (z},0r) = (x*(0*),0*) and v*" := v*(0}), we conclude that (v*",60%) is the unique
equilibrium of the discounted stationary MFG, and that it is characterized by the couple (z},0})
solving the system of equations (4.1). This completes the proof of the theorem.

9.2. Proof of Theorem 4.4. We divide the proof into two steps.

Step 1. We fix # > 0 and we solve the control problem with ergodic profit (4.2). To this aim,
define T as the set of F-stopping times, and, recalling that &'(x) < —2c¢ by (i) of Assumption 4.3,
consider the auxiliary optimal stopping problem

(916) u(gj,e) = 12£’Ez|:/ efgb’()?s)dsﬂx()?t’g)dt_i_efo‘rb’()?s)ds ]
T 0

By employing methods as in ( ) (see in particular Theorem 5 therein), one can prove
that the value function u(-,0) is C'(R4) with ugy(-,0) € LS (R4), and that the optimal stopping
time is given by 7*(z, 0) := inf{t > 0| X} < 2*(#)}, where z*(0) uniquely solves

[e.e]

(9.17) o do(y) (m2(y, 0) + V' (y)) i (y)dy = 0.

Existence of a unique solution z*(€) to the equation (9.17) can be deduced from Assumption 4.3 as
in Step 1 of the proof of Theorem 4.2. Also, we have z*(0) < Z¢(6) (cf. Assumption 4.3). Moreover,
it can be shown that

Lou(z,0)+ b (z)u(x,0) + mx(x,0) =0, x> x*(0),
(9.18) {u();jﬁ) =1, x < z*(0),
as well as

Lou(x,0) +V(x)u(x,0) + mp(x,0) >0, =< z*(0),
(9.19) {ué’,&) <1, x > z*(0).

Next, define the function U(+, #) such that U,(x, ) = u(z, ). By the regularity of u(-, ), the function
U(-,0) is C?(R,) and we observe that U, (z,0) = u(x,0) < 1 for each x € R;. Furthermore, setting
A :=b(x*(0)) + w(x*(0),0), we find

(9.20)
)
2

0% ()
2

= ' OJ(Z)U z Z)ul\z T\ 2 z
= [y (7wt 0) 4 o)tz 0) +5(2,0)
, 2E0)

= /f(a) (Lgu(z,0) + V' (2)u(z,0) + m4(2,0))dz + A,

Upe(2,0) + b(x)Uy(2,0) + 7(x,0) =

Uy (x,0) + b(z)u(x, ) + 7(z,0)

ug (27(0),0) + b(xz*(0))u(z*(0),0) + m(x, 6)
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where we have used (9.18) and (9.19) in the last equality. Now, if x < z*(0), the integral in the
right-hand side of (9.20) is nonpositive, so that

o*(x)
2
On the other hand, if z > x*(0), from (9.20) and (9.18) we deduce that
o*()
2
Overall, we have shown that U(-,0) is a C?(R, ) function satisfying

LU(z,0) +m(x,0) <A and Ug(x,0) <1.

Let now v(z*(0)) € A, be the control that keeps the state process above the threshold 2*(6). Since U
is bounded from below as U, (z,6) > 0 on R, and because v(z*(6)) increases only when X" (@) >
2*(6), a verification theorem shows that A\*(f) = A = b(z*(#)) + 7 (2*(6),0), and that the process
v(x*(0)) is optimal.

Upa(2,0) + b(x)Uy(2,0) + 7(x,0) < A.

Upz(2,0) + b(2)Uy(2,0) + m(x,0) = A.

Step 2. Given z*(0) as in Step 1, we impose the consistency condition on 6; that is, we look for 6*
such that
oo
[ (@) - Py —o.
z*(6%)
As in Step 2 in the proof of Theorem 4.2, we can show that such a 6* exists and it is in fact unique.
Therefore, setting (x%, 6%) := (z*(6%),6*) and v*¢ := v(z}) we conclude that (v*¢,60%) is the unique
equilibrium of the ergodic MFG problem. Moreover, such equilibrium is characterized by the couple
(x%,0%) uniquely solving (4.3), and the value at equilibrium is given by b(x}) + 7(z},0%). This
completes the proof of the theorem.

9.3. Proof of Lemma 5.1. We prove only the continuity of K , the continuity of G being obvious.
Fix (z,0,r) € RZ x (—¢, 1), and a sequence (z",0",1™),en converging to (z,6,r). Without loss of
generality, we can assume that a := /2 < 2" < 2z and that /2 < 6" < 20 for each n € N. Also,
since the functions quﬁr are defined up to a positive multiplicative factor, we can assume that <$,« (a) =1
for each r € (—c,1). Hence, for 0 < a < y, defining 7¢ := inf{t > 0: X? < a}, we have (cf. Chapter
IT in ( )

Y

(9.21) P(y) = ;‘;E‘”? —|ow ([T 0En - nas) |

Therefore, for each 0 < a < y and —c < r < 7 < 1, one has
T . T . =R
) = exp [ 0(x2) = ras) | < € o ([T @ED - nyas) | =00
0 0
so that

(9.22) S1(y) < or(y) < d-cly), y>a, 1€ (—cl).

We next prove that ¢yn(2") — ¢,() as n — oo. In order to do so, set

g

Ta‘ Saan T‘;C =5
Q= / (b'(XZ)—r")ds and «:= / (b'(XZ) —r)ds,
0 0
and observe that X*" — X? P ® ds-a.e. and that 72" — 7% P-a.s., as n — oo. Hence,

Lo remy () (XT") = 1) = Lo ) (s) (V' (XZ) — 1), P @ds-as., asn— oo.
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This, thanks to the Liptschitz continuity of b, allows to invoke the dominated convergence theorem
in order to deduce that
(9.23) a" = «, P-as., asn — oo.

From (9.23) and (9.21), using that ' (X2") — ™ < —c for each n € N, we can employ the dominated
convergence theorem once more in order to conclude that

(9.24) G (27) = Elexp(a™)] — qgr(:v) = E[exp(a")], as n — oc.

In the same way, we can prove that

(9.25) drn(y) = dr(y), for each y > a, as n — oo.
Next, from (9.24) and (9.25), we have
(9.26) 1(en00)(¥) ?rn W) My, 0™, 7™) = 1z 00)(Y) fr(y) II(y,0,r), for each y > a, as n — oo.
¢r” (xn) (br(x)
Moreover, thanks to (9.22), we have the estimate
‘]l(mn,oo) (y)MH(y,H",T") < 1ig,00)(¥) ?_C(y)ﬂ(y, 0/2,—c) € LY(R), for each n € N.
Gpn (27) ¢1(2)

This, together with (9.26), allows to invoke the dominated convergence theorem and obtain that

I?(x",@";r”) = / ;rn((y))ﬂ(y,ﬁn,r")dy — IA((ac,H;r) = gréy;l_[(y,ﬁ,r)dy, as n — 0o,
" (X T r (T

thus providing the claimed continuity of K.

9.4. Proof of Theorem 5.2. We divide the proof in two steps.

Step 1. In this step we prove the first of the two claimed limits. This is done via a suitable
application of the implicit function theorem on the function ® (cf. (5.1)), that defines the system of
equations characterizing the MFG equilibria.

For convenience of notation, set (z§, 03) := (x}, 85). Thanks to Lemma 5.1, the map ® is continuous

and, by Theorem 4.4, we have ®(z},65;0) = 0. By invoking Theorem 1.1 in ( ),
the function r — (z},65) is continuous in a neighborhood (—4,4) of 0 if and only if there exists

neighborhoods (—¢,e) C (—c¢,1) and B C R% of 0 and of (z, 6f) respectively, such that the map

®(-,-;7) : B — R? is locally injective for each r € (—¢,¢). Therefore, we only need to prove local

injectivity of the map ®(-,-;7), and, in order to accomplish that, we will employ the local inversion

theorem. In particular, by observing that, for each r € (—¢, 1), we have ®(-,;r) € Cl(Ri), it

is enough to show that det J®(zf,65;0) # 0 and that det J@® is continuous in a neighborhood of

(x5, 605;0), where det J® denotes the determinant of the Jacobian matrix of @ in the variable (x, 6).
We begin by computing the partial derivatives of K:

= = oL(x)
O K (z,0;7r) = —11(x,0;r) — K(x,0;r)=
( ) ( ) ( )¢>r(x) )
= —I(x,0;r) + K (x, 9;r)§’(x) - gg; (r —b'(y))m/ (y)dy,

where, in the second equality, we have used (2.15). In particular, by repeating arguments similar to

those in the proof of Lemma 5.1, one can show that 0, K (z,0;r) is continuous in (z,0,r). Also, by
Theorem 4.4, we have K (xj,05;0) = 0, so that

(9.27) 0. K (3, 055:0) = —II(xf, 65;0) < 0,
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where the latter inequality follows from the fact that, arguing as in the proof of Theorem 4.2, one
has
(9.28) Te(xh, 03) + 0/ (xf) >0 and f(xf) — F1(6%) < 0.
Next, thanks to 7-(iv) in Assumption 3.3, we find
PN
0K (x,0;7) = / at)
T ¢T (1’)

which, through arguments similar to those in the proof of Lemma 5.1, can be shown to be continuous
in (z,0,r). Moreover, since 7,9 < 0 and V' —r < 0, we have

(9.29) K (x5, 0%;0) < 0.

(ma0(y,0) — (r — V' (y)) W' (y)dy,

Finally, the function G clearly belongs to C'(R2). Moreover,

(xR 1 /Oo /
(930) 89G($0790) - F/(F_I(QS)) 5 m (y)dy <0,

and by (9.28) we have
(9-31) 0.Gl(x5,05) = —(f () — F~(6))m’ (x) > 0.

Therefore, by employing (9.27), (9.29), (9.30) and (9.31), and using the continuity of det J®, we
find neighborhoods (—¢,¢) and B of 0 and (zf, 6;) such that

det 7®(z,0;r) = 0. K 9yG — 0pK 0,G (z,0;r) >0, for each (x,6) € B and each r € (—¢,¢).

By the latter inequality we can then invoke the local inversion theorem in order to deduce that, for
each r € (—¢,¢), the function ®(-,-;7) : B — R? is locally invertible. Therefore, by Theorem 1.1 in

( ), the map r — (z},07) is continuous in (—¢,¢).

Step 2. With regard to Theorem 4.2 and its proof, we have that
rV(x,08r) =rV(xy,05r)+r(z—xr), =<z

Since V (-,0;7) € C?(Ry), by using the fact that (Lx — r)V (2,05 7) + n(x,05) = 0 for x > x%, we
find that
rV(zy, 055 1) = b(x)) + w(ay, 0y).

rYr T

Therefore, for z € R, we can write

(9.32) rV(x,0871) = r/ Va(z,05r)dz +rV(zr,0051) = r/ Vi(z, 05 r)dz + b(x)) + m(x), 7).
Moreover, we have V,(-,0x;7) > 0 for each r > 0. Indeed, for z < Z and any control v € Ay, by
a comparison theorem (see, e.g., Theorem 54 at p. 324 in (2005)) we have X, < X" for

each t > 0, P-a.s. This, together with the monotonicity of 7 (-, 6}), implies that
V(z,057r) = sup J(z,v,051) < sup J(Z,v,08r) =V (Z,057),

s Ups s Ups s Ups s Yy
veEAy veEAy

so that V,(-,0%;7) > 0 for each r > 0. Also, since V (-, 07;7) solves the equation (9.10) in the proof

5 Ury r

of Theorem 4.2, we have V(-,0%;r) <1 for each r > 0, which allows to conclude that

0<Vy(-,0r;r) <1, foreachr > 0.

s Yrs

The latter, together with the limits proved in Step 1, allows to use the dominated convergence
theorem to take limits as r | 0 in (9.32), and to conclude that

rYr YT er-e

lim 7V (z,07: ) = lim (b(xr)—i-ﬂ(x 0 )) = b(at) + m(ak, 05) = N(67),

where the last equality follows from Theorem 4.4. This completes the proof of the theorem.
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9.5. Proof of Lemma 6.4. We prove only the first estimate, the proof of E\he second bAeing analogous.
Let i € {1,..., N} be given and fixed. Recall the definition of xy,, set L := max{B,z},}, and let
v € A.(B). Let then (1}, %Ii)kzl beAa sequence Qf stopping times such that 0 < 7§ < 7 < 74 < 7l <
, P-a.s., and such that {X*" > L} = Uk>1[7'k,7_'k]
By employing It6’s rule on the process {| X}’ ’2}756 (i #i]> We obtain
XPP = PR [ X + o) ds + [ 2Xia(Xiaw,
E o
. t . .
< |X%”y2 + / 22XV o (XEY)dW.

i
k

Therefore,
r 0,V 2 r 6,V 2 V|2
i,V iU i,v
E[|X7|?dt = E[|Xt PLyiocy + X0 PLpgisg,
0 0 t

t . .
<L2T+Z/ [ ri iy (]X“’|2 /'2X;’”0(X;7”)dWS>}dt

k>1 k
(9.33) < (207 + E[|€'P]T.

In the last inequality above we have used that the expectation of the stochastic integral vanishes and
that, because v € A(B), one has either X:Z.V =¢ifri =0or Xi’f = Lif ) >0.
k k

]dt

Since the right-hand side of (9.33) does not depend on the choice of v € AG(E), the claim is then
easily obtained.

9.6. Proof of Theorem 6.5. We will prove only Claims 1 and 2, as the proof of Claims 3 and 4
follows similar arguments.

Proof of Claim 1. For v € A.(B), set

RN () := Gi(v,07%) — G(v, 67).
By Theorem 4.4, the control policy 7€ is optimal for the MFG problem with ergodic cost. Hence
(9.34) G (", 07" > Gi(v, ) + RN (5°) — RN (v), v e A(B).

Therefore, since 7° € A.(B) by definition of B, we only need to show that |RN (v)| — 0 as N — oo,
uniformly for v € A.(B). In order to do so, we first observe that

1e /T (XY, 68N dt ~ g /T (XDY,6F)dt
T 0 ™ t Ve T 0 t Ve

.

T

1 . .

< sup limsupE [/ =C(+ (X)) |92’N — 2] dt}
VEA@(E) T—o0 0 T

(9.35) |RY (V)| < limsup

T—oo

Next, using that 0N > F f(x¥%)), we have by Assumption 6.3
e

T

1 .

(9.36) sup limsupE[/ —w (XY, 00N) — m(X]Y, 0%)
vEAL(B) T—o0 o T

[

. 9 1 1 T ) 27 2
<E [yegN—egy }2 sup limsupE [<T/ C(1+|XZ”’|)dt> ]
0

veA(B) T—o0

CE |0 - 0*\2]5
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for a constant C' < oo (depending on the initial conditions, but not on v € A,.), and where the last
inequality follows from Jensen’s inequality and from Lemma 6.4.

For z > 0, set m(z) := m/(x)1, o) (x)/ [7°m(y)dy. Exploiting the estimates from Lemma 6.4
and using results from the ergodic theory (see, e.g., p 37 in ( )), we find

o o] = /tszﬂXw)ds—ez ]
oo 0 - .

:‘/RNl fo])Hm*xjde—H*

JFi

Thanks to the assumption of local Lipschitz continuity of F' and the estimates from Lemma 6.4, we
can then employ a suitable version of Hewitt and Savage’s theorem (see Corollary 5.13 in
( )) and obtain

2
=0.

e[ [ st -

The latter, together with (9.36) and (9.35), gives |RN ()| = 0 as N — oo, uniformly over v € A.(B).
Hence, from (9.34) and (6.8), we conclude the proof of Claim 1.

Proof of Claim 2. Following an argument similar to the one adopted in the previous step, we use
Theorem 5.2 and the optimality of "¢ for the MFG problem with ergodic cost in order to obtain for
any v € Aq(B) that

(9.37) GH T 07 > G v, 07 ") + G(v,0F) — G (v, o™ 5") + GYP, ™) — G(0", 6F)
+ G, 05) — G, 05) + G, 05) — G(, 67)
= Gi(% D_i7r) + G(ﬂi’rv ‘9:) - G(lji7ea 9:) + EN,r,

with ey, vanishing as N — oo and r — 0. Hence, it only remains to show that G, 0%) —

G(v™€,0r) = 0 as r — 0. For z > 0, set again m/(z) := m/(x)1}, o)(x)/ [°m'(y)dy. By the
ergodic theory (see, e.g., p. 37 in ( )) and estimates from Lemma 6.4 , for
q € {d, e}, we have
1 T i [e%)
(9.38) lim ~E [ / (X0 ,9:)@] _ / 7 (2, 0) .. (z)da.
T—oo 1 0 y q
Also, as in the proof of Lemma 6.4, one can prove that E[X;lﬁi’q] <2l + E[¢!], and we obtain
1 i,q 7, i T i, 7 o /

: ZEl7¥1 — s i i i, - _ . )

(9.39) TlgréoTE[VT] TIEI;OTE{X —¢ /0 b(X, )ds} /m* b(x)mzq(a:)da:

By the convergence in Theorem 5.2, using (9.38) and (9.39), we conclude that G(v LroOk) —
G(v"¢,0r) — 0 as r — 0, thus completing the proof of Claim 2.
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