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History:

1. Introduction and overview Mean field games (MFGs) are a powerful tool to analyse
strategic interactions in large populations when each individual player has only a small impact on
the behavior of other players. In the economics literature, mean-field-type (or anonymous) games
were first considered by Jovanovic and Rosenthal [33] and later analyzed by many authors includ-
ing [8, 20, 29]. In the mathematical literature MFGs were independently introduced by Huang,
Malhamé and Caines [31] and Lasry and Lions [37]. MFGs have been successfully applied to vari-
ous economic problems, ranging from systemic risk management [15] to principal agent problems
[22, 39] and from portfolio optimization [36] to optimal exploitation of exhaustible resources [18].

In a standard MFG, each player i € {1,..., N} chooses an action u’ from a given set of admissible
controls that minimizes a cost functional of the form

T
Ji(@) =E { | st xt @ e+ g0 )] = 1)
0

1


mailto:fuguanxing725@gmail.com
mailto:pgraewe@deloitte.de
mailto:horst@math.hu-berlin.de
mailto:Alexandre.Popier@univ-lemans.fr

Fu et al.: A Mean Field Game of Optimal Portfolio Liquidation
2 Mathematics of Operations Research 00(0), pp. 000-000, © 0000 INFORMS

subject to the state dynamics

{dXti:b(t,Xf,uiV,uf;)dt+a(t,X§,M,fV,ui)th", @)

X=X

Here, W1, --- ,W¥ are independent Brownian motions, and X!,..., X"V are independent and iden-
tically distributed random variables with law v that are independent of the Brownian motions. All
stochastic processes and random variables are defined on an underlying filtered probability space'.
The vector @ = (u',--- ,u") denotes the action profile, and f} := ~ Zjvzl d,; denotes the empirical
distribution of the individual players’ states at time ¢ € [0, 7. It is usually assumed that the players
observe their own initial state and know the common distribution v of the other player’s initial
states.

The existence of approximate Nash equilibria for large populations can be established using a
representative agent approach. The idea is to approximate the dynamics of the empirical distribu-
tion of the states by a deterministic measure-valued process, and then to consider the optimization
problem of a representative player subject to the equilibrium constraint that the distribution of
the representative player’s state process under her optimal strategy coincides with the pre-specified
measure-valued process. More precisely, denoting by P(R?) the space of probability measures on
R?, by Law(X) the law of a stochastic process X and by X a random initial state with distribution
v the resulting MFG can be formally described as follows:

1. fix a deterministic function ¢ € [0,T] +— u; € P(RY);
2. solve the corresponding stochastic control problem :

inf, E [fOTf(t,Xj‘,ut,ut)dt+g(X§f,uT)’ X] )

subject to the state dynamics . (3)
AX{ =b(t, X[, ey ue) dt + o (8, X¥, g, u) W,
X() - X

| 3. solve Law(X*%) = ;s where X*% is the optimal state process from 2.

Let p* be a solution to the above fix point problem and let u* be the representative player’s
optimal response to p* given X. Then u* = ¢(X, W) for some measurable function ¢ from R x
C[0,T] into a suitable function space, and each individual player’s optimal response to p* given her
initial state X' = z° is u** = ¢ (2%, W*). Under suitable assumptions the homogeneous action profile
(¢(+,), ..., 0(+,+)) forms an e-equilibrium in the original game if N is large enough.

There are basically four approaches to solve mean field games. In their original paper [37],
Lasry and Lions followed an analytic approach. They analyzed a coupled forward-backward PDE
system, where the backward component is the Hamiltion-Jacobi-Bellman equation arising from the
representative agent’s optimization problem, and the forward component is a Kolmogorov-Fokker-
Planck equation that characterizes the dynamics of the state process; see also [25]. Merging the
forward backward system into a single master equation, the dynamics of the MFG can alternatively
be described in terms of some form of second order PDE on the space of probability measures; see
[9, 11, 19, 21] for details. A more probabilistic approach was introduced by Carmona and Delarue
n [12]. Using a maximum principle of Pontryagin type, they showed that the fixed point problem
reduces to solving a McKean-Vlasov FBSDEsS; see also [6, 17]. A relazed solution concept to MFGs
was introduced by Lacker in [35] and later extended by various authors including [14, 23]. In this
paper we apply a probabilistic approach to analyze a novel class of MFGs arising in models of
optimal portfolio liquidation under market impact. Our existence and uniqueness of equilibrium
result is based on a new existence of solutions result for FBSDE systems with singular drivers.

! We assume throughout that all filtrations are augmented by the null sets.
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1.1. Single player models of optimal portfolio liquidation Single-player portfolio liqui-
dation models have been extensively analyzed in recent years. Their main characteristic is a singu-
larity at the terminal time of the Hamilton-Jacobi-Bellmann equation. The majority of the optimal
liquidation literature assumes that only absolutely continuous trading strategies are allowed; see
e.g. [3, 28] and references therein. In such models the controlled state sequence follows a dynamics

of the form ,
X,=z- / . ds,
0

where x > 0 is the initial portfolio that a trader needs to unwind, and £ is the trading rate. The
set of admissible controls is confined to those processes & that satisfy almost surely the liquidation
constraint

XTZO.

It is typically assumed that the unaffected benchmark price process follows a one-dimensional
Brownian motion W (or some Brownian martingale) and that the trader’s transaction price is
given by

t t
S, =50+ / o, dW, — / Ks&sds —m&,
0 0

where o is a (sufficiently regular) stochastic volatility process. The integral term accounts for
permanent price impact, i.e. the impact of past trades on current prices, while the term ¢,
accounts for the instantaneous impact that does not affect future transactions. The expected cost
functional is typically of the linear-quadratic form

E [ / (reX, 4.8+, ds]

where k,n and A are one-dimensional bounded adapted and non-negative processes. The process
A describes the trader’s degree of risk aversion or her belief about the volatility process; it penal-
izes slow liquidation. The process 7 describes the degree of market illiquidity; it penalizes fast
liquidation. The process x describes the impact of past trades on current transaction prices.

There are basically two approaches to overcome the challenges resulting from the terminal state
constraint. The majority of the literature, including Ankirchner et al. [3], Graewe et al. [27], Kruse
and Popier [34] and Popier [42, 43] considers finite approximations of the singular terminal value,
and then shows that the minimal solution to the value function with singular terminal condition
can be obtained by a monotone convergence argument. A second approach, originally introduced
in Graewe et al. [28] and further generalised in Graewe and Horst [26] is to determine the precise
asymptotic behaviour of a potential solution to the HJB equation at the terminal time, and to
characterize the value function in terms of a PDE or BSDE with finite terminal value yet singular
driver, for which the existence of a solution in a suitable space can be proved using standard fixed
point arguments.

If the transactions are not directly observable, then it is natural to assume that the permanent
impact is driven by the markets expectation about the traders transactions as in [5], given the
publicly observable information. It leads to a mean field control problem, which is not the focus of
our paper.

1.2. A MFG of optimal portfolio liquidation We consider a MFG of optimal portfolio
liquidation among asymmetrically informed players. In order to introduce the game, we fix a
probability space (2,G,P) that carries independent standard Brownian motions W° W1 ... W&
with W in one dimension and W* in m — 1 dimension and independent and identically distributed
one-dimensional random variables X!, ...., X"V with law v that are independent of the Brownian
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motions. The Brownian motion W drives the unaffected benchmark price process. We assume
that W0 is observable by all agents. The Brownian motion W is private information to player 4
and determines that player’s cost function. We may think of W* as measuring a player’s individual
degree of market impact and/or subjective belief about the price volatility. The random variables
X, XY specify the respective players’ initial portfolios. We assume that each player observes
the realization of her initial portfolio and knows the distribution of all the other initial portfolios.
Following [10] we assume that the transaction price for each player i =1, ..., N is given by

t t i N
i i i K i i
si=si+ [ araws— [ N s

In particular, the permanent price impact depends on the players’ average trading rate. Given
her initial portfolio X* = x* the optimization problem of player i =1,..., N is to minimize the cost
functional

T iN
/o P o o o ‘ ‘
TV (§)=E [ / <Nf S X+ (€ +Az<Xz>2> at| X' :xz] @
0 e
subject to the state dynamics

dX{=—¢dt, -
Xi=X' XiL=0.

Here, E = (& &N) is the vector of strategies of all the players. We assume that the one-
dimensional cost coefficients (k%,n°, \*) have the same distribution across players and are adapted
to the filtration

F':=(F,0<t<T), with F/:=c(X' W2 W, 0<s<t). (6)

REMARK 1. As pointed above, we assume that all players observe the Brownian motion W°
that drives the unaffected benchmark price process; this motivates the individual information sets.
Although we strongly believe that all our results carry over to the more general case where the
agents observe only the price process itself, we prefer to work under the stronger assumption that
W?° is observable to simplify the analysis.

Our game is different from the majority of the MFG literature in at least three respects. First,
as in [16, 25] the players interact through the impact of their strategies rather than states on
the other players’ payoff functions. Second, all players observe the common Brownian motion W?°
that drives the benchmark price process. Hence, ours is a MFG with common noise. While MFGs
with common noise have been investigated before (see, e.g. [14]) the nature of both the common
and the idiosyncratic noise in our model is very different from the existing literature. Third, the
individual state dynamics are subject to a terminal state constraint arising from the liquidation
requirement. MFGs with terminal state constraint have been considered before in the literature
by means of so-called mean field (game) planning problems (MFGP) introduced by Lions in his
lectures at College de France (2009-2010). In these problems the terminal state constraint is given
by a target density of the state at the terminal time. While our problem formally belongs to the
literature on MFGP, see e.g. [1, 24, 44] and the references therein, ours seems to be the first paper
that considers a MFG with strict terminal state constraint.
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1.2.1. The MFG In order to specify the resulting MFG, let W° and W be independent Brow-
nian motions of dimension 1 and m — 1, respectively?, and X be an independent one-dimensional
random variable with law v defined on some probability space, again denoted (2,G,P). Let F°:=
(F,0<t<T) with 7} = (W2,0 < s <t) be the filtration generated by W° and let F:= (F;,0 <
t <T) with F; :=o(X, W2, W,,0<s<t). The MFG associated with the N-player game (4) and
(5) is then given by:

1. fix a F” progressively measurable process u (in some suitable space);
2. solve the corresponding constrained stochastic control problem :

inf, E [ T (Rt X o 4162 + A X2) ds( X}
subsect to
dX, = —£,dt, Xo—= X and X = 0:
3. search for the fixed point p; = E[¢|FP], for a.e. t €[0,T)

where £* is the optimal strategy from 2 and the processes (k,n,\) are adapted to the filtration F.
We denote by p* a solution to the fixed point problem in Step 3.

We apply the probabilistic method to solve the MFG with terminal constraint (7). In a first step
we show how the analysis of our MFG can be reduced to the analysis of a conditional mean-field
type FBSDE. The forward component describes the optimal portfolio process; hence both its initial
and terminal condition are known. The backward component describes the optimal trading rate; its
terminal value is unknown. Making an affine ansatz, we show that the mean-field type FBSDE with
unkown terminal condition can be replaced by a coupled FBSDE with known initial and terminal
condition, yet singular driver. Proving the existence of a small time solution to this FBSDE by a
fixed point argument is not hard. The challenge is to prove the existence of a global solution on
the whole time interval. Under a weak interaction condition that has been used in the game theory
literature before (see, e.g. [29]) we prove the existence and uniqueness of a global solution by a
generalization of the method of continuation established in [30, 41] to linear-quadratic FBSDE
systems with singular driver. Under the additional assumption that all players share the same cost
structure, i.e. that

K= k(XL WO W), =X WO, W), X = AXL WO, W)

for bounded measurable functions k,n, A we prove that each player’s best response to the mean-field
equilibrium p* is of the form

g*,i — ¢(X’L’ WO, Wz)

for some function ¢ and that the resulting homogeneous action profile forms an e-equilibrium in
the original N-player game.

The common information case where all the cost coefficients are measurable with respect to
the common factor can be analysed in greater detail. When different players hold different initial
portfolios, then the optimal portfolio processes are given as weighted averages of the players’ initial
portfolios and the differences of their own and the average initial portfolio. In this case, we show
that if the average initial portfolio is positive and a player holds an above average initial portfolio,
then her optimal portfolio process is always positive. If, however, a player holds a positive yet well
below average initial portfolio, then it is optimal to quickly unwind the position, to then take a
negative position and to buy the stock back by the end of the trading period. This is intuitive as
players with negative portfolios benefit from the negative price trends generated by other players

2 The same as N player game, we may interpret W° as the common information to all players and W as the private
information to the representative player.
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while the cost of unwinding a small portfolio is low. As such, our result suggests that traders with
small portfolios act as liquidity providers in equilibrium even if their initial holds are positive.

The benchmark case of deterministic coefficients can be solved in closed form. For this case we
show that when the strength of interaction « in (7) is large and all players share the same initial
portfolio, the players initially trade very fast in equilibrium to avoid the negative drift generated
by the mean field interaction. Our model thus provides a possible explanation for large price
drops in markets with many strategically interacting homogenous investors. We also show that the
deterministic case is equivalent to a single player model with suitably adjusted cost terms.

Under mild additional assumptions on the market impact parameters we further prove that the
solution to the MFG can be approximated by the solutions to a sequence of MFGs where the
liquidation constraint is replaced by an increasing penalization of open positions at the terminal
time. The convergence result can be viewed as a consistency result for both, the unconstrained and
the constrained problem.

The three papers closest to our model are Cardaliaguet and Lehalle [10], Carmona and Lacker
[16], Huang, Jaimungal and Nourin [32]. In [16], the authors propose a specific portfolio liquidation
model where each players portfolio is subject to exogenous fluctuations (customer flow) described by
independent Brownian motions. As such, their model is much closer to a standard MFG than ours,
but no liquidation constraint is possible in their framework. The papers [10] and [32] consider mean
field models parameterized by different preferences and with major-minor players, respectively.
Again, no liquidation constraint is allowed. The model introduced in [10] is extended to portfolios
of correlated assets in [38] where the effect of trading flows on naive estimates of intraday volatility
and correlations is analyzed.

The remainder of the paper is organized as follows. In Section 2 we state and prove our exis-
tence and uniqueness of solutions result for the MFG (7) and establish additional results on the
equilibrium trading strategies and portfolio processes if all the players share the same information.
In Section 3 we prove that the solution to the MFG yields an e-Nash equilibrium in the N-player
game. In Section 4 we prove that the MFG with singular terminal condition can be approximated
by MFGs that penalize open positions at the terminal time under additional assumptions on the
market impact term.

1.2.2. Notation and notational conventions Throughout, we adopt the convention that
C' denotes a constant which may vary from line to line. Moreover, for a filtration G, Prog(G)
denotes the sigma-field of progressive subsets of [0,7] x © and for I, which could be a subset of R",
n>1 or RU{+4o0}, we consider the set of progressively measurable processes w.r.t. G:

Pe([0,T) x 1) ={u:[0,T] x @ —1 | u is Prog(G) — measurable } .
We define the following subspaces of Pg([0,T] x ©;1):

LZ([0,T] x 1) = {u € Ps([0,T] x Q;I); ||lu|| :=esssup |u(t,w)| < oo} :

t.w

T p/2
LR([0,T] x ;1) =< u € Pg([0,T] x 1); E(/ ]u(t,w)\zdt) <oo};
Se([0,T] x ;1) = ue Ps([0,T] x ;I); E <Oi1tl£)T|u(t,w)|p) < oo} .

Whenever the notation T'— appears in the definition of a function space we mean the set of all
functions whose restriction satisfy the respective property on [0,7] for any 7 < T, e.g., by ¢ €
L?([0,T—] x Q;1), we mean ¢ € L*([0,7] x ;1) for any 7 < T'. For notational convenience, we put

DZ([0,T] x ;1) := L([0,T] x ;1) N S&([0, T—] x Q; ).



Fu et al.: A Mean Field Game of Optimal Portfolio Liquidation
Mathematics of Operations Research 00(0), pp. 000-000, © 0000 INFORMS 7

For a positive stochastic process u € LZ([0,7] x ©;[0,00)) we denote its upper and lower bound
by Umax and unmi,, respectively.

2. The mean-field game In this section, we state and prove an existence and uniqueness
of solutions result for the MFG (7). The set of admissible controls for the representative player’s
liquidation problem is given by

Ap(X) = {g € I2([0,T] x % R), /OT €.ds =X as. } |

For a given process € L2,([0,7] x Q;R), the corresponding cost and value functions are given by

x|,

T
J(X,&p):=E [/ (RsXops + 82 + A X2) ds

0

and
V(X;u)= inf J(X,&u),
(X5 1) 6611;()() (X, &)

respectively. The Hamiltonian is
H(t7€7 x,Y; /J’) = _éy + Kt + 77t52 + )‘t1:27

and the stochastic maximum principle suggests that the solution to the optimization problem can
be characterised in terms of the FBSDE

dXt - — gt dta
—dY, = (Kepe + 20 X3) dt — Z, AW, (8)
XO :X
XT :0,

where W = (W W) is a m-dimensional Brownian motion. The process Y is called the adjoint
process to the controlled state process X. The liquidation constraint X+ = 0 results in a singularity
of the value function at liquidation time; see [3, 28]. As a result, the terminal condition for Y
cannot be determined a priori. In particular, the first equation holds on [0,7] while the second
equation holds on [0,7"). A standard approach yields the candidate optimal control

_ Y

=5 (9)

&

Taking the equilibrium condition into account suggests that the analysis of the MFG reduces to
the analysis of the following conditional mean-field type FBSDE:

( Y,
dX,=— —L dt,
277t Y
—dY, = <mE [t f?} + 2AtXt) dt — Z,dW,, (10)
277,5
Xo :X
XT :0

We establish the existence and uniqueness of a solution to the preceding FBSDE in the following
space of weighted stochastic processes.
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DerINITION 1. For [ € R, we introduce the space
Hy:={Y € Pe([0,T] x G;RU{cc}): (T —.)7'Y. € S2([0,T] x Q;RU{oc})},

and the space
M :={Y € Pe([0,T] x G RU{co}): (T—.)"Y. € Lg([0,T] x i RU{oc})},

which is endowed with the norm

2

Y;

Seor| (T =ty

0<t<T

Y3, =Y = (E

which is endowed with the norm

— Yy
Wil = esssup T o

Fact 1. The following facts are readily verified:

o Hy CH oy with ||+ [la_,, ST I3,

o If K€ H,;, with [ >0, then Ky =0 a.s.

o If Kl S M_l and K2 S HZ; then K1K2 S H—l—&-l'

The first two properties also hold for the space M;.

We assume throughout that the cost coefficients are bounded and that the dependence of an
individual player’s cost function on the average action is weak enough. The weak interaction con-
dition is consistent with the game theory literature on mean-field type games where some form of
moderate dependence condition is usually required to prove the existence and uniqueness of Nash
equilibria; see [29] and references therein. The condition is also consistent with the monotonicity
condition for FBSDE systems originally proposed by [30, 41] and the generalization to mean-field
type FBSDEs established in [7]. Specifically, we assume that the following condition is satisfied.

ASSUMPTION 1.

i) The processes x, A, 1/\, n and 1/n belong to L ([0,T] x Q;[0,00)) and X € L*(Q) is inde-
pendent of W and W°.

ii) There exists a constant # > 0 such that

max )\min
fmax g < 4 2min (11)
477min Rmax
The following quantity will be important in our subsequent analysis:
Q= Nin/Mmax € (0,1]. (12)

We are now ready to state our first major result.

THEOREM 1. Under Assumption 1, there exists a unique solution
(X,Y,Z) € Ho x L2([0,T] x Q;R) x L2([0,T—] x ;R™)

Y

to the FBSDE (10). Moreover, the process £* = 5 is an optimal control for the representative
n

player, X* = X 1is the optimal state process and the aggregation effect given by

Y,
*:E Tt
lu’t |:277t

is the unique solution to the MFG (7). Finally, the value function is given by

X] . (14)

Section 2.1 is devoted to the proof of Theorem 1 and Section 2.2 explores some particular cases.

ff} , telo,T) (13)

1 1 1 r
0
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2.1. General existence and uniqueness of solutions In this section we prove our existence
and uniqueness of equilibrium result for the MFG (7). Decoupling the FBSDE (10) by Y = AX + B
yields the following system of Riccati type equations:

A? A 3117
—dA, = 2\ — = | dt — Z AW,

1 A,B .
—dB, = ( k,E [(AtXH-Bt) }‘f} -t ’f) dt — ZB dw,, (15)
2n, 2n,
AT =00
BT :0

The existence of a unique solution A € M _; to the first equation is established in Lemma 9 in the

appendix. Namely, there exists a unique process (A, Z4) such that A€ M_,, Z4 € L2([0,T—] x

Q;R™), the dynamics is given on any interval [0, 7], 7 < T by the first equation of (15) and thn% A=
—

+o00 = Ar. Moreover A satisfies the a priori estimate (48) in Lemma 9 in the appendix, from which

it also follows that - T a
-5
_ “d < 1
exp( / 21, “)‘(T—r> 1o

for any 0 <r <s<T, where « is given by (12). Hence we need to solve the following FBSDE:

1
dXt = — 7(AtXt + Bt) dt,
e A.B
—dB,= | B | — (A X, + B)| F0| — 224 ) dt — ZP aw,
d t </€t |:27’]t( t t+ t) ‘Ft:| 277t dt tth? (17)
X():X
BT:O.

\

Our approach is based on an extension of the method of continuation that accounts for the sin-
gularity of the process A at the terminal time and hence for the singularity in the driver of the
FBSDE. We apply the method of continuation to the triple (X, B,Y = AX + B) rather than the
pair (X, B), and search for solutions

(X,B,Y = AX + B) € Ho x H, x L2([0,T] x % R),
where o was defined in (12) and + is any constant
0<y<aAnl/2.

Specifically, the method of continuation will be applied to the FBSDE

(

1
dXt - — T(AtXt + Bt) dt,

un

1
*dBt = K/tpE |: (AtXt + Bt)
2m,

A,B —
ff] + fi— Q’f t) dt — ZE aw,,

A,X,+ B — (18)
dY, = | =2\ X, — kipE [tztn“” ]-j?} — ft> dt+ 2, dw;,
t
XO :X
BT :0,

\

where p € [0,1], f € L([0,7] x ;R). We emphasise that the first two equations hold on [0,77,
while the third equation holds on [0,7).
In a first step, we provide an a priori estimate for the processes Z2 and ZY.
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LEMMA 1. Assume that f € L3([0,T] X Q;R) and that there exists a solution (X, B,Y,Z8 ZY)
to (18) such that

(X,B,Y) € Ho x Hoy x S5([0,T—] x Q,R).

Then
(27, 2%) € L([0,T] x & R™) x L2([0,T—] x QR™)

and there exists a constant C >0 such that

E [/ |Zf\2dt] <c (I!B\Ii+ IXI2 +E [/ !ftthD

and such that for each T <T

T T
E[/ |Z:’]2ds] SC(E[sup |Yt|2} +\|XHZ+HB||3+E[/ \ftIth]>.
0 0<t<r 0

In particular, [, ZP dW, is a true martingale on 0,T) and [, ZY dW, is a true martingale on [0, 7],
for each T <T.

Proof. Since A € M _; and 1, > 0 there exists a constant C' > 0 that is independent of s € [0, T
such that

‘ASBS |:ASXS+BS
—kE |
2n; 2ns

fi’) +fs|} :

|B| X
<C E B
- [T—s+ T—s+| |

Let us notice that

T T
—~ AB AX,+B
/ ZSBdWsz—Bt—/ { s S_HSPE{SSJFS
t t 2775 2775

fg] - fs} ds.
Since (X, B) € H, x H.,, this implies

T —~
/ ZBdw,
t

| Bi|

< C su +C sup E
ogth (T —t) ogng

[ | Bt

sup ————| F?
ocrer (T —t) é}

T
J-‘S} +/ | f| dt.
0

30(||B||i+uxui+1€[/o |ft|2dt]>.

[ RY

+C sup E

0<s<T

su
ogth (T —t)

Thus, by Doob’s maximal inequality,

T —
/ ZBaw,

t

2

E[sup

0<t<T

Similarly, for each 0 <7 < T,

/ ZY dw,

t

2

E | sup

0<t<r

T
<c(B|sw e x4 imE v | [ 1pa] ) <o
0<t<r 0

O
In a second step, we now prove an existence of solutions result for the FBSDE (18) with p =0.



Fu et al.: A Mean Field Game of Optimal Portfolio Liquidation
Mathematics of Operations Research 00(0), pp. 000-000, © 0000 INFORMS 11

LEMMA 2. For p =0 there exists for every given data f € LE([0,T] x ;R) a unique solution
(X,B,Y,ZP,ZY) e Ho x Hy x DE([0,T] x Q;R)x L2([0,T] x Q;R™) x L2([0,T—] x ;R™) to (18).
It is given by

T
B,=E |:/ fse_fts(Qnr)*lArdr ds
t
t
X, = Xe JoCn T Ardr _ / (27,) 1 Bye~ Ji @ T Ardr g 4 e [0, T
0
Yt:AtXt+Bt7 tG [O,T),

]-'t} , te€]0,T]

and ZP € L2([0,T] x ;R™) and Z¥ € L2([0,T—] x Q;R™) are given by the martingale representa-
tion theorem.

Proof. For p=0 the process X solves a linear ODE and the pair (B, Z?) solves a linear BSDE.
Hence, the explicit representations follow from the respective solution formulas. It remains to
establish the desired integration properties. To this end, let us recall that A has positive values.
Thus we first apply Holder’s inequality in order to obtain,

1—
ft:| ) < 0.

(T|?t7|5)v = (Tit)’yE [/t |fsl ds ft] < (E [/t |fs|ﬁd8

Using Doob’s maximal inequality, Jensen’s inequality and the fact that v < % we conclude that,

2 T ) 2(1-7) T
]gE!sup (E[/ ]fs\lvds}"t}> SCE[/ ]fs\zds]
0<t<T 0 0

From (16), the solution formula for X and using that v < o we obtain that X € H,, because

B,
(T —t)

0<t<T

E[sup

X(
x| < KT =" ‘ +c/yBy< )ds

S oy LY ([ )y

(T t)a{|X| n CTe ( | Bs| >}
- —ft——— | sup —— | ¢.
To " Tty —a \ozeer (T —s)

In view of (48) and the previously established properties of X and B we have Y € S2([0,7—] x Q;R)
with

IN

C
E Vi < —— || X2+ (T —7)*||B|?. 19
s V2| < g X+ (=) B (19)
For any € > 0, integration by part implies that
T—e¢ T—e¢
Xr-Yr_—XoYo = X dY; + Y, dX,
O e 0 T—e Yz T—e __
0 0 277t 0

The positivity of the process A along with the definition of the process Y yields Xp_.Yr_, >
Xr_.Br_.. Thus, taking expectations on both sides of the above equation, letting ¢ — 0 and using
XT = BT =0 ylelds

T T
E[XOYO]gEU 2AtXt2dt][E[/ thtdt}E[/ ngt]
0 0 0 t
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Together with the inequality (19) for 7 =0 this shows that

T T T
E[/ det}gma[/ det]—i—C’E[/ ffdt]+0|yXH§+CHBH§<oo.
0 0 0

O
In a third step we now establish the continuation result for the FBSDE (18) from which we shall
then deduce the existence of a unique global solution to our original MFG.

LEMMA 3. If for some p € 0,1] the FBSDE (18) is for every data f € L([0,T] X ;R) uniquely
solvable in Ho X Hoy x DE([0,T] x Q;R) x LE([0,T] x Q;R™) x LE([0,T—] x Q;R™), then this holds
also for p+0 with 9 >0 small enough (independent of p and f).

Proof. Let us fix 0 >0, Y € L3([0,7] x Q;R) and f € L2(][0,T] x €;R) and consider the following
system:

~ 1 ~ o~
dXt = - 7(AtXt + Bt) dt,
21

- AB o

—dBt: /ﬁ}tpE|: 77 (AtXt+Bt> F:| +/€taE|: :| f t77 t> dt—ZthWta
T
20)
~ ~ A X, +B v o (
V= (—on X, — ol | 2B w0l om0 g ar s 27 aww,
27775 27715
)?0: X
BT: 0

Then

f(Y):=koE B; ]-'O] + f € L3([0,T] x Q; R).

Thus, by assumption there exists a unique solution
(X,B,Y,2Z8,2") € Hyo x H, x DX([0,T] x & R) x L2([0,T] x R™) x L([0,T—] x Q;R™)

0 (20), and Y = AX + B. This defines a mapping Y ~ ()Z',E,f)jr(lm L2([0,T] x ;R) to Hy X
H., x LZ([0,T] x ;R) and hence also a mapping (X,B,Y)+— (X,B,Y) on H, x H., x L([0,T] x
Q;R). In what follows we prove that this second mapping is a contraction for some d > 0. For the
unique fixed point the system (20) reduces to the system (18) with p replaced by p + 9. This then
yields the desired result.

In order to establish the contraction property, we denote for two processes Y, Y” € Lz([0,T] x ;R)
by (X,B,Y) and (X’,B’,Y”’) the corresponding processes defined by (20) and put

- Y ~ Y - _ -

§t:27;t7 52:27;7 ,U't:E[ft -7:?} ) M;ZE{Q

7).
For any € > 0 integration by part yields that

Tfe

~/

T—e
(X = Xp_)Yp_e = — X,)dy, +/ Y, d(X. - X,)
0
T—e
/ X X pﬂsus+2)\X ds—/ Yi( 5 §S)

T—e T—e
[ ®-Rosondse [ (X -z,
0
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and

i) -~/

T—e€ T—e¢
Ky~ Xy Wi = — / (X, — X)) (prafi + 20 X.) ds - / V(€ —&)ds
0 0

T—e T—e ~!
[ @Rt [ (K- X2 a,
0 0

Taking the sum of these two equations and using that

()?Tfe - X;"—e)(yil“—e - }N/TfE) = —Ap_ E(XT .y - XT e) - (XTfe - X;—e)(ET% - E;—e)

~ (X = Xy )(Br-—.— By
yields
T—e¢ " . T—e¢ ~, N
2/ ns(§;—§S)2d5+2/ (X, — X,)%ds
0 0

T—e

«f C® RO - st [ (R- D@ -2 aib,

T—e
< (Fre= Xy JBre - B )+ [ [ (- K] ds
0

Taking expectations on both sides drops the martingale part. Then we can pass to the limit as € — 0
to drop the term (X7_. — X, )(Br—. — By_.) because X, X' € H, and B, B’ € H,. Furthermore,
since 2|ab| < Ha® +b*/6 for any 6 > 0, we obtain:
2
ds]

T > = K r Phmaxt T =
EU ‘pns (s — ) (X! — X) ds} < ma"E[/ s — i ds} - Plimax EU ‘XQ—XS
0 20 0 ( 2 0 (

< fimax /5_5 | foma /T)X,_)?Qd
= 20 s s 9 o s s S|,

and

- X,

E [/OT]@;—)L)(f(n')—fm))\ ds} <oE [/ X

Y, Y|
2n,
T

< o fimax [ /

2Tlmln 0

HmaxE[/T ¥ 5 2d ] DﬂmaXE[ TIE[(Y’ Y.)2| FO] d ]
<0 ( s s) S|+ / s Is s S|

477min 0 4=77min 0

All these inequalities imply that for any 8 >0

K T . - K T o =
2 o max E /_ 2 2 o max E X —X 2
(nmm 29> [/O (€ —¢€) ds}+(xmm . 9) [/0( '_X,) ds}
T T
< Dmax o U (X;—Xs)2ds]+'w‘aE [/ (Y;/—Y;)st].
0 0

477min 4nmin

]

E[[Y]-Y||F?] ds

In view of Assumption 1 we can choose a 6 > 0 such that

2Tlmin - fmax > Oa 2)\min -
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which implies that there exists a constant C' depending only on the coefficients x, A and 7, such

that
EU (E;—Es)st]JrE[/ pz;_;z;)zds]

< COE [/ (X — X.)? ds} + OO [/OT(Y’ v,y ds} .

s
0

Thus, when 0 is small enough,

T T
Bl [ TR <an | [ - vieal
0 0

for some a <1. We notice that the bound on d only depends on «, n and A.
Now using the definition of £ and &’ the solution formula for linear BSDEs yields

T /
B Bl < o | [ {08 |16~ &1|72) o | B2 2 bl 7).
t S
Thus
T 1-
Bo- Bl < o -oE | [ E[1E-81%| 7] as| 7
t T 1=~y
1
+CO(T—t)7E[/ E[|Y;—Ys’|ﬁ ff} ds }"t] .
t

Since 2y < 1, Doob’s maximal inequality along with the previously established L? bounds yields

T T
<CE U €, —5;]2ds] +Co’E U Y, —Y;\?ds] :
0 0

Now using the dynamics of X and X’ we obtain

|B, — ByJ?
sup

E 12t = Dyl
e (T —1)%

| X ’_ / {p 2ns) (B B )}e [ 277r Ardrds

<C/{|B B’|}< >~ds

T+ |B, — Bl
— (T —t)* su — 5
1+’Y—04( ) vestr (T —s)7

Hence this leads to

oxpl .
E[sup X = X, <C|B,—-B.]3.

t€[0,T] (T - t)m

To summarize, we obtain a constant 9 such that (X,B,Y) — ()~(, E,f/) is a contraction in H,, X
M, x LE([0,T] x ;R). Since Y = AX + B, Y € DZ([0,T] x Q;R) and using Lemma 1, we see that
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the following system admits a unique solution (X, B,Y,Z5, ZY) € Ho x H., x D2([0,T] x ;R) x
LE([0,T] x 4 R™) x L§([0,T—] x ;R™):
(- 1 -~
dXt = — T(AtXt + Bt) dt,
t
_ AtBt

ue

~ 1 ~ o~
—dBt — fftpE |:2fr]t (AtXt + Bt)

% I
]—“,?} + rOE [; f?] + fi ) dt — Z7 W,

~ - AX,+B o
dY, = | =20 X, — K pE t2tn+t F)| - kidE | - FE]‘f:ﬁ) dt + Z) dw,
t t
XOZX
\ BTZO

Using again the relation Y = AX + B, the above system is equivalent to (18) with p replaced by
p+ 0. This proves the assertion. O
Using Lemmata 1, 2 and 3 and by induction on p, we obtain the following result.

PROPOSITION 1. There exists a unique solution (X,B,Y,Z% Z¥) e H, x H, x D2([0,T] x
O R) x L2([0,T] x Q;R™) x LA([0,T—] x Q;R™) to the FBSDEs (10) and (17). Moreover, there
exists a constant C' >0 depending onn, A\, k, T and ||X||.2, such that

T
[ X |3 + || Bllo, +E [/ \Yt|2dt} <C.
0

From the equations (17), (9) and recalling Y = AX + B, where (X,Y, B) is from Proposition 1,
we obtain the following candidates of the optimal portfolio process X* and the optimal trading
strategy £* for the representative player:

t
X=X, =Xe Jowdr _ Ee*ﬁ{%’;drds’
Y, AX,+B 0 2 A B A ['B (21)
oot At Dy gigpa e Be A [P 5 gar g
2n; 2n, 20, 2me 2m Sy 21

By construction, X} =0 and hence £* is an admissible liquidation strategy. The following propo-
sition shows that it is indeed the optimal liquidation strategy and that its conditional expectation
defines the desired equilibrium for our MFG. In particular, it proves Theorem 1.

PROPOSITION 2. The process £ given by (21) or equivalently by (9) is an optimal control for
the representative player, X* is the related optimal state process, and the aggregation effect given
by p* :=E[£*|FO] is the solution to the MFG (7). Moreover, the value function is given by (14).

Proof. Let (X, B,Y) be the solution given by Proposition 1. For any & € Ap(X), let X¢ be the
corresponding state process. Then it holds that,

lim E [X:Y,|x] =0. (22)
Indeed, since Ae M_q, for any 0<s<T
|E [XEY,|X]| = |E [XS(XA, + B,)|X]|
< FEIXD)" + (X)) X] + E [|XIB, || A]

([ ea) s ([ )

<CE U gidu+/sT(5;;)2du

X] +E[|X¢B,||X]

/’\,’] +E [|XEB,||1A] 5 0.
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With this, we can now show that £* is a best response against p*. In fact, for each € > 0, the
convexity of the Hamiltonian yields
!

X} —E [/O ) (Raps X +1s(E)° + A(X,)?) ds

X

4

r rl—e
B[ (roniXS g4 A5 ds
0

r T—e
_E / (H (5,60, X6, Yar ") — H(s,6%, Xo, Yoy o) + (€0 — €)Y,) ds
LS O

T—e¢

zE/ (H(s,6%, X, Yo 17) — H(s, 6%, X0, Yoy 1) + (6, — €)Y, ds
LJo
x]

Furthermore, integration by part implies that for any € > 0,

>E / B ((Rsps + 20 X,) (XS — X)) + (& — £)Y5) ds

YT—S(XT—E - X%—e)

T—e T—e
“ VX0 X+ [ (-XHaver [ Yidon - x9)
0 0
T—e€ T—e v — (23)
_ / (it + 20 X,) (X, — XE) ds + / 7Y (X, — X&) diW,
0 0
T

—/0 Cvie —g)ds

Therefore,

x] E [ / (o X (€ + A(X.)?) ds

T—e
E { / (Rei X5 4.2+ X(X5)?) ds X]
0

x|.

The equation (22) does indeed yield

>E {YTAXT& - X5 )

UmE [Yr_ (X7 — X5_)|X] =0.

e—0

Using the Lebesgue convergence theorem and taking € — 0, we obtain

T
x] -k U (Fs Xty + 1365 + Ao(X)?) ds
0

T
E [ / (ko X ot + 02+ A X?) ds x] >0,
0

In other words J(X,&; ") — J(X,€%; 1*) > 0. Finally, (22) and (23) again yield

x).

Now assume g’ is another equilibrium, i.e. there is an optimal control & such that J(X,&;u') >
J(X,&5u) for any &, and p/ = E[¢'|F°]. Note that J(X,&; ) is strictly convex for €. Thus, there
is a unique optimal control, which must satisfy & =Y’/2n, where (X’,Y”) is the solution to (8)
with p replaced by p'. By the uniqueness of the solution of (10), it must hold that p' = p* as well
as & =¢&*. O

REMARK 2. If we suppose that X =z is a deterministic initial value of the state process at
time 7 > 0, then we can define the space of admissible controls as

1 1 1 T
0

Ag(r, ) = {g € I3(r,T): /TT £.ds :x}
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where Q = (Q;)o<i<7 is the filtration generated by W and W°. Assuming that the cost coefficients
satisfy Assumption 1 with F replaced by Q, the same arguments as before show that the FBSDE

S

Y,
X, =z — 2—tdt, Xr=0,

T ue v

n=n+/<mE[t

s 277t

has a unique solution (X,Y = AX + B,Z) with (X,B) € H, x H, and p* =E(Y/(2n)|F°) is a
solution of the MFG starting at time 7. Moreover the value function is given by:

ff] +2/\tXt) dt—l—/ ZydW,, r<T

S

1 1 1 r
V(ryz;p*) = §A7x2 4 5BTJU + iE {/ ks Xsps ds QT] )
Since (X, B) € Ho X H, and £ € Ag(T, ),
T
B.x+E [/ Kspts X ds QT]
<z(T—-71)" sup _B: + Emax (T —7)°E [/T\M:\ds sup ! QT] L5 0.
- r<t<r | (T — 1) ; r<i<r | (T —1)*

Since A, — 400 as 7 tends to T', we get the following terminal condition for the value function:

. 0, x=0;

2.2. Common information environments The benchmark case where all players share the
same information, except for their initial value can be analyzed in greater detail. In this section
we therefore assume that all randomness is generated by the common Brownian motion W° and
the initial value X.

AssUMPTION 2. The processes &, A, n and 1/n belong to L5 ([0,T7] x ©;[0,00)).

The weak interaction condition (11) is not required in this section. Under the common information
assumption the conditional mean-field FBSDE (10) reduces to the following FBSDE:

dXt - _E dt7
2n,
-wxz<;ED%W}M&&>ﬁ—&MWa (24)
t
Xo= X?
X =0.

\

2.2.1. Common initial portfolio In this subsection we further assume that the initial port-
folio is common to all players, i.e. X =z € R. In this case all processes are F’-adapted and the
mean-field FBSDE (24) simplifies to the regular FBSDE

Y,
dXt - -t dtv
K
_d}/t = ( 227: + 2)\tXt> dt — Zt th07 (25>
XO =,
Xr=0
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In this setting, we can check that Y is given by Y = A® X where
rAY (A7)
2n, 2n,

This singular terminal condition on A" is necessary to satisfy the constraint X, = 0. This equation
has a unique solution, due to Corollary 1 in the appendix. By (25),

—dAF = (2)\t + ) dt — ZA"dw?, A = oc. (26)

X, =xe” Jo % dr
The candidate of the optimal strategy is £* =Y/2n, where Y is the solution to (25). Since both Y
and 7 are F’-adapted, the consistency condition (13) reads p* =E[¢*|F°] =¢&*
LEMMA 4. Under Assumption 2, the processes A", X, Y = A*X and & =p* = % have the
same sign as x. Moreover

AHGM*D XGMOA’ YGMosz g*EMafl-

Proof. Let ;lvf = Afefot 25s % Due to Lemma 9 in the appendix, the following estimate holds for

any 0 <t <T" )

< A%
E[ft € e~ o =z drds’]-'o]
Hence the process A} is bounded from below by:
Af > = 7[0 ZW:T = - : > 2Min 7 - (27)
E [ft ie I =iy drds‘]:?} E[ . 2% e~ I i drds)}"o} (T'—1)

Hence (16) holds:

t «a
1 T—t
fOQrd < —2 . / 7d < _— .
! eXp( oin | o= ) =S\TT

The conclusion on X can be deduced immediately. Again from Lemma 9 in the appendix, A s
bounded from above:

— 1 T s Kp s Kr
Ar< — 2n,edo 2 L 2(T — §)2 )\, edo 20 O ds
t (T t)g 77
- t

7).

Thus we get an upper bound on A”":

. e~ Jo B dr r [ gy 2y [ L dr 0
Ay < WE |:/t (27736 0 2nr +2(T—3) Ay e’0 2nr > ds| F,
Ry . 1 Ry .
< WE [nmaxefOT Znr 0" (T - t) + gAmaxefOT Znr 41 (T - t)g
< e'z‘};a’fT + )\maXTZ
_— (T _ t) nmax 3 .
Collecting all inequalities we get that A" € M_; and
AFIX| Ape=Ji ot ar
&1 = = |x|
’77‘ /\277tT2
EmaxT
i max Diein T —t a—1 ]
T Nin [77 T ] ‘ ( )

A similar inequality holds for Y. O
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It follows from the preceding lemma that Y is a non-negative or non-positive supermartingale
so the limit of Y at the terminal time T exists and is finite. Since X € M,, we deduce that
lim; ~7 ¥;X; = 0. Moreover, the process Z belongs to Lp,([0,7—] x Q;R) for any p.

The following theorem verifies that £* is optimal. The proof is the similar to Proposition 2.

THEOREM 2. Under Assumption 2 and if the initial value is deterministic, £*(= p*) is the
unique optimal control as well as the equilibrium to MFG (7). Moreover the value function is given

by:
* ]‘ K, .2 1 g *
V(z;u*)= §A0x + §E Kspi Xsds| (28)
0
and is non-negative.

2.2.2. Private initial portfolio Let us now return to the problem (24). Theorem 1 implies
there exists a unique soluton (X,Y, Z) to (24). From the solution to (25), we deduce that
1 E[X] _t AR,
P =—ElY,|F)]=——Afe Jomr
My 2 [ t| t] 2 t
where A" solves the BSDE (26). Since Y is given by Y = AX + B, we obtain (see equation (15) in
Section 2.1) that

A2
—dA; =2\ — t> dt — Z2dw?, Ap=+oo
P (20)
—dB, = ( wypf — = t) dt—ZPaw?, Br=0o.
2n,
Note that A and B are F°-adapted. Thereby we have an explicit solution: for ¢ € [0, 7]
T
B,=E [/ Koo @) Ardr g }"f] :
t
t
Xt = Xe~ f5(271r)71’47" dr _ / (2773)_1356_ f.st(Qﬁr)ilAr dr d$>
0

Yt :AtXt ‘I" Bt'

Again from the general analysis of Section 2.1, the system (29) has a unique solution; similar
arguments as in the proof of Proposition 2 can be applied to verify that the optimal state process
for a given initial position X =z € R is given by:

Xt*,ac — (CU _ E[X])e_ f()t(QUr)ilA'r dr +E[X]€_ fg(2n7)71A§ dT. (30)

Thus, if different players hold different initial portfolios, then a trader’s optimal position consists
of a weighted sum of the competitors’ average portfolio size E[X] and the deviation of the own
initial position from that average.

REMARK 3. By [40, Theorem 2.4] the unique solution A*" to the BSDE

K, K,n\2
_dAf’n = (2)\15 + /QtAt B (At ) ) dt — Z;X'i’"thO’ A;,n —m
2n, 2n,

is increasing in k. By Lemma 10 in the appendix, this result carries over to the process A”". In
particular, A® > A. Moreover Aj > A, if kK > 0 on some set of positive measure.

The preceding remark shows that the dependence of the optimal portfolio process on k decreases
if E[X] > 0. It also suggests that - contrary to the previous case - the sign of the optimal portfolio
process X* may change on the interval [0,7]. In fact, if E[X] > 0 and x > E[X], then X** remains

non-negative on [0,7]. However, if 0 < x < (E[X] where ¢ :=1 — exp (%ft) > 0, then X*7
becomes negative shortly after the initial time; see also Figure 2 below.
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2.2.3. Constant cost coefficients In this section, we consider a deterministic benchmark
example that can be solved explicitly.

AssUMPTION 3. The processes A, k, 1 are positive constants.

Under the preceding assumption, the Riccati equation (26) reduces to

kAP (A7)
2n 2n

—dAf = <2A+ ) dt, A% =oo.

Its explicit solution is given by
. K
Af =2nycoth (v(T' —1t)) + B

where

>

K/Q
16n2

yi= 4o+
n

If all players share the same initial portfolio (see Subsection 2.2.1), then the optimal portfolio
process is given by

K > sinh(y(T—t))z (31)

X, = ——
t = OXP < 4n sinh(yT)

and the optimal liquidation rate is given by

&= (vcoth(v(T — 1))+ f) X7

o) (2 )

When k — 0, then & — %&TT?)% with 7 = % This corresponds to the benchmark model
in [2]. This convergence can also be seen from Figure 1. Furthermore, we see that—as in the
corresponding single player models—the optimal liquidation rate is always positive, i.e., round trips
are not beneficial. Moreover, we notice that the portfolio process (31) corresponds to the optimal
portfolio process in an Almgren—Chriss model with adjusted risk aversion A = A + % and with
additional exponential decay of rate ﬁ.

When k — 0o, then £; — oo while {; — 0 for ¢t > 0. That is, when the impact of interaction is very
strong, then the players trade very fast initially and very slowly afterwards. The intuitive reason is
that in this case an individual player would benefit from trading fast slightly before his competitors
start trading in order to avoid the negative drift generated by the mean-field interaction. As all the
players are statistically identical, they “coordinate” on an equilibrium trading strategy as depicted
in Figure 2. Thus, our model provides a possible explanation for large price increases or decreases
in markets with strategically interacting players with similar preferences.

If the players hold different initial portfolios (Subsection 2.2.2), then (30) shows that the optimal
portfolio process is given by

XZ"”:(x—IE[X])SiImﬁ(MJFexp( r )Smh(V(T_t))E[X]_

sinh(77) 4 sinh(y7)

Figure 2 confirms that the sign of X* is indeed changing when x is small.
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FIGURE 1. Current state X™* (left) and optimal liquidation rate £* (right) corresponding to parameters T =1, x =1,
A =5 and n = 5. The solid line corresponds to x =0, that is the Almgren-Chriss model with temporary impact.

1.0 15 2.0
1
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0.5

0.0

-0.5

-1.0
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FIGURE 2. Current state X ™% corresponding to parameters T'=1, E[X] =1, A=5, n=>5 and x = 100 for different
values of the initial portfolio x.

3. Approximate Nash Equilibrium In this section we show that an e-Nash equilibrium
for the N player portfolio liquidation game can be constructed from the solution to the MFG (7)
when the number of players is large if all players share the same cost structure.

ASSUMPTION 4. Assume for any i=1,---, N, ', n* and A" admit the following expression

H;’:K(thiawi/\mWOAt)? n;zn(tvxivwi/\ww(j\t)’ AIZS:)\(t"){Z’V[/w/\WVV(}\t)

for some non-negative deterministic bounded and measurable functions k, n and A.
The next result is an adaptation to the Yamada-Watanabe result for FBSDE. The proof follows
from the same arguments given in, e.g. [13] and [4].
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LEMMA 5. There exists a measurable function ®: R x (C[0,T])*> = H, x (C[0,T—])? such that
foranyi=1,--- N

t
(X;‘,Y;i,/ Zids> =X, W, W),
0 0<t<T

where (X, Y, Z") is the solution to FBSDE (10) associated with (W°, X'\, W* k' n', \'). In partic-
ular, there exists a function ¢ independent of (X1, XN WO W1 ... W) such that

£ = (X, WO, W), (32)

where £ is an optimal control for agent i associated with (W°, X', W' k', n*,\), given by (9).

In view of the above lemma, under Assumption 4 each player’s unique best response £** to the
mean-field equilibrium p* can be represented in terms of the function ¢ as in (32). In particular,
each individual action has the same distribution as the mean-field equilibrium:

p; =R F),  as. ae. (33)

Proposition 1 guarantees the existence of a constant C' such that

T
Bl [l <c, (34)

and Lemma 5 yields a real-valued function 1, which is independent of ¢, such that
B| [ e Palr =] = v, (35)
0

Before we prove the main result of this section, we recall the cost functional JV+ (5) from (4).

THEOREM 3. Assume that Assumption 4 is satisfied and that the admissible control space for
each player i=1,..., N 1is given by

T
A= {§ € Api(2'):E [/ |§t]2dt|.}\fi :xi] < M(xz)}
0
for some fized positive function M such that 1) < M. Then, for each 1 <1< N and each & € A°,

TV (&) <aMigL e+ 0 (\}N) :

where €4 s given by (32), (§,€"71) = (€,++ €L €L €N) and O () s to be
interpreted as Lfﬁi) for some real-valued function g independent of i.

Proof. By the symmetry of the N player game, it is sufficient to show the result for Player 1.
We first estimate the following term:

E / w— =S|
0 t szl i
T . .
[ S ) (- ) v =
0

i#]

Xt=g!

1 T 2
+2E [/O > (ur—&7) at

1
:ﬁE
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2(M (x! 2N —1
Using (34) and (35), the second term is bounded by (M(w )4;\[(2 )C) For the first term,

if 4,7 # 1, then the conditional expectation reduces to the expectation and since £*% and £*7 are
conditionally independent given W?° for i # j,

T
E[ | =) G - 67) af
0

If i =1+ j, then we see from Lemma 5 that

T T
El/ (i =€) (i = €57 Xl:rvl] ZE[/ W(t,at WLWO) (g — &7) dt
0 0

for some real-valued function W. Using again conditional independence and (33) we see that this
term vanishes as well. As a result,

T LA 2
B\ (n-y e
0 Nj:1

We are now ready to the prove the e-equilibrium property of £&*. By (35), we have that ¢! € A?.
For a given strategy £ € A', let X¢ be the corresponding state process and let J'(-; u*) be Player
1’s cost function when the average trading rate is replaced by the mean-field equilibrium. By
Proposition 2, J'(&p*) > JH(£*; u*), which implies:

JN.,l(g’g*,Z"” 7§*,N) _JN,l(g*,l’”‘ 75*,N)
T 1o .. 1

/ ( (N S e N&) X§ il +Ai<xf>2> o =
i i=2

T
—E / (b1 X5+l (€)? + AL (X)?) dt'xlle
0
:']jl]

L T N
1 *,7 * * *
-2 |f (ﬁ%NZsﬁxtvl+n;<§ﬁ>2+xi<xt7l>2> :
70 j=1
= Il +IQ

lel =0, i#j L,j#1L

2(M(a") + (2N —1)C)

1
= < e

(36)

>E

T
VE| [ (b nd (6 + M) a2
0

Xlzacll

For the first difference I;, using (36) we have that

sup |1
ceAl

K
S max sup E
ceAl

T
/ X7 |&| dt| Xt = + Kpax SUp E / | X5
0 geAl

Z& — py
1 1
T 2 3
/\X§\2dt;c1:x1 sup [ E / &2 dt| Xt = 2t
0 geAl 0
T 3 N
+ Kmax Sup | E / |X§|2dt/'f1:a:1 /
cecAl 0 0

Z _:u’t A7 :1
- M@ T | QHWTN\/W (\/ )+ /2(M (z1) + (2N = 1)0))

- N

:4

AN
=N
g
&
"
ko)
N
&=

[

2
1171

dt|xt =
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For the second difference I,, again using (36), we have that

T 3 T TR :
I < Komax (E [/O |X§"1\2dt‘)€1 :x1D E /O ’”‘:_N,thw dt| X' = 2!
_ 2ma T/ M(ah)/(M(2") + 2N —1)C) J
- N
This proves the assertion. O

4. Approximation by unconstrained MFGs In this section, we prove that the solution to
our singular MFG can be approximated by the solutions to non-singular MFGs under additional
assumptions on the market impact parameter. Specifically, we consider the following unconstrained

MFGs: )
1. fix a process u;

2. solve the standard optimization problem: minimize
(&) =E f‘f] (37)

such that dX; =—& dt, Xo=a&;
3. search for the fixed point u, = E[¢)¥|FP], for a.e. t €[0,T).

T
/ (kopte Xo 102 + A X2) dt + X2
0

We will need the following assumption on the solution A € M_; to the first equation in (15)
with the terminal condition +oc0. It implies in particular that X* € H;.
ASSUMPTION 5. There exists a constant C such that for any 0<r<s<T

([ ) e(222)

The following result is proven in the appendix.

LEMMA 6. Assumption 5 holds under each of the following conditions:

e 1 is deterministic;

e 1/n is a positive martingale;

e 1/n has uncorrelated multiplicative increments, namely for any 0 <s <t

[ -of2]
Uz M

Using the same arguments as in Section 2, the unconstrained control problem leads to the
following conditional mean field FBSDE:

, AMX? 4 Bp
axp= (22 ) g
g ArX7 4B
By = (<A | AR D >dt—ZtB"th,
Ur: Aannt B
dY" = (=20, X7 — mE | 22 F 20| 50 )dt+ZtY " AW, (38)
2n,
Xr= X,
Bi=0,
L vr = 2nx,
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where
gar = Lon, — AL gy i
L L ¢ t’ (39)

Al =2n.

The existence of a solution (A", Z4") to the BSDE (39) can be deduced from Lemma 10. By the
same lemma the sequence {A"} is a non-decreasing sequence converging pointwise to A and there
exists a constant € > 0 such for any n,

[A [pm_y <A™ [ pn, <€,

where the space M} is defined as

N
n.— {U € Pe([0,T] x B RU{c0}) : <T— + "Z) U e L2([0,T] x ;R U {oo})} :
and endowed with the norm

U,
[Ullpp :=  esssup #z
(t,w)x[0,T]x Q2 (T—t+ "7111%)

We shall also need the following analogs to the space H,:

- {UEPF([O,T] x RU{o0}): (T—.+ "j‘;“)fl U. € S2(]0,T] x Q;Ru{oo})},

endowed with the norm

27\ 3
U,
[Ullng:=|E | sup |——"——
(T =+ i)

0<t<T

The next result can be obtained using similar arguments as in the proof of Theorem 1. In fact,
we have a slightly stronger result.

THEOREM 4. Assume that Assumption 1 holds and that X is a square integrable random vari-
able. Then, for any fixed p € [0,1] and f € L3([0,T] x Q;R), there exists a unique solution

(X", B"Y", 25", 27" ) e HI x H2 x S3((0,T] x 4 R) x L3([0,T] x Q;R™) x L([0,T] x 4 R™)
to the following FBSDE system:

1
dX]'= — 5 -(A}X] + By dt,
t

1 ArBr " o~
—dB! = ntpE[2(A?Xt”+Bf) Fol 4 fi— = t)dt—zf AW,
t
ArXn 4 Bn .
dy; = —2)\tXt”—/-ctpE[t2tn+t f?} - ft> dt+ 2" dw,, (40)
t
X=X
By =0,
| Y7 = 20Xy

Proof. The proof is similar to that of Theorem 1. We only need to note that by Lemma 10,

n o Mmin «
o (T2
— T — s + nr;]Lin
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In order to establish the convergence of the value functions of the unconstrained problems to
the value function of the constrained problem we need a uniform norm estimate for the sequence
(X", B™Y™).

LEMMA 7. Let Assumption 1 hold. There exists a constant € >0 such that
T —
I+ 18"+ | [ 1P| <T, (a1)
0

for any n where (X™,B",Y™) is the unique solution to (38).
Proof. The proof is split into three steps.
Step 1. When p =0 in (40), there exists R € R independent of n such that

1
T 2
1X" s+ By + (E [/ !Ytnr?dtp =f
0

This bound follows from modifications of arguments given in the proof of Lemma 2. In fact,

1B [y <IB"[ly < Cllfllz2 < R

. |X’( _t+ 77m1n n _t+ 77m1n
|Xt | S (T+ nmln +C/ |B 5_|_ 77mm dS.

This implies || X" ||,.o < Rs. Finally, by analogy to the proof of Lemma 3, doing integration by part
for X™Y™, we have

E [/OT(Yt”)Zdt} <CE [/OT(X[L)th} +CE [/OT f? dt] < Rs.

Step 2. Suppose that for some p € [0, 1], the solution to (40) satisfies

1
T 2
!\X”Iln,ﬁHB”IIn,ﬁ(E [/ |Yt"|2dt]> <kR,
0

for some £ > 1 independent of n. Then there exists > 0 independent of p such that the solution
(X™,B™,Y™) to (40) with p replaced by p + 0 satisfies the same estimate for some K > k:

Moreover,

1
T 2
X+ 1B+ (5| [ 1TPat] ) <xm (12)
0
To prove this assertion, we introduce for any given Y™, f € L2([0,7] x 2;R) the FBSDE system
~ 1 ~ ~
dX" = — —(APX" + B dt,
2m, _
~ 1 Yy AP By s
—dB}' = HtPE[ (A”X”+B”) ff] + Kk OE {t t} + fi— ==t | dt — zP" aw,,
21 2m, Nt
~ - ArX™ + Br Y o
AV = | —oAX" — rpE | 2L TR pol R [t ]—",?} —f) a2z aw, 48
2n, 2m,
X=X,
Br=0,
Yy = 2nXp.
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Arguing as in the proof of Theorem 4, there exists a unique solution to (43). This defines a mapping
L:y"—y"

on L%g[O,T] x ;R). We now show the I' has a unique fixed point and that this fixed point belongs
to B 1(0), the subset of L([0,7] x ©;R) such that the L?-norm is bounded by 2kR.
By the same arguments as in the proof as Lemma 3 we have

E [/OT IT(Y™)(t) —F(Yn)(t)|2dt} < COE [/OT b —Y;"|2dt} < %E [/OT b —YQ‘?dt] ,

where C' does not depend on n and 0 is small enough but independent of p and of n. Taking Y'=0,

we have
(o[ wral) <3 ([ wera]) + (<[ wonaral)”

Note that I'(0) corresponds to the solution to (40) with p. By assumption,

(IE [/OT F(O)(t)|2dtD% <kR.

T 3
(E {/ |Yt"|2dtD <2kR.
0

This implies that I is a mapping from BE (0) to itself. Since BL.,(0) is a Banach space the unique
fixed point belongs to B2L,€2 #(0). This yields the desired L* estimate for Y.
Let (X™, B™) be the solution corresponding to Y™ and p + 0. Then, by Hoélder’s inequality,

e
}"D .

. 2
Thus, if we assume Y" € Bl 5,

&

Y
S

/tT ks(p+0)E

r T
< Rmax <E / E [’i’n‘ﬁ
277min LJt

Doob’s maximal inequality yields that

.7:2] ds

S

fg} ds

E | su ¢
osrer |(T— 1)
(Fd )2 B T _ L 2(1—7)
< Pme) g sup (E[/ E[wg\m fg} ds ED ]
Ain |o<t<T ¢

TN
gcm{/ |Yt”|2dt].
0
~ T _
HB"HM<C<E[/ man “CR
0

1X" |0 < CR.

Hence,

Nl

and
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Step 3. Since 0 is independent of p, by iteration for only finitely many times, we have the
solution for (38) with p=1 and f =0 with the uniform estimate (41). O
Under Assumption 5, the value « appearing in the estimate of Theorem 1 is equal to one. That
is
X lx < o0 (44)
This allows us to prove the convergence of the optimal position and control.

LEMMA 8. Let (X,B,Y) be the solution to the FBSDEs (10) and (17) (Proposition 1). Under
Assumption 1 and Assumption 5,

T T T
lim {E[/ ’X?—Xt‘2dt:|+E|:/ th"—Bty?dt]JrE[/ \Yt"—Ytht]}zo.

Proof. Using the same arguments as in the proof of Lemma 3, we have for each € >0

T—e T—e
n__ 2 n__ 2
E U Yy, dt] +E [/0 X7 X dt} )

0

< CE “(B”ill“—e - BT*G)(XZH"—E - XT*E)H +CE [|(A¥—e - AT*E)XTfe(XQTE—e - XTfe)” :
The two terms in the above summation admit the following estimates

E[l(Br_c = Br-o)(X7_ — Xr_o)|]
< CE[|By_ "] + CE[|Br— "] + CE[| X7 _ || + CE[| X7 |’]
2

<c(erq) I8, 40 (e 5 ) 1N+ CNBIE + X
respectively,
E[|(A7 — Ar_) XX}~ Xr_)|

< CE | sup
0<t<T

X R% ( 1 > ’ | X
—_— sup ——5 e+— ] +e€ su by Lemma 9 and Lemma 10
T—t ogth (T—t+ —”“;Li“) n Ogth -1 (by )

1\ ] n
sc[(e+n> el (X2 41X )

<C [(64— i) +e€| (by Lemma 7 and (44)).

Letting € go to zero in (45), by Theorem 1 and Lemma 7 we get

T T 1 2y 1 2 C
E[/ \Yt”—Yt|2dt}+IE[/ X[’—Xt\th}gC() —|—C’<> + .
0 0 n n n

Hence we obtain the desired limit for (Y™ —Y) and (X" — X). By the expression for B, we have

T _sap Y-,
Bl —B,|<E [/ e )i Wdr/gsE [|525‘ ]I’g} ds‘]:’t]
t 773
T s (Ar—AR) Y.
—I-E[/ 1—e 8 T HSE|:|25| fg] ds]-"t}
t 775

Let us recall that {A"} is a non-decreasing sequence converging to A. This leads to

T
E [/ ]Bf—Bt\th] —0.
0
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Let us denote by V™ (X; u™) the value function associated with the penalized problem (37). The
next theorem shows the convergence of V" (X’; u") := V" (X) to the value function V (X; u*) := V(X))
associated with the constrained MFG.

THEOREM 5. Under Assumption 1 and Assumption 5, the value function V" (X) converges to
V(X) in L'(Q).

Proof. Let (X", Y™, B") be the solution in Theorem 4. Recall that £"* = g—; is the optimal strat-
egy for the penalized problem with degree n and the related optimal process X™* is equal to X™.
Thus, with (M"V* =E fyt

2nt 0<t<T
is an admissible control for the penalized optimization. We denote by X* = X the optimal state

process related to £* (Proposition 2 and Equation (21)). Let us define

T _ vn
/ Kk E <YS Y X.
0 2778

From Lemma 8, hI_il:l E(]A,|) =0. Recalling that
n—-+0oo
T
J(X’gn,*’ Mn,*) —F [/ (Ksun,*X?,* +17§(£:,*)2 + )\S(X;L,*)2) dS
0

"

T
_E / o™ X7 40 (€0)7 4 A (X7)? ds| X
0

.FED fixed, the optimal strategy &* for the constraint optimization

A, =E

.7-"30> X:ids

X],

we have

T
V(X)=E / bt X2 mu(€)2 + A (X2)? ds
0

+An

T
>E / (o™ X 4 (€092 + A (X7°)?) ds + (X2
0

= V(X)) + A, > J(X, 6 0™) + A,

X|+A,

Hence we deduce that
V(X)—=JX, &5 um) > V(X)) =V, (X) > A,
thus
[V(X) = Vo (X)| <AL+ [V(X) = J(X, 8™ 1)
Again by Lemma 8,
lim E|V(X) — J(X, " )] 0.

n—-+oo

REMARK 4. As a by-product of the proof, we get that lim E [n(X;*)Q] =0. Moreover

n——+00

C | B2
X2 <= X+ sup —————— ] >0 as..
X727 n <| | ogth (T—t—l—m;i“)v>
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The proof of convergence of the value function simplifies substantially under the common infor-
mation assumption (Subsection 2.2.1). In particular, Assumption 5 is not necessary here. In this
case, Y" = A" X™ where

K AT (A2 n
—dA} = | 2\ + L (A7) dt — Z2 dw?, An=2n
2n, 2n,
and
AP XD
dX;=— Ldt, Xo=z€R
2n,
The optimal strategy and the resulting portfolio process are given by, respectively,
AP X AR
G =gt =t X=Xy = BB tef0,T).
Uz

Since the sequence A™ is non-decreasing and converges to A, we deduce that X™* converges to
X* a.s. and that £™* converges to £* a.e. a.s.. Moreover, for fixed p™*, £* is suboptimal to the
penalized optimization. This implies that

E / (Re&EXT4ms(E5)° + A(X ))ds]
—k[ [ e eniernoer) o] vu [ [Cnxie g a)
>F /T( LUEXI s (E07) + A (X)) ds—i—n(X;’*)z} +E|:/OTHSX:(§:—§?’*)d8:|
> E /T( X (€0 A ds}+E[/{)T@X:‘<£z—§:’*>ds].

For any € >0, it holds

T—e
lim E |:/ (ns§g7*X:7* —|—773(§;l,*)2 _|-)\S(X;L,*)2) d8:|

H%:E[/ZTE( XL+ n.(E)* +N(X7)?) ds].

Hence, the monotone convergence theorem implies

T
i B | [ (e (€ ALK d (X
0

n—oo

T (46)
EE[/ (Rs&EXE +m5(80) —i-/\(X))ds].
0
Moreover,
"isXs*(f: - 5?7*)‘ < ’imaxp:”f: - gg*|a
which is L? bounded uniformly in n, due to Lemma 7. Vitali convergence implies
T
lim E [/ Re X I (EX—E07) ds] =0. (47)
n—oo 0

The convergence (46) and (47) yields the desired result.

Appendix

In this appendix we recall an existence of solutions result for a stochastic Riccati equation with
singular terminal condition and prove Lemma 6. We assume throughout that A\, n and 1/n are
bounded.
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A. Stochastic Riccati equations with singular terminal value

LEMMA 9. [3, Theorem 2.2][28, Theorem 6.1, Theorem 6.3] In SZ([0,T—] x Q;R) x L4([0,T—] x
Q;R™) there exists a unique solution to

A? 4
—dAy= |2\ — — | dt — Z dW,,
2n,
AT = OQ.

Moreover, there holds the following estimate

1 1 ’
<A< ——F [/ 21, +2(T — 5)*\, ds }"t] : (48)
E[ftTids‘}"t] (T—t)>" L),
COROLLARY 1. The BSDE (26)
A, A2
—dA; = <2>\t+ AL t) dt — Z2dW?,
2n, 27,
AT: Q.
has a unique solution.
Proof. Let Zt = Atefg s 99, Then,
~ s A2 ~
—dA, = |2)efo Bl - T |t — Z,dw?,
277t6f0 o5 48 (49)
AT —=0Q.
Hence, the assertion follows from the preceding lemma. g
LeEMMA 10. For each n, there exists a unique solution A™ to the BSDE
(43)° A
—dA} = |2\, — ——— | dt = Z dW,
' ( t 21, ' v (50)
Al = 2n.
1
Al > - T :
2 AE[ )] & ds| 7]

Moreover, the sequence A™ is non-decreasing and converges to A. There exists a constant € such
that for any n:
A" [my + 1A [, < €.

Proof. The first and second assertions are results of [3, Proposition 3.1, Theorem 3.2], respectively.
For any t, n and a, we have

2 2 2
My — L <9\ — i

21 (T—t+%)a+(T—t+"m%)2

Let us denote by W the solution of the BSDE with generator g and terminal condition 2n. By the
comparison principle for BSDEs, we have A} < U} and by the solution formula for linear BSDEs,

T+ Tmin 2 Tmin O\ T (T — s+ min\ 2 )
U=t | E|( 52— ) 2 - - 27 || F
t (T—H”‘?:“) (T+"f:;“) "+/t < T + tin ) (T— s+ tum)’ '

2 T N2
_ 2 1, - 1 A QE[/ <2m+2<T_$+nmm) AQ’E}
mo (Tt )t (T =t )" L "

=g(t,a).
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Hence

(T—t+nm1“>\11?

27] 1 /T nmin 2
< min R 25+2<T—s+ )As F
N nmirl+n(T_t) T_t“‘nm%) |: t <77 n '
1 mln
g2nmin+TtE[/ <2775+2(Ts+n ) )\S>‘}}}:€.
- t

Thus (T —t+ "=in) A7 <€, that is || A" |y, < €. O

B. On Assumption 5 Assumption 5 states that there exists a constant C' such that a.s. for

any 0<r<s<T
A, T —
eXp<_/ 2n du) SC<T—7S">'

The left-hand side is equal to the optimal state process y of the control problem studied in [3, 28]
with initial value equal to 1 at time 7. In particular from the proof of [3, Theorem 4.2], the process
M defined on [r,T) by

1 S

is a non-negative local martingale with M, = 1. Hence for any s € [r,T)

° Au A'r' max T)\ma,x T_ T_

Since M is also a non-negative supermartingale M; converges almost surely as ¢t goes to T and the
limit Mr satisfies E(Mr) < 1. Therefore Assumption 5 does not strike us as overly restrictive.
PROOF OF LEMMA 6. From (48)

_ﬂ _ 1 o 1
2, = E[ff%ds‘fu} N JIE ]z

fu} ds'
By the very definition of uncorrelated multiplicative increments for 1/1 and from [3, Lemma 5.1]

_ﬂ < _ 1 1 E[1/n.] = idN
- T T u
20" [TE[wlas [ s [TEQ/m)ds N

u

with N, := fuTE[l/ns] ds. Hence

T
A, N, E|1/n,] dv max [T —
exp(—/ du)-exp(/ dN>: :fST L1/ Sn < S).
r 2% N, fr E [1/771,] dv TImin T—r
If 1/n is a positive martingale, then again from [3, Lemma 5.1], we get that 1/n has uncorrelated
multiplicative increments. If n is deterministic, we have directly that

B A, <_ 1 idNu
20, qu 1d5 N, du
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