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Abstract

We analyze novel portfolio liquidation games with
self-exciting order flow. Both the N-player game and the
mean-field game (MFG) are considered. We assume that
players’ trading activities have an impact on the dynam-
ics of future market order arrivals thereby generating an
additional transient price impact. Given the strategies of
her competitors each player solves a mean-field control
problem. We characterize open-loop Nash equilibria in
both games in terms of a novel mean-field FBSDE sys-
tem with unknown terminal condition. Under a weak

interaction condition, we prove that the FBSDE systems
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have unique solutions. Using a novel sufficient maxi-
mum principle that does not require convexity of the cost
function we finally prove that the solution of the FBSDE
systems do indeed provide open-loop Nash equilibria.

KEYWORDS
Hawkes process, mean-field games, portfolio liquidation, singular
terminal value, stochastic games

1 | INTRODUCTION

Models of optimal portfolio liquidation under market impact have received substantial consider-
ation in the financial mathematics and the stochastic control literature in recent years. Starting
with the work of Almgren and Chriss (2001) existence and uniqueness of optimal liquidation
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strategies under various forms of market impact, trading restrictions, and model uncertainty
have been established by many authors including Ankirchner et al. (2014), Bank and Vof3 (2018),
Fruth et al. (2014), Gatheral and Schied (2011), Graewe et al. (2015), Graewe et al. (2018), Horst
et al. (2020), Kratz (2014), Kruse and Popier (2016), and Popier and Zhou (2019).

One of the main characteristics of portfolio liquidation models is the terminal state constraint
on the portfolio process. The constraint translates into a singular terminal condition on the asso-
ciated HJB equation or an unknown terminal condition on the associated adjoint equation when
applying stochastic maximum principles. In deterministic settings, the state constraint is typi-
cally no challenge. In stochastic settings, however, it causes significant difficulties when proving
the existence of solutions to the HIB or adjoint equation and hence in proving the existence and
uniqueness of optimal trading strategies.

The majority of the optimal trade execution literature allows for either instantaneous or tran-
sient impact. The first approach, initiated by Bertsimas and Lo (1998) and Almgren and Chriss
(2001), describes the price impact as a purely temporary effect that depends only on the present
trading rate and does not influence future prices. A second approach, initiated by Obizhaeva and
Wang (2013), assumes that the price impact is transient with the impact of past trades on current
prices decaying over time. For single-player models Graewe and Horst (2017) and Horst and Xia
(2019) combined instantaneous and transient impacts into a single model. Assuming that the tran-
sient price impact follows an ordinary differential equation with random coefficients driven by the
large investor’s trading rate they showed that the optimal execution strategies could be character-
ized in terms of the solutions to multidimensional backward stochastic differential equations with
singular terminal condition.

This paper studies a game theoretic extension of the liquidation model analyzed in Graewe
and Horst (2017) and Horst and Xia (2019). Our key conceptual contribution is to allow for an
additional feedback of the large investors’ trading activities on future market dynamics. There are
many reasons why large selling orders may have an impact on future price dynamics. Extensive
selling (or buying) may, for instance diminish the pool of counterparties and/or generate herding
effects where other market participants start selling (or buying) in anticipation of further price
decreases (or increases). Extensive selling may also attract predatory traders that employ front-
running strategies. We refer Brunnermeier and Pedersen (2005) and Carlin et al. (2007) for an
in-depth analysis of predatory trading.

Specifically, we assume that the market buy and sell order dynamics follow Hawkes processes
whose base intensities depend on the large investors’ trading activities. Hawkes processes have
recently received considerable attention in the financial mathematics literature as a powerful
tool to model self-exciting order flow and its impact on stock price volatility; see Bacry et al.
(2013), Bacry et al. (2015), El Euch et al. (2018), Jaisson and Rosenbaum (2015), Horst and Xu
(2019), and references therein. In the context of liquidation models, they have been employed in
Alfonsi and Blanc (2016); Amaral and Papanicolaou (2019); Cartea et al. (2018) albeit in very dif-
ferent settings. Alfonsi and Blanc (2016) considered a variant of model in Obizhaeva and Wang
(2013), in which the continuous martingale driving the benchmark price was replaced by a given
point process involving mutually exciting Hawkes processes. Amaral and Papanicolaou (2019)
modeled the benchmark price by the difference of two mutually exciting processes. Cartea et al.
(2018) considered a liquidation model in which the investor placed limit orders whose fill rates
depended on a mutually exciting “influential” market order flow. In all three models, the intensi-
ties of the Hawkes processes were exogenous; in our model, they are endogenously controlled by
the large investors. Cayé and Muhle-Karbe (2016) allowed for some form of endogenous feedback
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of past trades on future transaction costs but did not model this using Hawkes processes. All the
aforementioned papers considered single-player models while our focus is on liquidation games.

‘We use Hawkes processes to introduce an additional transient price impact, which leads to
a mean field control problem for each player. Finite player games with deterministic model
parameters and transient impact were studied by Luo and Schied (2019); Schied et al. (2017);
Schied & Zhang (2019), and Strehle (2017). We allow all impact parameters and cost coefficients to
be stochastic. Liquidation games with instantaneous and permanent impact and with and with-
out strict liquidation constraint have been studied in Carlin et al. (2007); Drapeau et al. (2021);
Evangelista and Thamsten (2020); Fu and Horst (2020); Vof3 (2019). Although our mathemati-
cal framework would clearly be flexible enough to allow for an additional permanent impact we
deliberately choose not to include a permanent impact as it does not alter the mathematical anal-
ysis. Instead, we choose to clarify the effects of self-exciting order flow on equilibrium liquidation
strategies in a setting with only transient and instantaneous impact.

We consider both the finite player and the corresponding mean-field liquidation game. Mean-
field games (MFGs) of optimal liquidation without strict liquidation constraint have been studied
by many authors before. Cardaliaguet and Lehalle (2018) considered an MFG where each player
has a different risk aversion. Casgrain and Jaimungal (2018, 2020) considered games with partial
information and different beliefs, respectively. Huang et al. (2019) considered a game between a
major agent who is liquidating a large number of shares and many minor agents that trade against
the major player. To the best of our knowledge mean-field (type) games with liquidation constraint
have only been analyzed by Fu et al. (2021) and Fu and Horst (2020) as well as in the recent work
by Evangelista and Thamsten (2020).

Our model is very different from the one studied in the said papers. First, with our choice of
feedback effect, in the N-player game each player’s best response function is given by the solu-
tion to a mean-field rather than a standard control problem. Second, in the N-player game, an
individual player’s optimization problem is not convex. Third, our model shows a much richer
equilibrium dynamics. Anticipating their impact on future order arrivals, the players typically
trade more aggressively initially and may take short positions in equilibrium. Moreover we prove
that in a two-player game where one player starts with a strictly positive and the second starts
with zero initial position, the second player always shorts the asset in equilibrium, that is, there
exists a beneficial round-trip for the second player. While a similar effect has been observed before
in, for example, Fu et al. (2021) and Fu and Horst (2020) in our model, the players benefit from
their impact on future order flow rather than a pure liquidity provision effect. Finally, numeri-
cal simulations suggest that cyclically oscillating trading strategies may occur in the single-player
benchmark model if the impact of the player’s trading rate on market dynamics is very strong.
Cyclic oscillations have been observed in single-player models before by Gatheral et al. (2012)
and in multiplayer models by for example, Schied et al. (2017) and Schied & Zhang (2019). It has
been argued by, for example, Alfonsi et al. (2012) and Gatheral et al. (2012) that cyclic fluctuations
should be viewed as model irregularities and should hence be avoided, at least in single-player
models. In our model oscillating, strategies can indeed be viewed as “model irregularities” as
that they seem to occur only if market impact is too strong for our verification (“no statistical
arbitrage”) argument to hold. Interestingly, we did not find numerical evidence for cyclically
oscillating strategies in the N-player game or the MFG.

We apply a stochastic method to solve the liquidation games. The stochastic maximum princi-
ple suggests that the equilibrium trading strategies in both the N-player game and the MFG can
be characterized in terms of the solutions to coupled mean-field FBSDE systems. The forward
components describe the players’ optimal portfolio processes and the expected child order flow;
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hence their initial and in the case of the portfolio processes also terminal conditions are known.
The backward components are the adjoint processes; they describe the respective equilibrium
trading rates. Due to the liquidation constraint some of the terminal values are unknown.

We analyze both FBSDE systems within a common mathematical framework. Making a stan-
dard affine ansatz the system with unknown terminal condition can be replaced by an FBSDE
with known initial and terminal condition, yet singular driver. Proving the existence of a small
time solution to this FBSDE is not hard. The challenge is to prove the existence of a global solution
on the whole time interval. Extending the continuation method for singular FBSDEs established
in Fu et al. (2021) to our higher-dimensional system, we prove that the FBSDE system does indeed
have a unique solution in a certain space under a weak interaction condition that limits the
impact of an individual player on the payoff of other players. Weak interaction conditions have
been extensively used in the game theory literature before; see, for example, Horst (2005) and
references therein.

Subsequently, we establish a novel verification argument for the N-player game' from which we
deduce that the solution to the FBSDE system does indeed give the desired Nash equilibrium. Our
maximum principle does not require convexity of the cost function as it is usually the case; see,
for example, (Pham, 2009, Theorem 6.4.6). In fact, unlike in Evangelista and Thamsten (2020),
Fu et al. (2021), and Fu and Horst (2020), in our model the players’ optimization problems are
not convex and hence standard verification arguments do not apply. Instead, we establish a novel
maximum principle that strongly relies on the liquidation constraint. Our idea is to decompose
trading costs into a sum of equilibrium plus round-trip costs and then to show that deviations
from the equilibrium strategy (which are round-trips) are costly. The decomposition result pro-
vides a sufficient condition for our impact model to be viable. Viability of impact models is not
trivial. Huberman and Stanzl (2004) were among the first to point out that market impact may
lead to statistical arbitrage and price manipulation. They showed that when the price impact of
trades is permanent and time independent, only linear impact functions support viable markets.
When impact is transient, the issue of viability is considerably more challenging and the literature
is rather sparse. Alfonsi et al. (2012), Gatheral (2011), and Gatheral et al. (2012) discussed viability
in deterministic single-player models for a variety of impact kernels. To the best of our knowl-
edge, our verification result is the first that applies to nonconvex multiplayer models in stochastic
environments.>

Finally, we prove that under an additional homogeneity assumption on the players’ cost func-
tion, the sequence of Nash equilibria in the N-player game converges in a suitable sense to the
unique equilibrium in the MFG as the number of players tends to infinity. This complements the
analysis in Fu et al. (2021) where no such convergence result was established.

The benchmark model where all model parameters are deterministic, except the initial port-
folios, is much easier to analyze. In this case, the FBSDE system reduces to an ODE system. The
systems for the MFG, the single-player model, and the two-player model can be solved explicitly.
The explicit solution is used to illustrate the possible impact of anticipating one’s own impact on
future order flow by three specific examples.

The remainder of this paper is organized as follows. The liquidation game is introduced in
Section 2. Existence and uniqueness of equilibria in both the N-player game and the correspond-
ing MFG is established in Section 3. Convergence of the N-player equilibria to the unique MFG
equilibrium is shown in Section 4. Numerical simulations are provided in Section 5.

Notation. We use the following notation and notational conventions. We denote by (-, -) the
inner product of two vectors. For a matrix y € R™™, denoteby |y| := (leiSn,lsjgm y:j1)!/? the
2-norm of y. For a R-valued essentially bounded stochastic process y, denote by y,i, and by ||y]|
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its lower bound and upper bound, respectively. For a R"™™-valued essentially bounded stochastic
process y, without confusion, we still denote by ||y|| its upper bound in terms of 2-norm, that is,
Iyl = (X, i,

For a filtration %, we denote by ng the space of all & progressively measurable processes

1
such that |[y]l;2 := ([E[fOT ly:1?dt])2 < co. We let S%g be the space of all F progressively mea-
1
surable processes with continuous trajectories such that ||y||s> := (E[sup, <<1 1Vt I])2 < o0 and

1
denote by , & the subspace of Szg such that |||l := (E[sup,, ST((Tb_} ‘tl)a )?])2 < co. Finally, L;_

denotes the space of all & progressively measurable processes such that for each € > 0, it holds

that E[ /OT_€ |y;|? dt] < o0, and §§;’f denotes the space of all F progressively measurable processes

1
with continuous trajectories such that ||y||s2- := (sup,, E[sup,,r_. [V 2Dz < oo.
Throughout, C denotes a generic constant that may vary from line to line.

2 | THE LIQUIDATION GAME

In this paper, we introduce a novel portfolio liquidation game with self-exciting order flow. Both
the N-player game and the corresponding MFG will be considered. Our starting point is the port-
folio liquidation model with instantaneous and persistent price impact analyzed in Graewe and
Horst (2017). We briefly review this model in the next subsection before extending it by adding an
additional feedback term of mean-field type into the dynamics of the benchmark price process.
We assume throughout that randomness is described by a multidimensional Brownian motion
W, unless otherwise stated, defined on a filtered probability space (Q, F, (F;), P) that satisfies the
usual conditions.

2.1 | The single-player benchmark model
In Graewe and Horst (2017), the authors analyzed a liquidation model in which the investor needs
to unwind an initial portfolio of X shares over a finite time horizon [0, T using absolutely contin-

uous trading strategies. Assuming a linear-quadratic cost function, the large investor’s stochastic
control problem is given by

T
essinf E / &2 + EY, + A, X2 ds |, €))
£€L2.(0,T;R) 0

subject to the state dynamics

( t
Xt=)€—/§’sds, t 0,7,
0
0

<XT: , (2)

t
Y, = / {—pYs +y&}ds, te€][0,T].
“ 0
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Here, 7 and y are positive constants while p and 4 are progressively measurable, non-negative,
and essentially bounded stochastic processes. The quantity X; denotes the number of shares the
investor needs to sell at time ¢t € [0, T], while £; denotes the rate at which the stock is traded at
that time. The process Y describes the persistent price impact. It can be viewed as a shift in the mid
quote price caused by past trades where the impact is measured by impact factor y. Alternatively,
it can be viewed as an additional spread caused by the large investor in a block-shaped limit order
book market with constant order book depth 1/y > 0 as in Horst and Naujokat (2014); Obizhaeva
and Wang (2013). This results in an execution price process of the form

Si =S —n& Y, (3)

where S is a Brownian martingale that describes the dynamics of the unaffected mid-price pro-
cess. The essentially bounded process p describes the rates at which the order book recovers from
past trades. The constant z > 0 describes an additional instantaneous impact as in Almgren and
Chriss (2001), Ankirchner et al. (2014), Graewe et al. (2015), or Graewe et al. (2018) among many
others. The first two terms of the running cost term in Equation (1) capture the expected liquid-
ity cost resulting from the instantaneous and the persistent impact, respectively. The third term
can be interpreted as a measure of the market risk associated with an open position. It penalizes
slow liquidation.

We are now going to introduce an additional feedback effect into the above model that accounts
for the possibility of an additional order flow (“child orders”) triggered by the large investor’s
trading activity. To this end, we assume that the market order dynamics follows a Hawkes process
with exponential kernel.

Specifically, we assume that market sell and buy orders arrive according to independent Hawkes
processes N* with respective intensities

t
$F =t +cx/ e BU=)dNE,
0

where u* are the base intensities and «a, 3 are deterministic coefficients that capture the impact
of past orders on future order flow. In the absence of the large trader, we set u* = u. In this case,
the base intensities are equal, and the same number of sell and buy orders arrive on average. In
particular, the order flow imbalance N* — N~ is a martingale.

In the presence of the large trader, the base intensities change to /vt:—r =u+é ;—' where £* denotes
the positive/negative part of the large investor’s liquidation strategy; if §, > 0 the investor is selling,
else the investor is buying. In this case, the expected intensities satisfy

E[¢F] = p+ E[EF] +a / e FUE[¢E]ds.
0

Thus, if we let N[“—L denote the expected number of sell/buy market orders that arrived over the
period [0, t], then the expected net sell order flow imbalance N; := N;r — Ny is given by

t t t
N, =/O (E[¢F1 - El¢; 1) ds =/0 [E[é’s]ds+oc/0 e PU=9Nds.
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As a result, the expected order flow imbalance generated by the large trader can be decomposed
into the trader’s own expected accumulated order flow plus the expected number of (net) sell child
orders

t
C = oc/ e PU=9INds. 4
0

In order to account for the possible feedback effect of the large trader’s activity on future order
flow and hence price dynamics, we suggest to add the average child order flow rate dC, to the
dynamics of the transient impact process, assuming that the child order flow contributes to the
price impact in exactly the same way as the large trader’s order flow.?

Differentiating Equation (4), we see that

dC; = (—(B—a)C; + a(EX — EX,))dt, C,=0. (5)

The child order flow rate increases linearly in the investor’s expected traded volume EX — EX.
The child order flow is mean-reverting if % < 1. It is well known that the Hawkes process with

constant base intensity is stable in the long term and that each order triggers at most one child
order on average if 2 < 1; see Hawkes and Oakes (1974) for details.

Starting from Equation (2) but accounting for the additional child order flow in the dynamics
of the market impact process Y results in the following mean-field type control problem for our
large investor:

T
essinf E / {0 + &Y+ 4,X7 ) ds |, (6)
£€L2.(0,T;R) 0

subject to the state dynamics

dX, =-¢,dt, te]0,T],

X=X, X7 =0,
dY, = (—pY; +7:(§ — (B — 0)C; + a(EX — EX)))dt, ¢ €[0,T],
Y, =0,

dC; = (—(B — a)C; + a(EX — EX,))dt, te€[0,T],

CO = 0
Remark 2.1.

(i) It would clearly be desirable to consider the conditional child order flow, given the large
trader’s submission rates instead of the unconditional expectation. The unconditional expec-
tation is considered for mathematical convenience as we are unaware of any tractable
representation of the conditional child order flow.

(ii) At firstsight, it might also be desirable to consider the child order process directly rather than
the rate dC. This, however, would be inconsistent with the way we model the large trader who
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is supposed to trade in rates, which, of course, should be viewed as a mathematically tractable
approximation of discrete trading.

2.2 | Many player models

Let us now consider a game theoretic extension of the above liquidation model with N strategically
interacting investors. The trading rate, initial portfolio, and portfolio process of playeri € {1, ..., N}
are denoted by &/, X! and X', respectively. The corresponding averages over the set of players are
denoted by £, X, and X, respectively. We assume that the initial portfolios are (not necessarily
independent) square-integrable random variables.

Assuming that both the child order flow and the impact process are driven by the average
trading rate results in the following mean-field type optimization problem for player i given the
liquidation strategies &/ (j # i) of all the other players:

T
essint | [ 7l + 6y + 20y ds), ®)
¢el7(0.T:R) 0
subject to
dx}=-¢tlds, t€][0,T],
X, =X X, =0,
de = (—piYﬁ + yf(ét — (ﬁ’f — oc;')Cf + ai([E[A?] - [E[Xt])))dt, t €[0,T] ©)
<

Yi=0

dC! = (—(Bl — al)C! + al(E[X] — E[X,]))dt, t€[0,T]

| C, =0.

Under the assumption that all the cost coefficients and model parameters are essentially
bounded, F-progressively measurable stochastic processes and that the instantaneous impact
term and the risk aversion parameters are uniformly bounded away from zero, we prove that the
N-player liquidation game admits a Nash equilibrium under a weak interaction condition that
limits the impact of an individual player on the trading costs of other players. Since each player
affects the state dynamics of other players mainly through the impact parameters y' our existence
of equilibrium result requires these parameters to be small enough and/or the unaffected pro-

cesses 7' and A’ to be large enough. Moreover, we require the stability condition % < 1 so that

child order dynamics is mean-reverting.

Remark 2.2. Assuming that all players trade the same stock in the same venue, it is natural to
assume that the model parameters and cost coefficients are the same across the players’ cost
functions, except to the initial portfolios and the risk aversion parameters. We are allowing for
additional heterogeneity in the players’ cost functions and state dynamics as this does not alter
the mathematical analysis.
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Under the additional assumption that the player’s cost functions are homogeneous in sense
that

77; = n(t’Xiv(Wé)Ogsst)’ /‘Lt = 2'([r(vi’(u/vsl;‘)OSSSt)’ p; = p([rxia(Wi‘)OSsgt)’

. S . S ) o (10)
ay = a(t, X, Wocs<i), By = B(6 X, Woss<i)s  7; = V(6 X, Wos<t )
for independent Brownian motions W', W2, .... and measurable functions 7, 4, p, a, 8,y and
X1, X2, ... arei.i.d. square integrable and independent of W', W72, ... 11)

we also prove that the equilibrium converges (in a sense to be defined) to the unique equilibrium
of a corresponding MFG as the number of players tends to infinity.

The MFG is obtained by first replacing the average quantities £ and X by deterministic pro-
cesses u and v, respectively, and then by solving a representative player’s optimization problem
subject to an additional fixed point condition. In the MFG, randomness is described by a Brow-
nian motion W defined on some filtered probability space (Q, F, (F,), P) and all processes are
(ft)-progressively measurable. The corresponding MFG is then given by

T
essinf [ l/ (&) + &Y, + 4,(X,)*}de |, (12)
0

2 .
13 eL?(O,T,R)
subject to the state dynamics

(dX, = —¢,ds, te€[0,T],

X, =&, Xp =0,
< dy; = (—p;Y; + v (ue — By — o)Cy + o, (E[X] — vy)))dt, te€[0,T] )
Y, =0

dC; = (=(B; — a)Cy + a,(E[X] —v))dt, t€[0,T]

C0=0.

and the equilibrium condition
{ IE[g;k(:u’ V)] = M5 te [Oa T]’ (14)
[E[Xt*(#’ 1))] = V[’ te [Oa T]

Here, £*(u, v) denotes the unique solution to (12) given (u, v), and X*(u, v) is the corresponding
portfolio process.

We prove that the MFG admits a unique solution under a weak interaction condition. Under
an additional homogeneity assumption, we then prove that the sequence of equilibria in the
finite player games converges to the mean-field equilibrium if the number of players tends to
infinity.
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3 | EXISTENCE OF EQUILIBRIA

In this section, we provide an existence of equilibrium result for both the N-player and the
mean-field liquidation games introduced in the previous section. We first characterize the equi-
libria of both games in terms of solutions to certain mean-field FBSDE systems with singular
terminal conditions. Subsequently, we establish the existence of a unique solution to these
systems within a common mathematical framework. Finally, we prove a verification argu-
ment from which we deduce the solutions to the FBSDEs do indeed provide the desired Nash
equilibria.

3.1 | Characterization of open-loop equilibria

We start by characterizing Nash equilibria in the N-player liquidation game. The Hamiltonian
associated with the mean-field control problem (8) and (9) is given by

N N
j=1 j=1
N
+ L RM{—(BT — a))CT + a (E[X] - E[X ]} + 'Y +7/(§)? + 21X
j=1

Using the same arguments as in Fu et al. (2021); Fu and Horst (2020), the stochastic maximum
principle suggests that the best response function of player i given her competitors’ actions is given

by
pii _yi_ V_iQi,i
gl = — r, (15)

where the adjoint processes (P*/, Q%/,R") (j = 1,..., N) satisfy the stochastic system

—dp =<2/1;X§6ij - N[E[oc{yf ﬁ’f] - N[E[a{R;’JD dt — 2P aw,
pii _yi _ V_fQi,i B
i,j t t N t PR i,j
—dQ)! =| ———N "5, —plQ} |t - 22" aw,,
) 2n, (16)
—dRV = (—rf B —ahQ! — (B -« )R;’f) dt — z® dw,
Q/ =Ry =0,
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% | WILEY

with a priori unknown terminal conditions on the processes P/. We recall that W denotes a
Wiener process of arbitrary dimension. It can be seen from the above system that the processes
P for j # i are not relevant for the equilibrium dynamics and that Q' = R% = 0 for j # i by
standard BSDE theory. Putting P' := P, Q! := Q", R! :=R", and M' := P! — Y' we arrive at
the following coupled mean-field forward-backward system®: fori = 1,..., N,

-

Sy
M-I
dX; = — —————dt,
27,
N M th}
dy} =) —pl¥i+yl| 5 > ——2 — (8 - ahcl + Ql(E[R] - EIX,D [t b,
N Jj=1 277[

dC! = {—(B! — a)C! + al(E[®] — E[X,])} dt

—dM! = { (2/1§Xl - —[E[amQ |- [E[“ RJ)

N M 7_ij
iyl 5 Y —— 5~ (B = @)+ o (ELR] ~ EIX]) dt -z} dw,,
j=1 nt
M-l _
—dQ! = T—p;qg dt — z2 dw,,
t

~dR; = (=7i(Bi - Q= (B — apR}) dt = Z* AW,

Xi=&l,vi=Cl=0 Q. =R =Xl =0.

) a7

In terms of

i (Y i (P Y(B—a)
£ (20 (07E0)

P i
Bi = (Bi’(l),Bl’(z)) — (}(’) a )l/ >’

—a

and
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the above system can be compactly rewritten as

-

- 4.7

dx} = - . dt,
2,
dg:( ~AlS! +Biy +R)dt
{—dmi =< 2ix} +(0,-AlS! +Bly +R!)+ ;EKB;*@,PQ]) dt—zM dw, (18
M- B0
—dPl =|-(A)TP + 0 N dt -z dw,

27,

X\ =x' X =(0,0)", PL =(0,0)".

\

The Hamiltonian associated with the representative player’s optimization problem in the MFG
reads

H =18 +§Y + X% — §P + Q{—pY +y(u — (B — a)C) + ay(E[X] — v)}
+ R{=(8 — a)C + a(E[X] — v)},

where (P, Q, R) is the adjoint processes to (X,Y,C). Again, the stochastic maximum principle
suggests that the optimal strategy is given by

Putting M := P — Y, the candidate equilibrium strategy can be obtained in terms of a solution to
the FBSDE system

-

<_Pth + Yt<ﬂ5[2£n[] - B = Oft)ct> + a7 (E[X] — [E[Xz])> dt

dy,
dC; = (=(B; — a)C; + a,(E[X] — E[X,])) dt

M, _
1—dM, = <2/1tXt —pY+y, <[E[2_ni] — (B - ‘xt)ct> + a7 (E[X] — [E[X[])> dt —zM dw,
M,
—dQ; = (E - Pth) dt — ZQ dw,
—dR; = (=7/(B; — a)Q; — (B; — a)R,) dt — Zf dw,
XO =(Y, Y0=C0=0, QT=RT =XT=0

19)
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1032 W l L E Y FUET AL.

In terms of

<_(Y _(PY(B—a)
s=(c)a=(7522)

B = (BW,B?) = <g __O;y>,

—  (ayE[X] _(Q\ = _ E[]
R_<a[E[X]>’p_<R>’X_<[E[§?]>’

this system can be compactly rewritten as

-
M,
dX;, = — —dt
! 21,
d§t == <_AI§1’ + Bt?t + ﬁ[) dt
9 _th = <2/1tXt + <®, _Atgl + Bf?l + ﬁt)) dt - wa dW[ (20)
_ T M, P
_dpt - _At P[ + @E dt - Z[ th
t

Xy =X, Xr =0, Sy =(0,0)T, Py =(0,0)".

L

3.2 | The mean field FBSDE

This section provides a unified approach for solving a class of linear mean-field FBSDE systems
that contains the systems (18) and (20) as special cases. Specifically, we consider the FBSDE
system

-

M — l(ﬁ;ﬁ(l)’p»
i N
X! = — dt
t 2771' ’
t

ds! = (—ALS! +Klx, + Rl) dt,

. - 1 5i,(2) . P : : Mi
J-ami = <2,1;X; + SE[(BI®. )] + (0,-Als! + Kix, + R;)> di-z"dw. o
Mi— i<§i,(1) pi>
—dp = | APy o— NN T g 2 aw
= ) Tt ; p ts

277t

X, =X, XL =0, =(0,07, PL. =(0,0)7,

L
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WILEY 1
fori =1,...,N where K = (K-, K1) K:(3)) js an R?*3-valued stochastic process,

i _ L(gi) pi
M N<BJ ,pj>

J=

and

T

N N N
x = &.EIXLEEDT = (% 2ME l% ZX"] N2 [E[?]) :
j=1 j=1 j=1

Remark 3.1. Let 0,4 be the 2 x 1 zero matrix. If K’ = (B-M), Bt 0,,,), B:MW = Bt Bi(2) =
B"@ and R! = R', then the system (21) reduces to Equation (18). If N = 1, B = B1.() = ¢,

K! = (0,5, B@,BD), and R! = R, then it reduces to Equation (20).
In order to solve the above system, we make the following assumptions.
Assumption 3.2.

(i) The processes A, B!, K! are progressively measurable w.r.t. the natural filtration generated
by W and uniformly bounded:

4]l :=sup |A]| < oo,
1
IBO| == sup [|BXW| < oo, |B?]| := sup |B*?)| < 0,
i i

IKW|| 2= sup KV < oo, K@ 1= sup [K*?|| < oo, K| 1= sup [K"P|| < co.
i i i

(ii) There exists constants 9 > 0 and g > 0 such that for any R?-valued process yandi = 1, ...,N

@ B\i’(l)9 y[

. . )
Ely, Aly] > PE[y[»]. E lyf(Ai)Ty[ +y/] 2N ] > PE[y] v (22)
t

(iii) The processes A and 7' are progressively measurable, essentially bounded and there exist
constants 6, 61, 6,,0; > 0 such that A, := iI}f Ain @0d Niin 1= il‘ilf Ninin SALSEY

6y + 6, +6, 1 [IA]1? 1
22— ——— 2 (14— ) IKOP( =— + —=— | >0,
min ) + 5 (1K1 20,57 + 2,

B 1B _(1 BV

’ lAI 1
Nmin Nﬁ ZNZ,EZG ~) (1 + 93)(”K(1)” + ||K(3)||)2<_ + _> > 0.
0

21\/V7)minlC> zelﬁz 292

(iv) The random variables X' are square integrable for each i = 1,..., N, which are independent
of the Brownian motions.
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1034 W l L E Y FUET AL.

The first assumption is standard. The second assumption essentially means that A’ + (A)T is
uniformly positive definite. The third condition is similar to conditions made in Fu et al. (2021)
and Fu and Horst (2020). It states that the impact of other players on an individual player’s best
response function is weak enough. Specifically, it requires either the cost functions to be domi-
nated by the terms nf(g ;)2 and Ai(X g)z that are unaffected by the choices of other players (large
Amin and large n,in), or the impact of other players on an individual player’s cost function and
state dynamics to be weak enough.

Remark 3.3. If the number of players is large enough and the processes a, 8!, 7', o’ are identical
across players and constant (cf. Remark 2.2), then condition (22) reduces to 40 > y%(8 — a), 8 > «

that is

d
and we can define p and p by the minimum eigenvalue of the matrix ara ,

. pHB—a—\(p+B—a) —4p(f—a)+ (B —a)
p=p:= 5 .

Moreover, for any choice of 6, 6;,6,, and 65, we can choose Al and r)i large enough for condi-
tion (23) to be satisfied. We emphasize that both risk aversion and resilience are required to satisfy
condition (23). It should be clear that conditions (22) and (23) are very strong and by no means
necessary conditions.

‘We are now ready to state and prove our main result of this section. It states that our general
FBSDE system (21) admits a unique solution in a suitable space if Assumption 3.2 is satisfied. The
proof is based on an extension of the continuation method introduced in Fu et al. (2021).
Theorem 3.4. Under Assumption 3.2, there exists a unique solution

. . . . i i 2,—
(XL, S, ML PLZM ZP) € Hyp X ST X LE X H p X L™ X L.
to the FBSDE system (21) for some positive constantsa < 1, t < 1/2.

Proof. Letp € [0,1], f/ € L2, g/ € H, r foreach j = 1,...,N, where a is to be determined later.
We apply the method of continuation to the following FBSDE indexed by (p, f/,g/); =1

,,,,,

~ 1 ’\i,(l) ~
i - (B0 7)

dXl = — - dt,
27,
dS! = (—AIS'+Kixy, + RY) dt,
i 1(2) M
<—dM;_<2/11Xl+ [EK Pl>]+(® _Al Sl+Kl)(l+Rl>> di—Z"aw,.
pii — i(gi,(l) 731‘>
_api = | _(ai\ TR EoNNE il g _ 7
APl =|-(A)TPi + @ - +0ft|dt -z dw,,
Ur

X

=x!, X;. =0, S, =(0,0)T, P, =(0,0)",
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FUET AL. W l L E Y 1035

where for j =1,...,N

~._l ,\.’(1) ~.
pMJ N<BJ ’7)J>

Ji= i + fJ
; o !
<
1 < T
y o= J J 1, E[E7]
X N;(E LE[pX) + /], E[E )
C
We now make the ansatz
W = st% + B,

Integration by parts suggests that

) ) ( 1)2
—dd! = <2/1; > dt —z% aw,,
277:

(25)

lim 91‘ = +oco
t/T

and that ! satisfies the BSDE

. ALB, A0~ SN2 i .
—d) = ( -—t + (BB + SE[(BIO, B + (0,-Al8! + ki, + Rl ) e
2nt  2N7! N

— 7% aw,,
(26)

on [0, T). It has been shown in Ankirchner et al. (2014) and Graewe et al. (2018) that Equation (25)
admits a unique solution (o', Z') € H_, » x L% and that

b

_ N
exp —” du T=s ,  whereb :=min 22 e (0,1]. 27)
27! i Il
u

The existence of a unique solution to Equation (26) will be shown in Step 1 below.

We now proceed in two steps. In Step 1, we prove that Equation (24) admits a unique solution
when p= 0 In Step 2, we show that once (24) admits a unique solution for some p > 0 and for
strictly posmve constant that is independent of p. By iterating p, we can then solve Equation (24)
for p = 1. It reduces to Equation (21) by letting f/ = g/ = 0forall j = 1,...,N.

Step 1.

In this step, we prove that the system (24) is uniquely solvable in H, » X S; X Li, X H, p X
Li:_ X L; for some positive constants a < b, t < 1/2when p = 0.

To this end, we first consider the mean-field BSDE for (ﬁi,Zﬁi). This BSDE has a Lips-
chitz continuous driver and so it has a unique solution in the space Sz X L2 see, for example,
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1036 W l L E Y FUET AL.

Buckdahn et al. (2009, Theorem 3.1). Taking conditional expectations on both sides yields

JEs 73i>

Plz[E/ —(A;)TPSI—G—I
t 2N

f +0flds|F, |,

N

which implies that

|73i| IBY| 1 T~l_ 1 T l_
. t)l_<|| I+ 2Nnmin><T—t)L[E[/t Pl ds| P | + s B /t Filds|F .

Next, we take E[sup,_, ST(-)Z] on both sides of the above inequality. By Holder’s inequality, Doob’s
maximal inequality and ¢ < 1/2
2

1 T
su E Il ds
osé’T(@—r)l l/[ il
T L 2(1-1)
sup <[El/ |fil1= ds 7-}])
0<t<T 0
2(1—1) T
2—2 :
< 1—-2t 12 .
<(323) 1 [EVO 174 ds]

1 T
E| su E Pl ds|F,
osz£T<(T—t)‘ l-/t 17| t])
2(1—1) T
2—2 _
< 1-2t l 2 X
_<1_2[> T [El/0 | P ds]

Therefore, we conclude that

~ 2
 sup () | < (1P, + 112, )
osest \ (T =00 ) |~ s? 2y

which implies that P € H, 7. Next, we consider the process S'. Since it solves a linear ODE we
get that

=

A
M

Similarly, we have that

2

[sup 1Si12
0<t<

N
<c(|Rl|| +ZIIf’II +2||gl’||3>.
i=1
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Asaresult, S € S%. Next, we set, for t € [0,T)
T s sl i
. -/, —%adr AL s . 1 o .
@o=El [ e (BB + E[(B, P
t 2N, N
Ft] .

The estimate (27) along with Doob’s maximal inequality yields a constant C > 0 s.t. for any
€>0,

+(0,-AlSI +Kix, + RLY) ds

[E[ sup

0<t<T—e

N N N
2 1 . ~ ) . .
%)) ] < C(N QP + ISTIZ, + IRUZ, + DL UFNZ, + ), ||g’||3>. (28)
j=1 i=1 i=1

Thus, %' belongs to S;’_ and so the martingale representation theorem yields a unique process
Z% € L™ such that the pair (%', Z*") satisfies the BSDE (26).

We now analyze the process X'. Taking the ansatz M' = of'X' + &' into the SDE of X!
yields

I3 L 1 3 1
~Jy Sk ar f—/‘i;dr%s‘ﬁ<3s ’Ps>
e e * :
0 27

X! =Xle ds.

Since a < b < 1, it follows from the estimate (27) that

<Xz +E /
0
T—e
=c<||xi||L2 +lim[El/
e—0 0

< C<||Xi||Lz +1ina[E[ sup
[ d

0<t<T—e

Yi T

P
(T -1y

Ef sup

t
o<t<t | (T — 1)@ (T 0<t<T

2
dS] + II7’iII12>

12 ~ii
%)) ] + ||Pl||¢)-

: 2
%l
fss)a‘ ds] + E| sup

i
s

(T —s5)a

In view of the estimate (28), this shows that X! € Hyp.
It remains to analyze the process M'. Using the equality M! = o/'X" + %' and the estimate (28)
again, we see that foreach0 <7 < T

C

2
M| |l<——
f| (T —1)20-a)

112 + [E[sup

0<t<t

E [ sup %;r] (29)

0<t<t
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Moreover, for any € > 0, integration by parts implies that

X. M. _—XM]

T—e T—e
/ XdMl / MlXm

Tme _ o e . (30)
=_/ % (22ix1 + [E[< P + (0. -AS + Kiz + L) ) dt
0

T—e¢ <Bl(1) Pl>
e

2n;

dt + martingale part.

Since

)’Zi

T—eMé’—e = m;—e(X}—e)z +Xl %l

i i
T—e = T—€%T—e

by taking expectations on both sides and using Equation (29) we obtain that

T—e o Mi 2
E / 201X + ( F) dt
0 27,
T—e )
<¢E l / (M) dtl
0

N N
+ c<e’)<||Xl||2 B, + IS, + P2 + IR, + Y UF12, + Y, ||gi||§>.
i=1 i=1

Letting ¢/ < ﬁ and then taking € — 0, we conclude that M! € L%,. The martingale representa-
U

tion theorem yields a unique M e L;’_
Step 2. We now prove that if Equation (24) with parameter p admits a solution in H, » X S; X

L2 X H, 7 X Li:_ x L2. for any f i € L2.,g' € H, 7, then there exists a strictly positive constant o,
that is independent of p and f*, g' such that the same result holds for p + o whenever g € [0, g ].
For any (X!, M") € H, » X L%, it holds that

) M: . . ) .
fiM) == Gz_m +flely, gX):=oX'+g €Hyp.
Hence, by assumption, there exists a unique solution (X', 3!, M!, P!, ZM', Z7') in M, r x S7. %

L. XH,p xLi:_ X L2. to the FBSDE system (24) with f' = fi(M) and g' = g'(X). It is now
sufficient to show that the mapping

((XJ)] 1,..., N’(MJ)_] 1,..., ) ((XJ)] 1,..., N’(MJ)_] 1,..., )
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FUET AL. 1039

WILEY 122

is a contraction under Assumption 3.2. To this end, we denote for any two stochastic

processes H and H’ their difference by 6H := H — H' and use again the representation
M = IS + 9B,

Integration by parts implies for any ¢ > 0 that Equation (30) holds with X' replaced by 6X"

and without nonhomogenous term. Using the fact that 6X.. 6M}.__ > 6X. _6%. __, we have
that

T—e o 5Mi 2
/ 221(8X1)? + (z—j) dt
0

un

T—e <§i’(1), 5T)tl>
XL SBL__+ / SMi~——— dt + martingale part
— T—e 0 t 2N7’); g

T—e
/1 y . o o
—/0 5x;(N[E[<B;’(2),5P;>] +(®,—A;55}+K§5xt>> dt

Taking expectations on both sides and then letting ¢ — 0, we obtain that
oo SM')?
E / 2/1;(5x;)2+( f) dt
0 27,
[LA) spi
T T B, 0P
_ i L pL2) spi _AiSTi iS5 ~i<t i [>
< [EVO 5xt<N[E[<B, ,57Jt>]+(®, A1651+Kt5)(t>)dt]+[E/0 SM o de |
Young’s inequality and the inequality |(x, y)| < |x]||y| for any two vectors x, y imply that
T 72
S M
E / 2/1;(6X;)2+udt
0 2n;
o 1B /
- 6X1? dt E
=2 l/ (OX) ] 2N26, | J,
[ZVE e
+ —[E l/ (5Xl)2 dt] + 26, E l/o |5Sll|2 dt] (31)
6, ! Fiy2 1 ! iss |
+7[El/0 (6X1)% dt + 35, /0 |K[6)(t| dt
AN AW NN .
+—[E/ — ) dt|+ E / |§Pf|*dt|.
2 0 27]; 2N26 0

T

|6P!|? dt]
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1040 W l L E Y FUET AL.

Applying It6’s formula for |§P!|2, we have that

pHI! + cSM! — <” & 57ﬂ>
ds

T
—|6P}|?> = - 2/ (6P| -(ADT6P} +©
t 277[

T T
+ / 1627 2ds + 2 / (PHT6zr dw.
t t

Recalling the condition (22) and using Young’s inequality (x, y) < ~glxl2 + 2—1~ |y|?, we obtain that
0

T T i i\ 2
_ OM! + oM
E / 672 dt g%[E/ PPLTOOR) ae (32)
0 < 0 27,

Using similar arguments on |5§[i |2, we get that
—_~ t i~ . o~ .
1651 = 2/ (65T (—AL8S! + K|5%,) ds,
0
and
r_ 1 T 2
[El/ |5s;|2dt] < Tz[El/ ’Kf55?zl dt]. (33)
0 P 0

Recalling the definition of ¥ and £/, Remark 3.1, and using Young’s inequality again, we have that

T
E / |Kf5)?z|2dt]
0

L ¥ T
<A+ B)(KDV | + 1KV Y E l JRCH: dt]
Jj=1 0

N T
<1+—>||K<2>||21 > [/ (paffg+aaxg)2dt]
0

Jj=1

N T rJ Jj 2 Ll
OM: + c6M
g(1+93)(||1<<1>||+||K(3>||)2]l\] > E / (1+£)<—p L ‘) +<1+1) N
j=1 0

J
t

N T . 2
<1+ >|IK(2)||21 Z[El/ (pé)?{+o§X{) dt].

Jj=1
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I1IBD|
N’?mmp

T
E / Kis7,| dt
0
. o2
S T B\ ( poiE + osM!
s<1+e3><||1<<1>||+||K<3>||)212[E/ 1+g+<1+1) IBUIP_ ) (pOM; +90M/\
N Nznmmp znt]
1 al T 2
+<1 )IIK@)H Z[El/ (pox] +o6x]) dt]
j=1
1+ 6,)(IKW rORL S E IBO| ’ P5M{+05sz zdt
=+ 8)(IKO | + KO 2 / s :

2n;
N
+ (1 >||K<2>||2 1 [EV <p5X’ +05X’> dt].
Jj=1

Lettinge := , from the above estimate and the inequality (32), we have that

(34)

Recalling the inequality (31), collecting the estimates (32)—(34) and taking sum from 1 to N on
both sides we get

6, +6:+6, ¢ < AN
<2/1min - 21 2) Z E l/ (5Xl)2 dt] <277min ) lz: / < 277[ > dt

1 (IB2)? | IBY)P
< +
~| N2p2 26, 26
(1 +63)(IKD K<3>||)2< ><1 1B )2 i[E / pOM, + 2OM; 2dt
+(1 + + " INDnp BE
3 “ “ ” 26 ’\2 2N77m1np i=1 277;

N
<1+ >||K(2)||2<£|§!2 1>Z[El/ p5)?;+o5xg)2dt]
1

i=1
1 (1IB?]2  IBW|?2
<1+ s)[ < +
N2p2\ 26, 20

e (1) 312 ” [ 1 —”E(D” 2
1+ KW+ |IK 2.5 tog (1

2

T (8
E / ) g
0 27,

™M=

Il
—

i

N
+(1+s)<1+ >||K<2>||2<”A” 1)25[/ (6%7) dt]
i=1
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1042 W l L E Y FUET AL.

el (Zel [ oora] e 2el o]

190 l and choosing € small enough, the assumption (23) yields

[El/T (801 t]+2[El/ (8X7) dt]
ol o] e )

1

Thus, choosing 6 =

i=

Furthermore, going back to the dynamics of X! and using M! = of'X’ + %', we have that

S R s 1)

= 0<t<T
Hence, when o is small enough, the mapping ® is a contraction. Iterating p finitely many times
until p = 1 and letting f* = g' = 0, we obtain the desired result. O

(T 02

3.3 | Verification

Having established the existence of a unique solution to the respective FBSDEs, the candidate
optimal strategies are well-defined. In this section, we provide a verification result that shows that
the candidate strategy (15) does indeed define a Nash equilibrium of the N-player game (8)—(9).
Our analysis is based on a novel sufficient stochastic maximum principle that does not require
convexity of the cost function as it is usually the case; see, for example, Pham (2009, Theorem
6.4.6). Instead, our argument strongly relies on the liquidation constraint XiT = 0. The following
is the main result of this section.

Theorem 3.5. Let (X', S\, M, P, ZM'  Z7') € Hy 7 X S2 X L2 X M X L2 X L2.(i = 1,...,N) be

the unique solution to the FBSDE system (18). Under Assumption 3.2 with the inequalities in (iii)
replaced by the following slightly different condition

6,+6, [B?|? 1 A2 1
Amin — - I+ =)= +=)>0,
min ~ N2 6, )\ 26,5 " 26,

IBOIZ (AR | 1
146 +— >0,
Nmin — ( 3) 2 2@1,0 92

(35)
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the processes £* = (£*1, ..., £*N) forms an open-loop Nash equilibrium of the N-player game (8)-(9),
where

i_ 1y/pi) pi
M = —(B"1, P

w1

Remark 3.6.

(1) If Assumption 3.2 (iii) holds, then the condition (35) holds for all N > 2.

(2) The impact process Y is exogenous in the optimization problem of the MFG. Thus, the con-
vexity requirement for the standard sufficient maximum principle holds. We omit the proof
of the verification result, which is standard.

In what follows we denote by (X', §i) the states corresponding to the strategy profile

(&',(%7);4) and by (x*1,5*") the states corresponding to the strategy profile (&=L, (E5) ).
Moreover, we put

N
X = ]%](Ei,[E[Xi])T + ]%] Z(é—'*’j,[E[X*’j])T and Z* = ]lvj;(g*’j,[E[X*’j])T,

J#i
Then, it holds that
dx! = —&ldt dx' = — & de
. . : and . . :
i i ol i i oy i ol i i
ds, = (-AlS, +Biy +R})dt ds;' = (-Als; + By  + R} ) dt.

The admissibility of the candidate £* has already been established; in particular, X;’i = 0 for
eachi=1,...,N because X! € M, 7. It remains to prove that

Ji(f*’i, g*,—i) < Ji(gi’ é—*,—i)
for each 1 < i < N and any admissible control ¢'. To this end, we prove that the cost Ji(&L, £%71)
can be decomposed into the equilibrium cost plus the cost of a round-trip strategy as

J(E, £y = T ) + l /0 T w(g-g) +a(xi-x)
(36)

+(X; - X;“><@, —Al(S, - S+ Bi(x, ~ g)) dt],
and that the additional cost is non-negative under Assumption (35). In order to prove the decom-

position (36), we proceed in various steps. In a first step, we establish an alternative representation
of the cost function.
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Lemma 3.7. The cost associated with the strategy (¢, £*71) can be rewritten as
GRI V XI(0,AS] + Biy +R})+ 1) + (X[ dt] .
Proof. Using integration by parts and X ’T =0, S i) = 0, we have that

- [E[XiT<®,§iT> —X(i)<®,§(i)>] _ [El/OTX;(@ ~AlS| + By +R| > —§ti<®,§i>dt]. (37)

As a result,
T
JiEL &7 [El/ +77(§[)2+/11(X )Zdt]

T
l/ X‘ e, A‘S +B‘)( +R>+nf(§§)2+a§(xf)2dt].

O
In view of Lemma 3.7, it holds

Ji(gi, g*,—i) _ Ji(g*,i’ %—*,—i)

T . . : . ; . . . .

[ l/o X;<®, ~AlS! +Bly + g) + (€D + (XY dt]
T . : . .

—F l/ x> L<® —AISY 4By + R, > Fi (€ + A2 dt]

0

It remains to bring the term on the right-hand side in Equation (38) into the form (36). For this,
let

T
I]I]::[El/ <z,7;' f’l+%<B§’“),7)f>><§t )d ]
0
T
+[El/0 (Xti—Xf’l><2/1§X;"’l + %[EKB;’(”,P}H +(0.-Als" + By + R, )) dt ]

(39)
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T . : . . . .

Heuristically, this term equals E[ /, (X} — X;NdM| — MI(dX] — dX;""))]. In view of the liqui-

dation constraint, using an integration by parts argument, we expect that [l = 0, in which case, it
remains to bring the difference [ — Il into the form (36).

Lemma 3.8. The representation (36) holds true.

Proof. We proceed in two steps. In a first step, we prove that [l = 0. Indeed, integration by parts
on [0, T — €] yields that

i i #,1 i i *,0
[E[Mé"—e (X;"—e _XT—6> - M(l) (X(l) _XO )]

T—e )
=—F / Mi(E—&2 ) dt
[ e-a)a
_E / e (X;' —X;“"') <2/1§X,*’i + l[EKB;"@), P;'>]
; N

i o, i i
+(@,-als + By + RLY) di].
Letting € — 0, a similar argument as in the proof of Fu et al. (2021, Proposition 2.14) yields that
. i i %1 _
}:I_I,% E [M;"—E(Xé"—e - XT—E)] =0.

Thus, dominated convergence implies

T . .
| [ - a
e[ [ o)« el )

+(0,-Als + By + R!) ) di].

Putting the preceding equation into (39) implies that

T
I =E l / <2n§ f’l+%<B;’(1),Pf>—Mf><§f— t*’l>dt] =0,
0

Using integration by parts again yields that
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1046 Wl L EY FUET AL.

_el/pi o owi\ i ol oni
o= el(rhs,-s) - (s -5

T
= E / (TP -, s) - s7) + (PlL-AlS] - S + Bix, - 1) dt]
0

T
- F / —5;"”<@,§; - §j’l> + <7J[i,B£(L - g)) dt
0

T
=E /0 —X;”<@, —A;(§;—§j’1)+B;(L —g)) dt

T
+E[x; (0,5, - 53"} - X' (0,5 - 571 )| +E /0 (PlBix, - 2)) dt]

T T
E Vo X (0,-AlS — ™+ By —20))di| +E Vo (PLBIG - 20) dt],

where in the fourth equality, we use the liquidation constraint X;’i = 0. Using that E[E[x]y] =
E[x]E[y] = E[xE[y]] for any random variables x and y, the second term in the above sum can be
rewritten as

E l/OT <7)zi’B£(1t _5)> dt]

T T
1 o . , 1 o _ .
Zﬁ[El/o GEANICE f’l>dt] +N[El/ (751 Jelxi - x| dt]

0
1 T X . . . 1 T ) . i .
e[ a5 | el o)
Thus,
T : . M 5 .
E l / X,*"(@, —A(S, =S+ Bi(x — x*)} dt]
o —t = =
1 T, S
:N[El/ <P;,B;’<1)>(§;— ;"")dt] (40)
0
1 ! L(2) ‘
i i *,0
+N[El/0 E[(PLB )] (xi-x; )dt].
Note that
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T o i\ 2
H_I]I]:[El/o nt(éﬂ ’”) +/1§<X§—Xz*’l)

+X§<®, ~Al(S, - S+ Bl - 1:‘)>

—N< B 7’>(§t [ )——EKP’ ’(2)>](X§—Xj”'>dt]. (41)

Plugging Equation (40) into Equation (41), we get the desired representation. O

We are now ready to finish the proof of the verification result.
PROOF OF THEOREM 3.5. Using the constants appearing in Equation (31), we have

T
[E/ X — x —Al(S S )+B()( )()
0, +06, ! j #0012 |A]|2 /T i #0)2 1 /T i NP
<1 = X" - -S” — - .
<22 [El/o X=X |+ g B | 1S =S|+ | B - x0Pd

The dynamics S S“ = f (- Al(S S )+B ()( )( *)) ds and the estimate leading to

Equation (33) 1mp1y
T _ 1 T
I e%i2 < i —_ *)|2
[El/0 1S} — S| dt] _ﬁz[El/o IBi(x, ~ 20 dt].

Thus,

T
l / @ ~Al(S, - S +Bix, )(*)>dt]
0
6 +6, | [T 1Az 1 /T -
< L _ L2 = i )2
= [El/O 1X; =X, "1 + 291p2+292 E i lB’(lz LM dt
6,+6, (B2 1\/llAI? | 1 /T R
< 1+ — — ) |E X — X2 de
—< 2 v Ute ) 282t 2g, | XmXord

IBOIP (A2 1 /T g
1 — |E L— &2 de].
+ (146313 0., i 1§ —§71°d
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Due to the decomposition (36) and Assumption (35), we have

TE D = IE,§

6,+6, (B2 1\ /AR 1 /T i)
> Amin — - 1+ — — ) )E X —-Xx
_</1m1n 2 N2 + 8, 26,52 + 20, ; ( ¢ ¢ > dt

IBOI2 (AR 1 T i)
+ <77m1n —(1+65) N2 20,77 + E E o <§t TSt > dt

>0.

Our verification Theorem 3.5 excludes the existence of beneficial round trips for the single-
player model.

Corollary 3.9. Under assumptions of Theorem 3.5, there is no beneficial round trip when N = 1.
Proof. Let the initial position x = 0 and £* = 0, which implies

X*=8"= X'=R=J¢)=0. (42)

Moreover, let £ be a round trip, that is, /OT &, dt = 0. In view of Lemma 3.7 and Equation (42), the
decomposition (36) holds with N = 1 and the proof of Theorem 3.5 yields J(§) > 0 = J(£*). Thus,
£ is not beneficial. l

Remark 3.10. Note that the exclusion of beneficial round trips cannot be obtained from the FBSDE
representation of the optimal strategy; this is because our optimization is nonconvex and thus
uniqueness result cannot be guaranteed. For the two-player game, the next corollary shows that
our FBSDE characterization provides the existence of a beneficial round trip.

Corollary 3.11. If X! > 0 and X? = 0, then X*? # 0. That is, X*? or £*2 is a beneficial round trip.

Proof. We prove the corollary by contradiction. If X*? = 0, which is equivalent to £*? = 0, then
J?(&%2,£%1) = 0. In view of the representation (36) and Lemma 3.7,

T
E l/ XXeo, —dgf’z)] =0, foranyX?.
0

This implies that E[ /OT X2 dy; 2] = 0 for all X2. Thus, Y*2 = 0. From the dynamics of Y*2, we get
that

g*,l

2
— — (B2 —a))C"? + %[E[Xl —x*1] =o. (43)

Since C*? can be expressed in terms of the function E[X! — X*!] and the constants a® and 32, we
conclude that Equation (43) is an equation for X! — X*! that only depends on the constants c?
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and 2. This contradicts the FBSDE characterization (18) that states that X*! and hence X! — X*!
only depends on the coefficients indexed by 1 if X? = X*2? = %2 = 0. O

3.4 | Approximation by penalization

It has been shown in various settings that the optimal trading strategies in models in which open
positions are increasingly penalized converge to optimal trading strategies in models where full
liquidation is required; see, for example, Evangelista and Thamsten (2020); Fu et al. (2021); Horst
and Xia (2019) for details. If the strict liquidation constraint is replaced by a penalization n(X"T)2
of open positions at the terminal time, the FBSDE system (21) changes to
r i1 5i1) o
; M; - E <B[ ) p;)
ax; = — - dt,
1
2n;

dS! = (—ALS! +Klx, + Rl) dt,

. .. 1 =i, (2 . .. . . i
1—dM; <2/1;X§ + N[EKB;( ),ptl>] +(0,-A[S! + K x, + R;)) dt =z dW,,  (44)

. 1 i1 .
M} — (B, P}

—dP! =[-(4)TPi + 0 i dt—z7 aw,,

277r

Xy =, 8= (0,007, My = 20 - S, P = (0,00,

where S>() is the first component of S!. The same arguments as in the proof of Fu et al. (2021,
Lemma 4.5) show that

T T
[El/ |P;’”—7J;'|2dt] +[El/ |M;’”—M;'|2dt] +[El/
0 0 0

From this, we immediately obtain that the model with liquidation constraint can be approx-
imated by a sequence of models with increasing penalization. Specifically, using the same
arguments as in the proof of Fu et al. (2021, Theorem 4) it is not difficult to prove the following
approximation result.

T
in i
K —S;|2dt] - 0.

Proposition 3.12. Let (X!, S\, M, Pi,ZM' | Z7") and (X1, Sin, Min, pin zM™" 7P pe the
solutions of Equations (21) and (44), respectively. Then,

[E[ sup |X§’”—X§|2] +[E[sup |s,"’”—5;'|2] >0 asn— oo.

0<t<T 0<t<T
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4 | FROM MANY PLAYER GAMES TO MEAN-FIELD GAMES

In this section, we prove the convergence of the Nash equilibria in the N-player game to the Nash
equilibrium of the corresponding MFG under the homogeneity conditions (10) and (11). This is

achieved by establishing the convergence of the solutions to the FBSDE system (18) to the solution
to the corresponding mean-field FBSDE (20) as N — oo. More precisely, let

—i —i — 2.—
<X,S M.,P, M zf’> € Hyp XS5 X L2 X H,p XLy X L7,

be the unique solution to the mean-field FBSDE (20) with W = Wi, X = X', A = A\, n = n, p = o/,
a =al,f =p!,and y = y'. Using the Yamada-Watanabe result for mean-field FBSDE established
in Fu et al. (2021, Lemma 3.2), there exists a measurable function X independent of i such that

— —i — —i . .
(X[’S[’Mtﬁpt) = E(tﬁxlaW.l/\[)' (45)

In particular, the mean field equilibrium state and control satisfy

—i M
V= [E[X;] and u =E[—|.
27,
Lemma 4.1. It holds that
N =/ ’
- —
M N-ooo
[E/ zlv Ly | dt|—o, (46)
0 j=1 2775
and
N j ’ N—-oo
0<t<T j=1
_k Mj
Proof. By (10), (11), and (45), ’k and 2—’1 are independent and identically distributed for k # j. By
t 7}1

Theorem 3.4, there exists a constant C independent of i such that

T —

M

E / —Lldr|<c. (48)
o |27

0//:sd1y) SUONIPUOD PUe sWwid L 3y} 835 *[£202/90/80] U0 Aiq1T3uIuO AB(1M ‘AiSRAIIN Ajod Buoy BUOH Ag 6SEZT  1feW/TTTT OT/I0p/L0D" A Im AreIq1jeul|uo//Sdny Wouy papeoumoq ‘v ‘2202 ‘S966.97T

fopm:

85UB917 SUOWILIOD BAIER.D 3|eal|dde au Aq peusenob afe sepie YO ‘8sn Jo sajnd Joj Areiqi auljuo A3]1AA UO (SUONIPUoD-pue:



FUET AL. W l L E Y 1051

Moreover, it follows that

2
T N -J
[E/ Ly M dt
0 J=127)t
1 T v J T N (F ?
t t t
5 / Z__:“t — — M |dt +_[E/ Z__:ut dt
N 0 k#j 2775 n; N2 0 k=1 g{
4C N-o
<= —0
N

By considering the dynamics of X l, the convergence (47) follows.

Let (X7, §i,M i pi.zM' 7P') be the unique solution of Equation (18) and

. . . . i i JR— PR R i ; —i ; —i
<6X1,551,5M‘,57)1,52M 627 ) ‘= (X‘ -X,8'-S M -M,P -P,ZM —zMe, 7" — 27 ei>,

where e; denotes the ith unit vector in RY. The FBSDE

-

5Ml _< l(l) pl>

5Ml _ _< 1(1) pl>
N

2171’

—d5P! =|-(A)T6P! + © dt — 82" dw,,

. - - — .
6X! =0, 8xi =0, 8! = (0,07, 6PL = (0,0)7,

where
L X Mj_i<3j,<1> 2 7l 1 X !
=1 — N ’ - — - J
o =|x 2 2 [Elzni],NZ[E[X] EX 1|,
j=1 Jj=1
and
)/ N 0(. N T
— - _ = _ — T
= ( ~ ; [X/] — aly E[X I % ; E[x/] — a [E[X‘]) (0,0)

déx! = — dt,
2172
déS! = (—A}5S! + Bisy, + 6R.) dt
|—dsmi = (zagax;‘ + %E[(Bﬁ"”, Y| + (0,-alss! + Bisy, + 5R§)> dt —8zM dw,

(49)
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2 | WILEY

has a unique solution. This allows us to establish the convergence of the Nash equilibria of the
N-player game to the mean field solution as N — oo.

Theorem 4.2. Let conditions (22) and (23) hold for all N large enough. The following convergence
holds

0<t<T

T
. . N—-oco
E l/ |6M; | dt] + [E[ sup |5X[l|2dt] — 0.
0

As a result, the optimal strategy of player i in the N-player game converges to the one in MFG, that is

T wiN —#,0
E / &0 =&, |12dt| >0,
0

o1 . . :
Mi——~ <Bl,(1),7)l> Y Ml
= andé¢ =

LN« -
2ni 2ni

where £

Proof. Using M] = M/ + M, and X/ = 56X/ + X, we have that

. T
N N —J —l N N
1w oM 1w M M| 1 |
= — - — Rt - —_ J _ —
Sx <NZ‘ nJ+NZ‘ oy [Elznj],NZ[E[éX]+NZ[E[X] [E[XD
Jj=1 Jj=1 Jj=1 Jj=1
N
B/ pi
+ _iz( >’0
sz:l 2nJ
. (50)
N N —J — N
1w oM 1w M M| 1
==Y+ =Y | =, = Y E6x]
(FE5 w2 (5] Zee)
LN piy \'
+l-5 DY ———=0]).
N = 2nJ

In view of the estimates (32) and (33), we have that

L2 L —i)\?
ro 1 T M; 1 T 5M;+M;
E / |Pf|> dt S;[E/ — | dt =;[E/ — | dt|, (51)
0 P [Jo \ 2 p= [ Jo 2,
and that

T . 1 T
E / |65} dt STZ[E/ IB;Sx:1? . (52)
0 P 0
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FUET AL. W l L E Y 1053

Taking Equation (50) into Equation (49), following the proof of Theorem 3.4 and using the
estimates (51) and (52), we obtain

N 2
) +e +6 T (sM!
(2/1mm L 2) / (8X1)? dt +<znmm—9>[E / —* ) dt
2 0 21!
B®@)2 B2 T Al T
< (121 1B L[E/|P;|2dt+”[+im/
6o 0 2N2 | J, 20,02 26, 0
IBP2 IBOI2\ 1 /T »
< —E P;|*dt
—< 5 T 8 Ja|) 17
N .
Al 1> (1 & smi
+(1+6 BW|12E -y =
( 3><261A2 o L A N; 27
+liE—[E E i<B](1) , Pl
N 4 j 2nJ N2 = 2nJ
N
L\/lAlI®> 1
+(1+ = B
( 63><zelﬁ2 26, )11 Z
“\ & 6 2N2 [y !
N

S\ 2
Al | 1 1 /T SMJ
1 2(1 — 1BOI12P= Y E o
+(1+e)* +63)<291ﬁ2 + 262>” I Z l .\ 2y

|Bi5)(t|2dt]

dt

)
/ |5X[j|2dt]

Q

fl

N —J —i
lAl* 1 (1 oM M
+(1+€)<1+ >(1+e)< ~ +—>||B<1>||2[E/ — ) —-E|—
3 26,02 20, 0 sz:‘qznj 27
N

1 | A% IBYI* 1 / j2
- P dt
+<1+e>(1+93)<261ﬁ2+262>4;7 N N Z [P/

min -

1 IlA]? 1 1 / -
14+ — BOI2= M E X7 |12 dt
* ( ¥ 93) <291ﬁ2 26, IBZITN Z o]

o\ 2
B2, 1BVIPY 1 /T 5M;
<@ E — ) dt
<( +€)< ) +—5 N2 |/, 7
2

B®)2 B2 1 L BV
+<1+1>(n [ ||> 2~2[E/ M|
€ 90 6 ZNP 0 2}71

~
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1054 W l L E Y FUET AL.

T S\ 2
5 ||A||2 1 Wzl sMJ
+(1+¢) (”93)(29 . 1BY)12 < Z[E & dt
N —J —
1 AR 1 /T 1 v M
1 1+-)a BO|I2E M eI M
ra+a(1e 1) +63)<291A2 5 )Isoeel [ (5 2 3m -E| 5
A2 B4 N T [ sM!
+(1+e)<1+1>( 63)<“ ”2+L>—”2 I lZ[E/ L) dt
‘ 260107 20/ anp NN G [ o \ 2
2 1)4 i
+ (1+63) ”A[ S PO Ll / —L| dt
26 p2 26, 477 NZM2 277]

Al 1 1 /T -
1 BYIP=ME sX/|12de|.
“( +e><zelﬁ2 By Z ) 1%

IIB

||M2

Letting 6 = , € be small enough, N be large enough, taking average and upper limit on both

sides, we obtain by the condition (23)

L Y T/ SMi 2 N T 5
lim sup — E / —L ) dt|+limsup = E / Sx1)" dt
N—)oopN z:zl 0 <27};> N—>oop Z l 0 ( t)
N —J —i Ty
1 M, M,
<Climsup—= ) E / — ) — —F —|| dt
Noe N Z NJ; |2

N T

. 1)1 M,
+11msup0<—>— [E/ — | dt

Now AN Nj; o |27

=0.

Going back to the inequality for [E[fOT((SZ—]ZIf)2 dt] and [E[fOT(éXD2 dt], we have
t

2
T 5M; T 2 N—oo

[E/ — | dt +[E/ (6X;) dt| —— 0
0 27, 0

Furthermore,

[E[ sup |6X}|%dt

0<t<T

T T N\ 2
2 C . Pa— N—oo
SC[El/ (6M;}) dt] +N[El/ <5M§+MS> ds] — 0.
0 0
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5 | DETERMINISTIC BENCHMARK MODELS

In this section, we consider three deterministic benchmark examples. In Section 5.1, we consider
a MFG where all model parameters except the initial portfolios are deterministic. In Sections 5.2
and 5.3, we consider a single-player model and a two-player model, respectively, where all model
parameters including initial portfolios are deterministic. In all deterministic models, our FBSDE
systems reduce to ODE systems. Existence and uniqueness of solutions to these systems can easily
be established; in particular, Assumption 3.2 is not required. For simplicity, we also replace the
strict liquidation constraint by a penalization n(X iT)2 of open positions at the terminal time. This
considerably simplifies our numerical analysis; see Section 3.4. We display the solutions to the
corresponding ODE system for various choices of model parameters.

51 | The mean-field game

If all model parameters except the initial positions are deterministic constants, then the stochas-
tic integral terms drop out of the FBSDE system (19). Taking expectations on both sides in
Equation (19) and putting

F := (E[X],E[Y],E[CDT and B := (E[P],E[Q],E[R]T,
we obtain that

(F' = oo + 9o, B + FO,

B’ =@ oF + ¢11 B,

(53)
E[X] 2100
[F(): 0 , BTZ 000 [FT,
0 000
where
1 1
Poo = —OCJ/—P—%—V(ﬁ—“)’ ®o1 = % 00} F°=|yaE[X]],
-« 0 —(B-a) 0 00 oE[X]
and
2100 0 0 0
1 1
pro=| 0 50, P =173, P 0
0 00 0 y(B—a)(B—a)
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1056 Wl L E Y FUET AL.

Making the ansatz B = DF + D° yields the following ODE system for D and D°:

2n 00
D" = — D@y D — Doy + ¢11D + 910, Dr=]000
000 (54)
(D) = (¢11 — Dg10)D° — DF?, DY =(0,0,0)".

Let ®(T, t) = e” T~ be the fundamental solution to Equation (53), where
P = <§000 §001>_
P10 P11
From Equation (53), one has

F
0 =(Dr, —I3x3)<B§>

= (Dr, —I3x3)®(T, t)(;i)

T FO
+ Ot [ eras(, )
t 3x1

1
= (Dr, —I3x3)®(T, t) <O3X3 > F,
3x3

(0]
+ (Dr, —=I3x3)®(T, ) < I 3X3> B,
3x3

T 7O
+ (DTa—sts)/ (T, s) dS(O >,
t 3x1

where I3y3, 0343, and Oz are the 3 X 3 identity matrix and 3 X 3,3 X 1 zero matrices, respec-

(0]

tively. If (D, —I353)®(T, t) < I 3X3> isinvertible, which will be the case in our simulations, a direct
3x3

calculation shows that the unique solution to Equation (54) is given by

-1
D= - [(DT, ~L33) (T, 1) <‘I)33X33>] (Dr, =I53) (T, 1) ( 53;33) , (55)
and
Os\] ! FO
D) = - [(DT’_13><3)¢’(T, l‘)<133x33>] (DT’_13><3)/ (T, s) d3<03 1>- (56)
X t X
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Having derived an explicit solution for the expected equilibrium portfolio process allows us to
derive an explicit solution for the equilibrium portfolio process itself. It is not difficult to see that

[(x, —Ex,)y = - 2= ‘ZS[PJ

_(P[ - [E[Pt]), = 2/1(Xt - [E[Xz])

Py — E[Pr] = 2n(X7 — E[X71]),

which is approximated by

( ' _ P[_[E[P[]
X —E[X]) = - 2

—(P; — E[P,]) = 2A(X; — E[X,])

XT - [E[XT] = 0
Making the ansatz P — E[P] = A(X — E[X]) yields
AZ

A’—%—z/l Ar = o0

A =2 nzcoth<\/%(T—t)>.
A smh<\/7(T—t)>
0 2;d

= (X —E[X)])
sinh <\/7 T)
1
and hence the optimal position approximately equals

o fr-3)
o |

The MFG is convex; hence no additional verification arguments are required. Figure 1 displays
the equilibrium portfolio processes in an MFG for varying degrees of child order flow and transient

or equivalently

Thus, we get that

X, —E[X;] = (X —E[X]e

X, ~ E[X,] + (X — E[X]) 7
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Position in MFG Position in MFG
14 —— Position X: a=0 15 —— Position X: a=0
Position X: a=0.5 Position X: a=0.5
12 —— Position X: a=1.0 10 — Position X: a=1.0
10
08
06
04
02
0.0

FIGURE 1 Dependence of equilibrium portfolio process on the market impact parameter o, y = 0.1(left)
and y = 1(right). Other parameters are chosenasn = 0.1, 0 = 02,4 =03, =11,x =1.5,E[X] =1,and T = 5
[Color figure can be viewed at wileyonlinelibrary.com]

market impact. We can see from both pictures that short positions do not occur in equilibrium if
the impact as measured by the quantities a and y is small. For near critical values of «, it is optimal
for the representative player to unwind his position before the terminal time, and then to take a
negative position that he closes at the end of the trading period. This effect increases significantly
in the impact parameter y. The result is intuitive; the larger & and y, the stronger the representative
player benefits from the inertia in market order flow when closing a short position.

5.2 | Single-player model

When N = 1 and all model parameters are deterministic constants, then our mean-field FBSDE
reduces to a forward-backward ODE system, and can be rewritten as

(F = 1ooF + g B + F°,
B’ =oF + 911 B,
y (58)
X 2n 00
Fo=|0], By =|0 00|Fy,
L 0 000
where
F=(X,Y,0)f and B=(P,Q,R)T,
and
1 1 7y
— -— Lo
0 29 0 2n 2’)2 0
Yoo = —OC)/—P—L—V(ﬁ—OC)’ Y= L Lo} F° = yaxy,
2n 27 27 ax
—-a 0 —(B-a 0 00

0//SdNY) SUORIPUOD Pue SWLR L 3L 885 *[£202/90/80] U0 Ariqiauiuo AW AiseAIuN Ajod Buo BuoH Ag 6SEZT" 1feW/TTTT OT/10p/wod"AB|mAReiq1jeut juo//sdny Wouy papeojumoq ‘' ‘Z20Z ‘S966.97T

fopm:

85UB21 SUOWILLOD dAIER1D a|qedl|dde a3 Aq pausenoh e sajoLe YO 8N Jo Sajni 1o ARlig1auljuQ AS|IAN UO (SUONIPUO-pUE:



FUET AL. 1059
WILEY 12
—-2100 0 ay a
1 1 y
Yio=| O 50, Y = 2 P"‘Z 0
0 00 0 yB-a)(B-a)

Making again a linear ansatz B = 9F + 99, yields

2n 00
D' = = DY D — DYoo + P11 D + Pr0s 2r =10 00},
000 (59)
(2% = @11 — DP1)2° — DF, 22 =(0,0,0)7,

and the same argument as in the previous section shows that the unique solution to the above
ODE system is given by

1
P, =— [(@T, —I33)¥(T, 1) <O3X3>] (D, —I353)¥(T, 1) < Lxs )

I3y3 O3y3

and

-1 T
925? =- [(@T, —I3,3)¥(T, t) (O3X3>] (Dr,—Izx3) / W(T,s) dS< F ) )
t

JENE O3

where (T, t) = ¢9T~" and
Yoo z»bo1>
G = .
<¢’10 Y1

Note that /tT W(T,s)ds = € 197D — I ¢) as long as € is invertible. This is indeed the case
because § > a and so

det(€) = —pA(B — a)? <7;/_2 + %) £0.

In particular, the ODE system can be solved explicitly. The solution to the ODE system yields
candidate optimal portfolios; portfolios for various choices of model parameters are shown in
Figure 2. The left figure shows the portfolio process for various degrees of child order flow when
y =1,8 =1.1,and 4 = 0.3. We see that the initial trading rate increases in ¢ and that it is optimal
to oversell for near-critical values of a. The right picture shows the portfolio process for different
degrees of transient market impact. For very large values of y, cyclic fluctuations in the optimal
portfolio process emerge. Oscillating strategies arise when a trader expects his impact on future
order flow to be very strong. Aggressively selling generates additional sell flow at later points in
time from which the trader may benefit when switching from selling to buying.

Cyclic oscillations can be viewed as a form of transaction-triggered price manipulation. As
already argued by Alfonsi et al. (2012), they are economically undesirable and should, as Gatheral
et al. (2012) write (p.456), “be regarded as an additional model irregularity that should be

0//:sd1y) SUONIPUOD PUe sWwid L 3y} 835 *[£202/90/80] U0 Aiq1T3uIuO AB(1M ‘AiSRAIIN Ajod Buoy BUOH Ag 6SEZT  1feW/TTTT OT/I0p/L0D" A Im AreIq1jeul|uo//Sdny Wouy papeoumoq ‘v ‘2202 ‘S966.97T

fopm:

85UB917 SUOWILIOD BAIER.D 3|eal|dde au Aq peusenob afe sepie YO ‘8sn Jo sajnd Joj Areiqi auljuo A3]1AA UO (SUONIPUoD-pue:



FUET AL.

% | WILEY

Position in Single Player Model Position in Single Player Model
A0 — Position X: a=0 10
Position X: a=0.5
08 5 —— Position X: a=1.0 08

06 06 —— Position X: y=0.1

Position X: y=1

04 04 —— Position X: y=10

02 02

00 00

0.0 02 04 06 08 10 00 02 04 06 08 10

FIGURE 2 Dependence of optimal portfolio process on the market impact parameters « and y, y = 1(left)
and o = 1(right). Parameters are chosen as7 = 0.1, 0 =0.2,4A = 0.3, 3 =1.1,x = 1,and T = 1 [Color figure can
be viewed at wileyonlinelibrary.com]

excluded.” Our numerical simulations suggest that cyclic oscillations occur only for unreason-
ably large values of y that violate the assumptions of our verification theorem. Although the
assumptions of our verification theorem are far from being necessary, it seems natural that some
bound on the impact of traders’ on market dynamics is necessary to exclude arbitrage and/or
price manipulation. Interestingly, we found no numerical evidence that cyclic oscillations may
occur in game-theoretic settings. This suggests that within our modeling framework, strategic
interactions may stabilize markets. We leave a more detailed analysis of this question for future
research.

5.3 | Two-player model

If N =2 and all model parameters are deterministic constants, then our mean-field FBSDE
reduces to a forward-backward ODE system, and can be rewritten as

F' = ¢ooF + ¢po1B + FO,
B’ = ¢10F + ¢11B,
x! 2n00 0 00
3 0 000000 (60)
0 000000
[FO_xZ’ Br = 0002n00[FT’
0 000000
| 0 000000

where

F=xD,yD cO x@ y@ c@YT and B=ED,QW,RM, p2) Q@ R)T
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and
0 L 0 0 0 0
)/10(1 12771 y 1 1 1 }/IOC }/1
_Tl_p_w -y (B —a) - > g 0
. —“7 0 —B'-a) -= 0 0
R I 0 0 0 = 0 ’
)/2052 )’2 )/2(12 227}2 }’2 5 5 5
_Tz T 0 —TZ—P T y (B*—a)
_* _* —(B2 — 2
- 0 0 - 0 (B — a?)
1
ml apt 0 0 0 22100 0 00
1 1\2 1 1,2
A bl W N o o 200 00
anl gyl 42 ap2 2t
b0y = 0 0 00 0 O b1y = 0 00 0 00O
"o 0 oL X oof 7T o 00-2220 0f
G 0 00 0 ——o
r gy r e, 2
4t 8! 42 812 0O 00 O 00O
0O 0 00 0 0
1,1 1
0 &r “7 0 0 0
1 o,
o Pt 0 0 0 0
by, = 0 y'@'=a)@Bt-al) o 0 0
11 — 2.2 2 5
0 0 0 0 &r z
1 2 y2 2
_r 2.
0 0 0 2 Pt 0
0 0 0 0 y*B*—a*) (B*—a?)
and
1 T
yla! 2 2 2 2
FO 0—(x+x) (x+x)0 (x+x) (x+x) .
Again making the ansatz B = DF + D°, where
2100 0 00
000000
000000
D = -D¢,D—D D , Dy = ,
Po1 oo + 11D + P10 T 0002100
000000
000000

(D) = (¢11 — D¢po1)D° — DF°,

0 _ T
DY = (0,0,0,0,0,0)

WILEY 12

(61)
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% | WILEY

Position in Two Player Game Position in Two Player Game

10 - Position X: Player 1 10 - Position X: Player 1
08 Position X: Player 2 Position X: Player 2
06

04

0.0 02 04 06 08 10 0.0 02 04 0.6 08 10

FIGURE 3 Portfolio process in the two-player game under different parameters y, y = 1(left) and
y = 0.1(right). Other parameters are chosenasn, =1, =0.1,p, = p, =02,4, =1, =03, 0y = a, =1,
Bi=B,=11,x, =1,x, =0,and T = 1 [Color figure can be viewed at wileyonlinelibrary.com]

Position in Two Player Game Position in Two Player Game
1.04 1.0 —— Position X: Player 1
—— Position X: Player 2
0.5
0.5
0.0
0.01
-0.5
—0.54 ~10
-1.01 =15
-2.0
=151
—— Position X: Player 1 25
—— Position X: Player 2 :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 4 Portfolio process in the two-player game for y = 10 and different (left), respectively, same (right)
initial portfolios [Color figure can be viewed at wileyonlinelibrary.com]

the same arguments as in the mean-field case yield the unique solution

I6xs Ogxs

41
D =- [(DT, )T, 1) (OM’)] (Dry—Ley)(T, 1) ( oo ) ,

and

-1 T 0
D‘t)=—[(DT,—IGX(,)dJ(T,t)(?GXﬁ)] (Dr, —Igxs) / cI>(T,s)ds< F )
t

6x6 Ogx1

where ®(T, t) = e9T~1 and

_ (%00 %o1
o= <¢10 ¢11>'
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There is no explicit expression for the integral since det(G) = 0. Figure 3 shows equilibrium
positions in a two-player model with different degrees of transient market impact. In both cases,
Player 2 benefits from the presence of Player 1; there is a beneficial round-trip for this player in
equilibrium. As expected, the round-trip is stronger (more convex) for larger degrees of transient
impact.

As pointed out above, we did not find numerical evidence for the occurrence of cyclic oscilla-
tions in the two-player game. As illustrated by Figure 4, some form of oscillation may occur for
large values of y but the oscillations are not as regular as in the single-player case and are not
cyclic, even if both players are completely identical.
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ENDNOTES

IThe MFG is convex; hence, general verification arguments apply.

2We require traders to be risk averse. The benchmark case of a deterministic risk-neutral single-player liquidation
model can be solved in closed form as shown in Chen et al. (2021). Even in this case, the impact kernel is different
from the ones considered in the above mentioned papers.

3This assumption can be justified by assuming that the market does not or cannot differentiate different origins of
order flow.

4We prove below that the adjoint processes are determined uniquely by the solution to this mean-field
FBSDE system.
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