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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 are considered. We assume that players’ trading activities have an
impact on the dynamics 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
system with unknown terminal condition. Under a weak interaction condition we prove that the
FBSDE systems have unique solutions. Using a novel sufficient maximum 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.

AMS Subject Classification: 93E20, 91B70, 60H30.

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

1 Introduction

Models of optimal portfolio liquidation under market impact have received substantial consideration 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 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 Vof (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 associated HJB
equation or an unknown terminal condition on the associated adjoint equation when applying stochastic
maximum principles. In deterministic settings the state constraint is typically no challenge. In stochastic
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settings, however, it causes significant difficulties when proving the existence of solutions to the HJB 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 transient 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 transient price impact follows an ordinary
differential equation with random coeflicients driven by the large investor’s trading rate they showed that
the optimal execution strategies could be characterized in terms of the solutions to multi-dimensional
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, 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 different 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 re-
placed 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 intensities 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 of past trades on future trans-
action 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 and 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 without strict liquidation constraint have been
studied in Carlin et al. (2007); Drapeau et al. (2021); Evangelista and Thamsten (2020); Fu and Horst
(2020); VoB (2019). Although our mathematical 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 analysis. 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 solution 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, e.g. 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, numerical 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 multi-player models by e.g. Schied et al. (2017) and Schied and Zhang (2019). It has been argued
by e.g. 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 principle 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; 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 standard 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, e.g. 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 e.g. (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 provides 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

1The MFG is convex; hence general verification arguments apply.



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 knowledge our
verification result is the first that applies to non-convex multi-player models in stochastic environments.?

Finally, we prove that under an additional homogeneity assumption on the players’ cost function 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 portfolios, 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 corresponding 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

1/2
product of two vectors. For a matrix y € R"*™, denote by |y| := (Zl<i<n71<j<m |yij|2) the 2-norm

of y. For a R-valued essentially bounded stochastic process y, denote by ymin and by ||y|| 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, i.e., [yl := (3=, ; llyi;[*)*/%.

For a filtration .# we denote by L% the space of all .# progressively measurable processes such that
1
lyllzz == (IE [ fOT ¢ dtD * < 0o, We let S% be the space of all .F progressively measurable processes

1
with continuous trajectories such that [|y[lsz := (E [supp<i<p [12]?])? < oo and denote by Ha  the

21\ 2
subspace of S% such that ||y||, = <IE {SUpogth (%) ]) < 00. Finally, Li,j{ denotes the space of

all % progressively measurable processes such that for each € > 0 it holds that E { OT_E lye)? dt} < 00,

and S;;_ denotes the space of all & progressively measurable processes with continuous trajectories such

1
that [|yllsz— = (sup>o E [supg<icr_. [1]?]) ? < 0.

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 portfolio
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

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.



randomness is described by a multi-dimensional 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 continuous trading
strategies. Assuming a linear-quadratic cost function, the large investor’s stochastic control problem is
given by

essinf [E

T
2 2
Y+ A X2} d 2.1
esint / (1€ + E.Ya + A X2} ds (2.1)

subject to the state dynamics

t
Xt:/’\f—/ & ds, tel0,T),
0

X7 =0, (2.2)
t
Y, = / {—psYs + &} ds, te[0,T).
0

Here, n and v are positive constants while p and A 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 ¢ € [0, 7], 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 . 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 1/4 > 0 as in Horst and Naujokat (2014); Obizhaeva and Wang (2013). This results
in an execution price process of the form

St =5 —n& —Y: (2-3)

where S is a Brownian martingale that describes the dynamics of the unaffected mid-price process. The
essentially bounded process p describes the rates at which the order book recovers from past trades. The
constant 1 > 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 (2.1) capture the expected liquidity 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
G = pf ta / B9 gNE
0

where p* are the base intensities and o,  are deterministic coefficients that capture the impact of past
orders on future order flow. In the absence of the large trader we set 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 NT — N~ is a martingale.

In the presence of the large trader the base intensities change to ufﬁ =pu+ fti 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
t
BlGH =+ BlgH) +a | e 0 IB[GHds
0

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

N, = /0 (El¢H] — E[¢;]) ds = /0 Ef&.]ds + o / e=P(t=5) N, ds. (24)

0

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

¢
Cy = a/ e P9 N ds. (2.5)
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 (2.5) we see that
dCy = (—(8 — a)Ci + a(EX —EX,))dt, Co=0. (2.6)

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

% < 1; see Hawkes and Oakes (1974) for details.

Starting from (2.2) 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 [/ {77553 +&Ys + )\SXS} ds] (2.7)
0

£€L%(0,TiR)
subject to the state dynamics

dXt = _ft dta te [O’T]a
Xo =X, Xr =0,

dy; = ( — Yo + (& — (B — )Gy + (EX — IEXt)))dt, t€[0,1],

(2.8)
Yo =0,
dCy = (—(f — a)Cy + 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 first sight 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
is supposed to trade in rates, which, of course, should be viewed as a mathematically tractable
approximation of discrete trading.

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



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 player i € {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 ¢ given the liquidation strategies
& (j # i) of all the other players:

~essinf E
§'€LZ(0,TR)

T
e e icaa 29
0
subject to

dX} = —¢lds, t€][0,T),
X =X" X =0,

avi = (= ¥ 41 (6 - 61 - Ol + (ELH - BLED) ot e 0.T]

(2.10)
Yy =0
dC} = (= (B} — ay)C} + af(E[X] — E[X.])) dt, t€[0,T]
Ct=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 aver-
sion 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 7% our existence of equilibrium result requires these parameters
to be small enough and/or the unaffected processes n¢ and A to be large enough. Moreover, we require

the stability condition %1 < 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.

Under the additional assumption that the player’s cost functions are homogeneous in sense that

m=n (X, (Wozs<e), A=A, Wiozszt),  pi=p (6 (Wo)o<s<t)

i i i i i i i i i (2.11)

Qp =« (ta X a(Ws)OSSSt) ) ﬂt = ﬂ (tv X 7(Ws)0§s§t) y Ve =7 (t’ X 7(Ws)0§s§t) )

for independent Brownian motions W1, W?2, .... and measurable functions 7, \, p, o, 3,7 and
Xt X2, ... are ii.d. square integrable and independent of W', W?2, ... (2.12)

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 processes p
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 Brownian motion W defined
on some filtered probability space (2, F, (F;),P) and all processes are (F;)-progressively measurable.
The corresponding MFG is then given by

essinf [E
§ELZ(0,T;R)

T
/O {m (&) + &Y + M(X0)*} dt] (2.13)

subject to the state dynamics
dXt = *Et dS, te [O,T],
Xo=4&, X7 =0,

dY; = (— peYr + 1t (Mt — (B — ar)Cr + o (E[X] — Vt))>dt, t€[0,7)

(2.14)
Y() =0
dCt = (_(ﬂt — at)Ct + Oét(E[X] - Vt)) dt, te [O,T]
Cy=0.
and the equilibrium condition
E x 5 = 5 te 07 T 9
6 e = s 1€ [0.7) o)
E[X; (g, v)] =, t€]0,T].

Here &*(p,v) denotes the unique solution to (2.13) given (u,v), and X*(p,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.

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 equilibria of both games
in terms of solutions to certain mean-field FBSDE systems with singular terminal conditions. Subse-
quently, we establish the existence of a unique solution to these systems within a common mathematical
framework. Finally, we prove a verification argument 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 (2.9) and (2.10) is given by

N N
Hi= =3P+ 3 QU{-pY +77(€ ~ (B~ a))O7) + ol (B[] - E[X,)))

j=1
N
+ YR8 — )07 + o (BIX] — ELX))} + €Y 47 (€)2 + N (X2,
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 ¢ given her competitors’ actions is given by
pii_yi WWQ”

£ = T

(3.1)



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

” o 1 o 1 o o
~an = (20t - 8 [t Q)] - [ol?) ) - 2 awm,

. Pii _yi _ it
de( ¢ P NQ

0 = P?Qi’j> dt — 22" dw,,
U

AR = (o (5] — oD@V — (8] — o)) R} ) i~z W,

i _ pid
T 7RT 70’

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*J for j # i
are not relevant for the equilibrium dynamics and that Q% = R%J = 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*: for i =1, ..., N,

' Mi— 20i
dX} = — tilNQt dt,
2n;
N j ioj
. o 1 M — L) , o o _
av; = {—szf i | 3 20 M (3 i) + (B - B | £
j=1 t
dCj = {~(B] — a})C{ + ay(E[X] — E[X,])} dt
i iyi 1 i iy 1 i pi
—dng = { (ntxt - LE[a}iQ}] - ~E [ath})
(1 &M -2l o _
— A 0 T (B - a)C o+ ol (L] - ELX)) | - 2 dw,
j=1 un
(M- gl :
—aqi = (Mo N9 i) ar - 22" aw,
2n;
—dR} = (—{(8 — a})Qi — (B} — a})R}) dt — Z[ aw,
X=X, Yy=C=0, Qp=Ryp=Xp=0.

(3.3)

In terms of

i Yi i Pi Wi(ﬂi—ai) i (pi(1) pi2)y _ Vi —aiWi

2= (FEE) 7 =(3) o= () 305

and

N

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



the above system can be compactly rewritten as

oo MR gzz"“%m “
St = ( AiSi + By, +R’>

—dM] = (mgxg +(©,~AiS} + Bix, + Ri) + +E [<Bt’(2),7?§>D dt -z aw,, (34
M — 5 (B"V, Pi)
2n;
Xi=X" Xih=0, S)=1(0,0", Pi=(0,0)".

—dP} = <—(A;')T7>;’ +0 ) dt — ZP" dw,

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

H =&+ &Y +AX? — P+ Q{—pY +7(n— (B — )C) + ay(E[X] — v)}

+ R{—(8 - a)C + a(E[X] — 1)}, (3.5)

where (P, @, 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

M,
dX; = — —Lqt
2n;

(—Pth + " <E Bg ] (B — o) C ) + i (E[X] — E[Xt])> dt
dCy = (= (Bt — a)Cy + o (E[X] — E[X4])) dt

dYy

M, _
—th = (QAtXt — ptY;f + Yt (E |:277t:| - (ﬁt - Oét)ct) + Oét’)/t(E[X] — E[Xt])> dt — Zt]\/[ th (36)
t
M, _
—dQ, = (Qt - tht) dt — Z{2 dW,
Tt

—dR; = (—’Yt(ﬁt - at)Qt - (ﬁt - at)Rt) dt — Zﬁ th
Xo=4&,Y9=Co=0, Qr =Ry = X7 =0.

S= (g) A= (6’ V(ﬂﬁ_—;)) B=(BW,B?) = (g —_0;7)7

- () -0 = ()

this system can be compactly rewritten as

In terms of

dXi = — —dt
t 27]t

— A8y + BiXy + Ry) dt
MXi+ (0, = A8 + Bix, + Ry)) dt — ZM dW, (3.7)

(2
—dP; = ( AP +65 - ) dt — ZF dw,
Ui
=X

, Xr=0, 8 =(0,00", Pr=(0,0)".
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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 (3.4) and (3.7) as special cases. Specifically, we consider the FBSDE system

Mf—ﬁ< ;O 7”>

277t
dS; = (—A{S + Kix: + R}) dt,

dXi = —

dt,

) . 1 ~; . . . . i
—dMj = (22X] + SE [(BI® )| + (0, ~AiS] + Kix: + RL) ) dt — ZM" aw,
t 4t Ty t t Ot t t t (3.8)
. ) ) Mtz -5 t 1)’Pt> i
—dPi = | —(A)TPi 1o al gn" dt — ZFP" aw,,
t

Xi=X'" X;=0,8=(0,07", Pj=(0,0",
fori=1,..., N where K’ = (Ki*(l),Ki’@), Ki’(?’)) is an R%2*3-valued stochastic process,
Mi— L <§j7(1)77)j>

2nd ’

&=

and

TR [ LS e g | LS x| LS g T
= EEXLEE) = | 3 DB |52 X | 5 2Bl -
=1 j=1 =

B2 and R' = R, then the system (3.8) reduces to (3.4). If N = 1, B+ = BL® = o, K! =
(02x1, B®, BM) and R' = R, then it reduces to (3.7).

In order to solve the above system we make the following assumptions.

Assumption 3.2. (i) The processes A’ Bi, K are progressively measurable w.r.t. the natural filtration
generated by W and uniformly bounded:

Al = sup 4] < oo,
IBOI = sup | BVl < oo, ||| := sup | B+ < ox,

I = sup | KV < oo, [|IK| = sup [ K@ < oo, K@ := sup K" < co.

(ii) There exists constants p > 0 and p > 0 such that for any R2-valued process y and i =1,--- , N,
T pi T T At TO(B 2(17yt> T
E [y, Aty > PE [y we] . E |y (A) Twe + g | 27E [y ve] - (3.9)
t

(iii) The processes A" and ' are progressively measurable, essentially bounded and there exist constants
0o, 01,602,605 > 0 such that Ayin = 1nf Al and Nyin = inf ninin satisfy

0o + 01 + 02 HAII2
2Amin — ———— — (1 + K®)? — >0
A ¢ 1) o) >0
IBD] ||f§(2)||2 IBD] 1 1A
Mnin — - — 14+ S—2 ) (14 6:)(| KD + K@) — ) >o.
n Np 2N2520, + 2N Nminp ( + 3)(” |+ H ) 201p 55 =3 T 29
(3.10)
(iv) The random variables X* are square integrable for each i = 1,--- , N, which are independent of the

Brownian motions.
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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). Tt 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 dominated by the terms 7 (£!)? and
AL(XF)? that are unaffected by the choices of other players (large Ayin and large nmin), 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 o, 3%, ~%, p* are identical across

players and constant (cf. Remark 2.2), then condition (3.9) reduces to 4p > v?(8 — ), 8 > « and we can
A+AT
2

define p and p by the minimum eigenvalue of the matrix , le.

. ptB-a—(p+B-a)?—4p(B—a)+*(B—-a)?
p=p:= 5 .
Moreover, for any choice of 6, f1, 0 and 63 we can choose A* and 1’ large enough for (3.10) to be satisfied.
We emphasize that both risk aversion and resilience are required to satisfy (3.10). It should be clear
that (3.9) and (3.10) 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 (3.8) 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
(X', 8, M P ZM  ZP') € Ho r x S% x L% x Hy 7 x L2 x L%
to the FBSDE system (3.8) for some positive constants a < 1, ¢ < 1/2.

Proof. Let p € [0,1], f7 € L%—, g’ € Ha r for each j =1,--- | N, where a is to be determined later. We
apply the method of continuation to the following FBSDE indexed by (p, f7, ¢%)j=1,... n:

_ M=% (B,
dXi = — ol < : > dt,
2n;

a8i = (—AiSi+ K;’;a +R;) dt
4 = < INX! + IE [(Bi®.P))] + (e, —Ai§Z+Kti>'5t+Ri>> d =z AW, ()

~. T I)Z\4tZ % < 1) Pt> . 7‘51
—dP! = | —(A)TPI +© 20 +Of | dt =2 dWi,

t
Xi=a', Xi =0, § = (0,07, Ph=1(0,07,

where for j=1,--- | N,
pMi — L <§j,(1),ﬁj>
2nd
N
_ 1 o NT
V= = > (8,BpX + ') e

Jj=1

é‘j = + f'j

We now make the ansatz . B
M =" X" + A
Integration by parts suggests that

. . ,in 2 ;
—da} = (2/\; _{ tz,) ) dt — Z7" dwy,
M (3.12)
lim o7, = +o0
t T
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and that % satisfies the BSDE
AB S

2n;  2Nn;
— Z7 aw,

~az; - (B0 Bi) + pE[(BI0.P)] + (0 -S4 KT+ RE) ) a

(3.13)

on [0,T). It has been shown in Ankirchner et al. (2014) and Graewe et al. (2018) that (3.12) admits a
unique solution (&%, Z%") € H_1 r x L% and that

%

5 of T — b i
exp (—/ 27;; du) < (T — i) ,  where b:= miin ﬁ;;ﬁ € (0,1]. (3.14)

The existence of a unique solution to (3.13) will be shown in Step 1 below.

We now proceed in two steps. In Step 1 we prove that (3.11) admits a unique solution when p = 0. In
Step 2 we show that once (3.11) admits a unique solution for some p > 0 and for any (f7,¢7);=1,... N,
then the same holds if p is replaced by p + o for every o < oy where o is a strictly positive constant
that is independent of p. By iterating p we can then solve (3.11) for p = 1. Tt reduces to (3.8) by letting
fl=¢g'=0forallj=1,---,N.

Step 1. In this step, we prove that the system (3.11) is uniquely solvable in H, r X S2f X L%— x H,F %
Lif X L2f for some positive constants a < b, ¢ < 1/2 when p = 0.

To this end, we first consider the mean-field BSDE for (ﬁz, Z 73) This BSDE has a Lipschitz continuous
driver and so it has a unique solution in the space S%— X L%—; see e.g. (Buckdahn et al., 2009, Theorem
3.1). Taking conditional expectations on both sides yields

By, Pl

T
Pi=F / —(Ai)TP§—6< +Ofids|F |,
t

S

which implies that

P EEIR /T 5 1 /T ;
< T N, .
(T_t)’ o ||A|| * 2N77mi11 (T_t)IE t |P5|d8 + (T_t)L]E . ‘fs‘ds -Ft

Next, we take E[SUPogth(')Q] on both sides of the above inequality. By Holder’s inequality, Doob’s
maximal inequality and ¢ < 1/2
2

_ 1 -
E | su ——FE 'lds
0srer ((T =) /t |

T 2(1—2) 2(1—0)
) 2—-2
/ |f2 T ds ftD < ( L) T2
0 1-2

Fi

<E| sup (E
0<t<T

/OT Ifilzds] .

Similarly, we have that

2
T 5 22\ 1-2 T Bie
|Psl| ds| F < T'-2E 1Pi ds| .
t 1—2 0

1
E | su — K
oster ((T —t)

Therefore, we conclude that

~. 2
Pt i i
E | sup <(T'_tty> < (I + 157152)

0<t<T
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which implies that Pic H, r. Next, we consider the process St. Since it solves a linear ODE we get

that
E [ sup Sllﬂ <C (Rlllm +Z PRl +ZH9 ||2>

0<t= =1 =1

As a result, §' € S%. Next, we set, for t € [0,7)

[ (o) a7
t s

+ <97 —AISI+ KX+ R> > ds

:@z =K

7.

The estimate (3.14) along with Doob’s maximal inequality yields a constant C' > 0 s.t. for any € > 0,

i2 7 7
E[ sup 1%1] Z||PJ||2+||S 12 + IR HL2+Z||f SR, e

0<t<T—¢
i=1

Thus, %' belongs to S?j_ and so the martingale representation theorem yields a unique process Z%# ¢
Lif such that the pair (#°, Z#") satisfies the BSDE (3.13).

We now analyze the process X, Taking the ansatz M= o/iX + % into the SDE of X' yields

) Gt B (B B)
Xi = e —/ o d YA ds.
0 2m;

Since a < b < 1, it follows from (3.14) that

~. 2 o, ~ 2
X ) T B pi
E| sup | —F+— <C|I1X 2 +E / —2 | ds su ¢
ogth (T —t)e 17l o [(T—s)" ogth (T —1t)"
=C [ |X 12 + imE S ds| + ||P|?
a BT 0 (T —s)= ° ’

<C (||Xi||Lz +limE { sup |%§|2] + ||731||?> .
=0 |o<t<T—e¢

In view of the estimate (3.15) this shows that X € H,_ r.

It remains to analyze the process M. Using the equality M= oiXi + % and (3.15) again, we see
that for each 0 <7 < T

E [ sup
0<t<r

|2 ¢ vi2 i|2
Mt‘ } < mllX o +E LJ?:ET |%;| ] : (3.16)
Moreover, for any € > 0, integration by parts implies that

X, - XN

T—e T—e _ .
- XidM; + MidXi
0 0
T—e _ i(2) L~ o . (317)
:f/ (Q/VXUr SE[(BI® P + (0, - 418! + K% +R;>> dt
0
T— ENMZ—f<Bz’ ,'PZ>
M} . dt + martingale part.
0 2n;
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Since o ‘ _ - ‘ -~ ‘
Xp_ Mp_, =i (Xp_ )+ Xp_ B> Xip_ By,

by taking expectations on both sides and using (3.16) we obtain that

T—e . Ai)2
E / 2AH(X)? + % dt
0 2n;
T—e .
| anza
0

Letting ¢’ <

< €E

N N
+C(€) <|X1|§ + 1B - A+ IS I + 1P+ IR + D N7+ ||9’|§> :
i=1 i=1
ﬁ and then taking e — 0, we conclude that Mi e L%. The martingale representation
theorem yields a unique ZM' ¢ L?_i_.

Step 2. We now prove that if (3.11) with parameter p admits a solution in H, r X S%- X Li— x H,F X
Lif X L%— _for any fie L%,—, g' € Ha r, 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 o € [0, o9].

For any (X%, M*) € H, 7 x L%, it holds that

K2

. M . . o
f{(M) = 0277i +flels ¢(X)=0X"+g"€Har.

Hence by assumption there exists a unique solution (Xi,gi,ﬁi,ﬁi, Zﬁi7Z7;i) in He 7 % S%— X L%_- X
H, 7 x L2 x L% to the FBSDE system (3.11) with f? = fi(M) and g’ = g*(X). It is now sufficient to
show that the mapping

D ((Xj)jzl’...’N, (Mj)jzl’...’N) — (()?j)jzl,...,]v, (Mj)jzl’...’]v) .

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* = &/* X" + %°.

Integration by parts implies for any e > 0 that (3.17) holds with X replaced by §X' and without
non-homogenous term. Using the fact that 6 X% Mt > 6 X5 _5BL__, we have that

@My,
2n;
- ‘ T—e N}<§;’(l),573ti>
g-éX’T,Eagng,eJr/o 5M5Tng
_ /0 T (leza [(Bi®,57)] + (e, —Ai6§+K26%t>> dt.

Taking expectations on both sides and then letting e — 0, we obtain that

T—e ) .
/ N (XK1Y +
0

dt + martingale part

T . 174)2
E / 2A§(5Xt’)2+%dt
0 2n

(By™, 7))

_ dt
2Nn;

<-E VOT 5Xi (;E [(Bi®,6P})] + (0, - 4i08] + KZ(S)Zt>> dt| +E /OT SN}

15



Young’s inequality and the inequality |{z,y)| < |z||y| for any two vectors x,y imply that

T
s (OM])?
E / 2AH(0X])? + dt
[ 0 ! ! 277t
bo g V)2
<DOE | [ (6Xi)?dt
2 0
! T 2 T Qi |2
+ —E (6X])°dt E |0S;|* dt
2 0 0
+ g /T(a.f(if + R /TyKi(r | at
2 0 t 202 0 t Xt
— o\ 2 ~
0 T SM: ||B(1)||2 T
-E ! E 2 at| .
—1-2 /0 (2%) dt| + SN0 /0 |0P;|* dt

Applying Itd’s formula for |5]5ti|2, we have that

|B®)|?
2N26,

1Al
26,

+

T ~ .
E / 15722 dt
0

+

(3.18)

- T . R p§AA@+UéM§—%<§Z’(1),5’ﬁ§>
B =2 [ (6P | (4P + :
t 2n;

T - T -
+/ 627 |2ds+2/ (6PHYT627" dw,.
t t

Recalling the condition (3.9) and using Young’s inequality (x,y) < g|x|2 + 2iﬁ|y|27 we obtain that

T T V7 i\ 2
~. 1 M’L Mz
El/ 16782 dt < 5E / <p§t+f6f> dt| . (3.19)
0 0

2m;
Using similar arguments on |5<S~'ti|2, we get that

t
682 = 2 / (6817 (~Ai6S] + Kio%, ) ds,
0

T T
E V 6SZ|2dt] < SE / |Ki6%:| dt] . (3.20)
0 0

Recalling the definition of X and gj, Remark 3.1, and using Young’s inequality again, we have that

T ) 9
E / | K{6%:| dt]
0

21 SN e Zi\2
J
(L O+ KO 3R | waya

and

T . .
/ (pdX] + 06X])? dt
0

<1+ )K<2 2= ZE

. ~. 2
N T — o\ 2 1 Bj’(l) 67)]
oM oM? 1 t 0%
<(1+03) (| KD + K@) = §j /<1+a> <p+"> +(1+5> M dt
]:1 0

2n] 2]

N T . 9
(1+ >||K2>2 Z]EVO (péXngmSXg) dt].
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I BM]]
2NNminp’

T ) 9
E / IKio%| dt]
0

N — . 2
1\ IBOJ \ (pod + oon?
EO| 4+ | E®))2= / 1 1 P
<(1+ 05) (KD + [ KO NZ ter (142 ez = 2 i
N

+(1+ >||K(2)|2 Z l p5XJ+05XJ) dt

from the above estimate and (3.19) we have that

Letting € :=

N T 1B\ ([ psdli + o050\
—(1+ ) IKV )+ KO S | [ ( QNU_5> ( o ) a
min t

j:

+<1+ >||K<2>|2 [ p(SXJ—l—UéXJ) dt].

(3.21)

Recalling the inequality (3.18), collecting the estimates (3.19)-(3.21) and taking sum from 1 to N on

both sides we get
—~.\ 2
90+91+92> al / ( 9) al /T 5M;]
2min — ————— (6X} +{ 20min — 5 ) ) E | dt
< 2 g 0 ) 2 ; 0 2m;
L (1B, BV
N2p2 200 20
2 B(1)
1) @ (1A, L 1BON
w1+ 1EN? (L1 ) (1 2L
(22 ||A||2
+ (14 o) 1K) 2@ > E
=1
L (1B® ||2+||B<1 I
N2p2 26 20
~ 21 n
1A |1BY oM}
1+ 0K+ KON (55 + 50 ) 1+ 50— 2E i)
(22 ||A||2
+(1+e) K@) ZE

/(5}?;‘)20175]
< > <ZE/ (5M;)? at +;E /OT((ng)thD.

Thus, choosing 0 = HB;# and choosing ¢ small enough, the assumption (3.10) yields
N T N2 N T N2
Z]E / (5M;) dt| + ZE / <6X”) dt]
T .
<Co Z]E / (5M7)? dt +Z]E / (6x7)" dt| |-
0

=1
17

T (o0 4+ ooMi
E / % dt
0 2n;

-

Il
A

7

/ (pa)?g' + 06X§)2 dt

<(1+¢)




Furthermore, going back to the dynamics of X and using Mi=o/iXi+ 2, we have that

<CJ<ZEV (50;)* dt +;EVOT(5X;)2dtD.

Hence, when ¢ 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

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 (3.1) does indeed define a Nash equilibrium of the N-player game (2.9)-(2.10). 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 e.g. (Pham, 2009, Theorem 6.4.6). Instead, our argument strongly
relies on the liquidation constraint X7, = 0. The following is the main result of this section.

Theorem 3.5. Let (X', 8", M*,P", ZM' ZP') € Hor x 8% x L% x H, 5 x L%™ x L% (i=1,--- ,N)
be the unique solution to the FBSDE system (3.4). Under Assumption 3.2 with the inequalities in (i)
replaced by the following slightly different condition

61 +06, ||IB®|? IA]I2
min — - 1
A 2 N2 o 93 291[) + 292 - O

[BD|? (1Al
min — 1 )
7 (1+63)——— e 26, 72 4—292 >0

(3.22)

the processes £* = (€51 ... &N forms an open-loop Nash equilibrium of the N -player game (2.9)-
(2.10), where
Mt — % <Bi,(1)773i>

2nt '

g*,i —
Remark 3.6. (1) If Assumption 3.2 (iii) holds, then the condition (3.22) holds for all N > 2.

(2) The impact process Y is exogenous in the optimization problem of the MFG. Thus, the convex-
ity 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%, S") the states corresponding to the strategy profile (£7, (€*7);;) and
by (X*% 8"") the states corresponding to the strategy profile (£*%, (€*7);.;). Moreover, we put

1, PR | T . | .
= N EEXD T+ 5> (€ BT and y: Z w3 E[X*]
J#i
Then it holds that
dXi= — ¢ dt dX;" = — ¢ dt
: o . . and i i
ds; = (*AiéHBZxﬁEé) dt st = ( AST + Bix: +RZ) dt.

The admissibility of the candidate £* has already been established; in particular, X;’i = 0 for each
i=1,...,N because X*'" € H, . It remains to prove that

JHEL e < THEL e
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for each 1 < i < N and any admissible control £, To this end, we prove that the cost J(£%,£%7%) can
be decomposed into the equilibrium cost plus the cost of a round-trip strategy as

Tl oei\2 i (e i\ 2
/Ont(gtffty) JF>\t(Xt*Xt’)

+(xi = x77) (0, Ai(St - 81 + Bily, - X)) ]

J(E ) = JE e T +E

(3.23)

and that the additional cost is non-negative under Assumption (3.22). In order to prove the decomposi-
tion (3.23) we proceed in various steps. In a first step, we establish an alternative representation of the
cost function.

Lemma 3.7. The cost associated with the strategy (£1,£%7%) can be rewritten as

T e =E

T
| xi(e—aisi+ Bix, + RY) + (el + XD dt] .

Proof. Using integration by parts and X% = 0, Si =0, we have that

0=E[X}(0,87) — X (0,8))] =E

T
/ X; (0, -AiS) + Bix, + Ri) - € (0,8}) dt] . (3.29)
0
As a result,

Tl €)=K

T
[ tteusty ot it

T
=FE / X} <@, —AiS; + Bix, +E§> +mi(ED? + NH(X])? dt] .
0
O
In view of Lemma 3.7, it holds
JHELET) = e €T
— & | [ Xi(0.~AiS + Bix, + RI) + ni(€)? + N(xX)? dt]
0

(3.25)

~E [ | X (oSt 4 Bix; + RE) + i€ 4 NG dt]
0
=1

It remains to bring the term on the right-hand side in equation (3.25) into the form (3.23). For this, let

Il :=E VOT <277?£52‘”' + % <BZ’(1),P§>> (gg’ - 5:,¢> dt

/OT (xi-x) <2A§X§‘ﬂ' + %E [(Bi®.PH)] + (6.~ Aisr" + Bix; +R§>> dt] .

(3.26)
+E

Heuristically, this term equals E { s ((Xg‘ ~ XM — M(dX] — dXt*”))} . In view of the liquidation
constraint, using an integration by parts argument, we expect that Il = 0 in which case it remains to
bring the difference I — II into the form (3.23).

Lemma 3.8. The representation (3.23) holds true.
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Proof. We proceed in two steps. In a first step, we prove that Il = 0. Indeed, integration by parts on
[0,T — €] yields that

B [Mh (X - XL ) - M (36 - 7))
T—e ) ) )
=—E|[ M(g-g")at
0
T=e , R | i (2) — , ,
—E /O (xi - x7) (ZA;Xt*” + B [(BI®. P + (0. -Aisy + Bix; + Rt>> dt| .
Letting € — 0, a similar argument as in the proof of (Fu et al., 2021, Proposition 2.14) yields that
!E%E {MT%(XT% - XTfe):| =0.

Thus, dominated convergence implies

[ i () dt]

/OT (xi—x7) <2A§X§“’ + %E [(Bi®.PD)] + (6.~ Aisr" + Bix; +R;’>> dt] .

—E

=E

Putting the preceding equation into (3.26) implies that

I =E VOT (277;'5;‘“' + % CARNAE M;') (¢ -&) dt] 0.

Using integration by parts again yields that
0=E (P}, - 85') - (Pi.8h - 57|

~E / (AP} — 08, 81— 877) + (P~ AlS: - §7) + Bilx, — X)) dt]

£ [ gt (o8- s + (LB, 1)) dt]

i E {X;z <@,§’i]“ _é*T,i> - X3 <@,§6 —§(*)7i>}

.7
_E / ~X7(0,~AL(S] ~ 87 + Bilx, — x})) dt
] T . .

PZ,BZ % _X* dt
/0 < t t(ft 7t)>

T
| xet(o-aisi- s + Bity, - x)) de

+E

—F +E

/O " (PLBi, - X)) dtl 7

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

E [ / (PLBiG, - x)) dt}

:%E VOT (PLBr ) (- &) ae| + %E /OT (PLBI)E [ X] - x| dt]
:%E l/OT <Pf,Bf’(1)> (gg’ —gt*ﬂ') dt| + %JE /OTIE [<P§,B§V<2>>} (Xg' —Xt*’i) dt] .
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Thus,

EV X7 (0, A4(Si - 87 + Bilx, - X})) dt
0

. ; (3.27)
:%E [/0 <7>t, <”> (gt 5;" dt /0 ]E Pt, >} (X’ Xt*ﬂ’) dt] .
Note that
=g [ (g6 0 (x- X)X (o Ais - i)+ Bily, - )
R LR o S
Plugging (3.27) into (3.28), we get the desired representation. O

We are now ready to finish the proof of the verification result.

PRrROOF OF THEOREM 3.5. Using the constants appearing in (3.18), we have

E / Xy — X" (©,-A)(S, — S;")+ Bi(x, —x7)) dt

o ( t t )< (S} t t(it X, >

91—1-92 T *z | AJ|2 /T i *,1)2 1 /T i 2
< Xi— 20 g i g B ) Bi(y. —y* .
<= / | Pl + g B | 181 St + g B B, - Xt

The dynamics 8¢ — 8P = fo ( AL(SE — 81 + Bi(x, _X:)> ds and the estimate leading to (3.20)

imply
T y 1 T ,
]E[/ ISQ—St’IZdt]S?E / 1Bi(x, = x;)! dt}
0 0

Xz _X*7z @, _Az §1 _§*,l —‘rBl X _X* dt

[ (=) o - i)+ iy, 20

/T X{ - X7+ AL L )E /TlBi(x — X)) dt

20,10% 20, 0 At S
01 + 02 IIB |12 || A]> /T i %012
< 5 Nz 1+93 20,72 +29 E ; | Xy — X7 dt
IBUIP (1A | 1 /T i w2
+ (1+63) N2 291ﬁ2+292 E ; & — &7 dt| .

Due to the decomposition (3.23) and Assumption (3.22), we have
J(fa §*7_i) - J(§*7i7 g*’_i)

61+6; | BP|? 114]* T (i )2
min — - 1 E X _ X5
(A 2 » UTe 9 20.5° 205 292 /0 (i - xi7)
. IBOI (1AI* 1 /T i)
+ (nmm (1 + 93) N2 201ﬁ2 + 20, E 0 (ft gt ) dt

0.

Thus,

E

0 +92

IA

IA

v

Y
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O

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
=S"=x"=R=J(¢)=0. (3.29)

Moreover, let ¢ be a round trip, that is, fOT & dt = 0. In view of Lemma 3.7 and (3.29), the decomposition
(3.23) holds with N = 1 and the proof of Theorem 3.5 yields J(§) > 0 = J(&*). Thus, & is not
beneficial. O

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 non-convex and thus unique-
ness 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*2? # 0. That is, X*?2 or £2 is a beneficial round trip.

Proof. We prove the corollary by contradiction. If X*2? = 0, which is equivalent to £*2 = 0, then
J2(£%2,651) = 0. In view of the representation (3.23) and Lemma 3.7,

T
E / X2(0,-dS;?)| =0, for any X2
0

This implies that E [fOT X? dYt*’Q} =0 for all X2. Thus, Y*2 = 0. From the dynamics of Y*2 we get
that e
2
Since C*? can be expressed in terms of the function E [Xl — X*’l] and the constants a? and B2 we
conclude that (3.30) is an equation for X! — X*! that only depends on the constants a? and 32. This
contradicts the FBSDE characterization (3.4) that states that X*! and hence X* — X*! only depends
on the coefficients indexed by 1 if X? = X*2 = ¢%2 = (. O

2
— (8% - a®)C*? + %E (X1 — x*1] =o. (3.30)

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, e.g. 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%)? of open positions at the terminal
time, the FBSDE system (3.8) changes to

. M- LBy P
dxi= — —* N2<77 i) dt,
t

dS! = (—AiS} + Kix: + R}) dt,

—dM] = (2)\1X1+ ~E[(Br®,P))] +<@,—A353+fot+72§>> dt -z W, (331)

X M- L(B 7(1) , P i
_d'PZ = ( Az Trpt +0 t N2< - t> dt — ZZD AW,
Ur

Xi= 0,07, Mk =2nXi —Sx, Pi=(0,0)7,
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where S»(1) 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 T
E / Py — PiFdt| + R / |M}" — M dt| +E / |8§’”—S§|2dt]—>0.
0 0 0

From this, we immediately obtain that the model with liquidation constraint can be approximated 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.
Proposition 3.12. Let (X', 8", Mt Pi, ZM' ZP") and (X', S0, Min Pin ZM™" 7P"") be the so-
lutions of (3.8) and (3.31), respectively. Then,

E| sup |X/™— XZ|2} +E [ sup |S;" — Si*| =0 asn — .
0<t<T 0<t<T

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 (2.11) and (2.12). This is
achieved by establishing the convergence of the solutions to the FBSDE system (3.4) to the solution to
the corresponding mean-field FBSDE (3.7) as N — oo. More precisely, let

(Yﬂ?ﬁﬁ,fﬂzﬁi,zﬁ) € Hor x S% x L2 x H, 7 x L2~ x L%

be the unique solution to the mean-field FBSDE (3.7) with W = Wi X = X%, A = X\, n =1', p = p',
a=ca', =04 and v = +'. Using the Yamada-Watanabe result for mean-field FBSDE established in
(Fu et al., 2021, Lemma 3.2), there exists a measurable function ¥ independent of ¢ such that

(Ytﬁguﬂtaft) = E(taXiaWi/\t)- (4.1)
In particular, the mean field equilibrium state and control satisfy

-1

Mt
2n;

%

v = E[X,] and ur=E l

—_

Lemma 4.1. It holds that

T 1 i\’: Mj N—o0

E / — Yy —L | at] =—=0, (4.2)
0 N =1 277;

and
N 2
E | sup ! Zyj v | at| 220 (4.3)
-— + — UVt . .
o<i<t \ N

k

Proof. By (2.11), (2.12) and (4.1), QMT; and ?—% are independent and identically distributed for k& # j.

t Mt
By Theorem 3.4, there exists a constant C' independent of ¢ such that

T (3] 2
L) dt] <c. 4.4
/0 (271%> a 4
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Moreover, it follows that

2
T N J
1 M
E / — —§ — g | dt
0 N j=1 277t
k j T N k 2
1 r M M
= E/ ) (T ) de| o+ E/ | dt
Nl iz (775 20/ N2 o kz:l 20
<£ N —=oco 0
- N
By considering the dynamics of Yi, the convergence (4.3) follows. O

Let (X%, 8% M, P, ZMi, Zpi) be the unique solution of (3.4) and
(6x7,08", oM" 6", 62,627 ) 1= (X' =X, 8" = &'\ M' =TT, P =P, 2" — 2 ¢, 27" — 77 ¢;),
where e; denotes the ith unit vector in RY. The FBSDE

oM — % (B, i)
21
doS; = (—A}SS; + Biox, + 6R}) dt,

do X! = —

dt,

—dsM] = <2A;5X,§ ++E [(Bi®,P)] + (0, - Aiss] + Bioxi + 5R;>> di =67 AW, (45)

oM — % (B, Pi)
2n;

65X =0, 0X5H=0, 68 = (0,007, §PL = (0,0)7,

—dsPi = | —(AHT§PI + © dt — 627" aw,,

where ]
N j_ 1 (1) Dj i N
1 M — L (B3 pi) Wi 1 ' .
N ; —-E|—|,= ) EX/]-EX
o N; 217 20 ’N; [X7] [(X']
and
-
) vyl N ‘ o o . ‘ ‘ .
v — 71 _ AtAC 1] 31 i i _
IR . ;]E[X] avE[X],N;E[X] oBlX7 | =(0,0)

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 — oco.

Theorem 4.2. Let (3.9) and (3.10) hold for all N large enough. The following convergence holds
T .

/ |6 M2 dt
0

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

N—oc0

E sup |5XZ|2dt] —=0.
<t<T

—I—E[
0

T ,
N e
Bl g -g m} o0,
0
AN L M- (B2 P i _ T
where £5%Y 1= — sy and £ = il
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Proof. Using M7 = § M} —|—Mi and X7 = 6X/ —l—Yi we have that

N

, %ZE[M@‘] + %ZE[Yj] ~E [X})

N i N ——=j <7t

1 LsMI 1 W M

6 - i e ]:E -~
X (NZ 207 +Nj§::1277ﬂ [2771

.
N
1 <ij(1)7 PI)
+(nw23%jw
Jj=1

.
N N —=—=j — N
1 5M] 1 M M 1 )
= E E — . — E[6 X7
(N 277] N3 27 l2’7]] ‘N | ])

j=1

j=1

( Z<Bm’ 0)T.

In view of (3.19) and (3.20), we have that
T T i\ 2 T . —i\ 2
, 1 M; 1 SM} + M
E/|7>;|2dt ggE/ ( j.> dt :SE/ 0N ) |
0 P 0 \2n P 0 2ny
T ' 1 T
E / |6Si|2dt| < E / |Bioxq|?| .
0 0

Taking (4.6) into (4.5), following the proof of Theorem 3.4 and using (4.7) and (4.8), we obtain

0 0 T ) T M,L 2
(2/\min - 90+1+2> E / (5th)2 dt + (27]min - 0) E / (5 it) dt
2 0 2 0 2n;
E /T IPi\th_ + (”A”2 +>JE /T|Bi5 12 dt
0 t i 201p 202 0 Xt
B2 BDY\ 1 /Tvg'
< E ?
_( L BRI | [ piea
14]* /T izNzaMﬂ
o \ N 2

o) (Do + ) 1B
( 2
M B pJ
7 <7>>) dt

] N2
QUJ] N = 2n)
T .
/|5X§|2dt
0

and that

IBEI?  1BVIY 1
0 9 ) 2N?

%

N =i
+1 ZM

]:1 "

P Y
1 B2>2 E
+(1+3) (g *2m) 1BOPE 2

1B 1BV 1 /Tiz
S( 6 o )awet|), PN
)
) JAJ2 w2 /T5M
+(1+e) (1+93)<29A2+ 1B ”NZE o\ 2n7 at
! 4] w i
+(1+e)(1+6>(1+03)<29ﬁ+ 1B HE/O NZW‘ o
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1 | A[” 1BM* 1 j 2
+ (1+ 6) (14 65) (29152 + 20 477mmN2N Z]E / |PiI? di

(1) ("‘”'2 ;) I 2>H2NZE / |5th|2dt]
< 0ro (750 e [/0 (5¢)
+ (1 + 1) <”B;Z)H2 + ||B;)||2> 2N12ﬁ2]E [/OT (é\ﬁ)Q dt]
+ (14 (1 +03) (é'if ) Yy ZE [/ (%jf dt]

! | A2 ) /T 1 Lo M
1+6> 1+9)(20,2+ |BY|PE i Nzﬁ E o

(1+e¢) (
1 A, 1N IBY* 1
(1 1+-)(1+9 — | E
+¢) ( +e> * 3)<291p " 90,) W NN 4
N T
A, 1\ IBY* 1 /
(1+65) — | E
( > i (291 i 205 477r2ninN2:52N; 0
HAII2 g2t / 12
1 E X7 |7 dt| .
(1450 ) (B + g ) 1821 Z 7|
”B( I , € be small enough, N be large enough, taking average and upper limit on both sides,
1 T rsMt T L
limsup — E / <f) dt / 0X}) dt
N—ro0 N; 0 2n; 0 ( t)

T N =i
1 M M
<Chmsup—§ E / — —L_E ¢ dt
o \N = 2/ 2nt

Letting 6 =
we obtain by (3 10)

N

—|—hmsupNZ]E

N—oc0

N—o00 i—1
N T /=59 \ 2
1 1 M
+ lim sup O (> — E / —Lt| at
=0.

. . . T (6Mi\? T N2
Going back to the inequality for E fo ( 2?7}) dt| and E [fo (5X§) dt}, we have
t

T i\ 2
[ ()
0 2n;

/OT (5M;)?

+E

T
E / (6x7)° dt} RN}
0

Furthermore,

C r PR N—oo
+N]E/O (6MS+MS) ds] Nooo,

E{ sup |5XZ|2dt] < CE
0<t<T
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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 Section 5.2 and Section
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%)? 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.

5.1 The mean-field game

If all model parameters except the initial positions are deterministic constants, then the stochastic
integral terms drop out of the FBSDE system (3.6). Taking expectations on both sides in (3.6) and
putting
F:= (E[X],E[Y.E[C])" and B:=(E[P],E[Q]E[R])",
we obtain that
F' = @ooF + po1B + F°,
B’ = ¢10F + 11 B,

E[X] m 0 0 (5.1)
IFO = 0 5 BT = 0 0 0 FT;
0 0 0 0
where
0 » 0 —2; 00 . 0
Yoo = | —ay — —% —B-a) ], o= % 0 0], F'=|~yaE[X]][,
—a 0 —(8—a) 0 00 aE[X]
and
—2X 0 0 0 0 0
ero=| 0 5 0], eu={-3 P 0
0 0 0 0 y(B-a) (B—0q)
Making the ansatz B = DF + D° yields the following ODE system for D and D°:
2n 0 0
D' = — Do D — Dpoo + 11D + ¢10, Dr=10 0 0
(D°)" = (p11 — Dy1o)D° — DF®, D} = (0,0,0)".

Let ®(T,t) = ¢Z (T~ be the fundamental solution to (5.1), where

P — (%’00 @01) .
Y10 P11
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From (5.1) one has

o= ot (%)
om0 () [ ()

I 0
= (Dr, —I3x3)®(T, 1) ( 3“’) F, + (D, —I3x3)®(T, 1) ( 3”) B,
Os3x3 I3x3

T Fo
+ (DT,—I3x3)/ (T, s)ds (O >7
t 3x1

where I343,03x3 and Oz are the 3 x 3 identity matrix and 3 x 3,3 x 1 zero matrices, respectively. If
O -
(Dp, =I5 3)®(T, 1) (1.3“
3x3
shows that the unique solution to (5.2) is given by

) is invertible, which will be the case in our simulations, a direct calculation

D= [0r e (2)] or pem (57) 5.
(PR PP TP N £ T

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

P, — E[P,]
2n
—(P = E[R])" = 2M(X; — E[X3])
Xo — E[Xo] = X — E[A]
Pr —E[Pr] = 2n(Xr — E[X7])

(X —E[X:]) = —

which is approximated by
B E[P;]

2
— (P = E[R]) = 2A(X: — E[X4])
Xo—E[Xo] = X — E[X]
Xr — E[X7] = 0.
Making the ansatz P — E[P] = A(X — E[X]) yields

(X —E[X])' =

A2
:%—

A
A = 24/nXcoth <\/;(T - t)) .

sinh AT —
X, —E[X,] = (X —E[X])e o ohds — (X —E[X)]) (\/7( t))

(V7

A/ 2)\, AT = 00,

or equivalently,

Thus, we get that
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and hence the optimal position approximately equals

X~ EX,] + (X — B[]) W3r-0)

w7

Position in MFG Position in MFG
La] —— 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 1
0.8 4
0.6 1
0.4
0.2 1
0.0
0 1 2 3 4 5 0 1 2 3 4 5
t t

Figure 1: Dependence of equilibrium portfolio process on the market impact parameter a, v = 0.1(left)
and v = 1(right). Other parameters are chosen as n =0.1, p =02, A=03, =11,z =15 E[X] =1
and T = 5.

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 market
impact. We can see from both pictures that short positions do not occur in equilibrium if the impact
as measured by the quantities « and ~ 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 . The result is intuitive; the larger o 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 = 9ooF + ¥o1B + F°,
B’ = ¢1oF + ¢11B,

T 2n 0 0 (5.5)
Fo= (0],Br=(0 0 0]Fr,
0 0 0 O
where
F=(X,Y,C) and B=(P,Q,R),
and ) 1 -
0 5 0 3y %2 0 . 0
¢00 =|—ay —p— % 7’7(ﬂ - Oé) ) 1/101 = % _’277 0], F" = Yax |,
—a 0 —(B—a) 0 0 0 o
—2X 0 0 0 ay «
o= 0 5 0], vu=|—5 »,t+ta 0
0 0 0 0 yB-a) (B-a)
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Making again a linear ansatz B = 9F + 29, yields

2n 0 0
D' = — D02 — Do + V112 + o, Ir=(0 0 0],
(-@O)/: (¢11_9¢01)-@0_-@F07 -@%:(07070)Ta

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

D=~ [(%7 ~I3x3) (T, 1) <03X3)] (I WD) (13“’)

I3y Osx3

and

O3x3 - g Fo
9? = — |:(@T7 —13><3)\I/(T, t) ( ):l (-@Ta _I3><3)/ \I/(T,S) ds < ) ’
I33 ¢ O3x1

Yoo ¢01)
G = :
<¢10 Y11
Note that j;T W(T,s)ds =G (e? T —Igy6) as long as ¢ is invertible. This is indeed the case because
B > a and so

where (T, t) = ¢“(T=1) and

det(#) = —pA(B — ) (; " 5) L0,

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 vy =1, 8 = 1.1 and A = 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 v 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 excluded.” Our numerical
simulations suggest that cyclic oscillations occur only for unreasonably large values of v 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 modelling
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
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Position in Single Player Model
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Figure 2: Dependence of optimal portfolio process on the market impact parameters « and ~, v = 1(left)
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and o = 1(right). Parameters are chosen as n =0.1, p=02,A=0.3, =11, z=1and T = 1.

where

F = (X(l)’y(l),0(1)7)((2)71/(2)70(2))'r and

and

do1 =

F' = ¢pooF + ¢po1B + FP,
B = ¢10F + ¢11B,
x! 2n
0 0
0 0
]FO - 1?2 ) BT - 0
0 0
0 0

1
—5 =i ' -a)
1
_| % 0 —(B' —at)
00 0 O
2a2 2
_vz _an 0
2
- 0 0
1
—ﬁ &r 0 0 0 0
1 142 1 1.2
I S 0z R O
0 0 0 0 0 0
1 2 )
0 0,0 g O
0 0 0 0 0 0
all al
0 2, 2
0 (B —a') (B'—al)
b1 =
0 0 0
0 0 0
0 0 0
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B= (P(l),Q(l),R(1)7P(Q),Q(Q),R(z))—r

0 0 0
1O¢1 1
_721 _27 0
—o 0 0
1 )
2 2 % 0
—”5: —pQ—Z? —2(B* - a?)
-5 0 —(B%?—a?)
2\ 0 0 0 0 0
0 ﬁ 0 0 0 0
b1 = 0 0 0 0 0 0
=1 o 0 0 —2X2 0 0]’
0 0 0 0 ﬁ 0
0 0 0 0 0 0
0 0 0
0 0 0
0 0 0
a22 a2 b)
0 27 ) 2
_# p2+£,72 O
0 F(B-a?) (B2-a?)
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and

0 ylal o @'y 2 va? N 2 '
F° =10, 5 (x —l—x),?(m +z),0, 5 (x —i—:v),?(x +z%)) .

Again making the ansatz B = DF + D°, where

27 00 0 0 0
0 00 0 00
, B o o0 0 00
D" = —D¢o1D — Dooo + $11D + ¢10, Dr = 0 00 2 0 0l (5.8)
0 00 0 00
0O 0 0 0 0 o0
(D°) = (¢11 — Dpoy)D° — DFC, DY = (0,0,0,0,0,0) "

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

Dy =— {(DT, —Isx6)®(T 1) <?66:66>] h (Dr, ~Isxs)®(T' 1) <é66f6)

and

D) = — [(DT, —Iox6)®(T,t) (OGXGH B (Dr, —Isxs) /tT (T, s)ds (OZ(:J ;

Isxe

G = (%0 ¢01>
10 P11
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.

where ®(T,t) = 9T~ and

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

Position in Two Player Game Position in Two Player Game

10 1 —— Position X: Player 1 10 1 —— Position X: Player 1
08 Position X: Player 2 Position X: Player 2
0.6 1

0.4 -

0.0 0.2 04 0.6 0.8 10 0.0 0.2 04 0.6 0.8 10
t t

Figure 3: Portfolio process in the two player game under different parameters v, v = 1(left) and v =

0.1(right). Other parameters are chosen as 71 =12 = 0.1, p1 = p2 =02, Ay = A2 =03, a1 =z =1,
51 :52 = 11, Tr1 = 1,.’[2 :0, and T = 1.
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Position in Two Player Game Position in Two Player Game

1.0 4 1.0 1 —— Position X: Player 1
| Position X: Player 2
051

0.0 1

-1.0
~1.01 -1.5 1

—2.0 1

—— Position X: Player 1
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
t t

Figure 4: Portfolio process in the two player game for v = 10 and different (left) respectively same (right)
initial portfolios.
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