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Abstract

We study N-player optimal execution games in an Obizhaeva—Wang model of tran-
sient price impact. When the game is regularized by an instantaneous cost on the
trading rate, a unique equilibrium exists and we derive its closed form. Whereas with-
out regularization, there is no equilibrium. We prove that existence is restored if (and
only if) a very particular, time-dependent cost on block trades is added to the model.
In that case, the equilibrium is particularly tractable. We show that this equilibrium
is the limit of the regularized equilibria as the instantaneous cost parameter € tends to
zero. Moreover, we explain the seemingly ad-hoc block cost as the limit of the equilib-
rium instantaneous costs. Notably, in contrast to the single-player problem, the optimal
instantaneous costs do not vanish in the limit € — 0. We use this tractable equilibrium
to study the cost of liquidating in the presence of predators and the cost of anarchy.
Our results also give a new interpretation to the erratic behaviors previously observed
in discrete-time trading games with transient price impact.
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1 Introduction

Transactions costs are significant for institutional-size trades; e.g., [24] reports 35 basis points
as a typical cost to trade large cap stocks, and more for less liquid securities. The lion’s
share, about 30 basis points, are attributed to price impact—the fact that sizable orders
push prices. This dislocation of the price is persistent but decays at a time scale relevant for
execution problems (see [19] and the references therein). The most tractable model capturing
this transient price impact is the Obizhaeva—Wang model [28]; see also [13]. Here each buy
pushes the price up proportionally to the size of the trade and the dislocation reverts back
exponentially over time. Similarly for sells; see Section 2 for details and |7, 16, 38| for more
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background and references. By contrast, the classic Almgren—Chriss model [2] features an
instantaneous price impact proportional to the trading rate which disappears immediately
when trading stops, as well as permanent impact which does not decay. The instantaneous
impact amounts to a quadratic cost e fOT vZdt on the trading rate vy, where € > 0. In the
Almgren—Chriss model, the optimal execution problem of unwinding x shares over a time in-
terval [0, 7] has the TWAP strategy as its solution (assuming risk neutrality), meaning that
the trading rate is constant. Whereas in the Obizhaeva-Wang model, in addition to a con-
stant trading rate throughout the interval, block trades are placed at the initial and terminal
times. The initial block trade jump-starts the resilience whereas the terminal trade arises
because there is no subsequent trading that would suffer from the impact. From a stochastic
control perspective, it is sometimes easier to work with absolutely continuous trading strate-
gies. Starting with [15, 18|, numerous works have added a quadratic instantaneous cost on
the trading rate to the Obizhaeva-Wang impact cost. As illustrated in [18, Figure 1], this
“regularizes” the problem and leads to a smoothing of the optimal execution strategy: for
small instantaneous cost parameter ¢, the block trades are approximated by fast continuous
trading. On a more applied note, it has been argued that block trades are not realistic in lit
venues such as central limit order books. However, execution models are generally used to
determine trade schedules—i.e., the approximate schedule of how the order will be worked
over time (e.g., [3])—rather than order routing. The original strategy and the smoothed
one are comparable in terms of the child order sizes implied for reasonably-sized time bins.
Meanwhile, the Obizhaeva—Wang formulation often yields simpler analytic expressions, as
emphasized in [38].

The present paper studies optimal execution in a competitive setting, where early works
include [6, 29, 34, 35]. We consider N risk-neutral agents trading a security over a given time
interval [0,7]. Endowed with initial inventory x?, agent i seeks to maximize their expected
profit or loss and end with flat inventory. If z° is positive or negative, the agent has an
exogenous reason to sell or buy, whereas if 2° = 0, the agent is in the market only to prey
on other traders. Agents interact through the security’s price as each agent’s actions impact
the price according to the Obizhaewa—Wang model; in the absence of their actions, the price
would follow a martingale. This is the natural, “naive” formulation of an N-player game
extending the single-player problem of optimal execution in the Obizhaewa—Wang model. In
fact, we will see that it admits no equilibrium except in trivial cases. We shall shed light
on this fact and show how to restore existence by adding a particular cost to block trades,
under which a tractable equilibrium emerges. More precisely, we prove that there are unique
block cost parameters leading to existence, whereas all other choices lead to non-existence
(Theorem 4.4). Mathematically, this “correct” cost can be determined from the first-order
condition. While that cost initially appears as an unprincipled ad-hoc fix, the subsequent
results will give a deeper meaning to it.

The aforementioned regularized version of the Obizhaeva—Wang model, with an addi-
tional quadratic instantaneous cost fOT vZdt on the trading rate vy, has been used successfully
in the game literature. Indeed, [37] shows existence and uniqueness of a Nash equilibrium.
The derivation highlights the mathematical significance of the regularization: the first-order
condition for the equilibrium boils down to a Fredholm equation of the second kind; a type of
equation that is well-posed under general conditions (in contrast to the first kind appearing
in [17]). This equation also leads to an expression for the equilibrium, which however still
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requires numerical evaluation. In the present paper, while not our primary objective, we
add to this literature by providing the solution in fully closed form (see Theorem 3.5 for
this model with liquidation constraint, and Theorem 3.2 for an additional model allowing
incomplete execution). The derivation is admittedly a tour de force, but it enables a fine
downstream analysis (in addition to making numerical implementation trivial). We mention
that the work of [37] has been generalized in several directions, such as incorporating alpha
signals [27], alpha signals and non-exponential decay kernels [1] or self-exciting order flow
[14]. All these works make crucial use of the regularization by instantaneous cost. While the
fixed parameter € > 0 can be arbitrarily small, it is not obvious what exactly this regular-
ization is approximating. The present work aims to shed light on that. A separate stream of
literature restricts trading to a discrete set of dates, which can be seen as a different type of
regularization. This literature is closely related to our main results, hence discussed in more
detail in Section 1.1 below.

In the single-player execution problem discussed in the first paragraph, the solution of
the regularized version converges to the unregularized one for ¢ — 0, as one would expect
(see |18, 20]). Moreover, one can check that the regularizing instantaneous cost € fOT vidt
(with v depending on ¢) converges to zero as € — 0. The game turns out to be markedly
different, as can already be gleaned from the aforementioned non-existence of equilibria for
the naive formulation. In fact, the instantaneous cost & fOT vidt of a typical agent in the
regularized equilibrium no longer converges to zero. Financially, this is testament to the
competition which causes more aggressive trading in the game case. Mathematically, it
suggests that the correct limiting game incorporates an additional cost relative to the naive
formulation. Indeed, we show that the instantaneous cost converges exactly to the block
cost that uniquely gives existence of equilibria, thus explaining the seemingly ad-hoc cost
coefficient (Theorem 5.1).

Analogously to the single-player case, the equilibrium of the limiting model with block
costs is very tractable. We use its expression for the equilibrium impact cost to compare
with the single-player case. First, we study the cost of anarchy; i.e., the increase in cost
due to competition relative to the strategy that a central planner would use (Section 6.1).
Second, we show how the presence of N — 1 predators (traders with zero initial inventory)
increases the cost for an agents that needs to unwind inventory (Section 6.2). In both cases,
the cost increases with IV, but the increase tapers out as N gets large.

1.1 Further Related Literature

As mentioned above, restricting trading to a discrete set of dates can be seen as a kind of
regularization of a continuous-time model. The thesis [34] was the first to consider a game
in the Obizhaewa—Wang model, for N = 2 traders. When trading at discrete dates, it was
observed that equilibrium exists but consists of erratic strategies (e.g., an agent might sell
the entire initial inventory at the first date and buy it back the next date). Moreover, in the
high-frequency limit where the gaps between the trading dates tend to zero, the equilibria
oscillate and do not converge. This phenomenon is further studied (mostly numerically) in
[33] for more general decay kernels. Here it is shown that introducing additional trading costs
can dampen the oscillations and reduce equilibrium trading costs, which is interpreted as
friction providing protection against predatory trading. In a similar framework but focusing



on the Obizhaewa—Wang model (and still with N = 2 traders), [31] provides a detailed
analytic study which is closely related to the present results. It is shown that oscillations are
suppressed if sufficiently large additional trading costs are introduced, and in that case the
high-frequency limit exists. Intuitively, high frequency is akin to small instantaneous cost.
In [31] the authors further consider a model with continuous trading and additional block
costs. It is shown that an equilibrium exists when a particular block cost is charged at the
initial and terminal time, and in that case, the equilibrium coincides with the aforementioned
high-frequency limit. The equilibrium is precisely the one of Theorem 4.4 in the particular
case N = 2. In [31] it is not discussed directly if the two equilibrium block costs arise as
the limits of the added costs in the discrete model, but this can be conjectured based on our
Theorem 5.1. As can be seen in Theorem 4.4, the case N = 2 is unique in that the same
block cost is charged at the initial and terminal time, whereas for NV > 2 the initial cost is
larger and depends on N. In particular, N = 2 is the only case that allows for a cost that is
not time-dependent.

The follow-up work [23] studies an N-player game related to the one of [31]. Instead of
having a liquidation constraint, agents unwind their inventory because they have a (mean-
variance or exponential) utility function: holding the martingale asset causes disutility, in-
centivizing liquidation. The discrete-time equilibrium is obtained analytically whereas for
the high-frequency limit, only a numerical study is performed. Based on the numerics, it is
conjectured that two different critical values for the additional trading cost suppress oscilla-
tions in the particular cases where all initial inventories are equal or add up to zero. On the
other hand, there is no value that works for general inventories, suggesting that the limit
in this model does not exist. The two values coincide with the ones in our analytic result
(Theorem 4.4). We infer from our result that the key to resolving the non-existence is a
time-dependent additional cost, which has not been considered before.

After explaining that the proof technique of [31] does not extend to N > 2 players,
the theoretical asymptotic results in [23] are stated in a slightly different model. Instead
of a high-frequency limit, trading takes places at integer dates with time horizon 1" = oo.
Absence of a (finite) horizon circumvents block trades at 7' and—from the perspective of
our results—the necessity to identify a different block cost at T'. The authors show that an
equilibrium exists for a particular choice of cost parameter (indeed the same as the additional
cost at t = 0 in our model). Several conjectures about non-existence for different values are
stated, which are all confirmed by our sharp results. The connection with the prelimit (i.e.,
sending 7' — o0) is not made in [23], but we can readily conjecture the results based on
ours. In fact, in retrospect, our results suggest that it should be possible to obtain a full
extension of the high-frequency limit of [31] to N > 2 players without sending 7" — .
Namely, introducing a time-dependent additional cost, we would expect convergence to the
equilibrium identified in Theorem 4.4.

The remainder of this paper is organized as follows. Section 2 formulates in detail
the stochastic games to be considered: with instantaneous cost on trading rate and ei-
ther a penalty on leftover inventory (A) or full liquidation constraint (A’), and the limiting
model (B) with block cost (but no cost on the trading rate). We also include the uniqueness
of Nash equilibria in Section 2.1; this statement applies to all formulations under considera-
tion. Section 3 summarizes the main results for the models with instantaneous cost. First,



Section 3.1 describes the equilibrium for game A with penalty on leftover inventory. This
problem can be approached directly by variational methods. Then, Section 3.1 treats game
A’ where full liquidation is imposed as a constraint. Mathematically, we construct the equi-
librium of the constrained problem from the former by letting the penalty tend to infinity.
Both sections provide closed-form expressions for the equilibrium trading strategies and costs.
Section 4 describes the model B with block cost, giving a full characterization of existence
(or non-existence) of equilibria depending on the block cost parameters. When it exists, the
equilibrium and its costs are found in closed form. Section 5 shows how the model with block
costs arises as the limit of model A" when the instantaneous cost tends to zero. Section 6
discusses the cost of anarchy and the cost of predation. Section 7 concludes and comments on
follow-up research. Appendix A details some (reasonably standard) notational conventions
while Appendix B summarizes properties of Gateaux derivatives and I'-convergence that are
use in the proofs. As the main proofs are lengthy, they are not included in the body of the
paper. Appendix C contains the proofs for Section 2, Appendix D contains the proofs for
Section 3, Appendix E contains the proofs for Section 4, and Appendix F contains the proofs
for Section 5. (There is no appendix for Section 6 as the calculations are straightforward.)
Last but not least, Appendix G contains Table 1, a collection of constants that we introduced
to shorten the otherwise unwieldy formulas in the main results.

2 N-Player Game Formulation

We consider a market on a filtered probability space (€2, F,FF,P) satisfying the usual con-
ditions. In this market there are N traders and a single asset. We index the traders by
i € {1,...,N} and denote their inventory processes by X’ = (X});>0, where X/ indicates
the number of shares held by trader i at time ¢. Each trader ¢ is endowed with initial holdings
X} =a'" € R to be unwound by the common terminal time 7" > 0. More precisely, we shall
consider problems where a liquidation constraint X’ = 0 is enforced as well as problems
where terminal inventory is merely penalized by a cost.

Definition 2.1. We say that X’ = (X});>¢ is an admissible inventory process for trader i if:
(i) X' is cadlag and predictable.
(i) The paths ¢ — X} have (P-essentially) bounded total variation.
(iii) X! =" and X} is constant for t > T.

We assume that the unaffected asset price—which is the price that would obtain if the
N agents did not trade—evolves according to a cadlag local martingale, P = (F;);>o whose
quadratic variation satisfies E[[P, P|r] < oco. To describe the actual price, we define the
impact process I = (1;);>0 through the generalized Obizhaeva—Wang dynamics

N
dI, = —BLdt + XY _dX], I~ =0,

=1



for push and resilience parameters A\, 5 > 0. Hence,

t N
I =\ / e PN " dx,
0 i=1

and we define the affected price S = (S;):>¢ through
St:Pt‘l‘It, tZO

Here and throughout the paper, fab = f[%b] (cf. Appendix A), and the “a.s.” qualifier is
suppressed.

Let AX} := X;—X,_. We define the impact cost associated with the admissible inventory
processes X = (X!,..., X%) in the following way. For trader 4, the net proceeds or outlays
from trading are

T
) 1 )
/ SidX] + = Y ASAX]. (2.1)
0 2
te(0,7)
This says that continuous trading at time ¢ transacts at the price S;_ while a block trade of

size AX} additionally realizes half the price dislocation at ¢ and has a final execution price
of

1 1
St, + §A5t - 5(5,5, + St>

This can be interpreted as trader ¢ obtaining the average execution price of all trades happen-
ing at ¢ (rather than the marginal price at t—). Implicitly, the above definitions also govern
what happens when several agents trade at the same time. In some works, including [31]
concerned with the case N = 2, ties are explicitly broken randomly: when two agents place
a block trade at the same time, a coin flip decides which trade is settled first. The present
definitions are equivalent (in term of expected costs) but shorter to write, especially in the
N-player case. See also [38] for a related discussion.

In some of the problems below we allow for the possibility that a trader’s inventory has
not been entirely unwound by time 7". As a result, we must account for the change in value
of their holdings over [0,7]. To this end, we add to the execution costs the change in the
marked-to-market value of their holdings,

X, Py — X4Pr. (2.2)

As is standard in the literature (e.g., |26, 27]), we use the unaffected price P for inventory
valuation.! If the terminal inventory is constrained to be zero this additional accounting
amounts to adding a constant to the trader’s cost, hence has no effect on their optimal
strategy.

On top of the impact cost, we also consider additional trading and terminal costs. Let
X e be the characteristic function of a set £ € F,

(W) = {oo wekFk,

0  otherwise,

!This convention exists, at least in part, to remedy the loss of convexity (see Lemma 2.5) that can arise
when the reference price is instead taken to be St.



and write {dX" < dt} for the set of w € Q on which the measure associated with the bounded
variation function ¢ — X/(w) is absolutely continuous with respect to Lebesgue measure.

Cost A. In our first problem formulation, indexed by the symbol A, we penalize fast
(absolutely continuous) trading with an “instantaneous cost” and levy a terminal inventory
penalty. The induced cost is

T

i i Yy

CA(X ) = 5/ (Xt)Zdt + X{dXi<<dt}c + §(XT>27 (23)
0

where €, > 0 and X/ is the derivative? of t — X?. The characteristic function means that
discontinuous or singular continuous controls® incur infinite costs.

Cost A’. In the second formulation, indexed A’, we modify the above to enforce the hard
constraint that all inventory be liquidated by T,

T
i € o
CA/(X ) = 5/ (Xt)Zdt + X{dXi<<dt}c —|— X{X%#O} (24)
0
Formally, this corresponds to setting ¢ = oo in (2.3).

Cost B. In our final variant, indexed B, trading need not be absolutely continuous. We
charge a (deterministic but possibly time-dependent) cost 9;/2 > 0 on block trades and
enforce inventory liquidation,

. 1 .
Cp(X") == B Z (AX})? + X{Xi£0}- (2.5)

te[0,7

To unify the statements below, we use the symbol - as a placeholder for the type of cost
(A, A" or B). Combining the additional cost C. with the impact cost (2.1) and the value (2.2)
of the terminal inventory, trader i has the following objective function if we fix the actions
Xt = (X, XX X)) of the other players,

T
J(X'X") = E / SedXi+ 5 30 ASAX] +(XiRy — XrPr) + C(X)| . (26)
0 te[0,7

The aim of trader i is to minimize J.(X*, X ~%). The next proposition uses the martingale
property of the unaffected price and provides a more explicit formula for this quantity.

2This is assured to exist dt-almost everywhere.
3i.e., controls t — X whose Lebesgue decomposition on any [0,%9] C R, has singular continuous or
purely discontinuous components.



Proposition 2.2. The objective function J.(X'; X ") can be written

T
) ) ) 1 . )
J(X: X)) = / IodXi+ 5 3 ALAX + (X (2.7)
0 te[0,7
1 [T 7T ‘ ' T pt— ‘ '
= \E|= / / e Pt=slgxiax; + / / e PN " dXidx]
2Jo Jo o Jo i
1 o .
+§Z > AXIAX] +E[C.(X’)}. (2.8)
Jj#i te[0,T)

The proof is given in Appendix C.1. Next, we formally define the Nash equilibria to be
studied below.

Definition 2.3. A strategy profile X* = (X*! ... X*") is a Nash equilibrium for J. if:
(i) X**is admissible for all t = 1,..., N.
(ii) For all admissible strategies Z and alli=1,... N,

J(Z; X570 > J(XH5 X570, (2.9)

We say that X* is a Nash equilibrium in the class of deterministic strategies if X*' is
admissible and deterministic for all ¢, and (2.9) holds for all admissible and deterministic Z.
Similar terminology applies for other subsets of admissible strategies.

2.1 Uniqueness

The remainder of this section focuses on the uniqueness of equilibria (regardless of existence)
and is valid for all three types of cost.

Proposition 2.4. There is at most one Nash equilibrium.

The proof is detailed in Appendix C.2. While technical, it essentially extends the argu-
ments in [31, Proposition 4.8] to our setting. A key ingredient is the strict convexity of the
objective.

Lemma 2.5. For any admissible X ¢, the objective J.(-; X %) is strictly® conver in its first
argument.

The proof of Lemma 2.5 is analogous to [31, Lemma 4.7] and omitted. The last result of
this section states that an equilibrium in the class of deterministic strategies is also an equi-
librium in the larger class of all admissible strategies. To wit, if (2.9) holds for deterministic
competitors Z, then it automatically holds for general Z.

4An extended real-valued convex function F is called strictly convex if it is strictly convex on its domain
dom(F) ={h: F(h) < co}.



Lemma 2.6. A Nash equilibrium in the class of deterministic strategies is a Nash equilibrium
(in the class of admissible strategies).

The proof is similar to [31, Lemma 4.9] and omitted. Lemma 2.6 allows us to restrict
to deterministic strategies in parts of the subsequent analysis: if we can find a unique
deterministic equilibrium, then Lemma 2.6 assures that it is also the unique equilibrium in
the larger class of admissible strategies. (It does not assure the reverse: novel arguments
will be necessary to see that non-existence of deterministic equilibria implies non-existence
in general.)

3 Equilibria with Instantaneous Costs

We begin by finding the unique equilibria in the cases where the additional costs are given by
C4(+) and Cy(+). That is, in addition to price impact, trading is subject to an instantaneous
cost with coefficient ¢ > 0, and there is either a cost on terminal inventory or terminal
inventory is required to be zero.

As noted above, we can begin our search by focusing on deterministic strategies. From the
form of the costs it is clear that we can further focus on inventory processes with X? € L2[0, T]
for all 2. Therefore, it suffices to take

t
Xf:xi—f—/vids, tel0,T], i=1,...,N, (3.1)
0

for v* € L?[0,T]. This allows us to parametrize the strategy profile through the auxiliary
controls v = (v!,...,v"). Then, by (2.7) we can write J (X% X %) in terms of the impact
process which now has the simplified form

t N
I = )\/ e Alt=) ngds, t€[0,7].

As a result, the optimization of the objective (2.6) can be recast as minimizing
) , T , e . %) ,
Tatw'so ) = [ o+ S(wipar+ SO0 (3.2)
0
or, respectively,
T
- iy Eq
jA’(U U ) = A -[tvt + E(Ut)th + X{X%#O}? (33)

over v' € L*[0,T]. Notably, the transformed objectives remain (strictly) convex on their
domains. We will leverage the Hilbert space structure afforded by this reparametrization to
arrive at a complete characterization of the equilibria. For the proofs of the statements in
the remainder of this section, see Appendix D.



3.1 Terminal Inventory Penalty

Variational arguments in L?[0, 7] allow us to characterize the equilibrium for the cost J4
in terms of the (unique) solution to a 2N 4 1 dimensional system of linear homogeneous
ordinary differential equations (ODEs).

Lemma 3.1. The strategy profile v defines a Nash equilibrium for Ja if and only if it forms,
along with I and auziliary processes YV, ..., YN a solution to the ODE system

N
Li==BL+ X v},
i=1
Y] =BY} — i, i=1,...,N,
o =g [BL—BY[—AZ@{] . i=1,...,N,
J#1
subject to the initial and terminal conditions
=0, Y}/=0, vp=—-c"'][pXp+Ir], i=1,...,N.

While admittedly a tour de force (deferred to Section D.1.2), it turns out that this system
can be solved in fully closed form. Thus we arrive at an explicit characterization of the Nash
equilibrium for J4 and hence, through (3.1), also for the general objective J4. It turns out
that the strategies depend linearly on the mean starting inventory,

1
xr = j‘f ;é;; T,

and the individual deviations from the mean. Since the expression for the solution is lengthy;,
the following theorem makes use of simplifying constants 21, 29, 23, 71, V2, po, and p+ whose
definitions can be found in Table 1.

Theorem 3.2. There is a unique Nash equilibrium for Ju. Its equilibrium strategy profile
X* = (X* . XN s

Xp' = flat = ®) g7, tE[0T], i=1,..,N,

where

[Bt n A(‘ZZSZT”] ©

ezze

€z3 + [BT—l— ’\(ezd—fg}l)} )

Ez3€

[ﬁp_t N ﬂ(e”t*l)] ©

21 2 22

(oo -+ o) + AN (s + po) + [Bp T + <=1 —me ]

Y2

fi=1-

g =1-

We can use this explicit solution to compute the equilibrium cost. We report the result
in terms of additional simplifying constants v, &,p, and bh; (j = 1,...,5) whose definitions
are provided in Table 1.
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Corollary 3.3. The equilibrium cost for the traders can be written as

3

T
Ja(XHH X070 = / LdX?" + 5
0

T

/ (X;)2%dt + (X572, i=1,...,N,
0

in terms of the equilibrium impact cost

g *,z‘_)\NSOQ Do, b2,
/OIt—dXt =0 [Ex —1—@( —x)x},

equilibrium instantaneous cost

T 2
€ N2 g P b3 o b4 . b5 _ i =
5/0 (X[")2dt = 5 [—Qwa +—2§2($ T) +—€wx(x 93)},

and equilibrium terminal penalty
p? 22 . 223p , }

p(X7) = {—52 + 3 -3+ o @ o

3.2 Liquidation Constraint

To find the unique equilibrium associated with the cost J4 enforcing full liquidation at T,
we argue that it coincides with the limit of the equilibrium in Theorem 3.2 as the penalty
on terminal inventory tends to infinity, ¢ 1 oo.

Lemma 3.4. If the Nash equilibrium X* from Theorem 3.2 converges in H[0,T]*Y as
@ T 0o, then the limit is a Nash equilibrium for Ja and the equilibrium costs in Corollary 3.3
converge to the equilibrium costs for Ja.

The proof in Appendix D.2.1 is based on the I'-convergence of J4(-; v* () to Ja/(+;077)
as ¢ 1 0o, where v*(¢) denotes the equilibrium for finite ¢ and o its limit.

Using Lemma 3.4, we can deduce a characterization of the equilibrium by passing to
the limit in Theorem 3.2. As mentioned in the introduction, our result provides a closed-
form solution to the game previously studied in [37]. See Table 1 for the definitions of the
simplifying constants.

Theorem 3.5. There is a unique Nash equilibrium for Jar. Its equilibrium strategy profile
X*= (X", ., XN s

X' ="' —7)+@F, tel0,T]), i=1,...,N,

where A1) ) )
e*3'—1 eflt -1 _ mie*2'—1
f o 1 /Bt + €Z3623T g - 1 ﬁp_t + 21 Yo o 22
t — 1+ ) t — - .
A(ez3T—1) ef1T—1  ~ypex2T-1
BT + ezze®3T 5P_T + 21 Y2 22

Moreover, this is the HY[0,T]*N limit of the equilibrium strategy profile in Theorem 3.2 as
@ T oo.
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Figure 1: Convergence of the equilibrium in Theorem 3.2 to that of Theorem 3.5 as ¢ 1
oo when A = 0.2, ¢ = 0.05, T" = 1, and N = 3. The three colors represent the three
agents and range from light to dark as ¢ increases (p = 1,2,5,00). The darkest colors
are used for the limiting values corresponding to the liquidation constraint. (Left Panel)
Equilibrium strategies X, " as a function of ¢ for 8 = 1. (Right Panel) Equilibrium costs
from Corollaries 3.3 and 3.6 as a function of .

An inspection of the proof in Appendix D.2.2 actually gives the stronger result that the
equilibria of Theorem 3.2 and their derivatives of all orders converge uniformly on [0, 7] to
their counterparts in Theorem 3.5 as ¢ 1 oo. As in Corollary 3.3, we obtain the equilibrium
cost in terms of two additional constants ¥ and = whose form is reported in Table 1.

Corollary 3.6. The equilibrium cost for the traders can be written as

T T
JA/(X*’i;X*"i):/ ]t_dXt*’Urg/ (X;"2dt, i=1,...,N,
0 0

in terms of the equilibrium impact cost

T
/ I, dX;" = AN [2—2 b2 2 (2 —E)x} ,
0 L_JW

and equilibrium instantaneous cost

T
%/0 (X, %dt = ¢ {2[§2—2+£( i—f)2+£—5f(xi—f)].

Moreover, this is the limit of the cost in Corollary 3.3 as ¢ 1T 0.

Figure 1 illustrates the convergence of the equilibrium strategies and costs.
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4 Equilibria with Block Costs

This section describes the equilibria for the cost Cg(+) in (2.5), which has no instantaneous
cost on the trading rate but has additional costs on block orders. We shall see that an
equilibrium exists only for very particular parameter values. The deeper meaning of this
seemingly peculiar cost structure will be addressed in Section 5.

As in Section 3 we first restrict our search for an equilibrium to the class of deterministic
strategies. However, since strategies with jumps and singular continuous components are
no longer ruled out by the cost, we have a much larger space to search over. The following
preliminary step narrows down the type of jumps that can arise in equilibrium. First, block
trades do not occur on (0,7"). Second, if the additional costs ¥y, ¥ are positive, the block
trades at t = 0 and t = T are determined by the block trades of the other players.

Proposition 4.1. If X* is a Nash equilibrium then X* has no interior jumps,
AX =0, i=1,...,N, VYte(0,7),

and its initial and terminal jumps satisfy

Y . ) by .
DoAX = 5 S OAX, 9pAXy = -5 Y AX), i=1,...,N.
j#i J#i

In particular, 9o = 0 implies AXy" = 0 for all i, and 97 = 0 implies AX3" =0 for all 4.

The proof in Appendix E uses necessary conditions for optimality that arise from per-
turbing a reference strategy by a round trip jump trade. A somewhat technical manipulation
of these conditions leads to a relationship between the jumps that must hold when a repre-
sentative trader acts optimally.

In view of Proposition 4.1, we would like to limit our search to strategies that only jump
at the beginning and end of the trading period. In addition, we want to restrict ourselves to
absolutely continuous trading on (0,7"). The next lemma justifies this reduction.

Lemma 4.2. A Nash equilibrium for Jg in the class of deterministic admissible strategies
that are absolutely continuous on (0,T) is a Nash equilibrium (in the class of admissible
strategies).

The proof in Appendix E proceeds through an approximation argument using Bernstein
polynomials. While the proof is fairly technical, the basic idea is that if an agent is in-
centivized to deviate using a general strategy Z, deviating to a smoothed version of Z still
reduces the execution cost.

We now lean on Proposition 4.1 and Lemma 4.2 to set up our deterministic problem.
To control the trading speed on (0,7'), we continue to work with functions v* € L?[0,T].
We also parametrize the initial and terminal jumps using constants, AX{ =: a' € R and
AXEL =0 € R. If we let 6, := 9y and 6, := 7 it is not hard to verify via (2.7) that the
objective for a representative trader ¢ can be recast as minimizing

O

T r 1 ‘ .
Jpla’, v v7") = éloal +/ Ly dt + E(IT_ + I7)b" + E(a’)2 +
0

O

E(bi)27

13



where the impact process [ is given by

I - et Zjvzl @ + [} Ae P9 Zjvzl vids, tel0,T),
Iro + A b t=T

for Ip_ = 0, and the inventories satisfy

i wi+ai+f(fvéds, tel0,7),
o, t=T,

for X; = z'. In particular, this implies that b* = —X% . In view of the liquidation
constraint, b’ is entirely determined by the initial jump @’ and the trading speed v*, hence
our minimization is over Rx L?[0, T']. This retains a Hilbert space structure so, as in Section 3,
we can apply variational arguments to solve the game. The following lemma shows that the
deterministic equilibrium (if it exists) is similarly characterized by a 2N + 1 dimensional
system of linear homogeneous ordinary differential equations. However, this time the ODE
is written in terms of X (rather than v) and the imposition of block costs leads to additional
free boundary conditions that must also be pinned down as part of the solution.

Lemma 4.3. The strategy profile X defines a Nash equilibrium for Jg if and only if it
forms, along with I and auziliary processes Y, ..., YN, a solution® to the ODE system

5 N
[ J

Y

. 8 N
YtZ:——N_lllt—E Y|, i=1,...,N,
J=1
5 N
i i J -
X =N It+(N—1)Yt—j§:1Yt , 1=L...N,

subject to the initial and terminal conditions
N
L=AY d, Xj=a'+d, Yi=XN i=1..N,
i=1

where

;A , ; A ; ; i .
0.a =3 éaj, Opb =3 éb], and b =-X, , i=1,...,N.
J7T JF

It turns out that the existence of an equilibrium depends crucially on the choice of initial
and terminal block costs 8, = 9y and 6, = J7. As the next theorem shows, there is a single
choice yielding existence for general initial inventories. Moreover, that choice consists of
different values for the initial and terminal costs, except in the case N = 2 of two traders.

®More precisely (since X and I may have jumps at 0 and T), X and I satisfy the ODE on [0, T).
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Theorem 4.4.

(1) If 9o = ’\(N;l) and Op = 4 then a Nash equilibrium for Jp exists.

(2) If ¢ # ’\(NT_I) then a Nash equilibrium for Jg exists if and only if T = 0.

(3) éf Ir # %} then a Nash equilibrium for Jp exists if and only if x* = 27 for all i,j €
1,...,N}L

When a Nash equilibrium exists, it is uniquely defined through the strategy profile X* =
(X, XN given by

X' =f' -7 +gT, te[0.T], i=1...,N,

where 5t
ft:l_ﬁT—l—l’ tel0,7), fo_=1 and fr=0,
N(Bt + 1) (N + 1?7 1T L aNefrt — (N — 1
g =1-— (Bt + 1)(N + Le rene ( ), te[0, 7] and go- =1.

N((BT + 1)(N + 1) + 2)’ 73T — (N — 1)

We observe that the equilibrium has a much simpler expression compared to the one for
instantaneous cost in the preceding section.
Remark 4.5. If ¥y # w and 97 # 3, then (2) and (3) together imply that an equilibrium
exists if and only if 2* =0 for all © = 1,..., N. In that case, substituting in x* = 0 for all ¢
shows X** = 0. In words, the only possible equilibrium is that all agents have zero inventory
and do not trade. More generally, when 9, # w or O # %, the equilibrium exists only
for initial inventories such that no block trade occurs at t = 0 or t = T, respectively, and in

that sense the value of 9, does not matter.

The proof of Theorem 4.4 in Appendix E has two parts. The first is based on the ODE
system from Lemma 4.3, providing the explicit solution for the “good” parameter values
and proving that there is no solution for the “bad” parameter values. On the strength
of Lemma 4.2, the former establishes existence and uniqueness of the equilibrium also for
general admissible strategies, for those parameter values. Whereas for the bad parameter
values, verifying that the non-existence of a deterministic equilibrium extends to the full
class of admissible strategies is a major technical hurdle. Achieving this occupies a sizable
part of the proof, which combines original arguments with ideas of [31, Theorem 4.5(b)].

The final result of this section provides the equilibrium cost in closed form.

Corollary 4.6. When a Nash equilibrium for Jg exists, the cost for the traders is
4 4 T 1 . .
Tp(X: X*) = / IdX[ 4 S (ALAXG + Al AXG)
0

+ = (Do(AXY)? +9r(AXF)?), i=1,...,N,

1
2
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in terms of the equilibrium impact cost

T *,1 1 *,1 *,0 AN —/ q —
i I,_dX, +§(AIOAXO + AIp AXT') = 6T+1x(w — )

AN3(N +1) (((BT+ ) (N 4 1) 4 3) e 5T 200 (Ne% N }1)>_2

Y

(N (BT + 1) (V4 1) +2) ¥ — (¥ - 1))2

and equilibrium block trade cost
1 i y
5 (190(AX0’ )2 + ﬁT(AXT’ )2)
9o(N + 1)2(1 + NeP~17)272 Pyl — 7
2 >
2 (N((ﬁT +1)(N+1) +2)eP 717 — (N — 1)> 2(6T + 1)

5 Identifying the Limit of Small Instantaneous Cost

This section connects the equilibrium with instantaneous cost (Theorem 3.5) and the equi-
librium with block cost (Theorem 4.4). Namely, we show that the latter is the limit of the
former for vanishing instantaneous cost ¢ — 0. The equilibrium with instantaneous cost is
canonical in that it does not require a particular choice of parameters. The limit of vanishing
instantaneous cost then gives rise to the seemingly unprincipled pair of “good” block cost pa-
rameters in a natural way. Indeed, our result implies that any different choice of parameters
would lead to a discontinuity in the equilibrium cost.

Theorem 5.1. As € | 0 the equilibrium X* = X™*° in Theorem 3.5 converges uniformly
on compact subsets of (0,T) to the equilibrium X* = X*° Theorem 4.4. Furthermore, the
equilibrium cost in Corollary 3.6 converges to that of Corollary 4.6 when ¥y = w and

Or = 4. In particular, for any 6 € (0,T),
€ / (X752dt — 9o(AX™)? and e / (X750 2dt — 9 (AXE)?,
0 5

Remark 5.2. We can observe that in addition to the locally uniform convergence on (0,7),
the strategies converge at 7" but not at 0. This is merely due to the convention for the
jump; the right continuous modification of the limiting strategy coincides with the strategy
in Theorem 4.4 everywhere on [0, 7).

Figure 2 illustrates the convergence of the equilibrium strategies and their costs. Theo-
rem 5.1 not only justifies the particular block costs found in Section 4, but also shows that
optimal trading is more aggressive than in the single player case. The next remark quantifies
that observation.
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Figure 2: Convergence of the equilibrium in Theorem 3.5 to that of Theorem 4.4 as € | 0
when A = 0.2, T"=1, and N = 3. The three colors represent the three agents and range from
light to dark as e decreases (¢ = 0.1,0.03,0.005,0). The darkest colors correspond to the
block cost. (Left Panel) Equilibrium strategies X;* for § = 1. (Right Panel) Equilibrium
costs from Corollaries 3.6 and 4.6 as a function of [.

Remark 5.3. The limiting behavior of the instantaneous cost observed in Theorem 5.1
is qualitatively different from the single-player case. If we pose the same objectives when
N =1, the optimal instantaneous cost becomes negligible as € | 0. More precisely, one can
show (e.g., based on the formula in [10, Theorem 1|) that

8 T . .

: / (Xp9)2dt ~ CV?

2 Jo

for a constant C' = C'(\, 8,T) > 0, which implies that||X*’i||L2[0,T] is of order /4. Whereas
in the game with N > 1, the instantaneous cost converges to the (non-zero) block cost by
Theorem 5.1, implying that || X*%|| ;2077 is of order e1/2.

6 Costs of Anarchy and Predation

In this section we compare the equilibrium cost of Section 4 with the classic Obizhaeva—Wang
solution for a single trader in the absence of competition.

6.1 Cost of Anarchy

For N > 2 traders we can define a notion of “population impact cost”, PICy(z), in the game
by aggregating the impact cost from Corollary 4.6 across traders. If we let © = NZT be the
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net inventory in the market and use the formula in Corollary 4.6, we get that the population
impact cost is

2(N+1)BT _ (N+1)8T
ANAN +1) (BT +4) (N + 1) +3) e v — 2000 (NS5 4 1))

T .

PICy(z) :=

<N (BT +1) (N +1) +2) e~ — (N — 1))2

This can be compared to the impact cost of liquidating the net inventory optimally using
the single-player solution that a central planner would employ, PIC;(z) := A\z?(8T +2)~L.

We define the (relative, excess) system cost of anarchy, CoAy, as the percent increase in
the population impact cost of liquidating the net inventory,

CoAy = [%T((;)) - 1] -100%, = #0. (6.1)

Note that, from the form of the population impact, CoAy does not depend on the net
inventory, x, or liquidity parameter, A\. Keeping the trading horizon T fixed, it depends
only on the price impact decay per unit time, 3, and the dimension N. We visualize this
dependence in Figure 3. We note that when the net inventory in the market is 0, the net
impact cost in the game coincides with the cost when N = 1, PICy(0) = PIC;(0) = 0, and
there is no cost of anarchy.

Cost of Anarchy Cost of Anarchy
12 12
10 10
8- 8
% %
6- 6
4+ 4
2 2
0 0 : —
0 2 4 6 8 10 0 50 100 150 200 250
B B
[~N=2—N=3—N=5—N=10—N=o| [~N=2—N=3—N=5—N=10—N=o]

Figure 3: Cost of Anarchy CoAy of (6.1), illustrated as function of 5 > 0 for various
population sizes N when 7' = 1. This is the percent increase (over the N = 1 case) in
impact cost incurred by the population to liquidate their inventory. Both panels show the
same function; the right panel shows a larger range of § to highlight the limit 8 — oo.

We can describe the behavior of the cost of anarchy at the extremes of system size and
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impact decay. The cost of anarchy increases as N increases, but has a finite limit,

. BT
lim CoAy = ————.
Nioo N T (BT +1)2

Interestingly, as illustrated in Figure 3, the cost of anarchy is maximized at an intermediate
value of 8. For large N this maximum occurs near 3 ~ % and amounts to roughly 12.5%.

T
A partial explanation is provided by the limits,
lim CoAy = lim CoAy = 0.
B0 Broo

For g — 0, there is essentially no resilience and the transient impact behaves like permanent
impact. Hence, all liquidation strategies have the same cumulative (across agents) impact
cost and the cost of anarchy tends to zero. For § — oo, the behavior is akin to temporary
price impact with no block costs. Agents unwind their inventory at a constant rate in
equilibrium, and that is also the central planner’s limiting strategy. The impact costs tend
to zero in either case, limgo PICy(2) = limgyo PIC;(2) = 0. They do so at the same rate,
resulting in limg., CoAy = 0.

6.2 Cost of Predation

Suppose now that there is a single “liquidator” in the market that must unwind some non-
zero inventory z. We investigate what happens when N — 1 “predators™—i.e., agents with
zero initial inventory—are introduced to the system (cf. [29, 34]). In this case, the mean
inventory becomes T = x/N and we can compare the impact cost in the absence of other
traders with the cost faced in an equilibrium with predators. We find the liquidator’s impact
cost, LICy(x) for N > 2 by substituting ' = z and T = x/N into the impact cost of
Corollary 4.6,

N(N —1)

LICy (2) := A [m

( )B _ ( )B
NV +1) (BT + ) (V + 1) +3) 517 — 2020 (e 525 1 1))y

(N+1)8T 2 e
<N((,8T+1) (N+1)+2)e —(N—l))
When N = 1 the liquidator’s impact cost and the population impact cost coincide,

LIC;(z) = Az?(BT +2)~! = PIC;(z). We define the (relative, excess) cost of predation, CoP y
as the percent increase in the liquidator’s impact cost due to the presence of N —1 predators,

LlCN (X)
LICl(X)

CoPy = { - 1} - 100%. (6.2)

Once again, this cost depends only on g and N. We illustrate the dependence on these
parameters in Figure 4 where we see that the cost is increasing in N and decreasing in 5.
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Figure 4: Cost of Predation CoPy of (6.2) when 7" = 1. This is the percent increase (over
the N = 1 case) in impact cost for the liquidator when there are N — 1 predators in the
market. (Left Panel) Illustration as function of § > 0 for various population sizes N. (Right
Panel) Illustration as a function of N for several values of 5.

By rearranging, we can decompose the cost of predation into two parts,

C[(N-1)(BT+2) N-1 1
CoPy = NG+ N +100% + - CoAn. (6.3)

Using this expression, we see that the limiting behavior is

lim CoPy = (14 7)) -100%, while limCoPy =0 and limCoPy = E
Ntoo Broo B0 N

From (6.3) we also see immediately that CoPy > 0 for all N > 2; that is, the presence of
predators is costly. While this seems natural, it should be contrasted with the result in [32,
Corollary 3.3]. There, using the Almgren—Chriss model with temporary and permanent (but
no transient) impact, the “predator” indeed acts as a predator when the permanent impact
parameter is large enough, but acts as a liquidity provider when the permanent impact
parameter is small relative to the temporary impact parameter.

7 Conclusion

We have derived the equilibria for N-player games with transient price impact, with and
without regularization by an instantaneous cost on the trading rate. The equilibria are
obtained in closed form. For the unregularized case, we have shown that an equilibrium
exists only when a particular, time-dependent block cost is added. The equilibrium block
cost is explained as the limit of the equilibrium instantaneous costs when their parameter
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¢ — 0. The limiting model is particularly tractable and we have given simple expressions
for the impact costs of anarchy and predation.

Our results give rise to several follow-up questions. First, one can ask if the aforemen-
tioned observations are specific to exponential kernels. We hope to show that similar results
hold for a broad class of regular decay kernels, whereas singular kernels have a different
behavior. Second, the limit N — oo gives rise to mean field games (e.g., [5]). It turns out
that the two limits N — oo and € — 0 do not commute, and we will relate the various
limits in future research. Third, the present game uses the full information setup, like the
vast majority of the literature. One can ask what happens, for instance, if agents do not
know their competitors’ initial inventories. Results in that direction are scarce; see [25] for
a model where all impact is permanent and [8, 9| for a mean field model.

Appendix

A Notational Remarks

Integration. We write fab fdu to denote the integral f[a 0 fdu of a function f against a
measure /4 on [a,b] C R, including any atoms g may have at a or b. When the left or right
endpoint is not included, we write f(ir fdu = f(a b fdu or fab_ fdp = f[a b fdu, respectively.

Spaces. Asusual, L?[0,T] is the Hilbert space of (equivalence classes of ) square integrable
functions on [0, 7] with inner product

T
(v,w) 2 :/ vpwsdt.
0

Similarly, H'[0,T] is the Sobolev space of functions v € L?[0, T| that admit weak derivatives
v € L?[0,T)]. Tt is a Hilbert space with inner product

(v, W) = (v, w) 2 + (0, W) 2.

If H is any Hilbert space we write H*" to denote its N-fold Cartesian product.

B Reminder on Gateaux Derivative and ['-Convergence

For ease of reference, this section collects some standard definitions and results to be used in
the proofs below. Let H be a real separable Hilbert space with inner product (-, -)y. For a
real-valued function F' on H we define the Gateauz differential of F' at h € H in the direction
n € H by

5, F(h) = 11&)1 F(h+en) — F(h)
€ €

when the limit exists. If the Gateaux differential exists for all directions np € H we say that F’
is Gateauz differentiable at h and call 0.F (h) the Gateaux derivative of F' at h. If, further,
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the mapping n — 0, F'(h) is a continuous linear operator on H, then by Riesz’ representation
theorem we can identify the derivative with an element DF(h) € H,

0y F'(h) = (DF(h), n)m, Vn € H.
The following result is standard (see, e.g., [30, Theorem 3.24]).

Proposition B.1. If F': H — RU{cc} is a proper® convex function with Gateauz derivative
at every h € H then h* is a minimizer of F if and only if §,F(h*) =0 for all n € H.

In particular, if F' is a proper convex function with a continuous linear Gateaux derivative
at every h € H, then h* is a minimizer of F if and only if DF'(h*) = 0. We will use this fact
frequently.

Another notion used below is I'-convergence, for which [11] is a standard reference.

Definition B.2. We say that a sequence F,, : H — R U {oc}, n > 0, I'-converges to a
function F': H — R U {oo} (and write £, 5 F) if:

(i) For all h € H and all sequences (hy,),>0 with h,, — h,
F(h) < liminf F, (h,).
n—oo

(ii) For all h € H there exists a sequence (hy,),>o with h,, — h and
F(h) > limsup F,(h,).

n—oo

The following result (see, e.g., [11, Proposition 7.18|) connects this type of convergence
to the consistency of minimizers.

Theorem B.3 (Fundamental Theorem of I'-Convergence”). Suppose that F, L F and
hi € argmin, .y F,,(h), n > 0. Then every limit point of (h})n>0 is a minimizer of F.
Moreover, if (h}),>0 converges, so do the minimum values,

lim inf F,,(h) = ;LrellglF(h)

n—o0 heH

C Proofs for Section 2

C.1 Proposition 2.2
We can expand (2.6) to get

i —i g i1 i g i1 i
J(X: X ):]E[/O PrdXi+ 5 >y ABAXﬂ—/ I dX] + 5 > ALAX]

te[0,7) 0 t€[0,7]

+(XE Py — XLPp) +C. (Xi)] :

6We say that F': H — R U {oo} is proper if {h € H: F(h) < oo} # 0.
"Other common variants of this theorem include an equicoercivity assumption on (Fn)n>0 to imply the
convergence of the minimum values.

22



Using integration by parts,
/ P_dX; =PrX; — FB_X;_ — / X, dP, — [ X', P]r
0 0
and thus
J(X5 X7 = { / X{_dP, = [X*, Plr + 5 Z APAX]
t€[0,7]

g 7 1 7 %
+/O I dX{ + 5 > ALAX]+C(X )1.

te[0,T]

The theory of stochastic processes (see [21, Proposition 1.3.14]) gives that f(f Xt dP, and
[ X, P], are local martingales. Using our assumption that the total variation of X* is P-a.s.
bounded, we conclude that X is bounded and

E {/OT XZ_dPt] =E [[X", P]r] =0.

Moreover,
1 ; 1.,
5 > AX/AP = S [X' Plr,
te[0,7

so its expected value is also 0. Since these arguments hold for arbitrary admissible X, we
obtain the expression in (2.7) of Proposition 2.2. To obtain the remaining representation in
(2.8), we insert the form of I into (2.7) to get

J(X5EXT) = { (X9 +/\/ / —B= S>ZdXJdXZ+ Z > AXJAX@] (C.1)

j=1 te[0,T)

Observe that by splitting and interchanging the order of integration, we can write

T t_ . .
/ / e P9 g X idX]
0 0
1 T t— . . 1 T t— . .
== / / e P XidX] + - / / e P9 Xidx]

/ / A=) g XidX? + / / e P9 dxidX! —% > (AXD)?

s€[0,T
e T—,B\t—s| iy L i\2
=3 e dX{dX; 5 > (AX))
0o Jo
t€[0,T]
Substituting this expression into (C.1) completes the proof. O
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C.2 Proposition 2.4
Suppose there are two distinct equilibria X° and X*. Define

X*=aX'+(1-a)X", a€(0,1),

and
N

Vie) =Y (J(X*5 X0 + J(XTh X))
i=1
A consequence of Lemma 2.5 is that V' is strictly convex. Moreover, by the Nash equilibrium

definition,
N

Vie) 2y (J(XO5 X7 + (XM X))
i=1
and this lower bound is attained by setting o = 0. Next, we will differentiate V' at 0 to
obtain the contradiction V'(0) < 0.
To facilitate this we deal with each term in the expression for J. separately. Let

i A T T . . by T T ‘ .
Zl(a) = _/ / e—Blt—s\dXsa,deta,z + — / / e—ﬂ‘t—5|dXsl—a,detl—a,z‘
2Jo Jo 2Jo Jo

By differentiating and setting o = 0 we find

()

T T
SO = A [ [ e - Xx0d0e - X,
0 0

Summing over i,

S50 =AY [ et - xenaee - xi, (©2)
i=1 i=1 Y0 JO

Next, let
- T rt= ‘ . T - . ‘
Jp(a) = /\/ / e~ Pl=s) Z dXP7dX + /\/ / e~ B(t=s) Z dXslaJdth—aﬂ'
0 /0 £ o Jo —
J#i J#i
Differentiating,
Ja(e) = A / / e PN " axPId(X - X0
o Jo —
J#i
—A / / e PN " dx d(x Y - X0
o0 j#i
T pt— ' | | |
= / / e PN (X — X0} - XD,
o0 i#i
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which is constant in «. If we sum over ¢ and manipulate the terms,

N N T t—
SO = A [ [ e - X0 - X
i=1 i=1 j#i V0 YO
A al o= —B(t—s) 1.5 0,5 1,8 0,2
:_§ZZA /O € Sd()(sd_)(873)61()(}7 _Xty)
i=1 j#i
__ZZ/ / —ﬁ(t s) 1z XOz)d(Xlg XO])
i=1 j#i
A [ [ e - e - x
i=1 j#

N

+ ;ZZ > AKX = XPNAX - X)),

=1 j#i t€[0,T)
Due to the positive definiteness of the kernel e=#*=*| (in the sense of Bochner) we have
-> Z/ / e Pslapidng < Z/ / e I=slapidM;
e

for arbitrary Lebesgue-Stieltjes integrators M*. Applying this,

N
Z .. % / / 718|t 5|d Xll XO z)d(Xl ) XO z) (CB)
i=1

+Z ZZ Z A le XOJ)A(th’i—X?’i).

i=1 j#i t€[0,T]
Next, we treat the jumps. Let
~i A i A 105 | A 1—a,i A v 1,
Ble) =520 D AXTAXP £ 53 D0 AXTVAXY,
Jj#i t€[0,T Jj#i t€[0,T
Differentiating gives
hS A 0i _ xLi 0, 0i _ yli 1,j
a):—§ZZA(Xt ) AXPT 4 2 ZZAX X AXH,
J#i t€[0,T] Jj#i t€[0,T]
Then, by collecting terms and summing over i,

YRETUREED 3 B DENC TS IS S 0 RECH)

i=1 j#i t€[0,T]
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It remains is to treat the terms arising from the cost C.. Since X° and X! are assumed to
be Nash equilibria they (and their convex combinations) must have a finite cost (as measured
by C.) almost surely. Therefore, we may ignore the characteristic function terms. We only
consider the case of Cg(+) as the proof with C4(:) or Cy/(+) is similar. Let

. . . 9 . 9 .
~ _ a,i 1—a,iy __ Yt a,i2 Yt 1—a,iy2
Ji(a) = Cp(X™) + Cp(X' ) = Y 5 (AX7)" + > 5 (AX )7

t€[0,T] t€[0,T]
Differentiating and setting o« = 0,
350) = D 0 (AXPAXS — AXPY) = AXPHAXS — AXPY)
te[0,T

== > O(AX - AX))

te[0,T

Summing over i, we have

N N
DT ==Y ) w(AX) - AXM) <0, (C.5)
i=1 i=1 t€[0,T]
Aggregating the above expressions we recover V («),
N
Via) =E | Y (Ji(a) + Js(a) + Jj(a) + 33(04))] :
i=1

By an application of the dominated convergence theorem (or a direct verification) we may
pass the derivative under the expectation to obtain

N

S 0) + 3500 + 350 + 3z<o>>]

=1

Aen [T T , o
500 [ [ e - xenaed - x|
i=1 /0 J0

The last inequality follows from (C.2), (C.3), (C.4), and (C.5). Finally, since X° # X' and
the kernel e=?l*=¢l is positive definite, we conclude V' (0) < 0. This contradiction completes
the proof. O

V(0)=E

<-E

D Proofs for Section 3

D.1 Equilibrium with Terminal Inventory Penalty
D.1.1 Lemma 3.1
Taking the Gateaux differential of J(-,v~) in (3.2) in an arbitrary direction n € L?[0, T,

T T
Sy Ta(vh v = / (0 Lyvy + medy + evpmy)dt + @XZT/ nedt,
0 0
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where

t
Oyl :/ e =) \n.ds, t€[0,T).
0

By changing the order of integration,

T ' T ot ‘ T T ‘
/ Oy Lyvdt :/ / Xe PE=)yin dsdt :/ / Ae PE=s)yin dtds.
0 o Jo 0o Js

Swapping the roles of the integration variables s and ¢, we get the expression

T . T T .
/ Oplyvpdt = / / e Pyl dsndt,
0 o Jt

which leads to the representation
Oy Ja(v'v™) =/ Yy + I + evp + o Xp|mdt
0
for
Y) ::/ e P Dyids, t e [0,T].
t

From this, we see that 1 — §,J4(v';v™") is a well-defined continuous linear operator on
L?0,T] for every v* € L*[0,T]. Letting

DJa(v'5v7") = (Y + I + ev) + pX}) € L*[0,T]
we have the following form of the derivative in terms of the usual L?[0,T] inner product,
5n~7A(Ui;'U_i) = <D\7A(Ui;v_i)an>L2[0,T}-

By standard optimality theory in Hilbert spaces (see Appendix B), an element v* € L?[0,T]
is a minimizer of Ju(-,v™") if and only if

DJs(v"07") =0,

where the equality is to be understood in the L? sense. Equivalently, the representative
DJ(v;v7") of the Gateaux derivative must be 0 almost everywhere; that is,

Vi I +evi=—pXk ae tel0,T] (D.1)

Since Y? and I are continuous by definition, we have that any v’ satisfying (D.1) is equal
almost everywhere to a continuous function. From here on, we identify any such v* € L?[0,T]
with its continuous version. Then, by observing that Y and I are differentiable (and that
X7 is a constant), we have that any v* satisfying (D.1) is also differentiable. The condition
(D.1) then implies that

Yi4 I +evi=0, tel0,T] (D.2)
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To form a Nash equilibrium we require the simultaneous optimality of each of the controls
in the strategy profile v. As a result, (D.1) and (D.2) must hold for all i = 1,..., N. In this
way, we arrive at the following equilibrium system of ODEs,

0=Y+1I,+e0i, i=1,...,N,
Yi=pY =Xt i=1,...,N,

N
Li==BL+ ) v},
=1

subject to the initial and terminal conditions

vh = —¢7! [@X%+[T], 1=1,...,N,

where the last equation arises by taking ¢ 17" in (D.1).
It is easy to check that the satisfaction of this system implies (D.1) for all i =1,..., N.

Hence, enforcing the ODEs or the concurrent satisfaction of (D.1) for all ¢ = 1,..., N is
equivalent. To complete the proof, we rearrange the system of ODEs to recover the standard
form reported in Lemma 3.1. O]

D.1.2 Theorem 3.2

Let F = (I,Y',....,YN ol ... oN)T. The system in Lemma 3.1 can be written in matrix
form, .

F, = AF, (D.3)

for -~ _

-3 0 0 0O 0 X A A

0 15} 0 0 0 —Xx 0 0 0

0 0 153 0 0 0 =X . 0 0

0 0 0 15} 0 0 0 A 0

A=10 0 0 0 16 0 0 0 =X

g6 _B8 o 0 0 0o -2 _A A

5o 0 .. -8 g 2 o 2

P00 0 2 0]

It can be directly verified that the matrix A has eigenvalues
—AN = 1) + /(N = 1)202 + 4Be(N + 1)\ + 4522
2e ’

AN = 1) = /IN = 1)2X2 + 4Be(N + 1)\ + 475222
2e ’

21 =

9 —
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Zopi =B+ N, i=1,...,N—1,

and zy414, =0 fori=1,..., N, with associated eigenvectors
N N
N A
q = € — €ryj+ EN+1+4js
SEr R ey AP PL
Jj=1 j=1
N N
N A
q2 = € — ——€14; + EN+1+4js
z2+ 2 =0 2; ’
= =
Qa+i = €€y — €z — €Nyt enyoyy, t=1,...,N—1,
A .
gN+1+i = 561 + EelJrz’ +ent1ri;, t=1,...,N.

These eigenvalues and eigenvectors define the columns of the fundamental matrix

r N\ _zt NA zot AA A AT
2148 22+8° 0 0 ... 0 5 3 3 3
A /Bezlt A /B€Z2t 8€Z3t gezgt 662315 % 0 0 0
21— 29—
—agett —Aget —ee™ 0 0 030 0
A 21t A 2ot _ ~p23t A
pop 18 po 18 0 e 0 0 0 3 0
I )\. 21t A zot : : ‘ 23t : : : A
Q; = P12 —5° 0 0 ge 0 0 O 3
ezlt €Z2t _623t _62315 _ezgt 1 0 0 0
et et et 0 0 01 0 0
et et 0 et 0 0 0 1 0
| e e?! 0 0 et 0 0 0 1]
Let ¢ = (c1,...,cony1)! be a vector of constants. The fundamental solution to (D.3) takes
the form
N-1 N
F, = Qic = c1qie™ + cagae™" + Z Corigarie™’ + Z CN414+idN+1+i-
i=1 i=1

To solve for ¢ we enforce the boundary conditions from Lemma 3.1. To begin, we need an
expression for the inventory processes. By integrating the expressions for v* in (D.4) we have

that X! is given by

X} =2+ ﬁ(ezlt -1)+—=

21

and

C2
zZ9

(622t o

1) —

Xi= a4+ et — 1)+ Z(et - 1) ¢ T 1) f ey,

21

22

z3

29

1=2,...

.N.



Then, writing the boundary conditions in terms of ¢ we get the system of 2NV + 1 equations,

(

z1+5 + C2zQ+5 T3 Zg 1 N1 = 0,

A T A 2T 23T N . A _
¢1575€ cape™ tee Zj:Q Citj + 5CN+2 = 0,

A 21T _ A
1*56 €2 29—P3

20T

T A _ s
€ — ge*s Cl+i+ ECN-H-H' = 0, 1 = 2,...,N,

creT 4 ey — exT Z;V=2 Cl4j T CN+2
. -1 1 c(,z1T c2 (pz2T _
=< (a4 2T~ 1) + 2T - 1)
#el (7 = ) T, % = o)

-1 NX T NX zT 4 A N )
c (Clzlw +eag e g2 o )

clele + CQ@ZQT + Cl+l'€z3T + CN4144
=1y (:L’Z + C—l(ele — 1)+ %<622T — 1))
—c~ Qp <C1+1< z3T __ 1) + CN+1+iT>

_ 1 NX T NX ZQT A N ‘ .
< (Clz1+ﬁ +C2 z+ﬁ +ﬂzjzlcN+1+]> s Z—Q,...,N.

\

We will solve this system in parts. First, we reduce to a tractable three dimensional system.
Summing over the last NV equations and rearranging yields

—1 Al j aT | €0 r 1 NA
—€ goZa: = N¢, |e —|—Z—1[e —1]+¢ m@

ey N

+ Ny 2T + Z——Zfe2T _ 1 +€_1—€Z2T:| D.7

e 0.7)
N

A
+ {1 +e T + NE_IE} Z CN+1+j-

Jj=1

At the same time, summing over the 2nd to (N + 1)th equations gives

NA N
0=—¢ el — g el 5 Z CN4144- (D.8)

21— f Zy —

Coupling (D.7) and (D.8) with the first equation we can solve for ¢;, ¢; and Zfil CN414i-
Written in terms of the constants in Table 1, we get

N

© _ ne NBp_yp_
cp=——, Cy= T, E c i = ———T. D.9
1 Cew 5T e ()
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We now pare off the 2nd and the (IV + 2)th equations. After substituting in (D.9) and
rearranging we get (again in term of the constants in Table 1)

A al Ap_p
—CN42 T €€Z3T Z Ci+j —7

7 T (D.10)

eT 11
enT 4+ ¥ }Zcuﬁ— [1+§T} CNy2 = f(x —F) - Bp_ [1+“0T] Yz

€  Z3 = ¢
(D.11)
Solving (D.10) and (D.11) yields
CNy2 = —i—?(!ﬁl —f) — ngQDE’ (D12)
Z Ci4j = 2£6Z3T —— (2" - 7). (D.13)

At last, we turn to the 3rd to (N+ 1)th equations and the last N — 1 equations. Substituting
in the existing solutions and collecting terms we arrive at the system

A App_
—86Z3T01+i + BCN-H-H = —%f; i=2,...,N,
€Z3T _
6Z3T -+ g P 161+i + [1 + gT] CN4+1+4

:_g(xi_f)_/sp [1+¢T} "Z}—, i=2 ... N.

These equations can be solved in pairs. By doing so, one finds

CN41+i = —i—g(l’z - f) — 6577—;057 1= 2, ey N, (D14)
Ap i = .
CI_H':—W(J} —ZE'), Z:2,...,N. (D].5)
To complete the proof we substitute (D.9), (D.12), (D.13), (D.14), and (D.15) into (D.5)
and (D.6), and collect terms. O

D.1.3 Corollary 3.3

Using the form of the equilibrium in Theorem 3.2, we compute the equilibrium impact

1 o1 L
[ — —N/\ _ + €z1t €Z2t
! P 2+ B Va2 2o + B 51/)
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By differentiating we similarly obtain

i ot VL et| P Ae#t oo
X, ——[BP——l—el_%ez]gx—[ﬁ-l-geﬂ g( —-T), i=2,...,N.

Here we have used the constants ¢ and & from Table 1. Defining

1 1 71 1
hl — |:5 4+ ezlt o —€Z2t:| |: 4+ ezlt ot €Z2t:| :
! g V2 P 21+ B Yo 2o + 3

et 1 Y1 1
h2 = B zt 1L zat
! {6+5€Z3T] {p +Zl+ﬂe ’7232‘1‘56 ’

one can verify that

N >\902 )

NAp?
22 T —l—hf

]tX:ﬂ: - hi €2§¢

(' — 7)7.

At the same time, defining

2 72
/\ z3t
h = [ﬁp + ™t — ﬁezﬁ} , k= [ﬁ + ‘ 1 ,

Y2

z3t
ht5 = |:Bp_+621t_ﬂ622t:| |:/8—|— )\6 :| ’

V2

we have

2 2
ok, — i — 2 —/ 4 —
(Xt’)thfEfwsznth;;?(aj —x)2+h55¢ T(z' — 7).

By expanding the product form of the functions k!, 7 = 1,...,5 and integrating over [0, T
we obtain the identities

T .
f)i:/ hidt, i=1,...,5,
0

for the constants h; defined in Table 1. The form of the integrals

T A T e (T .
| naxe = [ a5 [ o
0 0 2 0

in the statement of the corollary follows by substitution. Finally, an algebraic manipulation
allows us to write X7" in terms of the constant p of Table 1,

*,1 23, 4 — —
X' =—("—7)+ 7.
The reported form of p(X7")? is then immediate. O
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D.2 Equilibrium with Liquidation Constraint
D.2.1 Lemma 3.4

To emphasize the dependence of the equilibria in Theorem 3.2 on ¢ we will write X*(¢) and

. ~ ><N ~
X*(p) = v*(v). Under our assumptions there is X € H'[0,T]*" such that X*(¢) "L x.
p—00
XN

2 2
As a consequence, there is also v € L2[0, T]*" such that X = © and v*(p) L 5. We
(p—00

begin with a technical result about the I'-convergence of the objective functions when indexed
by ¢ and v* (). See Appendix B for the definition of I'-convergence.

Lemma D.1. We have Ju(-;v* " () —— T (87 fori=1,...,N.
(p—r00

Proof. We begin by considering I as a functional that takes L?[0,T] to itself. That is, for
any v € L?[0,T] we write I[v; v*~*(¢)] to denote the function

t
t = Lv; v ()] = /\/ e=Plt=9) (Ut + sz’j(@) ds.

0 i

Standard estimates verify that I[v; v* ()] € L?[0,T]. We also consider X% as a functional
from L2[0,T] to R,

T
v Xhv] =" + / vedt.
0
With this, we can express the objectives J4 and Jas of (3.2) and (3.3) as

Talv:0" () = (1[0 7 (9] 0) o + Sllollae + £ (Xi )

_ - €
o) = {11039, 0)a + S ol + X )
Next, fix a sequence of positive numbers (p™),>¢ satisfying ¢" — oo. Let v € L?*[0,T] be
arbitrary and fix any convergent sequence (v"),>o in L%[0, 7] with limit v. It is easy to verify
. 2 .
that I[v"™; v " (p™)] SGEN I[v,v7"]. Using this and the continuity of the inner product,
n—oo

. n *,—1 n n € n ~ €
lim (1[0 0" )0 0 + Sl e2 ) = (L5 8),0) 0 + ol e (D.16)

n—oo

It is similarly straightforward to check that

" i 2 T

5 (X7[v]) 2 X{x5[ul0} (D.17)
as a functional on L?[0,7]. Combining the conclusions of (D.16) and (D.17) with [11,
Proposition 6.20] gives the I'-convergence stated in the lemma. O

As v*(p) minimizes J4(-; v (¢)) and v*(p) LN 7', Lemma D.1 and Theorem B.3
(p—00

yield that 9° minimizes Ja/(-,0~*) and the costs converge. As this holds for all 4, v is a
Nash equilibrium for Ja .. By reparametrizing in terms of the original process X, it follows
that X is a Nash equilibrium for J4:. O

33



D.2.2 Theorem 3.5

Passing to the limit in f; and g; from Theorem 3.2 gives the stated form of f; and g;. To see
that the equilibria converge in H'[0,T] (so that we may apply Lemma 3.4), we first verify
that f and g converge uniformly to § and g on [0, T]. Indeed, the functions take the form

FtSO GtSO Fy G,
i AN £z + Q= Fi SR =

for given continuous F and G, and constants z3,p, ¥ and = that are all independent of . It
follows that

ep
epV + W2

EZ
, sup |gi — g < sup |Gy :
te[0,7) t€(0,7]

sup [fi —fi| < sup [Fy
te[0,7) t€[0,T]

€232 + =2

This gives the requisite uniform convergence as ¢ 1 co. In fact, by a similar argument it is not
hard to see that the derivatives to all orders of f and g also converge uniformly. Moreover,
these estimates ensure that, when parametrized by ¢ > 0, the equilibria (and their deriva-
tives) in Theorem 3.2 are uniformly bounded in the supremum norm®. Taken together, the
dominated convergence theorem implies the claimed convergence of the equilibrium strategy
profile.

D.2.3 Corollary 3.6

This result could be shown directly by substituting the equilibrium strategies in Theorem 3.5.
However, to simplify computations we leverage Lemma 3.4 and pass to the limit in the
expressions of Corollary 3.3. The constants p and b;, j = 1,...,5 appearing in Corollary 3.3
are independent of ¢ (see Table 1). Consequently, we may focus on the behavior of ¢ and &.
From Table 1 we see that ¢ ' — e 'W and o716 — 712 as ¢ T co. With this, the
expression for the cost follows immediately. O

E Proofs for Section 4

E.1 Proposition 4.1

We first show an auxiliary result related to the optimality of jumps; it follows the template
of 31, Proposition 4.11].

Lemma E.1. Fiz a strategy profile X. If X' is optimal for Jg(-, X ) then for any [0,T]-
valued predictable time T there exists an F._-measurable random variable Y satisfying

T o—
‘ , A ‘
E |\ / e Plo=tlaXi + A / e PN dX] + 0,AX] + 5 > AX]
0 0

JF JFi

]—"T_] =T a.s.

8ie., there exists C' > 0 such that for all ¢, the equilibrium X*(p) corresponding to ¢ satisfies
sup;efo.77 | X¢ ()] < C, and an analogous statement holds for the derivatives X ).
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for all predictable times o satisfying T < o <T'. In particular, we may take

T T
) ) ) A )
\ / BTt gxi 1 ) / PN AXT 0, AN+ 5 Y AXY
0 0 i J#i

Y=E

fT_] |

Proof. Let 7 and ¢ > 7 be arbitrary [0, T]-valued predictable stopping times. Fixing some
A € F._ we can consider the round trip trade Z defined by

Zt = ]lA (]ltz‘r - ]ltza) .
If we perturb X* by aZ (a € R) we get from Proposition 2.2 the cost

Jp(X 4+ aZ; X7

1
:§E Z 79t AXl—l—ogAZt) +)\E|: / / e Plt— S‘d(Xl—i-OzZ )d(Xl—i—OzZt)
te[0,T]
+/ / PN " axId(X] + aZy) + Z > AX’+aAZt)AXJ]
0 0

j#i ]7’51 t€[0,T7]

Differentiating this expression with respect to a and setting a = 0 yields

d )
—Jp(X' +aZ; X amo =E | Y hAXIAZ, +AEU / e Pl=slaxiaz,
do t€[0,T]

/ / —Bt=s ZdXJdZt—k Z > AZtAXJ}

i j#i t€[0,T]

Therefore, a necessary first-order condition for optimality is

Z 0AXINZ, +AEU / e Pt=slaxidz,

t€[0,T
. 1 ,
n / / e*ﬂ(tfs)ZngdZt—l—éZ S AZtAXg].
o Jo ji J#i te[0,T]

By substituting in the form of Z we obtain

0=E[Lla (9, AX. —9,AX.)] + AE

T
1 A( / (=PI _ ¢~Bla—tly g
0

/’ 0y axi - / e B0y axd 4 % > (AX] - AXﬁ))] :

i j#i j#i
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which becomes, after rearranging,

' T . T— N .
E |1 0,AXE+ N / e Pm=tld X + ) / e PTONTaxX] + 2N T AXY
(veaxsin [l cmtaxtin [T oo Saxt )y
J# J#
‘ T 0o o= . D .
—FE |1, 19C,AX;+)\/O e—ﬁiff—'dXHA/O e‘ﬁ("‘);deJrE;AXg .

Iterative conditioning on F,_ under the expectation completes the proof after noting that
A € F,_ was arbitrary. O]

For the proof of Lemma E.3 below it will be helpful to approximate predictable times
with times where the inventories do not jump. That is feasible according to the next lemma,
which is a straightforward generalization of [31, Lemma B.1]. We omit the proof.

Lemma E.2. Let X be an admissible strateqy profile and let 7,0 be predictable stopping
times satisfying T < o < T. There exists a sequence (T,)n>0 of predictable times satisfying

(i) T <1, <o witht,|T as.,
(i) T <7, on {1 <o},
(1) AX. =0 on{r, <o} fori=1,...,N.
In particular, lim,, o AXin =0 on{r <o} foralli.

With this we are ready to prove the following necessary conditions for the jumps of a
best response to a strategy profile X —°.

Lemma E.3. Fiz an admissible strategy profile X and suppose that X is optimal for
Jp(-, X 7). If T is any [0, T]-valued predictable stopping time, then

) A )
<197AX; +3 > AXﬁ) Tgagy =0,  a.s. (E.1)
J#i
and
) A .
(z?TAX; -3 > Axg) lgery =0, as. (E.2)
i

Proof. By predictability there exists an announcing sequence of stopping times 7,, T 7 with
T, < T7on {r > 0} and 7, = 0 on {7 = 0}. Moreover, we can take these times to be
predictable (see [36, Corollary 2.1]). At the same time, for each 7,, we can apply Lemma E.2
to find a sequence (7,,.m)m>o satisfying (i) 7, < 7 < 7 with 7,,,, | 7, as m T oo, (ii)
Tn < Tom o0 {7, <7}, and (iil) AX? =0 for all i on {7, ,, < 7}.
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Applying Lemma E.1 twice and using the absence of jumps at 7, ,, on {7, < 7},

T Tn,m
E )\/ 6_57'7L,m_t|dX;+)\/ B(Tn,m— ZdXJ
0 0 J#
+ ("“97—”,7” AX”TL'n’m + Z A Tn m> ]]'{Tn,m:T} ‘FT'VL_
J?él

N R V- ‘ A '

=E |\ e Plm—t dXZJr)\/ —hAlTn—t dX] + 9. AX? — AXT |\ F. _
L J#i J#
Ny T B ‘ A '

=E |\ e Pt Xt 4+ )\/ e plr=t dX] +9,AX" + = AXI\F. _|.

We focus on the first and last expectation in this chain of equalities. Taking m 1 oo we get,
by the dominated convergence theorem,

T—

T Tn
A /0 e P dX] + 147, <y A / —Blrn—) ZdXﬂ + 1gmen A / e PN " dx]

T T 2 T {’T T

f]
J#i
Lty T B ' A '
A TATTHAXT + A AT dX] + 9, AXE + = AX |\ F. _|.
/Oe t+/oe > dxi+ T+227n
Here, we have used that lim,,_, AX;R =0on {r, <7} for all  and AXZ = AX! on

i J#
{7, = 7} for all i. By definition of the announcing sequence we have {7, = T} = {T = 0} SO
T T
' " , A :
)\/ 6—ﬂ|Tn—t|dXZ + ]l{T>O})\/ e_ﬁ(Tn—t) Z ng + (Q?OAXé + E Z AX(J]) ]].{7—:0} ]:7'n—]
0 0 G J#
L Bt gy T Brt) j A '
)\/ e PArtaxi + A/ e Ty dX] +0AXL S Y AXIF
; t ; Z t 2 Z
jF#i J#i
Then, taking n 1 co and applying the dominated convergence theorem for conditional ex-
pectations [12, Theorem 4.6.10],
T ‘ T— . S ;
)\/ efﬁ\rfﬂdth T ]1{7>0})\/0 e*ﬂ(T*t) Z dXtJ + ﬁOAX(Z) + 5 Z AX% ]1{7—:()} fT,

0 j#i j#i
fT] |

E

=E

E

=E

E

=K

T T
\ / e~ P=gxi 4 \ / AN AX] + 0. AXE+ 5D AX]
0 0

J#i JF

fT_] o

Rearranging shows that

i, A :
(ﬁTAXT +3 Z AXﬁ) Tir>0y

JF#i
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In view of the predictability of X we recover (E.1).
On the other hand, we can once again choose a sequence of stopping times 7,, | 7 satisfying
the conditions of Lemma E.2 with the choice of 0 = T. Applying Lemma E.1 we have

T Tn— . . .
)\/ 6_5|Tn_t|dXt¢ i )\/ o~ Brn—t) Zng 4 <19TAX} + % ZAX%) I fT—]
0 0

JFi JFi
fT_] |

E

T T—
=E |\ / e PImtd Xt 4+ A / e PN " ax] + 9, AXE + g > Ax]
0 0

J# J#i

Passing to the limit, by the dominated convergence theorem,
T ' g :
A / e PTHdXT 4+ 1, / e PN " dx]
0 0 —
J#i

T—
g . ; A .
+ <A/(; e B(T—t) ; dXt] + ﬁTAXT + § ; AX%) ]l{TZT}

E

]

T T—
) / e~ P=gxi 4 / e PN AXT 0 AXE 4 5 AXY
0 0 G J#i

=K

;T] |

Subtracting the left-hand side from the right we obtain

i A j
E (19TAXT -3 Z Axg) Tgrer ]—"T_] — 0.
J#
Using predictability once more yields the condition (E.2). O

Proposition 4.1 is a direct consequence of the following, more precise result.

Proposition E.4. Fiz an admissible strategy profile X and suppose X° is optimal for
JB(',Xfi).

(i) The initial and terminal jumps of X satisfy
i A j i A j
DAXG = ZAX(;, IrAXy = -5 ZAX{F.
J#i Jj#i
(ii) If 9y > 0 at t € (0,T) then X has no interior jump at t,
AX! =0, as.

701 there exists t € |0, such that ¥y =0 an oy A > 0, then no optima
1) If th ' 0,7 h that ¥, = 0 and P ki AX] #0 0, th [
strateqy X' emists.

If X 1s a Nash Equilibrium, then there are no interior jumps, irrespective of 9. Furthermore,
if 99 = 0 or vr = 0, then there are no jumps at 0 or T' in equilibrium, respectively.
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Proof. (i) Taking 7 = T in (E.1) and 7 = 0 in (E.2) gives the two equations in the proposition.
(ii) Let ¥ > 0 for some t € (0,7"). Then we can take 7 =t and sum across (E.1) and (E.2)
to get

20,AX;" =0, as.,

which implies the result. (iii) Fix ¢ such that J; = 0 and P (Z#i AX] # 0> > 0. By

Lemma E.3 if X is admissible and optimal for X ¢ then one (or both) of (E.1) and (E.2)
hold at ¢. In this case these read

A ; A ;
B Z AX/1ys0p =0 as. and - B Z AX/Tyery =0 as. (E.3)
J#i J#i
which, as A > 0, implies the contradiction that Z#i Ath =0 a.s.
To characterize the jumps in equilibrium we leverage the concurrent satisfaction of (E.1)
and (E.2) for all i. If ¢, > 0 for ¢t € (0,7, the absence of interior jumps at ¢ follows from (ii).

If ¥, = 0 for t € [0, 7] (note the inclusion of 0 and 7") then in equilibrium we can sum over
i=1,...,N in either (E.1) or (E.2) to get

AN —1) &
T;A)Q _0.

Again, as N > 2 and A > 0 this implies Zf\il AX =0 which, when combined with (E.1)
or (E.2) holding at ¢ for all i (see (E.3)), implies that AX,;” = 0 for all 7. This completes
the proof. n

E.2 Lemma 4.2

Let X* = (X*! ..., X*N) be a Nash equilibrium in the class of deterministic strategies
that are absolutely continuous on (0,7). By Lemma 2.6 it suffices to show that X* is also
a Nash equilibrium in the class of deterministic strategies. Suppose for contradiction that
X* is not a Nash equilibrium in the class of deterministic strategies. Then, there exists a
deterministic admissible strategy Z = (Z;):>¢ satisfying

Jp(Z; X57") < Jp(X5', X5,

By definition of Cp(-) (see (2.5)) it is safe to assume that Zr = 0.

We will approximate Z by a sequence of admissible controls that are absolutely continuous
on (0,7). For concreteness, we will use the Bernstein polynomials B,,(f) defined for functions
f on [0, 1] via the Bernstein operator B,,, n = 1,2,.. .,

B()(1) = Zf (5)(;)ra-omr rep

We extend the definition to functions on [0, 7] via the isomorphism «(t) = t/T" and abuse
notation by still writing B,,(f) for this approximation. Define an auxiliary process Z by

Z, = 7, for t € 0,7) and Zy = Zp_. We define our approximating sequence (Z"),>1 by

Z":=B,(Z)(t) on [0,T) with Z}' = Zy_ = 2" and Z}} = Zr = 0.
We collect here several critical properties of the approximating sequence.
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(a) (Matching Endpoints) By definition of B,, and Z", there is no approximation error at
the endpoints {0—,0,7—,T'}.

(b) (Smoothing) Let TV (+;[a,b]) denote the total variation of a function on [a,b]. The
smoothing property (see [22] or [4, Proposition 4.16]) of B,, gives TV (Z,;[0,7)) <
TV (Z;]0,T)). By additivity of the total variation on intervals and (a), we can extend
this to include any jumps at 0 and 7. That is, TV (Z,; [0—,T]) < TV(Z;[0—,T)).

(c) (Uniformly Bounded) As TV (Z";[0—,T]) is uniformly bounded by (b) and Z} = x'
for all n, we have that ||Z"||« and ||Z" — Z||» are uniformly bounded.

(d) (Consistency) Since Z is cadlag, it only has discontinuities of the first kind. As a result
(see, e.g., [4, Section 4.5.1])

Zi+ Zyy

Z" — ,
2

vt e (0,7).

Since the discontinuities of Z are at most countable, Z" converges to Z almost every-
where. Moreover, by (c) and the dominated convergence theorem, Z" — Z in L.

In view of (a), it is clear that Z" is an admissible deterministic strategy. Moreover, by the
definition of B, it is absolutely continuous on (0,7"). The objective representation in (2.8)
tells us that for Z,

] 1 T T T ,t— '
Jp(Z; X571 = Al 5 / / e ldz,dz, + / / e HIN "X Hidz,
2Jo Jo 0 Jo j#i
1 1 ,
52 2 AXtJAZt> +5 D h(AZ)

Jj#i t€{0,T} te[0,7T

Note that we have enforced in (2.8) the assumption that AX;” = 0 for all ¢ € (0,T) when
i # j. For Z™ we have

) 1 T T T t— )
Jp(Z" X7 = M = / / e Plt=slazrdzr + / / e PN " dX Ay
2Jo Jo 0 Jo i
1 *,J n 1 n
+ 9 Z Z AX;MAZ ) + ) Z D(AZ)?

j#i te{0,T'} te{0,T}

LS Y T S AR :
Y - / / e~Olt=slqzrazn + / / e=0=5) N gx gz
2 0 0 ! 0 0 Z !

J#

+%Z > AXt*’YAZt> +% > 0(AZ).

Jj#i te{0,T'} te{0,T}

In the second equality we have used (a) to identify the jumps at the endpoints with those
of Z.
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Next, we claim that

lim (Jp(Z2™ X5 — Jp(Z; X*7Y)) (E.4)

n—oo

1 T T 1 T T
= lim |[A(= / / e Alt=sldzrdzr — = / / e Pt=laz,dz,
N300 2J)o Jo 2J)o Jo

T pt— , T prt— 4 1
+/ / e’ﬁ(t*s)E :dX:’JdZt" _/ / e’ﬁ(t*S)E :dX;WdZt> -5 } : ﬁt(AZt)2
0o Jo o Jo
)

i i te(0,T

1
=3 > 0(AZ)* <.

te(0,T)

We will prove this by treating each of the integrals in turn. Using Lebesgue-Stieltjes inte-
gration by parts and (a),

T T
/ e Plt=slqzn = e T zn _ o=Btgn _ B/ sign(t — s) 2" Plt=*lds
0 0
T
= —e Pl — 6/ sign(t — s)Zre Plds,  t € [0,T]. (E.5)
0
Repeating this for fOT e Plt=sldZ, gives, using (d), that

T T T
/ e flt=slgzn / e‘ﬁ't‘s'dZs‘SB / 120 — 2 lds < 812" — Z] 1 — 0. (E.6)
0 0 0

To keep notation compact define H}* := fOT e flt=sldzn and H, := fOT e Plt=sldz,. By (E.5)
and dominated convergence, it is clear that H™ (and H) are continuous in ¢t. Moreover, the
uniform estimate in (E.6) shows that |H" — H||o — 0. As a result, by applying (b),

T T
/ HrdZr — / H,dZ"
0 0
At the same time, by Fubini’s theorem and the symmetry [t — s| = |s — ¢|,
T T T T T
/ H,dZ! — / H,dZ,| = / / e Pl=slqz.dzr — / H,dZ,
0 0 o Jo 0
T T T
— / / e Pl=slqzrdz, — / H,dZ,
o Jo 0
T T
- / H"dZ, — / H,dZ,
0 0

< |H" = H|TV (2 [0—,T]) = 0.

< | H" = HllTV (2" 0=, T]) < [[H" = H|[o TV (Z;[0=,T]) = 0.
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Taken together,

T T T T
/ / e Pli=slqzrdzr — / / e Pt=ldz,dz, (E.7)
0 0 0 0
T T
0 0
T T T T
< / HrMZM — / HdZ"| + / H,dZ" — / H,dZ,| — 0.
0 0 0 0

We turn to the final set of integrals in (E.4). Define the function I~* by
t
7= / e PN "dxI, e o, T),
0 i

with I;" = I;" = 0. Notice that this does not depend on Z" or Z, and by our assumption
on X*, I~"is absolutely continuous. By integration by parts (using Z% = 0 and I;* = 0),

T t— ) T ) T ]
/ / e PN " dX I dzy = / 1707y = — / zZrdI;.
o Jo i 0 0

Repeating this for 7, it follows that

T t— T t—
/ / e PIN " dX Az — / / e PN " dX I dZ,
0 0 0 0
T

(E.8)

J#i JF

/ M — 7, dI;
0

where |dI; | denotes the total variation measure associated with I=*. As, by assumption,
I~" is absolutely continuous with finite variation, |dI; ‘| defines a finite positive measure that
is absolutely continuous with respect to the Lebesgue measure. Then, since ||Z" — Z|| is
bounded by (c) and Z" — Z Lebesgue-a.e. (and hence, also |dl*|-a.e.),

T .
< / \Zp — Z,_||dI; ),
0

T
/0 |2 = Zy_| || = 0 (E.9)

by dominated convergence. Combining (E.7), (E.8), and (E.9) proves (E.4).
We conclude

lim Jp(Z™ X*7") < Jp(Z; X*7") < Jp(X* X*70).

n—o0

But then Jg(Z"; X*7%) < Jp(X**; X*7) for n sufficiently large, contradicting the optimal-
ity of X* in the class of strategies that are absolutely continuous on (0, 7). O
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E.3 Lemma 4.3

To derive the characterization in Lemma 4.3 we will make use of the fact that R x L?[0, 7]
is a Hilbert space when equipped with the inner product

((a,v), (a',v")) = ad" 4+ (v,0") 20,17

As in the proof of Lemma 3.1, we will take the Gateaux differential of Jp, but this time in
an arbitrary direction (h,n) € R x L?[0,T]. We begin by taking the Gateaux differential of
the objective Jg(-,;v™") in the direction (0,7) in steps. Observe

. T 0, . 0, . . T o
domb" = — / mdt, and b, (5(a1)2+§(bz)2)—ebw(ombz_— / Bub L.
0 0

Similarly,

t

dom 1t = / e Pt \nyds, tel0,T)

0

and

N
d(0.m) {§(IT + ITW} = 0(0m) [ITbZ +5 ( E bj) b’
Jj=1

. A . ,
= O Ir-b' + Irdo b’ — 5 (Z bm) Somb'.
i

Working now directly with Jp we get

T
5(0,n)j(al, v U_Z) = / [(5(0777)[{0; + nt]t]dt + 5(077))[T_bl + ITCS(O,n)bl
0

A , . r
-3 (Z bJ) Somb’ — / Opbin;dt
0

J#i

T T T
= [ ot + ndlde v [ e gt~ [
0 0 0

T\ . r
+ / 5 SV | mdt — / Oybin,dt
0 0

J#i
. A\ . .
I, — Iy + Abie P00 4 5 (Z b7> — beZ] nedt.

T ) T
= / 5(0777)]151)2(# + /
0 0 j#i

By changing the order of integration, the first term can be written

T . T pt ' T AT '
/ S Lrvpdt = / / e PE=)yin dsdt = / / e PUE=s)yin dtds.
0 0 0 0 s

T
Yti = \ble AT +/ )\e_ﬁ(s_t)vids, tel0,T],
t

If we let
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then the Gateaux differential can be written

Yi+ I —Ir+ = (Z N) — Oy ] n.dt. (E.10)

JFi

T
5(07,])\7(&’,@’;'0—1) - /
0

Next, we take the Gateaux differential in the direction (1,0) € R x L?[0,T]. Note that

o0l = xe ™ te0,T),

0, ... 0 A | | . |
510, (—(a’)Q b(b%) ) = 0o’ + b'5(1. 000" = B0’ — O,

2
and
(510 1.[OCL —1 (510]0ai+/\ a’ﬁ—Zaj :)\ai+éZaj.
(1.0) 15 9 |7(1,0) - 9 L
J#i J#i
Moreover,
5(170) {5 ([T— + IT) b] = 5(170) [[T_b + 5 (b + ; b]) b
i#j

= S0y b + Ip_310)b" + Ab'31 0)b + (ZH) Loy’
i#]
S Iy b — Iy — A — 2 >y
= 0(1,0)d7— T— 2 | 2
i#j
510]Tb—fT+ (ij>

i#]
Putting all this together we find

6(170)j(ai v 'v’i)

= \a' + = Zaﬂ / S0y lvidt + 8oy Ip b — Ip + = (ij>+9a—9bb’

J#z i#]
=\a' + = Za] / Avie Ptdt 4+ Xe PTH — Ip + = (Z H) + Oqa’ — O,b.
J?ﬁl i#£j
Rewriting the last equality yields
5(1 0)j(ai Ui‘ v_i) = ]0 — ]T + Yo + Gaai - é Z CLj + é Z bj - be’ (E.ll)
7 - 2 J#i 2 1#]
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Combining (E.10) and (E.11) we get the Gateaux differential in an arbitrary direction (h,7),

e~ A
%mﬂ%“wﬂz(%—h+%+&d—52hua§:w—wﬂh

T
/
0

i A j i

Y L — I+ 5 (ZH) —be] et
J#i

Reasoning as in Lemma 3.1 (see also Appendix B) we have that the necessary and sufficient

first-order conditions for optimality are

, A . ,
Ir=Y/+1+3 (% b]> — 0, tel0,T) (E.12)
JF1

and

]T:W+IO+% (ZH) —9b6i+9aai—% <Zaj). (E.13)
J#i JFi
By symmetry, an equilibrium is achieved if and only if these first-order conditions hold si-
multaneously for all i = 1,..., N. Differentiating (E.12) (note that I and Y are differentiable
almost everywhere by definition) leads to the equilibrium system of ODEs,

0=Y/+1I, i=1,...,N,
Yi=8Y}—X\i, i=1,...,N,

N
Li==BL+X> v}
=1

Writing this in terms of X}, for almost every t € (0,7T),

0=Y+1I, i=1,...,N,
Yi=pY) —AX!, i=1,...,N,

N
jt = _Blt + )‘ZXZ7
i=1
subject to the initial and terminal conditions
N
Ii=A) d, Xp=a'+ad', Yi=MN', i=1..N.
i=1

By rearranging the system we can write it in the standard form reported in Lemma 4.3. More-
over, from that representation we see that any solution to this system must have derivatives
that are equal almost everywhere to continuous functions. Thus, without loss of generality,
we identify the derivatives of the equilibrium I, Y* and X (if an equilibrium exists) with
their continuous versions and interpret the ODE in the classical sense.
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We now turn to the additional consistency conditions that the initial and terminal block
trades must satisfy. Specifically, letting ¢ | 0 in (E.12) and comparing with (E.13) we find
that the optimal a must satisfy

i A j
fa" = 3 Z a’. (E.14)
J#
Sending ¢ 1 T in (E.12) we get

. A . .
Ip = \b' + Ip + 5 (Z b7> — b

JF

By rearranging,

N
‘ D . .
AZb’ = '+ 2 (ZH) — Ol
Jj=1 J#i
which yields
i A j
O’ = —§Zb3. (E.15)
J#i
Moreover, since we require liquidation by 7T,

bV =—-Xi , i=1,...,N. (E.16)

Again, by symmetry in equilibrium, we arrive at the conditions reported in the lemma. Note
that (E.14) and (E.15) are exactly the conditions of Proposition 4.1. In summary, these
ODEs and consistency conditions necessarily hold in equilibrium.

For sufficiency we use that an equilibrium is attained if and only if (E.12) and (E.13)
hold. Enforcing (E.14), (E.15) and (E.16) we have that (E.12) and (E.13) reduce (after some
manipulation) to

Iro— L= —(Yi—Y)) and Ip_ —Ip=—(Yi—Yy).
This must be satisfied if the ODE holds for [ on [0,7) and Y on [0, 7] since

T T
Ip_ —1I, = / Ldt and —(Yi-Y})= —/ Yidt.
t t

The right-hand side of both these equations must coincide by the ODE for all ¢t € [0,T).
Thus, to obtain an equilibrium for the game it is sufficient to solve the ODE for fixed
boundary conditions and enforce the consistency equations (E.14), (E.15), and (E.16) for
the boundaries. O]

E.4 Theorem 4.4

We will prove Theorem 4.4 in stages. First we will fix the boundary conditions and solve the
ODE from Lemma 4.3. Then, we will use the consistency conditions to show conclusions (1)-
(3) for a deterministic equilibrium and derive the form of the equilibrium (when it exists).
Finally, we will show that when a deterministic equilibrium does not exist, neither does an
equilibrium in the full class of admissible strategies.
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Step 1: Solving the ODE for fixed boundary conditions.

Defining the vector F = (I, Y1, ... YN X1 ... X¥) we can write the ODE from Lemma 4.3
in the matrix form

F, = AF,
where

[ 1 —1 —1 —1 -1 0 0]
-1 1 1 1 1 0 0
3 —1 1 1 1 1 0 0
A == ﬁ )\71 (N — 2))\71 —)\71 —)\71 —>\71 0 0
N AL 2! (N — 2))\_1 2! 2! 0 0
A1 2! 2! o (N = 2)>\_1 2! 0O ... 0
A1 -\t 2! o 2! (N — 2))\_1 0 ... 0]

The only non-zero eigenvalue of this matrix is z, = % (. The associated eigenvector is

- N+ly A
o
— ALy
_ N+1
q: = ) )\
1
L1
The remaining (non-zero) eigenvectors are qi1; = eny14; for j = 1,..., N where e; is the

1th Euclidean basis vector. This is the exhaustive set of linearly independent eigenvectors
corresponding to the eigenvalue 0 since the dimension of the solution to the eigenvector
equation

Ag=0q =0
is exactly the dimension of the nullspace of A. We can see that A is of rank N + 1 (as the
first N + 1 columns are linearly independent) and thus, by the rank—nullity theorem the
nullspace has dimension N.

In order to completely characterize the solution to the ODE we must find N additional
generalized eigenvectors corresponding to the eigenvalue (0. These generalized eigenvectors
(QN+1+J‘)§V:1 solve

Agniivj = Qs+, j=1,....N
and must be linearly independent of q;, 7 = 1,..., N + 1. It is easy to verify that we can
take g1 = %[el + ej] for j = 1,..., N. Therefore, the general solution to the matrix
ODE is given by
N

F, = ciqie™ + Z(Cl+jQ1+g‘ + enr(tquyy + qnieg))-
=1
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We now solve for the constants ¢ := (cy, ... ,02N+1)T by enforcing the boundary condi-
tions. Reading off of the equation for F' we get

N N
N+1 A i
Iy =a— AJFEZCN““:AZ“’
i=1 i=1
. N+1 A ;
Yi=—a ;‘AeleWLBCNHH:)\bl» i=1,...,N,

X8:C1+Cl+i:l'z+a2, Z:L,N

Summing the second set of equations over ¢ we find

NN+ ,r A g
_CITAB 1T + E;C]\H_l_ﬂ‘ = /\zzlb .

Subtracting this from the first equation,

N+1 N(N+1), ,p 3
a— A 5 Ae A}ja—w

Solving for ¢, yields

2 Zi]\;(ai —b)
(N +1)(14 NenT)
Substituting this back into the initial equations we find

237 (af — b)
(N + 1)(1 + NemT)’

C1 =

i =1 +a —

and N '
i 2@ =)
CNy1+i = B0 + Be ITW, i=1,...,N.

These define the solution to the ODE uniquely for fixed %, a’ and b, i = 1,..., N.

Step 2: Solving for the deterministic equilibrium.

We now study the conditions that @ = (a',...,a")" and b = (b*,...,b")" need to satisfy.
Our first result characterizes the solution to the system of equations for a and b.

Lemma E.5.

(i) If a satisfies

i A i
0.a :§Za], 1=1,...,N

J#i
then a* = a for alli,j=1,...,N. If, in addition, 6, # 22=1 then a = 0.
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(i) If b satisfies
i A o
0" = —52177, i=1,....N
J#i
then S0 b = 0. If, in addition, 6, # 2 then b= 0.

Proof. Let 1 = (1,...,1)T be the vector of ones and Id be the identity matrix. The system
of equations for @ can be written as Ma = 0 where M = (0, + 3)Id — 411". Similarly, the
system of equations for b can be written as Mb = 0 where M = (6, — 2)Id+ 3117,

If M is invertible then we must have @ = 0. Similarly, if M is invertible, then b = 0. By
the Matrix Determinant Lemma,

N N-1
det(]\/[):(ea—l—%) —N% (Ha—l—%) ,

- AN\ Y A A\ NV

As a function of 6,, the first equation has a root 6, = —’5\ of multiplicity N — 1 and a
w. As a function of #,, the second equation has a root 6, = %
of multiplicity N — 1 and a remaining root of 6, = —w. Since A, 6,,0, > 0, the unique
feasible value of 6, (resp. 6,) that leads to the non-invertibility of M (resp. M) is 6§, = w

(resp. 6, = 3).

remaining root of 6, =

Suppose now that 6, = )‘(N;l) and 0, = % The nullspace of M is characterized by the

1-dimensional space of vectors a taking the form a = cl1, for some ¢ > 0. Similarly, the
nullspace of M is given by the N — 1 dimensional space of vectors b satisfying 176 = 0. This
completes the proof. O

By Lemma E.5 we there must be an a € R such that
N
a=a i=1,...,N, and Zbizo.
i=1

Enforcing the conditions on a and b in the equations for the constants ¢, we get

c 2N«

~ (NT1)(1+Ne=1T)>

RPN ) o 2N« -
1l =T+« DL NET) 1=1,...,N,

_ i Ne?iTq ;o
CNt1+i = B + B NaT i=1,...,N.

Let
2N NexT

Uy = Wy i = ———————

(N+1)(1+ NenT)’

so that we may write more concisely,

C1 = UuUnNQ,
cipi=2+(1—uy)a i=1,...,N
CN+1+i:ﬁbi+ﬁwNOé Z:1,,N
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It remains to enforce the terminal conditions (E.16). Thus, we solve the N + 1 dimensional
system

bi: —X%w_ = — [Clele_’_cl—i-i—'—cN—‘,—l-i—iT} ) 1= 17"'7N7
Zi]il b'=0
for the N + 1 unknowns given by « and b. Inserting the form of ¢,
b= — [(une™” + (1 — uy) + BunT) a + ' + BH'T] .
Let
ry =1+ (T — Duy + BuyT

so that A A A
b' = —rya— ' — Bb'T.

Summing over ¢ and using that Zf\il b* = 0 we have

N
0=—Nryo— Za:l
i=1

This implies
a=—1y'T. (E.17)

Substituting this back in, we get b* = T — a* — Bb'T which yields

) =7
bt = — . E.18
1+ 5T ( )

With this the final solution for the constants is

UN —
c = %x,
; l1—un)— ; — —1 =
cl+i:x’—(TNN)x:(mZ—m)+rN N+“N i=1,...,N,
— B i Bwn = -
CN+1+i——m($—$)—ﬁx Z—l,...,N.
Recalling that
1 z1t .
Xt:C161 + Ci4i + CN+1+i, 2217"'7N7

(N=1)A

we recover (after simplification) the form of X* reported in Theorem 4.4. If 6, =
and 0, = %, then by Proposition 2.4 and Lemma 2.6 this defines the unique equilibrium for
all initial inventories. Hence, we have shown case (1) of Theorem 4.4.

Next, we address cases (2)—(3) for deterministic controls. If 6, # ’\(N;U then Lemma E.5
implies @ = 0. But then (E.17) can only be true if Z = 0. On the other hand, if §, # 3
then Lemma E.5 further requires that b = 0. In order to have a consistent solution, (E.18)
mandates that ' =7 = 27 for all 4, j = 1,..., N. In summary, for cases (2) and (3) we have
derived the unique equilibrium (again by Proposition 2.4 and Lemma 2.6) when the initial
inventories satisfy the stated conditions. We also have that a deterministic equilibrium
cannot exist otherwise by the aforementioned inconsistencies. It remains to show that this

non-existence generalizes to arbitrary equilibria.

50



Step 3: Extending non-existence to the class of admissible strategies.

We will treat cases (2) and (3) of Theorem 4.4 separately.

Case (2): It suffices to show that if ¢y # w and a Nash equilibrium exists, then = 0.

Proposition 4.1 implies an equilibrium system of equations for AX;" and AX7" that
AN-1)

coincides with the one in Lemma E.5. We have assumed 9y # =—5—, so we can conclude

that AXg’i =0 for all 2 and vazl AX:" = 0. Moreover, again by Proposition 4.1, there are
no interior jumps. Then, by Lemma E.1, for all predictable o > 7,

T ‘ o= ‘ DY ,
E | / et gxi 4 ) / P S axy + (ﬁTAX’T+§ZAX§F Lo} | Frm
0 0 — —
i i
T T— ) ) )
- K )\/0 e—BIT—t\dXz + )\/0 e~ Blr=1t) Zng + (ﬂTAXZT + % ZAX%) =7y J_"T_] .
J#1 J#

Recall from Proposition 4.1 that

ﬁTAXT’:—§§ AX7' =0, i=1,...,N.
Substituting this in, and rearranging terms,

J#i
T o— N )
A / e P dxi + ) / e PN " dx] fT_]

T T— N
)\/ eﬁ(tT)dXti—i—)\/ e*ﬁ(r—t)ZdXtJ JT.'T] )

By averaging over i and using that the average process, X, has no jumps,

E

=E

T o
E[/\ / e P=qX, + NX / e PlebgXx,
o 0

7.

T T
= [)\ / e PEdX, + N / e AU gx,
T 0

]—“T_} |
Setting 7 = 0,

T o T
E [A / e P=dX, + NA / e_ﬁ("_t)dyt} =K [A / e_ﬁtdyt} .
o 0 0

Now the right-hand side is just a constant in ¢. Taking o to be any deterministic time in
[0, T, this implies

T t T
E [)\eﬁt / e P dX , + NXe™ / eﬁsdys} =E [)\ / e‘ﬁtdyt}, vt € (0,77
0

t 0
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Integrating by parts and dividing by A,

E{e_ﬁ(T_t)X Xt—l—ﬁ/ X,e™ Stds—l—N( —e—ﬁtxo—ﬁ/ ”deﬂ
=E [eﬁTYT —Xo+7p / eﬂtytdt] , Vtelo,T).
0
Using that X7 =0 and 70 =T we have, after collecting terms,
t J—
IE[( ~- DX, +5/ (=X ,ds — Ne Pz — Nﬂ/ e‘ﬁ(t_s)Xsds}
0
T QE—
=F {—E—I— 5/ e‘BtXtdt} , Vtelo,T].
0

Writing m, := E[X,], Fubini’s theorem yields
T
(N —1)m; + 6/ mee P ds + (1 — Ne Pz — Nﬁ/ A=), ds
¢

= 6/ e Pmydt, vt e0,T].
0

While we already know that m is continuous (by the continuity of X and dominated con-
vergence), this equation further shows that m, is differentiable. Define

T t
Y = / e P Dmds and £, = / e P m ds,
t 0
so that our equation becomes
(N = )mg + Bye + (1 — Ne "Yymg — NS, = Byr, Vit e [0,T].
Differentiating gives a system of ODEs,

ytzﬁyt_mh yT:07
by = =Bl + my, ly=10

Ignoring the boundary condition my = x and solving the system gives the unique solution

N((BI 0N +24 BT —0) ™55 20"
e = B(N+LT z, tel0,T].
(BT+1)N+ BT +3)Ne v~ —N+1

If we now enforce that my = ¥ we get the necessary condition

B(N+1)T

((N5T+5T+2)e N 2) N

(BT +1)N + BT +3) Ne" "1 — N +1

T =T.
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If T # 0 this can only be true if

( B(INAL)T B(N+1)T

(NBT + BT +2) e~ —2>N:((5T+1)N+BT+3)N6 NN+ 1

which, for N > 0, is equivalent to

B(NA+1)
Ne N—1 T _

—1.

However, the left-hand side is clearly positive, and we conclude that T = 0.

Case (3): For case (3) it suffices to show that if 7 # 4 and a Nash equilibrium exists,
then 2! = 27 for all 4, j.

Proposition 4.1 tells us that there are no interior jumps and provides us a system of
equations for AX;" and AX". This is the same system of equations as in Lemma E.5. In
this case ¥ # 3, so we can conclude that AXy" = 0 for all i and AXy" = AX? for all 4, 5.
Then, by Lemma E.1, we have that for all predictable o > 7,

T ) o— . . A .
E [\ / e Aot Xyt + A / e PN " ax; + (ﬁoAXg’z +5 > CAXG | Ligmoy| Fre
0 0 . y
Ve JFi
T ) T— ) N .
—E |\ / eI X 4\ / e PN ax + (ﬁOAXS‘” + 5 D AX | Ly | P
0 0 i J#i

forall 7 =1,..., N. Appealing to Proposition 4.1 once again,

If we substitute this in and simplify,

DoAXY :§ZAXO’], i=1,...,N.
T . g .
E |\ / e Plotla Xt 4+ ) / e PN " dx )
0 0

J#i
fT_]
J#

T T
A / e Prd Xt + A / e PN "X
0

0 j#i

=E

f] 1N

Then, by subtracting any two equations when ¢ # k,

T o
E [A / e Pl Xt — XY — A / e PDa(X — XY
0 0

7|

0 0

T T
=E [A / e Prtd( Xt — XPF) — A / e Prd(X — XF)

]—"T_] |
This implies that

T
E [)\ / e Pl x; — X

T
}'T_} =E l)\ / e Amta(x;t — XM
+ T

+

7.
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Summing over k # i,

T N
A / e PN X = X
ot i=1

E F—| =E

T N
A / e ITHANXT = X))
T+ k=1

|

which is equivalent to

T T
E {A / e P q( X" — Xy) fT} =E {)\ / e PENA(XT — X)) g}
o+ T+
where X = N1 Zf\il X/ . Setting o = T and using predictability we get
T
0=¢"E {)\ / e (X — X)) FT] : (E.19)
T+

Note that the process X*' — X has no jumps since AXS"i =AX,foralli=1,...,N. Hence,
(E.19) implies that

T
0=E {)\/ e P (X — X))

]—"T_} . (E.20)

Let us define .
M, =E {)\/ e*Btd(Xt*’i — Yt)
0

ft} , te€]0,T].

By definition, M is a right-continuous martingale with respect to the filtration F. Taking
limits from below and applying [12, Theorem 4.6.10],

T
Mt— =K |:)\/ e_ﬁtd(Xt*ﬂ — Yt)
0

ft_] , te€(0,7).
Using (E.20) and the predictability of the inventory processes,

t
M,_ :)\/ e Pd(XT =Xy, te(0,T).
0

From this, we can infer that M is continuous on [0,7") and takes the form
t
Mt = )\/ eiﬁtd()(:7Z — 71‘,)
0

The definition of My reveals that the continuity holds on the entire interval [0,7]. Thus
M is a bounded variation and continuous martingale, implying that it must be constant.

Hence, o

0=dM, =ePd(X)" — X,)
from which we conclude that dX,”" = dX,. Since X' = X7 = 0 (recall that inventory
liquidation is enforced by T') we have

T
OzX;”—YT:xi—ﬂ/ d(X;"'—X,)=2"—T.
0

From this we conclude that z° = 7 for all . Hence, 2° = 27 for all 7, j. This completes the
proof of Theorem 4.4. O
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E.5 Corollary 4.6
From Theorem 4.4, we can differentiate X** on (0,7 to get

L 3 BN(N +1)ePvT 4 NI o535
Xt’ :——(sz—f — N1 T.
AT +1 N((BT +1)(N + 1) +2)e’v1T — (N —1)
Moreover, we have
| (N +1) (1+N65%T) gz
AXy' = — T T, AX;'=-— :
N((BT + 1)(N +1) 4 2)e’ 517 — (N — 1) 1+ BT
From this we can obtain the equilibrium impact process,
AN(N + 1) (J%t + Neﬁ%T)
I, = — e z, tel0,7),
N({(BT+1)(N+1)+2)e 1 —(N—-1)
where vir
N | N(N +1) (1 +NeﬁmT)
Aly =\ AX)" = — T
Z; C o N((BT+ (N +1) +2)PVT — (N 1)
and
N .
Al =) AXG =0
i=1
Now, a direct computation (omitted for the sake of brevity) gives Corollary 4.6. m

F  Proofs for Section 5

F.1 Theorem 5.1

We divide the proof into two steps, corresponding to the two claims in the theorem.

Step 1: Strategy convergence.
Note that z; — %B as € | 0. Writing 7, = %6 we conclude
€Z1T -1 eTlT -1

— . F.1
21 1 ( )

On the other hand, we see that zo — —oo as € | 0. So,

LS PPN B S
= e e,
n a+p s —p n+pB m-=p
1 1 et — 1
20T
= —0 d —0, t 0.71].
Yo ZQ+@+22_56 , an 5 , te(0,T]
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The limit of ~;(e*2" — 1)/7229 therefore depends on the ratio of these last two terms. We
have

<2 22 zoT zat
29Y2 = + e —1, and e*"'—1— -1, te (0,7
272 mt B zm—f (0,7]
So,
2t ] 1 1
ne —>—( + eTlT), te (0,7,
Y2 22 n+pf mn—-0

and the limit is 0 if £ = 0. Arguing similarly,

1 2T ﬂ 1 eng N 1 eTlT.

2 —f Y2 22 — f3 T —f

Finally, we see that z3 1 oo as € | 0. Moreover,

e®t — 1

— =T _e=nT 0, tel0,T).

gz3=pPe+ X — A, and

e
When t = T, the latter converges to 1. Therefore,
Ae®t — 1)

gzgesT

ezt —1)

—0, tel0,T), and T

— 1. (F.2)

Applying (F.1)—(F.2) yields that as € | 0,

I513
—1- , te|0,T),
fi o 1= o 1E(0T)
fT — 0,
B8 _nT emt—1 1 1 nT
et + + + e
T1— T T1+ T1—
g1 ﬂﬁTT T e (0.T),
717,36 + Tl + 1+ + 7'1*,36
go — 1.

Rearranging these expressions shows agreement with Theorem 4.4 on (0, 7).
It remains to upgrade the pointwise convergence to locally uniform on (0,77). To this
end, we first claim that f and g are monotone decreasing. As z3 > 0 for all € we have
B+
ft - T S 0
/BT + )\(6Z3 71)

EzZ3€

23T
Turning to g we claim that

/Bp, + ezlt _ :Y_leZQt
_/Bp T + 21T _1 _’y,zy_l ez2T _1 S 0 (F3)

21 Y2 22

g =

Indeed, from the form of z; and 2z, we can see that z; > 0, zo < 0, and z; increases and 2z,
decreases as € | 0. Taking € 1 oo we deduce

z1 > lim 2 :/8, 22<lim22:—,8.
eToo etoo
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These observations allow us to conclude y; > 0 and 7, < 0. Rearranging the expression
for p_, we get
o =enT (22 + B) (21 = B) e 7T — (25 — B) (21 + B)
- (214 B) (= (22 + B) e=2T — (2 — B)) (21 — B)

The denominator is positive by the bounds on z; and 25. As (22 + 8)(z1 — 3) < 0 and
2o — 21 < 0 we have

b > T (z2+8) (21 = B) — (22 — B) (21 + B)

— (@) (= (mt P e = (2 —f)) (21— )
T 28(z1 — )

(21 4+ B) (= (22 + B) e=2" — (22— B)) (21 — B)
Taken together we see that each term in the numerator and denominator of g is positive and
so (F.3) follows.

In summary, the monotone functions § and g converge pointwise to £ and g which are
continuous on (0,7"). By Dini’s theorem, it follows that the convergence is locally uniform.

> 0.

Step 2: Cost convergence.

We first consider the limit of the equilibrium impact cost from Corollary 3.6. Along the lines
of Step 1, it can be checked that as € | 0,

= — 1+ 0T, (F.4)
B g enT—1 1 1
V- ——T + + + et F.5
T —f T1 n+p Tn—p (£:5)
by = p— (¥ + Bo1) + v (F.6)
1 I6] enT — 1 1 1 enT — 1
SN 67'1T €T1TT + + 4 67-1T —>
T — B (7'1—5 T1 n+p -8 (11 + )

+ 62T1T_1 _1( 1 + 1 €T1T)2+ 1 + 1 eT1T
2n(n+p) 2\n+B8 n—p (m+p)? (mn=0)n+p

and
b =4 Bor + A SN 1 TlT(l—FﬂT)—l—ﬁ enT 1 n et T B
=p_ = £ —e : .
2P o Y- n(n+p8) n+p
Using (F.5) and (F.7), we get (after simplification) that ho ¥~ — 1, so
b 1
e : F.
V= 1447 (F8)
A protracted algebraic manipulation of the quantities in (F.5) and (F.6) also yields
(N+1) - 1)
h,  NAN+1) (((6T+ D(N+1)43)e vt — 2000 (Ne% + i))
U2 - (N+1)T 2 (F.9)
(N((BT+1) (N+1)+2)e n1 — (N 1))
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Passing to the limit in the expression of the impact cost in Corollary 3.6 and applying (F.8)
and (F.9) gives the desired convergence to the corresponding term in Corollary 4.6.

We now turn to the instantaneous cost in Corollary 3.6. Once again, a careful accounting
allows us to extract the limits

AN-1)/ 1 12\’
= (P n F.10
ehs = eBp—(V + 0o) +ev0 — 5 <7'1+5+T—5€ > ; (F.10)
= 2_—1_—2z3T A
ehy =eBRRE - BT) + N\e e ™ q3—>§ (F.11)
and
ehs = eBp_=E+€Boo + Amy — 0. (F.12)
Using (F.5) and (F.10), we obtain after simplification,
ebs AN = 1)(N + 1)2(1 + NefniT)2 _—
SYEI gNELp 2 (F.13)
L(N((BT + 1)(N +1) +2)’ AT — (¥ — 1))
Appealing to (F.4), (F.5), (F.11), and (F.12) we similarly find
eby A ebs
—_— . F.14
= " apr+pe M =g 7 (F.14)

Applying the limits (F.13) and (F.14) to the instantaneous cost expression in Corollary 3.6
shows that this cost converges to the block cost in Corollary 4.6 for the specific choice

Oy = 220 and 9y
It remams to sharpen this conclusion in order to show that for any ¢ € (0,7),

8/ (X5 2dt — 9o(AX;")?  and 5/ (X75)2dt — 9p(AXE)2,
0 5

Observe from Theorem 3.5 that

e R} ht 2h;;
(XP) = 5o + 2 =2 + g’ —7)

for the same functions

2 2
)\ z3t
T

Y2 gezT
)\ z3t
— [ﬁp+621t_£€z2t] [ﬂ"’ e T:|
Y2 ge
that arise in the proof of Corollary 4.6. Letting b2’ := f(f hidt for i = 3,4,5 we see that
T 5T 5T 5T
. . ’ ) . 2 ’ .
5/6 (X5 dt = 531—3’252 + d)E—‘;(x’ —7)% + ;hél (2" —7T), (F.15)
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and the analogous expression holds for foé(Xt* 124t
To prove the claim it suffices to show the limit

v 4 Ip(zt — )3
*,6,1\2 #0,\2 _ YT ’_
5/6 (6=t — 2 (AXG) = T

as, by splitting fOT(X: ’E’i)zdt, the remaining limit immediately follows from the convergence
of the full instantaneous cost to the full block cost that we have already shown. To this end
we must evaluate the bf’T. By expanding the product form of the h} and integrating we get

5T ele o ez16 o eZQT o 6225
5T — 5252 (T — §) + 26p_ [— R
21 72 %)
N €2ZIT _ 62215 N f}/% 6222T _ 62225 2,}/1 e(z1+22)T _ e(z1+22)5
22 o 22 V2 z1+ 22

2/8)\(€Z3T _ ez3(5> )\2(€2Z3T _ 6235)

6,T 2

A =BT —§ d

4 5 ( ) + 523623T 25223€2Z3T an

21T _ ,z10 zoT 220
‘éT—ﬁ?p@_a)w[e — - }
Z1 Y2 )
5}\p7 (est _ 6236) by e(z1+z3)T _ 6(31+23)5 o e(z2+z3)T o e(z2+z3)6
+ JE—
gzzesT gezsT [ 21+ 23 Yo Z9 + 23

Once again, carefully passing to the limit in a fashion analogous to (F.10)—(F.12) yields

A
ehd” =0, epi" =2, and epd” — 0. (F.16)

27

Passing to the limit across (F.15) and combining (F.16) with (F.4) and (F.5) completes the
proof. O
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G Table of Constants

Constant | Definition
. AN —1)+4/(N—1)2X2+48e(N+1) A +452¢2
2
. —A(N—1)—4/(N—1)2)2+4Be(N+1)A+42¢2
2 2
zZ3 B + 6_1)\
) _1 _1 . zT C
Vs Zi{rTﬁjLzﬁﬁe , 1=1,2.
b, e =123
qO bge—Z:;T
qi bi36723Ta Z = 17 27 3
e(Fitz)T _ ..
bij #jl? 2W] :17273
0o b, — %52
b1 _ M [
o1 (z148) Y2 (z2+8)
pO €Z1T _ 'ﬂezzT
1 zliy—?_ 71 1 29T
P+ Z1iﬂe Y2 ZQiﬁe
mg q1 — %qQ
m q1 - m q2
1 :1tB) 72 (z245)
¥ b + %522 — 2%512
b M by oy |1 1
o1 (Z1}i-lﬁ) + v% (sz?ﬂ) 'y; 21408 + z2+0 b1o
p po+ Bp- +e 'AN(py +p-)
N o + Bp-T
= BT + Xe~qo
Y p+e ol
§ 23+ e 9=
b1 p—(¥+ Bo1) + 1
b2 p_=+ Bor + e tmy
b3 Bp— (¥ + 00) + 1o
[)4 ﬁ(ZE — ﬁT) + )\28_2€_Z3TC|3
b5 Bp_E+ Boo + Aetmy

Table 1: Main Constants
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