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Abstract

We study the high-frequency limits of strategies and costs in a Nash equilibrium for two agents that
are competing to minimize liquidation costs in a discrete-time market impact model with exponentially
decaying price impact and quadratic transaction costs of size 8 > 0. We show that, for § = 0, equilibrium
strategies and costs will oscillate indefinitely between two accumulation points. For # > 0, however,
strategies, costs, and total transaction costs will converge towards limits that are independent of 6. We
then show that the limiting strategies form a Nash equilibrium for a continuous-time version of the model
with 6 equal to a certain critical value 8* > 0, and that the corresponding expected costs coincide with
the high-frequency limits of the discrete-time equilibrium costs. For 6 # 6*, however, continuous-time
Nash equilibria will typically not exist. Our results permit us to give mathematically rigorous proofs of
numerical observations made in [28]. In particular, we provide a range of model parameters for which the
limiting expected costs of both agents are decreasing functions of #. That is, for sufficiently high trading
speed, raising additional transaction costs can reduce the expected costs of all agents.

MSC classification: 91A05, 91A10, 91A25, 49N70, 91A60, 91A80, 91G10, 91G80
Keywords: Market impact game, transient price impact, Nash equilibrium, high-frequency limit, transaction
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1 Introduction

In this paper, we continue the analysis of a market impact game started in [30] and [28]. In this game,
two agents compete to minimize liquidation costs in a discrete-time market impact model with transient
price impact. Such market impact models are typically used to describe situations in which orders arrive
fast enough to be affected by the reversion of the price impact created by previous trades [7, 26, 2, 4]. The
observations in [30] and [28] show that the qualitative behavior of Nash equilibria in models with transient
impact is drastically different from the one of Nash equilibria in Almgren—Chriss-type models, in which
orders are supposed to arrive slow enough to not be affected by any transient price impact component; we
refer to [10, 31, 12, 29] for analyses of market impact games in the context of the Almgren—Chriss model.
A discrete-time market impact game with asymmetric information was analyzed in [25]. Other applications
of game theory to issues of market microstructures include [8, 9, 11, 22, 19]. General background on
market impact models and the corresponding optimization problems can be found in the book [13], the two
surveys [17, 23], and the references therein.

Specifically, it was shown in [30] and [28] that the equilibrium strategies of both agents typically oscillate
between buy and sell trades, a behavior that is reminiscent of the “hot-potato game” during the 2010 flash
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crash [14]. This behavior can be interpreted as a protection against predatory trading by the competitor.
Oscillations of trading strategies can of course be dampened by adding additional transaction costs for
each trade. To study the effects of transaction costs on equilibrium strategies, [28] introduced quadratic
transactions costs whose size is controlled by a parameter § > 0. Varying 6 leads to a number of surprising
effects. For instance, it was shown in [28, Theorem 2.7] that there exists an explicitly given critical value
0* > 0 such that the equilibrium strategies show at least some oscillations for § < *, whereas all oscillations
disappear for 6 > 0*.

The most surprising observations, however, concern the behavior of the expected liquidation costs. First,
by means of numerical computations, it was illustrated in [28] that the expected costs of both agents can
in some regimes be decreasing functions of the size of transaction costs. That is, all market participants
can be better off on average if additional transaction costs are imposed. Second, numerical simulations
show that, for small 0, expected costs can be (essentially) increasing functions of the trading frequency,
although a higher frequency means that agents can draw from a larger class of strategies and thus should in
principle be able to apply more cost-efficient strategies. This picture changes, however, if transaction costs
are increased. If 0 is sufficiently large (e.g., if § > 6*) the expected costs become decreasing functions of the
trading frequency.

The two phenomena described in the preceding paragraph can again be explained by the need of protect-
ing against predatory trading. First, an increase of transaction costs discourages predatory trading so that
both traders need to take fewer precautions and thus can use more cost-efficient strategies. The correspond-
ing savings can exceed the extra expenses in transaction costs and thus lead to an overall reduction of costs
for all market participants. Second, an increase of the trading frequency also increases the opportunities
for predatory trading so that additional protective measures need to be taken if transaction costs are small.
The cost of these measures can outweigh the benefit of higher trading frequency, thus leading to an increase
of the expected costs. The situation changes if predatory trading has been sufficiently discouraged through
higher transaction costs. In this case we observe the usual decrease of the expected costs as a function of
the trading frequency.

One of the main goals of the present paper is to provide mathematical proof and justification for the
numerical observations made in [28]. Our main corresponding result will be Corollary 3.3, which provides
a range of model parameters that are sufficient for the expected costs of both agents to be decreased by
raising additional transaction costs.

The proof of Corollary 3.3 is based on a thorough analysis of the behavior of equilibrium strategies
and expected costs in the high-frequency limit, which is also interesting in its own right and exhibits a
number of surprising features of our market impact game. In Theorem 3.1 we will study the asymptotics
of the accumulate equilibrium strategies. We show that, for § = 0, these strategies oscillate indefinitely
between two limiting curves, which we identify explicitly. For all 8 > 0, however, the strategies converge to
continuous-time limits that are given explicitly and are independent of #. This result will also be needed as
input for the proof of Theorem 3.2, which deals with the asymptotics of the expected costs in equilibrium.
Theorem 3.2 states that, for § = 0, the expected costs oscillate indefinitely and in the limit have exactly two
distinct accumulation points, which are given in closed form. Again, the picture is different for 8 > 0. In
this case, the expected costs converge to an explicit limit that is independent of . A comparison between
this limit and the two accumulation points for § = 0 then yields the above-mentioned Corollary 3.3.

The convergence of the equilibrium strategies and costs raises the question whether the limiting strategies
and costs can be associated with a continuous-time version of our market impact game. A corresponding
continuous-time setup is provided in Section 3 by drawing on the existing literature for continuous-time
market impact models with transient price impact [16, 18, 27, 24, 3, 1]. Theorem 4.5, our corresponding
main result, states that, for # equal to the above-mentioned critical value 6*, there exists a unique Nash
equilibrium that consists exactly of the limiting strategies found in the high-frequency limit of our discrete-
time market impact game. Moreover, the expected costs of that equilibrium are equal to the high-frequency
limits of the discrete-time costs (Corollary 4.6). However, Theorem 4.5 states also that for # # 6* no Nash
equilibrium exists if at least one agent holds nontrivial inventory. Preliminary versions of the results from
Section 3 and their proofs were stated earlier in the third author’s doctoral dissertation [34].



To sum up, we show that, for § = 0, equilibrium strategies and costs will oscillate indefinitely and not
converge to any limit. For 6 > 0, however, both strategies and costs will converge towards limits that are
independent of . These limits also appear in the unique continuous-time Nash equilibrium for 8 = 6%,
which is essentially the only Nash equilibrium that exists in continuous time.

This paper is organized as follows. In Section 2 we recall the setup and the main results from [28] in the
form in which they are needed here. In Section 3 we state our asymptotic results on the high-frequency limits
of equilibrium strategies and costs. Continuous-time Nash equilibria are discussed in Section 4. Section 5
prepares for the proofs of our main results by algebraically establishing explicit formulas for the discrete-time
equilibrium strategies; the corresponding main result is Theorem 5.4. The sections in the appendix contain
the proofs of our main results.

2 Preliminaries

Let us briefly recall the setup and the main results of [28] in the special form in which they will be need
here (the setup of [28] is more general). We consider two financial agents who are active in a market impact
model for one risky asset. Price impact will be transient and modeled by means of the exponential decay
kernel,

G(t)=Xe ", t>0,

where p > 0. There is no loss of generality in taking A = 1 for the remainder of this paper, as all other
quantities can be scaled accordingly. Transient price impact was proposed in [7], and the first analysis of a
model with exponential decay of price impact was given in [26]. See, e.g., [2, 16, 4, 18, 27, 24, 3, 1, 15] for
further analyses and extensions of this model, which is sometimes called a propagator model.

If none of the two agents is active, asset prices are described by a right-continuous martingale S° =
(S9)1>0 on a filtered probability space (€2, (%)i>0,-F,P), for which (F;)i>¢ is right-continuous and % is
P-trivial. The process S° is often called the unaffected price process. Trading takes place at the discrete
trading times of a time grid T = {to,t1,...,tn}, where 0 = tp < t; < --- < ty = T. Both agents are
assumed to use trading strategies that are admissible in the following sense:

Definition 2.1. An admissible trading strategy for T and z € R is a vector ¢ = ({p,...,(y) of random
variables such that each (; is .#,-measurable and bounded, and z = (p + --- + (n§ P-a.s. The set of all
admissible strategies for given T and z is denoted by 27(z, T).

For ¢ € 27(z,T), the value of (; is taken as the number of shares traded at time ¢;, with a positive sign
indicating a sell order and a negative sign indicating a purchase. Thus, z is the inventory of the agent at
time 0 = tp, and by time ty = T the agent must have a zero inventory. The assumption that each (; is
bounded can be made without loss of generality from an economic point of view.

If the two agents apply the respective strategies & € 2 (z,T) and n € 2 (y,T), the asset price is given

by
SEM =8P =3 e (g + ).
tp<t
Based on this definition of an impacted price process, one can derive the following definition of transaction
costs for each of the two agents.

Definition 2.2. Suppose that T = {t¢,t1,...,tn}, z and y are given. Let furthermore § > 0 and (&;)i=o,1,...
be an i.i.d. sequence of Bernoulli (3)- dlstrlbuted random variables that are independent of o({J;>q #t). Then
the costs of £ € 2 (z,T) given n € Z (y,T) are defined as

N
Grleim) = 259+ 30 (St - 5876+ )+ 067) 1)
k=0

and the costs of i given £ are

N
Gr(nl¢) = ySo+ ( ) e — SEM + (1 — 1) G(0)&kmi + 9771%)- (2)
k=0



In the preceding definition, ¢ is a random variable that determines whether the first or the second
agent’s order is executed first, when both agents place orders at the same instance. In addition to the
endogenous liquidation costs, each trade (i also incurs quadratic transaction costs of the form 0{,%, whose
size is determined by the parameter § > 0. Such quadratic transaction costs are often used to model
“slippage” arising from temporary price impact; see [6, 5] and [16, Section 2.2]. Nevertheless, proportional
transaction costs might be more realistic in many situations, and so the question arises to what extend
results will change when the quadratic transaction costs 95,3 are replaced by (piecewise) linear transaction
costs. This question will be discussed in Remark 2.5 below.

As usual, for a given time grid T and initial values z, y € R, a Nash equilibrium is a pair (£*,n*) of
strategies in 2 (z,T) x £ (y, T) such that

* | ook : * * | &k . *
E[%r (& ") ] —€Eﬁ§O7T)E[<€T(£In )l and  E[%r(n"[€7)] —ne;}ﬂ&mlﬁl[%(nlé )]-
This definition assumes implicitly that each agent has full knowledge of the other agent’s initial inventory
(z or y, respectively) and strategy (£* or n*, respectively).

The existence of a unique Nash equilibrium in the class of deterministic strategies and with § = 0 was
established in [30, Theorem 9.1]. This result was then extended in [28] to general decay kernels, adapted
strategies, and arbitrary 8 > 0. Even more importantly, an explicit formula for the equilibrium strategies
was given that allows for the qualitative analysis of equilibrium strategies and costs, which will be continued
in the present paper. We now recall this existence result from [28] in the specific setting of exponential
decay of price impact and for the equidistant time grids,

kT
Ty = {F‘kzo,l,...,N}, N=23...
To this end, we fix N and we define the lower triangular (N + 1) x (N 4 1)-matrix T by
0 if 1 < g,
(T)yy =< 1/2 if i = 7,
e PU=DT/N if > j.
We then denote the transposition of matrices and vectors with the symbol T, and let
F:=T+T"

be the so-called Kac-Murdock—Szegé matrix. Let Id denote the (N + 1) x (N 4 1)-identity matrix and 1
the (N + 1)-column vector that contains only ones. Define the (N + 1)-column vectors

vi=(T+T+201d)""1  and w:= (I -T+201d)"'1;

both vectors are well-defined by [28, Lemma 3.2]. In Theorem 5.4 we will derive closed-form representations
for both v and w. Let furthermore

1 1
V= v and W= oW (3)

denote the corresponding normalized vectors; again, the denominators are nonzero by [28, Lemma 3.2].

Theorem 2.3 (Theorem 2.5 in [28]). For any p > 0, 8 > 0, time grid T, and initial values x, y € R,
there exists a unique Nash equilibrium (£€*,m*) € Z (x,T) x Z (y,T). The optimal strategies £ and n* are
deterministic and given by

1 1 1 1
5*:§(x+y)v+§(x—y)w and n*zi(x—l—y)v—ﬁ(:c—y)w.



It was observed in [30] and [28] that, for vanishing transaction costs (i.e., § = 0), the equilibrium
strategies may display strong oscillations with alternating buy and sell trades. These oscillations can be
interpreted as a protection against predatory trading by the competitor [30, 28]. When transaction costs
increase, these oscillations are dampened and they finally disappear when transaction costs reach a specific
critical level 6*. This is the content of the following result from [28] for the specific case of exponential decay
of price impact.

Theorem 2.4 (Theorem 2.7 in [28]). The following conditions are equivalent.
(a) For every N € N and p > 0, all components of v are nonnegative.
(b) For every N € N and p > 0, all components of w are nonnegative.
(c) 0 >60"=1/4.

A very surprising numerical observation made in [28, Section 2.4] is that the expected costs of both
agents can decrease when transaction costs increase; see Figure 1. Economically, this phenomenon can be
interpreted as follows. An increase of transaction costs leads to a decrease of predatory trading. Therefore,
both traders need to take fewer precautions against predatory trading and thus can use more efficient
strategies. The savings from the preceding effect can sometimes exceed the extra expenses in increased
transaction costs, thus leading to an overall reduction of costs for all market participants. An additional
effect is that an increase of transaction costs reduces the volume that is traded and thus can “calm the
market”.

One of the main goals of the present paper is to give a mathematical proof and a quantitative analysis
of the above-mentioned numerical observation from [28, Section 2.4]. To this end, the following sections
will analyze the high-frequency limit of equilibrium strategies and costs, i.e., the limit when N 1 co. Before
that, however, we conclude this section by recalling a discussion from [28] on how results might be impacted
if our quadratic transactions were replaced by (piecewise) linear ones.

Remark 2.5 (Quadratic versus proportional transaction costs). It was shown in [28, Proposition 2.6] that
in the context of Theorem 2.3 there exists a piecewise linear function 7 of the form

M
r(Jz]) = folal + 3 Ou(le] — ), (I 4)
k=1

with certain coefficients ; > 0 and thresholds 0 < ¢; < - - - ¢jr such that (£*, 1) is also a Nash equilibrium
in Z(z,T) x Z(y,T) for the the modified expected cost functional in which the quadratic transaction cost
function x + 622 in (1) and (2) is replaced with x + 7(|z|). Transaction costs of the form (4) can model
a transaction tax that is subject to tax progression. With such a tax, small orders, such as those placed
by small investors, are taxed at a lower rate than large orders, which may be placed with the intention of
moving the market. Moreover, since the main difference of quadratic and proportional transaction costs
is their behavior at the origin, one may guess that similar results as recalled in this section for quadratic
transaction costs and fixed N might also hold for proportional transaction costs. Nevertheless, the function
7 for which the above-mentioned result holds depends on all model parameters and in particular on N.
We can therefore not expect that the limiting results obtained in the following sections remain valid if our
quadratic transaction cost function is replaced by proportional transaction costs in a neighborhood of the
origin. Indeed, in the limit N 1 oo, individual trades of the equilibrium strategies can become arbitrarily
small, and so the differences between quadratic and proportional transaction costs become crucial.

3 High-frequency limits for equilibrium strategies and costs

Let us introduce
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Figure 1: Expected costs E[%T, (§|n)] as a function of trading frequency, N, for § = 0, § = 0.05, and
0=0"=1/4ifpI'=1andz=y=1.

and the renormalized strategies

nt

Vt(N) :zl—ka and Wt(N)zl—Zwk, 0<t<T,
k=1 k=1

where v = (v,...,vn41)! and w = (w1,...,wxy1) ! are as in (3). To keep the notation simple, we will

not make the dependence of v, w, and of many other quantities on N explicit. Our first main result will

deal with the asymptotics of V) and W),

Theorem 3.1 (Asymptotics of strategies). The renormalized strategies V) and W) behave as follows
as N 1 oo.

(a) If 0 >0, then VO(N) =1 and

N T (6p (T —t) +4) — 4e3

0<t<T.
2e3T (3pT 4+ 5) — 1 ’ -

V;(
or 0 =0, we define the functions f+,g+ : (0,1 — Y
b) For 6 =0 define the functions f 0,7]—-R b
-1
fe () = (266PT (3pT 4 5) + 3T + 3pT + 7) ( + 33Tt 4 3271 4
+ 87T (6p (T — 1) +4) + 3p (T — t) + 2637 + 4¢3t — 4e30(T+) 4 3),
-1
g () = (266"T (3pT + 5) — 3¢3T — 3pT — 7) ( + 33T 4 ge3p(2T—1)
+ e80T (6p (T — t) +4) — 3p (T — t) — 2637 — 4¢3t — 43T+ _ 3).
Then VO(N) =1, and for 0 <t < T the sequence (Vt(QN) )NeN has exactly the two cluster points fy (t)
and f_(t), and (Vt(ZNH) )NeN has exactly the two cluster points g4 (t) and g—(t).

(c) If 0 > 0, then
(N) p(T—t)+1
We = e

(d) For @ =0, we define the functions p+,vy : [0,T] — R by

0<t<T.

)

1+ p(T —t) £ e T

t) :=
p(t) 1+ pT +e T
14 p(T —t) £ e T
wﬂ:(t) = 1( ) —poT
+pl'—e P
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Figure 2: Convergence of ‘/;(75) (blue) to V' (red) for small but nonzero 6 (left) and large 6 (right).
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Figure 3: W0 (left) and V9 (right) in blue for = 0, together with the corresponding limits of oscillations
from Theorem 3.1 (b) and (d) in red.

Then Wq(ﬂN) =0, and for 0 <t < T the sequence (Wt(QN))NGN has ezxactly the two cluster points ¢4 (t)
and p_(t), and (Wt(2N+1) )NeN has exactly the two cluster points 14 (t) and ¥_(t).
Note that the limits in parts (a) and (c) of the preceding theorem are independent of the particular value

of # > 0. A similar effect occurs in the asymptotics of the expected costs, as can be seen from part (a) of
the following result.

Theorem 3.2 (Asymptotics of expected costs). For z,y € R and N > 2, let €N) € 27 (2, Ty) and
nW) e (y, Tn) be the corresponding equilibrium strategies.

(a) If 0 > 0, then

2 6pT - 3pT _
lim E [%N(ﬁ‘mln(m)} ety (366 ST 1) 602 3> it (z—y)° .
Ntoo 16 (2¢%T (3pT 4+ 5) — 1) 2(pT+1) 16 (pT +1)
(b) If 0 = 0, then
(z +y)? (666’)T + 3) 22— 2

lim E %, (£CM )] — ,
Ntoo [Goan (€ ) 2 (25T (3pT 1 5) + &% 1 3pT +7) | 2 (=T + pT + 1)

and

(z +1y)* <666pT — 3) ) 22 — g2
2 (29T (3pT 4 5) — 33T —3pT —7)  2(—e T +pT +1)

: N N
JlflTrciloE |:C€T2N+1(£(2 +1)|’7(2 +1))} =

7
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Figure 4: Regions of (z,y) € [~5,5] x [~5, 5] for which the limit of the expected costs E[%T, (€N ()]
for 0 = 0* = 1/4 is strictly lower than the limit inferior of the expected costs if § = 0, for pT" = 0.69 (blue),
pT = 3 (green), and pT" = 6 (orange).

With the cost limits stated in the preceding theorem, we can now prove in a mathematically rigorous
fashion that increasing the transaction costs level 6 can sometimes lower the expected costs of all market
participants. This statement is made precise in the following corollary and illustrated in Figure 3.

Corollary 3.3. Let x = y and pT > log(4++/62/2)/3 ~ 0.69. Then the limit of the expected costs
E[%T, (EM N for 6 > 0 is strictly lower than the limit inferior of the expected costs for 6 = 0.

In our analysis, we have considered the high-frequency limit N 1 oo while taking all other model pa-
rameters, notably p, as constant. In reality, one might expect that an increase of the trading frequency also
leads to a more resilient market. That is, p might increase with N. Note that Corollary 3.3 requires only a
condition of the form p > ¢ for some constant c. Therefore we can expect the conclusion of Corollary 3.3 to
be robust if the framework is replaced by a variant in which p increases with N. Moreover, it was observed
numerically in [28] that, for fixed and finite N, the expected costs E[%T, (§¥)|n¥))] can be a decreasing
function of @ as long as 6 remains sufficiently small.

The quadratic transaction costs in our model can also be interpreted as a quadratic transaction tax,
with 0 > 0 acting as the tax rate. Corollary 3.3 shows that such a tax can sometimes make everyone better
off and also generate some additional tax revenue. To analyze the tradeoff between the generation of tax
revenues and additional costs in greater detail, we introduce the following definitions.

Definition 3.4. If N € N, the tax rate is #, and £€V) € 2°(z,Ty) and n¥) € 2°(y, Ty) are the corre-
sponding equilibrium strategies, the total tax revenues are

TRy = g(s(N))TE(N) + 9(77(N))T,7(N)
The total costs are defined as
Cy(6) := El¢r, (6™ |In™)] + Elz, (n ™€),
and the total tazation costs are

TCy = On(6) — O (0).

The asymptotic behavior of the total taxation costs TCy is known from Theorem 3.2. For the asymp-
totic behavior of the total tax revenues, we have the following result. It shows that the tax revenues are
asymptotically independent of the tax rate 6 and that they dominate the total taxation costs; see also
Figure 5. In this sense, it is beneficial in our model to levy a small transaction tax.



Figure 5: Total tax revenues, TRy, and total taxation costs, TCy, for N =2,...,100 and x = 1, y = 1/2,
pT' =1,and 0 =0* =1/4.

Corollary 3.5. For 6 > 0 and initial positions xz,y € R,

(x4 1)29(1 + 2¢3°7)2 (x —y)?
TRy — N 4+ oo.
N A 2T (5 apm)E s N T

Moreover,

2
(z+y)?3 (263PT + 1) (3(pT +3) + 2e%°T(3pT + 5) — 3T (12pT + 19))
2 (1 — 2e3T(3pT + 5))* (3pT + €T + 2¢99T (3pT +5) + 7)

liminf(TRy — TCy) =
NToo ( N N)
and this expression is always nonnegative and strictly positive if x # —y.

4 Nash equilibrium in continuous time

In view of the convergence results from the preceding section, it is natural to ask whether the obtained limits
are possibly related to a Nash equilibrium in a continuous-time extension of our model. To this end, we now
introduce a continuous-time version of the primary model. Previous versions of this section’s statements
and their proofs were first stated in the third author’s doctoral dissertation [34].

4.1 Definition of admissible strategies and Nash equilibria

We first define admissible strategies in continuous time. Various definitions of such strategies have been
given in the literature [16, 18, 27, 24, 3, 1]; here we use the one from [24], where strategies are right-
continuous but may jump immediately at time ¢ = 0 and thus need a starting value Zy_ = z immediately
before time ¢t = 0.

Definition 4.1. A strategy (Z:):>0— is called admissible, if it satisfies the following conditions:
o (Zi)t>0 is adapted to the filtration (%;)¢>o;
e the function t — Z; is P-a.s. right-continuous and bounded;
e the function t — Z; has finite and P-a.s. bounded total variation;
e there exists 1" > 0 such that Z; = 0 P-a.s. for allt > T.

We denote the class of all admissible strategies Z with initial value Zy_— = z and time horizon T by

2 (2,10,T]).



SX’Y

If two agents use the admissible strategies X and Y, the affected price is defined as

Sl =S+ / e P79 dX, + / e P79 dy,
[0,t) [0,t)

where the integrals are Stieltjes integrals. As in [24], our definition of the liquidation costs in a two-
player setting will be motivated by a discrete-time approximation. To this end, let X € 2 (z,[0,T]),
Y € 2 (y,[0,T]), and N € N be given. For ¢} := kT/N € Ty, we define the following discretized trades

& =Xo—Xo- and & :=Xn—Xn fork={1,2,....N}
N.=Y,-Y,. and nly::xﬁﬁ_nﬁ’,l for k={1,2,...,N}.
Then ¢V € 2(2,Ty) and " € 2 (y,Tn). Furthermore, for each N € N let (el )ke{01 LN} be a se-

quence of i.i.d. Bernoulli (3)-distributed random variables that are independent of O‘(Ut>0 Ft). According
to Definition 2.2, we have,

@, (€NY) =a Sy +Z( S + el el +0(e)?).

1 N N
o) =y + Y (502 = & 0l + (1 =)l ni +6(ni)?).
k=0

In the following lemma, we obtain the convergence of the expected liquidation costs. Its proof is analogous
to the one of [24, Lemma 1] and hence omitted.

Lemma 4.2. As N 1 co, we have

E(¢r, (€ n")] —>EB [ eraxaxis [ [ etdaviax,
(0,77 J[0,T] 0,77 J10,)

1
+5 Z AXAY; + 6 Z (AXt)Q]-
te[0,7) te[0,7]

Clearly, by interchanging the roles of X and Y in the preceding lemma, we obtain the convergence of
the expected costs E[¢T, (n™V|¢"V)]. Motivated by this lemma, we can now state the following definition.

Definition 4.3. Given initial asset positions z,y € R and T > 0, the liquidation costs of X € 2 (z,[0,T)])
given Y € 2°(y,[0,T]) are defined as

F(X|Y) = / / e Plslax, dx, + / e P9 4y, dX,
[OT [0,T7] [0,T] J[0,t)

+§ Y AXAY +6 Y (AXy)?
te[0,T] te[0,7)

We can now define the concept of a Nash equilibrium in this continuous-time setting.

Definition 4.4. For a given time horizon [0,7] and initial asset positions z, y € R, a Nash equilibrium is
a pair (X*,Y™) of strategies in 2 (z,[0,T]) x Z (y,[0,T]) such that

E[Z(X*|Y")] = inf E[¢(X|Y* d E[€(Y*X")]= inf E[Z(Y|X™)].
(€)= et E[E(XY)] and E[F(VX)] = inf o E[#(Y]X")]
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4.2 Existence and nonexistence of a Nash equilibrium

The following result gives a complete solution to the questions of existence, uniqueness, and characterization
of Nash equilibria in continuous time. It states in particular that a Nash equilibrium exists for all initial
positions z,y € R if and only 6 is equal to the critical value 8* = 1/4; in this case, the Nash equilibrium is
unique and given by the continuous-time limits of equilibrium strategies derived in Theorem 3.1 for 6 > 0.

Theorem 4.5. Let p >0, T >0, and x,y € R be given.

(a) For 8 = 0* = 1/4, there exists a unique Nash equilibrium (X*,Y*) in the class Z (z,[0,T]) x
2 (y,[0,T]) of adapted strategies. The optimal strategies X* and Y* are deterministic and given
by

1 1 1 1
X =g@+yVitgl@—pW,  and Y= (wty)Vi- gl — )W (5)

where

T (6p(T —t) +4) — 437t

Vi 26307 (3pT +5) — 1 ftel0.T], and Vo =1,
p(T—t)+1
=— T _=1 =0.
Wy T 1 ift €[0,T), Wy ,and Wp =0

(b) For 6 # 0*, a Nash equilibrium exists if and only if x =y = 0, in which case the Nash equilibrium is
unique and the equilibrium strategies vanish identically.

A natural question in view of Theorem 4.5 (a) is whether the convergence of the discrete-time expected
costs, as observed in Theorem 3.2 for § > 0, can be interpreted as the convergence toward the costs of the
continuous-time equilibrium. The following corollary answers this question in the affirmative.

Corollary 4.6. For z,y € R, let X* and Y™ be as in (5) and assume that § = 6* = 1/4. Then € (X*|Y™)
is equal to the limit of the discrete-time expected costs in Theorem 3.2 (a).

4.3 Uniqueness and first-order conditions

In this section, we analyze Nash equilibria in continuous time. In particular, we will prove the uniqueness
of Nash equilibria, show that Nash equilibria in the class of deterministic strategies are also Nash equilibria
in the larger class of adapted strategies, and provide a first-order condition for optimal strategies in a Nash
equilibrium extending the Fredholm integral equations derived in [18]. For admissible strategies X and Y,
we define the following expressions,

C(X,Y):= E[/ / e~Plt=slqy, dXt] )
[0,7] J[0,T]

C1(X,Y) ::E[/ / e~ P(t=s) dstXt], Co(X,Y) ::]E[
[0,T] J[0,t)

Z AXtAYt] .

te[0,7

Then,
1 1
E[¢(X|Y)] = SO X) + CLXY) + 5 C2(X,Y) + 00 (X, X)), (6)
A first step toward proving the uniqueness of Nash equilibria is the strict convexity of the map X —
E[#(X|Y)], which is established in the following lemma.

Lemma 4.7. Given T > 0,p > 0, 8 > 0, initial asset positions x,y € R and an admissible strategy
Y € Z(y,[0,T)), the functional E[€ (X|Y)] is strictly convex with respect to X € Z (x,[0,T]).
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Proof. Let o € (0,1) and X° X' € 27(z,[0,T]) be two distinct admissible strategies. Since the function
t — et is positive definite in the sense of Bochner, we obtain

OxX'— X0 x' - X0 = E[/{O . /[O . e Pl tha(x! - X0y a(x} — xP)| > 0; (7)

see [18, Proposition 2.6]. Hence,

ClaX'+(1-a)X%aX'+ (1 —-a)X?)
<ClaX'+(1-a)X aX'+(1-a)X") +a(l —a)C(xX! - X% x! - X0
= 20X, XYY 4+ (1 - a)?0(X% X% + 20(1 — 0)C(X°, X1)

+a(l —a)C0(XH XY - 2a(1 — a)O(XY, X1 + a(1 — a)C (X, X?)
=aC(XL, XY+ (1 - a)C(X% X9).

Moreover, C1(X,Y) and C2(X,Y) are clearly affine in X, whereas Ca(X, X) is convex. The result thus
follows from (6). O

We can now establish the uniqueness of Nash equilibria.

Proposition 4.8. Given T > 0,p > 0, 8 > 0 and initial asset positions x,y € R, there exists at most one
Nash equilibrium in the class Z (x,[0,T]) x Z (y,[0,T]) of adapted strategies.

Proof. We use a similar reasoning as in [28, Lemma 3.3] and [29, Lemma 4.1]. We assume by way of contra-
diction that there exist two distinct Nash equilibria (X°, V) and (X!, Y1) in 27 (x,[0,7T)) x 2 (v, [0,T)).
Then we define for « € [0, 1]

X =aX'+(1-a)X® and Y% :=aV!'+(1-a)Y"
We furthermore let

fla):=E [%(XO‘]YO) +EYYXO) + (XY + (Y XY)

According to Lemma 4.7 and the assumption that the two Nash equilibria (X°, Y°) and (X!, Y'!) are distinct,
f(«) is strictly convex in o and thus has a unique minimum at « = 0. It follows that
h) — f(0 d
)~ £0) _ df(e)

= > 0.
h10 h da la=0+ — 0 (8)

On the other hand, we have

d

- OE[%(X“\YO)] =C(X' - X% X% + 0o (Xt - X070
A la=

1
+ 502()(1 — X% Y% +200,(x! — X0, Xx0).

Taking derivatives of E[€ (Y% X?)], E[¢(X'~¢|Y1)] and E[€ (Y1~ X1)] in the same way gives
df (cv)

da la=0
= Ccx'-xOx' - x9-—cwy'-vYo v -vYY) —cw! -y vl -Y9

- 29(02()(1 XX X0 (v YO Y - YO))

1 1 1
< —§C(X1 - X0 x! - x% — 5C(Yl Yoyl —y0 - §C(X1 - X%yl —v9
<0,

which contradicts (8). O
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The following lemma will allow us to concentrate on deterministic strategies when searching for a Nash
equilibrium. It is similar to [28, Lemma 3.4].

Lemma 4.9. A Nash equilibrium in the class Zget(,[0,T]) X Zyet(y, [0,T]) of deterministic strategies is
also a Nash equilibrium in the class 2 (x,[0,T]) x Z (y,[0,T]) of adapted strategies.

Proof. Let (X*,Y") € Zget(x,[0,T]) X Zaet(y, [0,7]) be a Nash equilibrium in the class of deterministic
strategies. For any strategy X € 27(z,[0,T]), we have

C(X(w)Y") > € (X*|Y") for P-almost all w € Q.

Therefore we obtain E[¢(X|Y™*)] > €(X*|Y™) with equality if and only if €(X|Y*) = €(X*|Y™) P-as.
This shows the optimality of X* within the class 2 (z, [0,T]) of adaptive strategies. Analogously we obtain
the optimality of Y* within the class 2 (y, [0,T]) of adaptive strategies. This completes the proof. O

We now derive first-order conditions for the optimality of E[¢(X|Y")] within the class 2 («x,[0,7]) and
for given Y € 2(y,[0,7]). The first result is the following proposition, which, for our special case of
exponential decay of price impact, extends [18, Theorem 2.11], where, for Y = 0 and 6 = 0, the optimality
of X € Zyer(x,[0,T]) is characterized in terms of a Fredholm integral equation.

Proposition 4.10. Letx,y € R andY € Xyt (y,T') be given. Then a strategy X* € Xget(x, [0,T]) minimizes
the liquidation costs € (X|Y) over X € Zye(x,[0,T)), if and only if there exists a constant n € R such that
for all t € [0,T],

1
/ e Plt=slgxr + / e P8 Y, + ZAY; + 20AX] = 1. (9)
0,71 0.0) 2
Proof. Suppose first that X* minimizes the liquidation costs € (X|Y) over X € Zqet(z,[0,7]). We fix

to,t € [0,T] and define Z € Z4et(0,[0,T]) by Zs = Lig>4) — Lis>s- Admissible strategies Z with initial
value Zy_ = 0 are often called “round trips”. The optimality of X* implies that the function

fla) =F (X" + aZ|Y)
1 1 2
= 5C’(X*,X*) +C(XNY) + §CZ(X*,Y) + %C(Z, Z)+0Cy(X™, X™) (10)

+aC(Z,X*) +aC1(Z,Y) + %CQ(Z, Y) +2a005(Z, X*) + a20C(Z, Z)

has a minimum at « = 0. Here we have used the decomposition (6). Thus,

o &)

da la=0

:/ e~ Plto—s| dx: _/ e—Plt—s| dx: _|_/ e Pto=s) gy, _/ e Pt=5) gy,
[07T] [OvT] [O,to) [Ovt)

1 1
+ 5 A, — GAY + 20AX; — 20AX].

— O(Z, X" + CL(ZY) + %cg(z, Y 4 2005(Z, X*)

Thus, (9) follows if we let
1
n = / e~Plo=sl g x> 4 / e P09 gy, + S AYy, + 20AX].
[0,7] [0,t0) 2

Conversely, we now assume that X* € Xy(z,[0,T]) satisfies (9) and prove that X* is optimal. To
this end, we take an arbitrary “round trip” Z € Z4et(0,[0,7]). Using (10) for « = 1 and the facts that
C2(Z,Z) > 0and C(Z,Z) > 0 by (7), we have

C( X"+ Z|Y)
1
= €(X*|Y) + / ( / e Plt=slax, + / P13l gy, + LAy, + 29AX§) dZs
(0,77 \J[0,1] [0,5) 2

= G(X*|Y) +09(Zr — Zo) = C(X*|Y).
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Since every strategy X € Zget(z, [0,T]) can be written as X*+ Z for some “round trip” Z € Z4.t(0, [0,T]),
we obtain the optimality of X*. d

The following proposition extends the necessity of the first-order condition for optimality to the case of
strategies that are not necessarily deterministic.

Proposition 4.11. Let Y € 2 (y,[0,T]) be given. If there exists an optimal strategy X* minimizing the
expected liquidation costs E[€(X|Y)] in Z (x,[0,T]), then for any [0, T]-valued stopping time T, there exists
an Fr-measurable random variable n such that for every stopping time o taking values in [r,T],

IE[ / e Plo=tlaxy + / e P qy; + 1Ayammxg 3@} =n  P-as. (11)
[0,7] [0,0) 2

As a matter of fact, we can take

1
n:=E { / e AT tax; + / e P70 dY, + ZAY; + 20AX?
0,71 0.7) 2

Proof. For T and o as in the assertion and A € .%,, we define a “round trip” Z € 27(0,[0,T]) by

Z; = ]]-A<]]-{t27—} - ﬂ{tza}>'

Expanding the expected costs E[¢(X* +aZ|Y)] as in (10) and taking derivatives with respect to aw at a« =0
yields the following necessary first-order condition for optimality,

0=C(Z,X*) +Ci(Z,Y) + %cg(z, Y) +2005(7, X*). (12)

By exploiting the specific form of Z, (12) becomes

0=E []1,4(/ (e_p‘T_ﬂ — e_p|“_t|> ax; +/ e ATt gy, — / ePlo=tl gy,
[0.7] [0,7) [0,0)

1
+ 5 (A, — AY,) +26 (AX} - AX) )] .
This implies that for all A € %,
—plo—t| * —p(o—t) 1 *
E 1A( e dXi+ [ e dY; + =AY, + 29AXU>
[0,T] [0,0) 2
1
—E {1 A( / eI tax; 4 / e P70 Y, + ZAY; + zeAX;*)} :
[0,7] 0,7) 2

Note that the right-hand side is independent of . Taking conditional expectations thus gives the result. [J

5 Expressing the discrete equilibrium strategies in closed form

In this section, our aim is to compute the vectors v and w. Our corresponding result will be Theorem 5.4
at the end of this section. It will be needed for the proofs of our asymptotic results.

As in [28], it will be convenient to define
—pT/N

1
and K:=20+ —.

Q=€ 9

Note that we have k > 1/2 with equality if and only if § = 0 and that the critical value 8* corresponds to
k=1
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To compute v, we define the matrix

Bi=(1-a?) (Id+l“’1(1~“+201d)> .

To obtain a more explicit representation of B, recall first that the inverse of the Kac—-Murdock—Szegd matrix

I" has a simple tridiagonal structure and is given by

1 —« o --- 0
—a 14+a* —a 0 .- 0

1 0

0 e 0

- 1
see, e.g., [20, Section 7.2, Problems 12-13]. Thus,
1 —a 0o --- e 0 K 0 e
—a 1+a®> —a 0 e 0 o K 0
) 0 : o2 a
B = (1-a°)Id+
0
: : —a 1+a? —a aN=t oN—2 K
0 ce 0 -« 1 aN o Nt «
1—-2a%+k —akK 0 e 0
—a(k—1) 1+a?(k—2)+Kk —akr 0 0
0 . :
: g 0 —ak—-1) 1+a*(k—2)+k —ak
0 0 —a(k—1) 1—a?+k
Lemma 5.1. For k < N, the k' leading principal minor 6 of B is given by
(Sk = c+m§_ + C—mli;
where, for the real number
R:= \/a4(/<;—2)2—2a2 (2+ (k=1)K) + (k+1)%
the real numbers c+ and m+ are given by
+(1-a®(k+2)+k)+R 1+a?(k—2)+Kk+R
ct+ = ¥ and my = 5 .

Proof. We have

8 =1-2a%+k,
6y = =20 (k — 2) — 202 (k 4+ 2) + (k + 1)2.

For k € {3,..., N}, the kM principal minor, dj, is given by the recursion

ok = (1 +a?(k—2)+ /<;> Op_1 — 2k (K — 1) Op_o.
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This recursion is a homogeneous linear difference equation of second order. Its characteristic equation is
m2—(1+a2(m—2)+ﬁ>m+a2n(n—1):0. (16)

This equation has the two roots, m, and m_.

We claim first that m4 and m_ are real for a € [0,1] and x > 1/2. This claim is equivalent to the
nonnegativity of the argument of the square root in our formula for R. We claim that this is in turn
equivalent to f (t) := 2 (k — 2)* — 2t 2+ (r—1)k) + (k + 1)2 > 0 for 0 < t < 1, where we have replaced
a? by the parameter t. The preceding claim is clearly true for k = 2. Otherwise, f is minimized at
to=02+®k-1)r)/(k— 2)2. We have to < 1 if and only if x < 2/3. In this case, we have f (t) > f (to) =
8(1—r)r/(k—2)% >0 for all t. For k > 2/3 we have to > 1 and in turn f’(£) < 0 for 0 < ¢ < 1. This
gives us f(t) > f (1) =1 for 0 <t <1 and proves our claim that the roots m4 are real.

It now follows from the general theory of homogeneous linear difference equations of second order that
every solution to (16) is of the form ¢; (m)¥4c (m_)*, where ¢; and ¢, are real constants; see [21, Theorem
3.7]). Requiring the two initial conditions (14) and (15) yields ¢; = ¢4 and c2 = c_. O

Lemma 5.2. Define ¢, recursively by
dny2 =1, N1 =1-0a" +k,
and fork=N,N —1,...,2 by
O = <1 +a?(k—2)+ ﬁ) 1 — 2K (K — 1) Pppa.
Then, for k € {2,...,N + 2},
o = dymiT2F gk
where m4 are as in Lemma 5.1 and

(14 (1-a?) ) +R

A = 2R
Proof. Let
Yo =1, Y1 =1-0a’+k, (17)
and for [ € {2,..., N}, let
b= (1402 (5 =2)+ k) ¥ — a?k (k= 1) s, (18)

Then ¢y, = ¢ny2-k. As in the proof of Lemma 5.1 we see that the general solution to (18) is of the form
allml+ + doyml , where m. are as above. Choosing d; = d4 and dy = d_ ensures that the initial conditions
(17) are satisfied and completes the proof O

Lemma 5.3. The matriz B is non-singular and its inverse is given by

(B, = {(an)ji(si_@j“(s;vlﬂ ifi<j, 19)

(a(k = 1) 7965 1¢i103Yy  ifi >,
where dg = 1.

Proof. 1t was shown in [28, Lemma 3.2] that both T" and T' + I 4+ 201d are invertible. Thus, B =
(1—a®)I I + T 4 201d) is also invertible. Note that this implies dy41 # 0, so that the right-hand
side of (19) is well-defined. In view of Lemmas 5.1 and 5.2, the explicit form of the inverse now follows from
Usmani’s formula for the inversion of a tridiagonal Jacobi matrix [33, 32]. O
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Theorem 5.4. The components of w are given by

a(ﬁﬁ_l))NJrlfi

(1—0&)%4-0[(
k(k—a(k—1)) ’

Wi =

forallie{l,...,N +1}. In particular, wy41 = 1/kK.
The components of v are given as follows,

and fori=2,...,N,

i—1
l—«
vi= ((a(/{—l)) biv1+ (1 —a Z (k—1)) j—1¢>z’+1
N+1 j=2

N
1 -« Z - 52-,1(;5]-“ + (Oéli)NJrliZ 511> .
j=i

Proof. The representation (20) was proved in [28, Eq. (16)] (note that our vector w is denoted by w in [28],
that our a corresponds to a'/" in [28], and that A = 1 here).

To prove the formulas for v, note that we have (I'+ T +201d)~'1 = (1 — a?)B~'T'""'1. The result thus
follows from Lemma 5.3 together with the fact that (1 —o®)I™'1 = (1,1 —«,...,1 —a,1)T, which in turn
follows from (13). O

6 Conclusion

We have studied the high-frequency limits of strategies and costs in a Nash equilibrium for two agents that
are competing to minimize liquidation costs in a discrete-time market impact model with exponentially
decaying price impact and quadratic transaction costs of size # > 0. Our results have permitted us to give
mathematically rigorous proofs of numerical observations made in [28]. In particular, we have shown that,
for 8 = 0, equilibrium strategies and costs will oscillate indefinitely between two accumulation points, which
were computed explicitly. For 6 > 0, strategies, costs, and total tax revenues were shown to converge toward
limits that are independent of 6. We have considered Nash equilibria in continuous time and shown that
for 6 > 0 the limiting strategies converge to the unique continuous-time Nash equilibrium for the critical
value 6* and that the high-frequency limits of the discrete-time equilibrium costs converge to the expected
costs in the continuous-time Nash equilibrium. For 6 # 6*, however, it was shown that continuous-time
Nash equilibria do not exist unless both inventories are zero. Moreover, we have provided a range of model
parameters for which the limiting expected costs of both agents are decreasing functions of 6 so that raising
additional transaction costs can reduce the expected costs of all agents.

A Proofs of Theorems 3.1 and 3.2 and Corollaries 3.3 and 3.5

Quantities such as «, v, or w introduced in Section 5 depend on the parameter N of the trading frequency.
For the proofs of our asymptotic results, we need to send N to infinity, but for the sake of reducing formula
length, we will not always make the N-dependence of quantities explicit. For instance, we will write

lim a = lim e ?T/N = 0.
N*too Ntoo
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A.1 Proof of Theorem 3.1

We first prove parts (c¢) and (d) of Theorem 3.1. The proofs of these parts are relatively easy.

Proof of Theorem 3.1 (c). Let 6 > 0, which is equivalent to x > 1/2. We first sum over (20) to obtain that,
forall k >1/2andn=1,...,N +1,

n a(k=1)\n
1 ~ 1)\ NAl—n (ENT
Zwk:[n(l o) )+ o (a(ﬁ )) n(n)}’ (21)
— K (1-a)k+a (1—-a)k+« K @_1
Here we explicitly include the case k = 1/2 for later use. By taking n = N + 1, formula (21) gives
“1)\N+1
1 a (a(m 1)) _1
+ alrw—)
1=—|(N+1 (1 - ) 3 .
¥ H|:( +1) (1-a)k+a +(1—o¢)f<c+a alk=1) 4 }
K
Recalling that a = e ?T/N | we have that
«@
lim (N 1(1—7>: T. 22
ngo( 1 (1—a)k+« i (22)
Since for k > 1/2 we have |k — 1|/k < 1, this gives
lim w'1 = pT + 1. 23
]\}Trgow pd + (23)
Now, with ny := [Nt/T7,
T
(V) _ 1
Wil =1- oy ) e
k=1
Since for t < T we have (2E=L)N+1-nt _ 0 a5 N 4 00, formula (21) gives in this case that
ng
Zwk — pt as N 1 oo
k=1
Putting everything together now yields the assertion. O

Proof of Theorem 3.1 (d). For k = 1/2, the formula (21) simplifies as follows,

n B 20 2aN+2—n((_1)n _ an)
kz::lwk_Q[n(l— 1+a> 4~V Trar , (24)

Thus, for k = 1/2, we get with (22) that

N+1
lim w'l= lim Z wi=e T 4+ pT +1 and lim w'1=—e T 4 pT +1. (25)
N7Too Ntoo “ Ntoo
N even N even =1 N odd
If taking n = ny = [Nt/T'], one easily shows that as N 1 oo,
9 t 204N+27n +1—a"
n(l —— ) n and ( ) — e T (x1 — 7Y,
1+« 2 (1+«)?

Plugging this into (24) and using the definition of W) yields the result of Theorem 3.1 (d) after a short
computation. ]

Now we prepare for the proofs of parts (a) and (b) of Theorem 3.1. We first consider the case k = 1; the
corresponding proof of Theorem 3.1 (a) will be given after the following lemma.
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Lemma A.1. Let Kk = 1. Then

" o (o? =) o\ a(ta) o \N+l-n
Zyi_2+a<(1_a>n+a+ 2(2+a) (2—a2> " 2%a <2_0‘2> -

=1

forme{l,...,N +1}.

Proof. Plugging in k = 1 yields that d; = 2 (1 —a?) (2 — a2)k_1 for k € {1,...,N + 1}, as well as ¢y =
(2- 042)N+27k for k € {2,..., N + 1}. Therefore,

1 2 —a? « N+l 1 « N2
- 1 d  v= 1 (1— 2) .
" 2+a< T3 (2—a2> O el R G A

for i € {2,..., N 4+ 1}. Summing over ¢ = 1,...,n yields the result. O

Proof of Theorem 3.1 (a) for k = 1. Recall that o = e #T/N. Therefore, (1 — a)n; — pt and (2—-a*)™ —
e2ft for all t € (0, 7). Taking limits in (26) yields

i 30T (4€37t — 1) + 6 (pt + 1
Sy C (te ) +6(pt+1). (27)
P 18

Plugging this into the definition of V;(N) yields the result. O

Now we prepare for the proof of parts (a) and (b) of Theorem 3.1 in case k # 1. For the remainder of
this paper, we define the shorthand notation for x € R and m € N,
m. l—«

ON+1

™.

[z]

This notation will be convenient when computing limits of expressions like [z]

Lemma A.2. Let £ > 1/2 and k # 1. Define Cy :=a(1+a)/(k+1—a(k—2)). Then

Me — Q%K
Yw= Y Sl ) (28)

My — QK

t(l-a)n-1 3 cada(mo‘(”_l) 4+ )[mg]N

c—a(k—1) my—akx

oce{+,—}
n—1
CeMy (%) -1
+ Cl ]. —|— Z En " an ) aN [/@]N
oe{+,—} 7
deme <a(:11) _ (a(;l))")
7 7 N
+20h Z me —a(k —1) [ma]™
oe{+,—}
forme{l,...,N}, and
o o 2 - 1
UN+1 = Z o (mg — o (n ~ 1)) [mo)™ +2C1a™ [k — 1]V (29)

ey Mo (k—1)
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Proof. Fori € {3,...,N},

i—1

Z (k—1)) 7651001 (30)
7j=2

Coly N
sale=n{ 3 Ty )
oe{+-} 7
cpd_ (m_)N*! <m+>l c_dy (my)N T (m_>z
+ )+ —=
my (my —a(k—1)) \m- m— (m— —a(k—1)) \my
Z CoMy Z d (my)N T (a (k — 1)>2>
N me —alk —1) 2
vetry Mo T T (ate-n)T N me
and

N . .

> (ar) " 614 (31)
j=i

Ly et v c+dE <m__>N+j (m) . c-d? <m+_>N+j <m>

ver_y Mo = ok my (m— —ax) \m— m— (my —ar) \my

B Z deme Z cr (oz/-i)NJrl <mT>Z

My — OK msr ak )
oe{+,—} Te{+,—}
Since

ak—=1)(m-—ar)+m_ (my —a(k—1)) =a(c—1)(my —ar) + my (m- — a(k— 1))

=mym_ —a’k(k—1) =0,

the second and third summands in (30) and (31) cancel each other out. Simplifying further, we arrive at

B Y= M

oe{+,—}
dome [mo]™ [a(k—1)\" e [K]Y (mo
201 Z a(k—1) ( My + G Z Mo ak )’
oe{+,—} oc{+,—}

for i € {2,..., N}. Similar calculations yield

n=3Y dy (mo — a®r) (mo]™ + Cra [1]Y

My — QK
Ue{"’_v_}
B Co (ma —o? (K — 1)) N N N
UN41 = e%;} e — (1) [(me]™ +2C1a [k — 1]

Noting that

I o

=2 oe{+,—} oe{+,—}
and
coa™ R K] &N (mg : CoMo <(%)n_1*1) N 1N
Y X e () s e
i=2 oe{+,~} oe{+—}
for all n € {2,..., N} completes the proof. O
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The following lemma summarizes the limit behaviour of all objects that we will encounter while obtaining
the limiting strategy and, later, the limiting costs. Recall that n, := [Nt/T']. For a sequence of real

numbers (ay) yey and a real number a, we use the shorthand notation (an)" — %a to state that (an)"* =

(—=1)™ Jan|™ and limy o0 lan|™ = a.
Lemma A.3. For k > 1/2 and k # 1, we have the following limits for N 1 occ.

(a) a — 1 and o™ — e~ Pt;

(b R=>1, ¢t —0, c-—1, dy—1, d-—0, my—kK, and m_ —Kk—1;

C+ C+ 4 c+ C+ .
(c) iR T2 mar 7% m—at b and 1=t — 2K;
d_ 1 d_ 2 d_ d_ i
(d) m_—(k—1) — T m_—a(k—1) — T3 m_—a2(k—1) — —1, and Taz 7 H— L

(e) (1 —a)ng — pt.
If additionally k > 1/2, then also the following limits are true.

(f) (ﬂ)m — 0, (ﬂ)nt — e2rt, (ﬂ)m — 0, (m—;)nt — 0, and (’:n—il)m — etrt.

K K

V=0, kY- T and k-1~ = 0;

4k 7
(h) ((Kli/f) — 0, [T:Clj — 0, and %—w.

If, on the other hand, k = 1/2 then the preceding limits no longer hold. Instead, we have the following.

() (51)" =1, () e, (52) e ()" o e and (52) " e

K K m4
y 2N 1 2N 1 2N edoT 2N edrT
(g ) [m+] — e*6pT+27 [m—] — 266pT+17 [H] — 286pT+17 [K - 1] — QerT+1 )
2N+1 1 2N+1 1 2N+1 etrT 2N+1 et
[m+] — e—6pT (2> [m,] — 2e6pT 11 [K'] 26T 17 and [’V”' - 1] — —2e6pT 117
s my+r—1 2 m_+a?k 2 kta(k—1) 1
W) et 25 metar 3 @d T g

Proof. (a) and (b) are obvious, (c)—(e) follow by applying L’Hopital’s rule. The first statement in (f) follows
from the fact that x > 1/2. To prove the second, write

(m+//<c)N = exp (N log (m+/m)>
and apply L’Hopital’s rule. The third statement follows directly, since
(r—1)/K)"™ = (my/r)™ ((k— 1) /my)"™ = 0.

The fourth and fifth statements can be proved in a similar fashion. With regard to (g) and (h), recall that

l—«
ON+1
-1
cy (1 —a? 4 g — 2rle=1) c_ ((1 —a?+r)m_ — o’k (k — 1))
= —— (m)" + (m_)¥
-« m—(1—a)
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Applying L’Hépital’s rule:

c+(1—a2+m—w)

m4

— 4k, and
1 -«

c_ ((17a2+/£) m_ — o’k (kK — 1))
m_(1—a)

— —2(k—1)%.

It follows from (vi) that (m_/ m+)N — 0 and, using L’Hopital’s rule again,

(m_/ (s — 1))

1—a?

(k—=1)/r)"

1—a?

(m_/m)"

— 0.
1—a?

— 0,

— 0, and

Plugging in and taking limits yields the results.
If kK = 1/2, observe that

3
m:4<1—a2—\/(1—a2)2+4/9a2> <0< mg.

With this in mind, statements (f’) and (g’) can be proved in the same way as statements (f) and (g). (h’)

is another application of L’Hopital’s rule. O

Proof of Theorem 3.1 (a) for k # 1. Let k > 1/2 and k # 1. The limits of (28) and (29) are easily calculated
using Lemma A.3. In total, we see that, as N 1 oo,

nt e 3T (663”T (pt + 1) + 430t — 1)
; vi — = : (32)
for t € (0,7), and
N1 e=30T <263PT (3pT +5) — 1)
; v —> T . (33)

Note that (33) coincides with the value of the right-hand side of (32) for t = T" and that (32) coincides with
the limit from (27), which was obtained for x = 1. Plugging this result into the definition of V(™) yields the
result. O

Proof of Theorem 3.1 (b). For x = 1/2, the limits of (28) and (29) can be obtained using Lemma A.3. We
find that > 1, v; has two cluster points for every ¢ € (0,T]. One is approached if n; is even, the other one
if ngy is odd. The same is true for Zf\i 41'1 v;, depending on whether N is even or odd. For future reference,

we now state the limits of 17w as N 1 oo;

2657 (3pT +5) + €31 +3pT + 7

lim 1'v =
Nt 7 18¢5°T 1 9 ’
N even . - (3 4)
lim 1Ty = 2e°P" (3pT + 5) — 3e’?* —3pT — 7
NTE% 18e8T — 9 '
No
O
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A.2 Proof of Theorem 3.2 (a)

We start preparing the proof with the following simple lemma, which holds for all k > 1/2.

Lemma A.4. We have

; (<x fyp @) (T r1Te) 2
8

Bl (elm)] =g 5t ) 1Tw) | 1w

t+y) v’ —y? z—y\*
T T(T all T

+ v+ (r r)

<1Tu> YT AT 1Tw)” v <1Tw> “

Proof. We have

E [%T (€] n)] - 15 (D +201d)¢ +& Ty

_ <( x“’) T(r+T+201a) )

(z+y)(x—1y)
4(1Tv) (lTw)

+<2(1w)>2< (r-1+2010) ))-F;&Tfn-

( (r F+201d)w+uﬁ <r+f+291d) ,,>

(35)

By definition, (I +T +201d)y = (I' =T +20Id)w = 1. Since also »'1 = 1Tv, w'l = 17w, and

v Tw= wTFTl/, representation (35) follows.
Lemma A.5. For k> 1/2, as N 1 oo,
v Tv — (—e 5T —8e73°T 1 24pT + 36) /216,
Ww (T —T" v — (=T +4)/6, and
w Tw— (2pT +1) /2.
Proof. First let xk = 1. Then

R (1/1)2 1 N+l N+1 N+1i-1 '
v'Tv= 5 +2,Z: ;) +V12Vz - 1—1—;]2;1/1%04 -

B 1 (1—a2)N+—a +2a% 4+ 4a + 4
(24 )? 2 2(4-a?)

a O;(szl)) <2 —aoﬂ)N 8 (4044042) (2 —aa2>2N>

—e 00T _ 8e=3¢T 1 24pT + 36
216 ’

as well as

N+1 N N i—1 N+1

w! (F—FT)V:Ijl E wid ™+ w1 E vVt g w; g via'™l — g vioad ™!
i=2 i=2 i=1 =

j=i+1

a? 2 — o? « N
:(2—a2)(2+a)< 2 <2—a2> +O‘23>

—3e3T 4 4
6 b
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and

N N i—1 N
- 1 .
T _ = N2, - 2 i—j N+1—j
w Fw—QZ(l a)” + -1—22(1 a)” +Z(1 a) o
=1 =2 j=1 7=1
B N(l—a2)+1
N 2
20T +1
5 .

Now let k > 1/2 and k # 1. Note that we explicitly include the case k = 1/2, because partial results we
will obtain in the following computations will also be needed to treat this case.

The following calculations are standard but tedious. We need to find the limits of v ' T'w, of w (I = T'T ),
and of w'T'w. We first compute T'v. Define C := a (14 ) / (1 —a(k—2)+ k) as above and

._ a(k—1) Mgy N
Co = Z Codo <m0—oz(/<—1) + mg—om> mol™
oce{+,—}

— a2 —
C3 = —CQ + Z da’ (ma anr + 201 (/i 1) > [mo']N .

el me —ak  my— (k—1)

Alsoforo e {+, -}, letcd=—ifo=4+ando=+if o = —.

- 1 do (Mo — a*k) N CidN

Mvn=g 2 = aw ol + =g WY,
oe{+,—-}

. B o (m(7 - a2/<,) Cia(k—1) N

(FV>2 - Z dy ( My — ak + my [ma]
oe{+,—-}
n Cy(1—a) N Ci(1+2a%(k—1)+ K)o AL
2 2ak

and for i € {3,..., N} we have

= . Cy(1+a) C dome (1 — & —mg) [mo]N [(k—1)a\’
(Tw); = 2 5 +a(n1—1) Z (- < p— )

oce{+,—}

N CraN g (k] Z o (Mo + a*k) (mg

i
+ C3a' ™t
— a2 )
2 it My (mo a /@) aK

Also,

(Fv )yt = Z ‘. ( ncjaﬂjaaaﬂ LMo ;(idg_—al()ﬁai (1%))— 1) mClazZ K) o]
oe{+,—} 7 7 7
+ C3aN — 1Nk [k — 1]V .
Next we compute v;(T'v); for i € {3,..., N}. It holds that
vi(Tv)i = Di + Dy + Dj + D}
with D} := Cy (1 + ) 1;/2,

GOy domo (Lo ma) o] <a<m1)>i

1—r+mg, My

Di:=Co (1 —a) <C’3ai1 +

+ClaN+1n[/f]N 3 ¢o (Mg + k) <ma>>

ety Mo (mg — a2/<;) ak
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i GG (3 5 damlnl (2 -0Y, 5 et ()

oe{+,—-}

and

2

D! = (C4)? 2( dymy [me)N losome fals])
=@ ((Oé(/i—l))Q ae{er:,—}( . ) 1_K+mg< e >

(K—l)Z—TTL m_ (04(“_1))2 l

+dyd-mym_ [my]™ m_ " (1-a?) (1j/-@) ( m4m— ))

Q201 (]2 (co)? (mo +0%) (my\*

(my)? (Mo — a2k) \ @k

4
oe{+,—}

N cre_ ((a2m)2 — m+m_) <m+m>l>

mym_a? (1 —a?) Kk (ar)?
NN [1-(1—-a?)k N (E—1Y
A 1—a? Z ¢odo [mo] < K >
oe{+,—}
N Z czdymy [ma] (1 —K— Mgy N ma—i—a?@) <ma(f£— 1))1)
Mg 1l—rk4+m, mzF—a®k Mok
oe{+,—-}
Summing over ¢, we find that
N ak N _ mg N[N
,_Ca(l+a) comy (82 o] — 220 []")
ZDl— 5 (C’Q(l—a)(N 2)+Cy Z p——
=3 oce{+,—}
2
damcr <( (TI:LGI)> [mo-]N - OéN [H — 1]N>
2
201 Z me —a(k—1) )
oe{+,—}
Moreover,

N
i 2 N
Z;DQ 0203 (a « )

(d)? (1= k= mo) ((mo)” o™ [ = 11V = (a (= 1)* [mo] V)

LGG0-a) 5

1+ o domy (Mo — (k= 1)) (a(k — 1) — myg)

(0)” (mo + ) ((ar)? (o] = (mo)* @™ []")

coak (Mg — ak) (ma — oz2m)

oce{+,—}

Cng (1 — a2)
2(1+a)

2.

oe{+,—}

9

2d, ((mUaN)2 [k — 1]N —a¥ (04 (k= 1))2 [mU]N>
mey (02 (k — 1) — me)
o (VK2 o] — (my)? o [k
+ Z ( [H](m —(H)) . >>’

oe{+,—}

ZD3 0103< >

oce{+,—}
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o (dgmo)? (1~ = m,) N i
= (@) (2 Z (mg—(li—l))(a(ﬂ—l)—mg)(mg-i-a(ﬁ—l))< I = 1] )

oe{+,-}

1 co)? (my)* (my + 2k 2
> e ) ) 5 (o 1Y)

(Mo — ak) (me — a?k) (my + ak

oe{+,—}

2 2
N Z ( (co) (ma+0421€) (ak)

2 (my — ak) (m — a?k) (my + ak)

(
B 2 (d, 2( n—l) (1—kKk—my) ) - N\ 2
(mg)2 (m —(k— 1)) ( (k—1)— mg) (mg +a(k— 1)) <[ o] )

Codgme <1_H_mE + m"+a2'{> Colo (1 - (1-a?) K)

N 1—k+ms Mo —02K N N
_ . 1

+ Z an me (k — 1) — mzk 1—a? [mo ][5 = 1]

oe{+,—}

. 2
oV (1) ot (1= (1= a2 k) cady (mz)? (Foigme + Zzter))

> e 1 mol™ [+

e} K o Mgy (mg (k—1)— mg/i)

() (@) (S () -3 (e

+ (1-a*)rk—1 <C+c_/<a2 Adyd_ (k- 1)2> )™ [m_]N)

2Kk 1—a? 1—a?

-1
c d_ 1—-a?
m+(/<1r)m/£(R<1a2 ch K+(K1)>) ’

The limit of #'T'v is a combination of the limits found in Lemma A.3. Thus,

Note that

4 N

VTfV = I/l(f‘l/)l + VQ(fV)Q + Z ZD}“ + I/N+1(f V)N+1
k=1 i=3
2 2
e~ 6pT <263PT + 1) e~ 6pT (263PT + 1) (k—1)(Bk—1)
_>
T2kK2 + T2k4
e—GpT

+ Sie (1266PT (/# (2pT + 3) — 4w? + 4 — 1)
K

— 4¢3 (254 +12x% — 12 + 3) — k' — 1267 + 12k — 3) +0

—e= 9T — 8e=3PT + 24pT + 36
216 '

Now we turn to the computation of w' (I' = T'" )v. Define

(0?(k—1) — k) _O[(M)NH

K

and Gy — a?(k—1) (/{—I—a(/@—l))

Coi= (k—a(k—1)) (a?(k — 1) — k) k2 (a2 (k—1) — k)
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We have

_ a(r+a(x—1) (a(m—l))f”“
(k—a(k—1)) (a?(k — 1) — K) k(a?(k—1)— k) K ’

a(aN(fsfa2(f£fl))/<+a2(/{fl) </<;1+<a2(z_1))N) 752)

k(k—a(k—1)) (k—a?(k—1))

i 3 (o) e () (2 o
a3 () () )

oe{+,—}

Summing over i, we arrive at

d (W (T =T )

1=2

ak(k—1)—aVk? ((k — k)Y
=02 (04 (a2 N aNH) +Cs(1-a) (a (nl_) 1) (/s — O(z((li —11))§ ) )

2d, a3 (kK — 1) coaN g
+ G Z <C4 (mg—aQ(/{—l) k- me

oce{+,—}
N
2d, N K2 7(”;1)
+C5 ( ( ) - Cot )) (o]~

ak—1)(my—k) a?2(k—1)—myg

2 (40 N
_Cran (C4(1N (k+1) N Cs (1—2a2) ( (K 1)) ) [H]N

K a?(1-a?)(k—1)

a(l—a?) (k-1
Note that
((Ii—l)/li) _((K—l)/li) 1—a? ¢, and
K—my 1—a? cr K—mg’
m_]N m N 1—a? d_

m_—a(k—-1) 1-a2 d- m_—a(s—1)
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Again, Lemma A.3 gives us all the necessary limits; we find that

N
W (=TT = (w (F =TT )i + 3 (@ (P =TT )i + (w0 (P = T7))nsivwns
=2

. e 3T 4 9 N 226 —1) — (k+1)e3T 40 76—3pT+4'
6K 6K 6
Finally,
T 1 2 (i) | A & Nt
wlw= 5 Z (wi)” + 5 + Z Z wiw; & 7"+ w1 sza +

(l+a)1-a)N o"21-(1-a)r) (=D (k-1 /k)"
2(%—04(%—1))2 H(/@—Oé(ﬁ_l)):s
a?WN+2) (5 —1)? (26 — 1) (k= 1) /)2

2(/@'—04(%;—1))3 (k+a(k—1)) K2 .

For x> 1/2, we find w ' T'w — (2pT + 1) /2.
Proof of Theorem 3.2 (a). It was shown in (23) that

N+1
17w = Zw¢—>pT+1 as N 1 oo.
i=1

(38)

(39)

The limit of 1Ty = SN+ v; was obtained in (27) and (33) for the respective cases k = 1 and x # 1,
% > 1/2. The limits of ' Twv,w'(I' =TT )v, and w ' Tw can be found in Lemma A.5. Plugging these

results into (35) yields assertion (a).

A.3 Proof of Theorem 3.2 (b)
Lemma A.6. Let k = 1/2. It holds that

lim oy — 2e8PT (3pT +5) + €T +3pT + 7
Moo - 5467 4 27 ’
even
-~ 45T _ 65T 4 30T _ 3e=PT 4 4
. T TN,
A w (T =Ty = 6e%T + 3 ’
N even

lim w Tw=e T +pT +1.

NToo
N even
Moreover,
lim o Fy — 2e9°T (3pT + 5) — 3e3°T — 3pT — 7
Ntoo N 54e0rT — 27 ’
N odd
-~ —4e6PT — 6T 4 33T 4 3T 4 4
li r-rrv= d
J]\\f}%w | » —6e%°T + 3 >
(o]
J%fle w Tw=—e 4+ pT +1.
o0
N odd
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Proof. As explained in the proof of Lemma A.5, the representations of v 'Tv, wT(f —TT Jv, and wTw
obtained in the proof of that lemma for k # 1 are also valid for x = 1/2. In (36), note that for o € {+, -},

2 (1=r—mg zta’
cado (m2)° (e + et 16 (mg)? o2
My (mg (k—1)— mgl-c)  my (27(14 — 4202 + 27) ’
Also in (37),

Cs a?(k—1) k+a(k—1)

1—a? k2(a2(k—1)—k) 1—a2
C5 C5 1-— Oé2 Cyt

= , and
my—Kk 1—a?2 ¢y my—k
05 C5 1-— 042 d_

m_—a2(k—1) 1-a2 d. m_—a2(k—1)
Equation (38) simplifies to
2(a2 <1 —2(—1)NaN> —2%—-1-(1+a)(l —a)N)
(1+a)?

Plugging in the limits from Lemma A.3 completes the proof. O

Proof of Theorem 3.2 (b). To prove part (b) of Theorem 3.2, we now proceed just as in the proof of part
(a), this time using the limits obtained in (25), (34), and Lemma A.6. O

A.4 Proof of Corollary 3.3
Let x = y. For z > 0, define

(22)* (6% + 3)

()= 2(2¢%% 3z +5) + €% +32+7)’
~ (22)? (6e%% — 3)
0 ) = (26 (824 5) — 3% 82 1)’
(22)% (36€%% (82 + 13) — 60e3* — 3)
C1/4 (2) ==

16 (23 (32 4 5) — 1)

By Theorem 3.2, these functions correspond to the limiting expected costs of trader X if pT" = z, trader X
has initial endowment , trader Y has initial endowment y = z, and we have § = 0 (for ¢&) or § > 0 (for
c1/4)- Without loss of generality, we can take z =y = 1/2. We find that

6% 43 65 — 3
2(2e%% (32 +5)+ €3 +3247) 2(2e5 (324 5) —3e3 — 32— 17)
3e37(2e3% + 1)2

(2e%#(32 +5) + €32 4+ 32 + 7)(2e%%(32 + 5) — 3e3* — 32— 7)°

Rewriting the second factor in the denominator shows that the expression above is negative:
2e%%(32 4+ 5) — 3% — 32 — 7= (¢® — 1)(e®* 4 €7 + 1)(10e* + 7) 4 32(2¢% — 1) > 0.
This shows that ¢ < ¢, for all z > 0. It remains to show: If z > log(4 + v/62/3)/3, then

6% + 3 3665 (82 + 13) — 60e3% — 3
2 (2e%% (32 +5) + €32 + 32+ 7) 16 (2¢3 (32 + 5) — 1)2 '
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Multiplying by both denominators, we find that this is true if and only if
2
0<16 (2e3z (32 +5) — 1) (6662 + 3) ~9 <266Z (32 +5) + € + 32 + 7) (36662 (82 +13) — 60e3* — 3)

A tedious rearrangement of terms shows that the expression on the right hand side equals

2 4 1
6<2€32+1) (32 +5) <2e62—63z 82+79 32+ 5>'

3z+5 3z+5

Since 48z + 79 < 16(3z + 5) and 3z 4+ 15 > 3z + 5 for all r > 0, this expression is larger than
2
6 (26 +1) (32 + 5) (2% — 166% +1).

The real-valued function a + 2a? — 16a + 1 has the two roots aj == 4 — v/62/2 and as = 4 + 1/62/2. Since
a1 < 1 < as, the real-valued function b — 2e5 — 16e3® + 1 has exactly one positive root log(az)/3. Hence,
for every z > log(az)/3 = log(4 + v/62/2)/3 it holds that

2
0<6 (2632 + 1) (32 +5) (2662 — 1665 + 1)
2
<16 (2632 (32 +5) — 1) <6e62 + 3) —9 <2€6Z (32 +5) + €% + 32 + 7) (36e6Z (82 +13) — 60e3* — 3) :
O

A.5 Proof of Corollary 3.5
Lemma A.7. For 6 >0, as N 1 oo,

9(1 + 2¢%7)?

A(1 — 2637 (5 1 3p1))2’
1

4(pT 4+ 1)%

Ovv —

Gw ' w —

Proof. As for the first limit, since (I' + T+ 20Id)v =1 and ' =T 4+ T'", we have
v 1=v'Tv+v Tv+20w'v=30"Tv+ 200 v.

Solving for v "v, applying the limiting formula for v "1 from (33) and the one for v 'Tv from Lemma A.5,
and then simplifying the result leads to

—60T 1492 3pT\2
lim v v = € (1+2e%7) .
Ntoo 144

Since v = (v 1)~ v, the preceding limit, another application of (33), and a straightforward computation
finally yield the asserted convergence of fv'v.

To prove the second limit, we use that (I —T' 4+ 20Id)w =1 and that w (I —DNw =w T 'w = w ' Tw.
Hence, using the limits from (39) and Lemma A.5,

1 1 ~ T+1 20T+1 1
fw'w = inl — §wTFw P 2+ _Zr 4+ =1 as N 1 oo.
Since w = (1"w) 'w, the preceding limit and another application of (39) conclude the proof. O
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Proof of Corollary 3.5. We have
1
TRy =0¢"¢€+60n'n= 5(91;% + 0w w).

Therefore, the formula for the limit of TRy follows from Lemma A.7. Next, we get from Theorem 3.2 and
a tedious though straightforward computation that

liz inf(TRy — TCy) (TRaw — TCay)

= lim
Ntoo
2
(z+7)?3 (2e3PT n 1) (3(pT +3) + 29T (3pT + 5) — 3T (12T + 19))
2 (1 — 2637 (3pT + 5))° (3pT + 3T + 2689T (3pT + 5) 4 7)

Clearly, the latter expression vanishes for x = —y and it is strictly positive if and only if x # —y and
f(pT) > 0, where
f(2) :=3(z+3) + 2%(32 4 5) — (122 + 19).

But one easily sees that f(0) = 0 and f’(z) = 3(e3* — 1)(2e3*(11 + 62) — 1) > 0 for all z > 0. This proves
the assertion. 0

B Proofs of Theorem 4.5 and Corollary 4.6

B.1 Proof of Theorem 4.5

Proof of Theorem 4.5 (a). Let X* and Y* be as in (5) and § = 0* = 1/4. A straightforward computation
yields that, for all ¢ € [0, T],

1 1 — 1
/ €—p|t—s| dX;k +/ e—p(t—s) dY: + 7A}/t* + 29AXZ< _ _7< T —Yy + 8(«’13 + y) )
0,7] [0,0) 2

2\pT+1 " 10+ 6pT — e 3T
and
ol o 1 1/ z— 18(z +y)
li=sl gy» / =9 X* + CAX] + 20AY; = 7( v )
/[o,T] ‘ 7 [0,t) ‘ s 27t * P o\pT+1 104 6pT — e3T

Proposition 4.10 therefore implies that (X*,Y™) is a Nash equilibrium in Zjet(z, [0,T]) X Zget(y, [0,T7]).
Thus, Lemma 4.9 yields that (X*,Y*) is a Nash equilibrium also in 2'(z,[0,7]) x £ (y,[0,7]). The

uniqueness of the latter Nash equilibrium was proved in Proposition 4.8. This concludes the proof of part
(a). O

Proof of Theorem 4.5 (b). Now we consider the case § # 0* = 1/4. Suppose first that x = y = 0. It is
obvious from Proposition 4.10 that X* = Y* = 0 is a Nash equilibrium in Zget(0, [0,7]) x Zaet(0,[0,T]).
Lemma 4.9 and Proposition 4.8 thus yield that this is also the unique Nash equilibrium in 27(0, [0,7T]) x
2°(0,[0,77).

Now we will prove that the existence of a Nash equilibrium implies the condition x = y = 0. To this
end, let (X*,Y*) be a Nash equilibrium in 2" (z,[0,7]) x Z (y, [0,T)).

Step 1. In the first step of the proof, we show that X* and Y™* are necessarily continuous on [0,7). To
this end, we pick e > 0 and define 7 := inf{t > 0||AX/| > €} AT. Then 7 is a stopping time for the
right-continuous filtration (.%;)¢>0. Next, we take a sequence (7,,) of stopping times satisfying the following
three conditions: 7 < 7, < T; on {7 < T’} we have 7, | 7 P-a.s.; and on {7, < T’} we have AX> =AY =0
P-a.s. The existence of such a sequence will be proved in Lemma B.1 below.

Since the total variations of X*(w) and Y*(w) are uniformly bounded in w, dominated convergence yields

that
limE[ / g =Pl =sl dX;‘] :E[ / e =PIl dXQ‘} (40)
ntoo [0,7] [0,7]

31



and that

lim E [ / ¢~ P(mn=s) dys*} = IE[ / e P(T=9) dys*} . (41)
ntoo [0,7) [0,7]
Now let 1 be as in Proposition 4.11. Then (40) and (41) yield that
1
n= lim E [ / e~PIm=sl g x* + / e P qYF 4 CAYE +20AX] %]
n=oo | Jjo1) [0,7) 2
1 (12)
— E[/ e—PIT—sl dX* + / e~ P(T—9) vy + <7AY55 + QQAX%) 1, _. ‘ 9}} .
[0,7] [0,7] 2 (=1}
On the other hand, taking o = 7 in (11) yields that
n= E[ / e PT=slaxy 4 / e P9 ayr + 1AY: +20A X} ,34;]. (43)
[0,7] [0,7) 2

By subtracting (43) from (42), we obtain

(%AYT* - 29AX¢) 1 4y =0.

Keeping the definition of 7 but otherwise reversing the roles of X* and Y* in the preceding argument gives

1 * *
(§AXT — 20AY? ) 1 gy =0
In view of our assumption 6 # 1/4 and the definition of 7 we must conclude that 7 = T P-a.s. Sending ¢
to zero along a countable sequence now yields that X* must be continuous on [0,7). Reversing the roles of
X* and Y™ in the entire argument gives the same result for Y*.

Step 2. We will show here that AX} = AY} = 0. To this end, let (7,)nen be a sequence of strictly
positive stopping times such that 7,, T+ T'. For each n € N, let (O‘;L.L)m eN be a sequence of stopping times
such that o)), > 7, and o)), 1T as m T co. For each 7,, let n, be as in Proposition 4.11. We know from the
preceding step that X* and Y* are continuous on [0,7), so that AYU*;}L =AX on = 0. We therefore have

T liTm E[ / e Plom=slgx* 4 / e Plom=s) gy ¥ ,%n]
= E[ / e PIT=slaxs 4 / e PT=9) gy ,%n].
[0,T7 [0,T)
On the other hand, we also have
— —p|T—s| * —p(T—s) o, 1 * x| o
n, =E e dX; + e adY; + -AYr +20AX7 | Fr, |- (45)
[0,T] [0,7) 2
Comparing (44) and (45) yields that
1 * * | o
E bAYT +20AXE fm] = 0. (46)
Reversing the roles of X* and Y* yields that
1 * * | o
E bAXT + 20AY; Jm] — 0. (47)

Sending n to infinity and using martingale convergence together with the fact that o(|J,— %5,) = Fr—
yields that we may replace %, in (46) and (47) by Z7_. But the fact that X} = Y/ = 0 implies
that AX}; = —X7_ and AY} = =Y, _ are Z7p_-measurable. Thus, P-a.s., %AY{E + 20AX7 = 0 and
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%AX} +20AY; = 0. Our assertion AX7} = AY} = 0 now follows as in the first step of the proof by using
the assumption 6 # 1/4.

Step 3. We now prove AXJ = AY = 0. Proceeding analogously to Step 2, we let 7 = 0 and take a
sequence of deterministic times s, | 0. As before, an application of Proposition 4.11 yields that

1
IE[ / e PLdX] + S AYy + QHAXS} = lim E[ / e Plen—tlaxr 4 / e Plon=t) gy |
[0.7] 2 ntoo | Jjo,7) 0,50)

After exchanging limit and integration, we arrive at %AYO* = 20AX(. Reversing the roles of X* and Y*
gives %AX(’]‘ = 20AY(, and as above our assumption 0 # i yields AXg = AYy = 0.

Step 4. In this step, we will show that X; = Y;* P-a.s. for all ¢t € [0,T]. To this end, we take an arbitrary
[0, T']-valued stopping time 7 and apply Proposition 4.11 to obtain two .%#,-measurable random variables 7;
and 79 such that for all stopping times ¢ with 7 < o < T,

E[ / e Plothgxyr + / e Pt gy
[0,7] [0,0)

E[ / e=Plo—tl gy 4 / e=Plo=1) gx ¥
[0,7] [0,0)

Here we have used the already established continuity of X* and Y* on [0, T]. Subtracting the first equation
in (48) from the second one yields

97] =, )

97-] = 1.

E{ / e Pt g(XF — Y
(071

ff} =1 — M.

Setting 0 = T" and using that AX} = AY} = 0 yields that 7 — 72 = 0. Taking then o = 7 yields

IE[ / Pt d(XF — Y7
(7]

3@] e’ =0 P-a.s.

That is,

E {/ e PLd(X; — YY) %\T} =0 P-a.s. for all [0, T]-valued stopping times 7.
[7.T]

It follows that M; := f[07 1l e P d(X¥ —YS) is a continuous martingale of bounded variation and hence
constant in ¢. Taking derivatives with respect to ¢ yields our claim that X/ = Y;* P-a.s. for all ¢t € [0,7]. In
particular, we must have that x = X§_ = Xj =Y, =Y, =y.

Step 5. Since X* and Y™ are optimal strategies, Proposition 4.11 applies. In particular, Equation (11)
holds for 7 = 0 and every o =t € [0,T]. Given that X* = Y™ has no jumps, we conclude that there exists
a constant 7 such that

t T
n=E[2 / eplt=5) g x* 1 / =) x|
0 t
t T
- E[2 (X; —e XS —p / o—Pt=9) x> ds) + Pt X X P/ eP(t=5) X* ds (49)
0 t

t T
= 2 Pz +E[X]] - 2p / e PU=IR[X* ds + p / PR [X ] ds
0 t

for all ¢ € [0, T]. The second equality follows from Stieltjes integration by parts, the third from interchanging
expectation and integration. Define

t T
£(8) = p / =[x ds — p / -E[X*ds,  0<t<T.
0 t
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Notice that f is continuously differentiable. Plugging in from (49), we see that f solves an ordinary differ-
ential equation:

t
f'(t) = —p2/0 e

T
E[X]ds — p? / P EIE[X ] ds + 2pE[X]]

t T
p2/ e’ ]E[X;‘]ds—pQ/ PSR [XF] ds
0 t

(t—s)
t
(t—s)
t T
+ 2p(77 +2e Pty 4 2p/ e PU=I)E[X ] ds — p/ PR X7 ds)
0 t
= 3pf(t) +2p(n+2¢ "'z)

for all ¢ € [0, T]. Define further

Then (49) is equivalent to
g(t) = n+2e Ptz + 2f(t) (50)

for all t € [0,T], showing that g is differentiable and solves an ordinary differential equation as well:

g'(t) = =2pe”P'w + 6pf(t) + 4p(n + 2¢~"x)
= —2pe Pz + 3p(g9(t) —n— Ze_pt:n) +4p(n + 2e ')
= 3pg(t) + pn
for all t € [0,T]. It follows from Step 2 and Definition 4.1 that g(7') = E[X7] = 0. Furthermore, letting

t =T in (50) yields f(T) = —(n + 2¢~?Tx)/2. Solving the ordinary differential equations above with these
boundary conditions shows

—3p(T—t) _ 4 =3p(T-t) _ 1
ft)="—f——n—er ad  g)="—g——n 0<t<T
According to Step 4, E[Xj] = z, hence
e 3T 4+ 9
r=g(0) - 70) = 2y b

We conclude 1 = 0, which implies g(t) = 0 for all ¢t € [0,T]. Now notice that
d T T
f[ / e/ E[X ] ds} = —E[X;]+p / e"IIE[X ] ds = —g(t) = 0
for all ¢ € [0,T]. Tt follows that
T T
/ e’ IRE[X7] ds = / e’ IE[X 7] ds = 0,
t T

and therefore E[X/] = ¢g(t) = 0 for all ¢ € [0,T)]. In particular, z = E[X{] = 0. O

Lemma B.1. Let X € 2 (x,[0,7]), Y € Z(y,[0,T]), and 7 be a stopping time with 7 < T. Then there
exists a sequence (T,) of stopping times satisfying the following three conditions: 7 < 1, < T; on {1 < T}
we have T, | T P-a.5.; and on {7, < T} we have AX} =AY =0 P-a.s.
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Proof. For each w, the functions ¢ — X;(w) and t — Y;(w) are of bounded variation and hence can be
written as differences of increasing functions Xi*(w), Y5 (w). That is, X(w) = = + X; (w) — X; (w) and
Yi(w) =y + Y, (w) — Y, (w). As a matter of fact, X, (w) can be taken as the total variation of X (w) over
the interval [0,], and X; (w) = r + X;" (w) — X¢(w). Then both X and X~ are adapted, and they are also
right-continuous. Now take a strictly increasing function ¢ mapping [0, 00) bijectively onto [0,1). Then,
for Zy := X1, + X, + Y, + Y, the function f(t) := E[¢(Z;)] is right-continuous and increasing and
so has only countably many discontinuity points (recall from Definition 4.1 that X; and Y; are defined for
all £ > 0). Hence, for each n, there exists t, € [27",27"!) such that f(t,) — f(t,—) = 0. Dominated
convergence implies that f(t—) = E[¢(Z;—) ]| and in turn that AZ;, = 0 P-a.s. By construction, this entails
that also AX; = AY;, =0 P-a.s. Hence, letting 7, := (7 + t,,) AT yields the desired sequence of stopping
times. O

B.2 Proof of Corollary 4.6

Define the two functions

3(z+vy) (63PT - 2e3f’t) r—y
2e3T (3pT 4+ 5) — 1 2(pT+1)

Let ¢y denote the first derivative of p1. We see that dX; = ¢4 (t) dt and dY* = ¢_ (t) dt on (0,T). In
addition,

3(z+y) (2T +1)
2 (23T (3pT +5) — 1)’

and AX; = —AY; =~ Y

AXP = AY) = — S A
0 0 2(pT +1)

It holds that
/ / e Pl axz dx;
(0,77 /[0,T]
T T )
= /O /0 e PI=sly! (s) ¢l (1) dsdt + (AX])” +2e PTAXGAX,
) T T
+ (AX})” +2AX / e P!, (t) dt + 2AX5 / e PT=0Y (1) dt,
0 0
and (using the fact that AY; = AXj):
T ot
/ / e P9 gy dX; = / / e P90 (s) ¢ (t) dsdt + e PTAXIAXG
(0,T] /[0,t) o Jo
T T
+ AXS/ e Pl (t) dt + AX}/ e PI=0Y (1) dt.
0 0
The computation of the integrals is straightforward:

T
/ e*p‘tfslgoﬁr (s) ds
0

3 (.’E + y) <_463PT + e3rt + e Pt (263PT + 1)) (.’E _ y) <6—p(T—t) + e~ Pt _ 2)

— + ;
2 (2e3T (3pT +5) — 1) 2(pT +1)
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and then:

1 (T /T
2/0 /0 e_p|t_5|g0’+(s)gpl+(t) ds dt

3(z +y)? (3pTe6PT — 3T 4 1) (22 — y?) ( 30T (1297 — 7) + 6¢2°T + 3e—#T — 2)
= +
(2e3¢T (3pT +5) — 1)° 4 (2¢3T (3pT +5) — 1) (pT + 1)

(z—y)* (e‘”T +pT — 1)

4(pT + 1)
Similarly,
t
/ e P9y () ds
0
3(x+y) (—263”T — e3Pt 4 empt (2639T + 1)) (@ — ) (1 _ e*pt)
- 2 (23T (3pT +5) — 1) T (T +1)
and:

// =9 (5) oy (1) dsdt

(x+y) <3PT66PT _ 3T 1) (22 — 3?2 (_3€3pT 4 6e20T 4 30T _ 6)
(2e3¢T (3pT +5) — 1)2 * 4(2e3T (3pT 4+ 5) — 1) (pT + 1)
(z —y)? (e‘pT + pT — 1)
4(pT +1)?

Finally, we see that

1 3p1
23T — 2
/Oept (t) dt = Axoiz 5 +AXT(1—eP7),

and
T 3pT 20T _ ,—pT
3e Pt — 2e Pt —e™F
—p(T=t) ( ! = x
| e (G 0+ 0) de = 28X
Adding all components and simplifying yields the assertion. O
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