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We study portfolio choice with small nonlinear price impact on gen-
eral market dynamics. Using probabilistic techniques and convex duality, we
show that the asymptotic optimum can be described explicitly up to the solu-
tion of a nonlinear ODE, which identifies the optimal trading speed and the
performance loss due to the trading friction. Previous asymptotic results for
proportional and quadratic trading costs are obtained as limiting cases. As
an illustration, we discuss how nonlinear trading costs affect the pricing and
hedging of derivative securities and active portfolio management.

1. Introduction. Classical financial theory is built on the paradigm of frictionless mar-
kets. By assuming that arbitrary quantities can be traded immediately at the quoted market
price, many elegant and far-reaching results can be derived. Real financial markets, however,
only supply limited liquidity. Accordingly, execution prices are adversely affected by large
trades executed quickly. Optimally scheduling the order flow—to trade off displacement from
the optimal frictionless risk-return profile against trading costs—is therefore a crucial con-
cern for large investors such as trend-following hedge funds.

In this paper, we study this problem in a general setting. We consider agents with constant
absolute risk aversion,! who trade a risky asset with general, not necessarily Markovian, Ito
dynamics to maximize their expected utility.

As in the model of Almgren [3], trades incur costs proportional to a power p € (1, 2) of
the order flow, corresponding to price impact proportional to the p — 1-th power of both trade
size and execution speed. A price impact elasticity of p & 3/2 is in line with the “square-
root law” advocated by most practitioners (cf., e.g, [6, 47]). The limiting cases p — 1 and
p — 2 lead to proportional and quadratic transaction costs—the two frictions that have been
the focus of most academic research.?

To obtain tractable results in this general setting, we focus on small price impact, and
perform a sensitivity analysis around the benchmark problem without trading costs. In fric-
tionless diffusion models, optimal trading strategies ¢, are typically diffusion processes as
well, and thereby generate infinite price-impact costs. We show in Theorem 3.3 that, at the
leading order and up to stopping close to the terminal time, frictionless target strategies ¢, of
this type are optimally tracked by smoothed strategies ¢ satisfying (pathwise) the following
ordinary differential equation (ODE):
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LOur results formally extend to more general preferences, compare [43]. These arguments could be made rig-
orous similarly as for proportional transaction costs [1], but we do not pursue this here in order not to drown the
new features of the model with nonlinear price impact in (even more) technical estimates arising from random
and time-varying risk tolerances.

2See, for example, [12, 13, 42, 43,49, 60] and [5, 8, 12, 13, 26, 27, 31, 50] as well as the references therein for
surveys of the large literatures on proportional and quadratic trading costs, respectively.
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Here, y is the agent’s risk aversion; c,S = d;% and ¢! = % are the (squared) diffusion
coefficients of the risky asset S and the frictionless target strategy ¢, respectively; p is the
elasticity of price impact, and A; is the corresponding constant of proportionality describing
its magnitude at time ¢. Finally, the “shape function” g, is the rescaled version of the solution
gp of a nonlinear ordinary differential equation; see Section 3.1.

For constant market and preference parameters, (1.1) formally recovers the trading speed
that is asymptotically optimal in the Black—Scholes model studied by Guasoni and Weber
[32]: a deterministic function of the current deviation from the frictionless optimizer.® In our
general setting, the asymptotically optimal trading speed remains “myopic”, in that it is fully
determined by current market and preference parameters, as well as the current displacement
from the frictionless target.* In particular, the shape function gp is universal: it only depends
on p, the elasticity of price impact, but not on the other primitives of the model.

In Theorem 3.3, we also calculate the corresponding welfare effects of small price impact.
At the leading order, the certainty equivalent loss due to trading costs is

T PN\2
(12) CP]E@ |:/(; )\‘P+2 (J/C[ ;Ct ) > dt]

Here, the constant ¢, is obtained from the nonlinear ODE for g;,. The other terms show
that price impact has a substantial effect if the market is illiquid (large X;), volatile (large
ctS ), or if the frictionless target strategy is difficult to track because it is very active (large

c/). If all of these quantities are constant, we formally recover the constant performance
loss rate of Guasoni and Weber [32]. When these quantities are time dependent and random,
they need to be averaged both across time and states. As for other frictions [42, 43, 50],
averaging across states is performed under the frictionless marginal pricing measure @—the
small friction is priced like a marginal path-dependent option. The comparative statics of the
certainty equivalent loss (1.2) also are consistent with their counterparts for proportional [2,
42], quadratic [50], or fixed transaction costs [7]; the elasticity of price impact p only governs
the powers to which the inputs are raised, and determines the universal constant c .

To illustrate the wide scope of these results, we discuss two applications where frequent
trading is crucial and transaction costs therefore are a prime concern in practice. First, we
study the pricing and hedging of derivative securities. Then we turn to the implementation of
trend-following investment strategies. Unlike in models with constant investment opportuni-
ties, investors cannot “accommodate transaction costs by drastically reducing the frequency
and volume of trade” [16] in these settings. Instead, rather frequent trading is necessary and
the associated performance losses can be substantial. Formulas (1.1) and (1.2) allow for the
first time to study in this context the impact of nonlinear trading costs consistent with the
square-root law.

To prove our results, we use a convex duality approach first used in a Mathematical Finance
context by Henderson [33] for the indifference pricing of small unhedgeable claims.> More

3Since we use an absolute parametrization (for risk aversion, returns, etc.), it is difficult to make this connection
to the relative quantities of [32] precise; compare [29] for more details.

“In contrast, the exact optimal optimal strategies have been found to “aim in front of the frictionless target”
in models with quadratic costs and preferences, where they can be computed in closed form [8, 26, 27]. The
“aim portfolio” in these models is a weighted average of the expected future values of the frictionless target;
as the transaction cost tends to zero, it converges to the current value of the latter, leading to a myopic optimal
trading speed. Guasoni and Weber [32] study numerically the difference between the performances of the exact
and asymptotic optimal policies in a concrete model and find it to be negligible for empirically relevant values of
the price impact parameter.

SExtensions of these results have been developed by [45]; similar arguments have also been used for the pertur-
bation analysis of small variations of market prices of risk [46, 51] or cumulative random endowments [35].
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specifically, we obtain a lower bound for the value expansion (1.2) by analyzing a specific
family of trading strategies. An upper bound can in turn be determined using convex duality.
For proportional transaction costs, starting with the seminal work of Cvitani¢ and Karatzas
[17], the corresponding duality has been studied intensely, and is used by [1, 2, 34] to obtain
tight upper bounds for (1.2). In the present context of superlinear trading costs, abstract dual-
ity results have only very recently been developed by Guasoni and Résonyi [30]. The present
study is the first application of these results to a concrete portfolio choice problem. Here, the
key challenge is to come up with a concrete candidate for the asymptotic dual minimizer. The
first step is to use the first-order condition of [30] to derive a “naive” dual minimizer from
our candidate for the asymptotic primal maximizer. The second step is to suitably modify
this naive dual candidate in order to control the remainder terms appearing in the asymptotic
verification. For the case of proportional transaction costs [1, 2, 34], this can be done by stop-
ping the “naive” dual candidate in an appropriate manner. With superlinear context, this is
not sufficient and another subtle modification is necessary.

The computation of the primal and dual bounds proceeds in several steps. We first perform
a second-order expansion of the primal and dual goal functionals, thereby reducing them
to linear-quadratic functionals.® After renormalizing time and space appropriately, we then
show that “locally,” that is, on each small time interval, this simplified criterion converges to
an ergodic mean-variance functional of a controlled diffusion process. In the present context,
this controlled process is an Ornstein—Uhlenbeck-type process, with constant volatility but
nonlinear mean-reversion speed governed by the function g,. This makes the analysis much
more challenging than in the limiting cases of quadratic trading costs, where the limiting
process is a standard Ornstein—Uhlenbeck process, or proportional costs, where the limiting
process is a doubly reflected Brownian motion. For the present study, a number of delicate
probabilistic estimates need to be developed from scratch to establish convergence to the
limiting problem. This is done in the companion paper of the present study [15].

The connection between asymptotics of utility maximization problems with small transac-
tion costs and ergodic control problems with “frozen coefficients” has first been established
using PDE techniques by Soner and Touzi [60]. For proportional costs, non-Markovian ex-
tensions of these results have been obtained formally by [42, 43] and proved rigorously by
[1,2,34]. A closely related strand of research studies “pathwise” criteria, where the goal is to
trade off the error of tracking an exogenous target strategy against the trading costs incurred
by the hedge. Building on work of [24, 25, 28], Cai, Rosenbaum and Tankov [12, 13] study
such problems for quite general specifications of tracking errors and trading costs. Using
weak-convergence techniques, they derive tight bounds for a number of examples, including
proportional and quadratic costs.

This article is organized as follows. In Section 2, we introduce the model. Section 3
presents our main results and the assumptions needed to carry out the rigorous asymptotic
analysis. It also contains a discussion of the implications of our results for option pricing
and hedging, as well as for active portfolio management. The proof of the main result can
be found in Sections 4 and 5: a primal lower bound is derived in Section 4, and the corre-
sponding dual upper bound is constructed in Section 5. For better readability, some auxiliary
estimates used in various proofs are delegated to the Appendices.

Notation. For an Itd process X, we write ;L,X’]P and [L,X ‘Q for the drift rate under the
physical measure P and the marginal pricing measure Q from Section 2.2, respectively. The
infinitesimal covariation between two Itd processes X and Y is denoted by ctX Y= d(’;#’

6Such simpler performance criteria are directly used in a number of papers, for example, [5, 8, 12, 13, 26, 27,
56]. The same simplification for more general utilities also obtains for proportional costs [37, 43, 55, 60].
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and we write cX for ¢X*X. We denote the set of all predictable and X-integrable processes
H satisfying IEQ[fOT H?d(X),] < 0o by L?@(X). For a continuous process X, we write X =
max{|X;| : s € [0, ¢]} for the corresponding running maximum. The stochastic exponential of
an It6 process X is denoted by £(X) = exp(X — %(X )). We write [o, ] for the stochastic
interval between two stopping times o and t. Finally, we use the Landau notation in the
following way: the symbols O(-) and o(-) refer to pointwise limits, where the asymptotic
parameter A tends to zero.

2. Model.

2.1. Financial market. Fix a filtered probability space (2, F, F = (F;):¢f0,7], P) satis-
fying the usual conditions and supporting at least one standard P-Brownian motion W5:F,
We consider a financial market with two assets.’” The first one is safe, with price normalized
to one. The second is risky, with general—not necessarily Markovian—Itd6 dynamics given
by

@.1) ds;=piFdr+JcSdawSt,  Sy=s.

Here, the drift rate +5°F and the (squared) diffusion coefficient ¢S > 0 are adapted processes
for which the stochastic integral (2.1) is well defined on [0, T'], and s € R.

2.2. Frictionless portfolio choice. In the above market, we study the portfolio choice
problem of an agent with constant absolute risk aversion y > 0. To wit, starting from an
initial endowment x € R, the agent’s goal is to choose a predictable trading strategy ¢ to
maximize J%(p), the expected exponential utility from terminal wealth:®

T
(2.2) J2%p) = EP[U (x + / go,dS;)} — max! where U(x) = —exp(—yx).
0

To ensure well-posedness of the maximization problem (2.2), we impose the following stan-
dard no-arbitrage condition [20, 39, 57, 58].

ASSUMPTION 1. There exists an equivalent local martingale measure Q for S, which
has finite relative entropy with respect to P: H(Q|P) := Ep[% log(%)] < 0.

By [23], Theorems 2.1, 2.2 and Remark 2.1, Assumption 1 implies that there exists a
local martingale measure @ equivalent to IP that is the unique solution of the dual problem
of minimizing the relative entropy with respect to P among the absolutely continuous local
martingale measures.

Assumption 1 also ensures the existence of an optimizer ¢ for (2.2) over all S-integrable
processes ¢ whose gains processes [, ¢; dS; are @—martingales [20], Theorem 1. Henceforth,
we therefore focus on such admissible trading strategies and denote by ®° the set of these.
The primal maximizer ¢ is linked to the “minimal-entropy martingale measure” Q by the
first-order condition of convex duality [58], equation (12):

, T .dQ .
(2.3) Ulx+ @0 dS; | = yﬁ for a constant y > 0.
0

"The probabilistic approach in this paper crucially exploits that the invariant distributions of scalar diffusion
processes are readily available. In a multidimensional Markovian setting, a small-cost expansion of the value func-
tion is studied using stability results for viscosity solutions of the corresponding dynamic programming equations
in [10].

8 As is well known [20], random endowments such as labour income or option positions can be readily absorbed
into a change of measure.
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2.3. Portfolio choice with superlinear transaction costs. As in [4, 6, 30, 32], we now
assume that trades incur superlinear costs levied on the trading rate ¢; = %(p,, that is, trading
costs increase with both trade size and speed.

More specifically, execution prices are shifted proportionally to a power p — 1 € (0, 1) of
¢r, so that the trading costs accumulate at rate A;|¢;|”. Here, the proportionality factor is of
the form

)"t = )\‘Ala

for some small parameter A > O that measures the magnitude of the trading costs, and a posi-
tive, continuous Itd process A that describes their dynamics. The constant p is the “elasticity
of price impact”; proportional costs correspond to the limiting case p — 1, linear price impact
(quadratic costs) to p — 2. Empirical studies typically estimate values p &~ 3/2; compare [6,
47].

With trading costs, we need to specify how the agent’s initial endowment x is allocated
between her safe and risky accounts. For simplicity, we assume that the initial risky allocation
equals the frictionless optimum ¢y, so that xo = x — @oSp is the corresponding initial safe
position.

Likewise, different terminal conditions are possible, compare [8]. Here, as in [30], we
impose that the risky position is eventually liquidated for consumption (¢7 = 0). The set of
all absolutely continuous trading strategies d; = ¢, dt that fulfil the above requirements and
satisfy E@[( fOT @?cs dt)'*4], for some a > 0, is denoted by ®*. The frictional wealth process

corresponding to such an admissible strategy ¢ € ®* is
t t
Xf=x+ [ gds,— [ alglds, relo.TL
0 0

Accordingly, in analogy to the frictionless case (2.2), the agent chooses ¢ € ®* to maximize
T T
(2.4) I () = Ep[U(x +/ 0 dS; — f Aol |P dz)] — max!
0 0

3. Main results. The frictional portfolio choice problem (2.4) is intractable even in the
simplest concrete models. We therefore study the asymptotic regime where the magnitude A
of the trading costs tends to zero. Results of this kind have recently been obtained by Gua-
soni and Weber [32] for a long-term portfolio-choice problem in a Black—Scholes model with
scale-invariant price impact. Here, we perform this sensitivity analysis in a general setting.
This reveals the general underlying structure of the problem and identifies the relevant statis-
tics that measure the susceptibility of trading strategies to small trading costs. Moreover, as
discussed in Section 3.4 below, this allows to treat as special cases the trading problems where
transaction costs are most relevant in practice: pricing and hedging of derivative securities and
active portfolio management.

3.1. Asymptotically optimal strategies. In this section, we define a family of trading
strategies (¢7);e[0.7] that is asymptotically optimal for (2.4) in the limit for small transac-
tion costs A; see Theorem 3.3. Since the rigorous definition is rather subtle, we proceed in
four steps.

A nonlinear ODE. A first ingredient for the definition of ¢* is the solution to a nonlinear
ODE, that also plays a central role in the work of Guasoni and Weber [32], Lemmas 19 and
21.
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LEMMA 3.1. Let p € (1,2]. Then there exists a unique positive constant c;, such that the
ordinary differential equation

(3.1 g},(Z)=(p—1)p—#!gp(z)\% — 224

has a solution on R which satisfies the following growth conditions:

. gp(2) _p=L
Z_1)1r_noo 4[;(1)71) =—p(p—1) 7 and
zl »
(3.2) o @ 1
. 8p\Z —p=l
2—1:51-100| |[27(171> =p(p -
, A

This solution is unique, and is an odd, increasing function.

REMARK 3.2. The growth conditions for (3.1) at 00 are somewhat ad hoc. An alter-
native characterization is that the constant ¢, is the smallest value for which the ODE (3.1)

has a solution on the whole real line that is positive on (0, 0o) and negative on (—o0, 0); see
[14], Lemma 2.2.2.

Up to rescaling, the function g, parametrizes the asymptotically optimal trading speed as
a function of the displacement of the frictionless target from the actual position; cf. Theo-
rem 3.3. Accordingly, positivity on (0, o) and negativity on (—oo, 0) translate to the natural
property that one always trades toward the frictionless optimum. The constant ¢, will be seen
to describe the size of the corresponding utility loss due to trading costs. Since this needs to
be minimized at the optimum, it is natural that the smallest possible choice is the correct one.

Auxiliary SDEs. We next define a family of SDEs that (up to stopping close to the termi-
nal time) describe the asymptotically optimal displacement from the frictionless strategy ¢.
To simplify notation, we pass to the following rescaled version of the function g, from (3.1):

(3.3) gpx) = sgn(x)]gp(x)|ﬁ, x eR.

Moreover, we impose the following It6 process assumptions.

ASSUMPTION 2. The processes S, ¢, A, ¢5 and ¢? are Itd processes with locally
bounded driftArates (under Q) and locally bounded (squared) diffusion coefficients. We also
require that ¢® > 0.

Under Assumption 2, it follows from [15], Proposition 1.1, that the SDE
E— 5.0 1 1 1 5 JED U
dAy; = (M?’Q — 5P TR m gy (x P+2mzA<ptA)> dt
(3.49)
+cfawf , Ags =0,

9Note that Assumption 2 implies that the process m defined in (3.7) and the process A defined in (5.4) are again

It processes with locally bounded drift rates (under Q) and locally bounded (squared) diffusion coefficients. To
see this, use that if X, Y are It0 processes with locally bounded drift rates (under @) and locally bounded (squared)
diffusion coefficients and f is a C2 function (with appropriate domain), then Itd’s formula, the Kunita—Watanabe
inequality, and continuity of X, Y imply that f(X,Y) is again an It6 process with locally bounded drift rates
(under @) and locally bounded (squared) diffusion coefficients.
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has a unique strong solution on [0, T'] for all A > 0, where W% Q is a Brownian motion under
Q.IO

We can now define the trading strategy (@7);¢[0.7] by

(3.5) gri=¢— Ay
Note that @* satisfies the pathwise ODE
(36) o= 50 T M, (0 TG~ 7). dh =,
where
(3.7) m; = <M)#
At(cgp)p

Stopping times. The strategies @* from (3.5) are essentially asymptotically optimal for
(2.4). Howeyver, to obtain rigorous asymptotic results and to ensure admissibility, we need to
slightly modify @* by appropriate stopping close to the terminal time.

On the one hand, like for models with proportional and fixed transaction costs [2, 22],
excessive deviations from the frictionless target need to be avoided. Therefore, liquidation
is initiated immediately if the deviation from the frictionless target becomes too large or
efficient tracking becomes impossible because the process m becomes too small.!! The prob-
ability of these events is negligible for small A (see Proposition C.5), but the stopping is
crucial to control the remainder terms. On the other hand, we need to ensure here that the
risky position is indeed liquidated until maturity 7.'2

To make all this precise, define the time at which the liquidation of the risky position is

initiated at the latest by
1 8
(503)
p+2 p—1 3
choose constants such tha
Grzyr)  =lglim)
K ~ 9 ’ K s —K ’
B2 pt2 2 6\p+2

59 e<z 1 6-2p 1 )
' 35273 p+2)

(3.8) T =T — A" wherene

t13

and define the stopping time

_ 1 __
T8¢ — inf{t e[0,T*]: |A(p,k| > Al or 3P Tm; < A2 orm; > 272
(3.10)
or AA|@? > A3 or |@| > )r“} AT

101y the notation of [15], take & =Aﬁ, b= ,u‘;’, M=m,L= %piﬁm = %pfl’%lM, c=c?.

UThis happens if the trading cost becomes too large, or the target too volatile relative to the risky asset.

12Eor proportional or fixed costs, this can be done by a single bulk trade at 7', without affecting the asymptotic
results at the leading order.

13Note that this is always possible since p € (1, 2).
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Candidate strategies. We can finally define our candidate strategies ¢* for A > 0 by
(3.11) O =0 L<raoy + (1= 270t — T29)) @0 a Lipap <o ypny,  t€[0,T].

The displacement of the frictionless target from this process is Ap* = @ — ¢*. On [0, T2¢],

the difference Ag” then coincides with A_go}” by construction. Moreover, (3.11) guarantees
that:

(i) On [0, T2¥], the trading rate ¢,A is determined by the ODE (3.6);
(i) On (t2%,72¢ 4 A"] the risky position is liquidated at the constant rate ¢ =
_)\‘ner(p’
(iii) On (2% + A", T], there are no more trades (gbt)‘ = 0) and the agent’s position is
A
7 =0.

3.2. Main result. For the validity of our main result, the primitives of the model need to
be integrable enough. To succinctly formulate the precise conditions, we introduce, for ¢ > 0,
the following set:

T oy 5\ 16322 (1+ px\ 16p(1
oo 20) 0, gy
~ 4(1+2e)(1+¢
(62)2 + 1)), exp(eA D), (2 (1 + (m)?)) T2 D 5
4(1+2¢) 4(14-2¢) 4(142¢) Ite

(m @), (m PR (§F) P (AT,
T
exp(3202 [ (@) ar ) exple (<)) |

We then impose the following integrability assumptions that are for example satisfied if A,

s, 0, ,u‘z”@ and ¢? are bounded and A, S, ¢? are bounded away from O.

ASSUMPTION 3. For some ¢ > 0, we have X¢ C LI(Q).

We can now formulate our main result. For better readability, its long and technical proof
is deferred to Sections 4 and 5.

THEOREM 3.3. Suppose the no-arbitrage Assumption 1 holds, and the primitives of the
model satisfy the Ito process and integrability Assumptions 2 and 3. Then the strategy ¢*
from (3.11) is admissible and asymptotically optimal for the frictional utility maximization
problem (2.4), in that

sup J*(9) = J*(¢") + 0(n772)

pedr
T ?y2 )
:JO((ﬁ)_j‘)cpE@[/(‘) )\‘tp+2<yct ;C ) ) dt:| ( 72)

3.3. Interpretation and comparative statics. Letus now discuss the interpretation of The-
orem 3.3 and look at the limiting cases p 1 2 (linear price impact) and p | 1 (proportional
transaction cost).

(3.12)
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Asymptotically optimal strategies. First, we discuss the comparative statics of the optimal
trading strategies.'*

Similar to models with linear price impact [5, 27, 31, 50], the family of strategies ((pk) 250
track the frictionless target portfolio ¢. Their fine structure in turn depends on the degree of
activity exhibited by ¢.!°

The trading speed (3.6) is determined by the diffusion coefficients C,S and ¢! of the risky
asset and the frictionless optimizer, the current trading cost A;, the risk aversion y, and the
elasticity of the price impact p. In addition, the shape function g, determines how the devia-
tion Ag} = @; — ¢} of the frictionless optimizer from the actual position is incorporated.

For p 1 2, the shape function g, converges to g>(x) = 2x. The optimal trading speed then

simplifies to /y ¢y /2A, times the deviation of the frictional portfolio from the target [50],

which no longer depends on the variation ¢} of the target strategy.

For p | 1, g, converges to 0 on [0, (3/2)2/3) and to infinity on ((3/2)2/3, oo]; cf. [32],
Lemmas 8 and 9. As a consequence, the associated trading speed (1.1) explodes once the
deviation from the frictionless target exceeds

and it converges to zero between these boundaries. This corresponds to the instantaneous
reflection off these trading boundaries that is asymptotically optimal for small proportional
transaction costs [12, 42, 43, 49, 60].

To understand the comparative statics of the trading rate for general p € (1, 2), recall that
the function g, is increasing. Whence, the trading rate (3.6) remains increasing in the ratio
of price volatility times risk aversion divided by the current price impact, like for quadratic
trading costs [50]. The dependence on the volatility of the frictionless target is more complex.
To wit, if the displacement of the frictional position is close to zero, then the ODE (3.1)

1 . .
shows that the function g, is proportional to x — x7-T. Hence, the trading rate (3.6) is

approximately proportional to ¢! raised to the power ﬁ — (p—lfw < 0. Thus, a large
target volatility discourages the agent from trading when she has almost the optimal number
of risky shares. The reason is that a price impact elasticity of p € (1, 2) leads to higher
than quadratic trading costs for small trades. Whence, high tracking speeds are reduced near
the frictionless optimum. On the other hand, when the displacement is large, the function

2
gp scales like x — x7 (cf. (3.2)), so that—as in the case of quadratic costs—the trading

rate (3.6) no longer depends on c{ . The intuition for this is that if the displacement is very
large, the volatility of the target becomes insignificant relative to the displacement from the
frictionless optimum.

Leading order loss of utility. Next, we discuss the welfare effects of small nonlinear price
impact. The first term on the right-hand side of (3.12) is the performance of the frictionless
optimizer. Accordingly, the second term corresponds to the minimal leading-order loss that
can be achieved by applying the policy from Section 3.1.

2
This minimal performance loss is of order O (1 7+2) for small trading costs A. In the lim-
iting cases p | 1 (proportional costs) and p 1 2 (quadratic costs), the well-known orders
O (173 (cf. [37, 55]) and O(A'/?) (cf. [31, 50]) from the literature obtain.

14Note that since the stopping time 7% from (3.10) is very close to the terminal time T, wk can be identified with
@ from (3.5) in the following discussion without loss of generality.

I5For example, if the target strategy is smoother than Brownian motion, then it can be tracked much more closely
and with substantially smaller trading costs; compare [56].
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The factor multiplying this power of the trading cost has three components: the frictionless
Lagrange multiplier J, the constant ¢, from Lemma 3.1, and an average of the model param-
eters with respect to time and randomness. In view of, for example, [58], Theorem 1, y is the
derivative of the frictionless performance with respect to the initial endowment. Whence, by
Taylor’s theorem, the other terms in the leading-order loss can be interpreted as a “certainty-
equivalent loss” as in [2, 43, 50]. This means that they correspond to the amount of initial
endowment the agent would give up in order to trade the risky asset without transaction costs.

The first ingredient for this “cash equivalent of the small friction” is the constant ¢, which
is universal in that it only depends on the elasticity of price impact p but none of the other
model parameters. Its limiting values for p | 1 and p 1 2 are ¢; = (3/2)%/3 ~ 1.31 and
¢y = 2, respectively, so that the value expansion in Theorem 3.3 reduces to the corresponding
results for proportional costs [2] and quadratic costs [50] in these cases. For p € (1,2), it
needs to be computed numerically. It turns out that p — ¢, is increasing; for the empirically
most relevant case of p ~ 3/2, we have ¢, ~ 1.76; cf. [32], Figure 3.

The final ingredient for the value expansion is the average of the other model parameters.
In the Black—Scholes model of Guasoni and Weber [32], this term is constant. In the general
model considered here, all these quantities are stochastic processes and, therefore, need to
be averaged appropriately both with respect to time and states. Like for proportional and
quadratic costs [2, 43, 50], the averaging with respect to states is performed with respect to
the frictionless minimal entropy martingale measure @ In view of [18], this means that the
effect of the small friction is priced like a “marginal” path-dependent option. Like for other
trading costs [7, 43, 50], this price is determined by (i) the trading cost, (ii) the volatility
of the risky asset, (iii) the volatility of the frictionless target strategy and (iv) the agent’s
risk aversion. The powers through which these quantities enter interpolate between the cases
of proportional and quadratic costs. The comparative statics are the same in each case: the
transaction costs cause a big welfare effect if (i) trading costs are large, (ii) the risky asset is
volatile necessitating close tracking of the optimal risk-return allocation, (iii) the frictionless
target is volatile so that its tracking leads to substantial trading costs and (iv) risk aversion is
high so that displacements from the optimal risk-return tradeoff have a big effect.

3.4. Examples and applications. Letus now discuss some examples and applications for
our main result, Theorem 3.3. More specifically, we sketch how it can be used to study the
effects of nonlinear trading costs in two of the settings where they are of crucial importance:
the pricing and hedging of derivative securities, as well as active portfolio management.

Hedging of derivatives. Let us first illustrate how to use Theorem 3.3 to implement hedg-
ing strategies in the presence of small nonlinear price impact. For concreteness, we consider
a Bachelier model with dynamics

ds;=odWr.

Here, WP is a standard Brownian motion, and ¢ is a positive constant. Let us study the
optimization problem of an agent that has sold a European option with payoff function
H = h(ST7), where s — h(s) is four times differentiable and with bounded derivatives and,
additionally, 4" is bounded away from zero.!® Then H is replicated by the delta hedge
ds f (¢, S;), where the option price f(t, S;) at time ¢ is

00
f(,s)= / h(s + x0T —t)p(x)dx.
—00
16These regularity conditions parallel those generally required for proportional [1, 11], fixed [22] or quadratic

costs [50]. With substantial additional effort, the case of a put option is worked out in a model with fixed costs in
[22].
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FIG. 1. Left panel: payoff of the smooth concavified put (dotted), its frictionless Bachelier price (dashed) and
its indifference prices for buying and selling one claim when hedging is subject to nonlinear price impact (solid)
plotted against the initial price of the risky asset. Right panel: indifference price per claim plotted against the
number of smooth, concavified puts traded, with nonlinear price impact (solid) and linear price impact (dashed).

(Here, ¢ denotes the density function of the standard normal law.) Dominated convergence
shows that f is four times differentiable with bounded derivatives. Moreover, the option’s
“gamma” I'; = ds5 f (¢, S;) 1s also bounded away from zero.

Now, note that Jensen’s inequality and the P-martingale property of admissible strategies
in the present context show that the replicating strategy oy f (¢, S;) is optimal for the utility
maximization problem (2.4) augmented by the short position in H. This problem is equiv-
alent to the optimization problem without the claim H under the measure P* with density
dPH /dP = ¢~V H /Ep[e~7H]. Whence, we can apply Theorem 3.3 for constant positive A,
for example: Assumption 1 then holds with Q =P, Assumption 2 is evidently satisfied, and
Assumption 3 also holds because the (constant) diffusion coefficient of the risky asset as well
as the frictionless target strategy and its drift and diffusion coefficients are bounded, and be-
cause ¢? (and, therefore, m) is bounded away from 0. The asymptotically optimal trading rate
is in turn given by (3.6); the corresponding performance loss is given by the formula from
Theorem 3.3. For exponential utility, the certainty equivalent loss obtained by disregarding
the frictionless Lagrange multiplier y corresponds to the adjustment of the utility-indifference
price of Hodges and Neuberger [36]; compare [11, 42, 61].

As a concrete example, let us consider a “smoothed convexified put option” with strike K.
Here, smoothing refers to replacing the actual put payoff (K — S7)™ with its Bachelier price
(K — ST)CD(I;};T )+ a«/gqb(i:%f ) with a very short maturity ¢, say one day. This ensures
that the payoff has bounded smooth derivatives of all orders. Since the second derivative of
this payoff and in turn the diffusion coefficient of the replicating strategy is not bounded
away from zero, we slightly modify the payoff further by smoothly adding suitable parabolas
for sufficiently large and small values of the terminal asset price. The resulting payoff func-
tion then satisfies all assumptions made above; it is depicted in the left panel of Figure 1.
There, we also plot the corresponding Bachelier price and the illiquidity corrections derived
from Theorem 3.3 by numerical integration for a long and a short position of one option,
respectively. As (yearly) parameters, we use o = 0.2 x 100, which roughly corresponds to a
Black—Scholes volatility of 20% at initial price 100 (compare [59]), y = 10, p = 3/2 and the
estimate A = 0.14 x 1.57/250 from [6].

To illustrate the nonlinear scaling induced by the nonlinear price impact, the right panel
in Figure 1 plots the corresponding liquidity-adjusted price per claim for various numbers
of an at-the-money, smooth concavified put. The resulting nonlinear prices are compared to
their counterparts in a model with linear price impact p = 2, keeping all other parameters the
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same.!” Clearly, the prices with elasticity p = 3/2 are higher only for very small trade sizes;
for the larger trades necessary to hedge larger positions, the adjustments with linear costs
quickly become bigger.

Active portfolio management. We now turn to a portfolio-choice model where randomly
changing investment opportunities lead to active portfolio management. To wit, we consider
the Kim—Omberg model [44] with mean-reverting returns:

(3.13) dS; = dt + o dWF,
where u; is an Ornstein—Uhlenbeck process:
dps = k(i — py) dt + o0, dZy .

Here, o, [, k, 0, are positive constants and WP, ZP are standard P-Brownian motions with
constant correlation p < 0.!8 In this setting, Assumption 1 is satisfied, and the frictionless
optimal portfolio is [44]:

R u PO,
¢ = —5 + —L(COu + B()),
Yo Yo

for nonpositive, smooth functions C(¢), B(¢) solving some Riccati equations.19 Thus, cf =

~ 2
o2 and cf’ = y‘,jg (14 ,ocraMC(t))2 are deterministic, bounded and bounded away from zero

here. Furthermore, B and C are continuous, so Assumption 2 holds.

Next note that ¢, is the sum of an Ornstein—Uhlenbeck process (with bounded, time-
dependent mean-reversion level and speed) and a bounded function under the minimal en-
tropy measure Q Whence, its supremum has finite Q moments of all orders. Therefore, the
moment conditions in Assumption 3 are satisfied for constant A, for example. The exponen-
tial moment conditions also hold if the time horizon is sufficiently short.’® The asymptoti-
cally optimal trading rate (3.6) in turn is a deterministic function of the deviation from the
frictionless target, similarly as in the Black—Scholes model of [32].

In the uncorrelated case (p = 0), the relative trading rate is constant, in line with the con-
stant relative trading rates of [26, 27] and the no-trade regions of constant width in [19, 49].
The corresponding certainty equivalent loss from Theorem 3.3 then also accumulates at a

constant rate:
2 _p_
2 o 2
A2+p _r P c
8yo? P

The performance loss therefore is increasing in (i) the trading cost, (ii) the volatility of the
signal u; and (iii) the inverse of the product of risk-aversion and asset volatility. The intuition
for the last scaling is that the frictionless target is also inversely proportional to this term,
and the resulting reduction of the frictionless target volatility overrides the increase of the
tracking speed. In contrast, the mean-reversion level i and mean-reversion speed « of the
expected returns do not influence the leading-order term.

Tn particular, we use the same value of A as in [6]. Ideally, this scaling parameter of course should be estimated
for each elasticity of price impact p from the same dataset, but such estimates do not seem to be available in the
literature.

18Empirical studies such as [9] typically find substantially negative values. For the uncorrelated case (p = 0),
the optimal portfolio is the same as for the local mean-variance criteria of [26, 27, 40, 49].

19Assumption 1 follows from [48], Example 3 in Section 6.2; admissibility can be established using [54],
Lemma 2.12, and [48], Example 3 in Section 6.2.

20This restriction could be avoided by either directly working with quadratic rather than exponential preferences
as in [27], or by truncating large values of the state variable as in [50], Section 8.1.
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4. Primal considerations. To prove Theorem 3.3, we first establish that the expected
utility corresponding to the candidate strategy ¢* from (3.11) can be bounded from below by
the asymptotic expansion asserted in Theorem 3.3.

As a preliminary observation, we note that ¢* is admissible and in L%Q(S). Indeed, the

elementary inequality |x| < 1 + |x|!*¢ for ¢ > 0, Lemma B.1 and Jensen’s inequality give

E@UOT(%*)zd(S)z} <1 +E@[<AT(¢?)ZC£§CZI)HS]
<1+ TEE@[/OT((@)ZC;S)M dl] < 00.

4.1. Approximation by cost-displacement tradeoff. We start our analysis by a Taylor ex-
pansion of the utility of the frictional candidate wealth process around its frictionless coun-
terparts. Together with careful remainder estimates, this shows that the expected utility loss
when applying the strategy ¢” from (3.11) can be asymptotically bounded from below by a
tradeozfif between squared displacement from the frictionless target and accumulated trading
Ccosts.

PROPOSITION 4.1. Suppose Assumptions 1,2 and 3 are satisfied. Then
I (¢") = 1%
4.1 A9 1) ) 5
> —&E@[/O (E(Aq;}) S+ AA,{¢}|”> dt} +o(A772).

PROOF. To ease notation, set Vy = x + fOT @rdSy, V% =x+ fOT go,)‘ ds; — AfOT A; x
G |7 dt, as well as V3 =x + [T @*dS, — A [T Ay|¢H|P dt.
Step 1. We first establish some preliminary estimates. To this end, set
e T
Al ::/ ApltdS;, A2:=/ Aglds;,
0 The
Th¢ T
As :=/ M |GH P dr, Ay :=/ A |G| dt.
0 The
Note that under the martingale measure (@, the SDE satisfied by the asset price S is
dS, =+/cSdwSQ,

where W5 Q is a @ Brownian motion. The Itd isometry and Proposition 4.4 below give

(*2) Egl(A1)*] = E@[ [ @eie dt] _ o),
(4.3) EglA3]= O(177).

Moreover, 1t0’s isometry, the Burkholder—Davis—Gundy inequality (with constant Cgpg), and
Lemma 4.3 show that

2 r 2,8 23
(4.4) Eg[(A2) ]:EQ[/TAW(A%) ¢ dt} =o0(A7%2),

21 Similar goal functionals are directly used in a number of studies; cf., for example, [5, 49]. Related pathwise
criteria are studied in [12, 28, 56].
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4

T 3
(4.5) Egl(42)°] < CBDGE@K /r (A a’t) ] =o(2792),

Furthermore, by the Burkholder—Davis—Gundy inequality, the definition of 72¢ in (3.10), the
choices of «1, k3, k4, and the integrability conditions from Assumption 3, we obtain
4

(4.6) Eg[(41)®] < Capa T 2% Eg[(c7)’] = 0(2772)
4.7) A3 < TA® = o(A3792),
AP
A4</ )»Ar|)»_'7(pAA |pdt<kl_(p_l)"_PK4A>;
4.8) T Jee Ty -
— o(A77) A%
Combining (4.3) and (4.7), we now deduce
1 2 4.2
(4.9) Eg[(43)*] = 0(A372)Eg[A3] = 0(A3742).
Step 2. Next, we show that
(4.10) Ep[U(V})] = Be[U(V})] +0(177).

By concavity of U, the fact that U is an exponential function, the frictionless first-order
condition U'(Vr) = $dQ/dP, the identities V — V% =A;+Ar)+ A3+ Ay and V% — V% =
— Ay, as well as the estimates (4.7), (4.8), we obtain for A <1,

Ep[U(V7)] —Ep[U(V7)]
= Ep[U'(V7)(Vr — V)] = $Eglexp(—y (V7 — V) (VF — V7)]
-y exp(ka“)o(kﬁ)
T
X E@[exp(‘/o yAtdS,| + y)ﬂiﬂA;)A’;]
To establish (4.10), it suffices to show that the expectation on the right-hand side of (4.11)

is of order O(1). To this end, let A be sufﬁciently small and choose ¢ as in Assumption 3.
2(1+8)

(4.11)

Then the elementary inequality x <

exp(z(1 - s)x) for x > 0, Holder’s inequality with
exponents 1 4+ ¢ and 1 + % and Lemma 4.2 give

T
E@[eprfO yA(ptde,
r A
fE@[eXPQ/O yAp; dS;

_21+e) T
== QeXPQfO yAg}dsS;

2(1 [ T
< ( je)E@ exp<(1 —i—e)y‘/ Aglds,
& L 0

+yxziaA;)A>;}
ELEVAYY
)eXp<2(1+s> T) T}
e?
)eXp<<1+s>AT)}
>] o IEQ[exp(sA’})]ﬁ

4(1 i T 18 e
< ( 8—; S)E@ exp<8(1 —{—e)zyzfo @F)*cS dt)}(l+ )E@[exp(sA"})]Hs
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Thus, (4.10) indeed holds as asserted.
Step 3. Finally, we show that

Ep[U(V7)] — Ep[U (V1))
(4.12) Ag

T 2
s [ (SlontPe +an i) ai] + o).

Together with (4.10), this yields the asymptotic lower bound (4.1). For fixed w, a second-
order Taylor expansion with Lagrange remainder term of U (VTA) around the frictionless op-
timizer Vr yields

_ _ 1 _
U(VF)=UWVr) +U' (VD) (Vi = Vr) + 50" (Vo) (Vf = Vr)®

1 _
+ SU" @) (VF = Vr)’,

where £(w) takes values in the interval with endpoints Vr(w) and \_/%(a)). Using that
U"/U =—y,U"”/U"=y?, and U’ is positive, we obtain

_ _ 1 -
U(V)=U(Vr) > —U’(VT)<(VT — VM + v (Vr = VA2
(4.13)

1 - _
+grieply |V = Ve - Vi),
By the first-order condition U’ (Vr) = yd @ /dP and Bayes’ theorem, it remains to show that

1 _ 1 _ _
E@[(VT = V) + (Ve - Vi) + g)’zexp(ﬂVT — Vi)V - V%’3:|
(4.14)

a4
Y ) S
B[ [* (50l +angi )" ) ar] +067)
We split up the expectation on the left-hand side of (4.14) into three parts and use that

Vi — V% = Ay + Ay + As. First, using that that [, ¢*dS and Jo@dS are (@—martingales
(cf. Theorem 3.3), we obtain

E@[VT — ‘_/7)3] = EQ[Al + Ay + Az] = E@[A3]

5[

Next, the Cauchy—Schwarz inequality and the estimates (4.2), (4.4), (4.9) give

Eg[(Vr — V1)*]

=Eg[A] +24142 424143 + 24243 + A} + A3]

(4.15) 0
AN @M dt].

1 1 1 1
< Eg[AT]+2E4[AT] Eg[A3] + 2B [AT]2Eg[A3]?

1 1
(4.16) +2Es[A3]7Eg[A3]7 + Eg[A7] + Eg[A7]
<E4[43]+20(A77)0(172) 420 (A7)0 (1 77)
1 2.2 2 4 2
+ 20()» p+2)0()\‘3 p+2) + 0()\, p+2) + 0(A3 p+2)
A
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Finally, using the elementary inequality (a + b + )3 <9@>+b3+¢3) fora,b,c >0, the
Cauchy—Schwarz inequality, the estimates (4.6), (4.5), (4.7) and Lemma 4.2, we obtain

Eglexp(y|Vr — Vi) |Vr — Vi []

< 9exp(yTAK3)IEQ [exp(l/OT yAgldS, >((Al)3 + (A2)® + (A3)3)}

)]

Py T
+9exp(yTA3)o(A? Z)EQ[exp(‘/(; yAgldS;

T
<9exp(yTA?) [exp(‘/ 2)/A(p?dS,
4.17) 0

1

x (Eg[(A1° )7 + Eg[(42)°]2)

2
=o(rr72).
Combining (4.15)—(4.17) yields (4.14), thereby completing the proof. [
The following two auxiliary estimates are used in the proof of Proposition 4.1.
LEMMA 4.2. Suppose Assumptions 1, 2 and 3 are satisfied. Then, for k € [1,2],
T T
A\ 2
E@[exp(ky‘/(; ApltdS; )} < ZE@[exp<8k2y2/0 (@F)cs dt)} <

PROOF. Fix k € [1,2]. In view of the elementary inequality exp(|x|) < exp(x) +
exp(—x) for x € R, it suffices to show that

T T
E@[exp(/o :I:kyAcp?dS,)] < E@[exp<8k2y2/0 ((,?J;k)zctsdt)} <00

This follows from [53], Theorem II1.43, and Lemma B.1. [

LEMMA 4.3.  Suppose Assumptions 1, 2 and 3 are satisfied. Then for k € [1, 3],

T k 2min(k,2)
E@K / (Awf)chdz) }:0()»!’“ )
Thy

PROOF. Fix k € [1, 3]. In view of the elementary inequality (a + b)k < 4(a* + b¥) for
a, b > 0, it suffices to show that

T ) k 4
EQ[</ (ApM)cs a’t) ] =o(A?*2) and
Thy

IEQK /T (g dt)k] — 0(.7%7),

To establish the first part of (4.18), we use Lemma B.1, Holder’s inequality, and Proposi-
tion C.5 to obtain

i A 2.S g
Bl ([t o0’ ar) |
A 2 k
(gb;k) Cfdl) ]].{TA¢<T)L}i|

2k T
=25y([.,

2 T s VOO T e A M1
<2 E@[</O (@) ¢ dt) ] “Q[tRY < TH]™ =o(A742).

(4.18)
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To establish the second part of (4.18), we use Lemma B.1, T — T* = A", and n>-—5to

p+2
obtain
| (

This completes the proof. [

/i(%k—@)zctsdt) }<22kk"”EQ[(( 525 = 0(47) = 0(a772).

T

4.2. Computation of the cost-displacement tradeoff. In Section 4.1, we have seen that
the exponential utility generated by the candidate strategy from Section 3.1 is asymptotically
bounded from below by a tradeoff between squared displacement from the frictionless target
and accumulated trading costs. By applying ergodic results developed in the companion paper
of the present study [15], this cost-displacement tradeoff can be computed explicitly in terms
of the model parameters.

PROPOSITION 4.4. Suppose Assumptions 1,2 and 3 are satisfied. Then
™y 2
E@Uo (E(Aq)t)‘) s +At|¢ﬂ”> dt}
2

L 2
R
= 0(7)
where ¢, is the constant defined in Lemma 3.1.

PROOF. To ease notation, set

Ag

(4.20) C(ph) = E@Uor (g(mp})ch +/\,|¢}yl’) dl]

The stopping time 72¢ converges to T in probability as A goes to zero by Proposition C.5.
By the dominated convergence theorem and Assumption 3, it therefore suffices to show that

a2 clh) =B [T AR ) ]+ o).

By the definition (3.11) of A¢* and since A¢* coincides with Ag" on [0, T2], we have

clwh) =By [ (L@anes

+ 2_pp_#kﬁAt(c?)pmﬂgp(k_ﬁmtA_(p?ﬂp) dt].

(4.22)

We now apply [15], Theorem 1.3, to the right-hand side of (4.22). To this end, set

~

_L
(4.23) y— X expp TGy dx
Jrexp(=p 7~ ‘Gp(x))dx
(4.24) fR|8p(x)|”€Xp( p P le(X))dx

Jrexp(—p 7 1G p(x))dx
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where G »(x) = [y &p(x) denotes the antiderivative of g,. Then apply (the S I_version of)
- 1 ~ A 1

[15] Theorem 1.3, with X¢ = A(p)‘ where e = A772, b=p?Q M =m, L = lp_ﬁm =

p = M, and ¢ = ¢?, first to the case f(x) =x2, H = y ¢35 and K = 1, and then to the case

fx)=1gp(x)|?, H=2"Pp »- 1A(c‘/’)pmp and K = m. (Note that Assumption 3 ensures
that [15], Assumptions 1, 2, are satisfied. 22) This yields

Ag

T y l‘
2m,

o
(S

425 C(¢")=7E, [ fo ).

We proceed to simplify the expression inside the expectation of the right-hand side of (4.25).
First, using the definition of m in (3.7), we obtain

5+p 7" PTw2 P A, (c,)p fjdt}—i-o(kﬁ

s 2

(420 DL = AT (e,
ur

4.27) 21 A () PmP = AT (2 () eS).

Next, we show that
(4.28) vt p T Tw=c,.

To this end, notice that by Lemma A.1, the function g, and its antiderivative G p are bounded
in norm (from above and below) by positive monomials of nonzero degree in a neighborhood
of infinity. Hence, an integration by parts yields

/R|§p(X){pexP(—p_ﬁCN;p(x))dx

l

S /R 12,00]7 sgn(o) exp(—p~ 771G p(x))) dx

(4.29)

L
—1

S fR gy () (exp(—p PTG () dx

1 | P
=prT /Rg;,(x) exp(—p 771G p(x))dx.
Plugging the ODE (3.1) for g, into the right-hand side of (4.29), and then dividing both sides
1 ~
of (4.29) by [rexp(—p 7-TG,(x))dx, we obtain

1
w=pri((p-— l)p_%w —v+cp).
Solving this equation for ¢, yields the claimed relation (4.28).
The asserted formula (4.21) for the cost-displacement tradeoff now follows by plugging
(4.26), (4.27), and (4.28) into (4.25). The last estimate follows from Holder inequality and
Assumption 3. [

5. Dual considerations.

5.1. Asymptotic duality bound. To complete the proof of Theorem 3.3, we now comple-
ment the primal lower bound from Proposition 4.1 with the following dual upper bound.

22More precisely, we have pp15) =1, q[15] = %, q[/15] = 2 for the constants of [15]. Assumption 1 of [15] is
given by the integrability of the first item of X*. The first two items of Assumption 2 in [15] are given by the
second and third item of X*. The third and fourth items of Assumption 2 in [15] are given by the fourth item
of X¢ in the first case and by the fifth, sixth and seventh items of Assumption 3, Holder’s inequality, and the
definition of k1, k7, k3 in the second case. The fifth item of Assumption 2 in [15] is given by the eighth item of
X¢. The last two items of Assumption 2 in [15] are trivially satisfied as % is a constant.
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PROPOSITION 5.1. Suppose Assumptions 1, 2 and 3 are satisfied. Then the following
upper duality bound holds for any admissible strategy ¢:
A

(5.1) ﬂ(w)—J(’@)s—&E@[/o (Z(Ago,*)chﬂtl#l”)dz}+o(x#).

2

Suppose this result is established. Theorem 3.3 in turn follows from Proposition 5.1 com-
bined with the primal lower bound established in Propositions 4.1 and 4.4 for the candidate
strategy from Section 3.1.

5.2. Proof of Proposition 5.1. To prove Proposition 5.1, we use the duality theory for
superlinear frictions developed very recently by Guasoni and Rasonyi [30]. They argue that
in this context, the dual measures do not turn the frictionless price into a martingale, but
rather the actual execution price with transaction costs.?>

This characterization is apparently difficult to apply, since it relies on the primal and
dual optimizers, both of which are unknown. However, it is extremely useful for the present
asymptotic verification, because we already have a candidate asymptotic optimal strategy ¢*
at hand. We use the execution price corresponding to the latter as a substitute for the exact
optimizer. However, this “naive” asymptotic execution price needs to be modified in two di-
rections. First, as in the case of proportional transaction cost (cf. [1, 2, 34]) we need to stop the
“naive” candidate in order to ensure enough integrability for the estimates in the remainder
terms. Second, another subtle modification is necessary in order to control the displacement
of the execution price from its frictionless counterpart; cf. Lemmas 5.4-5.8. This makes the
analysis more delicate than in the case of proportional transaction costs. Indeed, unlike in
[34], the change of measure from the frictionless martingale measure @ to the frictional dual
martingale measure @)‘ (cf. (5.24) below) is no longer bounded so that more careful moment
estimates are needed; cf. Lemmas 5.3 and 5.10.

Finally, with the modified asymptotic execution price and the corresponding frictionless
martingale measure @A at hand, we use convex duality (both for the utility function and
the trading cost functional), Taylor expansions and careful remainder estimates to derive the
desired duality bound in Proposition 5.1.

“Naive” execution price. Recall that under the frictionless dual martingale measure @,

the risky asset has dynamics dS; = \/c; dW,S’Q, where W5Q is a (@-Brownian motion. In-
spired by the first-order condition of [30], define the “naive” execution price for the candidate
trading rate ¢* from Section 3.1:

(5.2) Sy =S+ AS; =S, + rpsgn(}) @7

Note that on [0, 2¢], we have

_ 3 5 _ 1 3
(5.3) ASy = 27227 N ()P mP T g, (T m Al ) = 477 Argp (B)),
where
. ) L
(5.4) A =2 DA (AP 'mP™" and Bl =T m,Ag).

23For models with proportional transaction costs, this leads to a “shadow price” in the spirit of [17, 38] that
coincides with the bid- or ask-price, respectively, whenever the optimal strategy sells or purchases. Between these
trading times, the shadow price needs to be chosen so that it is indeed optimal not to alter the portfolio at hand;
compare [41]. In the present context, it is optimal to trade at all times, so that the execution price is always directly
linked to the optimal strategy.
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In order to calculate the dynamics of AS” on [0, T2¢], we first compute the @—dynamics of
B*.1td’s formula and the dynamics (3.4) of A_(p}‘ give

3 D E— 1 —A __1 —A
dB} =) P2 A@; dm; + 1 P2midAg, + 1 P2 d{m, Ap”),
) 1 A A
=A P2 Ago)L dm; + )\_mmt,u;p’(@ dt
(5.5) 211 N

. P+2§p P*‘C?mtzgp(Bt)dt

4 m? w4 a7 dlm, W)
Now It&’s formula yields the following Q-dynamics for AS on [0, T2¢]:
dAS] =177 g,(B)dA, + 177 Ag)(B)) dB]
AP A (B dlB), + 37 (B dlA, B,
= A7, (B)) dA, + AT A,gl, (B} Bg) dm,

+

—I—)»mAtg;,(BA)mt,ut Qg
(5:6) 1L ¢ 2 —-L. Y
— 5)\.p+2A[Ct mip P1g,(B; )gp(Bt ) dt
-2 I (pA ¢ $.Q
+ A7 Arg, (Bl )mey ¢ dW;

I .
)\mAtc‘pmtzg;; (B}) dt

N | =

+ )\ﬁAtg;,(Bl)‘) c;;] d(m, W“A”Q)t +

+AP+2g (BXYmpcf d(a, w9Q), .

In order to simplify (5.6), observe that the ODE (3.1) implies

_L
1

8,(2) = p(2)g,(2) —

1 )
Using this identity and reordering terms in increasing powers of A 72, we obtain

_ 1 ~ 2 N
dRS; = —A7 A Pm? Bl di + 377 Argl, (BY) Ay, dm,
+AP+2A;mtgp( ) c, dw? ¢.Q
5.7 p A
+)"mAfg;)( )sz, Ly ‘H»””A gy(B el dim, woQ),

2

+ 2728, (BNmcf d(a, WQ), 472 g, (BY) dA,.

For future reference, we note that using the definitions of m in (3.7) and of A and B*in (5.4),
the first (leading-order) term can be rewritten as

1 A
(5.8) 172 A, 9mP Bl = =27 PV A (DY mP P Ag) = —y S Ay
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Modified execution price. As explained above, we need to modify the “naive” execution

.Sk N . . . .
price S* in two directions. First, we need to stop. To this end, we introduce the following
auxiliary stopping times:

(5.9) 1 i=inf{r €[0,T]: |BA| > ,\—KS} ATA?,

)"KG } 1

580 [ s
. C A
(5.11) 3 ::inf{te[O, T]:‘S(f MET’CJWS’% —1‘>AK6]A‘£}"2,
0 ) t

(3]

(5.10) ™ _1nf{te[0 T]: ‘

(5.12) 4 =inf{t € [0, T]: A7AS)| > A7) Ah!,

1 —
(5.13) e :=inf{te[0, T]'—S|CAS +2c588 |>r"8}/\r“,

l‘

1
(5.14) 0 .=inflr €[0,T]: A/ > 17},
Q\/7

(5.15) ™7 —mf{te[O T]: ‘ + yy/cd Apl >W>}MU.

These are in turn used to define the following dual stopping time:
(516) _L_)»,dllalz_c)\,l /\_L,)LZ/\ )\.3/\ /\_EAS /\T)L76/\T)L77.

Here, the constants «; are chosen as follows (by the definition of k1, k2 and k4 in (3.9) and of
n in (3.8), these intervals are not empty):

., E( 1 11 ) (2 11 >
. K — —Kkl, -——= |, K - —— — K5,
S22 3pi2 S\3pr2 p12

() (G =3) 5752 7)
e (2 Jboomy 7.t
! r2 T p 2 3p+r2 !

(5.18) 5
kg€ |0, —— — 2« ),

’ < p+2 :

(5.19) € (O 2 + ) € ( 2 2 2 >
. K - — 4+« K — — K1, —2ks5 ).

9 n +2 3 10 » 12 1 D 12 5
With these preparations, define the modified execution price as
(5.20) St=S,+ AS},
where

A ! A ' AS
(521) ASI = / :l]_{s<.[x.dual} dASS - / ]].{rx.dua1<s<rk,dual+kn})\._nAS.L,)L,dual ds.
0 0 -

The modified execution price S* coincides with the “naive” execution price S* on [0, T*-4val],

on Jr*dual g, grdual L 3n] " g% is “brought back™ to the frictionless price of the risky asset S
via the constant drift rate A~ AS ;. qua (this is the other modification of the “naive” execution
price), and on [t*4Ual 37 T], §* coincides with S.
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Dual martingale measure. To obtain an upper duality bound in the spirit of [30], we
proceed to define an equivalent measure Q* that turns the modified execution price S* into a
martingale. To this end, set

@ —ch
,ut AS 5 dual
(522) {t)h = T:ﬂ.[0<t<tk dual) — A nTis:ﬂ.[tl,dualitSTA,dual+An]y
c; V&

define the @-martingale Z* by?*

(5.23) Zh = 5(— /O % dWSS*Q> ,
t
and define the measure Q* ~ Q on Fr by
dQ* .
(5.24) Q =7k,
dQ

Girsanov’s theorem ensures that S* is a local Q*-martingale.
To ease the notation in upcoming estimates, we also define

(5.25) AZ} =7} —1.

Note that AZ* is as Z* a Q*-martingale.
We proceed to show that the wealth process of any admissible strategy is a Q*-martingale
when evaluated with the modified execution price S*.

LEMMA 5.2. Suppose that E@[exp(s((cs)*l)’;)] < o0 (Which is part of Assumptions 3).

Then the stochastic integral [y ¢; d St)‘ is a square-integrable @)‘-martingale for any admissi-
ble strategy ¢ € ®*.

PROOF. Since AS* does not accumulate quadratic variation on [t T, the instan-
taneous quadratic variation of S* satisfies

c,SA = cf+AS =c’ + CIASA + 2(:tS’ASA <cS(14+27%), tel0,T).
Here, the last inequality follows from (5.13) (noting that AS* and AS” are indistinguishable

on [0, tk*d“al]]). Together with Holder’s inequality, Lemma 5.3 below, and the admissibility
of ¢, this yields

B[ [ daish)]
<(14+217E [Z'\/ (ptct ]

<(1 +A_K8)EQ[(Z)‘ o [(/ pcSd >l+a}ﬁ < 00,

for some 0 < a < ¢. Therefore, ¢ € LéA(S*) and the assertion follows. [

241t is shown in Lemma 5.3 below that the local @—maningale Z* is indeed a @—martingale.
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Convex duality estimates. To derive the dual upper bound in Proposition 5.1, we follow
[30] in using the convex conjugates of both the utility function U and the instantaneous

trading cost x > W, (x) = As|x|?: %
~ —1 p_
Bi() = supfry — 0, ()} = Ly,
xXe A p—1
(5.26) 1 | p(Ap)
U/ (y) = ——y|7Tsgn(y),
(Aep) Pt
~ y y
(5.27) U(y) =sup{U(x) — xy} = —(log(—) — 1),
xeR 14 14
1
0'() = - tog( %)
Y 14
~ 1 ~
(5.28) U'(y)=—, U"(y)=——3.
vy vy

Let ¢ be any admissible trading strategy. Since the terminal risky position is zero, two inte-
grations by parts, the definition of W, and Sé =Sy yield

T T
X‘§=x+f0 ‘PtdSz—/(; Ml P dt

T T
= x — ¢S —/0 G605, dt —/0 Al |P di
(5.29)

T T T
=x—<p053—/0 @S}dmu/o ¢t(sf—s,)dt—f0 2l P dt
T T _
§x+/ go,dS}Jr/ U, (ASH) dt.
0 0

PROOF OF PROPOSITION 5.1. By definition of the convex conjugate U(y) =
sup, g iU (x) — xy}, we have the pointwise inequality

aQ*\  .dQ*
dP > R

A

(5.30) U(X%) < U( —X¥ =U(GZrZy) + 521 2} X,

where dZ7 := d@ /dP denotes the Radon-Nikodym density of the frictionless minimal en-

tropy martingale measure. We proceed to establish an upper bound for U@ y ZrZh 7). For fixed
w, a second-order Taylor expansion with Lagrange remainder term gives

T(32r25) =G 2r)+ U G2r)52r A2}
S A N a25 5002
(5.31) +-U"($Z1)3*Z:(AZ))

0" (6()527)3° 23 (AZ}),

O\I»—kl\)—i

where £ (w) takes values in the interval with endpoints 1 and 2% Using —U' = WU")"! to-
gether with the first-order condition U’(x + fOT @ dS;) = fzzT, the explicit expressions in

25The importance of the dual friction U was first recognized in [21], where it is used to establish a superhedging
theorem.
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(5.28) for the derivatives U” and " and the facts that U" (¢ () Z7)(AZ})? < 0if Z% > 1,
and £(w) 2 < (2%)_2 for Z}T‘ < 1 and plugging all this into (5.31) yields

(5.32)

Combining (5.32) with (5.30) and using U ($Z7) = U(x + [y ¢:dS) —5Zr(x + [ ¢ dS;)
and (5.29), we in turn obtain

(5.33) + >

N s |AZ} P
—YLT—= .

6y (Z5)?

Now take P-expectations in (5.33). We consider each of the five terms on the right-hand side
of (5.33) separately.

For the first term, we use Bayes’ theorem and the fact that [, ¢; dS*isa @A -martingale by
Lemma 5.2. This gives

. T R T
(5.34) 83202 ([ wast)|=5Eg [ [ wast]=o.

For the second term, we use Bayes’ theorem and Lemma 5.4 to obtain
A T ~
E[&ZTZ,} (f T, (ASH dt>]
0

(5.35) = SE¢» [ /0 ! T, (AS}) dt]

A A T 1 A N
_yZTZ%(/O @tdSz)-l-gyZT(AZ)TL)Z

T8¢

2
=H(p— 1)E@UO A,|¢?|”dt} + o(1772).

For the third term, we apply Bayes’ theorem, the decomposition ¢ = ¢* + A¢” and
Lemma 5.5 and 5.7. This gives

A T
)

T T
556 ——3(Bg| [ aasi|+Eq| [ avtas))
. Th¢ Th¢ )
=—§pE@[/O )\zkb?lpdf] —WE@[/O ¢ (Bgr) df]
2

+o(AP¥2).
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For the fourth term, Bayes’ theorem and Lemma 5.8 yield
| A A y N
B 52r(AZ))° | = 55, [(AZ}))
(5.37)

A~ TA(p 2
= %EQ[/O c;g(A(ptk)zdt] +o(AP¥2).

Finally, for the last term, we use Bayes’ theorem and Lemma 5.9 to obtain

1. |AZEPT] 9 AZLP 2
(5.38) E[—yzr%kl%[' AAT| }=o(xp+2).
oy (zp)? 1 oy (Z%)?

Combining (5.33)—(5.38) now yields the claimed upper duality bound from Proposition 5.1.
g

5.3. Auxiliary estimates. For better readability, this section collects auxiliary estimates
used in the proof of Proposition 5.1. We first establish a maximal inequality for the density
process Z* defined in (5.23). This estimate is used both in the proof of Lemma 5.2 and in
several other auxiliary results below.

LEMMA 5.3. Let k € R. Suppose that EQ[exp(s((cS)_l)’;)] < 00 (Which is part of As-
sumptions 3). Then there exist constants Cy and Ay > 0 such that, for all ) € (0, \y),

A k
Eql((2*))7] = Ck-
PROOF. To prove the assertion, we first establish three auxiliary claims.

CLAIM 1. Forany a € Ry, there are constants cy, )_\a > 0 such that, for all 1 € (0, Xa):

. %
2
Fo (ool ), 7)), | =
for some positive constants Ly and ¢, depending only on .

PROOF OF CLAIM 1. For o € R4, the integrability assumption on ¢S shows that there
exists Ay > 0 such that

Ca = Eglexp(@T (o)™ + a(he) "7 ((c%) 71)})] < 0.

Since (g“,k)2 is nonnegative, the definition (5.22) of the process ¢*, the definitions of the
stopping times 2 3 and % in (5.10-5.12), and the choice of ¢, show that, for A €

0, Ag):
cffofe 7))
cxyfon(o 7
(5.39) =EQ [exp(a /Ofkydual<%)2ds

N

)»,dual_i_)\n —A 2
+ o T <)\‘7l AStk,dual ) ds)]
.L-)\,dual /C;,S

< Eglexp(@la™ + a2 () ™)})] < co- 0
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CLAIM 2. Forany a € R and » € (0, A «2/2)> the process E(—a fy {s dW; Q) is a Q
martingale.

PROOF OF CLAIM 2. This follows from Claim 1 and Novikov’s criterion. [

CLAIM 3. Forany a € R and A € (0, hgy2 A Agy2),

. A\ 2
EQ[E,’(—O{/O {SAdW;?’Q)T] =< Cey2-

PROOF OF CLAIM 3. By the Cauchy—Schwarz inequality, the fact that £(—4a x
fockd W_;S ’Q) is a supermartingale and Claim 1, we obtain

ofe(e [ raws) ]
—E, [exp( 2 / graws @ - % /0 T(8a2—6a2)(§3)2dz>]

: A 3 T 2
§E©[5<—4a fo gdef’Q>T] ]E@[exp<6a2 /O (g})zdrﬂ < Cou2

as asserted. [

To complete the proof of Lemma 5.3, now let k € R and set A := )_“k2/2 A )_‘\k2—k| A g2 A
Xgaz. Then for A € (0, Ax),the Cauchy—Schwarz inequality, Claim 2, Doob’s inequality and
Claims 1 and 3 yield the asserted estimate:

<o (o( f ams ), L (so(v -1 [ 0)) ]
< 2E@[5<—k/0' f.?dWE’Q)j]Z(Qk?—kO% < 2(66k2)%(c|k2—k\)% =: Cy. O

Next, we provide a series of estimates that are used in the proof of Proposition 5.1.

LEMMA 5.4. Suppose Assumptions 1, 2 and 3 are satisfied. Then

TA?

Egy [[ @,(Asf)dz] =(p— 1)E@UO A,{gbﬂpdt] +o(,\ﬁ).
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PROOF. Using the definitions of U, in (5.26) and AS,’\ in (5.21), we obtain
T _ N
E; [ / U, (AS dt]
Q* 0 l( t )
.r)».dual
=(p—-DE; /
(p ) QA|: 0
A, duﬂl_’_)hr]

1
- _n )»dual L M p=T
Fo-DEG[[[ T 0 am - oyt (B

. A
X )\.T)L,dua] |(prl,dual }P dti| .

Aot P dt:|
(5.40)

By Lemma 5.6 below, it suffices to show that the second term on the right-hand side of (5.40)
2
is of order 0(37+2). To this end, we use that A i.aui[¢%, 4ql” < A3 since 444 < 749 (see

the definition of 2% in (3.10)). Using this, the definition of % in (5.14), Bayes’ theorem,
Holder’s inequality, the integrability condition on A~! from Assumption 3 and Lemma 5.3,
we obtain

Tk.dual+Xn » A © dual —
A — -n — A,dual nD— .[—,ua !
E@x[ff (1= -7 )),1< - )

A,dual

. A
)\..[)hdual |(pr;\,dua1 |[? dt]

1 I+e A
1

< M E G [(ATTT)G] S AT [(ATT ) R, [(25) 7 )T

LEMMA 5.5. Suppose Assumptions 1, 2 and 3 are satisfied. Then

T N g AP 2
EQ[/O o dst}zp%[fo Aulg?| dt]+o()u’+2).

PROOF. Using that § = $* — AS* and taking into account that [} dS} is a Q*-
martingale by Lemma 5.2, it suffices to show that

Agp

T T L
(5.41) E@A[/O —<p}dAsf]=pE@Uo x,|<pt|1’dz}+o( ).

To establish (5.41), we use that AS* vanishes on ]]tk’dual + A", T], integrate by parts (recall-
ing that AS*, 4, o = AS} = 0), and recall the definition of AS* in (5.21). This gives

T
Egy [/O —p} dAS,*}
rh.dual 4 57 ghdual 3 n
(5.42) =Eg [ /0 —¢] dAsA] Eg [ / ASt@! dz}
TA.dual+An

Tk,dual
o [[ a2 i)

By Lemma 5.6 below, it suffices to show that the second term on the right-hand side of (5.42)

2 -
is of order 0(27%2). To this end, we use the definition of AS*, 9*, AS", 2% in (5.21), (3.11),
(5.2), (3.10), A, = A A,, the definition (5.12) and (5.14) of t** and t*, Holder’s inequality,
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Lemmas B.1 and 5.3, the integrability condition on A~! from Assumption 3 and the choice
of the constants «3, k4, k7 and kg, in (3.9), (5.18) and (5.19) to deduce

.L,A,dual_i_kn
‘E@ [/ ASFG) dt]‘
T

A, dual

tk,dual+xn

E E@)L I:/;)\,dual |AS¢k,dual | |¢[)L| dt:|

.[Aga/\(.r)\,dual_‘_)\n) . N
=< E@A I:‘/; |ASTA,dual | |§0t | dt]

A,dual

.[)»,dual_’_)Ln N B .
+ By, [ [ |AS%, g "rga,mdr}

AwA(rl,dual+kn)

‘L’Afﬂ/\(.[)»,dual_i_)hn) p1 l R .
s -1 . A A,dual \ P
N QK |:-/7.’ p)\'-[f,dual |§0-[)»,dual |P }\’l‘p |¢t | ( ‘[[\ ) dt:|

A,dual t

.[)L.dua]_i_)Ln

0 A —n| A
+ EQA |:</[\A<ﬂ/\(r)»,dual+)m) ‘ AST)”’dual ‘)\' ‘ergo ’ dti|
—1
< prOT TR [(A7P)5] 4 A
1+e

i N = _lde o 1 _ 2
< p)\,’{3 P K9+7]EQ[(Z%’) £ ]H»sE@[(A P );]]+g +)\‘K7 K441 :0()\‘p+2)‘

This completes the proof. [l

LEMMA 5.6. Suppose Assumptions 1, 2 and 3 are satisfied. Then

T
. KA P —F~
EQA[/O Al dt]_EQ[/O
PROOF. By Bayes’ theorem and since Z* =1+ AZ*, we have
E, [/ A '“’dt}:}EA[/
@ | Jy A Q| J,
+Eg| 8250 [
Q rA,dual 0

The claim now follows from dominated convergence, using that EQ[ 0’ oo x,|¢§*|P dt] =

rk,dual A

@
,\t|¢,*|1’dz] +o(77).

.[)L,dual .L,A,dual

Ae|@H? dz}
rk.dual

x,|¢}|ﬂdz].

2
O (A7+2) by Proposition 4.1, taking into account that t*94 converges in probability to 4%

as A — 0 by Lemma D.2, and observing that |A2¢A,dual| < A*6 by the definition of t*3 in
G.11). O

LEMMA 5.7. Suppose Assumptions 1,2 and 3 are satisfied. Then

T T
A A — N
EQA |:/0 Ag; dSt:| —VEQ[/O

PROOF. Bayes’ theorem, the fact that Z* and Jo A@ldS; are square-integrable Q-
martingales by Theorem 3.3 and Lemma 5.3, and the fact that {* =0 on ]]tk’d“al + A, T]

A
¢ 2

cf(A<p,A)2 dt} + o(A7¥2).
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yield
r A
E@x [A Agﬂt dSt]
N T R T
= EQ[(I + AZ’})([O A} dStﬂ = EQ[AZ,}r <f0 A} a’S,)}
A : T .
:E@Rz*,/o A} dS;>T] = —E@UO (1+AZN) Ap} cfdt]
Tk,dual .

= —E@UO (1+AZN) Aty cd dt}

(543) Tk.dual+kn

B EQ |:/tk,dual (1 + AZ?)Q)LA(P? CtS dt:|
.[)»,dual .

T)L,dual_,'_)hn

—Ep [/Ik,dua] VAN dt]

.[A,dual .
—E@[ (1+AZNAQ}H (& + v ApcS)) Cfdt]

S—

We estimate the three terms on the rlght hand side of (5.43) separately
For the first term, we use that EQ[ fo (Ago})2 dt]=O0(An ﬂ+2) by Proposition 4.4, that
4l converges in probability to T2¢ as A — 0 by Lemma D.2, and that |AZ*| < A¥6 on
[0, t*-4ual] by (5.11). Together with dominated convergence, it follows that

tk,dual

Bo| [© (4 aZy (g can]
(5.44)

For the second term, we use the definition of ¢* in (5.22), the estimate A‘”|AS£‘A,MI| <
A7 implied by (5.12), Lemma B.1, and the Cauchy-Schwarz inequality. Together with

Lemma 5.3, this yields

.L,)L,dual_’_)Ln . .
‘E@[/A . Zre At cd dtiH
A
A,dual n
5.45 T
( ) SEQ[fL—)\,dual |ASA)~ dualHAwt |dt:|

<2TNTTEg (9 522 Eol((Z"))7 ] = o(272).
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For the third term, we use that |A@*||¢* 4+ y Ap*+/cS| < A€171€10 on [0, £ %4 by (3.10)
and (5.15) and that |A Z*| < %6 on [0, T499] by (5.11). This gives

.[A,dual
2

(546) < T(l +)\,K6))\,K1+K10]E©[(\/C>S);]

(14 8Z) g6+ yagVeS)eb dr |

2
=o0(AP2).
Putting (5.44)—(5.45) together now yields the asserted estimate. [

LEMMA 5.8. Suppose Assumptions 1, 2 and 3 are satisfied. Then

A
¢ 2

E@UA2¢V]=}ﬂE@{4r Cf(A¢n2d@-+o@pu)

PROOF. Recall that AZ)T‘ is a square-integrable @—martingale with quadratic variation

. .[)L,dual+)“n .
mﬁkzﬁ (1+ AZM)2 (e dr
Thus,
. Tl,dual .
Bol(AZ))=Bg| [ (14821 () ar]
0
Tl,dual+)hn .
+ E@ |:_/>» dual (1 + AZ?)Z(QA)Z dt:|
.
T}»,dual R
(5.47) =E&A a+Aﬁfﬁm@V§m}

7_,)L,dual

B[ [T 0+ AR~ el ) ]

‘[)"dual_{-)ﬂ
N 2
+ EQ |:/-;)u.dual (ZI?L) (é‘t)h) dt}

We estimate the three terms on the rlght hand side of (5.47) separately

For the first term, we use that E fo (A(pf)2 dt] =0 P+2) by Proposition 4.4, that

tdual converges in probability to 1A9" as A — 0 by Lemma D.2, and that |AZ*| < A¥6 on

[[O, t*dual] by (5.11). Together with dominated convergence, it follows that

T
e[|
‘[A(ﬂ 2 2
= )/ZE@[/ cS(Aph) dt} +o(A7¥2).
0
For the second term, we use that by (5.15) and (3.10),
(%) = v (A" eS| < |6 + y A" VeS| + 218" + y Ap* VeS| |y At VeS|
< A0 4 2y\/c_SkK1"+K1 on [0, phodual I.

A, dual
(1+ 822 (agl) eS|
(5.48)
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Together with |AZ*| < A%6 on [0, T4-4ual] by (5.11) and the observation that 2«1 A (k19 +

K1) > 2+ , this yields

.L,A,dual

’E@[ /0 (14 AZD) (&) = v2(agh)’c) dt]'
< (1 + AK6)2T()\2K10 +2V)‘K10+K1E@[(\/C>S);]) _ O(Aﬁ)‘

For the third term, we use the definition of ¢* in (5.22), the estimate that A‘”lAS?Muall <
A“7 by (5.12), Lemma B.1, and the Cauchy—Schwarz inequality. Together with Lemma 5.3,

this yields
.[)\,dual_{_)Ln
5002 (5 3\ 2
B [ BG4

.[)»,dual_’_)Ln . 1
(5.50) < E@ |:/ (Z)”) _2n|AStx dual| — dtj|
T Cy

(5.49)

A, dual

P ~Aand 1 ) 1 2
<R [((ZY))7 P Egl((e®) )7 ]2 =0(77).
The claim now follows by putting together (5.48)-(5.50). O

LEMMA 5.9. Suppose Assumptions 1, 2 and 3 are satisfied. Then

5 (3 s
X [|(AZZAT)|2 }zo(xm)_
T

PROOF. To prove this estimate, we proceed in three steps. First, we apply 1t6’s formula
to f (AZ ) where f = lx |3 /(1 + x)? and write the argument of the expectation as a sum of
two 1ntegrals We then prove that the stochastic integral in this decomposition is a martingale
so that its expectation vanishes. Finally, we show that the Riemann integral is of the right
order in A. To carry out this program, first observe that

3x|x| 21x 3 6|x| 12x x| 6|x|?
14+x)? (14+x)3 A+x)? (14+x)3  (Q+x0)*
1td’s formula applied to f (AZ*) in turn gives

AZ%PP T . .
E, [|(ZA)L }_E@[/O f/(Az?)dAz}}

)= [ =

(5.51)

To prove that the stochastic integral on the right-hand side is a martingale, we use the ele-
mentary inequality (a + b)?> < 2(a® + b?) to obtain

E@[ fOT f ’(AZ?)Z(Z?)Z(&)%I]

T(AZMD* o T(AZM®, ;0
5181@@[/0 G ) dt]—l—SIEQ[/O o @) dt]
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By Lemma 5.10, the expectations on the right-hand side are indeed finite.
It therefore remains then to show that the second expectation of the Riemmann integral in
(5.51) is of the right order in A. By the triangle inequality, it suffices to prove that As 4+ A¢ +

2
A7 = 0(AP+2), where

T T (AZA)Z
As ::EQ[/O |AZ§"|({2‘)2dt:|, Ag ::E@[/O Z{){ ({t)”)zdt],

T\AZM 500
A7 = E@[/() (2;\2)2 (é‘t ) dt:|.

This holds by Lemma 5.10 below, so that the proof is complete. [

LEMMA 5.10. Letk>1and £ > 0. Then

T 7hk
o [ S| = o)

EA
ZhHt

PROOF. Using the definition of ¢* in (5.22), we obtain

T |AZ}MF
FEa Al‘ A2 ]
alf)

7.dual |A2X|k 5
552 _E. |:/ gl é_)n dt:|
i o (¢)
+ EA /,[)L,dual_i_)\n |A2t)»|k ()\,_T]AS?)“dual)z dt
Q £, dual (2?“)Z ci‘g .

We estimate the two terms on the right-hand side of (5.52) separately.
For the first term, we use that [¢*| vV |AZ*| < A%6 on [[0 tHdual by (5.10) and (5.11).

Together with k > 1, Lemma 5.3 and the fact that 3x¢ > +2, this yields
.[A,dual |AZ)L|]¢ ) . ' 2
(5.53) IE[/ (e dt} <A¥OTEA[(ZY) )] =0o(A 77
ok e (&) ol((Z%) )] =o(r 7).

For the second term, we use the definition of ¢* in (5.22), the estimate that 17" ASﬁkydual | <
A7 by (5.12), the elementary inequality |a — 1)¥ < 2%(@* + 1) for @ > 0, and the Cauchy—
Schwarz inequality. Together with Lemma 5.3, this shows

A dual k
E@[/ 7 |AZ)"| ()" UAS:S‘,[)L dual) dt]
A dual (Zt)»)(f c;

< TRTHEG (21 + (2 7)) 7]

3 < 2T [((5) )y )
1

x (Eg[((Z7)7)7 +Eg (2972971
—o(177).

The claim now follows by putting together (5.53) and (5.54). O
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APPENDIX A: RESULTS ON THE FUNCTION g,

In this Appendix, we prove some auxiliary results on the function g, from (3.1) that are
used in the proof of Theorem 3.3.

COROLLARY A.l.

(i) For everyr € (0, 00), there exists a constant C > 0 such that

(A1) 3, =gp@|7 T <C(z/¥ +1), zeR.

(i1) There exists a constant C > 0 such that

i 2ip
(A.2) lz8p()| = C(lz| » —1), z€R,
(A3) 28p(2)| = ClzlLy21y, z€R.

(ii1) There exists a constant C > 0 such that

g, <C(zl*+1), zeR.

PROOF. (i) This follows from the continuity of g, its growth rate at infinity (3.2), and
2/pe(1,2).

(ii) Recall from Lemma 3.1 that g,,(0) =0 and ¢, > 0. As g, satisfies (3.1), it follows that
gp(z) > %z on a sufficiently small interval [0, 5] with § > 0. On (0, ,/c;], this gives g; ()=
—2Z4cp+ (p— Dp 7TIgy(2)|71 > 0. Thus, on [, /cy] the function z > g,(2)/z is
continuous and bounded from below by a constant C. As g, is odd, we have |g,(z)| > (C A
cp/2)lz] on [= /ep, Jepl.

The growth condition for g, at infinity gives the existence of constants C’ and K > 1
2(p
p

—1)

such that |g,(z)| > C’|z] for |z| > K. Moreover, on [ /c,, K] it holds that g})(z) > 0.

Therefore, |g,(z)|/|z| is bounded from below on (0, ,/c,] by C A ¢,/2, is continuous and

bounded from below by g, (,/¢c,)/K on [,/c,, K]. This implies that the following holds for
1

some C” < (C Acp/2ANC)P-T:

_1 _1

(A.4) 18,2 =|gp@)|7T =C"|z|7~T, ze€[-K,K],
1 2

(A.5) 18,2 =1gp@|7T >=C"Iz|7, zeR\[-K,K].
2(p—=1

As a result, the function |g,(z)|/|z] » is strictly positive, continuous and, therefore,
bounded from below on R\[—1, 1]. Similarly, |g,(z)|/|z] is strictly positive, continuous and,
therefore, bounded from below on [—1, 1]\{0}. This gives the inequalities (A.2) and (A.3).

To show that g;) (z)=0on| Jp, K 1, assume to the contrary that there is a z; in the interval
such that g;,(zl) < 0. Then for all z > z; with g,(z) > —p|ﬁ(z2 — cp)l%, it holds that
g}, (z) <0, which contradicts the growth condition for g, at +o0.

(iii) This follows from the ODE (3.1), the triangle inequality and the growth conditions
3.2). O
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APPENDIX B: BOUNDING THE CANDIDATE STRATEGY BY THE
FRICTIONLESS OPTIMIZER

The following estimate allows to deduce the existence of moments for the displacement
Ag} from the corresponding integrability of the supremum of the frictionless optimal strat-
egy. This is used in the proof that our candidate strategy is admissible (see Theorem 3.3) and
in the estimation of the primal and dual bounds.

LEMMA B.1. Suppose that |(p3| < |@ol. Then the candidate strategy <p,A satisfies
o[ <@; Vielo, Tl
As a consequence,

(B.1) @ — 9| <29 Viel0,T].

PROOF. It suffices to show that [p*| < ¢* on [0, T4%[ since |¢p*| < |(p¢A¢| on [t2¢,T]
by definition of ¢*.

Fix w € 2 and let 79 = inf{r € [0, IA“’]||<p}| > ¢F} AT2¢ . Note that 79 = 2% or 19 < T2%.
We want to show that 79 = 2% (and consequently that |g0tk| <@/, Vt €0, T]). We assume
that 7o € [0, T2¢) and want to obtain a statement contradicting the assumptions made.

By continuity of ¢* and ¢*, we have |<p¢0| = gﬁ’;o Furthermore, by definition of the in-
fimum, there exist ¢ > 0 and 7] € (79, T2¥) such that |g0i‘1| > @;kl + . Let 7o = inf{r €
[0, r1]||<p,k| > @ + %}. By continuity of ¢* and (pk and the definition of 7p and 7y, it holds
that 79 < 72 < 71. We now prove that the definition of the trading rate ¢* and the definition
of a derivative for ¢* contradict the assumption that g € [0, 789).

Without loss of generality, we can assume that goi‘z > @}, > ¢r, (the case where —90?2 >
@¥ > @r, is treated similarly), which implies by definition of ¢* (see (3.6)) that ¢}, =
o =9t

o T < 0. However, by definition of 7, for every é > 0 there exists = (tp, 70 +

lim

§) such that (pﬁ(S > <p?2. This contradicts the existence of a negative limit. [

APPENDIX C: PRIMAL STOPPING-TIME BOUNDS

In this Appendix, we prove Proposition C.5, which is a key ingredient for the proof of
Proposition 4.1. It estimates the effect of stopping trading too early, that is, at 72¥ instead of
T

For better readability, the proof of Proposition C.5 is broken up into four lemmas. The
crucial one is Lemma C.2 which establishes a maximal inequality in the spirit of Peskir [52]
for the process Ag”. This is a delicate matter, since the mean-reversion speed of this process
is not bounded from below. However, this can be overcome using a result established in the
companion paper of the present study [15].

Note that the stopping time t2¢ defined in (3.10) can be rewritten as the minimum of the
following five stopping times:

.L,A(p — Tk,m,l A TA,m,Z A ,L,)\,A(p A _L,A,cost A Tk,(p’
where
. 1 __t
(C.1) hml =1nf{t elo0,7*]: P T Tmy <AK2} AT,

(C.2) b2 —inflt € [0, T*] :my > A2} AT,

]
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(C.3) o9 = inf{r € [0, T*] : |¢:] = A4} A T?,
(C.4) oA —inflr € [0, TP A R [RGT| > A} ATl AR,
(C.5) T —inf{r € [0, T A9] AN @ |7 > A3 A THAY,

We proceed to show that all these five stopping times converge in @—probability to T suf-

4(142¢)
ficiently fast (in the order O (A 7+2 )). As stated above, Lemma C.2 is the key mathematical
ingredient.

LEMMA C.1. Suppose Assumptions 1,2 and 3 are satisfied. Then

4(142¢)

Q™! < T+ Q[*™2 < TH + Q[r*? < T*]=0(r 72 )

PROOF. The assertion follows immediately from Markov’s inequality. [l

LEMMA C.2. Suppose Assumptions 1,2 and 3 are satisfied. Then

Egs [ max (AfﬁA_w)‘)"] =o(A7%")  forneNwithn > 1
Q ? -

A,m,1 Am,2
0<t<t AT

PROOF. We apply [15], Lemma B.4, with ¢ = Aﬁ, b= pﬁ?’, c= c‘/A’, M=m, L =
% p_ﬁm, k = A2, Note that the functions C! and C? from [15], Proposition B.1, satisfy
Cl(y,o,n)= O(y_4"_l) <O(y™") and
Cly.m=0@") <oy~
for fixed o > 0 and n € N. Thus, for some constants a, C > 0,2 we obtain

E[ max ()L_ﬁA_go?)"]

@ Oststk,m,l/\tk,ml

< C<\/C1(aA2K2, 2,n)+ \/Cz(aAQKZ, n)

_2_ (T 5 n13
XE@[log(l\/k P+2/ c;pdt) } )
0

=0 <)\'—(4I’l+1)K2 10g<%)> = 0()\‘—611162)’

)L,m,l/\r)u.m,Z

as asserted. [

LEMMA C.3. Suppose Assumptions 1,2 and 3 are satisfied. Then

~ 4(142¢)
(C.6) Q[eH2¢ < thm b A ghm 2] = O(Aﬁ).

PROOF. Observe that ﬁ — k1 —6ky > 0. Markov’s inequality and Lemma C.2 forn € N

with n > 4(}+28) in turn yield the desired estimate:
(P+2) (537 —Kk1—6x2)
A A —A
Q[tHAY < hm b A ghm2] < Q[ sup |Ap; | > AK‘]

0<l‘<l’)“fm‘l/\‘[)‘*m’2

26Note that by the first moment of Assumption 3 and Novikov’s criterion E[dP/d@] < 00.
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N —
(A" P2 Ag, )n]

D
< A" KI)E@[ max
Oflf‘[)"m’lA‘[)"m’z
4(1+42¢)
P2 ), O

— O(An(l,ﬁ—lﬂ—@(z)) < 0()»

LEMMA C.4. Suppose Assumptions 1, 2 and 3 are satisfied. Then
@[Tk,cost < TA,Azp] — 0()\%).
PROOF. We use the ODE (3.6) for ¢*, Corollary A.1, |A—g0i"| < A¥1 on [0, T*A%], and

k1 < 1/(p +2). For A <1 and some constant C > 0, this yields
1~ 2 __1_ 5 __2_
(@} < APl m (1 +mia 772 (Bg; ) < CAT P2 cfm, (1 4+ ma =772

3 A 3 ~
< O TP (1) = 0P (L4 (m)) on [0, M0,
Since 2 — 2p + (p + 2)(2px1 — k3) > 0, the inequalities of Markov and Holder with

Assumption 3 now yield the asserted estimate:

@[Tk,cost < Tk,A(p]

< QUAA ") a0 2 2]
~ 3 .
<QICATHRUAL (G (1 4+ (mh))” = 4]
W T (1 1 ()
<CA P2 EQ[(AT) PO (5 (1 + (mF)”)) T2 T3 |
4(1+e) . 404261+ 1) 1 :
=CA ri2 IEI@[(AT)272p+(p+2><2mw3)]1+g
4(14+2e)(1+6) p e
I+e
O

X Bgl(ef" (14 () ") =it ]
4(1+2¢)
=0(r r2).

By combining Lemmas C.1, C.3 and C.4, we finally obtain the following estimate, which

is a key ingredient for the proof of Proposition 4.1.
Suppose Assumptions 1,2 and 3 are satisfied. Then

PROPOSITION C.5.
N 4(142¢)
(C.7) Q[z* <T*]=0(r 7
PROOF. In view of Lemmas C.1, C.3 and C.4, we have
Q[IA‘” < TA] < @[rk’m’l < TX] + @[Tx,m,z < TA] + @[t“ﬁ < T)‘]
4(1+42¢)
AP O

+ (@[Tk,mp < ‘C)"m] + (@[Tk,cost < ,L,A,Ago] — 0(

APPENDIX D: DUAL STOPPING TIME BOUNDS
In this section, we prove the convergence in Q—probability of t»dual to £2¢ a5 4 — 0,
where the stopping times are defined respectively in (5.16) and (3.10). This result is used in
the proofs of Lemmas 5.6-5.8 to bound various dual remainder terms.
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LEMMA D.1. Suppose Assumptions 1, 2 and 3 are satisfied. Then the following limits
hold in probability as » — 0:

(i) maxg<, < a0 M5B —> 0

(i) Maxg, <oni A K6|“' el o,

(i) maxgo, <2 A~ K6|5(/ e _p/:dws Q), —1]—0,

Cl

(iv) maxoitsrx,lk_’”(k_”mS ) —> 0,
(V) maxy—;< i1 A 8 Cl |c; As” + 2cS as' | — 0,
- = t

1
(vi) maxo<;<7 A°AP-T — 0,
<A

5.0 /i3
(vii) maxg<,< 1A~ 0|8 V5 ct Tyyer ? A}l — 0.
ct
N
PROOF.  First, observe that Lemma C.2 shows Eg[maxg, < ap A~ 7+ Ago?] =o(A7%2),

Together with the fact that x5 — 6«5 > 0 and the definition of B* in (5.4), this implies Item (i).
Next, note that Item (i), Corollary A.1, and p — 1 <1 give the following limits in probability:

max AZKSgP(B)‘) — 0, max A% p(BtA) — 0,
0<t<tAh¢ O<r<th¢

(D.1) e
250" (BY) — 0.
o max, g, (Bl")

Now, the definition and the dynamics (5.7) of AS" and equation (5.8) imply that, on [0, 4¢],
PR 3
D.2) [ASy| < 272725 A 3254, (BL)),

— 1 ~
(D.3) |yczSA<ptA| < AP AP m? A5 B,

|/,L, "Q +ycSAg’| <ty g QMZKSgp(BA)H)* ”+2+6K2A ‘
+ Am‘z"sAtmfu?”QP\z“Sg;(B?)|
(D4) a2 4PV a2 gl ()
2 s [PV s g ()

+Aﬁ‘2k5uf"‘@|x2“5g,,(3}) :

(5] < a0 4 S 2sgr (B1) |17 O R
B> 07T A SV a2 ()|

P25 2, (B,

——ch

CIAS _ A%_4K5_12K2A2€m (k2K5g;(B?L))Z()L—#-i-@QA—(pi‘)z

(D.6) 27 422 (125! (B))?

a7 4 (3250 (BH))2A.
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Now, (D.2) and (5.18) show that max, ;.1 ATk—n |A_Sf‘| — 0 in probability verifying Item
(iv). By combining (D.3), (D.4) and (5.17), we obtain maxy,<x.1 )»_"6|;L§A @| — 0 in prob-
ability. Next, observe that (D.4) and (5.19) show max, < 1.1 A~ K10|,LLS € —I—yc Ago | = 0in
probability. Finally, (D.5) and (5.18) give maxy—, < 2.1 A" |c,A s ’Sl — 0 in probability, and
(D.6) together with (5.18) shows maxy; .1 ATk |ctA_SA| — 0 in probability. Now, recall that

< —h
¢35 =¢S5+ ¢25 5. Combining the above in turn establishes Item (ii), (vii) and (v). Item (ii)
also implies that

max A~ X6
0<t<th?

_A’ A
S,
e Q\/ Cfg 5,0
— 4w,
0 S°,S

t

in probability.

Together with the elementary inequality |exp(x) — 1| < 2x for x < 1 and Item (ii), this es-
tablishes Item (iii). Finally, the continuity of A and k9 > 0 show that Item (vi) holds as well.
O

With Lemma D.1 at hand, we can now establish the last missing piece for Lemmas 5.6,
5.7, 5.8, and in turn the upper duality bound from Proposition 5.1.

LEMMA D.2. Suppose Assumptions 1,2 and 3 are satisfied. Then we have the limit

@[r)"d“al < rA‘/’] —0 asi—0,

where t% is defined in (5.16) and t>¢ is defined in (3.10).

PROOF. This is a simple consequence of Lemma D.1, and the inclusion

*
)7l

il

*
)}

2

—n oM\ * K7 i A_S)L S,A_S)L *
U{(AT"[AS™]) 00 > A7 U S|c +2c |

ohl

K10
) ,1>k } O
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