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Abstract

We start with a stochastic control problem where the control process is of finite varia-
tion (possibly with jumps) and acts as integrator both in the state dynamics and in the
target functional. Problems of such type arise in the stream of literature on optimal
trade execution pioneered by Obizhaeva and Wang (J. Financ. Mark. 16:1-32, 2013)
(models with finite resilience). We consider a general framework where the price im-
pact and the resilience are stochastic processes. Both are allowed to have diffusive
components. First we continuously extend the problem from processes of finite vari-
ation to progressively measurable processes. Then we reduce the extended problem
to a linear—quadratic (LQ) stochastic control problem. Using the well-developed the-
ory on LQ problems, we describe the solution to the obtained LQ one and translate
it back to the solution for the (extended) initial trade execution problem. Finally, we
illustrate our results by several examples. Among other things, the examples discuss
the Obizhaeva—Wang model with random (terminal and moving) targets, the necessity
to extend the initial trade execution problem to a reasonably large class of progres-
sively measurable processes (even going beyond semimartingales), and the effects of
diffusive components in the price impact process and/or the resilience process.
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1 Introduction

In the literature on optimal trade execution in illiquid financial markets, there arise
stochastic control problems where the control is a process of finite variation (possibly
with jumps) that acts as integrator both in the state dynamics and in the target func-
tional. For brevity, we use the term finite-variation (FV) stochastic control for such
problems. Notice that the class of FV stochastic control problems contains the class
of singular stochastic control problems. In contrast, for control problems where the
state is driven by a controlled stochastic differential equation (SDE) and the control
acts as one of the arguments in that SDE and as one of the arguments in the integrand
of the target functional, we use the term standard stochastic control problems.

In this article, we present a general solution approach to FV stochastic control
problems that arise in the literature on optimal trade execution. We set up an FV
stochastic control problem of the same type as in Obizhaeva and Wang [37] and
its extensions like e.g. Alfonsi and Acevedo [4], Bank and Fruth [13], Fruth et
al. [24, 25]. We then show how it can be transformed into a standard linear—quadratic
(LQ) stochastic control problem which can be solved with the help of state-of-the-art
techniques from stochastic optimal control theory.

In the introduction, we first describe the FV stochastic control problem and show-
case its usage in finance, before presenting our solution approach, summarising our
main contributions and embedding our paper into the literature.

1.1 Finite-variation (FV) stochastic control problem

As a starting point, we consider in this paper the following stochastic control prob-
lem. Fix T > 0 and let (Q, Fr.F = (Fi)iepo,77. P) be a filtered probability
space satisfying the usual conditions. Let £ be an F7-measurable random variable
and ¢ = (&s)se[0,7] @ progressively measurable process both satisfying suitable inte-
grability assumptions (see (2.3) below). Further, let A = (As)sc[0,77 be a bounded
progressively measurable process. Let y = (y5)se[0,7] be a positive Itd process
driven by some Brownian motion and R = (Ry)se[0,7] an Itd process driven by a
(stochastically) correlated Brownian motion (see (2.1) and (2.2) below). Throughout
the introduction, we fix t € [0, T] and x,d € R and denote by A,fv(x, d) the set
of all adapted, cadlag, finite-variation (FV) processes X = (Xj)se[s—, 1] satisfying
X;— = x, X7 = & and appropriate integrability assumptions (see (2.5)—(2.7) below).
Note that X € A{V (x, d) potentially has a jump at the initial time, i.e., X; might differ
from the initial position X,_. To highlight that the full description of X € A,fv (x,d)
requires an assignment of the value X;_ and not only X, s € [t, T], we use the
notation (X;)se[s—, 7] throughout the article. To each X € Afv (x, d), we associate a
stochastic process DX = (DX)s¢[,—. 1) satisfying

dD¥X = —DXdR; + y,dX,, selt,T], D} =d. (1.1)

@ Springer



Reducing OW-type execution problems to stochastic LQ problems 815

We consider the FV stochastic control problem of minimising the cost functional
f 1 ! 2
‘,tv(xv d, X) = El[/ <D§X— + EVSAXS)dXS + / Asys(Xs — &s) dsi| (1.2)
[1,T] t

over X € Af"(x, d), where E;[ -] is a shorthand notation for E[ - |F;] and the integral
f[t T -d X includes a potential jump of X at the initial time ¢.

1.2 Financial interpretation

Stochastic control problems with a cost functional of the form (1.2) or a special case
thereof play a central role in the literature on optimal trade execution problems (see
the literature discussion in Sect. 1.5 below). Consider an institutional investor who
holds immediately prior to time ¢ € [0, 7] a position x € R (x > 0 meaning a long
position of x shares and x < 0 a short position of —x shares) of a certain financial
asset. The investor trades the asset during the period [#, T'] in such a way that at each
time s € [t—, T], the position is given by the value X; of the adapted, cadlag, FV
process X = (X;)se[s—, 1] (satisfying X;_ = x). More precisely, X,_ represents the
position immediately prior to the trade at time s, while X is the position immediately
after that trade.
The investor’s goal is to reach the target position

Xr=¢§

during the course of the trading period [z, T']. Note that we allow & to be random to
incorporate the possibility that the target position is not known at the beginning of
trading, but only revealed at the terminal time 7'. Such situations may for example
be faced by airline companies buying on forward markets the kerosene they need in
T months. Their precise demand for kerosene at that future time depends on several
factors, such as ticket sales and flight schedules, that are not known today, but are
only gradually learned.

We assume that the market the investor trades in is illiquid, implying that the in-
vestor’s trades impact the asset price. To model this effect, we assume (as is typically
done in the literature on optimal trade execution) an additive impact on the price. This
means that the realised price at which the investor trades at time r € [¢, T'] consists
of an unaffected price SO plus a deviation DX that is caused by the investor’s trades
during [z, r].

We assume that the unaffected price process s0 = (Sg)re[o,T] is a cadlag martin-
gale satisfying appropriate integrability conditions. Then integration by parts and the
martingale property of S° ensure that expected trading costs due to S are given by

E,[/ S?dX,] = E[£S2] — xS).
[£,T]

Thus these costs do not depend on the investor’s trading strategy X and are therefore
neglected in the sequel (we refer to Ackermann et al. [1, Remark 2.2] for a more
detailed discussion in the case & = 0).

@ Springer



816 J. Ackermann et al.

The deviation process DX associated to X is given by (1.1). Informally speaking,
we see from (1.1) that a trade of size d X at time s € [#, T] impacts DX by ysd X;.
So the factor y; determines how strongly the price reacts to trades, and the process y
is therefore called the price impact process. In particular, because y is nonnegative,
a buy trade d X > 0 leads to higher and a sell trade d X; < 0 to lower prices.

The second component —DSX dR; in the dynamics (1.1) describes the behaviour
of DX when the investor is not trading. Typically, it is assumed that R is an increasing
process such that in the absence of trades, DX is reverting to 0 with relative rate d R;.
Therefore R is called the resilience process. We refer to Ackermann et al. [3] for a
discussion of the effects of “negative” resilience, where R might also be decreasing.
We highlight that in the present paper, we allow R to have a diffusive part.

In summary, we note that the deviation prior to a trade of the investor at a time
s € [t, T]is given by DX, while it is DX = DX + y,AX; afterwards. We take
the mean Djﬂ + %yXAXS of these two values as the realised price per unit so that

the investor’s overall trading costs due to DX amount to f[t’T] (Djﬂ + %ys AX)dX;.
This describes the first integral on the right-hand side of (1.2).

Assuming that X is nonnegative, the second integral ftT Asvs(Xs — ;S)st on the
right-hand side of (1.2) can be understood as a risk term that penalises any deviation
of the position X from the moving target ¢ in a quadratic way. The parametrisation
Asvs, s € [0, T], for the weight is chosen out of mathematical convenience since it
makes some of the following assumptions and results shorter to state. Likewise, one
can use Ay, s € [0, T], as a weight and replace A by A/y in the subsequent assump-
tions and results. A possible and natural choice for the moving target ¢ would be
¢y = E[€], s € [0, T], so that the risk term ensures that any optimal strategy X does
not deviate too much from the (expected) target position during the trading period.

1.3 Solution approach

The overarching goal of this paper is to show that the FV stochastic control problem
(1.2) is equivalent to a standard LQ stochastic control problem (see Corollaries 3.3
and 3.4 below). The derivation of this result is based on the following insights.

The first observation is that in general, the functional (1.2) does not admit a min-
imiser in .Af"(x, d) (see Sect. 5.3 below for a specific example). In Ackermann et
al. [1], the functional (1.2) was extended to a set of cadlag semimartingales X, and
it was shown that its minimum is attained in this set of semimartingales if and only
if a certain process derived from the solution of an associated backward stochastic
differential equation (BSDE) can be represented by a cadlag semimartingale (see [1,
Theorem 2.4]).

In the present work, we go one step further and extend the functional (1.2) to the
set AP™(x, d) of progressively measurable processes X = (X5)selr—, 1) satisfying
appropriate integrability conditions (see (2.5) below) and the boundary conditions
X;— = x and X7 = £. To do so, we first derive alternative representations of the first
integral inside the expectation in (1.2) and the deviation in (1.1) that do not involve
X e A,fv(x, d) as an integrator (see Proposition 2.3). It follows that the resulting
alternative representation of J,f" (see Proposition 2.4) is well defined not only on
.Atfv (x, d), but even on .Afm (x,d), and we denote this extended functional by J,pm
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Reducing OW-type execution problems to stochastic LQ problems 817

(see Sect. 2.3). We next introduce a metric on .Afm(x, d) and prove that J,pm is the

unique continuous extension of thv from Af" (x,d) to A? "(x, d) (see Theorem 2.8).

In particular, the infima of J,fV over .A,f" (x, d) and of lem over Afm (x, d) coincide.
Next, for a given X € Afm (x, d), we identify the process

_ _1 1
HY =y, °DX — 7 X4, selt Tl

s =

as a useful tool in our analysis. Despite X and DX having discontinuous paths in
general, the process HX, which we call the scaled hidden deviation process, is always
continuous. Moreover, we show that HX can be expressed in feedback form as an

1t6 process with coefficients that are linear in =2 DX and H¥ (see Lemma 2.7).

. _1 =
Subsequently, we reinterpret the process ¥ ~2 DX as a control process u and H X
as the associated state process. Since the cost functional J,p ™ is quadratic in H*

and u = y_% DX, we arrive at a standard LQ stochastic control problem (see (3.1)
and (3.2)) whose minimal cost coincides with the infimum of J,pm over A? M(x, d)
(see Corollary 3.3). Importantly, there is also a one-to-one correspondence between
square-integrable controls u for this standard problem and strategies X € A" (x, d),
which allows to recover the minimiser X* € A" (x, d) of J™™ from a minimiser u*
of the standard problem and vice versa (see Corollary 3.4).

We then solve the LQ stochastic control problem in (3.1) and (3.2) using tech-
niques provided in the literature on stochastic optimal control theory. More precisely,
we apply results from Kohlmann and Tang [34] (we indicate in Remark 4.1 how we
could alternatively use results from Sun et al. [40]) to provide conditions that guar-
antee that an optimal control ™ exists (and is unique). This optimal control u* in
the LQ problem is characterised by two BSDEs; one is a quadratic BSDE of Riccati
type, the other is linear, however, with unbounded coefficients (see Theorem 4.4). In
Corollary 4.5, we translate everything back and obtain a unique optimal execution
strategy in the class of progressively measurable processes in closed form (in terms
of the solutions to the mentioned BSDEs).

1.4 Summary of our contributions

Our contributions are as follows:

(a) The Obizhaeva—Wang-type FV stochastic control problem (1.1), (1.2) is con-
tinuously extended to the set AP (x, d) of appropriate progressively measurable
processes X.

(b) The problem (1.1), (1.2) is rather general. In particular, it includes the follow-
ing features:

— Presence of random terminal and moving targets £ and (Z).

— The price impact is a positive It process (ys).

— The resilience is an It6 process (Ry) acting as an integrator in (1.1) (also see
Remark 1.1 below).

(¢) Via introducing the mentioned scaled hidden deviation process HX and rein-
terpreting the process y_% DX as a control in an (a priori different) stochastic control
problem, the problem extended to AP™ (x, d) is reduced to an explicitly solvable LQ
stochastic control problem. Thus a unique optimal execution strategy in A" (x, d) is
obtained in closed form (in terms of the solutions to two BSDEs).
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818 J. Ackermann et al.

Remark 1.1 1t is worth noting that in our current parametrisation, only processes R
with dynamics d R; = p;5 ds without a diffusive component were considered up to
now in the literature on optimal trade execution in Obizhaeva—Wang-type models
(and actually the term “resilience” was previously used for p). Moreover, in most
papers, p is assumed to be positive, that is, only the case of an increasing R was
studied previously.

1.5 Literature discussion

FV stochastic control problems arise in the group of literature on optimal trade execu-
tion in limit order books with finite resilience. The pioneering work by Obizhaeva and
Wang [37] (first posted in 2005 on SSRN) models the price impact via a block-shaped
limit order book, where the impact decays exponentially at a constant rate. This em-
beds into our model via a price impact process y that is a positive constant and a
resilience process R given by Ry = ps with some positive constant p > (. Alfonsi et
al. [5] study constrained portfolio liquidation in the Obizhaeva—Wang model. Subse-
quent works within this group of literature either extend this framework in different
directions or suggest alternative frameworks with similar features.

There is a subgroup of models which include more general limit order book
shapes; see Alfonsi et al. [6], Alfonsi and Schied [7], Predoiu et al. [38]. Models in
another subgroup extend the exponential decay of the price impact to general decay
kernels; see Alfonsi et al. [8], Gatheral et al. [27]. Models with multiplicative price
impact are analysed in Becherer et al. [17, 18]. We mention that in [18], the (multi-
plicative) deviation is of Ornstein—Uhlenbeck type and incorporates a diffusion term
(but this is different from our diffusion term that results from a diffusive part in the
resilience R). Superreplication and optimal investment in a block-shaped limit order
book model with exponential resilience is discussed in Bank and Dolinsky [11, 12]
and in Bank and Vof [16].

The present paper belongs to the subgroup of the literature studying
time-dependent (possibly stochastic) price impact y or resilience R in generalised
Obizhaeva—Wang models. In this regard, we mention the works by Alfonsi and
Acevedo [4], Bank and Fruth [13] and Fruth et al. [24], where deterministically
varying price impact and resilience are considered. Fruth et al. [25] allow
stochastically varying price impact (resilience is still deterministic) and study the
arising optimisation problem over monotone strategies. Optimal strategies in a
discrete-time model with stochastically varying resilience and constant price impact
are derived in Siu et al. [39]. In Ackermann et al. [1, 3, 2], both price impact and
resilience are stochastic.

We now describe the differences to our present paper in more detail. In [2], optimal
execution is studied in discrete time via dynamic programming. In [1], the framework
is closest to the one in this paper. Essentially, our current framework is the framework
from [1] extended by a risk term with some moving target (¢;), a possibly non-zero
(random) terminal target £ and a larger class of resilience processes (in [1], as in
many previous papers, R is assumed to have the dynamics dR; = pyds and p is
called resilience). In [3], the framework is similar to [1], while the aim is to study
qualitative effects of “negative” resilience (in the sense that p; < 0 with p as in the
previous sentence).
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Reducing OW-type execution problems to stochastic LQ problems 819

Now, to compare the approach in the present paper with that in [1], we first recall
that in [1], the FV stochastic control problem of the type (1.1), (1.2) is extended to
allow cadlag semimartingale trading strategies X, and the resulting optimal execu-
tion problem over semimartingales is studied. The approach in [1] is based on (1.1),
(1.2) (extended with some additional terms), but this does not work beyond semi-
martingales as X acts as integrator there. In contrast, our continuous extension needs
to employ essentially different ideas since we want to consider the set AM" (x, d)
of progressively measurable strategies (in particular, beyond semimartingales). This
extension is indeed necessary to get an optimiser (see the discussion at the end of
Sect. 5.3).

Especially with regard to our extension result, we now mention several papers
where in different models with finite resilience, trading strategies are not restricted
to be of finite variation. The first instance known to us is Lorenz and Schied [35],
who discuss the dependence of optimal trade execution strategies on a drift in the
unaffected price. In order to react to non-martingale trends, they allow cadlag semi-
martingale trading strategies. Garleanu and Pedersen [26, Sect. 1.3] allow strategies
of infinite variation in an infinite-horizon portfolio optimisation problem under mar-
ket frictions. Becherer et al. [19] prove a continuous extension result for gains of
a large investor in the Skorokhod Ji- and M;-topologies in the class of predictable
strategies with cadlag paths. As discussed in the previous paragraph in more detail,
the strategies in [1] are cadlag semimartingales. In Horst and Kivman [29], cadlag
semimartingale strategies emerge in the limiting case of a vanishing instantaneous
impact parameter, where the initial modelling framework is inspired by Graewe and
Horst [28] and Horst and Xia [31].

To complement the preceding discussion from another perspective, we mention
Carmona and Webster [22] who examine high-frequency trading in limit order books
in general (not necessarily related with optimal trade execution). It is very interesting
that one of their conclusions is strong empirical evidence for the infinite-variation
nature of trading strategies of high-frequency traders.

Finally, let us mention that in the context of trade execution problems, risk terms
with zero moving target have been included e.g. in Ankirchner et al. [9], Ankirchner
and Kruse [10] and Graewe and Horst [28]. Inequality terminal constraints have been
considered in Dolinsky et al. [23], and risk terms with general terminal and moving
targets appear in the models of e.g. Bank et al. [14], Bank and Vof [15], Horst and
Naujokat [30] and Naujokat and Westray [36]. In particular, [10, 15, 23] consider
random terminal targets & within trade execution models where position paths are
required to be absolutely continuous functions of time. This restriction of the set of
position paths entails technical difficulties that make these problems challenging to
analyse. In particular, existence of admissible paths that satisfy the terminal constraint
is far from obvious and can in general only be assured under further conditions on &.
Since position paths in our model are allowed to jump at the terminal time, we do not
face these challenges in our framework.

1.6 Structure of the present article

The paper is structured as follows. Section 2 is devoted to the continuous extension
of our initial trade execution problem to the class of progressively measurable strate-
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820 J. Ackermann et al.

gies. Section 3 reduces the problem for the progressively measurable strategies to a
standard LQ stochastic control problem. In Sect. 4, we present the solution to the
obtained LQ problem and translate it back to the solution for the trade execution
problem (extended to progressively measurable strategies). In Sect. 5, we illustrate
our results with several examples. Finally, Sect. 6 contains the proofs together with
some auxiliary results necessary for them.

2 From finite-variation to progressively measurable execution
strategies

In this section, we first set up the FV stochastic control problem (see Sect. 2.1). In
Sect. 2.2, we then derive alternative representations of the cost functional and the
deviation process which do not require the strategies to be of finite variation. We
use these results in Sect. 2.3 to extend the cost functional to progressively measur-
able strategies. In Sect. 2.5, we show that this is the unique continuous extension.
Section 2.4 introduces the hidden deviation process as a key tool for the proofs of
Sect. 2.5. All proofs of this section are deferred to Sect. 6.

2.1 The FV stochastic control problem

Fix T > 0and m > 2, and let (2, Fr,F = (Fs)sef0,7], P) be a filtered probability
space satisfying the usual conditions and supporting an m-dimensional Brownian
motion W = (Wl, ..., W™) with respect to the filtration FF.

We first fix some notation. For ¢ € [0, T'], conditional expectations with respect
to F; are denoted by E;[-]. Fort € [0, T] and a cadlag process X = (X;)se[i—.T]-
the jump at time s € [¢, T]is denoted by AX; = X;— X;_. We follow the convention
that for t € [0, T], r € [¢t, T] and a cadlag semimartingale L = (Ly)se[s—, 7], jumps
of the cadlag integrator L at time ¢ contribute to integrals of the form f[t,r] ---dL;.
In contrast, we write [, e dLg when we do not include jumps of L at time ¢ in the
integral. The notation ftr ---d Ly is sometimes used for continuous integrators L. For

neNandy e R” let |y| = (Z';:l yjz.)%. For every t € [0, T], let L'(2, F;, P) be

the space of all (equivalence classes of) real-valued F;-measurable random variables
Y such that ||Y||;1 = E[|Y|] < oco. Forevery t € [0, T], let

L7 = L2(Q x [t, T1, Prog(Q x [t, T1), dP x ds..1))

denote the Hilbert space of all (equivalence classes of) real-valued progressively
measurable processes # = (i )sc[s, 7] Such that “””L%‘ = (E[ftT u‘%ds])% < 0Q.

The control problem we are about to set up requires as input the real-valued,
Fr-measurable random variable £ and the real-valued, progressively measurable
processes

w = (s)sefo,7, 0 = (0s)se0,71, £ = (Ps)sef0,71, 1 = (Ns)sel0,T]
= Tyseo,r, ¢ = (&)ser0,11, A = (Ag)sel0,T]-
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Reducing OW-type execution problems to stochastic LQ problems 821

We suppose that the processes u, o, p, n and A are (d P x ds|[o,77)-a.e. bounded.
Moreover, we assume that 7 is [—1, 1]-valued. We define WR by

AWE =7dw) + 1~ R 2aw?, se(0, 7, WE=0

and refer to ¥ as the correlation process. The processes p and n give rise to the
continuous semimartingale R with

dRs = pyds + ndWE, s e(0,T], Ry =0, .1

which is called the resilience process. We use the processes wn and o to define the
positive continuous semimartingale y by

dys = ys(usds + 0,dW)), s €[0,T], (2.2)

with deterministic initial value yp > 0. We refer to y as the price impact process.
Finally, we assume that £ and ¢ satisfy the integrability conditions

T
Elyrg®] < oo, E|:/ ysgfds} < 0. (2.3)
0

Remark 2.1 Note that the components W3, ..., W™ of the Brownian motion are not
needed in the dynamics (2.1) and (2.2). We introduce these components already here
because in Sect. 4, in order to apply the results from the literature on LQ stochastic
control, we restrict the present setting by assuming that the filtration I is generated
by (Wl, ..., W™). The components W3, ..., W™ therefore serve as further sources
of randomness on which the model inputs may depend.

We next introduce the FV strategies we consider in the sequel. Given ¢ € [0, T]
and d € R, we associate to an adapted, cadlag, FV process X = (X)ser—,7] @
process DX = (DX);c[;— 1 defined by

dD¥ = —DXdR, +y,dX,, sel. T, DX =d. 2.4)
If there is no risk of confusion, we sometimes simply write D instead of DX in the

sequel. For t € [0,T], x,d € R, we denote by Afv(x, d) the set of all adapted,
cadlag, FV processes X = (X;)se[r—, 1] satisfying X;_ = x, X7 =& and

. -
E[/ v {(DX)2ds | < oo, (2.5)

t .

T 7
E[( / (Df)“y;znfds) < 00, (2.6)
[( / (DX)*y 2 2ds) < oo. 2.7
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822 J. Ackermann et al.

Any element X € A‘,c" (x, d) is called an FV execution strategy. The process D = DX
defined via (2.4) is called the associated deviation process.

Fort € [0,T], x,d € R, X € Af"(x,d) and associated D%, the cost func-
tional J[ is given by

JV(x,d, X)

1 T
= Et|:/ D‘stdXS + 5/ s AXgd X +/ Asys(Xs — Cs)zds] (2.8)
[t,T] [¢,T] t

(see the proofs of Proposition 2.4 and Lemma 2.7 for well-definedness). The FV
stochastic control problem we consider consists of minimising the cost functional g
over X € Aﬁ"(x, d).

2.2 Alternative representations for the cost functional and the deviation process

For t € [0, T], we introduce an auxiliary process v = (v;)se[s, 7] It is defined to be
the solution of

dvy = vyd(Rs + [R]s), s e[, T], v =1. (2.9)
Observe that the inverse is given by
dvi'= v ldRs, selr, T, v'=1 (2.10)

§

Remark 2.2 Lett € [0,T] and d € R. With the definition of v in (2.9), for all
adapted, cadlag, FV processes X = (Xs)se[s—,7], the solution DX = (DSX)SG[,_’T]
of the linear SDE (2.4) can be written as

DX = v;1<d +/ vryrdX,>, seltT].
[7,s]

Proposition 2.3 Lett € [0, T] and x,d € R. Suppose X is an adapted, cadlag, FV
process with X,_ = x and associated process DX defined by (2.4). Then we have

1
/ DX dx + —/ Ys AXd X
(1,7 2 Jie,m

1/ _ B T L
= §<yT DE? -y 1d? —/ (D522 (v 2y, 1)) (2.11)
t
and
.
DX =y X, +v ! (d — VX — / Xsd(vsys)>, relt, Tl (2.12)
t

As a consequence of Proposition 2.3 and relying on (2.5)—(2.7), we can rewrite
the cost functional JlfV as follows. To shorten notation, we introduce the stochastic
process k defined by

1 _
ko= Q@ps s = of =] = 203m57), s €10, 7] (2.13)
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Proposition 2.4 Let t € [0,T] and x,d € R. Suppose that X € Af"(x, d) with
associated deviation process DX defined by (2.4). Then th" (x,d, X) in (2.8) admits
the representation

JV(x,d, X)
1 1 2 T 2 T 2
= EE,[V; (DY) + / (DX y 2keids + / 2055 (X5 — &) ds}
t t
d2
t

Remark 2.5 Analogues of Proposition 2.4 can be found in the literature in other re-
lated settings; see e.g. Fruth et al. [24, Lemmas 7.4 and 8.6] and Fruth et al. [25, proof
of Lemma 5.3 in Appendix B]. A small technical point which might be worth noting
is that we present a somewhat different proof below. The idea in [24, 25] is to de-
rive an analogue of (2.11) by applying the substitution dX; = "' (d DX + DXdRy)
and then to compute the expectation. Exactly the same idea would also work in our
present setting, but it would result in more complicated calculations, and moreover,
the right-hand side of (2.11) would then look rather different (but this would of course
be an equivalent representation). The reason is that the process R, hence DX, can
have non-vanishing quadratic variation. Here we essentially express everything not
through DX, but rather through v DX, which has finite variation by Remark 2.2 (as X
has finite variation here). This allows reducing calculations and provides a somewhat
more compact form of (2.11).

2.3 Progressively measurable execution strategies

We point out that the right-hand side of (2.14) is also well defined for progressively
measurable processes X satisfying an appropriate integrability condition and with as-
sociated deviation D¥ defined by (2.12) for which one assumes (2.5). This motivates
the following extension of the setting from Sect. 2.1.

Fort € [0,T], x,d € R and a progressively measurable X = (X;)s¢[s—, 1] With
ftT des < oo a.s. and X;— = x, we define the process DX = (DSX)SG[,_,T] by

5
DX = ySXS—i-v;l(d—y,x—/ X,d(u,y,)>, selt, Tl DX =d (2.15)
t

(recall v from (2.9)). Notice that the condition ftT X%ds < o0 a.s. ensures that the
stochastic integral in (2.15) is well defined. Again, we sometimes write D instead
of DX. Further, fort € [0, T], x,d € R, let Afm(x, d) be the set of (equivalence
classes of) progressively measurable processes X = (X;)se[s—, 7] With X;_ = x and
X7 = & that satisfy ftT Xf,ds < 00 a.s. and such that condition (2.5) holds true
for DX defined by (2.15). To be precise, we stress that the equivalence classes for
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824 J. Ackermann et al.

.Af m (x, d) are understood with respect to the equivalence relation
XD~ x@  means XV =XP @P xds)ae onQx[1,T],
XV =x?=x)and xV = xP (=¢).  (216)

Any element X € .Afm (x, d) is called a progressively measurable execution strategy.
Again the process D = DX now defined via (2.15), is called the associated deviation
process. Clearly, we have Af" (x,d) € A" (x,d).

Givent € [0,T],x,d e Rand X € Afm(x, d) with associated DX from (2.15),
we define the cost functional J'™ by

I (x, d, X)

1 a T B T
= EE,[yT‘<D¥)2+ / (D) ?yy " 2keds + / 2hsys(Xs —cs)%zs}
t t
d2

- 2.17)
2y

Observe that we have the following corollary of Propositions 2.3 and 2.4.

Corollary 2.6 Lett € [0,T], x,d € Rand X € A,fv(x, d) with associated de-
viation process DX from (2.4). Then X is in Afm(x, d), DX satisfies (2.15), and
IV, d, X) = T (x, d, X).

2.4 The hidden deviation process

Fort € [0,T],x,d e Rand X € Af’m(x, d) with associated deviation process DX,
we define HX by HYX = Df — ys X5, s € [t, T]. Observe that if the investor follows
an FV execution strategy X € Afv(x, d) until time s € [f, T] and then decides
to sell X units of the asset (X; < O means buying) at time s, then by (2.4), the
resulting deviation at time s equals Df — s X. The value of HYX hence represents the
hypothetical deviation if the investor decides to close the position at time s € [t, T'].
We therefore call HX the hidden deviation process.

Despite X € .Afm(x, d) and DX in general being discontinuous, the hidden de-
viation process HX is always continuous. This can be seen from (2.15) and the fact
that R (hence also v) and y are continuous. In the case of an FV execution strategy
X e A‘:V(x, d), we have dHSX = —DsdR; — Xsdys, s € [t, T]. In particular, the
infinitesimal change of the hidden deviation is driven by the changes of the resilience
process and the price impact process.

Fort €[0,T],x,d e Rand X € .Afm (x, d), we furthermore introduce the scaled
hidden deviation process HX defined by

_ _1 _1 1
HY =y, *HY =y DY =y’ X,,  selt Tl (2.18)

N

From a mathematical viewpoint, the scaled hidden deviation plays an extremely im-
portant role in what follows. It is therefore instructive to see in what kind of units it
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is measured. The unit of X is number (of shares), while both DX and y are measured
in $. Thus the scaled hidden deviation HX is measured in +/$.

Also for HX and HX, we sometimes simply write H and H, respectively. Note
that due to (2.15), we have

1 s
HX Ys °V <d YiX _f er(VrVr))y selt,T].
t

We next show that the scaled hidden deviation process HX satisfies a linear SDE
and an L%-bound. Moreover, we derive a representation of JP™ in terms of H X

Lemma2.7 Lett €[0,T],x,d e Rand X € A?m(x, d). Then we have

e (1 I Ny | )y
dHY = <‘(Ms — 202 VY = 5205 + ) = 0F —oniF )y, 2D3X>ds

2 4
1
+ (205 — (o5 + mrs)yv 2DX>dW1
nsv 1 — 7%y 2DXdW2 s e[t Tl
— d
HY = — — /y/x. (2.19)
t ﬁ Vi

Moreover, E[supse[,yT](ﬁf)z] < oo and

I (x. d, X)
2

1 — d
= —E,[(H’Tf + T ) + / 2(ks + M) yy 1<DX>2dv] - —

2 t 27/l
1

T
+ Et[ f (hs (HX + /75 €)% = 20 (HX + /75 &)ys 2 DY )ds}. (2.20)
t

2.5 Continuous extension of the cost functional

Corollary 2.6 states that for FV execution strategies, the cost functionals J,fV and JM™
are the same. In this subsection, we show that J'™ can be considered as an extension
of thv to progressively measurable strategies in the following way: We introduce a
metric d on Afm (x, d) and show in Theorem 2.8 that (i) erm (x,d, X) is continuous in
the strategy X € AP (x, d), (i) AN (x, d) is dense in A" (x, d) and (iii) the metric
space (AP (x, d), d) is complete.

The first and second parts of Theorem 2.8 mean that J,pm (x,d, -) under the metric
d is a unique continuous extension of th" (x,d, -) from Afv (x,d) to Af "(x, d). The
third part of Theorem 2.8 means that under the metric d, Afm(x, d) is the largest
space where such a continuous extension is uniquely determined by J fV(x d, )
on Afv (x,d). This is because the completeness of (.A (x d), d) is equivalent to
the following statement: For any metric space (.At (x,d), d) containing AP (x, d)
and such that d| AP gy = = d, the set Ap (x, d) is closed in A; (x,d).
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826 J. Ackermann et al.

Fort € [0,T], x,d € Rand X,Y € Afm(x, d) with associated deviation
processes DX, DY defined by (2.15), we define

[l

T
d(X,Y) = (E[/ (DX — D{)2y;1dsD : (2.21)
t

Identifying any processes that are equal (d P x ds|[;,77)-a.€., this is indeed a metric
on A" (x, d); see Lemma 6.2.

Note that for fixed ¢ € [0, T] and x, d € R, we may consider the cost functional
in (2.17) as a function J*™(x,d, -): (A" (x,d),d) — (L' (2, F, P), || - I;1). In-
deed, using (2.5), Lemma 2.7, (2.3) and the boundedness of the input processes, we
see that JP"(x, d, X) € LY(Q, F;, P) forall X € AM (x, d).

Theorem 2.8 Lett € [0, T] and x,d € R.
(i) Suppose that X € AP™(x, d). For every sequence (X" en in A' (x, d) with
limy— 00 d(X", X) = 0, we have lim, oo || J/" (x, d, X") — JP™(x,d, X)|| 1 = 0.
(ii) For any X € Afm(x, d), there exists a sequence (X"),en in .A{V(x, d) such
that limy,—, oo d(X", X) = 0. In particular, we have

essinf JN(x,d, X) = essinf JP"(x,d, X). (2.22)
XeAlV(x,d) Xe AP (x,d)

(iii) For any Cauchy sequence (X")ueN in (.Afm(x, d),d), there exists an ele-
ment X0 € AP (x, d) such that lim, . d(X", X°) = 0.

In Corollary 4.5 below, we provide sufficient conditions that ensure that the
infimum on the right-hand side of (2.22) for # = 0 is indeed a minimum.

3 Reduction to a standard LQ stochastic control problem

In this section, we recast the problem of minimising J,pm over X € .Afm (x,d) asa
standard LQ stochastic control problem. All proofs of this section are given in Sect. 6.

3.1 The first reduction

Note that (2.20) shows that forr € [0, T], x,d € Rand X € Afm(x, d), the costs
J,pm(x, d, X) depend in a quadratic way on (HX, y_%DX). Moreover, (2.19) says
that the dynamics of HX depend linearly on the pair (H¥, y_%DX ). These two

observations suggest to view the minimisation problem for J'™ over progressively
measurable execution strategies X € A" (x, d) as an LQ stochastic control problem

. — _1 . . . .
with state process HX and control y ~2 DX This motivates the following definitions.
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For every t € [0,T], x,d € R and u € £?, we consider the state process H"
associated to u and defined by

~ 1 1
dH = < (us - 2)H“ - _(2(,0s + 1) — 0y — Usmrs)us>ds

2 4
1 / _
+ <20? — (o5 + ngr r)uv)dW —nsy/ 1 — |rs|2 ”desz» selt,T],
~ d
H'= — — X, (3.1
t Nz Vi

and the cost functional J; defined by

d
J | — — X, U
<ﬁ " )
1 Iy 2 T 2
=§Et|:(H%+«/_VT$) +f 2<Ks+xs)usds}
t

1 T ~ ~
+ EET[/ (2hs (H! + /75 ¢)* — 4as(H! + ﬁés)us)ds}. (3.2
t

Once again we sometimes simply write H instead of H". The LQ stochastic control
problem is to minimise (3.2) over the set of admissible controls u € E,z.

For every progressively measurable execution strategy X € A" (x, d), there ex-
ists a control u € £? such that the cost functional J/™ can be rewritten in terms of

2 .. . . _1 . .
J; (and —g—%). In fact, this is achieved by taking u = y 2 DX, as outlined in the
motivation above. We state this as Lemma 3.1.

Lemma 3.1 Lett € [0,T] and x,d € R. Suppose that X € A?m(x,d) with as-
sociated deviation DX. Define u by uS = v 2DX € [t,T]. Then u € L’,z and
I d, X = I = v — 4 a

On the other hand, we may also start with u € L’? and derive a progressively
measurable execution strategy X € AP (x, d) such that the expected costs match.

Lemma 3.2 Lett € [0, T] and x,d € R. Suppose that u € ﬁtz and let H" be the
associated solution of (3.1). Define X by

1 ~
Xs =5 z(us_Hsu)’ set,T), X =ux, Xr =§&.
Then X € A" (x,d) and JP™ (x,d, X) = Jt(f SV x ) = S as

Lemmas 3.1 and 3.2 together with Theorem 2.8 establish the following equiva-
lence of the control problems pertaining to J,f", Jtpm and J;.
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Corollary 3.3 Fort € [0, T] and x,d € R, we have

essinf JV(x,d,X) = essinf J"(x,d, X)

Xe AN (x,d) Xe A" (x,d)
, d d?
=essinfJi\ — — J/yrx,u | — — a.s
uel? N4Z 2y

Furthermore, Lemmas 3.1, 3.2 and Corollary 3.3 provide a method to obtain an
optimal progressively measurable execution strategy and potentially an optimal FV
execution strategy from the standard optimal control problem, and vice versa.

Corollary 3.4 Lett € [0, T] and x,d € R.
(1) Suppose that X* € A?m (x, d) minimises J,pm over .Afm(x, d) and let DX be
the associated deviation process. Then u* defined by

wi=y, DY, selTl

minimises J, over L2. _
(ii) Suppose that u* € L2 minimises J, over L? and let H*" be the associated
solution of (3.1) for u*. Then X* defined by

_1 ~ %
X; =y “(u;—H'), seltT), X' =x, X =,
minimises J¥ over A" (x, d).
Moreover, if X* € Afv (x, d) (in the sense that there is an element of .A,fv (x,d) in
the equivalence class of X*, see (2.16)), then X™ minimises ],fV over Afv (x,d).

3.2 Formulation without cross-terms

Note that the last integral in the definition (3.2) of the cost functional J; involves a
product between the state process H" and the control process u. A larger part of the
literature on LQ optimal control considers cost functionals that do not contain such
cross-terms. In particular, this applies to Kohlmann and Tang [34] whose results we
apply in Sect. 4 below. For this reason, we provide in this subsection a reformulation
of the control problem (3.1) and (3.2) that does not contain cross-terms. In order to
carry out the transformation necessary for this, we need to impose in this subsection
a further condition on our model inputs.

Assumption 3.5 We assume that there exists a constant C € [0, co) such that
L] < Clh +« | (dP x ds)-a.e.on Q x [0, T].

Under Assumption 3.5, we always set

A
Atk

=0 on the set {(w, s) : As(w) + x5 (w) = 0}.
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In this connection, we remark that the expression ﬁ appears in calculations be-
low only in integrands, where the respective integrators L always have the form
dLy=---ds+),;---d W!. Notice that if progressively measurable processes Z
and Z' are such that Z is integrable with respect to L and Z = Z’ (dP x ds)-a.e.,
then also Z’ is integrable with respect to L and the stochastic integrals fo ZsdLg and
fo' Z! d L are indistinguishable. Therefore the (d P x ds)-nullset in Assumption 3.5
never matters.

Now in order to get rid of the cross-term in (3.2), we transform for ¢ € [0, T] any
control process u € Etz in an affine way to iy = u; — Aﬁﬁh (ﬁs" + Vs ¢s),s €[t, T
This leads to the new controlled state process H" defined by

dH! = (—S — ga,z — d (,Os + ps — ‘373“)>H3“ds

: 2 s As + K 2
2 —
o; +ogngrg \ .
_ <ps o — w)uxds
2
As ‘752‘|’Us7)sfs
- ' -2 )\ Sy &d
T (Ps + s ) Vs Csds
(- As (05 + ns75) HE AW — (05 + ns75)iigd W]
) s + Ky s stVs s s s sVs)Us s
- A (o5 + r]CFY)\/ Vs §vdW1 - A Ns+/ 1 - |7Y|2 ﬁﬁdwz
As + i st s 5. K As + s S s s
=125 2 As =12 2
— gy 1 — |Fl? g d Wi — P Nsy/ 1 — 17512/ vs Esd W, s et T],
S N
. d
H/ = —)/ — Ve x. (3.3)
NAZ;

The meaning of (3.3) is that we only reparametrise the control (u +> i), but not the
state variable (ﬁ i— [ “); see Lemma 3.6 below for the formal statement.

Fort € [0,T], x,d € R, u € Etz and associated ﬁﬁ, we define the cost
functional J; by

~ d
Ji| — — X, U
l<ﬁ Vi )
1 ~x
= E,[E(w + /1 §)?

T AsKs ~i 2 ~2
+/, (W(HS + V75 67+ (s +Ks)us)dS]- 34

This cost functional does not exhibit cross-terms, but is equivalent to J; of (3.2) in
the sense of the following result.
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Lemma 3.6 Ler Assumption 3.5 be in force. Lett € [0, T] and x,d € R.
(i) Consider u € Etz with associated state process H" defined by (3.1). Then the

process il defined by ity = us — Aﬁﬁ,(s (H' + /75 &), s € [t, T), is in L2 and we have

H' = H" and Jt(% =YX, u) = jt(\/iﬁ — SV x, ).
(ii) Consider u € E? with associated state process Hi defined by (3.3). Then the
process u defined by uy = iy + ﬁ(HS“ +/Vs &), s €[t, Tl isin Ltz and we have

H" = H" and J,(% — VX u) = f,(% — JVix, ).

As a corollary, we obtain the following link between optimal controls for JAt and J;.

Corollary 3.7 Let Assumption 3.5 be in force. Let t € [0, T] and x,d € R.
(1) Suppose that u* € E,z is an optimal control for J; and let H*" be the solution
of (3.1) for u*. Then u* defined by

. As
U =ut

; s—k+K<FL¢‘*+ﬂg), selt Tl
A s

is an optimal control in Etz for f,

(ii) Suppose that i* € E,Z is an optimal control for Jy and let H" be the solution
of (3.3) for u*. Then u* defined by

*

. A
uy =d; + ——

s Ak
H!' + , €[z, T,
)\,S—'—Ks( K '\/E(S) s [ ]

is an optimal control in E,z for J;.

4 Solving the LQ control problem and the trade execution problem

We now solve the LQ control problem from Sect. 3 and consequently obtain a solution
of the trade execution problem.

Remark 4.1 The solution approach of Kohlmann and Tang [34] which we are about
to apply is built on the close connection between standard LQ stochastic control
problems and Riccati-type BSDEs (BSRDEs). This connection is well known and
dates back at least to Bismut (see e.g. Bismut [20, 21]). The central challenge in this
approach is to establish the existence of a solution to the BSRDE. Kohlmann and
Tang [34] prove such results in a general framework which in particular covers our
problem formulation in Sect. 3.2 under appropriate assumptions.

There is a variety of further results in the literature on LQ stochastic control prob-
lems that provide existence results for BSRDEs under different sets of assumptions.
A specific potential further possibility is for example to use the results of the recent
article by Sun et al. [40] in our setting. The setup of [40] allows cross-terms in the
cost functional and, more interestingly, the results in [40] hold under a uniform con-
vexity assumption on the cost functional, which is a weaker requirement than the
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usually imposed nonnegativity and positivity assumptions on the coefficients of the
cost functional. However, in general, the terminal costs and the running costs in (3.2)
(and also in (3.4)) contain terms such as (ﬁ% +Jvr £)% and A, (ﬁ;’ +Vs Zs)? which
are inhomogeneous. Therefore the results of [40] are only directly applicable in the
special case where & = 0 and at least one of A and ¢ vanishes. A possible route for
future research could be to incorporate inhomogeneous control problems as presented
in Sect. 3 into the framework of [40].

Throughout this section, let the following assumption be in force.

Assumption 4.2 In our general setting (see Sect. 2.1), we additionally assume that the
filtration F we work with is the augmented natural filtration of the Brownian motion
(Wl, ..., W™, Furthermore, we set the initial time to t+ = 0. We also assume that
the stochastic processes A and k = %(Zp + 1 — 0% — n? — 20nF) are nonnegative
(dP x ds|j,1))-a.e.

We emphasise at this point that the results presented in Sects. 2 and 3 are valid for
more general filtrations and for processes A and k possibly taking negative values.
This opens the way for applying Sects. 2 and 3 in other settings in future research.

Remark 4.3 Note that the assumption of nonnegativity of A and « is necessary to apply
the results of Kohlmann and Tang [34]. Indeed, [34] requires that A+« (the coefficient
in front of 42 in (3.4)) and A)j"_‘K (the coefficient in front of (I:\If‘ + Vs ;s)z in (3.4))
are nonnegative and bounded, which implies that A and x have to be nonnegative.
Moreover, we note that nonnegativity of A and « ensures that Assumption 3.5 is
satisfied. Further, we observe that A 4+ « and )\)ij are bounded, as required. Indeed,
we clearly have A)i‘K < k, and it remains to recall that i, o, p, n and A are bounded

and 7 is [—1, 1]-valued (see Sect. 2.1).

Note that the LQ control problem of Sect. 3.2, which consists of minimising
the functional Jy in (3.4) with state dynamics given by (3.3), is of the form con-
sidered in [34, Egs. (79)—(81)]. The solution can be described by two BSDEs [34,
Egs. (9) and (85)]. The first, [34, Eq. (9)], is a Riccati-type BSDE, which in our
setting reads

m
o 1
dKy = —g(s, Ky, L}, L)ds + Y LidW{, s€[0.T], Kr= 3 @D
j=1
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with the driver

g(s, Ky, L1, L)

A A _
= <Ms + (75(63 + 2051575 + 112 — 2(ps + Ms)))Ks

As ks N + Ky
As — 1 As — 2 Asks
+ (o5 — 2(o5 + nsrs) | L — 2054/ 1 — [Fs|2 L5 + ———
<s e (05 + 15 s)) s s + K Ns 75 s s K
N
Dy

with

A —
N = (,05 + s = (0] + 20T + ﬂf))Ks
s

As + K
+ (05 + 15T Ly 4 sy 1 = 752 L3, 42)
Dy i=Ag + K5 + (O—Sz + 2o5nTs + n?)K& 4.3)

We call a pair (K, L) with L = (L', L2, ..., L") a solution to the BSDE (4.1) if

(i) K is an adapted, continuous, nonnegative and bounded process;

() P=r+4+«k+ (0%2+2007+n*)K >0 (dP x ds|jo,T1)-a.e.;

(i) L', ..., L™ € £};

(iv) the BSDE (4.1) is satisfied P-a.s.

The requirements of nonnegativity and boundedness of K can be explained here by
the fact that under mild conditions, such a solution exists (see Theorem 4.4 below).
Condition (ii) ensures that there is no problem with division in the driver of (4.1)
where the quantity D appears in the denominator. Moreover, it is worth noting that
for K > 0, we always have D > 0 as 62 + 2007 + %> = (0 + n7)> + n>(1 — |[7|?)
and A + « > 0. From this, we also see that the quantity D can vanish only in “very
degenerate” situations. Hence condition (ii) is quite natural.

To shorten notation, we introduce for a solution (K, L) of the BSDE (4.1) the
process 0 = (6s)se[0,7] by

0y = = 4.4)

with A, D, from (4.2) and (4.3). Next, we consider the second BSDE [34, (85)],
which is linear and reads in our setting

Ay = — (5. Y5, b3 Dds + > @ldW]. s €[0,T],

j=1

1
yr = _Ex/V_T%_v 4.5
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with the driver

f(s, s, ), 92)

2

2 —
= &_O-_S_( _Us +Usnsrs>< As 0)
(2 3 Ps + s ) e + 05 ) )¥s

o _ A 1 A —
+ (% — (o5 + nsrs)(ks ‘fst + ex)> (d’; + s _: P (o5 + rlsrx)\/% é'sKs>

/ _ A Ag
— s 1_|rs|2<)“_£lcs+9s>(¢3 A + K 1—|r;| \/%Cv s>

2 —
oy + Ognsrs
Vs s ((Ps + s — %)K‘Y

_ / _ AsK
+(Us+77srs)L;+ns 1_|rs|2L§>_ - Vs Cs-
As + K

A
As + Ky

A pair (Y, ¢) with ¢ = (¢!, 92, ..., ¢™) is called a solution to the BSDE (4.5) if

() ¥ is an adapted continuous process with E[sup;¢o 7 1//3] < 00;
(i1) ¢ is progressively measurable with fOT |ps|2ds < oo P-ass.;
(iii) the BSDE (4.5) is satisfied P-a.s.

For a solution (K, L) of the BSDE (4.1) and a corresponding solution (¥, ¢) of
the BSDE (4.5), we define the process 00 for s € [0, T] by

U +anr
9s0=<(ps+us— = S) Vs

+ (o +7)srs)¢s + 5/ 1 — |r$|2¢5>/

((I + 2050575 + US)K

(4.6)

where D; is from (4.3). We further introduce for x,d € R and s € [0, T'] the SDE

e o . d
dH = HfdY, +dZ;,  Hj=—=—/nx. A.7)

N4Z)
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834 J. Ackermann et al.

where for s € [0, T'],

2 2 —
s oy ( oy +asnsrs>< Ay )
dYs=— - — — s + s — +65) )d
Vs ( Ps Ms ) A + Ko s s

+(Z -+ F)(LH)) dw!
) s T Nsls s + K s s
_ A 2
—n3\/1—|rs|2<M;K +es)dWs,

s

o} + o

dZ; = ps + ps — —F—— s s
(oo SR )

+ (o5 +rhrs)< — Vs ;A )dWSI
Ks
A
_ 0 s
+ N5/ 1 - |”s|2<9s —A/Vs CS)»S -iiKs>dWSZ.

We shall show that the solution H* of (4.7) is the optimal state process in the stochas-
tic control problem to minimise Jo of (3.4). Notice that H* can be easily expressed
via Y and Z in closed form.

In the next result, we summarise consequences from Kohlmann and Tang [34]
in our setting to obtain a minimiser of Jo in (3.4) and a representation of the
minimal costs.

Theorem 4.4 Under Assumption 4.2, assume there exists ¢ € (0, 00) with A + k > ¢
(dP xds|,r7)-a.e. or o2+ 20nr + 172 > ¢ (dP x ds|,r7)-a.e. Then:

(i) There exists a unique solution (K, L) of the BSDE (4.1). Ifo2 +20nr+ n2 >¢
(dP x ds|jo,1))-a.e., there exists ¢ € (0, 00) with P[Ks; > c forall s € [0, T]] = 1.

(i1) There exists a unique solution (¥, ¢) of the BSDE (4.5).

(iii) Let x,d € R, and let H* be the solution of the SDE (4.7). Then u* defined by

af=6,H*—0°,  sel0,T], (4.8)

is the umque opnmal control in L2 o for Jo, and H* is the corresponding state process
(i.e., H* = ).
(iv) Let x, d € R. The costs associated to the optimal control (4.8) are given by

o d A d
inf Jo(— - yox,ﬁ) = Jo<— - yox,ﬁ*>
ﬁeﬁ% Yo Yo

() (- )
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where

1 T _
Co= EEo[yTsz] —~ Eo[ / O (As + ks + (0 + 20417 + n?)Ks)ds]
0

T 2
AL _
+ Ey /0 Ksmys§3(052+2asnsrs+773)dsi|
L s s

o} + o7

T Ag :

ca fw(;)}
" J% &5 (¢4 (05 + 1575) + d2nsy/ 1 — |7s|2)ds]
AsK

T
+E0/
LJO
T

0_ 0 )\'€+ S‘VS;‘A ] ( )

Proof Observe that the problem in Sect. 3.2 fits into the framework in Kohlmann and
Tang [34, Sect. 5]. In particular, the coefficients in the SDE (3.3) for H i and the cost

functional fo (see (3.4)) are bounded and the inhomogeneities are in /32 Moreover,
1 ik
2° Ak

generated by the Brownian motion (W!, ..., W™).

(1) If A + k > ¢, this is an immediate consequence of [34, Theorem 2.1]. In the
case 02 + 20 nr + 172 > g, this is an application of [34, Theorem 2.2].

(ii) This is due to [34, Theorem 5.1].

(iii) The first part of [34, Theorem 5.2] yields the existence of a unique optimal
control #* which is given in feedback form by the formula &* = OH — 00 We
obtain (4.7) by plugging this into (3.3).

(iv) The second part of [34, Theorem 5.2] provides us with the optimal costs. [J

and A + « are nonnegative, and the filtration in this section by assumption is

By applying Corollaries 3.7 and 3.4, we obtain a solution to the trade execution
problem of Sect. 2.

Corollary 4.5 Impose Assumption 4.2 and assume there exists ¢ € (0,00) with
A4k >¢e (dP x dsl|jo,r))-a.e. or 02 +20nF + 1% > & (dP x dsljo,r1)-a.e. Let
(K, L) be the unique solution of the BSDE (4.1), (¥, ¢) the unique solution of the
BSDE (4.5), and recall the definitions (4.4) of 0 and (4.6) 0f00. Let x,d € R. Then
X* defined by

1 A ~ 1
X =y, 2((9 + —= 1)HS*+)/S2§S —9?), s €[0,T),

As +Ks
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836 J. Ackermann et al.

with H* Sfrom (4.7) is the unique (up to (d P x ds|[o,1])-nullsets) optimal execution
strategy in Agm (x,d) for Jé) "™ The associated costs are given by

inf  J)"(x,d, X)
XeAY" (x.d)

= JM (. d, X*)

K< d )2 zw( d >+c @
=Ko| —= —Vvx ) =2%0| —= —Vrx 0= 53—
4T N4Z) 20
with Cq from (4.9).

Remark 4.6 (i) Note that the BSDE (4.1) contains neither & nor ¢. In particular, the
solution component K and the process 6 from (4.4) do not depend on the choice of &
or ¢ (although they depend on the choice of ). In contrast, the BSDE (4.5) involves
both £ and ¢. If £ = 0 and at least one of A and ¢ is equivalent to 0, then (V, ¢)
from (4.5), 8° from (4.6) and C¢ from (4.9) vanish.

(i1) Under the assumptions of Corollary 4.5, we have Ko < % This is a direct
consequence of Corollary 4.5 and (i) above. Indeed, choose £ = 0 and ¢ = 0 (by (i),
this does not affect K). Then Corollary 4.5 and (i) show for the optimal strategy X*
from Corollary 4.5 that Jop m(l, 0, X*) = Koyp. The suboptimal FV execution strat-
egy Xo- =1, X;, = 0,5 € [0,T], in Ag"(l, 0) incurs the costs J(I;m(l, 0,X) =2,
and hence Ky < %

(iii) Our present setting essentially includes that in Ackermann et al. [1], where
& =0, A = 0and n = 0 (and therefore the processes ¢ and 7 are not needed; cf. (2.1)
and (2.8)). The word “essentially” relates to different integrability conditions and to
the fact that in [1], the formulation is for a continuous local martingale and a general
filtration instead of Brownian motion with a Brownian filtration. For § = 0, A = 0
and n = 0, the FV control problem associated with (2.4)—(2.8) is extended in [1] to
a problem where the control X is a cadlag semimartingale that acts as an integrator
in the extended state dynamics of the form (2.4) and with a target functional of the
form (2.8). Here, the word “extended” relates to the fact that (2.4) and (2.8) need
to be extended with certain additional terms when allowing general semimartingale
strategies; see [1]. In [1], the existence of an optimal semimartingale strategy as well
as its form (when it exists) are characterised in terms of a certain process E , which
is in turn defined via a solution (Y, Z, M l) to a certain quadratic BSDE (see [1,
Eq. (3.2)]). It is worth noting that if £ = 0, A = 0 and n = 0, all formulas in the
present section simplify greatly, and in particular, the BSDE (4.1) above is equivalent
to the BSDE (3.2) in [1]. The relation is ¥ = K, Z = L', dM;- = Y7, L{dW{,
where for the sake of a fair comparison, we consider the subsetting in [1] where the
filtration is generated by the m-dimensional Brownian motion (W', ..., W) and
the continuous local martingale M is W1. Further, for E=0,A=0and n =0, our
process 6 from (4.4) reduces to the above-mentioned process E (see [1, Eq. (3.5)]),
while (¥, ¢) from (4.5), 8° from (4.6) and C from (4.9) vanish.

(iv) It is also instructive to compare Corollary 4.5, where we obtain that the control
problem extended to .Agm (x, d) always admits a minimiser, with [1, Theorem 3.4],
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where it turns out that an optimal semimartingale strategy can fail to exist. See the
discussion at the end of Sect. 5.3 for a specific example.

4.1 On the continuity of optimal position paths

In the setting of Obizhaeva and Wang [37], optimal position paths X* exhibit jumps
(so-called block trades) at times 0 and 7', but are continuous on the interior (0, T')
(see also Sect. 5.1 below). An interesting question is whether the continuity on (0, T')
prevails in the generalised setting considered in the present paper. This is not reason-
able to expect when we have a risk term with a “sufficiently irregular” process ¢, and
indeed, we see in Example 5.1 below that the continuity of X* on (0, T) can fail (this
is discussed in Remark 5.2).

More interestingly, such a continuity can already fail even without the risk term
(i.e., A = 0) and with terminal target & = 0. Indeed, consider the setting with o = 0,
A = 0, £ = 0 and non-diffusive resilience process R given by Ry = ps (with p a
deterministic constant). Then it follows from [1, Example 6.2] that continuity of the
price impact process y is not sufficient for continuity of the optimal position paths X*
on (0, T): It is shown that if the paths of y are absolutely continuous, then a jump of
the weak derivative of y on (0, T') already causes X* to jump on (0, T').

Moreover, it is possible that the random terminal target position & causes the
optimal position path X* to jump in (0, T) with all other input processes being
continuous. We present an example for this phenomenon in Sect. 5.2.

A way to obtain sufficient conditions for the continuity of X* on (0, T') consists
of combining Corollary 4.5 with path regularity results for BSDEs. Indeed, if the co-
efficient processes p, u, o, 1, 7, A, { are continuous and if one can ensure that the
solution components L', L? and ¢!, ¢ (which correspond to the martingale repre-
sentation part of the solution) of the BSDE (4.1) resp. (4.5) have continuous sam-
ple paths, then Corollary 4.5 ensures that X™* also has continuous sample paths on
(0, T). Results that guarantee continuity of BSDE solutions in a Markovian frame-
work, including the quadratic case, can for example be found in Imkeller and Dos
Reis [32].

5 Examples
In this section, we apply the preceding results in specific case studies.

5.1 The Obizhaeva-Wang model with random targets

The models developed by Obizhaeva and Wang [37] can be considered as special
cases of the setup in Sect. 2. Indeed, we obtain the problem of [37, Sect. 6] by setting
u=00=0n=07=0,12 =0 and choosing p € (0,00) and £ € R as
deterministic constants.

Example 5.1 In this example, we apply our results (in particular, Corollary 4.5) and
provide closed-form solutions (see (5.5) below) for optimal progressively measur-
able execution strategies in versions of these problems which allow general random
terminal targets £ and general running targets ¢.
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838 J. Ackermann et al.

Let x,d € R. Suppose that u = 0,0 = 0, n = 0 and ¥ = 0. Furthermore,
assume that p € (0, c0) and A € [0, 0co) are deterministic constants. We take some
& and ¢ as specified in Sect. 2.1 (in particular, see (2.3)). Note that the conditions of
Theorem 4.4 and Corollary 4.5 hold true and that y; = yg for all s € [0, T]. In the
current setting, the BSDE (4.1) reads

2 m
p” o 2hp Ap -
dKs = K K, — d LgdWy, e [0, T],

s (P"‘)\‘ s+,0+)» s o+ A S+j§ s s sel ]

Kr =~ 5.1
r=3 (5.1
By Theorem 4.4, there exists a unique solution (K, L). Since the driver and the ter-
minal condition in (5.1) are deterministic, we obtain L = 0, and hence (5.1) is in
fact a scalar Riccati ODE with constant coefficients. Such an equation can be solved
explicitly, and in our situation, we obtain in the case A > 0 that

| Atanh(%) VY ESS

KS:E NPT , s €[0,T],
P p(T—s
5+ tanh(ﬁ) + Ao+ 1)
and in the case A = 0 that
1
= — s €[0,T]. 5.2
P ey [0, 7] (52)

The process 6 from (4.4) is here given by 6, = ﬁl(s, s € [0, T]. The BSDE (4.5)
becomes

PA PA
dyg = —— 0 d —/ 1—-K)d
s (A+p + 0 s)% s + top 70 &s( s)ds

+Y ¢ldw].  sel0.7],
j=1
1
Yr = —5\/%5. (5.3)

Again by Theorem 4.4, there exists a unique solution (i, ¢). The solution compo-
nent v is given by

1

_ 1 PA r
wS—EJ%(_EFTES[S]_mES[/S Fr(l_Kr)grdri|>, s [0, 7],

where we have introduced

Fs=exp(—p/:<$+9r>dr>

— exp < - ﬁ(ks +p fos K,dr)>, s €0, T]. (5.4)
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The process 0% in (4.6) is given by 9‘90 = ﬁl//s, s € [0, T]. Further, the SDE (4.7)
reads

~ A ~ A
st* = —p<— +9s>Hs*dS —f-p(@? — \/%Qm)ds, NS [O, T],

A+p
~ d
*
=— —Vnx,
0 VYo
and has the solution
ax r( d + fsr—l(eo S — )d) [0, T]
= s\ — — X - U rij, s € 5 5
s s m Yo 1Y 0 r r Y0 rk+p

with I' given by (5.4). It then follows from Corollary 4.5 that the stochastic process
X* defined by X = x, X} =& and

_1 0 ~ A
X5=v" <<9s - —)Hf —6)) + Csm

Wt p
- 2 a-kyr, (x 4 P [po (Agr - Lw,)m)
At+p o Ar+pJo 47
+ L@g . Lw) s €0, T), (5.5)
At+p\p Yo

is the (up to (dP x ds|[jo,77)-nullsets unique) execution strategy in Agm (x, d) that
minimises ]g "

Remark 5.2 From Example 5.1, we see that discontinuities of the target process ¢
can cause jumps of the optimal position path X* in (0, T). Indeed, as 6, #° and
H* are continuous, it follows from (5.5) that in the case A > 0, paths of the optimal
strategy X* inherit discontinuities from ¢ on (0, T) (in particular, X* jumps on (0, T')
whenever ¢ does).

In the next example, we study the case A = 0 in more detail.

Example 5.3 In the setting of Example 5.1, suppose that A = 0. If the terminal tar-
get £ € R is a deterministic constant, it follows from Obizhaeva and Wang [37,
Proposition 3] that the optimal FV execution strategy is given by

. _ _i 1+ (T —s)p
XS_<x & )42+Tp + &, s €[0,T). (5.6)

So the optimal strategy consists of potential block trades (jumps of X*) at the time

points 0 and 7' and a continuous linear trading program on [0, 7). In the following,

we analyse how this structure changes when we allow a random terminal target £.
First recall that the solution of the BSDE (5.1) is given in this case by (5.2). It

follows that I from (5.4) simplifies to 'y = W, s € [0, T]. For the solution
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component i of the BSDE (5.3), we thus obtain

VY

Vs =T —wp

E[&], s [0, T]

The optimal strategy from (5.5) on [0, T') becomes

d s 1 1
X*:(I—K)F_(x———,o F_I—Ipdr>——1ﬂ
* v Yo o T Jm S

(o A\ s o EmEm
_<x Vo) sv7, tPUFT S)p)/o e+ T —npr""
E,[&]

m, s €[0,7). 5.7

Integration by parts implies that (note that (E,[£]),¢[0,7] IS a continuous martingale)

CEEL [ 1
T _dr=| Efld——————
0 Q+(T —r)p) 0 pQ+ (T —r)p)

_ E[&] _ Eolg]
P2+ (T —s)p) pQ2+Tp)

$ 1
= iE. 0, 7).
/0 pCr @ —np e el

Substituting this into (5.7) yields for s € [0, T') that

d\1 T — S T —
X* = (x — Eole] - —)M +ElE] —/0 LT =90 4 1y

Y0 24+Tp 24+(T —r)p
d\ 14+ (T —s)p
—(x—Eyle1- =) —/— =" E
(x ol&] y0> 1 Tp + Epl€]

s 14 (T —5)p
+/0 <1 Tar (T - r)p)dEr[S]‘

We finally obtain the alternative representation

X = <x — Eol€] — i)ﬂ
Yo

24+Tp
1+ (G —r)p
+ Eol€] +/0 der[é]s s€[0,T),

for (5.7). We see that this optimal strategy X* € Agm(x, d) consists of two addi-
tive parts. The first part corresponds exactly to the optimal deterministic strategy
in (5.6), where the deterministic terminal target is replaced by the expected termi-
nal target Eo[£]. The second part represents fluctuations around this deterministic
strategy which incorporate updates about the random terminal target £. Note that this
stochastic integral vanishes in expectation although it is not a martingale (indeed, the
time s is not only the upper bound of integration, but also appears in the integrand).
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5.2 Adiscontinuous optimal position path for continuous inputs

We now show that the optimal strategy can have jumps inside (0, 7') even if all input
processes, including ¢, are continuous. Let x,d € R. Take A = 0,¢ =0, n = 0,
7 =0, u = 0 and assume that 0 € (0, 00) and p € ("—2, o0) are deterministic con-
stants. Moreover, we later consider an appropriate random terminal target & satisfying
the assumptions of Sect. 2.1 to produce a jump of the optimal strategy.

Note that the conditions of Theorem 4.4 and Corollary 4.5 hold true. In particular,
there exists a unique solution (K, L) of the BSDE (4.1), and it is given by (compare
also with [1, Sect. 5.2]) L = 0 and

o? a? 2
— o - 2
Ks = P 22 /W(p—zzeq) 02A>’ NS [O, T]v
o o

where W denotes the Lambert W-function and ¢y = In2 + ﬁ 2p — o+ ,02T). The
process 6 from (4.4) becomes

pK;

Oy = ————
p_%z"‘asz

, s €[0,T],

and both 6 and K are deterministic, increasing, continuous, (0, 1/2]-valued functions.
For some 1y € (0, T'), let

-1 o1 3, o2 r
S:—Z‘}/Ozexp(—EWT—i-gU T+<,0-7)/0 Gsds

T T
X (o’/ I'y0,ds —i—/ Fde&),
) Io

2 2

t
F,:exp(—%t—(p—%)/o Gsds), t €0, T].

Note that & is Fr-measurable and E [yTéz] < o00. The terminal target £ here is
defined in such a way that the uniqqe solution (v, ¢) of the BSDE (4.5) (cf. Theo-
rem 4.4) is given by ¢! = 1y4y.77, ¢/ =0, j € {2,...,m}, and

where

0, 0<t<t,
=9 . , |
I, (o fto I 6,ds +ft0 CdW), th<t<T.

It follows for the process 69 in (4.6) that

0, 0<t<t,
90 = o2
! )i+
(o g)«/ft a’ h<t<T
p—% 402K,
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We thus have
0 o
P — 2 +o Kt()

From Corollary 4.5, we obtain the existence of a unique optimal strategy X™* and that
_1 " -
Xi=y, *(6s—DHF —¢9S0), s €[0,T).Since y, 6 and H* (see (4.7)) are continuous

and AGZ% > 0, we obtain that AX; = —y, 2 A@g < 0. Hence the optimal strategy
has a jump at 7y € (0, 7).

5.3 An example where J(f" does not admit a minimiser

Letx,d € R with x # %. Suppose thato =0,n =0, =0,7=0,{ =0,& = 0.
Choose u to be a bounded deterministic cadlag function such that there exists a con-
stant § € (0, T') with u having infinite variation on [0, T — §], and take p € R\ {0}
such that there exists ¢ € (0, co) with 2p + p > e. Note that this corresponds to the
setting in Ackermann et al. [1, Example 6.4]. Moreover, observe that the conditions
of Corollary 4.5 are satisfied.

In the current setting, the BSDE (4.1) becomes

2(p + 1)’ K}

m
ds + S Lidw/, se[0,T],
2p + s > 2_LidWs

dKS = <_ I‘LSKS +
j=1

K—l
r=s5-

Its solution is given by (K, 0), where (see also Y in [1, Sect. 6])
T T 2 , 2 7
Ks = efs ﬂ"”/(/ M@fr ;,Lgdfdr +2>, = [O, T]’
s 204wy
is a deterministic continuous function of finite variation. We have that

N 2(p + 1s)

6, = K, s e€[0,T],
s 20+, [0, T]

which is the same as ,g in [1, Example 6.4]. The solution of the BSDE (4.5) is given
by (¢, ¢) = (0, 0), and it holds that 60 = 0. Furthermore, (4.7) reads

~ s ~ ~ d
dH = | — — )0s | H ds, 0,T], Hi = —_ _ ,
s (2 (o + us) A> cds, s€l[0,T] T Y0 X

and is solved by the continuous deterministic FV function

@:(i—-WOﬁ%fX&—@+MMVO, s €10,T],
‘ D) 0o 2

which is nonvanishing due to our assumption x # %.
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Note that at this point, it is easy to explain why we exclude the case x = % in this

%, we get H* = 0 and then the optimal strategy is to close

the position immediately, i.e., X(’;f =x, X =0,s € [0, T], which is always an FV
strategy.

To continue, by Corollary 4.5, there exists a (up to (d P xds|[o,r])-nullsets) unique
minimiser X* of Jé’ ™ in .Agm(x, d), and it is given by

example. Namely, if x =

_1 —~
X; =x, Xh=0, X'=y 206, —DH, sel0,T).

N

Assume by way of contradiction that there exists a minimiser X° of J(l)cV in the set
A(f)" (x, d) of FV execution strategies. We know from Corollary 3.3 that X© is then
also a minimiser of Jé’ ™ in the set Agm (x, d) of progressively measurable execution
strategies. It follows that X0 = x* (dP x ds|jp,T7)-a.e. Since H* is nowhere 0, we
obtain that

y2 X0
7 =0 (dP xdsl|,T1)-a.e. (5.8)

I+

Observe that the left-hand side is a process of finite variation. On the other hand, our
assumption on p easily yields that 6 has infinite variation. This contradiction proves
that in the setting of this example, J(’;V does not admit a minimiser in A{)V (x,d).

We can say even more: In this example, there exists no optimal semimartingale
strategy, where under a semimartingale strategy, we formally understand a semi-
martingale that is an element of Agm (x, d). Indeed, if we had a semimartingale X 0 as
a minimiser, we should still get (5.8) (with a semimartingale X 0. The left-hand side
would then be a semimartingale. On the other hand, it is shown in [1, Example 6.4]
that there does not exist any semimartingale 8 with 8 =0 (dP x ds|jo,17)-a.e.
Thus the cost functional does not have a minimiser in the set of semimartingales,
but we are now able to find a minimiser in the set of progressively measurable
execution strategies.

5.4 An example with a diffusive resilience

As already mentioned in the introduction, the literature on optimal trade execution in
Obizhaeva—Wang-type models typically assumes that R is an increasing process. In
Ackermann et al. [1] and Ackermann et al. [3], R is allowed to have finite variation.
Now we consider an example with a truly diffusive R.

Let x,d € R with x # % Leté = 0,2 =0,¢ = 0and u = 0. Moreover,
suppose that 7 € [—1, 1] and , p, 0 € R are deterministic constants such that

_ l 22 - 2 2 =
/c_2(2,0 o n 20nr) > 0 and o +n"+20nr >0
(in particular, we thus need p > 0). Note that the assumptions of Corollary 4.5 are
satisfied. We moreover remark that the subsetting with n = 0 corresponds to the
setting in [1, Sect. 5.2]. Therefore the difference to [1, Sect. 5.2] is that we now

consider a more general resilience.
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The Riccati BSDE (4.1) becomes

_ 0K+ @+ DL 0y 1= [FPLY)?

dK; — oLlds
(02 +n?24+200")Ks +« §
m
+> Lidw!,  sel0,T],
j=1
P _1
r=s3-

This has the solution (K, L) = (K, 0) with, for s € [0, T'],

K i W - ( P )
= exp(c — ———) |,
YT a2 42 42007 2+t +20nr P\ T G2k 2 1 20m7

where ¢ = In2 + % (compare also with [1, Sect. 5.2]) and WV denotes the

Lambert W-function. We further have
_ pK;
02+ 02+ 200" K +k

, s [0, T]

6,

Observe that (¥, ¢) = (0, 0) is the solution of (4.5) in the present setting and that we
get 6% = 0 in (4.6). Moreover, the SDE (4.7) reads

~ o2 o+ onr ~ o ~
dH = (_ 7 (p - %)@)H;‘ds + <§ —(o+ nf)(aS)HS*dWSl

- n\/l——mzeﬁ:dwf, s [0, T],

with ﬁg =4 _ /v0 x. Hence we obtain for all s € [0, T] that

N N
X exp (%W; — (o + n?)/o O,dW! —ny/1 — |7|2/0 OrdWr2>

2 s 2 2 20n7F [*
xexp(—%—(p—oz—mﬁ)/o Qrdr—W/o Grzdr).

It follows from Corollary 4.5 that the optimal execution strategy is given by

* d — * 1 = : 2
Xi=(x——)A-0pexp| — (@ +nr) | 6,dW, —nyJ1—[FI2 | 6,dW;
Yo 0 0
xexp(—(,o—a —0177)/ G,dr—f/ G,dr)
0 0

fors € [0, T).
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We can show here that K and 6 both are continuous, deterministic, increasing,
(0, 1/2]-valued functions of finite variation. Since 8 < 1, the optimal strategy on
[0, T) always has the same sign as x — < Moreover, the optimal strategy is stochastic
and has infinite variation, as in [1, Sect. 5.2]. But in contrast to [1, Sect. 5.2] where
the price impact always has infinite variation, we can here set o = 0 for a choice
of n> € (0,2p). In this case, the price impact y = yq is a deterministic constant,
but the optimal strategy still has infinite variation (due to the infinite variation in the
resilience R).

Observe furthermore that by making use of 1 and 7, we can choose the parameters
in the current setting in such a way that x > 0 and o> + 5% + 2057 > 0 are satisfied,
but condition (3.1) in [1], i.e., 2p — o2 > 0, is violated.

With regard to Sect. 5.3, we remark that in both sections, there is no optimal strat-
egy in A{)V (x,d). But in contrast to Sect. 5.3, in the current section, there exists an
optimal semimartingale strategy.

5.5 Cancellation of infinite variation

We now present an example where the infinite variation in the price impact process y
is “cancelled” by the infinite variation in the resilience process R and we obtain an
optimal strategy X* of finite variation.

Letx,d e R.Let§ =0,.=0,¢ =0and u = 0. Suppose that7r = —land p > 0
are deterministic constants, and assume that  and o are progressively measurable,
(dP x ds||0,77)-a.e. bounded processes such that n = o (dP X ds||o,77)-a.e. It then
holds (d P x ds|jo,11)-a.e. that 024+ n?+20nF =0andk = p > 0.In particular,
the assumptions of Corollary 4.5 are satisfied.

The BSDE

m
_ 1
dKs = pKlds — o;Lids + Y L{dW]. se€[0.T], Kr =2,
j=1

which is the BSDE (4.1) in the present setting, has the solution (K, L) = (K, 0) with

1
T 24 (T —s)p’

(cf. Sect. 5.1). We obtain § = K, that (¢, ¢) = (0, 0) is the solution of (4.5), and
that 09 = 0. It follows that (4.7) has the solution, for s € [0, T,

~ d 1 N 2 N 1 N |
Hf = — - - - dr — K,d — aw. ).
s («/% y0x>exp( 4/0 o dr p/(; r r+2/0 oy r)

For the optimal execution strategy from Corollary 4.5, we then compute that

d\1+ (T —
sz(x__>u, s el0,7).
Y0 2+Tp

s €0, T]

s

The optimal strategy in the current setting with general stochastic ¢ = 1 and negative
correlation 7 = —1 is thus the same as in the Obizhaeva—Wang settingo = 0 = n
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(cf. Obizhaeva and Wang [37, Proposition 3]; see also [1, Sect. 4.2]). In particular, the
optimal strategy is deterministic and of finite variation, although the price impact y
and the resilience R are both stochastic and of infinite variation (at least if ¢ = 7 is
nonvanishing).

We finally remark that this setting does not reduce to the Obizhaeva—Wang setting
o = 0 = 7. Indeed, while the optimal strategies for o = 0 = 7 and for general
stochastic ¢ = n with correlation 7 = —1 coincide, this is not true for the associated
deviation processes. In general, we have

DX = — (x—i> ! ex /S dWl—lfS 2dr s €[0,T)
wo= ol = o) e [ mdWy =g | ndr ). 1),

which for a nonvanishing 7 and x # % has infinite variation, but is constant in the
Obizhaeva—Wang setting (take n = 0).

6 Proofs

In this section, we provide the proofs for the results in Sects. 2 and 3. We furthermore
state and prove some auxiliary results used in the proofs of the main results.

For reference in several proofs, note that the order book height, i.e., the reciprocal
of the price impact, has dynamics

dy, ' =y (= (s — 0)ds — o, dW)), s €[0,T]. 6.1)

We moreover observe that [td’s lemma gives

3 3(1 1, 13 1
dys = ys FHs g0 dS+§)/s o dWy, s €[0,T],

L -1 1 3 1 -1
dy, 1 =y, ( — Shs + gaf)ds — 5% todW. sel0.TL  (62)
Proof of Proposition 2.3 Integration by parts implies for all s € [¢, T'] that
d(vgDy) = vyd Dy + Dydvs + d[v, D]

= —VyDyd Ry + vy ysd X5 + vy Dgd Rs + vy Dyd[R]g + d[v, D]

= vs¥sd X5 + vy Dyd[R]s +d[v, D];.
Since

d[v, D]y = v¢d[R, D]; = —vsDsd[R];, selt,T],
it follows that the process 55 =Dy, s € [t, T], 51_ = d, satisfies
dDy = d(vsDy) = vsysd Xy, selr, T (6.3)

In particular, D is of finite variation.
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The facts that AD; = y,AX, and d D = vsy,d X;, s € [t, T, imply that
/ @2Ds— +ys AX5)dXs = / (2Ds— + ADy)d X
[t,T] [t,T]
=/ (2Ds— 4 ADy)y, 'vld Dy
[.7]
=/ v 2y 12D + ADy)d Dy
[.7]

= f[ . ¢sd(D?), (6.4)
t,

where we set ¢, = v~ 2)/;1, s € [¢, T], and in the last equality use that
d(D}) = 2Ds_ + ADy)dDs, s et Tl,

as D has finite variation. Summing up, (6.4) yields

1
/ D,_dX, + —/ Vs AXd X,
(1,7 2 Jie,m

1/~ - T
=§< %‘pT_th—(Pt_/ D3d¢s>
t

1/ _ _ 4 o
= E(VT ID% W ta* - /t D%v‘gd(vs 2)/s l)>
In order to show (2.12), we first obtain from (6.3) and integration by parts that

vD, —d= Vvrvr Xr — ViX _/

Xsd(vsys) —/ dlvy, Xls, relt,T].
[r.r]

[t,r]

This implies that

,
Dy =y X, + Vr_l<d — WX _/ Xxd(vsys))’ rel:,T]. 0
t

Proof of Proposition 2.4 We first consider the integrator v=2y ! on the right-hand

side of (2.11). Integration by parts and (2.10) yield for all s € [t, T] that

d; %y = v ldy v vl R div Ty T
= 2v;1y;1dv;1 + v;zdysfl + v;ld[yfl, vil]s + d[vfl, yflvfl]s
= —2vs_2ys_ldRs + vs_zdys_l — vs_zd[y_l, Ry + d[v_l, y_lv_l]s.
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Note that for all s € [f, T], we have
div=' y v = v IR, y T,
:—vs_ld[R,/ )/_ldv_1 +/ v_ldy_l]
t t K
= —v7 Yy R, vy — IR,y
= vs_2ys_1d[R]s — vs_zd[R, y_l]s.

It hence follows for all s € [¢, T'] that
d(v;zy;l) = —2v;2y;1dRs + v;zdy;l — 2v;2d[y71, Rl + v;zy;]d[R]s.

Plugging this into (2.11) from Proposition 2.3, we obtain that

1
/ D,_dX, + —/ Vs AXd X,
[1,T] 2 Ji,m)

1/ _ _
= E(VTID%‘ " 'a?

T
—~ / D?(dy;lw;ld[Rh—2y;1dRs—2d[y‘1,R]s)). (6.5)

t

We further have by (2.1) and (6.1) that for all s € [¢, T'],

dy, '+, 'dIRY, — 2y, 'Ry — 2dly ", R
==y (s —o)ds — v osd W] + v Injds — 2y peds — 2y g d WE
+ 2)/;1crsnsﬂds

=~y Qo + s — 02 = n? = 204n575)ds — y Lo d WD — 2y IngdWR. (6.6)

It follows from (2.5) and the boundedness of the input processes that

| <o

The Burkholder—Davis—Gundy inequality together with (2.7) shows that

r %
i| < CE[(/ Djyszaszds> i| < 00
t

for some constant ¢ € (0, co). We therefore get E;[ ftT Dszys_losd Wsl] = 0. Simi-
larly, (2.6) implies that [ " 2D2y;”'n;dWX] = 0. It thus follows from (6.5), (6.6)

T
EH f Dgys_l(zps + us — 052 - 773 — 204n5Ts)ds
t

-
/ Ds2 Ve ! osd WS1
t

E|: sup
relt,T]
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and (2.13) that

1
E,[/ D,_dX, + —/ ySAXSdXS]
[1,T] 2 Ji,)

2

1 -1 92 r —1 d
—EEZ )/T DT+ D_&J/A 2K_3dS —z—yt

By the definition (2.8) of th", this proves (2.14). O

The dynamics that we compute in the following lemma are used in the proofs of
Lemmas 2.7 and 6.5.

Lemma 6.1 Lett € [0, T], x,d € R. Assume that X is a progressively measurable

process such thatft des < oo a.s. For oy = ys C,s€lt,T], and

S

s
Bs =d—yx _/ X d(vryr), s €t T],
t
we then have for all s € [t, T] that
d (o By)
1
= _Vsz X ((Ms + pos + 77_% + ognsTs)ds + (o + nsFS)dWsl + Nsy/ 1- |Fs|2dW32>

1 3., 1
+oasBs| — - _Mv + SUY + zdvmrv ds

_ 1 / _
+05s,35<<_ Nsrs — Eas)dWsl — sy 1= |Vs|2dW52)

1 3 1
+]/32X_3(2T)30'_31’3 + = ) (o +7’]A)ds. (67)

Proof Integration by parts implies that for s € [, T'],

_1 1
d(asBs) = —as Xsd(vsys) + Bsd(ys 2vi") — Xsdly 2071 vy ;. (6.8)
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Furthermore, integration by parts, (2.9), (2.1) and (2.2) yield
d(vsys)
= Vsdys + ststs + stsd[R]s + vd[R, vls

= VyYsUsds + Vs)/sUsdvvs1 + Vs ¥spsds

+ Vsysnstdel + Vs Vstsy/ 1 - |75|2dWs2 + Vsysn?ds + Vs YsOsnsTsds

= Vs¥s ((Ms + ps + 77% + osnsTs)ds

+ (05 + 0 F)AW, + 05y 1 = [F 2 dWD).

(6.9)
Also by integration by parts and (2.10), (2.1) and (6.2), we get

L L -1 -~ 1
d(ys 2vi') =~y 2vydRy + v, ‘dys 2, ‘d[R,y 2]

NI'—‘

=~V psds—yg T d W) — yg 2 g /1 — 72 dWE

_% —1 _l 3 d_l _7— dWl
+VS US 2“3 8 s § 2yS S Oy s

1 i
5 S 2y laymrsds
3 1
_ MS+8 P 24 crsnsrs ds
- 1 1 =12 2
ta (—nsrs—ios)dWS — sy 1 — [Fs2dW2). (6.10)

It follows from (6.9) and (6.10) that for all s € [z, T']

_ 1 _ 1 _
s2 ( — Nsrs — EUAY)(O’X + nsrs)ds — Vsz 773(1 - |rs|2)ds

I
_ (Eihosrs 502+ n§>ds. 6.11)

We then plug (6.9)—(6.11) into (6.8), which yields (6.7). O

_1
Proof of Lemma 2.7 We set oy = y; ~v; !, s € [t, T], and

S
Bs =d — yix —/ X d(vryr), set,T].
1
It then holds that Hy = o Bs, s € [t, T]. We use Lemma 6.1 and substitute

—)/QX:H—]/_%D
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in (6.7) to obtain for all s € [z, T that
_ — -1 1 _ 1,
dHs = (Hy — ys *Ds)| s + ps — Eo'snsrs — EU‘Y ds

J— _1
+(Hs —vs 2Ds)((as+77s75)dwsl+n3\/ — |7 de

1 3 1
s pv__ﬂv+ 86§‘ +20vnsrv ds

— _ 1 / _
+Hs<(_ Nsts — EO})dWSI —nsy/ 1 — |rs|2dW52>

_ Lo,
=—ys “Ds Mx+ps_50snsrs_zo's ds

+ (o5 + 7)s7s)dW§ + Nsy/ 1- |7S|2de2)
— 1 1
+ H, (EMS_8 S)ds+ ode

This proves (2.19). In particular, H satisfies an SDE that is linear in H and y_% D.
Due to the boundedness of p, u, o, n, 7, the coefficients of the SDE are bounded.

Moreover, E[fz (ys 2D §)2ds] < 0o by (2.5), and H, = y, d y, x (cf. (2.18)) is
square-integrable. We thus obtain E[sup,¢; 7 H?] < oo (see for instance Zhang [41,
Theorems 3.2.2 and 3.3.1]).

We next prove that the cost functional (2.17) admits the representation (2.20). To
this end, note that (2.18) implies for all s € [¢, T] that

X

+

_1 I 1
VS(XS - ;s)z = (Vs zDs —H; — ysz é‘s)z
_1 _ 1 _ 1
=y, ' D} =2y *Dy(Hs + v &) + (Hs + v &)

Due to the assumption (2.3) on ¢ and the fact that E[sup,c[; 7 H?] < o0, we ob-
— 1
tain E; [ftT(HS + ¥ {S)zds] < 00 a.s. Combining this with (2.5) and the Cauchy—

1 1
Schwarz inequality yields E,[ftT|ys 2Dy(Hg + yi&y)lds] < oo as. Since A is
bounded, we conclude that

T T
El[/ Asys(Xs — Cs)zdsi| = Et[/ AsVs 1D2d§i|
t t

r o __ 1
+ E,[ f As(Hs + v g)zds}
t

T 1 1
- 2Et[/ AsVs *Ds(H; + V52 {S)dsi|, (6.12)
t
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where all conditional expectations are well defined and finite. Moreover, (2.18) im-

_1 — 1 —
plies that y, Dy = Hr + y; X7 and thus y{lD% = (Hr + /yr £)?. Inserting
this and (6.12) into (2.17), we obtain (2.20). U

Lemma6.2 Lett € [0,T] and x,d € R. Then (2.21) defines a metric on A]l)m(x, d)
(identifying any processes that are equal (d P x ds|;,r1)-a.e.).

Proof Note first that d(X, Y) > 0 for all X, Y € AP (x,d) and that d(X, Y) is fi-
nite due to (2.5). Symmetry of d is obvious. The triangle inequality follows from
the Cauchy—Schwarz inequality. Now take X,Y € A? ™ (x, d) with associated de-
viation processes DX, DY. If X = Y (dP x ds|i;,rp-a.e., it follows that also

y_%DX = y_%DY (dP x ds|;,ry)-a.e. and thus

r 1 _1 2
d(X,Y) = (E[/ (s 2D —y; ZDSY)zds:|> =0.
t
For the other direction, suppose that d(X, Y) = 0. This implies that
1 x _l .y
y 2D% —y 2D =0 (dP x ds|;,ry)-a.e.

By the definition of DX and DY, it further follows from multiplying by vy% that
s
b =Y = [ = Ydoa  @Pxdslrpae 613
1

Observe that vy > 0. Define L = (Lg)ser,71 by L = 0, dLg = v;ly/;l d(vgys)
and notice that L has the form dL; = ---ds + ---dW} 4 ---dW?2 by (6.9). Denote
by K the right-hand side of (6.13) and observe that K is a continuous “version” of
the process vy (X — Y), where the word “version” is understood in the sense that
the processes are equal (d P x ds||;,71)-a.e. Using the above form of d L, we obtain
from (6.13) that K satisfies the stochastic integral equation

N
K =/ K,dL,, seltT]
t

This has the unique solution K = 0. As X — Y is a “version” of v™!y~!K (in the
above sense), we conclude that X =Y (dP x ds||;,77)-a.e. O

We now prepare the proof of Theorem 2.8. The next result on the scaled hidden
deviation is helpful there to show convergence of the cost functional.

Lemma6.3 Lett € [0,T], x,d € Rand X € Afm (x, d) with associated deviation
process D and scaled hidden deviation process H . Suppose in addition that (X")peN
is a sequence in Afm (x, d) such that lim,,_, o E[ftT (DY — DS)Zysflds] = 0 for the
associated deviation processes D", n € N. For the associated scaled hidden deviation
processes H", n € N, we then have lim,,_, o E[supse[,j](ﬁz —H)*=0.
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Proof Define SH" = H* — H,n e N,andforn e N, s € [t, T], z € R, let

1 _ _1 -1 1
b?(Z) = _5(2(,% + i) — ‘752 - Us’]srs)(ys ZD? — Vs ZDS) + E(N«s - _032>Z7

1 1

n _ = 2 nn ) 1
ag(z) = (_ (o5 +n575)(ys “ D5 —ys “Ds) + EO'sZa

_1 _1
— Nsy/ 1- |7s|2 (Vs 2D;l — Vs 2D3)>-

In view of (2.19), it then holds for all n € N that

_ _ _ 1 _
d(SHY) = bl (SHY)ds + a (SHY)d (£52> , setT], SH} =0.
s
Linearity of ", a", n € N, and boundedness of u, p, o, n, ¥ imply that there ex-
ists a constant ¢; € (0, co) such that for all n € N and all z1,z, € R, it holds

(dP x ds|;,)-a.e. that

1
lz1 — z2] + Elﬁllm — 22|

1 1
6" (z1) — b"(22)| + |a" (z1) — a"(z2)] < E‘M — 102
<cilz1 — 22/

By boundedness of u, p, o, n, 7 and Jensen’s inequality, there exists ¢; € (0, c0)
such that for all n € N, we have

T 2 T T
E[(/ |b§(0)|ds> ]+ E[[ |a§’(0)|2ds:| < czE[/ (D! — Ds)zyslds}.
t t t

For instance Zhang [41, Theorem 3.2.2] (see also [41, Theorem 3.4.2]) now implies
that there exists a constant c3 € (0, co) such that for all n € N, we have

T 2 T
E[ sup |ﬁ;’—ﬁs|z] ng[(f |b;’(0)|ds> +/ |a_’§(0)|2ds:|
se(t,T] t t
T
< CzCsE[ / (D! — Ds)zys‘ds],
t

and the right-hand side tends to 0 by assumption. (|

In order to establish existence of an appropriate approximating sequence in Theo-
rem 2.8, we rely on Lemma 6.4 below. For its statement and the proof of the second
part of Theorem 2.8, we introduce the process Z = (Z;)s¢[0,7] defined by

N 1 _ N —
Z, = exp ( —/0 (50,, + nuru)qul —/0 /1 — [Fal? de). (6.14)
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Observe that by Itd’s lemma, Z solves the SDE
V4 1 —\? _
dZ; = g((gas +nyFs) +n2(1 - |rs|2>)ds

—z( Loy 40,7 VI=17s?)d W s €[0,T]
s 5 s T Nshs, Ns s Wz , , ,

N

Zo=1. (6.15)

Lemma 6.4 Lett € [0,T] and u € Etz. Then there exists a sequence (V")peN of
bounded cadlag FV processes such that

T u 2
lim E[/ (—S - v;’) Zfds} =0.
n—oo ¢ Zs

In particular, for the sequence (u"),cN defined by u" = v"Z, n € N, each u" is a
cadlag semimartingale with E[supg(, r|lui|’]1 < oo for all p > 2 (in particular,
u' e L',tz), and

T
lim E|:f (ug —u?)zds] =0.
n— o0 t

Proof Define A by A; = [j Zidr, s € [0,T], and v by v; = %, 5 € [1,T].
We verify the assumptions of Karatzas and Shreve [33, Lemma 3.2.7]. The process
A is continuous, adapted and nondecreasing. Note that boundedness of o, 1 and ¥
implies that the coefficients of (6.15) are bounded. It follows for any p > 2 that
E[supxe[O’T]lzslp] < 0o (see e.g. [41, Theorem 3.4.3]) and hence

T
E[A7] = E[f Z,zdri| < oo0.
0

Since u € Ltz, we have that v is progressively measurable and satisfies

T T
E|:/ vsszSi| = E[/ ufdsi| < 00.
t t

Thus [33, Lemma 3.2.7] applies and yields the existence of a sequence (0"),cn of
(caglad) simple processes such that

T
lim E[/ (vg — ﬁf;)szs] =0.
n—oo t

Define v} (w) = lim, | 0] (w), s € [t,T), w € Q,n € N,and v}, = 0, n € N. Then
(v")nen is a sequence of bounded cadlag FV processes such that

T
lim E[/ (vs — ug)szs] =0.
n— 00 t
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Note that for each n € N, u" defined by u} = vi'Z,, s € [t, T], is cadlag. Since v"
is bounded for each n € N and E[sup,¢[o 71Zs|”] < oo forall p > 2, we have that
E[supg¢,. 7ylus [P] is finite for each n € N, p > 2. It furthermore holds that

T T
E|:/ (ug — u?)zdsi| = E|:/ (vy — v;’)2dASi| -0 asn — oo. 0
' '

For the part in Theorem 2.8 on completeness of (A? m(x, d), d), we show how
to construct an execution strategy X° € .A?m(x, d) based on a square-integrable
process u%and a process HP that satisfies the SDE (2.19) (with «° instead of y_% D).
This result is also crucial for Lemma 3.2.

Lemma 6.5 Lett € [0, T] and x,d € R. Suppose that u = (u?)se[,j] € Elz and

let HY be given by Ht0 = JL% —/Vixand, fors € [t,T],

1 1 1 _
ng) = (‘(ﬂs - _O—y2>H? - E(Z(K)s + i) — 0'32 - O'xnsrs)u?)ds

2 4
1 _ _
+ (EUSHSO — (o5 + TIsrs)M(s))del - nvmu?dwsz (6.16)
Define X° by
_1
X0 =y 2 —HY), se[t,T), X =x  X)=¢

Then X0 e .A?m(x, d), and the associated deviation process is DY = yXO +y 3 HO.

Proof First, X° is progressively measurable and has initial value X& = x and
terminal value X (% = &. Furthermore, it holds that

T T T
/ (X%2ds <2 / v w®)?ds +2 / v l(HY)?ds <00 as.
t t t

since y and HO have a.s. continuous paths and E[f[T(u?)zds] < 00. We are therefore
1

able to define D by (2.15). Moreover, set oy = y; v, !, s € [£, T], and

s

S
/3.3' =d— ViX _/ ng(vryr)y WS [tv T]
t
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1
It follows from Lemma 6.1 and —y;” X? = HS0 — u(s), s €[t,T), thatfors e [r, T],

1

0 0 1 = 2
dasps) = (HY = ud)( (s + ps = JounsFs = 502 )ds

+ (Gs + nSFS)dWSI + Nsy/ 1-— |7S|2dWS2>

1 3 ) 1 _
+oasBs| —ps — Eﬂx + gGS + Easnsrs ds

- 1 1 =12 2
+ ag B <_)7SrS_EO'S>de — sy 1 — |7] de .

‘We combine this with

0 0 1 - 1 2
dH = —uy (Ms + ps — Eo'xnsrs - EUS ds

+ (o5 + n‘vfr)dwsl + N5/ 11— |7s|2 dWSZ)

of (1 1, 1 1
+ Hj (Eus—gos)ds—i—iades , s et T],

to obtain for all s € [z, T] that

d(asBs — HY)

(a5 Bs — HO) Lo 42624 Loun, )
= - —Ps — = - - r K
sPs s Ps 2Ms g%s B sNsts

_ 1 / _
+ (o5 Bs — HSO)<( — nsFs — Eas)dwsl —nsy/ 1 — [Fs]? de). (6.17)

_1 1
Note that o, 8; = y, >d — y,°x = H. We thus conclude that 0 is the unique solution
of (6.17), and hence

1

s
7vs_l (d — VX _/ X?‘KWV}’))» selt,T].

t

H? =B = Vs

1 1
This gives D? = yXO+y%H0,i.e., DY = y2ul,s e [t,T)and DY = yr& + y2 HY.
Then E[ftT (u?)zds] < oo immediately yields (2.5), proving that X% e Afm(x, d).
|
We finally are able to prove Theorem 2.8.

Proof of Theorem 2.8 (i) De@te by 2, D", n € N, the deviation processes associated
to X, X",n € N, and let H and H", n € N, be the corresponding scaled hidden
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deviation processes. By Lemma 2.7, we have for all n € N that

F/SEND O T CN D ¢]
1 r 1 2 2
= ’§Et|:/t Vs ((Df) — DS)Z(KS +Ax)ds:|
T _1 _ 1 _ 1
- 2Et|:/ Asys (D?(H? + ¥ &) — Ds(Hg + v5 {s))ds:|
t

ro__ 1 — 1
+ Et[/ )\s((H? + v Cs)z — (Hs + vy fs)z)d5:|
t

1 _ 1 _ 1
+ S EACHY + VP — (Hr + y7&)%

Boundedness of A, 7, p, i, n and o implies (recall also (2.13)) that there exists a
constant ¢ € (0, oo) such that forall n € N,
ENI"(x,d, X" — I (x, d, X)|]
_ 1 _ 1 T
< EN(H} + v£6)* — (Hr + v 91+ cE[ / vy (@) - D?)|ds}
t

T 1 . 1 o i
+ cE[ / lys 2(DY(HY + 5 &) — Ds(Hs + 5" Cx))!ds:|
t

T _ 1 _ 1
+CE[/ I(H?+Vv2§s)2—(Hs+J/s2Cs)2|dS}-
t

We treat the terminal costs first. For all n € N, we have

(6.18)

_ 1 _ 1
E[(HY + v76)* — (Hr + y££)*]

1

_ _ _ _ 1

= E[|(H%)? +2H%y & — H> —2Hry/ £l
_ . _ _ 1

< E[|(H})? — H3 1+ 2E[|(H} — Hr)y £l

2 T2 T T oN27\ 2 27 )
< E[|(H})” — H7|1+ 2(E[(H} — Hr)"1)* (Elyr§°D2.

From
T
lim E[/ (D" — D‘Y)Zys_lds:| =0 (6.19)
n—oQ t
(cf. (2.21)) and Lemma 6.3, we have that

lim E[ sup |ﬁ§—ﬁs|2] —0.
n—>oo

(6.20)
selt,T]
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Since furthermore E[yr£%] < oo, we obtain that

_ 1
lim E[|(H7 + m)z (Hr +y7&)*1=0.

The second term in (6.18) converges to 0 using (6.19). For the third term in (6.18),
we have for all n € N that

T 1 . 1 . 1
E[/ 2 2(D;?<H;'+y92zs)—Ds<Hs+ys2;s))|ds]
t

T __ 1 _1 _1 .
=< E|:/ (|HS+VSZCA‘||D? — Dylys : + Vs ZID?HH? _Hs|)d5:|
t

([ sl (-]
(o] '

_ 1
Lemma 2.7 and (2.3) yield E[f[T(HS + ¥ &)%ds] < oo. Moreover, due to (6.19),
E[ftT ys_l (D;’)2ds] is bounded uniformly in n € N. So it follows from (6.19)-(6.21)
that the third term in (6.18) converges to 0 as n — oo. The last term in (6.18)

converges to 0 using (2.3) and (6.20). This proves (i).
(ii) Suppose that X € .A],)m (x,d). Let u be defined by

NI—
Nl

(E[ sup [H" — H,| ]) 6.21)

selt,T]

1

uA':yS 2DS? Se[t, T]y

where D denotes the deviation process associated to X. Then u is progressively
measurable, and (2.5) gives that E[ ftT u?ds] < 00. By Lemma 6.4, there exists a
sequence (v"), N of bounded cadlag FV processes such that

T
. Us 2
lim E — — vy Zvds =0,
n—o00 ¢ ZS )

where Z is defined in (6.14). Set u* = v"Z, n € N. This is a sequence of cadlag
semimartingales in £? which satisfies

lim |lu — "] 2 = 0. (6.22)
n—oo t

Moreover, for all n € N and p > 2, we have E[sup,¢, 7luy|’] < oo. For each u",
let H™ be the solution of (6.16). We then define a sequence of cadlag semimartingales
X", n e N, by

_1
X! =y, 2} —H!, selt,T), X' =x, X} =¢&.
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By Lemma 6.5, X" € .Afm(x, d) for all n € N and for the associated deviation
process D" = y X" + V%H”. It follows for all n € N that

1

DY = yiul, selt,T).

Therefore, we have for all n € N that

T 3 T :
(X", X) = (E[f (D" — Dx)zys_lds]> = (E[/ (u" —us)zds]> :
t t

Due to (6.22), we thus have lim,_, oo d(X", X) = 0. We next show for all n € N that
X" has finite variation. To this end, we observe that for alln € Nand s € [, T),
integration by parts gives

_1 _1
dX? =y *dl — H) + (uy — H)dys * + d[y_%,u” — H"];. (6.23)
Again using integration by parts and (6.15) yields for all # € N and s € [¢, T'] that

du" =v"dZs + Z;dv" + d[v", Z);

1 1 _\2 _ 1 _
= Eul;((io—s + nsrs) + 77s2(1 - |rs|2)>d5 - u?(ias + Tlsrs)dWsl

—uMnsyJ1 = [Fs|2dW?2 + Zydv".

This and (6.16) imply for alln € N and s € [z, T'] that

_1 _1 1 3
ys 2dw! — H') = y; 2 <ps + s + Enf - gosz)u?ds
_171 1
e <§Ms - gasz)Hs"dS
_%1 n n 1 _% n
+ys Tzos(uy — H))AW, + vy, “ Zsdvy. (6.24)

2

Moreover, it follows from (6.2) foralln € N and s € [¢, T] that

_1 _1 1 3
(uy —HNdys * =y — H)y; * ( - EMS + ng)ds

_11
= (g = H)ys *5 SdW. (6.25)

We combine (6.23)—(6.25) to obtain for alln € Nand s € (¢, T) that

_1 1 1 _1 1 _1
dX;’ =y 2[4;’ <,0s + E'us + 5773)(15 — ¥ ZHXnZUSZdS + Vs Zstv;l

+dly™2,u" — H"],.
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Since v" has finite variation for all n € N, this representation shows that also X"
has finite variation for all n € N. Note that for all n € N, by Proposition 2.3, the
process (2.4) associated to the cadlag FV process X” is nothing but D". Since 7 is
bounded, there exists ¢ € (0, co) such that for all n € N, we have

T i T i
E|:</ (D:,‘)4ysznszds> ] = E[(/ (uf)4n§ds> ] < cE[ sup (u:,’)z] < 0
' ! selt, T]

This implies (2.6). Similarly, by boundedness of o, we obtain (2.7). We thus conclude
that X" ¢ Afv(x, d) foralln € N.
(iii) Let (X™),en be a Cauchy sequence in (Afm(x, d),d). Forn € N, we de-

L . _1 .
note by D" the deviation process associated to X”. Then (y 2 D"),¢n is a Cauchy
sequence in the Hilbert space (L2, | - | r2), and so there exists u® € £? such that
t

lim ||y~ D" —u ”Lz =0.
n—oo
_1
Define X* by X9 = x, X(% =& XV =y, 2 — HY), s € [t,T), where H' is
given by (6.16). By Lemma 6.5, it holds that X 0¢e Afm (x, d). We furthermore obtain
from Lemma 6.5 that the associated deviation processis D° = y X0+ y > HO. By the

definition of X©, this yields % DY =u¥ s € [t, T). It follows that

r _1 2 1
d(x", x%) = (E[/ (rs *Df = vs 2Dg)zds]> =y 710" — il 2
t
and hence lim,,_, oo d(X", X% = 0. O

Proof of Lemma 3.1 By its definition, u is progressively measurable and due to (2.5)
satisfies E[ftT u?ds] < oo; hence u € L£?. Let

_ _1 1
Hg =y; * Dy — 5 Xy, s €t T],

be the scaled hidden deviation (2.18) associated to X. We can substitute u = y_% D
in the cost functional (2.20) and also in the dynamics (2.19) of H. Observe that H
follows the same dynamlcs as the state process H associated to u (see 3. 1)) and that
the initial values H, = VX = H, are equal. Therefore H and H coincide,

which completes the proof (]

Proof of Lemma 3.2 1t follows from Lemma 6.5 that X € Af)m(x, d). Moreover, by
Lemma 6.5, the associated deviation satisfies D = y X + y 3 H , that is, it holds that

1

Dy = yius,  selt,T),

and H is the scaled hidden deviation of X. Thus lem(x, d, X) is given by (2.20).
In the definition (3.2) of J;, we may replace u under the integrals with respect to
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Lebesgue measure by y~ 2 D. This shows that

d2

d
pm
J; (x,d,X)_—Jt(—— y,x,u)——zy[. 0

NSz

Proof of Lemma 3.6 (i) First, u is progressively measurable. Furthermore, using

T T
E|:/ ufds} < 00, E[ sup Hf] < 00, E|:/ ysgszdsi| < o0
t selt,T] 0
and Assumption 3.5 implies that E[ ftT %ds] < oo. Hence @i € L£2. Substituting

As

ﬁ—i— , selt,T],
)\-s‘l'Ks( s + Vs &s) [z, T]

Uy = ilg +
in (3.1) leads to (3.3). For the cost functional, observe that

1 ~ ~
5 (22 (H, + Vs §)% — dg (Hy + /75 &)us) + (5 + Ag)u?

2

B 2 AS ~ 2
= As(H; + \/E{s) (As + K5) O + KS)Z (Hy + \/Egs)

A - 2
d —(H, + ﬂm)

+ (A5 + Ks)(”s - s +

N Asks
- As + Ks

(Hs + 75 &)* + O + k)2, s elt, Tl (6.26)

(i) Note that (3.3) is an SDE that is linear in H , it and ,/y ¢. Furthermore,
the boundedness of p, u, o, n, ¥ and Assumption 3.5 imply that the coefficients
of the SDE are bounded. Since moreover E[ ftT((fts)2 4+ ysg“sz)ds] < o0 and ﬁ, is
square-integrable, we get that E[supyc(, 7 ﬁf] < 00 (see e.g. [41, Theorems 3.2.2
and 3.3.1]). We can thus argue similarly to (i) that u € E?. A substitution of # in (3.3)
yields (3.1). A reverse version of the calculation in (6.26) proves equality of the cost
functionals. ]

Acknowledgements We thank Dirk Becherer, Tiziano De Angelis, Miryana Grigorova, Martin Herdegen
and Yuri Kabanov for inspiring discussions. We are grateful to the Associate Editor and two anonymous
referees for constructive comments and suggestions that helped us improve the manuscript.

Funding Open Access funding enabled and organized by Projekt DEAL.
Declarations
Competing Interests The authors declare no competing interests.

@ Springer



862 J. Ackermann et al.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/
4.0/.

References

1. Ackermann, J., Kruse, T., Urusov, M.: Cadlag semimartingale strategies for optimal trade execution
in stochastic order book models. Finance Stoch. 25, 757-810 (2021)

2. Ackermann, J., Kruse, T., Urusov, M.: Optimal trade execution in an order book model with stochastic
liquidity parameters. SIAM J. Financ. Math. 12, 788-822 (2021)

3. Ackermann, J., Kruse, T., Urusov, M.: Self-exciting price impact via negative resilience in stochastic
order books. Ann. Oper. Res. 336, 637-659 (2024)

4. Alfonsi, A., Acevedo, J.I.: Optimal execution and price manipulations in time-varying limit order
books. Appl. Math. Finance 21, 201-237 (2014)

5. Alfonsi, A., Fruth, A., Schied, A.: Constrained portfolio liquidation in a limit order book model. In:
Stettner, £. (ed.) Advances in Mathematics of Finance, Banach Center Publ., vol. 83, pp. 9-25. Polish
Acad. Sci. Inst. Math., Warsaw (2008)

6. Alfonsi, A., Fruth, A., Schied, A.: Optimal execution strategies in limit order books with general
shape functions. Quant. Finance 10, 143-157 (2010)

7. Alfonsi, A., Schied, A.: Optimal trade execution and absence of price manipulations in limit order
book models. SIAM J. Financ. Math. 1, 490-522 (2010)

8. Alfonsi, A., Schied, A., Slynko, A.: Order book resilience, price manipulation, and the positive
portfolio problem. SIAM J. Financ. Math. 3, 511-533 (2012)

9. Ankirchner, S., Jeanblanc, M., Kruse, T.: BSDEs with singular terminal condition and a control
problem with constraints. SIAM J. Control Optim. 52, 893-913 (2014)

10. Ankirchner, S., Kruse, T.: Optimal position targeting with stochastic linear-quadratic costs. In: Pal-
czewski, A., Stettner, L. (eds.) Advances in Mathematics of Finance, Banach Center Publ., vol. 104,
pp- 9-24. Polish Acad. Sci. Inst. Math., Warsaw (2015)

11. Bank, P, Dolinsky, Y.: Continuous-time duality for superreplication with transient price impact. Ann.
Appl. Probab. 29, 3893-3917 (2019)

12. Bank, P, Dolinsky, Y.: Scaling limits for super-replication with transient price impact. Bernoulli 26,
2176-2201 (2020)

13. Bank, P, Fruth, A.: Optimal order scheduling for deterministic liquidity patterns. STAM J. Financ.
Math. 5, 137-152 (2014)

14. Bank, P., Soner, H.M., Vo, M.: Hedging with temporary price impact. Math. Financ. Econ. 11,
215-239 (2017)

15. Bank, P., Vo3, M.: Linear quadratic stochastic control problems with stochastic terminal constraint.
SIAM J. Control Optim. 56, 672-699 (2018)

16. Bank, P, Vo, M.: Optimal investment with transient price impact. SIAM J. Financ. Math. 10,
723-768 (2019)

17. Becherer, D., Bilarev, T., Frentrup, P.: Optimal asset liquidation with multiplicative transient price
impact. Appl. Math. Optim. 78, 643-676 (2018)

18. Becherer, D., Bilarev, T., Frentrup, P.: Optimal liquidation under stochastic liquidity. Finance Stoch.
22,39-68 (2018)

19. Becherer, D., Bilarev, T., Frentrup, P.: Stability for gains from large investors’ strategies in M1 /Jy
topologies. Bernoulli 25, 1105-1140 (2019)

20. Bismut, J.M.: Linear quadratic optimal stochastic control with random coefficients. SIAM J. Control
Optim. 14, 419444 (1976)

21. Bismut, J.M.: Controle des systemes linéaires quadratiques: applications de I’intégrale stochas-
tique. In: Dellacherie, C., et al. (eds.) Séminaire de Probabilités, XII (Univ. Strasbourg, Strasbourg,
1976/1977). Lecture Notes in Math., vol. 649, pp. 180-264. Springer, Berlin (1978)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Reducing OW-type execution problems to stochastic LQ problems 863

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

35.

36.
37.

38.

39.

40.

41.

Carmona, R., Webster, K.: The self-financing equation in limit order book markets. Finance Stoch.
23, 729-759 (2019)

Dolinsky, Y., Gottesman, B., Gurel-Gurevich, O.: A note on costs minimization with stochastic target
constraints. Electron. Commun. Probab. 25, 11 (2020)

Fruth, A., Schoneborn, T., Urusov, M.: Optimal trade execution and price manipulation in order books
with time-varying liquidity. Math. Finance 24, 651-695 (2014)

Fruth, A., Schoneborn, T., Urusov, M.: Optimal trade execution in order books with stochastic
liquidity. Math. Finance 29, 507-541 (2019)

Garleanu, N., Pedersen, L.H.: Dynamic portfolio choice with frictions. J. Econ. Theory 165, 487-516
(2016)

Gatheral, J., Schied, A., Slynko, A.: Transient linear price impact and Fredholm integral equations.
Math. Finance 22, 445-474 (2012)

Graewe, P, Horst, U.: Optimal trade execution with instantaneous price impact and stochastic
resilience. SIAM J. Control Optim. 55, 3707-3725 (2017)

Horst, U., Kivman, E.: Optimal trade execution under small market impact and portfolio liquidation
with semimartingale strategies. Finance Stoch. 28, 759-812 (2024)

Horst, U., Naujokat, F.: When to cross the spread? Trading in two-sided limit order books. SIAM J.
Financ. Math. 5, 278-315 (2014)

Horst, U., Xia, X.: Multi-dimensional optimal trade execution under stochastic resilience. Finance
Stoch. 23, 889-923 (2019)

Imkeller, P., Dos Reis, G.: Path regularity and explicit convergence rate for BSDE with truncated
quadratic growth. Stoch. Process. Appl. 120, 348-379 (2010)

Karatzas, I., Shreve, S.E.: Brownian Motion and Stochastic Calculus, 2nd edn. Springer, New York
(1991)

. Kohlmann, M., Tang, S.: Global adapted solution of one-dimensional backward stochastic Riccati

equations, with application to the mean—variance hedging. Stoch. Process. Appl. 97, 255-288 (2002)
Lorenz, C., Schied, A.: Drift dependence of optimal trade execution strategies under transient price
impact. Finance Stoch. 17, 743-770 (2013)

Naujokat, F., Westray, N.: Curve following in illiquid markets. Math. Financ. Econ. 4, 299-335 (2011)
Obizhaeva, A.A., Wang, J.: Optimal trading strategy and supply/demand dynamics. J. Financ. Mark.
16, 1-32 (2013)

Predoiu, S., Shaikhet, G., Shreve, S.: Optimal execution in a general one-sided limit-order book.
SIAM J. Financ. Math. 2, 183-212 (2011)

Siu, C.C., Guo, I., Zhu, S.P.,, Elliott, R.J.: Optimal execution with regime-switching market resilience.
J. Econ. Dyn. Control 101, 17-40 (2019)

Sun, J., Xiong, J., Yong, J.: Indefinite stochastic linear-quadratic optimal control problems with ran-
dom coefficients: closed-loop representation of open-loop optimal controls. Ann. Appl. Probab. 31,
460-499 (2021)

Zhang, J.: Backward Stochastic Differential Equations. From Linear to Fully Nonlinear Theory.
Springer, New York (2017)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	Reducing Obizhaeva--Wang-type trade execution problems to LQ stochastic control problems
	Abstract
	Introduction
	Finite-variation (FV) stochastic control problem
	Financial interpretation
	Solution approach
	Summary of our contributions
	Literature discussion
	Structure of the present article

	From finite-variation to progressively measurable execution strategies
	The FV stochastic control problem
	Alternative representations for the cost functional and the deviation process
	Progressively measurable execution strategies
	The hidden deviation process
	Continuous extension of the cost functional

	Reduction to a standard LQ stochastic control problem
	The first reduction
	Formulation without cross-terms

	Solving the LQ control problem and the trade execution problem
	On the continuity of optimal position paths

	Examples
	The Obizhaeva--Wang model with random targets
	A discontinuous optimal position path for continuous inputs
	An example where Jfv0 does not admit a minimiser
	An example with a diffusive resilience
	Cancellation of infinite variation

	Proofs
	Acknowledgements
	References


