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Abstract

We consider an optimal liquidation problem with instantaneous price impact and
stochastic resilience for small instantaneous impact factors. Within our modelling
framework, the optimal portfolio process converges to the solution of an optimal lig-
uidation problem with general semimartingale controls when the instantaneous im-
pact factor converges to zero. Our results provide a unified framework within which
to embed the two most commonly used modelling frameworks in the liquidation lit-
erature and provide a foundation for the use of semimartingale liquidation strategies
and the use of portfolio processes of unbounded variation. Our convergence results
are based on novel convergence results for BSDEs with singular terminal conditions
and novel representation results of BSDEs in terms of uniformly continuous functions
of forward processes.

Keywords Portfolio liquidation - Singular BSDE - Stochastic liquidity - Singular
control

Mathematics Subject Classification 93E20 - 91B70 - 60H30

JEL Classification G11 - G12 - G19

1 Introduction

The impact of limited liquidity on optimal trade execution has been extensively ana-
lysed in the mathematical finance and stochastic control literature in recent years.
The majority of the optimal portfolio liquidation literature allows one of two possible
price impacts. The first approach, pioneered by Bertsimas and Lo [6] and Almgren
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760 U. Horst, E. Kivman

and Chriss [3], divides the price impact into a purely temporary effect, which depends
only on the present trading rate and does not influence future prices, and a permanent
effect, which influences the price depending only on the total volume that has been
traded in the past. The temporary impact is typically assumed to be linear in the trad-
ing rate, leading to a quadratic term in the cost functional. The original modelling
framework has been extended in various directions, including general stochastic set-
tings with and without model uncertainty and multi-player and mean-field-type mod-
els by many authors, including Ankirchner et al. [4], Cartea et al. [9], Fu et al. [14],
Gatheral and Schied [17], Graewe et al. [19], Horst et al. [23], Kruse and Popier [24]
and Neuman and Vof3 [29].

A second approach, initiated by Obizhaeva and Wang [30], assumes that price im-
pact is not permanent but transient, with the impact of past trades on current prices de-
caying over time. When impact is transient, one often allows both absolutely contin-
uous and singular trading strategies. When singular controls are admissible, optimal
liquidation strategies usually comprise large block trades at the initial and terminal
time. The work of Obizhaeva and Wang has been extended by Alfonsi et al. [2], Chen
et al. [11], Fruth et al. [13], Gatheral [16], Guéant [20], Horst and Naujokat [21],
Lokka and Xu [27] and Predoiu et al. [31], among many others.

Single- and multi-asset liquidation problems with instantaneous and transient mar-
ket impact and stochastic resilience where trading is confined to absolutely continu-
ous strategies have been analysed in Graewe and Horst [18] and Horst and Xia [22],
respectively. This is consistent with the empirical work of Large [25] and Lo and
Hall [26], which suggests that this resilience does indeed vary stochastically. Al-
though only absolutely continuous trading strategies were admissible in [18, 22],
numerical simulations reported in [18] suggest that if all model parameters are de-
terministic constants, then the optimal portfolio process converges to the solution
in [30] with two block trades and a constant trading rate as the instantaneous impact
parameter converges to zero. Cartea and Jaimungal [10] provide empirical evidence
that the instantaneous price impact is indeed (much) smaller than permanent (or tran-
sient) price impact. The numerical simulations in [18] suggest that the model in [18]
provides a common framework within which to embed the two most commonly used
liquidation models [3, 30] as limiting cases.

This paper provides a rigorous convergence analysis within a Markovian factor
model. It turns out that the stochastic setting is quite different from the deterministic
one. Most importantly, we show that in the stochastic setting, the optimal portfolio
processes obtained in [18] converge in the Skorohod M;-topology to a process of in-
finite variation with jumps as the instantaneous market impact parameter converges
to zero. Our second main result is to prove that the limiting portfolio process is opti-
mal in a liquidation model with semimartingale execution strategies and to explicitly
compute the optimal trading cost in the semimartingale execution framework.

Showing that the limiting model solves a liquidation model with semimartingale
execution strategies is more than a mere byproduct. Control problems with semi-
martingale strategies are usually difficult to solve because there are no canonical can-
didates for the value function and/or optimal strategies. We show that the solution
in the limiting model is fully determined by the unique bounded solution to a one-
dimensional quadratic BSDE. Our limit result provides a novel approach to solving
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Optimal trade execution under small market impact 761

control problems with semimartingale strategies that complements the approaches in
Ackermann et al. [1] and Lorenz and Schied [15]. They solved related models by
passing to a continuous-time limit from a sequence of discrete-time models.

Within a portfolio liquidation framework, inventory processes with infinite varia-
tion were first considered by Lorenz and Schied [28] to the best of our knowledge.
Later, Becherer et al. [5] considered a trading framework with generalised price im-
pact and proved that the cost functional depends continuously on the trading strat-
egy, considered in several topologies. Bouchard et al. [7] considered infinite-variation
inventory processes in the context of hedging.

The paper closest to ours is the recent work by Ackermann et al. [1]. They con-
sidered a liquidation model with general RCLL semimartingale trading strategies.
Their framework is more general than ours as they allow more general filtrations
and stochastic order book depth. At the same time, their analysis is confined to risk-
neutral traders. In our setting, when the model parameters are deterministic and the
instantaneous price impact goes to zero, the case of risk-neutral traders — which is
then a special case of the model studied in [1] — is explicitly solvable. Allowing for
risk aversion renders the impact model significantly more complicated as it adds a
quadratic dependence of the integrated trading rate into the HIB equation; cf. [18]
for details.

Our work also complements the work of Garleanu and Pedersen [15]. They con-
sider an array of market impact models, including a model with purely transient
costs. They write [15, beginning of Sect. 1.3] that “with purely persistent price-impact
costs, the optimal portfolio policy can have jumps and infinite quadratic variation.”
As in [1], they justify portfolio holdings with infinite quadratic variation by taking a
limit of a sequence of discrete-time models with increasing trading frequency. They
also prove that the optimal portfolio processes in the discrete-time models converge
to the optimal portfolio process in the corresponding continuous-time model if either
the instantaneous price impact converges to a positive constant or the instantaneous
price impact factor multiplied by the (increasing) trading frequency converges to zero.
However, they do not consider the general case of an instantaneous price impact fac-
tor converging to zero. Most importantly, they consider a portfolio choice problem on
an infinite time horizon, which avoids the liquidation constraint at the terminal time.

Last but not least, our work complements the work of Carmona and Webster [8],
who provide strong evidence that inventories of large traders often do have indeed
a nontrivial quadratic-variation component. For instance, for the Blackberry stock,
they analyse the inventories of “the three most active Blackberry traders” on a partic-
ular day, namely CIBC World Markets Inc., Royal Bank of Canada Capital Markets
and TD Securities Inc. From their data, they “suspect that RBC (resp. TD Securi-
ties) were trading to acquire a long (resp. short) position in Blackberry” and found
that the corresponding inventory processes were of infinite variation. More gener-
ally, they find that systematic tests “on different days and other actively traded stocks
give systematic rejections of this null hypothesis [quadratic variation of inventory
being zero], with a p-value never greater than 107", Our results suggest that inven-
tories with nontrivial quadratic variation arise naturally when market depth is high
and resilience and/or market risk fluctuates stochastically. This is very intuitive; in
deep markets, it is comparably cheap to frequently adjust portfolios to stochastically
varying market environments.
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762 U. Horst, E. Kivman

The main technical challenge in establishing our convergence results is that the
solution to the limiting model cannot be obtained by taking the limit of the three-
dimensional quadratic BSDE system that characterises the solution in the model with
positive instantaneous impact. Instead, we prove that the limit is fully characterised
by the solution to a one-dimensional quadratic BSDE. Remarkably, this BSDE is in-
dependent of the liquidation requirement. As a result, full liquidation takes place if
the instantaneous impact parameter converges to zero even if full liquidation is not
strictly required. The reason is a loss in book value of the remaining shares that out-
weighs the liquidation cost for small instantaneous impact. Our convergence result is
based on a novel representation result for solutions to BSDEs driven by Itd processes
in terms of uniformly continuous functions of the forward process and on a series of
novel convergence results for sequences of singular stochastic integral equations and
random ODESs, which we choose to report in an abstract setting in Appendix A and B,
respectively.

The limiting portfolio process is optimal in a liquidation model with general semi-
martingale execution strategies. Within our modelling framework where the cost co-
efficients are driven by continuous factor processes, block trades optimally occur
only at the beginning and the end of the trading period. This is very intuitive as one
would expect large block trades to require some form of trigger such as an external
shock leading to a discontinuous change of cost coefficients. The proof of optimality
proceeds in three steps. We first prove that the jump part of the limiting portfolio
process can be approximated by absolutely continuous processes. This allows us to
approximate the trading costs in the semimartingale model by trading costs in the
pre-limit models from which we finally deduce the optimality of the limiting process
in the semimartingale model by using the optimality of the approximating inventory
processes in the pre-limit models. As a byproduct of our approximation, we also ob-
tain that the optimal costs are given in terms of the aforementioned one-dimensional
quadratic BSDE.

The rest of the paper is organised as follows. In Sect. 2, we recall the modelling
setup from [18, 22] and summarise our main results. The proofs are given in Sects. 3
and 4. A series of fairly abstract convergence results for various stochastic equations
with singularities upon which our convergence results are based is postponed to two
appendices.

Notation. Throughout, randomness is described by an R”-valued Brownian mo-
tion (W;)sepo,71 defined on (2, F, (F;)iel0,7], P), a complete probability space,
where (F;)/¢[0,7] denotes the filtration generated by W, augmented by the P-nullsets.
Unless otherwise specified, all equations and inequalities hold in the P-a.s. sense. For

a subset A € RY, we denote by le,mg(Q x [0, T]; A) the set of all progressively

measurable A-valued stochastic processes (X;)s¢[o,7] such that E[ fOT | X, |2 dr] < oo,

while E}‘Zfog(Q x [0, T]; A) denotes the subset of essentially bounded processes. By

C% (Qx [0, T]; A) and LZ (2 x [0, T]; A), we denote the respective subsets of pre-
dictable processes. Whenever T — appears, we mean that there exists an ¢ > 0 such
that a statement holds for all 7/ € (T — ¢, T).
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Optimal trade execution under small market impact 763

2 Problem formulation and main results

In this section, we introduce two portfolio liquidation models with stochastic mar-
ket impact. In the first model, analysed in Sect. 2.1, the investor is confined to ab-
solutely continuous trading strategies. For small instantaneous market impact, we
prove that the optimal liquidation strategy converges to a semimartingale with jumps.
In Sect. 2.2, we therefore analyse a liquidation model with semimartingale trading
strategies. We prove that the limiting process obtained in Sect. 2.1 is optimal in a
model where semimartingale strategies that satisfy a suitable regularity condition are
admissible.

2.1 Portfolio liquidation with absolutely continuous strategies

We take the liquidation model analysed in Graewe and Horst [18] and Horst and
Xia [22] as our starting point and consider an investor that needs to close, within a
given time interval [0, T'], a (single-asset) portfolio of xo > 0 shares using a trading
strategy & = (&§)rcfo.,1]- If & < 0, the investor is selling the asset at a rate & at
time ¢ € [0, T]; otherwise she is buying it. For a given strategy &, the corresponding
portfolio process X £ = (Xf)te[oj] satisfies the ODE

dXi =&dr,  X;=x.

The set of admissible strategies is given by
. 2 .

A= Lprog (2 x [0, T]; R).
For a general inventory process X € E%(Q x [0, T']; R), the corresponding transient
price impact is described by the unique stochastic process YX = (YX),¢[0,7] that
satisfies the ODE

drX =y dx, — p ¥} dt, ¥ =0, 2.1
for some constant y > 0 and some essentially bounded, progressively measurable,
(0, 0o)-valued process p = (0;)¢[0,7]- The process YX may be viewed as describing
an additional shift in the unaffected benchmark price process generated by the large
investor’s trading activity. For & € A, we write Y& := Y X
For any instantaneous impact factor n > 0 and any penalisation factor

NeN =N :=I[N@), ],

where

N®) ==y + 14+ 2nmax(| Al e, ¥ [ pllL).
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764 U. Horst, E. Kivman

the cost functional is given by

T T 1 T
J”’N(S)z]E[g/ (E,)zdt+/ Y de+§/ A (X2 dr
0 0 0
N
+ 3(X§)2 - Xiyi].

The first term in J7V (&) captures the instantaneous trading costs, the second the
costs from a transient price impact, and the third captures market risk, where the
adapted and nonnegative process A = (A;)se[0,7] specifies the degree of risk. If
N = oo, the fourth term should formally be read as +ool ( X; £0) with the conven-

tion 0 - oo = 0. This captures the case where full liquidation is required; this case
is analysed in [18]. The case y + 1 < N < oo is analysed in [22]. The fifth term
captures an additional loss in the book value of the remaining shares. It drops out of
the cost function if N = oo; see [18, 22] for further details on the impact costs and
cost coefficients.

It has been shown in [18, 22] that the optimisation problem

. n’N
?2141 JTY(E) (2.2)

has a solution é”’N for any N € A and any > 0. The solution is given in terms
of a backward SDE system with possibly singular terminal condition. We index the
optimal trading strategies and state processes by n and N as we are interested in their
behaviour for small instantaneous impact factors for both finite and infinite N.

The next theorem follows directly from [18, Theorems 2.5 and 2.6] and [22,
Theorem 2.1].

Theorem 2.1 With the above assumptions, for all n € (0,00) and N € N, the
following hold:
i) The BSDE system

1
—dAMN = (x, — AN - yB,"’N)z) dr — z"M* aw,
n
1
N N N N ,N ,N
—an = (=B 4O = B -y B o

—z}M aw,,

1
—dc)N = (— 20,7 — ;(yc;”v - B + 1)2) dr -z aw,

with terminal condition

BN =1, ¢}V =0
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Optimal trade execution under small market impact 765

together with A;’N = N for N < 00 and lim; s Al =00 in L*® if N = oo, has
a solution

R O R A )

that belongs to the space L35 (2 x [0, T1]; R?) x ,cl%mg(sz x [0, T]; R3>*™) if N < oo

and to the space E%O(Q x [0, T—]; R?) x Ll%mg(Q x [0, T—]; R3xm) if N = oo.
ii) The liquidation problem (2.2) has a solution é‘ "N The corresponding state
process
n,N

RV PN =

is given by the (unique) solution to the ODE system

A 1 A 1 o
XM = _70,"’”)(;7*"’ - 7E,”*NY,"”",
n n
&0, N Y NN Y n.NgonN 51, N
oY = DX — —EMY"" — p Y, (2.3)
NG N
with initial conditions }A(g’N = xo and 1?(;7 N 0, where
DN — L(AH,N _ ),BW,N) EWN .— L(yC"’N — BmN +1)

Let us now define the process
2PN =y XNy,

The benefit of defining this process is that in the ODE (2.3), the terms that are mul-
tiplied by \/r;Tl drop out so that we expect that the process Z"-N remains stable for
small values of n. Next, we state a result on the optimal state process and the previ-
ously introduced process 7"V that will be important for our subsequent analysis. In
particular, we show that the optimal portfolio process XN never changes its sign.
The proof is given in Sect. 3.1.1.

Theorem 2.2 For all n € (0,00), N € N, the process VARUST nonincreasing on
[0, T]. Moreover,

PIX"N € (0, x0), YN € (—yx0,0), ZM € (0, yxo) forallt € (0,T)] = 1.

We are interested in the dynamics of the optimal portfolio processes for small
instantaneous price impact. We address this problem within a factor model where the
cost coefficients A and p are driven by an Itd diffusion, which is given by the unique
strong solution to the SDE

dy, = u(t, x)dt +o(t, x)dW,, X0 = Xo

@ Springer



766 U. Horst, E. Kivman

on [0, T'] with ¥ € R”. We assume throughout that the function
(n,0):[0,T] x R" — R" x R™™
is bounded, measurable and uniformly Lipschitz-continuous in the space variable, i.e.,
[, 0) (8, x1) — (1, 0) (1, X2)| < clx1 — x2].
Assumption 2.3 The processes p and X are of the form

(o1, M) = f(&, x1)

for some bounded C? function f = (f, f*): [0,T] x R" — [0, 00)? with
bounded derivatives. Moreover, the function £ is bounded away from zero.

For convenience, we define the stochastic process ¢ = (¢;):¢[0,7] by

@ =M + 2y 0

and choose constants PP, PP, 2 € (0, 00) such that
p<p<p, 0=<r<k  ¢=<¢=0.

In what follows, we heuristically argue that the processes XN converge to a limit
process X0 (independent of N) as n — 0 and identify the limit XO. Since the ODE
system (2.3) is not defined for n = 0, we cannot define the limiting process as the
solution to this system. Instead, we first identify the limits of the coefficients of the
ODE system and then derive candidate limits for the state processes in terms of the
limiting coefficients.

2.1.1 Convergence of the coefficient processes

In this section, we state the convergence results for the coefficient processes D7V
and E™N of the ODE system (2.3) as  — 0. In particular, we prove that their limits
D and E° exist and are driven by a common factor, which is given by the solution
of a quadratic BSDE.

Before proceeding to the limit result, we provide some heuristics for the conver-
gence. Assuming for simplicity that all coefficients are deterministic, the dynamics
of the coefficient processes satisfy

“n,N N 51N
VDI = (DY —a —y B,
VIEPY = 2o EPY 4y (EFY)? =20, - BPY) - B
Letting n — 0, we expect that
0= (D")? —x —yB,

0=y(E"* -2p,(1— B — B,
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Optimal trade execution under small market impact 767

that is, we expect that

D= /yBY 4 x, Etoz\/y_l(39+2p,(l—39)). 2.4)

Moreover, by the choice of the coefficients D"V and E"VN and by the BSDE in
Theorem 2.1 i), we expect that in the limit,

—BY=—p,BY + DYE?. (2.5)
The three equalities combined yield
(D) +yE)? =y B+ + 2y DYE) + y (B + 2p,(1 — BY))
= (¢ +2y (B} + DYE{ — p\ B)
= (¢0)*. (2.6)
Plugging (2.5) and (2.6) back into (2.4) yields
=) i typB).  E =) 2= B)).
Hence we expect D° and E? to be driven by B? and B to satisfy the ODE

—BY = —p,BY + DYE?

1
=—$@mmv—mMa—w»
t

with terminal condition Bg = 1 (because B;’N = 1). Our heuristic also suggests that
the limit processes are independent of the liquidation requirement.

Example 2.4 If A = Cp for some constant C > 0, then the process BY can be
computed explicitly. If C = 0, then B = 2/(2 + [ pyds). If C > 0, then

BY —__+ \/C(C+2y)coth (arcoth( C(C+2y lc+2 /ps ds

The preceding heuristic suggests that the limiting coefficient processes are driven
by a solution to the BSDE corresponding to the above ODE for B°. The following
lemma is proved in Sect. 3.1.2.

Lemma 2.5 There exists a unique solution (B®, Z%B) in the space
LF (2 x [0, T1: (0,00)) x L3 (2 x [0, T]; R™)

to the BSDE

1
—dB? = —E(y(p,B?)z — 200 (1 = BY)dt — "B aw,, BY=1. (7
t
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768 U. Horst, E. Kivman

The process BY is bounded from above by 1 and from below by
E? = exp ( — g_zyﬁ2(T — t)). 2.8)

Moreover, there exists a uniformly continuous function (a so-called “decoupling
field”) h: [0, T] x R® — R such that BO and (h (t, X:))tel0,T] are indistinguishable.

We prove below that the process B™" converges to B® as n — 0 and that D"V
and E™V converge to the processes

DY = (o) 0w +yoBY,  EY:=(p) '0/2— BY), (2.9)

respectively. In view of Lemma 2.5, these processes are well defined, and so the
dynamics (2.7) of the process B” can be rewritten as

—dB? = —(p,B? — DYE?) dr — 2B aw,, BY =1.
Likewise, the BSDE for the process B"N in Theorem 2.1 can be rewritten as
—dB"N = (o BN — DIVEMNyde — z)VPaw,,  BEN =1, (2.10)

This suggests that the process B™" converges to B® on the entire interval [0, T'], and
this is proved below; note that all the processes B have the same terminal condition
at time 7. By contrast, convergence of the processes D"" and E"" can only be
expected to hold on compact subintervals [0, T — ¢] of [0, T') because the terminal
conditions of the limiting and approximating processes are different. It turns out that
we can prove a slightly stronger result for the supremum of the processes D and E,
and this explains the different choices of intervals for the supremum and the infimum
in the following lemma. Specifically, we have the following result. Its proof is given
in Sect. 3.2.1.

Proposition 2.6 Let
pV =gtV g0 gnN.=prN _po N .= 1N gO

Then for all ¢ > 0, there exists an ng > 0 such that for all n € (0, no] and for all
NeN,

nN N nN n,N n.N
P[ sup max(|b,"" |, —=d," ,e/",—=d,"" —ye/) <Ze¢,
+€[0,T)

. . N n.N N N
inf  min(—d,"", /", —d"" —yel") > —s] =1
1€[0,T—¢]

2.1.2 Convergence of the state process
Having derived the limits of the coefficient processes, we can now heuristically derive

the limits of the processes )A("’N, YN and Zn'N, which we denote by )A(O, Y9 and
70, respectively.
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Optimal trade execution under small market impact 769

Since )A(g’oo = 0 for all > 0, we expect that )A((% = 0. We prove in Lemma 3.11
that this convergence also holds if N is finite. The proof heavily relies on the
optimality of X% in the semimartingale portfolio liquidation model.

Assuming that the optimal trading strategy remains stable if n — 0, the ODE (2.3)
suggests that the term DTN XN L 1NN g small for small n and hence that

DYX% = —E%Y"  on[0,T).

We do not conjecture the above relation at the terminal time because the convergence
of DN and E"" only holds on [0, 7). Assuming that

Z20=yX°—Y%  onf0,7),
equation (2.6) implies
A © A A~ DY .
A and hence Y0 =-=2720
DO @
On the other hand, by definition, 2N = p?"’N. As n — 0, this suggests that
9, 2" = pY? and hence that

. DY . .
8,20 = 2070 20—y,
Pt

This motivates us to define the process

t
ZtO 1= Yy X0 exp ( —/ &ngs), tel0,T].
0 ¥s

A

Since we expect that )A((% = 0 and that Z° = yf( 0 — Y0 we now introduce the
candidate limiting state processes

<0 EY 5
X[ = Il[o’T)(t)—tZt s
%

0
YY) = —1[0,”(;)&2? — 1) 29, t €0, T). (2.11)
Pt
Since ()A( 0 1}(())_) = (xp, 0), we expect that the limiting state process jumps at the
initial and the terminal time. In particular, we cannot expect uniform convergence on
[0, T].

We also expect the limiting state processes to be of unbounded variation, as sug-
gested by Fig. 1. The figure also suggests that the portfolio process is more or less
monotone for large n, while this property is lost for small n. When n — 0, adjust-
ments to small changes in market environments are cheap. This is very different from
round-trip strategies where an investor uses the price impact caused by him/herself to
drive market prices into a favourable direction.

Figure 1 also suggests that the limiting portfolio process jumps only at the times
0 and T. This is consistent with the definition of the candidate processes (2.11) as
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770 U. Horst, E. Kivman

1.0

0.8
— =1
0.6 — n=0.1
n =0.01
0.4 — n = 0.001
—n—0

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 1 Optimal trading strategies X" for the liquidation model for different instantaneous impact
factors, and their limit XOform=n=T= xo=1Ly=3,p=14+09sin(25W;), A =1

well as the observation in Horst and Naujokat [21], according to which jumps in the
optimal strategy can only be triggered by exogenous shocks like jumps in the cost
coefficients, which are absent in the present model.

It remains to clarify in which sense the state processes converge. In contrast to the
convergence result in Proposition 2.6, we can only expect convergence in probabil-
ity because the state process follows a forward ODE while the coefficient processes
follow backward SDEs; see also Appendix B.2. The following result establishes uni-
form convergence in probability on compact subintervals of (0, 7') along with some
“upper/lower convergence” at the initial and terminal time. The proof is given in
Sect. 3.2.2.

Theorem 2.7 For all ¢ > 0 and § > 0, there exists an no > 0 such that for all
ne,nolandall N € N,

IP’[ sup max(Xf’N — )A(? ?,W‘N — ?to) <e,
tele,T)

inf  min(X""V — X0, 77V — §0) > —5] >1-5.
tel0,T—¢]

The preceding theorem does not provide a convergence result on the whole time
interval, due to the jumps of the limit processes at the initial and terminal time. How-
ever, along with our results from Sect. 2.2, it allows us to prove the convergence of
the graphs of the state processes on the entire time interval. The completed graph of
an RCLL function X : {0—} U [0, T] — R with finitely many jumps is defined by

Gx ={t,x)e[0,T]xR:x=X;=X,_or X,_ < X;,x € [X,—, X;]
or Xl— > X[,x € [XT7 Xt_]}.
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The Skorohod Mj-distance between X and Y is defined as the Hausdorff distance
between their completed graphs, i.e.,

dp,(X,Y) = max( sup min |p — ¢gleo, SUp min |p —q|oo) € [0, o0],
peGy q€Gy q€Gy peGy

where

(55 Yoo = max(|s], [y]).

If strict liquidation is required, then Theorem 2.7 is sufficient to prove convergence
of the state processes in the Skorohod M, sense. Even if liquidation is not required,
it turns out that the terminal position converges to zero as n — 0. Heuristically, this
can be seen as follows.

Let 79 € (0, T). Disregarding market risk costs, which we expect to be of or-
der O(T — tp) and hence negligible if ) — T, and disregarding instantaneous im-
pact costs for the moment, the cost functional for any given admissible strategy & is
given by

T e eve N e
Vi ds — X3Y7 + S (X7)
0]

I %3 1%
ZYTXT_YIOXZO_/

fo

T
=Y, X;, —f VXS ds+/
fo

fo

TS e N o
YEXSds — X5 ¥; + E(XT)Z
T
N
pYEXE ds + E(Xi})2

T
1% N
= —YiXi - E((xi)? —(X;)?) +/ pYEXEds + 5()(3)2

fo

e Y veo N—-V &0 T ey
:—Y,OX,O+E(X,0)+ > (X7)° + oY X5 ds.

fo

Hence we expect the controllable costs to satisfy
N — T N —
E[T’”(X?)z +/ pYS X8 ds:| = E[Ty(xi)z} + O(T — 1)
fo

plus instantaneous impact costs. Since N > y, this suggests to make X ET small, which
is cheap if 1 is small. More precisely, we have the following result; its proof is given
in Sect. 3.2.3.

Proposition 2.8 For all ¢ > 0 and § > 0, there exists an no9 > 0 such that for all
ne nylandall N e N,

Pldpg, (XN, X%) < €] > 1-3.
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2.2 Optimal liquidation with semimartingale strategies

In this section, we prove that the limit process X0 is the optimal portfolio process in
a trade execution model with semimartingale trading strategies.
In our semimartingale model, a trading strategy is given by a triple

0=(3",j,V),

where j* and j~ are real-valued, nondecreasing pure jump processes and V is with
respect to the Brownian filtration a real-valued continuous semimartingale starting
in zero. The jump processes j© and j~ describe the cumulative effects of buying,
respectively selling, large blocks of shares, while the continuous semimartingale V
describes the effect of continuously trading small amounts of the stock. The portfolio
process X¥ = (Xf)ze[o,T] associated with a strategy 6 is then given by

X =xo+j =i+ V.

The associated price impact process, again given by (2.1), is denoted by Y?. We note
that X? and Y? are semimartingales.

We assume that strict liquidation is required and that the cost associated with a
trading strategy 0 is given by

1
7°©) :=JE[/O Yéidxfjuf() Exs(xf)zdwg[x@h].
.1

The first term captures the transient price impact cost; the second captures market
risk. The third term emerges as an additional cost term when passing from discrete to
continuous time, as shown in Ackermann et al. [1]. Moreover, in the absence of this
term, arbitrarily low costs can be achieved; see [1] for details.

The cost function can be conveniently rewritten as

0 Y. 0 1 o 0\ 1y0

o 2 Y
+f —s(X?) ds—l——[V]T].
o 2 2

This representation supports our intuition that the price impact before and the price
impact after the jump equally influence the total cost. The first term in this expression
captures the cost of the initial block trade at time ¢ = 0.

The cost functional is well defined under the following admissibility condition.

Definition 2.9 A trading strategy 8§ = (j+, j—, V) is called admissible if the lig-
uidation constraint X ? = 0 holds, if j + are RCLL, predictable, real-valued, non-
decreasing and square-integrable pure jump processes, and if V is a continuous
semimartingale starting in zero with

E[ max |V,|2] < 0. (2.12)
1€[0,T]

The set of all admissible trading strategies is denoted by .A°.
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Our goal is now to solve the optimisation problem

min J°(6).
e AV

To this end, we verify directly that the limit process X0 obtained in Sect. 2.1 is
optimal. The results there show that the process has the representation

2? = X0 _jt_ + ‘71’

where the jump process f ~ and the continuous part are given by, respectively,

A

J7o=x0 — X34 110X,
Vi = (90) 2012 — BHZY — (90) 2po(2 — B ZY.

In view of Assumption 2.3 and because B is a continuous semimartingale and 70 is
differentiable, the process V is a continuous semimartingale starting in zero. Hence
the following holds.

Lemma 2.10 The strategy 6 = (0, f_, V) is admissible.

In order to prove that 6 is optimal, we approximate the cost and the portfolio
process associated with any strategy 6 € A° by the cost and portfolio processes cor-
responding to absolutely continuous trading strategies. To this end, we first approxi-
mate the continuous semimartingale part V by differentiable processes. The proof of
the following result is given in Sect. 4.1.

Lemma2.11 Forall§ = (j*,j, V) € AY and all B, 8 > 0, there exist a constant
v > 0 and an adapted and continuous VBV Qx[0,T] > [—%, %] such that

t
max f Vf’”ds < max |V (2.13)
t€[0,T11| Jo t€l0,T]
and
t .
]P’[ sup / VEvds -V, 53/3} >1-38. (2.14)
te[0,T] 0

Next, we approximate the portfolio process X? by a portfolio process associated
with an absolutely continuous strategy. To this end, for all & € A° and 8, v, & > 0,
we define the integrable process

1. . Lo—_ — B,
0.Bwe E(Jt+ _]tts)_ U —Ji—) VY Uv t=T —e,
! —

—%(xo + fOT_S 0.PvE 4y, t>T —e.
In view of the square-integrability of j*, we see that £%-#V-¢ belongs to .A. The

corresponding portfolio process is denoted by X?#:V¢. The proof of the following
result is given in Sect. 4.2.
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Lemma2.12 Forall = (j*,j~,V) € A0 and for all 6 > 0, there exist B > 0,
v > 0and ¢ > 0 such that

T
E[/ (X7 P — Xf)zdt} <.
0

For all £ € A with fOT & ds = —xp, we can define V,S = fé & ds to obtain that
0,0, V&) € A% and for all n > 0, we have

T
JT®(E) = J9%0,0, VE) + gE[ /0 (&)zdr]. (2.15)

The preceding lemma allows us to establish a cost estimate. The proof is given in
Sect. 4.3.

Lemma 2.13 For all C > 0, there exists a constant D(C) > 0 such that for all
0=t i, V) e AwithElf] (X?)?dr] < Candall§ € Awith [ & ds = —xo,
we have

1790) — J°(0,0, V¥)|

T T
5D(C)<\/IE|:/ (X?—Xf)zdt}+IE|:/ (Xf—xfﬁdtD.
0 0

As a consequence of the previous results, the optimal instantaneous price impact
term converges to zero as 7 — 0. The proof is given in Sect. 4.4.

Lemma 2.14 We have

n T,
lim —E[/ (gﬁ*“ﬁdt} =0.
0

n—0 2

The cost estimate in Lemma 2.13 allows us to establish the optimality of the trad-
ing strategy 6 by using the optimality of é ¢ in the strict liquidation model with
absolutely continuous strategies. It turns out that the minimal trading costs are fully
determined by the initial value Bg of the process B® along with the impact factor y
and the initial portfolio.

Theorem 2.15 It holds that

|
min J%©@) = J°0) = ~y (x0)*BY.
He A0 2

Proof Let us assume to the contrary that 6 does not minimise the cost functional J°
over the set A, Then there exist a strategy & = (j, j~, V) € A® and a constant
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8 € (0, 0o) such that J°(9) +§ < Jo(é). Moreover, due to (2.15) and Lemma 2.13,
for all n, B, v, & € (0, 00), we have (for convenience, let p(x) := x + /x)

Jn,oo(%.e,ﬂ,v,e) _ Jn,oo(é_n,oo)

TrREPEy — 700) + 70@) — 5 — 70,0, VE')

IA

IA

-5+ ]E[/ (seﬁus)2dt] +17%0) — J°0, 0, VEMM)'

+17°0) — 790, 0, V"))

< 54 ]E[/ (geﬁ”g)zdt]
T
+D(]E[/ (Xf)%tD,;(E[/ (X?—X?’ﬂ’v’g)Zdt]>
0 0
T T R
+D(]E[/ (Xf)zdt)i|p<E|:/ (X?—X?’Oo)zdt]) (2.16)
0 0

According to Lemma 2.12, we can first choose 8, v, e € (0, c0) and then, due to
|)A(,"’°°| < x¢ (cf. Theorem 2.2), choose n € (0, c0) small enough according to
Theorem 2.7 such that the right-hand side of (2.16) is negative. This contradicts the
optimality of £7-° for J"-* and proves the optimality of 6.

It remains to compute J O(é). In view of (2.15), for all n € (0, c0), we have

J°@) = J°0) — J°0,0, e |:/ (" )zdt:| 4 oo (Enoey.

The difference of the first two terms converges to zero as n — 0, which is verified by
using Lemma 2.13 and Theorem 2.7 as in the above calculation. The third term con-
verges to zero by Lemma 2.14. Hence, using the representation of the value function
given in [18],

- . 1
J00) = lim JTE) = lim 5 A7 (x0)?

_ () 1
all 1m([D”°°+yB" ) = 5y(xo)zlf;(‘;. .

Remark 2.16 1f A = 0, our model is a special case of the model analysed in Acker-
mann et al. [1], which also contains cases when there is no optimal trading strategy.
However, since y is constant in our model, the processes “” and “o” introduced in
[1] are equal to zero. This implies that the equation “f = Y holds in their notation.
As shown in [1, Sect. 5], the process “M +» introduced therein is also equal to zero,
which implies that “Y” and hence “B” is a semimartingale. Thus [1, Theorem 2.3 (ii)]

confirms that under this property, an optimal trading strategy does indeed exist.

@ Springer



776 U. Horst, E. Kivman

3 Proofs for Sect. 2.1

This section proves the results stated in Sect. 2.1. We start with a priori estimates
and regularity properties for the coefficient processes that specify the optimal state
processes.

3.1 A priori estimates and regularity properties

3.1.1 Thecasen > 0

The following estimates have been established in Graewe and Horst [18] and Horst
and Xia [22], except for the upper bound on E™ for finite N which is stronger than

the corresponding one in [22]. It can be established using the same arguments as in
[18, proof of Proposition 3.2] by noting that D?N < oo if N is finite.

Lemma 3.1 Let

K :=4/2max(}, yp).

Foralln € (0,00), N € N ands,t € [0, T) with s < t, we have that

e PT=5) < giN < |,
0< EM™ <y 'etanh (y/n ' R(T — 5)) < y %,

0 < D"V <% coth (y/n~'®(T —s)) < Kcoth (y/n ' &(T —1)).

The preceding estimates allow us to prove that neither the optimal portfolio
process nor the corresponding spread process change sign.

Proof of Theorem 2.2 Put V(t) := X" ¥"" Then V(0) = 0 and V satisfies
the ODE

V) =—=(n "D +yEPY) + o)V (o)
—r ERN AP 4y DY RTY).

As aresult,

t
V(6) = —exp ( - / (DY +yERY) + ) du>
0
t
X/o Y ERY @YY +y DI (XN

s
X exp (/ (\/ =L (DTN 4y ETNy 4 ou) du) ds.
0
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In view of Lemma 3.1, this shows that V(¢) < 0 on (0, T'). Hence strict positivity of
Xg’N yields

PIRTY > 0, 77N < 0forallf € (0, T)] = 1.

Thus the definition of 27V along with (2.3) yields & 2" = p,¥" < 0on (0, T).
Moreover,

&1, N —150,N —150,N 5, N 50, N
X <y IZ;7 <y 1Z6’ = X0 and Y/ > -7 > —yxo. O

Next, we prove that the process BV satisfies an L' uniform continuity property.
We refer to Appendix A for a discussion of general regularity properties of stochastic
processes.

Lemma 3.2 The process B"YN satisfies Condition A.1 stated in Appendix A on [0, T]
uniformly in N € N and n € (0, H], for all H € (0, 00).

Proof Let g,e;1 > 0,s > T — ¢ and let V and 7 be arbitrary according to the
definition of Condition A.1. By Lemma 3.1, if ; is small enough,

IE[V(B"N — BI™)]| < (1 — exp(—pe)))E[| V] < E[|V]].

If s < T — ¢y, the assertion follows from the integral representation (2.10) along with
the estimates established in Lemma 3.1 by using that the stochastic integral in (2.10)
is a martingale on [0, T — &;]. We emphasise that Z""-Z is possibly defined only
on [0, T—], and so the stochastic integral may be a martingale only away from the
terminal time. ]

3.1.2 Thecasen =0
We are now going to establish a priori estimates on the candidate limiting coeffi-
cient processes. First, we show that Assumption 2.3 directly implies the following

regularity result for the parameter processes.

Lemma 3.3 The processes x, p, A, ¢ and ¢~ satisfy Condition A.2 introduced in
Appendix A.

Proof The process y satisfies Condition A.2 due to Lemmas A.11, A.4 and A.7. The
rest immediately follows by Lemma A.10. (|

We are now ready to prove that the process B is well defined.

Proof of Lemma 2.5 The exigtence result follows from a standard argument. In fact,
it is well known that for any b € [1, 00), the BSDE

—dBP = yP(, y,, BPYdt — ZPaw,,  BL =1 G.1)
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with Lipschitz-continuous driver (we recall f*, f# defined in Assumption 2.3)

1
FAE x) + 2y P, x)

x (yf"(r, XAB AB) =287t ) F e (1= (b A E)*))

Wl (t, X, b) = —

has a unique solution (BE, ZE) € E%)(Q x [0, T]; R x R™) (cf. Theorem A.13). Let

us then define the functions 9 ¢: Qx[0,T] xR xR™ — Rby

¢(t.b.2) :=—¢ 2yp°b,  $(t.b,2) :=0.

By definition, (B, 0) is the unique solution to the BSDE with driver ¢ and terminal

condition 1, where the lower bound EO on the process B was defined in (2.8). Like-
wise, (1, 0) is the unique solution of the BSDE with driver ¢ and the same terminal
condition. Since

¥P(t, 5. BY) > ¢, B%,0)  and  yP(t, 1. 1) < 62, 1,0),

the standard comparison principle for BSDEs with Lipschitz-continuous drivers yields

B < B < 1.

This proves that (B, Z1) is the desired unique bounded solution to the BSDE (2.7).
The second assertion follows Theorem A.13 applied to the BSDE (3.1)forb =1. O

Having established the existence of the process B, the processes DY and E° are
well defined. The following lemma establishes estimates and regularity properties for
DO and E°.

Lemma 3.4 We have the a priori estimates

Yp p° i~ =
5‘6XP<—%T>§D?§@ "X +yp).

Moreover, the processes D° and E° satisfy Condition A.2.
Proof The a priori estimates can be obtained by plugging the bounds on B° from

Lemma 2.5 into the definitions of D° and E° given in (2.9). Moreover, if we denote
by A the function derived from Lemma 2.5, then for all ¢ € [0, T],

DO_(fx-i-yfﬂh)(t ) E0_<(2—h)fp )(l )
T\ ) T )
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In view of Assumption 2.3, the processes D° and E° can be represented as uniformly
continuous functions of the factor process x, and hence the assertion follows from
Lemmas 3.3 and A.10. O

The next lemma can be viewed as the analogue to Theorem 2.2 in the case n = 0.
Lemma 3.5 It holds
P[X? € (0, x0), ¥ € (—yx0,0) forall t € (0, T)] = 1.
Proof Due to Lemma 3.4, D° is positive and hence, fort € (0, T),
0< Z? < Xoy.

Since D0+y EY = @ on [0, T), it thus follows from Lemma 3.4 that for all r € (0, T),

. - DY .
0< X? = qDt—’ZtO < y_thO < Xp,
4%
(0 ¢ —VE} 59 50
0>Y' =————Z' > —-Z > —yXx0.
t o t t 0

3.2 Proof of the convergence results

In this section, we prove our main convergence results. We start with the conver-
gence of the coefficients of the ODE system (2.3). Subsequently, we prove that the
convergence of the coefficients yields convergence of the state process.

3.2.1 Proof of Proposition 2.6

The proof of Proposition 2.6 is split into a series of lemmas. In the first step, we
establish the convergence, as n — 0, of the auxiliary processes

F'N =DMV 4+ yEMY — FO =
and
G"WN = pB"N 4 gE"N — G := pB + 9E? = 2p.
On [0, T), the processes F"V and G"V satisfy the dynamics
dFN = \/F((F,"’N)z — (¢?) dt +2yp EPY dr
+ \/F(Zf’N’A —2yzMNEB 4270 NC qw,, (3.2)
—d(p'G™Ny, = \/F( — G w20 — E}NEPY — o) dt — 20, EN dr

_ N, ,N,C
—dp~ ' pB™ ), + Il z! N —y 2PN Saw,. (33
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A general convergence result for integral equations of the above form is established
in Appendix B.1.2. It allows us to prove the following two results.

Lemma 3.6 Let f”'N = FN @. For all ¢ > 0, there exists an ng > 0 such that
foralln € (0,9l and all N € N,

IP’[ sup fs"’N <eg, inf fs"'N > —g] =1.
s5€[0,T—¢] s€l0,T)

Proof For every N € N, we apply Lemma B.4 to P" := F""" with
vi=1, al,y) =0hH?-y2 Pli=og,
t
q" =0, L] = 27/[ ,osE;”N ds,
0

noticing that ¢ — ng = no(e) is independent of N. Assumption B.3 i) is satisfied
with P := @ + 3k due to Lemma 3.1. If N = oo, then Assumption B.3 ii) a) is
satisfied due to Theorem 2.1 and the a priori estimates derived in Lemmas 3.1 and
34.If N < oo and < g2, then E%N =0 and

N N N _ _ _
PN =DIN 4y EXN DY —yES =\ M (N =) —er = \n7' =7 >0,

which shows Assumption B.3 ii) b). Assumption B.3 iii) is trivially satisfied because
q" = 0. Assumption B.3 iv) follows by direct computation using € := ¢/2 and
B = g/Z. Assumption B.3 v) follows from Lemmas 3.3 and 3.1. O

It is not difficult to show that similar arguments as those used to prove the conver-
gence of fV can be applied to —g"" := —G"N + 2p. As a result, the intervals
[0, T) and [0, T — €] in the statement of the convergence result for g"'N need to be
swapped. We omit the proof of the corresponding next result.

Lemma 3.7 Forall ¢ > 0, there exists an ng > 0 such that for all n € (0, no] and all
N e N,

IE”[ sup g;”N <e¢g, inf gs"'N > —8] =1.
s€[0,T) s€[0,T—¢]

We are now going to prove the almost sure convergence to zero of the process
p"N .= BN _ BO To this end, we first observe that

DN = N —y TN @ETN =GN — ot N
yields

_ DI],NEn,N — _fn,NEn,N _ Gr],N +an,N + y(p—2(G7],N _ an,N)2.
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Plugging this into (2.10) shows that
N N N -, N N . N N
dB"" = (=G = PV EMT 2B + v (00 G — o BIT)?) i
+ z"NBaw,

on [0, T). Performing an analogous computation for B and subtracting the two
equations yields

ab = (1) y (@200 + b1 (291 = 29 (@) 2 p1(GY = piBY)
- fVEN g
+y(e0 el (o 4267 — 26" + 2310))> dr
+ @z = Z)P)aw,
on [0, T'). Using that
2p0 = 2y () P (G} — piB)) = 2pi(¢1) ' D,
g:”N + ZG? - Pt(Zb?’N + ZBZO) = —8;}'N + 2<ﬂthn’N
shows that
dbp ™ = (@I 0200 + b1 200~ 0 DY = £V EPY
+emNM (= 1=y 2" + 2y(<pz)‘1Ez"’N)) dr
+ (zM"VB — 708y qw,

on [0, T'). This BSDE is different from (3.2) and (3.3). We apply Lemma B.2 to prove
the following result.

Lemma 3.8 Forall ¢ > 0, there exists an ng > 0 such that for all n € (0, no] and all
N e N,

IP’[ sup |b§"N|§8]=1.
s€[0,T]

Proof Forevery N € N, we apply Lemma B.2 with
a(t, b) := b7y (e) "2 (p)* + b2(e0) ™' o1 Dy,
N -, N N —1 N -2 n,N
af =—f"VEPY 4 2y e T EN T =1 —y(e0 8.

Assumption B.1 i) follows from the a priori estimates on B"N (Lemma 3.1), B°
(Lemma 2.5) and D° (Lemma 3.4). Assumption B.1 ii) follows from the a priori
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estimates on B"" and B®, where the mapping & ~> § is independent of N. Assump-
tion B.1 iii) follows from the same estimates and Lemmas 3.6 and 3.7, where the
choice of n; is independent of N. Assumption B.1 iv) is satisfied because we can
choose ¢1 > 0 small enough such that

—e1y(p)~'p+2D% > 0. 0
3.2.2 Proof of Theorem 2.7
First we need to prove an auxiliary result:

Lemma3.9 Let I C R be a compact interval and Y = (Yy):e a continuous, adapted,
R -valued stochastic process. Then the modulus of continuity

sup  |¥; — ¥

s,tel,|s—t|<v

converges to 0 in probability as v — 0.

Proof For all w € , Y (w) is uniformly continuous; hence the modulus of continuity
converges to 0 as v — 0 [P-a.s. This implies convergence in probability. |

Proof of Theorem 2.7 Convergence on compact subintervals of [0, T") follows from
Theorem B.8 applied to the ODEs

on.N N{ onN Ezn’NA N
WX,/ =—\n7F" <in _F"’NZ:L )

t

5n,N >n,N 5n,N
WZ! =yp X" - pZ] (3.4)

and
A~ E‘0 N R n t EO
X} =Lz},  Z)=Zgexp (/ (J/,Os—s - ps) ds)
(23 0 Ps

on [0, T). In fact, Condition (B.10) follows from Proposition 2.6 and Condition
(B.11) from Theorem 2.2. Finally, D% > 0 (see Lemma 3.4), from which we de-

0 ,
duce that xg > %28 . Thus by Theorem B.8, applied once for every N € A and
every v > 0, there exists for all v, § € (0, co) some 1; = n1(v, §) € (0, co) such that
forall n € (0, n1] and all N € N, the set

N 50 AN, $0 _ pmN
My :=[ sup max(|20 — 21N, RO — XNy <,

tel0,T—v]
it K7 =X = )
satisfies
PIMy "N > 1 - 5/2. 3.5
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0
Near the terminal time, we cannot use this theorem since the convergence ?n v — £

¢
holds only on [0, T —]. Instead, we apply increment bounds on intervals of the form
[T — v, T] to prove that for all > 0, N € N and for all sufficiently small

ve(0,e/2] and B € (0,e/3], 3.6)
the set

My { inf (R0 — X"V > —g}
te[T—v,T)

v N Mf’” N M;’n’N, where

contains the set My
MPV = s (g — el v IES - ED VIR - R0 < B,
s,te[T—v,T)

N N N
M; Y= { sup (e;7 v (=f )) < v}.
te[T—v,T)

The probability of the last two events can be made large by Lemma 3.9 and Proposi-
tion 2.6: for all 8, §, v € (0, 00), there exist vg(B, &), n2(v) € (0, co0) such that
v,n,N

inf IP’[Mﬂ 1> 1-6/2, inf inf P[My’

=1
v=vp(B.8) n=m(v) NeN I=

In order to seethatMU &N D) MV N

that there exists

Mf’v ﬂM;’"’N, we assume to the contrary

v,n,N

we My nmbr oM N y\mp e

To obtain the desired contradiction, we show that for any such w, there exists a time
s(w) € [T — v, T) for which we can deduce both nonnegativity and strict negativity

of 8, X '7(N) (w) simultaneously.

v,e,n,N

We start with the choice of s(w). Because we have w ¢ M| , there exists

somet € [T — v, T) with X,’7 N(a)) — X?(a)) > ¢g. Since w € Mf and due to (3.6),
this yields that

A A 2¢

XN () > X () + =
Since w belongs to M(';’"’N and due to (3.6), this implies that

nN 2¢e on.N
X (o) < X _y(@) + 5 < X/ ().
Now we can choose s(w) € (T — v, t) minimal with the property that
50 2e
g(a))(w) XT_V(CU) + ? 3.7

Due to the minimality of s(w), we have 8; )(a)) > 0.
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We now show that this derivative must also be strictly negative. In fact, due to (3.4),
&N
\/ﬁat Xg(w) () = S(w) (w) Xs(u)) (w) + Es (@) (a)) Zy(w) ().

Since Z"V is nonincreasing (Theorem 2.2), using (3.7) again, the right-hand side of
the above equation can be bounded from above by

— o1 (@ XY, (@) + (97(©) = Ps() (@) X)_, (@) = £l @) XT_, (@)

—F" N(w)% +EY_ (@2 (@) + EY_ (@) (ZEN (@) — 29_ ()

s(w)

+ (E?(w)(w) E% v(w))Z;}" u(a)) + el )(a))Z (0))

s(w

Since w € M;’"’N, we have F:’(a])\; (@) = Ps(w) (a))—i—fsn(;[)\)/ (@) > ¢—v, which is strictly
positive if v < ¢. Moreover, we have —9pX9 4+ E®Z% = 0 on [0, T). Because also
w e Mv N Mﬁ "N MU N and X0, E® and Z"V are bounded, this shows that

X )(a)) < 0if v and B are chosen small enough. The convergence of yn-N _ y0
on [0 T —] follows from

YN p0 =y (xm N - X0 — (znN 29
and (3.5). The convergence on [T —, T'] follows from the fact that

) R SN
sup  [(Z0N — 70 — (207 — 7))

se[T—v,T]
can be made arbitrarily small by choosing v small since »ZMN = pymN,
3,2 = pY? and both Y and Y° are bounded. O

3.2.3 Proof of Proposition 2.8

The proof of the convergence of the optimal portfolio processes in the Skorohod
M>-sense follows from Theorem 2.7 if strict liquidation is required. If strict liqui-
dation is not required, the results of Sect. 2.2 are required to establish the assertion.
This is not a circular argument since the proofs of Sect. 2.2 only use the results of
Sect. 2.1 concermng the liquidating case N = oo.

Since 6 = O, j~ V) is optimal in the model introduced in Sect. 2.2 (cf. Theo-
rem 2.15), it is easy to show that the strategy 69 = (f+"1, f"q, V) is admissible
for every g € R, where

th = ‘7[ + qt,
2+, 2=, A
it =t =—j7 = Ly ()qT.

The following lemma shows that we can express the cost term corresponding to the
transient price impact without Itd integrals. The proof is an immediate consequence
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of Itd’s formula for semimartingales (see Protter [32, Theorem I1.32]) and the fact
that yz[V] is equal to the continuous part of [Y?]. We omit it.

Lemma3.10 Forall6 = (j*,j~,V) e A andallt € [0, T, it holds that

1 1 Yy _ y 1 t
S 4 vhdx? = — - Y- iYL _/ Y92 ds.
\/(‘(),[]2( s— T 5) s 2y([) 2(]0 ]0) 2[ ]l+y O'OS(S) K
Using Lemma 3.10, it is not difficult to check that the mapping ¢ +— J O(67‘7) is
differentiable and that

7%
=

0

q=0

A T T T A
= E[ — YTQeifO pu du / tp;@fé pu du dr + / ztpthO dt
0 0
T A t t S T A
_ / 2,0;Y[067f0 Pu du / spsef" Pudu g 4y + / l‘)»,X? dl:|. 3.8)
0 0 0

This allows us to prove that full liquidation is optimal if  — 0 even if it is not
formally required.

Lemma 3.11 We have that lim,_,o Supycpr E[}?;’N] =0.

Proof We assume to the contrary that limsup,_, s supy ez E[X ;’N] > 0 and prove

that this contradicts the optimality of J7V (é 7Ny, To this end, we consider the
admissible trading strategies

gn.N.q ._ gn,N
t =&  +gq,

compute the derivative of the function g > J™V (E"N-4) and show that the derivative
at g = 0 does not vanish for small 5 if

limsup sup E[)?;’N] > 0.
n—0 NeN

Obviously, £7"V4 € A and
N £n,N, A
XN = x5 = XY 4 g,

t
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Straightforward computations lead to

o MV ENN)
=

q=0

5 ~ T r T .
= El:r;(X?N —x0) — Y¥’Ne_f0 pu du / t,otef(; pudu gy +/ th,Y,n’N d
0 0

T ' ) T
—/0 2,0,Y,”’Ne—f$puduf0 spselo pud“dsdt+/0 XN dr

A A~ T
+ (N =TXP"Y +y XN e do et f

T t
el |
0

Subtracting (3.8) yields

T
0= ]E[ —nxo + X;’N(n + (N =y)T) + / 200, (¥N — ¥y dr
0

N ~ T T T A A
+ (20N = 29)e o P du/O topedo Pudi g +/0 (XN — X0 dr

T X t s
- f 20, (PN — 0= Jo pudu / spgelo Pudie qg dt]
0 0

T
> —nxo+ (1 + (N —)T)E[XEN] - TX]E[[ XN — X0 dt]
0

T
- 2(Tﬁ+ﬁ2T2eTP)E[/ [N - Y,O|dt] — 725 PR 2N — 2911
0

In view of Theorems 2.2 and 2.7, Lemma 3.5 and using
0 (Z"N = 2% = p(¥™N — Y0,

the sum of the three last expected values is small uniformly in N if n is small. Hence,

iflimsup,_, Supyepn E[X ;’N] > 0, then the sum on the right-hand side of the above
inequality is strictly positive when first choosing 79 > 0 small enough and then
choosing (77, N) with 17 < ng such that

a5 N 1 N
N . N
]E[X; 1> Ehrnnsgp ;ER[E[X'; ].

We are now ready to prove the convergence of X"V to X0 in the Skorohod
M-sense. To this end, we have to bound the distance of each point of any of the
graphs to the other graph. In the inner interval [e, T — €], it is enough to consider
XN — X0 which we have bounded by Theorem 2.7.

Proof of Proposition 2.8 To prove that the probability of

da, (XM, X0 <6

@ Springer



Optimal trade execution under small market impact 787

is large for small n > 0, we need to prove that the distance of any point (¢, x)
from either G, N (@) OF G o () O the respective other graph is small on a set of
large probability. To this end, we fix a small enough v € (0,¢). If r € [v, T — v],
the claim follows directly from Theorem 2.7. For ¢ € [0,v) U (T — v, T], we use
Theorem 2.7 along with the facts that (i) the completed graph of a discontinuous
function contains the line segments joining the values of the function at the points
of discontinuity, (ii) the increments of XO are small in the sense of Lemma 3.9,
and (iii) lim; .o Supyeps IE[)A( ?’N] = 0 by Lemma 3.11. For instance, consider an
w € Q with

sup ()?S(w) - )A(Z’N(w)) <v
uelf0,T—v]

and assume that (r,x) € G with 1 < v and x < }A(g(a)) — v. Since

XN (@)
X = )A(,”’N(a)), the mean value theorem yields an s € [0, 7] such that }A(?(w) =x+v,

which proves that (s, x +v) € G £9(0) and

doo((t,x),(s,x—i—v)) =({t—-5)+v=<2v. O

4 Proofs for Sect. 2.2
4.1 Proof of Lemma 2.11

In order to prove Lemma 2.11, we first define, for all 8, v € (0, o0) and x € R,

_IB/U’ X S _ﬂa
B = 3, —B<x<B8,
B/v, x> .

For any admissible strategy (j*, j~, V) € A°, there exists a unique pathwise dif-
ferentiable, adapted stochastic process (Vtﬁ ’V),E[OVTI such that VO’3 ¥ = 0 and its time
derivative satisfies

VP () = B (Vi) — VY ().

Now (2.13) can easily be verified by the comparison principle: For all ¢ > 0 and all
t € [0, T], we have

fﬁ"’(Vt — ( max | V| +8)) <0
5€[0,T]

and hence, foralle > Oand ¢ € [0, T],

Vtﬂ’v < max |Vi| +e.
s€[0,T]
Analogously, we can prove that \7,’3 - maxseqo,7] | Vs| — €.
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Now we are going to prove (2.14). For 8, v € (0, 00), let

m=| s -vispl

s,t€[0,T],|s—t|<v
In view of Lemma 3.9, it is enough to prove that
V(@) = V" (@) < 38

forall w € M and ¢ € [0, T]. In order to see this, let us assume to the contrary that

the statement is wrong. Then by continuity, since Vy — \7(;3 Y = 0, there exist some
w € M and 11 € [0, T] such that

Vi (@) = V7 ()] = 3B,
We choose the smallest such #; € [0, T]. Then foreach t € [(t; — v)T, 1],
Vi) — V(@) = 1V, (@) = V(@) = Vi, (@) = V(@)
— V2 (@) - V()

z3ﬁ—ﬁ—<n—t>§zﬂ.

Since Vo — \70 'Y =0, we have t; > v. Since V.(w) — Vﬁ’v(a)) is continuous and has
no roots in [¢; — v, t1], it does not change sign on this interval. We may hence without

loss of generality assume that V;, (w) — \N/t’ls "Y(w) = 3. This implies that
Vi) — V() = B

for all t € [#; — v, 11]. By definition, for all those 7, we have V,ﬂ‘u(a)) = B/v. This,
however, contradicts the minimality of #; as VSﬂ "Y'= B/v and

Vi—v(@) = VI (@) = Vi (@) = Vi, (@) + Viy (@) — VP ()
+ V@) = VP ()
n .
>—f+3p +/ vivds = 3B.
11—V
This finishes the proof of Lemma 2.11. ]
4.2 Proof of Lemma 2.12

The proof of Lemma 2.12 requires the following result on the jump processes.

Lemma 4.1 Let (ji)iefo,7] be a [0, 00)-valued, nondecreasing and progressively
measurable stochastic process with E[(j1)?] < 0o. Then (putting j; = 0 fort < 0)

T
lim IE[[ Ui —j,_g)zdt:| =0.
e—0 0
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Proof First we want to bound fOT e — j,_g)2 dr through a term that depends on
fOT (ji — ji—2¢)* dr and apply this bound inductively. For every & > 0, we have

T T
/0 Gt = jroae)?dt = /0 Gt = Jree + Jie = jr_2e)dt

T T—¢

> / Gr = jre)di + / Gr = jre)dt

0 0
T T

_2 / Gt = jre)di — / G — jre)dr.

0 T—¢

Moreover, j; < jr and ji—g > jr—e—c fort € [T — ¢, T] give

T T
/ Gr = jre)dt < / G = jr—ae)?dt < eGir — jr_se)™.
T

— T—c¢
As aresult,
L, Tt 2 I . . 2
- (Jr = Jr—e)"dt < — (Jr — Jr—2e)"dt + =(JT — jT—26)""
& Jo 2¢ 0 2

Hence, inductively, forall ¢ € (0, T) and k € {1, 2, ...}, we have
L, vt 2 L. . 2
= | Gr—Ji—e)"dt = — | (i — Ji—2e)"dt + S (7 — jT—2¢)
& Jo 2¢e 0 2

1 T . . 2 1 . . 2
< — | Gt —Jji—ae)”dt + (1 — jT—4¢)
4e 0 4

1. : ’
+ E(]T — JT-2¢)

S.
I ) S
< %/0 Ut — Jr—ke) df‘f‘;?(ﬁ)
1 T
< —/ Ut — Jr—pk )2 dr + ()2
_2k£ 0 o

Hence for all k € N,

T T
E[ / (i —jt_g)2dt] < (2—k +s)1E[<jT)21.
0

This shows the desired result. O

We are now ready to prove the approximation of arbitrary portfolio processes by
absolutely continuous ones.
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Proof of Lemma 2.12 By the triangle inequality, for all 8, v, & > 0,

T
\/IE[/ (x?Pve _ xy2 dt}
0
T t . 2
< E[/ (/ vE ds) dt]
0 (T—e)Nt
T (T—e)nt | 2
s ([ - aoas—i) o
wel+,—) 0 0

T 1 + v 0.8.v.e 2
+ ]E[/ (—(t—(T—e)) XT'_;’) dt}
0 &
T r 2
+ ]E[/ (/ Vsﬂ’”ds—Vt) dz] .1)
0 0

We analyse the four terms separately. The first can be bounded by

FLUL o] L (e

8——>0 fore — 0.

[T

IA
<

Regarding the second term, for all ¢ < T/2,

(T—e)At | (T-ont 1
/ L= jrods - jr=— / Lir = itds.
0 e (T—e)At)—¢ €
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Using the monotonicity of the jump processes, it follows from Lemma 4.1 that

T (T—e)nt | 2
E[ / ( / —u;‘—j;ﬁ_s)ds—j,*) dr}
0 0 €
T (T—e)At 1 2
LU o)
0 (T—e)At)—e €
1 T (T—e)At 2
! E[ / ( / (jf*—js*)ds) dr}
& 0 (T—&)A1)—e
T—¢ T
E[ /0 (jt*—jt*eﬂdt}%[ /T <j,*—j;2€)2dt]
—&

T
< \/E[/ G —jro)? dti| + ¢E[(j3)?] — 0 fore — 0. 4.2)
0

IA

For the third term, we conclude from the Itd isometry and the definition of £%#-V:¢ that

T + o0.B.v.e 2
E[/ (—(t—(T—e)) XT*_;*) dt:|
0 &
T—¢ 2
)
3 0
€ P T—eq . 2
<3 >y () sur-ios) ]

Al ]

Now we can bound

T—¢ 2
EIE / Vsﬁ’vds STE\/§—>O fore — 0.
3 0 vy3
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Moreover, in view of (4.2),

& T—e | 2
([ ru-iow) |
0 &
\/1 T (T—e)At | 2
- —E[ / ( | —(j;‘—j;‘ads) dr]
3 T—s \JO €
1 T (T—e)Nt 1 2 1 T
< —E[ / ( / —(j:—jA:‘_gds—j,*) dr}+ —E[ / (J}*)Zdt}
3 0 0 13 3 T—¢
<7 EUTU*—J'* V‘”]+8E[<j*>2]+,/fE[<j*)2]—>0 for & — 0.
_\/g 0 t t—e T 3 T

It remains to consider the fourth term in (4.1). To this end, let

t
/ VEVds -V,
0

MPY = { sup
1€[0,T]

).

Then using (2.13) in the last step,

T r 2
E[/ (/ Vf*“ds—vt) dti|
0 0
T r 2 T
< IE[/ nMﬂ_v(/ vf’”ds—v,> dt:|+ E[nmw,u/ (V,)zdti|
0 0 0
T r 2
+ E[ﬂmMﬁ,v / ( / Vf’”ds) dt]
0 0

<3pJT T]E[]l . VZ]
<38 +\/ QMP ,Sﬁ&’}]' ¢l

t 2
5B,V
TE|1 v ma Vi d
+\/ [ e zew”ﬁ(/o ' ) ]

< 3ﬂﬁ+2\/TE[JlQ\Mﬁ,U max |Vt|2].
tel0,7T]

By (2.12), the single random variable max;c[o,7] [V;|? is in L' and hence uni-

formly integrable. So we can first choose B > 0 small enough, then, according to
Lemma 2.11, choose v > 0 small enough such that P[Q2\ M#"] is sufficiently small,
and finally choose ¢ > 0 small enough in order to obtain the desired result. (]

4.3 Proof of Lemma 2.13

We start with a technical lemma.
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Lemma4.2 Let (M, A, i) be a measure space and u, v € L2(M). Then

/ |u2—v2|dy,§/(u—v)2du+2\// (u—v)zduf vZdu.
M M M M

Proof Due to the Holder and triangle inequalities,

/ |u2—v2|duz\/f (u—v)zdu\// (u+v)2du
M M M
5\// (u—v)zd,tL(\// (u—v)zdu—i—\// (2v)2du>. 0
M M M

The following technical lemma provides useful estimates for the impact process.

Lemma4.3 Let X € ﬁ%,(Q x [0, T1; R). Then the transient price impact process ¥ X
given by (2.1) satisfies YX € E%,(Q x [0, T]; R) and

T
VEI)?T <y <X0 + VEI(X7)] + ﬁeXp(Tﬁ)\/TE[/O (Xy)? dS]), 4.3)

T T
/E[f (Y X)? dti| < yXoVT +y(1 + Thexp(TP)) /E[/ (X;)2 dz]. 4.4)
0 0

If Xo = 0, then we additionally have for all s, t € [0, T] with s < t that

t s
IE[ / (YJ‘)MM} SyﬁeXp(Tﬁ)\/(t—S)TE[ | (XM)Zdu}
s 0

t
+y(1+oexp(To)V (1t —)T) E[/ (Xu)zdu] 4.5)

Proof Inequality (4.3) follows from the explicit formula

t t s
YtX =yX; —yexp ( — / Pu du) <X0 + / ps X5 exp (/ Pu du) ds> 4.6)
0 0 0
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and the triangle inequality. Moreover,

T
IE|: / (YtX)zdt}
0

T

vy E|:/ (X[)Zdt]
0
T t t s 2
+y ]E|:/ exp<—2/ ,oudu><Xo+/ stSexp(/ ,oudu)ds) dt:|.
0 0 0 0

4.7

Substituting the inequality

\/E[/OTexp(—Z/Ot,oudu)(Xo+/ot ,OSXxexp</0S,oudu> ds)zdti|

T 2
< VEIT (Xo)?] + ECXP(TE)\/ TE[( / X, | ds) ]
0

T
< XovVT + Toexp(TP) ]E[/ (X,)? ds:|
0
into (4.7) yields (4.4). To prove (4.5), let Xo = 0. Then due to (4.6),

u
YX —yX,l < yﬁexp(m/ |X,| dr
0

forall u € [0, T'] and so

t t
E[/ (rX — yXu)Zdu:| <t —9)Ty*p? exp(ZTﬁ)E[/ (Xu)zdu:|.
K 0

Using the subadditivity of the square root, we now obtain (4.5) from

E[/I(Yu)‘)zdu}
t t
< \/]E[/ X - yxuﬂdu} +\/EU (yxuﬂdu]

< VﬁeXp(Tﬁ)/ (t - s)TE[ / (X du]
0

t / t
+yﬁexp(Tﬁ)\/(z‘ —s)TE[/ (Xu)zdu] +vy IE|:/ (Xu)zdu:|. 0
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We are now ready to prove our approximation result for the cost functional.
Proof of Lemma 2.13 For6 = (jT,j~,V) e A and & € A,

17%0) — J°(0, 0, V¥)|

<

_ 1 T

E[Z(j;—jo )2+/ —v? +v?adx? —/ Y: de+Z[V]T”

2 0112 o 2
X r 62 £\2

+5E /0 1(x9)? — (x5H2dr |.

Due to Lemma 4.2, the last term can be estimated as

T
EU |<X?)2—<Xf>2|dr}
0

T T T
< E[/ (x? —Xf)zdr} +2\/IE|:/ (x? —Xf)zdt}IE[/ (Xf’)2dt].
0 0 0

Moreover, using first Lemma 3.10 and then Lemmas 4.3 and 4.2, we obtain

_ 1 !
‘E[%(jg —j)? +/ SO +¥))dx] — f Y; dX; + %[V]T}
(0,7] 0

— gl Y+~ i) 1Y92 Yot _im2_ Yoy Lt Y24
= 5(]0—]0)4‘5( 7) _E(]O —]0)—5[ ]T‘i‘;o o (Yy)"dr

Lvéy 1fT 52 de + L vy
T Ty P 2T

A

1 ? r
< gEn(Y;i)z —HM+ ;E[ /0 (Y92 — (Yf)%dt}

IA

T
<%Tyﬁze”p +oy(1+ TﬁeTp)2>]E[/ (x? — x5)? dt]
0
- T N T
+VType'” E[/ (x? — x5)2 dt:| (xo + pel? TE[/ (X9)2 dt])
0 0

T
+25(1 + Tﬁem\/ el [, ot xira]
0

T
X (yxoﬁ—l—y(l + TﬁeTﬁ)le[/ (X,e)2dt]>. 0
0
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4.4 Proof of Lemma 2.14

We assume the contrary, i.e., that there exists a constant ¢ > 0 such that for all H > 0,
there exists some 1 € (0, H) with

U T
—E[ / (gﬁ""’)zdr} > c. (4.8)
2 LJo

The optimality of §'7*°° and (2.15) imply that for all n, v, 8, & > 0,
0> JPREN®) — ]n,oo(gé,ﬂ,v,e)

n [ (72
=§E[ / (s,”""’)zdr} [ f (é””)zdr]
0

). 4.9)

We now prove that (4.8) contradicts (4.9). By Theorem 2.13 and since |}A(?| < xp, We
obtain (for convenience, let p(x) := x + 4/x)

17°00,0, VE"™) — 1°@)| < D(T (x0)?) (U - Xo)zdtD

and

|J°<é)—10(o,o,v§é"3‘”>|<D(T(xo> (U ) - MM)Q‘”D

Plugging the results into (4.9) yields that for all > O that satisfy (4.8), we have

0>c— —JE[/ (éeﬁ”)zdt}
D(T (x0)%) < / AP = X2 ar])
—i—p(E[/o (x0 — x0pvey dt])). (4.10)

Due to Lemma 2.12, we can first choose 8, v, ¢ > 0 sufficiently small to get

o [ 74]) -5

Since |)A( ;7 ’°°| < xo (cf. Theorem 2.2) and in view of Theorem 2.7, we can then choose
n > 0 sufficiently small and satisfying (4.8) such that the right-hand side of (4.10) is
larger than zero, which is a contradiction. This finishes the proof of Lemma 2.14.

l\JIQ
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Appendix A: Regularity properties of I1t6 processes and BSDEs

In this appendix, we introduce some regularity properties of stochastic processes,
which we use to prove various convergence results for stochastic processes.

We consider a continuous, adapted, R¥-valued stochastic process Y = (Y;)ter On
some interval I (i.e., a convex subset of R) and introduce the following continuity
conditions.

Condition A.1 For all ¢ € (0, 00), there exists § € (0, o) such that for all s € I,
Fs-measurable and integrable V : 2 — R and stopping times t: Q2 — [s,s+38] N I,

IE[V(Y: — Yp)II < eE[|V]].
Condition A.2 For all ¢ € (0, 00), there exists § € (0, oo) such that forall s € I,

E[ sup Y, — Y|
tels,s+81N1

fx] <e.

Definition A.3 A family of stochastic processes is said to uniformly satisfy Condi-
tion A.1 or A.2 on [ if all processes satisfy the respective property and § can be
chosen uniformly for all processes.

In what follows, we list some auxiliary results.

Lemma A.4 An RY-valued stochastic process Y = rl ..., Yrd))tel satisfies Con-
dition A.1 (resp. Condition A.2) if and only if all components Y' satisfy Condition A.1
(resp. Condition A.2).

Lemma A.5 Condition A.2 implies Condition A.1.

Proof Due to Lemma A.4, it is enough to consider a real-valued Y. To show the
assertion, we then calculate

[ELV (Y, = Y)ll = [E[VELY: - | R1]| < E[IVIE[IY: - Y,I|%]] < EOVle.
g

Remark A.6 If we want to bound a term of the form |E[1y(Y; — Y,)]| for some
N € M e F; with N ¢ F;, then Condition A.1 is not enough; in this case, we
need the stronger Condition A.2.

LemmaA.7 Let X = (X;)iey and Y = (Y;):e1 be continuous, adapted, real-valued
processes which satisfy Condition A.1 (resp. Condition A.2). Then X + Y satisfies
Condition A.1 (resp. Condition A.2).

Theorem A.8 Let X = (X;)ie; and Y = (Yy),e1 be continuous, adapted, essentially
bounded, real-valued processes. Then:

— If X satisfies Condition A.2 and Y satisfies Condition A.1, then XY satisfies
Condition A.1.

—If X and Y both satisfy Condition A.2, then XY also satisfies Condition A.2.
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798 U. Horst, E. Kivman

Proof The second part of the statement can be proved directly via
|X:Y: — X Y| < | Xol|Yy — Y| + ¥l 1 Xy — Xl
The first part of the statement follows from

[E[V(X:Y: — XYl < [E[VYe (X: — X1 + [E[VX;(Ye — Y5l 0

Next, we prove some properties of the concave envelope of the modulus of con-
tinuity of a uniformly continuous function. We use these results to show that a
uniformly continuous function of an Itd process with bounded coefficients satisfies
Condition A.2.

LemmaA.9 Let (X, || - ||x) be a normed space with a nonempty and convex subset D,
let (Y, dy) be a metric space, let f: D — Y and for every t € [0, 00), let

wp(r) = sup dy (f(xD), f(x2)),
x1,X2€D, | x1—x2l| x <t
wr(t) :=1inf{yr (1) : ¥ : [0, 00) — [0, 00) is concave and y > wr}.

Then wy: [0, 00) — [0, oo] is nondecreasing and satisfies @ ¢(0) = 0, and for all
s, t €0, 00) withs > 0, we have

wr(t) < %(Z)f(s). (A.1)

If @y is finite-valued, then w s takes values in [0, 00), is concave, nondecreasing and
forall x1,x2 € D,

dy (f (x1), f(x2)) < ws(llx1 — x2llx). (A.2)

If f is uniformly continuous, then &y is finite-valued, &y and wy are continuous in
0and wy(0) =0.

Proof By definition, &y is nondecreasing and satisfies @7 (0) = 0. To prove (A.1),
let s, t € [0,00) with s > 0 and x1, xp € D with ||x] — x2||x < t.Let N := [t/s]
and

k. k N —k

:—x—|—
Nl

X X2 fork=0,...,N.

Then x¥ € D because D is convex and [|x* — xk*1||x = %Hxl — x2]lx < s. Hence

N—-1

dy (f(x1), f(x2)) < D dy (F&5), FFHD)

=0

=~

< Nm}gxcbf(llxk — Xy < @ +s)a)f—(s).
S
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Having established (A.1), we know that if @ is finite-valued, then it is bounded
above by an affine (hence concave) function. In particular, the concave envelope is
well defined and satisfies (A.2). Concavity and monotonicity of w s are clear. Finally,
uniform continuity of f implies that @ is finite-valued and continuous in 0. In order
to see wr(0) = 0 and continuity of wy in 0, let & > O be arbitrary and let § > 0
be such that @ (8) < &/2. Due to (A.1), @ and hence w is bounded above by the
affine and hence concave function ¢ +— ((t + 8)/8)(e/2). In particular, for all r < §,
we obtain wy(t) < &. O

Lemma A.10 Let X = (X¢):es be a continuous, adapted, R4 -valued process which
satisfies Condition A.2 and let f: [0, T] x RY — R be uniformly continuous. Then
(f(t, X1))ie[o,1] also satisfies Condition A.2.

Proof There exists a function w s with the properties listed by Lemma A.9 (with the
max-norm | - |o, on [0, T] x R9). Now let § > 0 be arbitrary. Using (A.2) and the
concavity and monotonicity of  , we obtain that

B[ max X0 = £ X0l F]

s<t<T A(s+6)

SE[ max wf(|t—s|V|X;—Xs|oo)‘]:s]
s<t<T A(s+8)

< E[wf (3 v omax  |X, — Xsloo) ’J—']
s<t<TA(s+$)

<o (0+E[ _max X - Xlx|R]).
s<t<T A(s+9)

Since wy is continuous in 0 and X satisfies Condition A.2, we can choose § > 0
small enough such that this term is not greater than ¢. ]

LemmaA.11 Let (6))sejo.r) € L3 (R2x[0, T1; R™). Then (o 5 dWi)eqo. 1) satisfies
Condition A.2.

Proof Let o > 0 be a componentwise bound on &. By Jensen’s inequality,

t t 2
/ o, dW, .7-'5:| < \/IE|: max / o, dW, ’]—'S].
s s<t<TA(s+8) | Jg

In order to prove that the conditional expectation on the right-hand side is bounded,
we apply the classical Doob maximal inequality for the conditional measures with
respect to all sets A € F; with positive probability and obtain

]-'S].

t 2 T A(s+6)
E|: max / oy dW, ‘]:s:| <2 IE|: / o, dW,
S<t<TA(s+8) | Jg K
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Then by combining these inequalities and using the Itd isometry for conditional

expectations, we finally obtain
T A(s+96)
fs] <2 mE|:f mo? du
S

t
f 5, dW,
N

Remark A.12 Obviously, we have the same result for the drift part of an Itd process,
ie,if 1 € E;‘r’og(Q x [0, T]; R™), then (fot iy du)sefo, 71 satisfies Condition A.2.
However, we cannot expect the weaker Condition A.1 under weaker integrability
assumptions, as the following example shows. Take T = 2, i, = L1,21(w)|W1l,
g:=1,6 € (0,1) arbitrary and s := 1, 7 := 1+ 6, V := L{5;w;|>1}- Then

E max
s<t<T A(s+3§)

fs] < 2ma /3.
a

1+5 ~
[ELV [y fo dull _ ElL w08 Walll

= 1.
E[IVI] E[1(sw,>1)]

Finally, we prove that the strong Condition A.2 holds for a certain class of BSDEs
driven by forward SDEs. Specifically, we prove that the solution to the BSDE can
be expressed as a uniformly continuous function of the forward process and then
we apply Lemma A.10. The representation of the solution in terms of a continuous
function has already been proved by El Karoui [12].

For all (¢, x) € [0, T] x R", we consider on [¢, T'] the SDE

dXDr = fcs, X0 ds + 6 (s, X0¥) dwy, XbY =x,

where 1,6 : [0, T] x R" — R" x R"™™ are measurable and bounded and satisfy the
Lipschitz condition

|(ll’ 6)([, .Xl) - (llv &)(tvx2)| = L|xl - )C2|.

By the previous results, we obtain that X’+* satisfies Condition A.2. Standard compu-
tations show that there exists a constant C € (0, co) such that for all ¢t € [0, T] and
x1,x2 € R,

IE[ sup X1 — X§*x2|2] < Clx1 —x. (A3)
s€elt,T]

Theorem A.13 Let W: R" — R be bounded, ¥ : [0, T] x R" x R — R continuous
and bounded and let both functions satisfy the Lipschitz condition

W (x1) — W(x2)| + ¥, x1, y1) — ¥ (@, x2, y2)| < L(|x1 — x2| + [y1 — y20).

For (t,x) € [0, T] x R, let (Y""*, Z""*) € E%(Q x [0, T]; R x R™) be the unique
solution to the BSDE on [t, T] given by

—dY! =y (s, X5, YY) ds — Z5E AW, Yt = w(xyh)
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driven by the forward process X" (Y"* exists due to [12, Theorem 2.1]). Then there
exists a uniformly continuous function h: [0, T] x R" — R, which does not depend
on (t, x), such that

P[h(s, X;*) = Y™ foralls € 1, T]] = 1. (A4)
In particular, the process Y'* satisfies Condition A.2 on [t, T].

Proof By [12, Theorem 3.4] and the remark following it, there exists a decoupling
field 2: [0, T] x R" — R that is 1/2-Ho6lder continuous in ¢ and locally Lipschitz-
continuous in x such that (A.4) holds. It therefore remains to prove the uniform
continuity of 4. Since

T
h(t,x) = E[\p(x;x) + / ¥ (u, X055, h(u, X50)) du],
1t

we see that 4 is bounded, say || < h. Then

wp(s,8) == sup |h(s, x1) — h(s, x2)]|

|x1—x2|<é
is finite-valued, and Lemma A.9 therefore allows us to define its concave envelope
w/’l(ss ) [07 OO) - [0’ OO)
Using the Lipschitz-continuity of v, we obtain for all x{, x, € R" and ¢ € [0, T]
that
|h(z, x1) — h(z, x2)|

< LE[IX7" — X771
T
+ L/ (EL0XLY — X502 + El@n (u, | X — X5*2D]) du.
t

Using (A.3) along with Lemma A.9, if |x; — x3| < §, then
E[IX7" — X771 < €8
and
El@n (u, |X;™ = X2 D] < on(u, E[1X;™ = X2 (1) < on(u, C8)
for some constant C € (0, co) that depends only on ft, 6 and L. In view of (A.1),
wp(u, C8) < (C + Dy (u, d).

This shows that

T
a1, 8) < LCS—{—L/ (C8 + (C + Dy (u, 8)) du
t

T
=LCS(1+T —1)+ L(C + 1)/ an(u, 8) du.
t
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Hence Gronwall’s inequality implies that # is uniformly Lipschitz-continuous in the
second variable. Since / is uniformly 1/2-Ho6lder-continuous in the first variable, this
proves the assertion. ]

Appendix B: Convergence results for SDEs and random ODEs

In this appendix, we establish three convergence results for stochastic integral equa-
tions that are useful to establish the convergence of our coefficient and state pro-
cesses. In Sect. B.1, we consider sequences of SDEs parametrised by n — 0 with
“positive feedback”™, i.e., sequences of equations that are driven away from their lim-
its. In Sect. B.2, we consider sequences of random ODE systems parametrised by
n — 0 with “negative feedback”, which are driven towards their limit.

For equations with positive feedback, we require a priori information about the
terminal value and the increments of the coefficient processes to be bounded indepen-
dently of their past (see Conditions A.1 and A.2). These bounds prevent the stochastic
process from reaching its terminal value if a large difference between the limit and the
pre-limit occurs at some time s € (0, 7). This will imply a.s. uniform convergence.
An almost sure statement under negative feedback cannot be expected. Instead, we
follow a pathwise approach and establish uniform convergence in probability.

B.1 SDEs with positive feedback
B.1.1 An equation without scaling

We first consider a family of real-valued, adapted, continuous stochastic processes
b = (bt” )ie(o,7) that satisfy the integral equation

b = (a(t,b]) +q/)dt +Z]dW,  on (0, 7), (B.1)

where a: Q2 x (0,T) x R — R is adapted and continuous and (qln),e(oj) is an
adapted, real-valued, continuous stochastic process and

(Z)ieo.1) € £12>r0g(9 x (0, T—]; R™).

Our goal is to prove that the processes (b;);e(0.7) With terminal conditions b7 = 0
converge to 0 as n — 0 uniformly on (0, T') if the process ¢ does and if the map-
ping a is such that "7 is driven away from 0. Intuitively, the last condition makes it
impossible for b" to return to 0 at the terminal time once it has left a neighbourhood
of 0. Specifically, we assume that the following assumption is satisfied.

Assumption B.1 i) There exists a real constant @ > 0 such that

sup supla(t,b))| <a.
t€(0,7) n>0

ii) For all & > 0, there exists a § > 0 such that for all n > 0,

]P’[ sup |b]] < 8] = 1.
1e[T—6,T)
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iii) There exists a function n;: (0,00) — (0, c0) such that for all ¢ > 0 and
n < n(e),

IP’[ sup |q,’7|§e]=1.
te(0,T—¢]

iv) There exists an &1 > 0 such that

inf inf  ba(t,b) > 0.
t€(0,T) be[—¢1,61]

Lemma B.2 Under Assumption B.1, there exists a function ng: (0, 00) — (0, 00),
which depends only on 11 and the mapping € — & introduced in Assumption B.1 ii),
such that for all ¢ > 0 and all n € (0, no(e)],

]P’[ sup ‘bg’] < 8] =1.
s€(0,T)

Proof Let ¢ € (0, 1]. In the first step, we show that there exists an 19(¢) > 0 such
that

o®":=inf{t € (0, T) : P[b] < —e] =O0foralls € [z, T)}

satisfies 0% = 0 for all n € (0, no(e)]. Since " is continuous, this will imply that
for all n € (0, no(e)],

P[ inf 51> —c]=1.
s€(0,T)

The other part of the statement can be proved analogously.

We now assume to the contrary that 0 < 0% and prove that this leads to a con-
tradiction if n is small enough. For all s € (0, T') and n € (0, 00), we can define the
stopping time

=158 = inf{u € [s, T) : b)) = —¢&/2}.

By Assumption B.1 ii), there exists a small enough § > 0 such that for all s € (0, T")
and n € (0, c0),

P} < —&,v° > T —§] =0. (B.2)
Since ¥ is a stopping time, the square-integrability of Z", the optional sampling
theorem and Assumption B.1 i), iv), (B.1) and (B.2) yield that for all s € (0, c®7)
and n € (0, 00),

&
EP[bE’ < —€] < E[Jl{bg<_8}(bgs - bg)]

s Ac SN
= E[ﬂ{b?<s}</ a(t,b])dt
N

s s

T T
+/ a(t,b:’)dt+/ qtndt):|.
F AV N AR K
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Inside the second integral, if 07 < t°, we have b, € [—&, —&/2]. Hence

&
SPIY < —e] <P < —el(@" —9a+T sw lg/l). (B3
te[0,T 6]

The assumption 0 < o®" implies that for any « > 0, we can find
0¥l —a<s <o

with P[b{ < —¢e] > 0. However, due to Assumption B.1 ii) and iii), we can choose
o <¢/a),s <¢e/(5T) and np(e) < n1(8) such that (B.3) leads to a contradiction
because P[b, < —&] > 0. This implies 0 = . O

B.1.2 An equation with scaling

In this section, we establish an abstract convergence result for stochastic processes
(P,"),E(O’T) indexed by some parameter n > 0 that satisfy the integral equation

d@W PN, =~ (a(P, PY) + ¢ dt +dL] +Z]dW,  on(0,T), (B.4)

where a : R? — R is a measurable mapping, (V¥1):e(0,7)» (P,n),e(oj), (Pto)te@j),
(qt” )ie(o,7) and (L:’),E(oj) are adapted, real-valued, continuous stochastic processes
and

(Z)1e.1) € Lhrog(2 x (0, T—1; R™).

Our goal is to prove that the processes P” converge to P? as n — 0 uniformly
on compact subintervals of (0, T) if the mapping a is such that P"7 is driven away
from PY and if the boundary condition lim,_,T(Pt" — Pto) > 0 holds. If the integral
equation (B.4) holds on the whole interval (0, T'], then it is enough to assume that
P; > P;) . When applying the abstract convergence result to the BSDEs (3.2) and
(3.3), the former condition holds if N = oo, while the latter holds if N is finite.

Assumption B.3 i) There exist positive constants ¥, v, P such that ¢ < ¢ < v,

|PY| < P and P" > —P. Moreover, there exists a function 71 : (0, 00) — (0, c0)
such that

P ax0,7—¢] < P forall ¢ > O and n < n1(e).

ii) One of the following two “boundary conditions” holds:
a) For all n > 0, there exists a T;, < T such that

IP[ inf (P! — P > o] —1.
Ty<t<T

b) The integral equation (B.4) holds on the whole interval (0, T'] and Pﬂ > P(T) .
Thus in particular, the processes vy, P", PO, q" and L" are continuous on (0, T'] and

Z" € L3,,,(Q x (0, T]; R™).

@ Springer



Optimal trade execution under small market impact 805

iii) There exists a function 73 : (0, c0) — (0, co0) such that for all ¢ > 0 and all
n € (0, n2(8)],

IE”[ inf g/ > —e, sup g/ < 8] =1.
1€(0,T—¢] d l‘€(0,pT) !

iv) The function a: R* — R is nondecreasing and differentiable in the first

variable and a(P,O (w), P,O (w)) = 0. Moreover, there exist €, 8 > 0 such that

i 0 _ p0 -
3 a(x, P, (a))) >8 for all |[x — P/ (w)| < &.
X

v) The processes v and PP satisfy Condition A.2, and the processes L" (n > 0)
satisfy Condition A.1 uniformly in > 0.

Lemma B.4 Under Assumption B.3, there exists a mapping no: (0, 00) — (0, 00)
that depends only on r, P, N1, N2, POz, B and the mapping ¢ +— § corresponding
to the uniform satisfaction of Condition A.1 by (L")y~¢ such that for all ¢ > 0 and
n € (0, no(e)],

]P’[ sup (P! — P%) <&, inf (P—PY) > —e] = 1.
s€(0,T—¢] s€(0,T)

Proof Let p" := P"— PO and fix ¢ € (0, €]. We first show that there exists 7g(¢) > 0
such that

sup sup P[p! >e]=0. (B.5)
n=no(e) s€(0,T—¢]

Since p" is continuous, this proves that, for all n < ng(¢),

IP[ sup p/ 58] = 1.
s€(0,T—¢]

To show (B.5), we fix § < e¢/2and s € (0,T — ¢]. For all > 0, we define the
stopping time

thi=¢+)Ainfluels, T):|pll=¢/2} <T — g

The L>-integrability of Z'on[s, T —¢ /2] and the optional sampling theorem give

n
0=5[u, (Vo [ er B+ )Ll —
N

+Wspso_1ﬂr'7PtOn +1/fspg_‘ﬁr’7pgn>:|- (B.6)

We now analyse the various terms in (B.6) separately to deduce that P[p;! > ¢] = 0
if

1 < mo(e) = min (1(¢/2). n2(min(8, Be/4) ).
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We first consider the term

-
E[]l{p.?>s}v n! / (a(P), PO + q,) du:|.
N

On {p! > ¢}, we have p,] > /2 forall u € [s, "] and hence

&
a(P?, P%) = a(P? + p", P%) > a(P? + ¢/2, P*) > % (B.7)

Together with our assumption on the process ¢” and our choice of 7, this implies by
using (B.7) and ¢,/ > —Be/4 that

"
E[ﬂ{ps’?»}v 77’1/ (a(P, Py +412’)d”}
N
Be
z ]E|:]1{Pg>s}\/ UGl S)Z]

> 8,/77_1%]1”[[);7 >¢eandt”? =5 4+ §].

By Assumption B.3 v), Lemma A.5 and Theorem A.8, we can choose for any gy > 0
some § > 0, which does not depend on 7, such that

[E[1 . (Yer — YOIl < eP[p] > ] forY =y P’ L7  (B.S)
and
E[lren — ¥s1| Fs] < eo-

Using (B.8), the fact that P"|gy0,7—¢) < P by Assumption B.3 i) and p), < 2P
yields

E[:H-{Pg>s}(wsp;7 - WIWPZTI)] = El:]l{p.?xsandr’l<s+5}(wsg/2 + s — Wﬂ)&‘/Z)]
+ Bl 0 and erms 1) (Y€ = Yo p10)]
> %ﬂ[?[pg >eandt” < s+ 8] — %P[l)g > ¢]

+ (e — 2y P)P[p] > cand 7" = 5 + §].

Altogether this yields
0>P[p! > eandt” = s + 8](8 r}o(s)”% — g0 — % +ey— 2@?)
£ )
+IF’[p;7>8andt’7<s+5]<—2£0+§£—7>. (B.9)

Now if we choose first &g and then 7o (¢) small enough, the coefficients that multiply
the probabilities in (B.9) become positive. Hence both probabilities must be equal to
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zero, and so we have P[ pg > ¢] = 0if n < no(e). Analogously, we can prove that
P[p! < —e] =0forall s € (0, T). The main difference is that 77 < T — § does not
hold on the set {p] < —¢}. Instead, we only obtain 7 < T (if Assumption B.3 ii) b)
holds) or "7 < T, (if Assumption B.3 ii) a) holds). O

B.2 ODE systems with negative feedback

In this section, we establish a convergence result for ODEs with random coeffi-
cients and a “nearly singular” driver. Specifically, we consider pairs of continuously
differentiable stochastic processes (X", Z) which satisfy the ODE system

X! =-AlX!+B'Z]),  X]=xo.
7! = C,X] + D,z Z) =129

on some time interval [0, S] for all n > 0, where A", B", C and D are continuous,
adapted, real-valued stochastic processes. We assume that the process A” converges
in probability to infinity as 7 — 0, that the process B" converges to a process B in
probability and that the processes (X7, Z") are uniformly bounded in probability.

Assumption B.5 There exists a continuous adapted process B° such that for all
g, 8 € (0, 00), there exists some 1o = no(e, §) > 0 such that for all n € (0, no],

1
IP’[ inf Al > —, sup |B;7—B,0|58] >1-—34. (B.10)
te[0,S] € t€l0,8]

Moreover, for all § € (0, 1), there exists an L > 0 such that for all n > 0,

IP’[ sup (IX"|+12") < L] >1—3. (B.11)
t€l0,S]

In terms of the process BO, we define

x%:=-BZY,
t
79 = zpexp (/ (—=CsB? + Dy) ds).
0

Our goal is to prove that (X7, Z") — (X9, %) in a suitable sense as n — 0. Since
the initial condition of the processes X7 does not vary with 5 and since Ag 1 0o, we

cannot expect convergence in r = (. Instead, we first prove that X_Z converges to 0 on
any compact subinterval of (0, S], with lower, respectively upper convergence near
the origin. More precisely, we have the following result.

LemmaB.6 If Assumption B.5 holds and if xo + Bgz() > 0, then for all ¢, § € (0, 00),
there exists n1 = n1(¢e, 8) > 0 such that for all n € (0, n1],

X7 X!
IP’[ sup — <&, inf —;z—g} >1-34.
rel0,5] Ay rele,S1 A}
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If xo + BgZo < 0, then the intervals [0, S] and (e, S] in the above statement are to
be swapped. The mapping 1, depends only on B°, C, D, xo, zo and the mappings
(&,8) = no(e, 8) and § — L introduced in Assumption B.5.

Proof Let yg := xo + Bg z0. We assume without loss of generality that yy > 0. Then
there exists «g > 0 such that

yo —a|zo| >0 foralla < «y.

Let us now put

M= sup (BI+1C+1D,0+ 1x]1+12]) = L},
1€l0,S]

1
M = { inf A" > —, sup |B] — B?| < a},
tel0,S] o 1ef0,S5]

MP :={ sup |B§—B?|5ﬁ].

s,1€[0,8],|s—t|<v

Due to Assumption B.5 and Lemma 3.9, for all § > 0, 8 > 0 and o < «, there exist
constants Lo (8), no(e, 8) and vp(B, &) such that

8 ) 8
in{ infP[ME"] > 1 — o inf P(M*"] > 1— o inf PIMPY] > 1— c

L>Ly 1 n=no V=10

Moreover, for all « < o9 and P-a.a. o € M*7,
o1 n ] 0 1
Xi(@) = —Aj(w) (o — 1By (@) — By(w)llzol) < —=(yo — alzo) < 0. (B.12)
o

We are now ready to prove that for all ¢, § > 0, there exists 1 > 0 such that for
alln <1,

X/ 8
P| sup — <€ = 1——. (B.13)
1€l0,5) A{ 2

To this end, we take an @ € ML N M*" N MP-¥ where (B.12) holds and assume
X/ (@)

that there exists some ¢t € [0, S] such that A (@)
1

> ¢. It is enough to show that such

a t cannot exist for L large and «, 8, v, n small enough. Since ﬁ:gz)’; is continuous

XJ(w)
Al()

X/ (@ _
@) = e. Let

and

< 0if o < o, we can choose a minimal 7 € [0, S] with the property that

Xi(o)

s = sup{u € (0,1): A”—(a)) = 8/2}.
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X _ ¢ Xi@ _ ¢ i o
Then @) = 2 and YS! > 5 for all u € (s, t]. We now distinguish two cases. If

t —s > v, then the fact that w € M%7 N M*" yields

ve
Al(w)du > —. (B.14)

t yl
2L > X' () — X" () = / Xu(w) > =

s Ap(w)
If t —s < v, we have

¢ X X

2 Al Al
= —X/(®) — B/ (®)Z](0) + X! (®) + Bl () Z! ().

Using that @ € M%7 yields —X! () + X! (@) = — [ ﬁzgz)’; Al(w)du < 0. Using
that € ML7 N MP-V yields

t
g < —B/(») / Z!(w) du — Z!(0)(B] (®) — B} (»))

< 2L%v(|BY ()| + |B] (@) — BY(w)))
+ L(1B] (@) — BY ()| + |BY (@) — BY(@)| + |BY (@) — B! (w)))
<2L%v(L +a) + LQ2a + B). (B.15)

Now we first choose L > Lo(8), then 8 > 0 such that 3L < %, then v < vo(B, §)

such that 2L2v(L + ap) < - then @ < g such that 5~ > 2L and o« < B, and finally
n1(e, 8) < no(a, 8). Then both (B.14) and (B.15) are violated. As a result,

X7
MET A M MPY C { sup —f7 < 8},
1€l0,51 Ay

and hence (B.13) holds.
It remains to prove that for suitably chosen parameters,

X7
METAMETAMPY €8 inf SLo> —et
rele.S] A,

To this end, we fix @ € ML N M%" N MPV and assume that there exists a minimal
v
t € [e, S] such that ﬁt”g; < —e. Using that w € MET N Mt s straightfor-
t
ward to show that for all sufficiently small «, there exists an r € [0, €] such that
X ()
Al (@)

> —eg/2. Hence we can define

vall
Xy (w) . —8/2}.

s::sup{ue[O,t):An—(w)_
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Xi(@)
Then 0 < s < t and YVITS)

arguments as in the first step to conclude that

€ [—e, —¢/2] for all u € [s, t]. We can now use the same

X! 8
IP[ inf — > —e] >1——. (B.16)
tele,S] A, 2
Combining (B.13) and (B.16) yields the desired result. ]

Lemma B.7 Let Assumption B.5 be satisfied and let xo + Bgz() # 0. Then for all
g,8 € (0, 00), there exists ny = n2(¢e, 8) > 0 such that for all n € (0, n>],

IP’[ sup |z — 29| 58] >1-56.
tel0,S]

The mapping 1> depends only on B°, C, D, xo, zo and the mappings (g, §) — no(g, 8)
and § — L introduced in Assumption B.5.

Proof Since

t
7] — 7% =exp (/ (D, — B;]cu)du)
0

' [ _ B 0 _ pn 0_ X_?
x | exp (Dy — BIC,) du ) (BY — BIC, 20 — €, =5 ) ds,
0 0 A

N

the assertion follows from Assumption B.5 and Lemma B.6. ]
The next theorem follows by Assumption B.5 and Lemmas B.6 and B.7.

Theorem B.8 If Assumption B.5 holds and xy + Bgz() > 0, then for all ¢, 6 € (0, 00),
there exists n3 = n3(e, 8) > 0 such that for all n € (0, n3],

IP[ sup max(|1Z0 — 2", X° — X") <&, inf (XO—X") > —g] >1-3s.
t€[0,S] tele, S]

If xo + Bgz() < 0, then the intervals [0, S| and (e, S] in the statement are to be
swapped. The mapping n3 depends only on B, C, D, xo, zo and the mappings
(&,8) = no(e, 8) and § — L introduced in Assumption B.5.
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