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ABSTRACT

In order to liquidate a large position in an asset, investors face a tradeoff between price
volatility and market impact. The classical approach to this problem is to model volatil-
ity via a Brownian motion, and separate price impact into its permanent and temporary
components. In this thesis, we consider two variations of the Chriss-Almgren model for
temporary price impact. The first model investigates the infinite-horizon optimal liquida-
tion problem in a market with float-dependent, nonlinear temporary price impact. The
value function of the investors basket and the optimal strategy are characterized in terms
of classical solutions of nonlinear parabolic partial differential equations. Depending on
the price impact parameters, liquidation may require finite or infinite time. The second
model considers time-varying market depth, in that intense trading increases temporary
price-impact, which otherwise reverts to a long-term level. We find the optimal execution
policy in a finite horizon for an investor with constant risk aversion, and derive the solution
using calculus of variation techniques. Although the model potentially allows for price ma-
nipulation strategies, these policies are never optimal. We study the non time-constrained
case as a limit to the finite-horizon case and explain the solution through a quasi-linear

PDE.
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Chapter 1

Introduction

1.1 Literature review

Financial institutions have a substantial investment position in different assets. Due to
external regulatory issues, from time to time these institutions may face to be required to
liquidate a substantial position in a short time. As an example, after a downgrade in an
asset’s credit rating a mutual fund is no longer able to hold that asset and has to liquidate
his entire position in that asset. The liquidation strategy of a large position has a significant
impact on its execution price. An optimal policy needs to trade off three conflicting goals.
First, when a large position is earmarked for liquidation, it is essentially considered as a
large source or risk that lacks sufficient reward, to be sold as quickly as possible. Second,
in a market with limited depth intense selling leads to more unfavorable prices, calling for
slow liquidation. Third, as the market absorbs the liquidating position, market depth can
decrease because of asymmetric information or predatory trading.

Prices are established in the exchange, through the interaction and balance between
supply and demand. On one side, there are market participants who are willing to buy at
certain prices and other participant(who could be the same as the buyers) that are willing
to sell at certain prices. These bid and offer orders (limit orders) are submitted to the
exchange and recorded continuously in time in the limit orderbook. In this environment,
the observed price in the market for a trader who wants to buy is the smallest ask quote in
the book and the greatest available bid quote for a trader who wants to sell. The consistent

rebalances in bid-ask orders following by the activity of the other market participants is



called wolatility of the price. This usually is treated as an exogenous factor'. In order to
make a transaction, each order needs to be price matched with order from the other side of
the orderbook. Hence, the execution of limit orders is uncertain and can’t be an option for
a trader with time constraint. The alternative for such traders are market orders. After
submitting a market order of size h any available limit order on the other side of the book
with the highest price will match, if the number of shares requested in the market order
be higher than the number of available share on the highest price, the second highest price
will be used to fill the rest of the order. Hence, after submission of a market order, the
execution price can be less than the observed price.

In facing such environment, the trader has to maximize the outcome of his trading
activity by picking the right time and size of market orders optimally. This difference
between observed price and execution price is called price impact. This acts endogenously
and explains how after investor’s market order the bid-ask orders region reshapes and
affects the future price.

In the past three decades the optimal execution with limited depth has developed in
several directions, starting from the seminal work of Kyle (1985) on a linear temporary im-
pact. Almgren and Chriss (1999, 2001), building on the intuition in Stoll (1989), distinguish
between temporary and permanent price impact and study the mean-variance optimal lig-
uidation with linear impact, in which the lower risk of early liquidation trades off the costs
of a higher selling rate. Huberman and Stanzl (2004) prove that, to exclude arbitrage prof-
its through price-manipulation, permanent impact must be linear. Gatheral (2010) finds
necessary conditions to exclude price manipulation in a large class of price-impact models.
Perold and Salomon Jr (1991) and the empirical work of Obizhaeva (2011) suggest that
the linearity of temporary price impact is unrealistic. Also Almgren (2003) studies optimal
liquidation for nonlinear, power-type impact. Schied and Schneborn (2009) formulate the
problem in the continuous time and find the optimal liquidation strategy for infinite horizon

under linear temporary impact with variable risk aversion, and Schéneborn (2011) extends

'In some models like Almgren (2003) the volatility increases as a function of trading intensity



the analysis to the nonlinear case and for several risky assets. Another way of addressing
the execution problem is through transient impact models. In this type of models, a trade
not only effects its own execution price but also its effect will be carried over into the
future trades. Bouchaud et al. (2004) used the trades and quote data from the Paris stock
market and measured this decay through the autocorrelation of trade signs. They argued
that market impact is temporary and that it decays as a power-law. In a more extensive
work, Gatheral (2010) addressed a larger variety of decay functions and found the required
conditions to address the issue of price manipulation. This idea got a great recognition in
the context of limit orderbook through the work of Obizhaeva and Wang (2013) where they
explained price impact as a results of the dynamic of the limit-order book. In this context,
Alfonsi et al. (2010) consider books with more flexible shapes, showing their connection
with nonlinear price impact. Predoiu et al. (2011) further generalize the shape of the order
book, including both discrete and continuous components. While these can accommodate
a rich dynamics of the limit-order book, the corresponding liquidation problems are rarely
tractable, in contrast to the price-impact models in reduced form, which are amenable to
stochastic control techniques, as in Schied and Schneborn (2009).

In this thesis, we investigate the interplay between risk and price impact in deriving
the optimal liquidation policy, under two new price impact models. In both models, we
use the Bachelier model, to describe the asset price in the absence of investor’s trading
activity. For market impact, we use the Almgren and Chriss (1999) framework and divide
the market impact into two parts of permanent and temporary impacts, where former
shows how the increase in the number of sold shares moves the price in a long run, and the
latter demonstrates the effect in the execution price through intense trading. The novelty
of our model in the reduced form literature is that the temporary price impact is dynamic.

In the first model, temporary price impact can be a function of past trades, as to account
for the limited ability of the market to fully absorb a trade, and possibly for the size of
the trader. We also allow for temporary impact to increase in the size of the residual

position, or float dependence, to reflect the potential worsening of liquidity in the late



stages of liquidation. A priori, this feature encourages a quicker and earlier liquidation to
preempt deterioration in liquidity, but it also implies slower trading rate at the late stages
of liquidation. A posteriori, we find the former effect to be modest and the second one
to be significant, which suggests that the responses of liquidation strategies to anticipated
and unanticipated changes in liquidity are similar. This analysis extends previous work
of Almgren and Chriss (1999) and Schied and Schneborn (2009) on linear impact, and
Almgren (2003) on nonlinear impact, in which market depth is held constant throughout
liquidation.

In the second model, the temporary impact evolves dynamically according to the past
trades. This change accounts for the fact that the market’s depth varies subject to the
intensity of submitted orders, where high intensity trading tends to reduce the market
depth while in the absent of trading, it recovers its equilibrium position throughout time.
We find the optimal execution policy and show that unlike some choices in the old models
involving resilience, our model doesn’t allow for transaction-triggered price manipulation
strategies, i.e policies involving intermediate buying from the same stock in a liquidation
problem could not be optimal.

The rest of this chapter is dedicated to introducing the relevant models to the work in
this thesis. In particular, the model of Almgren and Chriss (1999) which is fundamental to
the construction of our own models are presented in details. Moreover, the results of Schied
and Schneborn (2009) which we generalized in our first model is explained briefly. Finally,
for the purpose of comparison and giving an intuition to our second model, we finish this

chapter by presenting some results on transient impact model.

1.2 Almgren-Chriss Model

1.2.1 Discreet path approach

In the simplest form, the finite horizon problem can be addressed via discretization. We

divide the liquidation interval [0,7] to N subintervals of equal size 7 = %, then the



investor has to choose optimally a sequence of quantities {n;}, representing the number
of sold shares within each interval [t;_1,¢;] for i = 0,..., N — 1 where t; = i7 such that
sz\i 1 M; = To, where xq is the initial number shares he has to sell. Equivalently, we can
use the sequence {z;} to denote the number of shares he’s holding after the n-th period.
In each time step price evolves according to two factors of volatility and price impact.
In reflecting these two factors, first we use a Brownian motion? B, in order to reflect the
effect of other traders in the outcome price in the absent of the insider. Let Z1, Zs,...Zn
be normal I.I.D. with mean zero and standard deviation one. Let (Q, F, {F;}Y,, P) be the

filtered probability space on which Z; are defined

S;=S;_1+0oVTZ;

For price impact, we use the Almgren-Chriss model® and divide the price impact into
two parts. First, a temporary impact reflects the temporary imbalances in supply and
demand caused by the very last trading of the investor and moving it away from the
equilibrium. Second, a permanent impact which shows the change in the equilibrium
due to trading which will last for the life of liquidation. We denote these two functions
respectively by Per(.) and Temp(.). Let’s assume the initial price of the interested security

price is Sy. After each time step the observed security price evolves as follow
ng
S; = S;_1+ U\ﬁZi — TPer(—) (1.1)
T

and the execution price as

S;=8; — Temp(%) (1.2)
T

2one could argue to use other form like geometric Brownian motion see Bertsimas and Lo (1998)
3Although older versions of this model appeared earlier in Bertsimas and Lo (1998) and Madhavan
(2000),it commonly named after Almgren and Chriss



As a result, the revenue followed by the trading policy {n;} is

ZnZS = XSy + Z U\fZ — TPer ZnZTemp (1.3)

Liquidation process usually is required to be completed in a substantially short time,
for this reason one could ignore the effect of interest rate and omit discounting factor in
evaluating the policies. The investor could be only interested in maximizing the expected
value of trading revenue. In that case, the cost due to volatility of the price will be ignored
in calculation. However, each investor have certain behavior against uncertainty risk. In
order to measure the risk, we use a risk-aversion parameter A > 0, and address the optimal
execution policy for an investor who wants to maximize his mean-variance utility function

by minimizing his mean-variance utility cost
U(x)=E(z)+ AV (x) (1.4)

where the expected cost F(z) and the variance cost V(x) are given by

Z T:ElPer )+ Z anemp( ) (1.5)

i=1

Var(z Z rolz? (1.6)

As a first model, in addition to the permanent price impact we use a linear function for
the temporary impact function. Let the constant A be a linear representation of temporary
price impact. A single trade of size n induces the following impacts
n

n
Per(=) =
er(—) =1

n n



Hence, the expectation of impact cost becomes

where

~ 1

The expected utility function U(z), constructed through V(x) via equation (1.6) and E(z)
from above is strictly convex function of the control parameters x1,...,xny_1 as long as
A > 0. Hence, there exists a unique global minimum which could be obtained by setting

the partial derivatives

oU —9r AUQI‘Z‘ _ Xxi_l — 2331‘ + Ti+1
8xi T2

equal to zero. This is equivalent to have

1 -
ﬁ(l‘z;l — 2x; + l‘i+1) = /@21'1' (1.8)
where
9 Ac?
KR = 777—
A1 =33)

Note that equation (1.8) is a linear difference equation whose solution may be written as
a combination of the exponentials exp(+xt;), where x satisfies

%(cosh(m-) -1) = 72 (1.9)

In the two extreme cases, the optimal policy for minimizing only the expected cost is to

sell with constant rate % On the other far end, in order to only minimize the variance

the entire position has to be liquidated in the first step.



1.2.2 Price manipulation

As mentioned in the introduction, the goal in this thesis is to study the optimal execution
problem under new variations of permanent-temporary price impact models. We challenge
the validity of the current models for temporary price impact, however, we accept the
linearity assumption for the permanent price impact. The next definition and its following

theorem explain the validity of this assumption.

Definition 1 A roundtrip strategy is an order execution strategy X with Xg = Xp. A
price manipulation strategy is a strateqy that involve roundtrip strateqy X with strictly

positive expected revenues,

E[Rr(X)] >0

Theorem 1 The Almgren-Chriss model does not admit price manipulation for oll T > 0,

if the permanent impact is a linear function. i.e. Per(2) = v2 where «y is a constant.

Remark 1 The inverse is not correct. A nonlinear permanent impact function could be
enough for preventing price manipulation strategies, if the temporary price impact function

be more sensitive to trading intensity and makes the roundtrip policies unfavorable.

1.2.3 Continuous path approach

In order to step into a continuous model, one could simply look at the limiting behavior
of the discreet model. Taking the limit of N — oo and 7 — 0 yield to have A — X and
R — k. Therefore from the equation (1.9), the optimal path becomes

sinh(k(T — t))

2(t) = sinh(kT)

Now let’s discuss the Almgren-Chriss model in continuos time framework with a general
function for temporary price impact. For the control variable, instead of the number of
sold shares in each step, we use the intensity of selling i.e. & = —a/(¢) . In addition to the

end point behavior fOT & dt = g, we need to assume that the liquidation paths are almost



surely differentiable. Let (Q, F, (Ft)ter, P) be the filtered probability space on which the
Brownian motion B is defined. Similar to equations (1.1) and (1.2) the observed price and

the effective price become

S =So+o /0 B(s)ds — /0 o(€(5))ds (1.10)

$i = 8, — hig(®)) (L11)

Here, we used the functions g(.) and h(.) , respectively for continuous version of the discreet
permanent and temporary price impact functions Per(.) and Temp(.). Under this set up,

for the expected cost and the variance are given by
T
ele] = [ atale(v) + €m0

Var[z] = /OT o222 (t)dt

And therefore the minimization question for U(x) in (1.4) will be a standard problem in

calculus of variations

T
i /O Pla(t), o/ (£))dt

with

F(z,p) = zg(—p) — ph(—p) + Acz?

Then the optimal solution solve the Euler-Lagrange equation

d
Which for linear permanent impact function reduces to solving

B(&(t)) — BE(T)) = Ao*a? (1.12)
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where

B(p) = pQ(Z)(h(p)) (1.13)

As an example for power law price impact functions h(p) = Ap®

Y
—_
+

==
1l:
QIR
H‘ﬁ
*
N————
T
Q
@)
N
Q
A\
—_

where

As we mention from Huberman and Stanzl (2004) results in Theorem 1, the linearity
assumption for permanent price impact is essential. In fact, one could interpret the per-
manent impact as the memory of the market and therefore tying it to the number of sold
shares by linearity, makes this assumption natural. However, surprisingly we observe that
with linearity, the effect of permanent price impact vanishes completely in determining the
optimal strategy via equations (1.12) and (1.13). This unpleasant results is the intuition
behind the model, we propose in the next two chapters.

Before ending this section, it’s important to mention that now that we use integral
frequently in continuous framework, we always need to add integrability to our assumptions.

We use the term Admissibility for this matter.

1.3 Schied-Schoneborn model

The problem of finding optimal execution policy can be regarded either as static or dynamic
decision making problem. In the former one, the investor could decide & at the starting
time, and in the latter one, the investor decides & using all the available information a
time t, i.e. & € F;. In the previous examples, the optimal policies we found were all

deterministic, i.e. the new information doesn’t improve the optimal policy, unless the
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estimation of the parameters changes throughout the liquidation. This feature is mainly
due to the choice of mean-variance utility function. In order to fix this issue, one could
either consider an investor with non-constant risk aversion or look on other form of objective

measure from portfolio choice theory.?

Definition 2 Risk aversion function, measures the behavior of the investor against risk as

a function of his wealth. It is defined via

_ugrgr(R)

AlR) = ur(R)

For technical reasons later in the proofs, we are required to add the following boundedness

assumption on the risk aversion

0 < Apin < A(R) < Apax < 00

Notice the reason we denote the risk aversion by A, which is similar to mean-variance utility
function notation, is that in the case of constant risk aversion function the two concepts
are identical.

In this section, we use a utility function with arbitrary risk aversion function, and the

objective is to maximize the expected-utility of his final cash flow

max E[u(Rp(X))]

We will see that in this framework, an investor with non constant risk aversion function
choose a dynamic decision making behavior. For instance, an investor with high proportion
of risky asset could be more sensitive to change in the price. Hence, within this framework,
the unpredicted future movement of the price changes the behavior of investor; investor
might react actively or passively to the favorable or unfavorable movement of the risky

asset’s price.

4such as, terminal wealth, consumption utility, long run and value at risk measures
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With this disscusion, it’s clear that in the first step we need to distinguish between the
risky and riskless part of the portfolio. Let’s denote the number of riskless asset held by
investor at time ¢ via 7y and by X; number of risky asset he holds and wants to liquidate.

The nominal total portfolio value of the investor at time ¢
Rt =71+ XtPt

We'’ve already seen that in the case on linear price impact, the cost associated with the
permanent price impact is fixed and inevitable, hence after subtracting the cost associated

with permanent impact, we define the adjusted nominal value as follows
|
Ry =ry+ Xy by — §7Xt

Due to the Markov nature of the underlying model, we assume that the value function
max Elu(Rr(X))] can be represented by function v which takes X, R and the remaining
time 7 = T — t as inputs. This type of assumption, requires us to give a verification

argument to prove that such function is indeed the true value function.
V(X,R,7)

Following any admissible policy &(t) = —X (t) in a market with a temporary impact function

like f(&), the portfolio value evolves as follow
dR = o XdB; — £f(§)dt (1.14)
The value function v(X, R, 7) has the following dynamics

1
dv = vgdR + vxdX + v dr + §VRRd<R7 R)
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after substituting (1.14) in the last equation, the optimal policy can be obtained by solving
the following Hamilton-Jacobi-Bellman equation

1
v = 5UZXQVBR +vr(—f(e)e) + vxc (1.15)

with boundary condition

u(R) =0
—o0 x#0

The initial condition reflects the constraint for finishing the liquidation by terminal
time, i.e. fOT &(t)dt = zp by penalizing the liquidations that have not been completed in
time. Solving this problem for a general utility functions is difficult. Nevertheless, it can

be discussed in two special cases.

In the case of constant risk aversion utility function, this will be equivalent to the

mean-variance utility function which we already discussed in the previous section.

Another way of simplifying the (1.15) is to consider an infinite horizon problem. By

dropping the time constraint, the HJB equation of (X, R) takes a simpler form

20%URR + ARE? + vpc} =0

. 1
mc1n{—§a
equipped with boundary condition v(0,7) = u(r). Thanks to the risk component of value

function, the investor will still tend to liquidate his position, and we don’t need to worry

about any penalizing like the general case.

Since the model we present in the first chapter and its proof extend this result of

Scheid-Schoneborn, we skip the proof and suffice to present their results. The optimal
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policy solution to this HJB equation is given by

c(X,R) =&X?* R)X

Where ¢ is solution to PDE
2

Cy = —5)\CCR + Z&CRR
with initial value
_ d?A(R)

The value function will be obtained as ©(X?2, R) where w(X, R) = & is the solution to the
following ODE

Wy = —ACWR

with initial value

&(0, R) = u(R)

As mentioned earlier, at the end, a verification argument is required to prove that w the
solution to the HJB equation is indeed equal to the expected return of the liquidation

policy max E[u(Rp(X))].

1.4 Transient price impact model

We end this chapter, by introducing the transient price impact model. The models we in-
troduce in the next chapters are inspired by this model as another alternative for improving
the temporary-permanent price impact model. The philosophy behind this model is that
the Markov environment employed in the previous models is crucial in solving the execu-
tion problem, however, in a perfect model this assumption need to be dropped. Consider

the following price dynamic

Sy =So+ 0B+ /Ot h(&(s))G(t — s)ds (1.16)
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where h is the transient price impact function and G a positive and decreasing function
which demonstrate the reduction in the effect of past trades over time. Under this model,

the trading cost is

Cla] = /OT §(t)</0t h(E(s)G(t — s)ds) dt

It worths to mention that in fact the model of Obizhaeva Wang (2013) as one of
the first examples of this model with linear transient price impact and exponential decay
function, was based on the study of such dynamic for the shape of limit orderbook and then
its connection to the transient model on the level of price impact was observed. In fact
studying the optimal execution problem on the level of dynamic of shape of limit orderbook
gives more insight to the observed price dynamic and enables us to explain market price
impact realistically.

One can consider the Almgren-Chriss model as a special case of this model. By using
a linear function for h in the current set up of (3.48), the temporary price impact im-
posed by &.dt could be regarded as £(G(0) — lim;_,o+ G(t))dt, and the permanent impact
is £limy_yoo G(t)dt.

Although this model is quite powerful, it could cause some irregularity issue. Here
we outline the study of Gatheral (2010) on the choices for the price impact and decay
functions which has identified a vast majority of the choices for this model which admit

price manipulation.

Proposition 1 (Gatheral) In a transient price impact model if the decay function G(t)
be finite and continuous at t = 0 and the transient price impact function h : R — R be

nonlinear. Then the model admits price manipulation.

In addition to price manipulation, Alfonsi et al. (2012) introduced another form of
arbitrage as follow, which limits the choices for decay and price impact functions even
further. In the following we present the definition of this form of arbitrage and accompany

it with a proposition to demonstrate a set of models which admit it.
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Definition 3 (Transaction-triggered price manipulation) A market impact model ad-
mits transaction-triggered price manipulation if the expected revenues of a sell (buy) pro-
gram can be increased by intermediate buy (sell) trades. That is, there exists Xo,T > 0,

and a corresponding order execution strategy & for which
E[Rr(£Y)] > sup{E(Rr(£))|¢ is a monoton order execution strategy for Xo and T'}

Proposition 2 The transient price impact model (1.16) admits transaction-triggered price

manipulation, if there exist s,t > 0, such that G(0) — G(s) < G(t) — G(t + s)

Although despite all these restriction, the transient price impact model can host a great
flexibility in allowing a great number of models, yet unlike reduced forms of price impact
model like Almgren-Chriss’s, the corresponding liquidation problems are rarely tractable.
In this thesis, we tried to address this issue by introducing two new form of generalization
for the Almgren-Chriss model. These new models allow us to use the older machinery to
derive the solution to the optimization problem while keeping some feature of transient

price impact model.



Chapter 2

Float dependent model

2.1 Introduction

In this chapter we derive optimal liquidation policies in a model with permanent and
temporary, potentially nonlinear impact. We also allow for temporary impact to increase
in the size of the residual position, or float dependence, to reflect the potential worsening
of liquidity in the late stages of liquidation. A priori, this feature encourages a quicker and
earlier liquidation to preempt deterioration in liquidity, but it also implies slower trading
rate at the late stages of liquidation. A posteriori, we find the former effect to be modest
and the second one to be significant, which suggests that the responses of liquidation
strategies to anticipated and unanticipated changes in liquidity are similar. This analysis
extends previous work of Almgren and Chriss (1999) and Schied and Schneborn (2009) on
linear impact, and Almgren (2003) on nonlinear impact, in which market depth is held
constant throughout liquidation.

After introducing the price-impact model, admissible policies, and the value function,
section 2 presents the main result and motivates it with a heuristic argument. Section 3
contains all the proofs, based on a transformation that tracks the trader’s risk aversion,
and leads to a solution to the Hamilton-Jacobi-Bellman(HJB) equation. Finally, we show

that the proposed function is indeed the value function of the liquidation problem.
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2.2 Model

2.2.1 The Market

Consider a large investor who needs to liquidate his position in a risky asset. We suppose
that the investor can only trade between his risky asset and the risk free asset. We assume

that the price of the risky asset follows the Bachelier model
Pt:P(]—FO'Bt, (21)

where By is the standard Brownian motion, the positive constant o is the volatility of the
unaffected stock price and Py is the initial price. With the possibility of getting negative
value for the price, this model might seem to be unrealistic. However, since in reality the
liquidation process usually occur in a window of couple days and as we will see our optimal
policy almost liquidate the entire position in a very short time, hence the possibility of

facing negative prices during the largest part of the position is neglectable. !

The investor chooses a trading strategy that we describe by X;, the number of shares
he is holding at time t. Assuming X; to be absolutely continuous, its derivative X, exists

almost everywhere and
t .
Xy =X —|—/ Xds. (2.2)
0

Due to insufficient liquidity in the market, the investor’s trading rate X; moves the market
price. To describe the market impact, we use a model which extends the model of Alm-
gren and Chriss (1999). This includes a permanent price impact which affects the price
independent of the trading strategy of the investor, we denote it by Per(X;). Moreover,

there exist a temporary price impact which only affects the infinitesimal orders relative to

'Bertsimas and Lo (1998) formulated the liquidation problem by using the geometric Brownian motion
for the unaffected price to rule negative prices.
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the insensitivity of trade and vanishes instantaneously, we denote it by Tem(X, X ). From
Theorem 1 of Huberman and Stanzl (2004), in order to rule out any price manipulation
strategies the permanent price impact has to be a linear function of trading rate. We
use the constant v to demonstrate the permanent price impact parameter. For temporary
impact we use the non-linear market impact model of Schéneborn (2011) with o > 0, and

generalize it by a float-dependent factor ¢(X) which is bounded away from zero
Tem(Xt, Xt) =5 )\Xtaq(Xt)

The float-dependent factor allows the market price impact to vary in the course of liqui-
dation. To model potentially worsening market depth, we focus on decreasing functions
for g(x) which are bounded, but results remain valid for any ¢(x) that allows the existence
of an admissible path (Definition 4). Later on, we study in detail ¢(z) of power type to
obtain closed-form solutions. With ¢(x) = 1 this model recovers Schoneborn (2011).

In summary, under the above assumptions the effective execution price is

Py = Py + 0By +v(X; — Xo) + Ag(X) | X271 X, (2.3)

2.2.2 Optimal Policy

The investor wants to maximize the expected utility of his final cash position. Holding
initially r units of cash and X units of risky asset, his cash position at time ¢ under the

policy parametrized by £(t) :== —X(t) is

t
R:(&) = 7’+/0 &sPsds

Using equation (2.3) and integration by parts

t t
Ri(€) =+ PoXo— 2X3 +0 [ Xu(@aB. - X [ e ea(x(e)ds
0 0
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Figure 2.1: Optimal policy for the fixed parameters are c = Xo = A\g = 1 and 8 = 0. The
bold curve represent the case where a = 0.3, the dashed curve represent the case where
« = 0.6 and the thin line represent Schied’s model with o = 1

~(PXel©) + J[X:(6)? — 2X0 X:(8)] + 0 X2(6) Bt (2.4)
Definition 4 Denote by X the set of admissible trading strategies, all the progressively
measurable processes £(t) :== —X (t) for which
i) fg q(Xy)|€|1Tds < oo for all t > 0.

ii) Xi(w) is bounded uniformly in t and w with upper and lower bounds that may depend

on the choice of &.

Moreover, we denote by X1 the set of liquidation strategies, all the admissible trading

strategies which furthermore satisfy
iii) E[[°(X5)2ds] < oo

i) tlirélo(Xf)ztlnlnt =0
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As an example, a liquidation policy which decreases the numbers of asset exponentially
belongs to X} and consequently to X. In fact we’ll see that the optimal policy that we

obtain later on in Theorem 2 is of this type.

These technical restrictions are inconsequential for applications. The first assumption
ensures that the investor’s loss is bounded over a finite period of time, while the second
condition requires that the number of shares held is bounded.

The last two assumptions guarantee that R; defined above converges P-a.s. as t goes to

infinity. Therefore, for a liquidation policy & € A the final cash position is

RE, = Jim Ri(©) "2 b BXo— 2XF 4o [ X(©dB— A [l a(Xu(e)ds
o0 0 0

(2.5)

The investor wants to maximize the expected utility of his final cash position E[u(RS)].

This plausibly depends on the number of shares and the current portfolio value

v ! '
Re=r+ PoXo — 5 X3 + "/0 X, (£)dB, — A/0 &6 (X (€))ds (2.6)

which consists of the investor’s current cash position obtained through the policy ¢ and
the nominal value of his position in the risky asset at the current market price minus the
loss from permanent impact. If the trader sells all the risky assets, the portfolio value
becomes equal to the cash position. Thus, defining the value function for X; boils down to

maximizing the expected utility of the final portfolio value

vi(Xo, Ro) := sup E[u(R3,)] (2.7)
feXy

2.2.3 Statement of Main Result

Theorem 2
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i) The value function v in the optimal execution problem is the classical solution of the

following Hamiltion-Jacobi-Bellman equation

¢

with the boundary condition

v(0,R) = u(R) VR €R

ii) The a.s. unique optimal policy is

Q=

€= X R = (ST maromn)

iit) The optimal strategy can be written as

2 —1

Xofig(X)att

Q=

(X, R) := &(Q(X), R)
where
X 2a 1
Q) = [ (@ aitig) s
0
and ¢ is the unique solution to the PDE

200+ 1 o? -
- ACCR + ————CRR
a+1 2(a+ 1)éa

Cy =

with tnitial condition

A
E(O,R):(A(;:’;)A > .

1
min | — §J2X2VRR + Avgle/Tq(X) + vxe| =0

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

Corollary 1 For an investor with constant risk aversion A, the optimal liquidation policy
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Figure 2.2: Optimal policy when ¢(X) = §(Xo — X) + 1. Fixed parameters are 0 = Xy =
A =0 =1and A = 0.02. The bold curve represents the case where § = 2, the dashed

curve represents the case where § = 10 and the thin curve represents Schied’s model with
0=0

1s deterministic and given by

Ac?X? a
)

CEN e

Corollary 2 For the power specification q(X) = X?, under optimal liquidation policy an
investor with constant risk aversion is able to liquidate his position completely in a finite

time if and only if o + > 1. In this case, the liquidation terminates at time

a+1 Qv 1 ettt
atl X otl 2.15
a+ﬁ—1(Aa2) 0 ( )
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2.2.4 Heuristic Argument

This section contains an informal derivation of the main results. Under the trading strategy

¢ the dynamics of X and R are given by

dX = —cdt

dR = 0 XdB — Nc|*q(X)dt

Denote by v(X, R) a value function which depends on the portfolio value and numbers of

risky asset. Ito’s formula yields,

1
dI/(X, R) =vpdR+vxdX + il/RRd<R, R)

1
= ( — Avgle|®Tq(X) —vxe+ 502X21/RR)dt + oXvgdB

By the martingale optimality principle of stochastic control, the process v(X¢, R¢) must be
a supermartingale for any choice of ¢;. Therefore, the drift of v(Xy, R;) can not be positive,

and will become zero for the optimal policy. Hence
1
max { — Mgle/*TMg(X)e — vxe + 502X2I/RR} =0
C

and the optimality is achieved at its unique maximizer

[ S
Ma+1)q(X)vr

2.3 Proof of Results

This section contains the proofs of all the results of the previous section. We use the same
type of arguments as Schied and Schneborn (2009). In the first part, we show that a smooth
solution to the HJB equation exists. This is achieved by first, obtaining a solution to the

PDE (2.13) of the transformed optimal strategy ¢, then solving a transport equation with
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coefficient ¢, and ultimately use its solution to build a solution to the HJB equation. In the
last subsection, we finish the proof by presenting a verification argument, we introduce a
modified value function and use it to show that the solution to the HJB equation is indeed

equal to the original value function.

2.3.1 Properties of the differential equation

To use some auxiliary results from PDE, we need to add some assumptions on the utility

function u(R). We summarize all of the assumptions on u(R) in the following

Assumption 1 u(R) is a function in C% and limg_,o u(R) = 0. Moreover, its absolute

__urr(R)

wn(R) s bounded away from 0 and oo, i.e.,

risk aversion A(R) :=
0 < Apin = i%fA(R) < A(R) <sup A(R) = Apmax < 00 (2.16)
R

Theorem 3 The parabolic partial differential equation

i Abala, . fa) bt f ) = 0 (217)

with initial condition

f(0,2) = vo(x)
has a smooth solution in C>*, if all of the following conditions are satisfied:
i) o(z) is smooth C* and bounded
ii) a and b are smooth (respectively, C3 and C?)

ii1) There are constants by, by > 0 such that for all x and u

<b(m,t,u, 0) — %(:v, t,u, O))u > —byu? — by (2.18)

iv) For all M > 0, there are constants pp; > var > 0 such that for all x,t,u and p that
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are bounded in module by M

and

Oa

Oa
2 5 oa oa
par (14 [p|)° > (\a! + ‘%D(Nr Ip) + ‘8:1:’ + [0 (2.20)

Proof: The theorem is a direct consequence of Theorem 8.1 in Chapter V of Ladyzhen-
skaya et al. (1968). In the following, we outline the last step of its proof because we shall
use it for the proof of the subsequent propositions.

The conditions of the theorem guarantee the existence of solutions fy of (2.17) on the

strip Rg" x [—N, N] with boundary conditions

In(0,7) = vo()

and

fn(t,£N) = 1¢o(£N)
These solutions converge smoothly in C*>* as N tends to infinity, i.e., A}im In=17f. O
— 00

Proposition 3 There exists a smooth C** solution of

AeCR+ ——CRR (2.21)

with tnitial value

&0, R) = <A<R)02> - (2.22)
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which satisfies

Apino? | “7!
inf  &Y,R)= inf &(0,R)=:Cnin = | —a" (2.23)
(Y,R)eR{ xR (Y,R)eR 2\«
Amam 2 %H
sup  &Y,R)= sup &(0,R)=:émas = ( 7 ) (2.24)
(Y,R)eR] xR (Y,R)eR 2X\a

Proof: We want to apply the previous results, but unlike the first three conditions, the
last condition of Theorem 3 is not trivial. We first build a function f and forced it to
satisfy all the conditions. Then using Theorem 3 we show its solution satisfies (2.21).

Let’s define the smooth nonnegative functions hi(u), ha(u) and hs(u) which are bounded

away from zero and infinity and for ¢pin, < u < Guax satisfy the following equations

b () :2(02711)1&11 (2.25)

ho(u) :20‘3‘;1 A (2.26)

hs(u) Zz(oil)ulil (2.27)

Now the following functions satisfy the conditions of Lemma 3
a2 p

a(z,t,u,p) ::mu—é (2.28)

b(x,t,u,p) = 25_:_11 Aup + 2(07_7_1) ui; (2.29)

Yo(z) = <A(2]i);2> " (2.30)

And therefore the following PDE has a smooth solution in 4

fr=—=ha(f)fo+ m1(f)faw  where f(0,2) = vo(z)
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Now we show that the function f is also a solution to our desired PDE, by relabeling from

c¢(Y,R) to f(x,t).

CRR (2.31)

This boils down to show that émin < f(2,t) < émax. First, assume there is a point (g, zg)
such that f(tg,z9) > ¢max- Then there are N > 0 and > 0 such that for the new function

fn = fn(t,z)e " (where fy is the function constructed in the proof of Theorem 3)

Iy = fn(to, z0)e 7 > Enax

By construction, this function will attain its maximum at a point (¢;, ;) which does not

lay on the boundary at {0} x [-N, N] and [0,to] x {N, —N}. Therefore

Fna(ti,z1) >0 (2.32)
fnalti,z) =0 (2.33)
fN,mz(tla-rl) <0 (234)
On the other hand
fre=e " fne—ve " fn (2.35)
=—e "ha(fn)fne + e P hi(fN) Fnae —ve N (2.36)
= — ho(fn)fnve + hi(fN) Fvee — v fN (2.37)

Therefore, from equations (2.33) and (2.34) we have

In(ti,z1) <0
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But this is a contradiction, since

fN(tlvxl) Z fN(tﬂva) 2 6max Z 0 (238)

By a similar argument, we could reach to a contradiction for the other case, where

f(t07$0) < Emin

O
Proposition 4 There exists a C** solution & : R(T X R — R to the transport equation
Wy = —ACWR (2.39)
with initial value
@(0,R) = u(R) (2.40)
the solution is increasing in R, decreasing in Y, and also satisfies
0>0(Y,R) > u(R — AémazY) (2.41)
Proof: The proof uses the method of characteristics. Consider the function
P:(Y,S)eR{ xR+~ P(Y,S) eR
satisfying the ODE
Py(Y,S)=Xe(Y,P(Y,S)) (2.42)

with initial value condition P(0,S) = S. Since ¢ is smooth and bounded, for each fixed S

a unique solution to the ODE (2.42) exists. From Cauchy-Lipschitz theorem on ODEs for
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every Y, P(Y, .) is a C*—diffeomorphism mapping R onto R, getting the same regularity

as ¢, i.e., P belongs to C**. Define

G(Y,R)=u(S) iff P(V,)=R

Then @ is a C%* function satisfying the initial value condition, and by definition

0 :%Q(Y, P(Y,S)) (2.43)
=or(Y,P(Y,S))Py(Y,S) + @y (Y, P(Y,S)) (2.44)
=0r(Y, P(Y,S8))Xé(Y, P(Y,S)) + @y (Y, P(Y,S)) (2.45)

(2.46)

Therefore @ satisfies the desired partial differential equation. Since ¢ < épax, by construc-
tion P(Y,S) <S4 AémaxY’, and hence &(Y, R) > u(R — AémaxY)-
Using positivity of ¢, the family of solutions of the ODE above do not cross. This yields

the monotonicity statement in the proposition. ]

Lemma 1 The following equality holds

~ 2
WRRO atl

a =0 2.47
20RA +ac ( )

Proof: Consider the following linear PDE with initial condition f(0, R) = 0.

fy = —Acfr+ ACrf (2.48)

From the assumptions on u, the functions ¢ and ¢g are smooth and hence locally Lipschitz.
Therefore, the PDE has a unique solution which turns out to be the constant zero function.

On the other hand, we can show that the function f(Y,R) := ada + “32’}}’;‘;\2 is also a

solution to this PDE. After proving this, the uniqueness of the solution implies the result.
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First, using the previous lemma and the fact that & is C>?, we have

[\

0 WRRro’ :i(@RRY@R - @RR@RY) (2.49)
oY\ 2xok 2\ o2 ‘
0% Oy RRWR — WRRWY R
:ﬁ( = ) (2.50)
Y orr(NE
:U< (\wr)rR WRR(~§WR)R> (251)
2\ WR wp
. . ot L
_ _ 2®RRR + C;fURR +CRROR | o wRR(CRL«iR -QF CORR) (2.52)
WR 2R
- 2 -2 ~ 2
2~ (JJRR g~ _ WRR CURRR g c
— -z - g 2.53
T 2CRR+(¢:); on )2 (2:53)
9. WRR 07 2. 0 WRR
_— - ~ % 2.54
7 Roor 2 PRT7 “GR20g (2:54)
On the other hand, from Proposition 4
0 at1 1 1 200+ 1 o?
I (0d%) = (a+ 1)éady = (a+1)és ( - AR + ERR> (2.55)
oY a+1 2(a + 1)éa

Now we can easily check that

8 o o 2 a « o 2 [ ~ 2
9 (aail 4 WRRO ) = A <aai1 4 ZRRO ) — \ég <a521 4 YRRO > (2.56)

oY 20\ OR 20\ 2R\
Hence, the function f(Y, R) 1= a&"a + %485 satisfies the PDE (2.48) 0

Proposition 5 With Q(X) defined in equation (2.12), the value function w(X,R) :=
0(Q(X), R) solves the HIB equation

1
min | — §J2X21/RR + Ag|e|"q(X) + vxe| =0 (2.57)

c
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Proof: By Proposition 4 ©r > 0. Hence the function

1
O(c) = —502X2wRR + dwple T q(X) + wxe (2.58)

is convex and attains its minimum at

* —Wx

© 7 <<1+a>xq<x>wR);

(2.59)

Therefore, we need to show that ©(c*) = 0. (We drop the absolute value because from

Proposition 4, wx < 0 ), we have

1
O(c") =— §U2X2WRR + M(X)wglc* Y + wx et (2.60)
L 50 —Wwx
=—50X Awrg(X * 2.61
97 & WhE * ((1 + a)Aq(X)wr wrq(X) + wX>C (2.61)
L 50 — —Wx b
=—-0X 2.62
g7 A WRR T 1+an<(1+a))\q(X)wR> (2.62)
1 1 —W 1+é
= — 50—2X2(-URR — a)\q(X) awR(m> (263)
2 - 1+
_ )\XQ WRRO « wx a 2 64
wR( 2WRA * qu(X)é ((1 + a)AwR) (2:64)

From the definition of w(X, R)

1

wyx = (a+ 1) Xat1g(X) ooy

WR = WR

Therefore (2.64) can be written as
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Which by Lemma 4 is equal to zero.
O

Remark 2 Using Proposition 4, we can rewrite the optimal policy (2.59) as

X2 1

q(X)} “TEHQ(X), R) (2.65)

Q-

o(X,R) = [

The boundedness result on ¢ in Proposition 3 and even weaker assumptions than being
bounded away from zero and infinity for q(X), could insure that this policy belongs to
X1.(One just needs to insure that all the admissibility requirements in Definition 4 are

satisfied.)

Before starting the verification arguments, we complete our package of boundedness

tools with the following lemma:

Lemma 2 There are positive constants ag, a1, a2 ,a3 and ay such that

u(R) > w(X, R) = u(R) exp(aoQ(X)) (2.66)

0 <wgr(X,R) <ai + azexp(—agR + a4Q(X)) (2.67)

for all (X,R) € R§ xR.

Proof: From monotonicity of @ with respect to X and R, and its boundary condition
via Proposition 4, the left-hand side of the both inequalities follow.
For the right-hand side of (2.66), since A(R) is bounded from above by Apax

u(R —A) > u(R) exp(Amaz ) (2.68)

Now by (2.41), we can establish the other part of the first inequality with ag = Acmax Amax

as follows

W(X7 R) = @(Q(X>v R) > U<R - /\émaxQ<X)) > U(R) eXp()‘EmaxAmaxQ(X))
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For the second inequality, first note that wrp = @r. From Lemma 1, we have

a+1
5 20\E °

_UiRR < o C2max :Amax (269)

WR o

Hence

RBr orr(Y, Ry) Fa
2 Ry < AmaxdR 2.70
/R wr(Y, Ra) 2_/3 w2 (2.70)

Ry
—In@r(Y,R2)| < Amax(R1 — R) (2.71)
R

@r(Y, Ry) > @r(Y, R)e Amax(F1—F) (2.72)

R3 R3
/ or(Y,R1)dR; > / wr(Y, R)e Amax(i-R)gp, (2.73)

R R
or(Y.
(Y, Rs) = G(Y. R) > wi( ) (1 e Amantirr) (2.74)
Then by (2.41) limpg, 00 @(Y, R3) = 0 and we have
r(Y, R
0>a(Y,R) + wr(Y, R)

Thus
(:)R(Y7 R) S _@(Ya R)Amax S _U(R - Aémava)AAmax

And since u(R) is bounded by an exponential function, we can obtain the desired bound

for @g. O]

2.3.2 Verification

We now connect the PDE results in previous section with the optimal stochastic control
problem in the section 2.2.2. In order to make the connection between these two, we need

to define a new value function. We assume that the investor trades the risky asset in order
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to maximize the asymptotic expected utility of the portfolio value, i.e.

va(Xo, Ro) := sup lim E[u(R?)] (2.75)
gext—)OO

Note that our assumptions on the admissible strategies in maximization of asymptotic
portfolio value are even weaker than those for optimal liquidation (the supremum in (2.75)
is taken over a larger set). In particular, we don’t require Rf or Xf to converge at infinity.
Moreover, through out this section we frequently use the second property in Definition 4
for admissibility. This equipped with usual assumptions on ¢(x) are crucial in simplifying
the upcoming proofs. For any admissible strategy ¢ € X, define the sequence of stopping
times

t
7t = inf {t > 0‘ / q(X8)|& | T ds > k} where k € N (2.76)
0

Admissibility of ¢ guarantees that P(lim 7, = oo) = 1. We proceed by first showing that
u(Rf) and w(Xf ,Rf) fulfill local supermartingale inequalities. Thereafter, we show that
w(Xo, Ro) > limy—y00 E[u(Rf )] with equality for ¢ = £&. The next lemma in particular justi-

fies our definition of v in (2.75)

Lemma 3 For any admissible strategqy & the expected wutility E[u(Rf)] is decreasing in t,
moreover E[u(RfA )] > E[u(Rf)} .

Tk

Proof: Since Rf—Ro is the difference of the true martingale fg (TngBS and the increasing
process A fot &1 q(X§)ds, it satisfies the inequality E[RS|F,) < RS for s < t (even though
because of lack of integrability, it may fail to be a supermartingale). Hence, from Jensen’s
inequality for supermartingales E[u(Rf)] is decreasing.

For the second assertion, let n > k and 7, := Tfn. By adding the martingale ﬁz\f: X §alBS
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to Rf/\ ¢ we can deduce once again through Jensen’s inequality
Tk

tATn tATE
E[u(R® ()] >E {u <R0 +o X$dB, — /\/ ]§5]1+aq(X§)ds)} (2.77)
0 0

ATy

By Levy’s characterization theorem for Brownian motions, the stochastic integral in the

right-hand side could be regarded as a time changed standard Brownian motion
ng X2ds = By (2.78)

With Ry constant and the other terms being bounded due to the stopping time 73, and
u(R) being bounded from below by an exponential function, after sending n to infinity by

dominated convergence theorem the right-hand side decreases to

t tATE
E{u (Ro +a/ X$dB, — )\/ \fS\HO‘q(Xg)ds)] (2.79)
0 0

Which is clearly equal or larger than E[u(Rf)] O

Lemma 4 For any admissible strategy &, w(X¢, RS) is a local supermartingale with local-

izing sequence (T,f)
Proof: For T >t > 0, Ito’s formula yields

w(X, Ry) —w(X;, R) = (2.80)

T T
1
/ wr(X&, RS)oXEdB, — / [Aq(X§)|§s|1+%R + Eowx — 5(a)(sf)%m (XS, RS)ds
t t

(2.81)

By Proposition 5 the latter integral is nonnegative and we obtain

T
w(Xf,Rf)zw(Xg,Rg)—/ wr(XE, RS)o X dB, (2.82)
t
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Using an argument similar to the one in Lemma 3, there exist a constant C such that for

s<tATE
RS > —Cy (1 + sup [Wy)
q<t
Hence, for the localizing sequence (73) := (Tlf ) which we defined in (2.76), from inequal-

ity (2.67) in Lemma 2 for any s < ¢ A 7, we have

0 < wr(X$, R < ay +agexp <a36’1 (1 + sup \Bq\) + a4Q(X§)> (2.83)

q<t

Using Doob’s martingale inequality, all the moments of sup,<; |B,| are integrable. More-
over, admissibility of £ guarantees the existence of a bound for other terms in (2.83).
Therefore, the integrand term in (2.82) is L? integrable and as a result the stochastic inte-
gral in (2.82) is a local martingale. This proves that w(X¢, RS) is a local supermartingale.

O

Lemma 5 ¢ defined via equation (2.65) as

éf/ = C(tha Rf)

is admissible for optimal liquidation and maximization of asymptotic portfolio value prob-

lems, i.e. £ € X1. Furthermore, w(Xé,Ré) is a martingale and

w(Xo, Ry) = tl'ggoE[u(Rf)] < 15(Xo, Ro) (2.84)

Proof: Admissibility of é follows from Remark 2. Therefore, fooo ]ét|1+°‘dt < K for some
constant K. The choice of £ = ¢ vanishes the second integral in (2.80), with Tf( = 00, this
yields the martingale property of w(Xf , Rf) Moreover, by taking the infinite limit of time

in equation (2.66)

T T ¢
tlggo u(Ry) > tlggow(XtaRt) =z tlgglou(Rt)exp(agQ(Xt)) (2.85)
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From Remark 2 tlg& Xté = 0 and hence, the left and the right-hand side of (2.85) are equal.
This proves the left-hand side of (2.84). The other part follows from the definition of v
in (2.75).

g

Proposition 6 In the case of asymptotic mazimization of the portfolio value, we have

Vo =w andé is the a.s. unique optimal strategy.

Proof: From Lemma 5, we already have w < 5. For the other side, let £ be any admissible
strategy such that
lim E[u(RS)] > —oo

t—o00

For all k,t and &, with (7x) := (Tg), Lemma 4 and inequality (2.66) yield

w(Xo, Ro) > E[w(X{rr, Ring,)] = E[u(Rinr,) exp(aoQ(Xfyr, )]

As in the proof Lemma 3, one could show

lim inf E[u(Rka) exp(aoQ(Xf/\Tk))] > lim inf E[u(Rf) exp(aOQ(Xf/\Tk))] = E[u(Rf) exp(aoQ(Xf))]

k—o0 k—o0

And hence,
w(Xo, Ro) > E[u(R§)] + E[u(R) (exp(aoQ(Xf)) — 1)]

We claim that the second argument on the right attains values arbitrarily close to zero.

Accepting this claim for a moment, we get
w(Xo, Ro) > lim E[u(R5)]
t—00

Then, taking the supremum over all the admissible strategies £ gives w > v5. The optimality
of f follows from Lemma 5 and uniqueness from the fact that ¢ is the unique solution to

the HJB equation (2.57).
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Before addressing the claim, we prove some boundedness results. From Assumption 1, we
have

AminuR < —uRppr < Amaqu

By integration and using the end point behavior of u(R), we conclude

Amint < —up < Apaxtt (286)

This gives the required bound for up, which we need later to conclude the L? property of

the stochastic integral (2.89). Moreover, by substituting Zﬁ% for the middle term in the

previous inequality, we can conclude that for a5 := Amin Amax

0> u(R) > asurr(R) (2.87)

Now we can prove the claim. From Lemma 3, for all k,¢ and (7) := (T,f ) we have

—oo < lim E[u(RS)] < Elu(R?)] < E[u(Rj,, )] (2.88)
=u(Ro) +E [/Wk up(RS)o XS dB, (2.89)
tATE ’ 1
| [T N O () S0 XEPurnl) as] (2.90)
0

tATY

—u(a) €[ [T Nel T X unlRY) ~ X unn(R) 5] (20)
0
Sending k£ and ¢ to infinity yields

/oo E[(X$)2ugrr(RS)]ds > —o0 (2.92)

0

On the other hand, using admissibility of £, there is a constant ag such that

exp(aoQ(th)) —-1< G6GO(XE)2
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Hence, by using (2.87)
0 > E[u(Rf)(exp(aoQ(X;)) — 1)] > Elagasagurr(RE)(X;)?]

Therefore by (2.92) the right-hand side of the above equation attains values arbitrarily

close to zero. I

Proposition 7 In the case of the optimal liquidation problem, we have v1 = w and the

a.s. unique optimal strategy is given byé respectively c.

Proof: For any strategy £ that is admissible for optimal liquidation, the martingale
o | XsdB;s is uniformly integrable due to the third requirement in Definition 4. There-
fore, similar as in the proof of Lemma 3, it follows that E[u(Rf)] > E[u(RS%)]. Hence

Proposition 6 yields
E[u(RS)) = lim Efu(R])] < va(Xo, Ro) < w(Xo, Ro)

Taking the supremum over all admissible strategies £, we have v; < w. The converse

inequality follows from the left-hand side of (2.66) and Lemma 5. O



Chapter 3

Dynamic impact

3.1 Introduction

In this chapter we derive optimal liquidation policies in a model with dynamic price impact.
In this model we allow temporary price impact to evolve according to the past trades, with
increase in intense trading and decaying overtime in its absent. This change accounts for
the fact that the market’s depth varies subject to the intensity of submitted orders, where
high intensity trading tends to reduce the market depth while in the absent of trading, it
recovers its equilibrium position throughout time. This model generalizes the Almgren and
Chriss (1999) model in a different dimension by incorporating the idea of resilience in the
market in describing the dynamic of temporary price impact. We find the optimal execution
policy and show that unlike some choices in the old models involving resilience, our model
doesn’t allow for Transaction-triggered price manipulation strategies, i.e policies involving
intermediate buying from the same stock in a liquidation problem could not be optimal.
We study the problem only for the case of a buyer investor. The results could be applied to
a seller investor as well. The rest of this paper is organized as follows. In the next section,
after introducing our price impact model, we discuss the admissibility criterion and present
the main result for the investor under finite time horizon constrained case. We prove the
related results using Calculus of Variations techniques to find necessary conditions for the
minimizing path and identify the unique solution to this minimization problem. In the last
section, we study the non-time constrained case as a limiting solution to the finite horizon

case and investigate its connection to the result of Schied and Schneborn (2009).
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3.2 Model

3.2.1 The Market

We consider the liquidation problem, for a trader who wants to sell a specific number of
shares denoted by z¢ in a given time T. The liquidation strategy of the investor can be
described by xz(t), representing the number of shares hold by him at time ¢ € [0, 7.

Due to our form of penalization for intense trading, we can rule out noncontinuous lig-
uidation strategy. Hence, from the start we can only focus on continuous paths. Moreover,
we go one step further and assume that the trading policy z(t) is absolutely continuous.
This not only will help us in ruling out unrealistic case like Cantor function for trading
policy function, but also through existence of the derivative function almost surely, as an
alternative we can represent the investor’s trading strategy by c(t) = —a/(t) and refer to

his trading intensity.

z(t) = zo _/0 c(s)ds (3.1)

The investor’s objective is to liquidate all the shares, i.e. x(T) = 0 i.e. fOT c(t)dt = xg. Due
to insufficient liquidity in the market, the investor’s trading moves the market price against
him. We use the Almgren-Chriss framework to demonstrate this trading impact. This
model consists of two component. A permanent impact which affects the price through the
number of sold shares and independently of the investor’s trading intensity. We follow the
price manipulation theorem of Huberman and Stanzl (2004) which requires the permanent
price impact to be a linear function. We use the constant v to demonstrate it. Furthermore,
there exist a temporary price impact which affects the infinitesimal orders relative to the
intensity of trading and vanishes instantaneously. Unlike the older model of Schied and

Schneborn (2009), where temporary price impact A is a constant, we consider the following
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dynamic for the temporary price impact
N = —a)+ Bc (3.2)

Where the positive coefficients o and 3 stand for the resilience in the market and the linear

drift which capture the effect of the past trades on the temporary price impact respectively.

In addition to the large investor’s impact, the price process P is driven by a Brownian

motion with volatility . Hence, the execution price is given by
P(t) = Po+ oB(t) + v(z(t) — 2(0)) — A(t)2' () (3.3)
Where A(t) with initial value \g, is given by

At) = e~ (Ao + /0 t c(s)eo‘sds> (3.4)

Remark 3 With Bachelier model for price and existence of permanent and temporary price
impact, the execution price could take negative value. In order to simplify the notation, we
don’t restrict our assumption as much as we can, however we always assume that the price

1S positive.

3.2.2 Optimal Policy

Consider a Von-Neumann-Morgenstern investor with constant absolute risk aversion. In
other words, for some constants A, B > 0 his utility function is given by u(r) = —Be™4".
The investor’s objective is to maximize the expected utility of his terminal revenue over

the set of all admissible trading strategies.

Definition 5 We parametrize the trading strategies with progressively measurable processes
E(t) = —2'(t). We call a process admissible if ¢ € L?[0,T). Furthermore, due to the

relationship between ¢ and A from equation (3.4) we require that for the resulting process
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)\g(t) >0

The assumption on A is crucial for the existence of the solution. By allowing negative values
for A one could simply gain infinite wealth by extreme back and forth trading in a very short
time while keeping A < 0. After excluding this possibility, the other assumption excludes
all the strategies with infinite lost. The process ¢; determines the other two processes z¢(t)
and A¢(t) which are adopted to the same filtration, uniquely throughout equations (3.1)
and (3.4).

The resulting cash position for admissible policy £ is given by

t t t
R(t) = /0 {sPsds:Poxo—%:rg+a /0 we(s)dB(s) — /0 Ae(5)€2(s)ds

—(Poae(t) + S [@3(t) = 2wome(t)] + owe (1) B(1)) (3.5)

Since price is positive, in order to maximize this revenue, the investor is required to liquidate
his entire position by time T, i.e. x¢(t) = 0. Hence, the resulting cash flow of such trading
strategy & is given by

T T
Rr(€) = Pozo — L3 + /O o¢(s)dB(s) — /0 Ne(s)c(s)ds (3.6)

By admissibility assumption ¢ € L?, the stochastic integral in (3.6) is martingale. Hence,
the terminal wealth has a Gaussian distribution and the expected value of the investor’s

utility function is

E[~Be 4ReM] = _Bexp(—A(E[R¢(T)] + %A Var[R¢(T)]))
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This means that the maximization problem is equivalent to minimization problem of the

trading cost. Consisting of two components, the price impact cost and volatility cost

/TM)?()d +/T1A“<>dB<> (3.7)
) 58058 S . 2 0'3365 S .

The challenge for the investor is to find a balance in the tradeoff between these two com-

ponent.
3.2.3 Statement of main results

We present all the result for finite horizon case in the following statement

Theorem 4 For an investor with a constant risk aversion A who is required to liquidate

xo number of shares, in a finite horizon time interval [0, T

i) There exist an optimal liquidation policy which mazimize the expected value of his

terminal utility.

ii) The optimal policy is given by

t) = —

(1) -

where u(t) is a solution to the ODE
— AP0+ Aac®u” — 602w v + v + 20w =0 (3.8)

with initial conditions

u(0) =Xo + Bzo (3.9)
u'(0) = — a)g (3.10)
W' (T) = — au(T) (3.11)

o®u/(T)? = u"(T)? = 200/ (T (T) — 20 (T)u""(T) = 0 (3.12)
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iit) The optimal policy is unique.

iv) Although the model allows for intermediate buying, one cannot improve the trading

performance through such policies.

Theorem 5 In infinite time horizon environment, the optimal policy is given via

c(z,\) = xzH(x,\)

where H(x,\) is the unique solution of the quasilinear partial differential equation

Ac?Br  Ac?

rHH, + (a)\ + rH)H) = ozt o - H? (3.13)
with boundary condition
o2
. Ac? KO( 2(;42)\ )
hII(l) H(xz,\) = ) -

where Ky and Ky are modified Bessel function.

3.3 Proof of Results

3.3.1 Finite horizon case

Remark 4 Since all the cost functions are positive, after finishing the liquidation task
before the terminal time, the investor could only increase his trading cost by back and forth
trading. Hence, we could restrict the set of admissible policies to those which doesn’t end

with buying, i.e. ¢(T) > 0.

Proof: [proof of Theorem 4 part (i)] We use the direct method of calculus of variations
to show the existence of the solution. Consider a minimizing sequence {&,} of admissible

liquidation policies for execution cost. Since trading cost is a non-negative function, such
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a sequence exists. By L? property of admissibility there exists a subsequence {&n, }which
converge weakly to an element ¢ € L?. From weak convergence for any t € [0, T]

Z(s) := /0 é(s)ds = lim cn, (8)ds = xp, ()

Hence, we have the pointwise convergence of z,, almost surely. In particular Z(T") = =,
hence ¢ is also an admissible policy which liquidates all the required number of shares. The
final task is to show that the liquidation cost from the limiting policy ¢ is no more than
the limit of costs. First, for the volatility cost, using Fatou’s lemma for the a.s. pointwise
convergence sequence of {x;}, we have

T T
/ Ac?z?(t)dt < lim AUQ:BEM (t)dt
0

n;—r00 0

For price impact cost, by weak convergence for any set A € [0, 7] we have

T T
/ 14(t)c?(t)dt < liminf / La(t)ca, (t)dt (3.14)
0 0

n;—00

Therefore to complete the proof we need to show that the sequence {\,,} converges uni-
formly. Equivalently, we show the uniform convergence of the sequence {\,(t)e*}. From

Holder inequality

/\i(tl)eatl — )\Z‘(tQ)eatQ =

T T 1 T ) 1
/0 cni(s)eo‘sl(tlh)(s)ds < (/0 ciids) </0 (1(,517,52)(8)6“8) ds)

With the first term being bounded due to admissibility. We conclude that {\,,} are
equicontinous and therefore by Arzela-Ascoli theorem there exist a subsequence subse-

quence {&m,} of {&,} such that {\;,,} are uniformly convergent. For each i € {m;} the
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following equation holds.

T T T T
/ )\ic?ds:/ ()\Z'—)\)C?-i-/ A(e%—c2)+/ A2
0 0 0 0

After taking the limit, from uniformly convergence of A, to A, and ¢; being bounded in

L? the first integral on the right approaches to zero. So it’s sufficient to show that
T

lim'inf/ M2 =) >0
g 0

Which from positivity of A and inequality (3.14) follows. O

Proof: [proof of Theorem 4 part (ii)] We face a minimization problem for the func-
tional (3.7) in the space of continuous functions with the fixed endpoints x(0) = zp and
x(T) = 0. Since A(t) is a function of 2’ over [0,¢), we define the following control variable

to use the method of calculus of variations
u(t) :== A\(t) + Bx(t)

From equation (3.2) we can write all the variables of the objective function in terms of u

A(t) = —“/(it) (3.15)
(t) = —Om(t)a;“/(t) (3.16)
oft) = OW (3.17)

from initial condition at time zero for A\ and x, any admissible path has to satisfy the

following initial conditions

u(O) = Ao + Bxo (3.18)

u'(0) = —ag (3.19)
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Moreover, since the liquidation is done by time 7', the following terminal condition holds

as well
W(T) = —au(T) (3.20)
We can now write the cost function under this new variable

T 9 1 T 9
—/ ' (t) (o (8) + () dt + 2Aa02/ (ou(t) + /(1)) dt (3.21)
0 0

Hence, the objective is to maximize the functional J[u] = fOT L(u, v, u")dt, where

2

L(u, v/, u") = (o +u")" — %Aaa2 (ou + u')2 (3.22)

From calculus of variation, we know that for the optimal policy, the first order variation of

a candidate function u has to be zero, so for v and u + h we have
T
AJ = Ju+h] = Ju] = / L(u+ h,o/ +h 0" +h") — L(u,u',u")
0

As h goes to zero
T
5J = / (Luh 4 Lyh + Luuh”> dt
0
Using the integration by parts for the last term we have

d T
dJ[h] = / <Luh + Lyh — gLu,,h’) dt + <Lu”h/>

0

By using the integration by parts once again, this time for A’ terms, we have

T T

d
Ly — —Ly)h
+( 2 L)

d 2
5J[h] :/(Lu—dtLu/+dt2Luu>hdt n (Lu//h’>

0 0
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From calculus of variation, we know that for the optimal policy d.J[h] = 0. Therefore

[ (3.23)
g gt ‘

Also for any h in such a way that u 4+ h be an admissible policy, we have

(o)

The first equation which is the Euler-Lagrange equation for L(u,u/,u”) in (3.22) is the

T

d
L — ~—Ly)h
) + ( 7 L)

T
=0 (3.24)
0

following

2 [u(‘g) (o +u") + 4/ (au(3) + u(4)) + 20" (o + u(3))] — Aa?0? (ou+ )

— [2041/’ (au' + u”) + 2au’(au” + u(3)) + 2(au’ + u") (au” + u(3)) — Aac? (au’ + u”) =0

Which after simplification is equal to

—Acdc®u + Aac®u” — 6020 u" + 4u"u®) + 2u'u™ =0 (3.25)

On the other hand, for equation (3.24), since u+h satisfies the initial conditions (3.18), (3.19)
and (3.20) as well

—ah(T) = h'(T)

Hence, we can rewrite (3.24) as following

d
—Ly)| =0

_aLu// —+ (Lu’ — dt
T
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Which gives the following condition at the terminal time T'

o2’ — u"* = 200/ — 2u'u® — Aao? (au + u') =0,
T
and via the terminal condition (3.20) is equivalent to
o/ (T)? — " (T) = 200/ (T (T) — 20/ (T)u®(T) = 0. (3.26)

O
After proving the existence and the form of the solution in theorems, now we need to

prove the uniqueness. First we prove the following proposition

Lemma 6 The solution to ODE (3.8) can be written in terms of x and X in the following

form

NN (t) + N2 (t) — 36N (t) + K(t) = 0 (3.27)
where K (t) given recursively for t <T by following
T
Ke(t) = 2a\NT)(N(T) + aX(T)) + Ac?B <x(t) + oz/ $(S)ds>
t
s a positive function.
Proof: Let’s write (3.25) in terms of A and =
A 2

—6a2AN + AN+ 22\8) = T"(a% —

The left-hand side is equal to

% (2)\)\” N2 3a2)\2>
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Therefore, for t < T we have

T pAg? (T

t @ Jy

(2)\)\" F N7 - 3a2)\2> (@Pu(s) —u"(s))ds

This gives
AN (1) + N2 (1) — 3a2N\2(t) =

AO’2 T
A(T)N'(T) + N*(T) — 36>X%(T)) — — (@®u(s) —u"(s))ds (3.28)
By writing the equation (3.26) in terms of A
INT)N'(T) = o2 N(T) — N*(T) — 20A(T)N(T) (3.29)

Using this expression for the first term in the right hand side of the equation (3.28), we
have

INT)N'(T) + N*(T) — 36*X2(T) = —2aBA(T)(aX(T) + X(T))

The last term in the parentheses is ¢(7") which by Lemma 4 is positive. On the other hand,

from equations (3.16) and (3.17)

T T T
/t (@Pu(s) —u”(s))ds = aﬁ/t (ax(s) — a'(s))ds = af(x(t) + /t ax(s)ds)
g

Proof: [proof of Theorem 4 part (iii)] To show that the solution to the ODE (3.8) is the

unique minimizer of the functional (3.21), we need to show that

827 <0



53

The second variation of the functional J[u] is given by

1 T T
3 / (Luuh? + Ly b + Ly h"?) dt + / (Luwhh' + Ly h" W + Ly hh")dt
0 0

Using integration by parts for terms in the second integral and noting that L,,» = 0 we

can write the second order variation as

1/T [(L iy )h? + (L 4 )R+ L h”Q}dt—le h2T+1L W
(3.30)

Since u and u + h both satisfy conditions (3.18) and (3.19) we have

Hence, it’s sufficient to show that every term in the expression (3.30) of the second order

variation is negative. For the first term in the integral have

d

Luu_a

Lyw = —Aa’c? <0 (3.31)
For the second term, from Lemma 6 we have

d
Ly — aLuuu/ = 6a’u — 2u® — Ac’a (3.32)

which can be represented in terms of A as follow
—6a°\ + 20\ — Aao? (3.33)

Multiplying this by %, adding it to (3.27) and using the positivity of K(¢) in Lemma 6 we

conclude that (3.32) is strictly negative. For the last integrand

Lu//u// = 2’LL/ (334)
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Which from equation (3.15) and positivity of A is clearly negative.

For the last two terms which are evaluated at T'. We have

Luu’

= —Ad’c® (3.35)

Lu”’u/

o= 2u"(T) + 4o/ (T) (3.36)

Negativity of the second term follows from Lemma after rewriting it in terms of A and ¢
using equations (3.15), (3.17) and Remark 4.
O

Proof: [proof of Theorem 4 part (iv)] Let’s write the equation (3.27) in the following
form

2+ e(N — 3a) + K(t) = 0 (3.37)

Suppose the solution given in part (i) suggests to the investor to buy intermediately. With
the final goal being to reach z(T") = 0, there exists a point in time ¢y such that z/(tp) =0
and 2”(ty) < 0, i.e. (tp) > 0. Then in equation (3.37) at time ¢y the first term in is
positive and the second one is zero. But this is a contradiction since from Lemma 6 K ()

is always positive. O

3.3.2 Infinite horizon case

Now we discuss the optimal execution problem for an investor with no time constraint. For
a moment, let’s ignore the risk component by assuming A = 0 . In this case any admissible
policy could be improved by delaying the policy and hence, and hence there is no optimal
policy in this case. However, under risk consideration, the problem is not trivial anymore.
Before studying the problem, let’s first recall the Schied-Schoneborn results, which gives

an intuition for the choices we make in the next proofs.

Theorem 6 [Schied and Schneborn (2009)] In a model where execution price evolves as

equation (3.3), under contant temporary price impact X. The optimal policy of the investor
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c(t) =/ f;g;a:(t) (3.38)

In order to address the problem for infinite horizon, we look at the limiting behavior of

s given by

the solutions in the finite horizon case. The first question is to whether or not the investor
will keep delaying the liquidation till to the end. The next proposition answers to this
question and furthermore provide us with the limiting behavior for we're required in the

last proof.

Proposition 8 In the absence of time restriction for liquidation in a market with dynamic

temporary price impact, liquidating the entire position in a finite time is never optimal.

Proof: Let’s assume that the optimal liquidation policy c is taking place in the finite time
[0,T]. We show that this policy could be improved and hence contradict the optimality

claim. Define the function F for x # 0 by

Flz,\) = —

T

VA

Since the liquidation is taking place in a finite time, F'(x, \) can’t be bounded. Hence, for

any M there is an interval I = [tyr,T) such that for all ¢t € T

c> M% (3.39)

By looking at the cost function

1
/)\02+/2A02x2

Over interval I we can see that the cost from price impact is % times higher than the
2

volatility risk. We create ¢ through modifying ¢ over this interval, in such a way that it

reduces the price impact much higher than it increases the risk cost. Let J = [ty,T) be
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the interval with a length NV times length of I. Define ¢ as follow

_t ~
STIMy s e fta, T)

1
Hs) — Lot
é(s) NC( M+
Under this choice of liquidation policy, for the volatility cost we have

/ Ac?i2 = N / Ac?z?
J I

Also for price impact cost, over each interval I’ C I and its corresponding subset J' C J

1
2 1 2
/,C N/

Now let’s compare the value of A and X over these to intervals. With t; € [tyr,T) and its

we have

corresponding time t; = t; + (t; — tpr) N, we claim that
Ay > M, (3.40)

At time t = tj; these two are equal. After this point we have

tr
)\tI = ()\tlw + Bcseasds>eiatl
0

ty
A, = My, + Bése™ds)e” 7
0

The claim is proven after comparing the derivative of the two integrals. Hence, the liqui-

dation cost can be reduced, which this is a contradiction to the optimality claim. O

Theorem 7 The optimal liquidation policy of an investor with infinite time horizon has

the following dynamic.

(X)2 + A] (3.41)
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Proof: For fixed A\(T') and X' (T') define
! Ad® 5 5
.A()\T)\/T)(t) = )\T(Oé)\T + A7) + T(/B x + 20)\x) (3.42)

Since A'(t) = A(¢t)K'(t) one can check that the solutions to equation (3.27) are in one to

one correspondence with the solutions of the following differential equation

N? = —K(t) + a®X? + Ait)

Combining these two representation, The optimality path can be represented in the fol-

lowing form

a2)\ o )\/l — A(t)

2)2

Which after writing the left-hand side in terms of the rate of selling is equivalent to

(3.43)

From previous proposition we know that the trader tends to use all the infinite horizon for
optimal trading, therefore, the infinite horizon solution can be obtained by approaching
terminal time to infinity in the finite horizon case. Hence, in the limit at infinity A\(7") and

M(T')" approach to zero and (3.42) becomes

2
A(t) = ATU(B%Z +28\x)

and hence from (3.43) the infinite horizon optimal policy path satisfies
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Given a value for ¢(0) this ODE (3.41) could identifies the liquidation path uniquely,
however, we don’t have any constraint left to find this initial condition. In order to address
this issue, we transform the ODE into a PDE and observe that the initial condition to the

PDE appears naturally in this algebraic form.

Proof: [proof of Theorem 5] With no time constraint, the optimal policy ¢ is only a
function of number of shares and the current temporary price impact parameter, hence by

defining it as c(x¢, A¢), we have

d dx d\
%c(x, A) = Ecx + ECA

the ODE (3.41) can be written as following in a PDE form

Ac? pa?  Ac’x
2 )2 A

2ac + 2ahey — 20cey — 4+ 2cc, =0

In order to address the singularity at x = 0 and obtain the boundary condition, we rewrite

the PDE for the function

H(z,)\) = 6(2 A (3.44)

we obtain

Ao? Bz Ao’z
da N2 200\

1
cH + \eH) — éleHA - +—azH(H +xH;) =0 (3.45)
a a

Now the singularity of this PDE at x = 0 allows us the to observe its initial condition in
limit at = 0 as a Riccati equation

Ac? 1 1
o H- —H? (3.46)

AT 2402 a\

Let’s denote h(A) = lim,_0 H(z, A) and use the prime notation, for derivative with respect

to its argument A. By using the Riccati transformation, we can write this ODE in the form
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of second order differential equation

2 Ac?
y// _|_ Xy/ — 72a2)\3y = O (347)

which after solving, will return us the solution to the ODE (3.46) via following transforam-

tion

(3.48)

Let’s denote M = 22—32 > 0. Then for constants C; and C5 the solutions to (3.47) are

given by
b
VA

where f(\) = I1(y/M/\) and g(\) = Ki(\/M/\) are modified Bessel functions. Let’s

u(X) (CLf(N) + Cag(N))

assume for a moment that both C;, Cy are nonzero.

Let’s denote w(A) = C1f(A) + Cag(A). From (3.48) we have

(NI

(A) + A7 20'(N) : a(il + )\2/) (3.49)

AT 2w
A"2w()) 2 Tw

DO

h(\) = a\
From proposition 8, we know limy_,o A(A\) = oo and limy o h(A) = 0. Hence, we for the
function % we need to have

w' w' 1
1i = i N — .
A oy (3:50)

We can observe that for the function f(\) and g()\), we have

lim f(A) = lim f/(A\)=0 lim f(A\) >0

A—00 A—00 A—0

lim g(A) = lim f/(A) =0 lim g(\) >0

A—0 A—0 A—00
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Hence, from these results we have

lim E/ = lim CLf'(V) + Cag’(M) = lim Cag () = lim AGY
A—oo W A—oo C1f(A) + Cag(N) A—oo Cag(A) A—oo g(A)

@ OO G )

A0 w  A=0 CLf(N) + Cag(N) A5 Cif(A)  a50 f(N)

However, from the asymptotic behavior of modified Bessel functions we have

T

which is contradiction to the boundary condition (3.50). Therefore, either C; = 0 or

C5 = 0. By the same argument as above, we can immediately see that only with C; =0

the initial conditions are satisfied. After simplifying the result in equation (3.49) we obtain

the required initial condition for the solving the PDE (3.45)

Ac? Kol 2;12(;\2)
lin%H(x,)\): o =
- ()
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