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Abstract

Estimating liquidity accurately is an important ingredient of portfolio management. Tradi-
tionally, liquidity costs are estimated by means of single-asset models. Yet such an approach
ignores the fact that, fundamentally, liquidity is a portfolio problem: asset prices are correlated.
We develop a model to estimate portfolio liquidity costs through a multi-dimensional general-
ization of the optimal execution model of /Almgren and Chriss|(1999). Our model allows for the
trading of standardized liquid bundles of assets (e.g., ETFs or indices). We show that the bene-
fits of hedging when trading with many assets significantly reduce cost when liquidating a large
position. In a “large-universe” asymptotic limit, where the correlations across a large number
of assets arise from a relatively few underlying common factors, the liquidity cost of a portfolio
is essentially driven by its idiosyncratic risk. Moreover, the additional benefit from trading
standardized bundles is roughly equivalent to increasing the liquidity of individual assets. Our
method is tractable and can be easily calibrated from market data.

1. Introduction

Estimation of liquidity costs, those associated with trading a collection of large positions, is an
important issue in modern financial markets. In portfolio management, estimation of liquidity
costs is important since these costs can be significant. This is particularly true for investors who
are very active (and hence incur significant costs by trading frequently) or are very large (and hence
incur significant costs through their size). In such settings, effective portfolio construction decisions
cannot be made without considering liquidity costs. Similarly, in risk management, assessment of
the risk associated with holding a portfolio depends on both the long-term fluctuations in the value
of the underlying assets and the short-term ability to convert the portfolio into cash. This latter
effect can be especially important in times of distress, and is fundamentally a question of liquidity
costs.

A closely related problem is that of optimal execution. In many markets, when an investor
seeks to execute a large trade (a so-called “parent order”), it is usually broken into pieces with
the help of algorithmic trading systems and executed as a sequence of much smaller trades (“child

orders”). Optimal execution problems seek to do this in the most efficient manner by balancing
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two effects. First, there are transaction costs associated with execution, including, for example,
commissions, fees, the bid-ask spread, and (most importantly for large investors) the market impact
of the trading itself. Second, by spreading out a large trade over time, investors are exposed to risks
associated with the movement of market prices over the execution horizon. Traders must evaluate
their trading strategies against the transaction costs and market risks. Those who trade too fast
incur high transaction costs from market impact while those who trade too slow are exposed to
adverse price movements: both trading strategies could potentially result in more than the expected
liquidity cost. This trade-off between cost and uncertainty has given rise to a rich literature on
optimal execution in general and optimal liquidation of a single risky asset in particular, starting
with the work of Almgren and Chriss| (2001).

To date, much of the literature on the estimation of liquidity costs and optimal execution has
focused on the single-asset setting (with several notable exceptions to be discussed shortly). By
contrast, we believe that liquidity is fundamentally a multi-asset problem that must be addressed

at the portfolio level. This is for several reasons:

(i) Investors make trading decisions seldom in isolation on an asset-by-asset basis, but rather
jointly to produce a trade list consisting of a portfolio of trades to be made simultaneously in
multiple assets. A simple example would be an open-end fund, which, upon an an inflow or
outflow, would in effect trade portfolios to maintain proportional holdings. Since the market
risk associated with such a trade depends on the joint distribution of correlated assets, the
estimation of its liquidity costs will not decompose across assets, nor can optimal trading

schedules be determined by considering assets in isolation.

(ii) Even if an investor seeks to trade only a single asset, he may receive significant benefits from
simultaneously trading correlated assets for the hedging purposes. For example, an investor
unwinding a position in an illiquid asset may seek to hedge the execution risk by establishing

positions in correlated but liquid assets, in order to drive down overall liquidity costs.

(iii) Finally, investors may benefit from the multi-asset approach through the trading of what we
call liquid bundles. These are collections of assets (in effect, portfolios) existing in many mar-
kets that can be directly and atomically traded. For example, in equity markets, investors can
directly trade exchange-traded funds (ETFs), which are economically (ignoring creation and
redemption issues) equivalent to trading a basket of underlying equities. Similarly, in credit
markets, trading credit default swap (CDS) indices is equivalent to taking a simultaneous
position in a portfolio of underlying credit entities. In futures markets, spread trades, such
as calendar spreads, inter-commodity spreads (e.g., crack spreads), and option spreads, are
also portfolio trades. Such portfolio instruments can be important both because they provide
another mechanism for trading the constituent assets, and because they are often extremely
liquid and have little idiosyncratic risk, which makes them excellent candidates as hedging

instruments.

In this paper, we develop a multi-asset generalization of the model of|Almgren and Chriss| (2001)),



building on the work of |Guéant| (2015)), Kim| (2014), and |Guéant et al.| (2015). Going beyond this
earlier work, our model explicitly incorporates the trading of liquid bundles such as ETFs. Our
model is easily calibrated and computationally tractable.

The most important contribution of our model, however, is that it enables us to provide a
structural analysis of the underlying drivers of liquidity costs. Specifically, we make the assumption
of a factor model, where the covariance structure across the universe of tradeable assets decomposes
into common, systemic factors (which drive correlations) and individual, idiosyncratic risk. We
consider a large-universe asymptotic regime, where a large number of assets are available for trading
relative to the number of underlying systemic factors. This large-universe setting is consistent with
asset pricing theory, particularly the assumptions made in the arbitrage pricing theory (APT), first
developed by Ross| (1976]). It is also consistent with the state of the art in practice, where, for
example, commercial risk models for equities (e.g., BARRA) use tens of systemic factors to explain
the covariance structure for thousands of assets.

In this asymptotic large-universe setting, under suitable technical assumptions, we develop
simple closed-form approximations for liquidity costs. These approximations are useful for com-
putation, but they also highlight two key structural properties of portfolio liquidity costs. First,
liquidity costs are primarily driven by idiosyncratic risk. This is because, in a large-universe setting,
systemic risk can be hedged very cheaply and asymptotically eliminated. Put differently, the ben-
efit from considering optimal execution at the portfolio level roughly corresponds to reducing risk
exposure from total risk to only idiosyncratic risk. Second, introducing a liquid bundle (ETF) is
approximately equivalent to commensurately increasing the liquidity of each underlying asset by its
implied trading volume in the ETF. In other words, liquid high-volume ETFs can offer significant
reductions in liquidity costs.

We explore the practical implications of our model in an empirical example consisting of 29 U.S.
equities in the utility sector, along with a sector ETF. There, we demonstrate the above-referenced
structure effects and illustrate the magnitude of the benefits of our approach. In particular, the
portfolio approach to trading single assets in the utility sector can reduce liquidity costs by a factor
of up to five. In addition, use of the sector ETF further reduces costs by 10-20%.

The rest of the paper is organized as follows. In Section [1.1] we review the prior literature. In
Section [2| we present our model and characterize the solution of the resulting optimal execution
problem. In Section [3] we specialize our results to settings with separable transaction costs that are
of particular interest. In Section[d] we introduce the large-universe asymptotic regime and establish
our main structural results. In Section [5] we provide empirical examples calibrated to market data.

Section [6] concludes. Note that all proofs are provided in the Online Supplement.

1.1. Literature Review

Research on optimal execution has been of particular academic interest in the past two decades.
It first started with Bertsimas and Lo| (1998), who focused on the minimization of execution costs.

The trade-off between transaction cost and market risk was first documented by |Grinold and Kahn



(2000), and was then used in the seminal papers of Almgren and Chriss (1999, 2001)) to derive the
framework of single-asset optimal execution in a mean-variance formulation. Initially in discrete
time with linear market impact, the Almgren—Chriss model was extended to continuous time by
He and Mamaysky| (2005) and [Forsyth (2011) using the Hamilton—Jacobi-Bellman approach, and
by |Almgren| (2003) and |Guéant| (2015) using nonlinear market impact functions. Almgren| (2012)
further takes into account stochastic volatility and liquidity. Whereas these frameworks are all
based on static or deterministic strategies in which the number of shares to be sold at any time is
pre-specified, Almgren and Lorenz (2007) improves on them with the more realistic mean-variance
formulation of a simple update strategy that accelerates execution when the prices move in favor
of the trader. A more detailed discussion of the form of adaptivity is given in |Lorenz and Almgren
(2011)).

Perhaps due to its mathematical difficulties, the portfolio approaches to optimal execution is
much less studied. Almgren and Chriss (2001), followed by [Engle and Ferstenbergl (2007) and
Brown et al.| (2010)), briefly discuss the portfolio approach and provide a solution to a simple case.
In recent years, the body of work dedicated to the portfolio approach has grown. |[Kim| (2014)
considers the case where market impact is assumed to be minimal and decays sufficiently fast to be
negligible in price dynamics. (Guéant et al. (2015]) present a numerical method to approximate the
optimal execution strategy based on convex duality. While the framework used in these two papers
is quite similar to that of the present paper, our framework is more general and allows for the
trading of liquid bundles. Finally, |Tsoukalas et al.| (2014)) analyze a multi-asset optimal execution
problem; however, they confine their attention to the microstructure of cross-asset market impact.
One key observation to be drawn from all these papers is that there are large hedging benefits by
using the portfolio approach.

Our research is also related to empirical research that conduct cross-sectional regressions to
estimate market impact. For example, Chacko et al. (2008)) provide empirical evidence that the
expected market impact is proportional to the square root of the trading size; see also [Bouchaud
et al. (2008). However, this approach has two downsides: it is extremely noisy (because it is hard
to estimate transaction costs from actual returns) and from our perspective, it is fundamentally a
single-asset approach. More recently, a literature has emerged on the topic of cross-asset market
impact (see, e.g., Benzaquen et al., 2016 Schneider and Lillo| |2017; [Min et al. 2018), which also

necessitates a portfolio approach to optimal execution.

2. Model

In this section, we describe our general model setup and characterize the solution of the resulting

optimization problem.



2.1. Setup

Portfolio and trading strategies. Consider an agent who wishes to liquidate efficiently a portfolio
consisting of positions in up to n assets. The agent’s initial holdings are specified by the vector
q € R", where component ¢; represents the initial position in asset ¢ denominated in shares. In
order to liquidate this portfolio, the agent can trade m > n possible liquid instruments. The vector
y; € R™ specifies the composition of the ith instrument in terms of shares of underlying assets.
That is, selling one unit of the ¢th instrument results in the agent’s portfolio components being
adjusted according the the vector ;. Denote by Y 2 [y1, 2, ..., Ym] € R™ ™ the liquidation matriz
that characterizes the available instruments.

In the simplest case, the agent is only allowed to directly trade the underlying assets. Then, the
tradeable instruments correspond to the underlying assets (n = m) and Y = I; i.e., the liquidity
matrix is the identity matrix. More generally, our model supports tradeable instruments that are
not necessarily individual assets, but can be liquid bundles that are essentially portfolios that can
be traded directly. As was discussed in Section [I], examples of such liquid bundles include exchange
traded funds! (ETFs), credit default swap (CDS) indices, and tradeable futures spreads. As an

example, consider the following:

Example 1 (Two-asset ETF). Suppose an agent starts with a portfolio consisting of two stocks,
and can trade those stocks directly. In addition, suppose that there exists an ETF of a portfolio

consisting of one share of each stock. In this case, the liquidation matriz is given by

1 1
Y = 0 .
0 1 1

We will make the assumption that rank(Y) = n, i.e., that Y is full rank, so that any initial
portfolio in ¢ € R™ can be liquidated with the instruments available.

Given a liquidation matrix Y, a trading strategy is characterized by the rate at which each of
the liquid instruments (the columns of Y') are bought or sold. Specifically, a trading strategy is
defined by the control process u € L'([0,00); R™), where u;(t) represents the rate at (in shares per
unit time) at which instrument ¢ is traded at time . We adopt the convention that positive trading
rates correspond to selling, while negative trading rates correspond to buying. Given the control
u and the initial position ¢, the evolution of position over time is given by the position process
x € C([0,00);R™), where

z(0) =g, (t) = =Yu(t), Vt>0.

Equivalently,
t
z(t) =q —/ Yu(s)ds, Yt=>0.
0

1Strictly speaking, an ETF may not be not exactly equivalent or fungible to its underlying portfolio, but we will
assume the existence of efficient creation or redemption mechanisms that make them equivalent for our modeling
purposes.



Trading constraints. We consider a constrained liquidity setting where the trading rate of each

instrument is bounded according to
lu;(B)] <, V1<i<m, t>0. (1)

Here ~; > 0 is a bound on on the absolute trading rate of instrument ¢. Such restrictions on the
trading rate are very common in practice, for several reasons. First, an excessive trading rate will
almost certainly lead to unfavorable execution prices due to market impact. We will momentarily
introduce transaction costs that depend on the trading rate. However, at very high trading rates, the
agent will create a significant supply-demand imbalance in the market, and hence transaction costs
will be dominated by effects such as information leakage and are difficult to estimate. Empirical
evidence on information leakage of large trades is found by Van Kervel and Menkveld| (2015)) where

)

the authors show that the high frequency traders “prey” on orders that are large. On the other
hand, transaction costs for very low trading rates will be dominated by observable quantities such
as the bid-ask spread and easy to estimate. Hence, transaction cost models typically are accurate
only for a restricted range of trading rates, and the constraint can enforce this range. Finally,
observe that constraints of the form are very common in practice, and can be easily calibrated
through market parameters. Typically, one might restrict the trading rate to a certain percentage

of the future predicted overall market trading volume for a particular instrument.

Transaction costs. We allow for the possibility of trades to be associated with transaction costs.
Such costs may arise from, say, commissions or trading fees, the bid-ask spread, or the distortion
of market prices caused by the agent’s trading. In all of these cases, transaction costs are related
to the trading rate. For example, costs associated per share commissions or the bid-ask spread
accumulate as a linear function of the trading rate. Market impact may take a more complicated
form, but will still be an increasing function of the trading rate.

Though the sources of transaction costs vary, they are all closely related to the trading rate. In
particular, if we look at the rate of transaction cost accumulation, the contributions of commission
fees and the costs from bid-ask spreads are linear as a function of the trading rate, whereas market
impact costs may take a more complicated form such as that studied in [Kyle and Obizhaeva
(2016)). Here, we will not seek to decompose the transaction costs and will describe the total rate
of transaction cost accumulation with some functional f(-) of the trading rate u. We assume that
f: R™ — R, is a non-negative convex function that is symmetric around 0, i.e., f(u) = f(—u),
for all u € R™. Further, we assume that no costs are incurred by not trading, i.e., f(0) = 0. By
making these assumptions, we are essentially focusing on only the temporary (or instantaneous)
market impact, which depends only on how fast you trade. We are not considering permanent or

transient market impact, which features the impact of current trade on future execution prices.
Price dynamics. The evolution of the price dynamics is typically determined by a predictable
drift component and a random noise component. Since the liquidation process typically happens

in a short time horizon, we will neglect the drift and focus only on the unpredictable variations.



Specifically, we assume that the prices of the n assets (S(t) € R™) follow a multidimensional

Brownian motion given by

dS(t) = S2dW (t), (2)

where W (t) € R™ is an n-dimensional standard Brownian motion, and ¥ € R"*" is a symmetric
positive definite matrix that characterizes the covariance structure of W(t). We will also assume
that there are no tracking errors for the liquid bundles. As a result, the price process of any
instrument y; is given by y; S(t). We will also make the assumption that the covariance matrix 3
is constant over the period of liquidation. This may be a reasonable approximation of since the
liquidation process we are considering typically takes a short time horizon ranging from hours to
days. It is expected that the covariance structure will not change dramatically over such a short

time horizon.

Portfolio value and risk. We now discuss the profit and loss resulting from the liquidation process.
For any liquidation process defined by (z, u), let IS; be the implementation shortfall from liquidating
the portfolio up to time ¢. This is defined to be the difference between the value of the initial
portfolio at time 0 and the value of the remaining portfolio at time ¢ (along with any intermediate

cashflows resulting from trading between time 0 and time ¢). That is,

IS, 2 /O (5(0) = S(s))T da(s) + /0 Flu(s)) ds

¢ ¢ 3)
— —/ o(s)T d5(3)+/ Flu(s)) ds.
0 0

The first term represents the total effect of price changes during the liquidation process up to time
t. The second term is the loss due to transaction costs.

The expected value of IS; takes the form

E[S,] — /0 " Fuls)) ds. (4)

Notice that, by construction z € C([0,00); R™). It follows immediately that

/Otsn(s)—rx(s) ds < 0. (5)

Then, by Ito’s isometry, we have

t
Var(IS,) = / 2(s)T Sa(s) ds. (6)
0
Let IS £ lim_ o IS; denote the implementation shortfall incurred over the entire liquidation

process; we have

E[1S] — /0 T Hu()dt,  Var(is) = / T () TS () dt. (7)

0



The mean of IS is simply the total transaction costs associated with the liquidation process. The

variance of IS provides us with a natural measure of market risk during the liquidation process.

Optimization problem. The optimal liquidation problem can be formulated by minimizing the

expected implementation shortfall adjusted for the risk according to a mean-variance objective:

J*(g) £ minimize /0 T () dt + p /O T ) TS (t) dt

subject to  &(t) = —Yu(t), Vit>0, (8)
z(0) = g,

u € L([0,00); R™).

Here, 1 > 0 is a parameter capturing the degree of the agent’s risk aversion.

The objective value of this dynamic control problem captures an explicit trade-off between
transaction costs and market risk. If the agent trades faster, he is more likely to end up with higher
transaction costs due to increased market impact; if he trades slower, he will end up facing more
market risk over a longer period of time. As we will show in Theorem [I] the optimal liquidation
process always has the finite objective value defined in . This implies that the asymptotic
position is zero as time goes to infinity; otherwise the risk component of the objective value in
would be infinite. An alternative would be to explicitly impose a exogenous finite time horizon
by which the entire position must be liquidated, and this might be more appropriate in a fire sale
setting, for example. Many of the results in this paper would hold in such an alternative, but we
will opt for the simplicity of an endogenous time horizon.

Note that explicit in the formulation is the fact that we are restricting attention to only
deterministic strategies; in other words, we are requiring that trading rates for each asset at every
time to be specified in advance at time ¢ = 0. In general, there may be adaptive or stochastic
strategies that perform better for our mean-variance objective. For example, |Almgren and Lorenz
(2007) show that stochastic strategies may outperform the best deterministic strategy; see also
Lorenz and Almgren (2011). However, the proper economic motivation for mean-variance objective
comes from the problem of maximizing expected utility for exponential, or CARA, utility functions.
Schied et al.[(2010]) found that there is no added utility from adaptive strategies for CARA investors
with a finite time horizon. Schoneborn (2011) expands this observation to infinite time horizons.
As a result, if we believe the mean-variance objective stems from the optimization of CARA utility
functions, the deterministic strategy is optimal. In any case, we will restrict our attention to
deterministic strategies. This is consistent with much of the rest of the mean-variance optimal

execution literature.

2.2. Optimal Strategy

In this section, we discuss some of the general characteristics of optimal strategies in our formulation.



Theorem 1 (Existence and Convexity). The dynamic control problem defined in is bounded and
an optimal solution u* always exists. In addition, the optimal value (the liquidity cost) is convex
in initial position.

The proof of the theorem is given in the Online Supplement and is similar to results of (Guéant
(2015); |Guéant et al. (2015). In our setting, the main technical requirement for existence of an
optimal solution is the constrained liquidity assumption . This helps us to establish the equi-
integrability of the feasible set. Because of this, our result is in some ways simpler than the earlier
work. For example, we do not need to impose additional requirements on the transaction cost
functional f(-) beyond the convexity. Note that one implication of the existence theorem is that
the optimal objective value is finite. This implies that, as ¢ — oo, x(t) — 0. In other words, the
position will be asymptotically liquidated.

A key element in our framework is that we allow for the direct trading of liquid bundles. As
such, we may have more instruments than individual assets (m > n), and it is possible to have more
than one trading strategy w(-) corresponding to any given trajectory of position z(-). Therefore,
the uniqueness of the optimal trading strategy may not be guaranteed. However, the optimal
trajectory of position z(-) must be unique, i.e., all optimal solutions have the same position at any
time. Moreover, as established in the following theorem, under an additional convexity assumption

the trading strategy must also be unique:

Theorem 2 (Uniqueness). All optimal solutions for the the dynamic control problem in have a
unique optimal position trajectory xzx € C([0,00);R™). Moreover, if the transaction cost functional

f () is strictly convex, the optimal trading strategy u* € L*([0,00; R™) must also be unique.

In general, it is difficult to come up with closed-form solutions to the dynamic control problem
given in (although we will consider some special cases in Section . We provide sufficient

conditions for optimality by exploiting the convexity of the problem in the following:
Theorem 3 (Sufficiency). A feasible pair (z*,u*) € C([0,00); R™) x L*([0,00); R™) form an optimal
solution of if, for allt > 0, .

¥ (t) =q —/0 Yu*(s)ds,

u*(t) € argmin f(u)— Q/tOO z*(s) " XY uds. (9)

u —y<uly

Theorem [3| provides a sufficient condition for the optimal trading strategy. Intuitively, the
optimal trading rate at any given time results from a trade-off between the two components in
@. The first component represents the instantaneous transaction cost and the second component
represents the impact on future risks. Note that Theorem [3] gives a sufficient condition, but not
a necessary one. If, however, the liquidation process takes only finite time, it can be shown that,
@ is also necessary, using Pontryagin’s minimum principle, as we will do later. The necessity is
difficult to generalize to an infinite trading horizon, where the corresponding general version of

Pontryagin’s minimum principle is often pathological (Halkin, [1974).



3. Examples: Separable Transaction Costs

In the optimization problem , decision making across multiple assets is coupled. This coupling
arises from two sources: (1) asset prices may be correlated impacting risk considerations; and (2)
there may cross-asset market impact interactions embedded in the transaction cost functional f(-).
In practice, the existence of cross-asset market impact is debatable and, more importantly, it is
extremely difficult to measure if it exists. Hence, the most relevant case, which we discuss now,
involves the absence of any cross-asset market impact.

Specifically, the class of transaction cost functionals that are of particular interest are what we

call separable transaction costs. These are transaction cost functionals that take the form of
fu) = vif(ui/v;), (10)
J

for u € R™, where f : R — Ry is a nonnegative convex function symmetric around 0 with f(0) = 0.
The scaling constant v; > 0 captures the magnitude of the transaction cost of asset j, and ; is the
maximum trading rate from .

The intuition behind this type of functional is that the transaction cost of each asset is driven by
similar mechanisms and depends primarily on the relative trading rate (u;/v;). This corresponds
to the fact that assets with higher liquidity (higher v;) are expected to have a smaller transaction
cost given the same trading rate. Additionally, rules out the possibility of cross-asset market
impact. Though advocated by some approaches in the literature such as Tsoukalas et al.| (2014),
cross-asset market impact is extremely difficult to estimate. On the other hand, the transaction
costs of the form in can be estimated relatively easily from historical transaction data. For
example, a typical model of market impact costs for a single asset may take the form (see, e.g.,
Almgren et al., [2005),

a
Ui
J
o=
J . )
Vi

where o; is the asset volatility, V; is the asset volume, and the exponent « is a model parameter.
This is clearly of the form specified by .
In what follows, we focus specifically on two examples of separable transaction costs: zero-cost

constrained liquidity and linear-cost constrained liquidity.

3.1. Zero-Cost Constrained Liquidity

The simplest case of a separable transaction cost is where there is a constraint on the trading rate,
but trading itself doesn’t incur any cost. In this case we simply assume that f(u) = 0. Thus, we
are capturing a setting where trading costs are minimal relative to risk, e.g., when the agent is
very patient and tends to trade slowly and passively. A potential such setting would be an agent
that trades only passively with mid-point orders, and where there is no cost arising either from the

bid-ask spread or from market impact.

10



Under zero-cost constrained liquidity, is equivalent to

J*(q) £ minimize / z " (H)Sx(t) dt
0

u

subject to  #(t) = —Yu(t), V>0, )
ui (O] < i V1<i<m, t>0,
z(0) = ¢,

u € L([0,00); R™).

Here, we have assumed without loss of generality that the parameter for risk aversion (u) takes
the value p = 1. This setup under zero-cost constrained liquidity is very similar to that developed
by Kim| (2014). The main difference is that we allow for the trading of liquid bundles and hence Y
does not need to be an identity matrix.

The zero-cost constrained liquidity model has some interesting features. The first is that the
problem scales as a function of initial position.

Theorem 4 (Scaling). If u* is optimal for the problem starting from initial position x(0) = q,
then
a(t) £ u*(t/a), Vt>0,

is optimal for the problem starting with initial position x(0) = aq for all o > 0. Furthermore,
J*(aq) = a’J*(q).

Interestingly, the optimal object value, which is essentially the variance of the liquidation P&L,
scales with initial position to the power of three. This is consistent with the prediction of inventory
risk models (e.g., Chapter 16, Grinold and Kahn| 2000) where the total trading cost of a portfolio
increases according to the 3/2 power of the amount traded.

Another property of the zero-cost constrained liquidity model is that the optimal liquidation
process completes in finite time. Although we do expect the position to be liquidated asymptotically
(as discussed in Section [2.1)), in theory our framework does not guarantee that liquidation occurs
in finite time. It could be that as the position gets smaller, transaction costs dominate the market
risk, in which case it may make sense to trade slower and slower to keep transaction costs small.
One example is the case where the transaction cost is quadratic and becomes a constrained
linear-quadratic control problem, which takes infinite time. However, under zero-cost constrained
liquidity, where the finiteness of the liquidation time is guaranteed, the theorem goes as follows.
Theorem 5 (Finite Horizon). For any initial position q, the optimal position trajectory x(t) is guar-
anteed to reach zero in finite time.

Recall that, in general, condition @D of Theorem |3| provided a sufficient but not necessary
condition to characterize an optimal trading policy. In the zero-cost constrained liquidity set-

ting, however, since the optimal liquidation process takes only finite time, Pontryagin’s minimum

11



principle can be used to derive the necessity of @

Lemma 1 (Optimality). A feasible control u* is optimal for if and only if, for all t > 0,

z*(t) =q— /Ot Yu*(s)ds,

u*(t) € argmax (/too z*(s) XY ds) u. (12)

wi—y<u<y

Condition suggests a so-called “bang-bang” or singular control, where each u;(t) takes the
upper bound +; if the jth component of [, x*(s) " XY ds is positive, and takes the lower bound —v;
if it is are negative. Properties of singular control problems can be found in |[Johnson and Gibson
(1963), among other places.

In general, it is difficult to come up with a closed-form solution to the problem in high
dimensions. However, it is possible to characterize the two-dimensional case. Although it is possible
to provide closed-form solutions to all two-dimensional cases, we are particularly interested the case
of high liquidity hedging, where an initial position in a single asset is liquidated by concurrently
trading with a second, hedging asset that is both highly liquid and correlated with the original
asset. In practice, this is the most relevant setting, as people tend not to hedge with illiquid assets.

The following theorem characterizes this setting.

Theorem 6 (High Liquidity Hedging). In the two-dimensional case where model parameters are given

by
Z:[ o? /)012(7217 Yzll O]’
pO101 o5 01
if we further assume that
o017
Y2 = |pl——, (13)
02
then the optimal liquidity cost of portfolio ¢ = (q,0) is given by
1 q3 p2
J() =0 [1- —"——|. 14
D=5\ T .

We refer to condition as the high-liquidity hedging condition. It requires that the liquidity
of the hedging instrument (v2) exceed a certain threshold. We can rewrite (13| as

71 02

12 |P|01'

The right side is an optimal hedging ratio. Given a unit of asset 1, it can be shown that the optimal
amount of asset 2 needed to minimize total risk is given by |p|o1/02. By examining the proof, one
finds that the optimal trading strategy is to trade asset 2 as a hedge before unloading the hedged
portfolio. And |p|oy/o2 is the optimal quantity of asset 2 needed to hedge every unit of asset 1.

12



Equation suggests some very intuitive structural properties of liquidity costs. The first term

(%%?a%) is the fair liquidity cost of trading asset 1 alone without hedging. The second term can

then be interpreted as the benefit from hedging. Given that holds, it is easy to see that the
hedging benefit is increasing in |p|, which captures the correlation between the two assets. This
indicates that hedging is more efficient when one use highly correlated assets. Additionally, the
hedging benefit is increasing in 209, a fact that can be interpreted as the rate of risk transferred

by trading the hedging asset.

3.2. Linear-Cost Constrained Liquidity

Now we consider the case where transaction costs are determined by the following linear function:
flu) = vjlugl. (15)
J
Notice that this definition is still consistent with if we have

fu) = Jul

and if we define v; as the coefficient. Now v; can be viewed as the bid-ask spread of asset j.

Basically, then, the agent is a liquidity taker and can be written as

J*(g) £ minimize / vl (8)] dt + o / 2T () (t) dt
u 0 0

subject to #(t) = —Yu(t), Vit>0, (16)
z(0) = g,

u € LY([0,00); R™).

The scaling property ceases to hold in this case as the transaction costs are typically linear in
the position traded, whereas the risk component is at least quadratic. Again, a general closed-
form solution is beyond our reach, but we can still explicitly solve the one-dimensional and two-
dimensional cases.

Suppose we need to liquidate a certain position in asset 1. In the one-dimensional case where
hedging is not possible, the total transaction costs incurred for trading a certain position are fixed
and do not depend on the trading rate. As a result, the optimal strategy is to sell the position as

fast as possible (at rate ). Hence we get the following proposition:

Theorem 7 (One Asset). In the one-dimensional case, the cost of liquidating a position of q with

parameters (o,7,v) is given by
g0

J*(q) = .
(q) =vlg| +p 3

The first term represents the total transaction costs associated with liquidating a position of g,
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and the second term represents the market risk of this liquidating process.
The two-dimensional case is more complicated — yet tractable. We consider only the case of
“high liquidity hedging,” where holds.

Theorem 8 (Two Assets). Consider the two-dimensional case where model parameters are given by

2
10
s=| 0 Ml y - ,
pPo101 (b 0 1
and assume the portfolio to be liquidated contains q shares of asset 1 and no position in asset 2. If

we further assume that
o171

72 > |p‘ ;
02
then the asset 2 will only be used to hedge if and only if

22 27119 .
Hy2p0102

If is satisfied, then the optimal liquidity cost of the portfolio is given by
3 2 o171 4v2 2va|ploiyi
p v/
J*(q) — ra % <1 P) 72 | |0’2’Y2 o2 o2 (18)

o — + v1q + 29— — .
3m 1+ |pl 32 i+l 31+ (pl5h)

0272 0272

In this case, hedging with other assets comes with transaction costs, which are proportional
to the hedging position acquired. Intuitively, if the transaction costs strictly dominate the market
risk, the agent will find hedging unattractive. Theorem [§] indicates that hedging is only optimal
when the position passes the threshold defined in . This provides intuition about the trade-off
between hedging benefits and their associated transaction costs. Specifically, hedging is less likely

to be beneficial when:
1. The position size is small.
2. The covariance between the two assets is small.
3. The transaction costs for the hedging asset (asset 2 in this case) are large.
4. The agent is not risk averse (i.e., there are smaller p).

Additionally, the structure of is interesting. We can see that the first term of is
exactly the liquidity cost given in in Theorem |§|7 which is the liquidity cost for the case of
a zero transaction cost. The second and third terms are the transaction costs associated with
the trading strategy given in Theorem [6] The last term is the penalty that results from the fact
that we expect less hedging in the presence of transaction costs. Interestingly, the penalty term
is some constant that does not depend on the liquidating position. Thus, if the position is too

small, hedging is not worthwhile; otherwise the optimal liquidity cost is the cost associated with
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the optimal strategy in the zero transaction cost case minus a constant that does not depend on

position size.

4. Large Universe

Although deriving a closed-form solution for proves to be difficult, it is not hard to see that the
optimal liquidity cost is determined primarily by two factors: the covariance structure of prices and
transaction cost functionals. We have discussed several transaction cost models in Section [3} now
we consider the covariance structure of prices. Throughout this section, we will assume separable
transaction costs.

In the most straightforward case where all asset prices are independent of each other, the
liquidation problem of a portfolio consisting of n assets will degenerate to n one-dimensional sub-
problems where each asset is liquidated on its own. But if the asset prices are correlated, the story
is more complicated. First of all, decisions regarding the liquidation of assets across a portfolio are
coupled. Second, it might be beneficial to hedge a position’s market risk by acquiring some assets
that are negatively correlated with the liquidating portfolio, as long as the extra transaction costs
are acceptable. However, since the complexity of covariance structure grows with asset numbers,
it becomes extremely difficult to provide an intuitive analysis of the liquidity costs. Unless we can
somehow decrease the dimensions of the problem, very little can be said. By the same logic, the
widely accepted idea that the variations of the prices of a large number of assets can be modeled
by a small number of systemic factors becomes appealing.

Various models have been developed in finance to model the structure of the covariance matrix
of asset prices. Here, we consider the multi-factor risk model first developed by Ross (1976) and
then generalized by (Chamberlain and Rothschild| (1983). The multi-factor risk is the basis for
the arbitrage pricing theory which is well-studied in the finance literature. The main idea is that
covariance across asset prices can be decomposed into two components: a systemic one and an
idiosyncratic one. The systemic component is then modeled through various systemic factors that
characterize different sources of systemic risks. This type of model has been widely used in the
industry to predict risk structure in the solution of practical investment problems, e.g., the BARRA
model from MSCI.

We define F(t) € RX to be the K-dimensional factor process. Without loss of generality, we
assume that the factors are orthonormal? and follow a standard K-dimensional Brownian motion.
Under a continuous time version of the multiple-factor model, the price dynamics of asset ¢ can be
written as

dS;(t) = 1] dF(t) + qdzi(t), 1<i<n,t>0, (19)

where z;(t) is a standard Brownian motion representing the idiosyncratic shocks for asset . [; € RE

is the loading vector for asset j. ¢; is the magnitude of the asset’s idiosyncratic risk and hence

2If the factors are correlated, we can always find a new set of K orthonormal factors with a change of coordinate,
as long as the covariance matrix of factors is full rank.
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Gizi(t) represents the idiosyncratic disturbances that are zero-mean and independent across assets.
In addition, we assume that z;(¢) is independent of the factors.

Usually, the number of assets is much larger than the number of underlying factors. For example,
in the BARRA equity multi-factor model, the covariance structure of thousands of U.S. equities
is explained by 60 industry factors, 12 style factors, and one country factor. This inspires us to
explore the large-universe setting.

Now consider a sequence of problems with an increasing universe of securities, where the nth
problem contains the first n assets. The nth problem is characterized by asset price covariance
matrix (. Now we can see that the definition in is equivalent to if the following
decomposition holds:

»0) = L)L T 450 (20)

where L™ = (I, ...,1,) is the factor loadings of the assets and
=0 2 diag(sf, 5 onr 50)

captures the idiosyncratic risk contribution.

Now we define )\I(I:Ll)n to be the smallest eigenvalues of L™ (L(™)T. The notion of large universe
is defined as follows:
Definition 1 (Large Universe). The sequence of problems is said to satisfy the large-universe property

if the following conditions hold:

1. The magnitude of the idiosyncratic risk for each asset is bounded above,

sup §]2 < 00.
J

2. The smallest non-zero eigenvalue of L(")(L("))T goes to infinity as n goes to infinity:

lim inf )\I(gl)n
n—oo

= Q.

3. We will assume that the trading rate of assets satisfy:

(n)

A IV Amin = 00,
where v, = inf;<;, ;.

The first condition indicates that the idiosyncratic risk of each asset is upper bounded by some
positive number. This condition basically says that the idiosyncratic risk for each asset is small
and hence can be diversified away.

The second condition has two interpretations: firstly, the factors are pervasive, in the sense

that each factor affects almost all of the assets; secondly, there have to be enough variations in the
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factor loadings; otherwise, some factors may become redundant as their loadings can be explicitly
calculated from the loadings of other factors. This condition can be linked to the conditions of
arbitrage pricing theorem of (Chamberlain and Rothschild (1983). The intuition is that we can
potentially approximate the return of each factor after diversifying away the idiosyncratic risks.
This condition is also related to the literature on estimating factor models, for example [Fan et al.
(2013). Those works typically make a stronger assumption, which requires the smallest non-zero
eigenvalue to be linear on n, in order to asymptotically estimate the factor decomposition.

The third condition requires that there is enough liquidity for each asset.

Proposition 1 (Factor Replicating Portfolio). If the large-universe conditions hold, then for each
factor Fy(t), there exists a series of portfolios {p'“™) (t)} defined by weights {ﬁj(-z’n)} where

() £ 305840,

j=1
such that

1. The portfolio p"™) (t) has unit exposure on factor Fy(t):
P (0) — Fi(t) = <)1),

where e(&™) (t) is zero mean and independent of all factor-price processes, and has variance

upper bounded by

2
(i,n) Sup; S;
Var(e"™(t)) < NG

2. The sum of the squares of the weights converge to 0:

n

Jm, 35 =0

This proposition indicates that in the large-universe regime, we can construct a sequence of
well-diversified portfolios with returns that eventually converge to the factor returns. The intuition
is that as the number of tradeable assets increases, we can potentially take a small position in
each asset and the idiosyncratic risks will be canceled out due to diversification. The proposition
also provides an upper bound on the idiosyncratic risks for the factor portfolios, which is given
by the ratio between the maximum idiosyncratic variance and the smallest non-zero eigenvalue
of LM (L™)T. On one hand, if the assets have larger idiosyncratic risks, diversification becomes
more difficult. On the other hand, achieving perfect diversification also depends on the assumption
that the smallest non-zero eigenvalue of L™ (L("))T goes to infinity, which is guaranteed by the
large-universe conditions.

i,m)

The second part of the proposition implies that BJ( — 0 as n — 00; hence we can construct

those portfolios without trading too much of any asset. Combined with the third condition for
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large-universe regime, this suggests that factor portfolios can be traded very quickly.

4.1. Zero-Cost Constrained Trading

To start with, we will adopt the zero-cost constrained trading model where the transaction cost of
each asset is represented by a constraint on its maximum trading rate. For simplicity, we assume
that the Y matrix is just the identity matrix; hence only individual assets are traded. We will later
expand the results to the case of liquid bundles.

Now, consider a sequence of problems, indexed by n, where in the nth problem there are n
tradeable assets and we wish to liquidate a portfolio ¢ € R™ with positions in at most the first m
assets, i.e.,

g =0, Vj>m. (21)

Further, define J;(¢q) to be the optimal liquidity cost of portfolio ¢q. If we only consider the
idiosyncratic risks, this will result in less risk for the portfolio and hence should provide a lower
bound for liquidity costs. As there is no correlation between assets, the problem will also be
separable and can be solved asset by asset. By applying the results from Section [3.I] we have the

following;:

Theorem 9 (Lower Bound of Hedging Benefits). The liquidity cost is lower bounded according to

m o2
Tala) = > 3o (22)

=17
The lower bound in Theorem [J] captures the situation where the portfolio has zero exposure to
any of the risk factors. In this case, no other assets are needed for hedging and hence the liquidity
cost consists only of idiosyncratic risks of assets already in the portfolio. Since this situation is of
rare occurrence, the question is whether the lower bound is informative. In the following theorem,

we try to prove that the lower bound in Theorem [J]is tight under the large-universe regime.

Consider the sequence of problems, indexed by n, discussed in the previous section. As we
expand the set of assets that can be used for hedging, the liquidity cost should go down simply

because we have more choices for hedging.
Theorem 10 (Large Universe). If the large-universe property is satisfied, then, asymptotically, the

liquidity cost of any portfolio consisting of finitely many assets will be driven purely by idiosyncratic

risks. More specifically, we have

m 2

g.
T (q) = lim Ji(q) =) L¢3 23
oo(q) nLH;o n(q) jz::l 3’73’ ‘QJ| ’ ( )

where q is a portfolio with positions in at most the first m assets, and J}(q) is the optimal cost of

liquidating q while trading at most the first n > m assets.

Theorem [10] guarantees the convergence of liquidity cost when the number of tradeable assets
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goes to infinity. In showing what drives liquidity costs, Theorem [I0] is important for two reasons.
Firstly, from a risk perspective, only the idiosyncratic risks matter. Secondly, from a computational
perspective, we can simply use to approximate actual cost if the large-universe setting is valid,
instead of solving some complex dynamic control problem as in .

However, this only answers part of the question: is still impractical if the convergence is too

slow. The following theorem addresses this problem by explicitly bounding the rate of convergence.

Theorem 11 (Convergence Speed). Asymptotically, the difference between the liquidity cost and the
theoretical limit converges at rate 1/(y 1/ )\gll)n)

limsup 3,V AGLI (9) = T (@)] < oo. (24)

Theorem [11| says that the liquidity cost converges to the theoretical value roughly at the speed
of one of 1/ )\l(gl)n For a concrete example, consider a simple case where the factor loadings of

assets are drawn in an independent and identically distributed fashion. We then have the following

theorem:

Theorem 12 (Random factor loading). If the asset factor loadings are drawn independently from a
K -dimensional distribution (with a finite second moment), then, asymptotically, we have

min % (25)
n

where C is some constant that depends on only the distribution of factor loadings. If we further
assume that

inf Y > 0,
J

then we have
lim sup vn|J(q) — J% (q)] < 00, a.s. (26)

n—oo

Theorem [12] shows that if the asset factor loadings are i.i.d., the liquidity cost converges to the

large-universe approximation at a rate of at least 1//n.

4.2. Vanishing Bid-Ask Spread

So far, we have explored the asymptotic features of liquidity costs for the model of zero-cost
constrained trading. Notice that in this case the only cost incurred by hedging comes from the
extra idiosyncratic risks added by trading other assets. The intuition here is that if there are many
assets to choose from, we can construct a perfect hedging portfolio by trading only a small amount
of each asset. By assuming a certain covariance structure, the large-universe conditions ensure the
availability of such portfolios.

In reality, however, hedging with other assets is almost always associated with additional costs
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originating from commission fees, bid-ask spreads, and possibly price impact. In such cases it
would be more interesting if the results for the large-universe regime could be extended to models
with non-zero transaction costs. Fortunately, it can be shown that similar results as in can
be extended to a class of models with a separable transaction cost. More specifically, we define the

vanishing bid-ask spread condition as follows.

Definition 2 (Vanishing Bid-Ask Spread). The vanishing bid-ask spread condition holds if the trans-

action cost functional is twice differentiable with
flo=o0, fo)=o.

The idea is that there is no transaction cost for trading very small quantities. One such example
is the case of quadratic transaction cost, which is documented in |Garleanu and Pedersen| (2013]).
Again, we consider the case where Y is the identity matrix. Here, the optimization problem we

are considering becomes

J*(q) & minimize /OOO Z v f(uj(t)) dt + /OOO z ' (t)Sx(t) dt
j=1

subject to #(t) = —Yu(t), Vit>0,
lui ()| < i, Vi<i<m, t>0,
z(0) = g,
u € L1([0,00); R™).

(27)

For any liquidation model specified by , let’s consider the one-dimensional case (n = 1),
where only one asset of size ¢ is traded. Additionally, we assume that the asset has a transaction
cost parameter v and a liquidity parameter . If we consider only the idiosyncratic risk of this

asset, which is ¢2, the corresponding optimal liquidity cost is given by

J*(q,<,v,7) £ minimize ,qu/ () dt + l// Flu(t))dt
u 0 0

subject to  #(t) = —u(t), Vit>0, (28)
lu(t)] <, vV t>0,
z(0) = g,

u € L1([0,00); RY).

It is easy to check that satisfies the conditions in 1| and |2l Then the optimal liquidity cost
is just a function of ¢,<,~,v, and we denote it by J*(q,<,v,7). The specific form of J*(q,<,v,7)
depends on the corresponding transaction cost function f(), and can be solved through HJB

equations.

Theorem 13 (Generalization). For any liquidation model specified in if the transaction cost
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functional is twice differentiable with
foy=0, fo)=o

the extended results of Theorem[10 still hold. More specifically, we have

n—oo

lim Ji(q) = J* (45,575, 7), (29)
j=1

where J(q) represents the optimal liquidity costs for a portfolio q with assets in A,,.

Theorem (13| says that the liquidity cost of any portfolio consisting of only finitely many assets

is equal to the cost of liquidating each asset individually but with only idiosyncratic risks.

4.3. Linear Transaction Costs

The previous theorem depends on the assumption that the average transaction cost diminishes
when the position is very small. Now we consider the case where transaction costs are determined

by the following linear function:

f(u) = ZVﬂUjl-

In this case, v; can be viewed as the bid-ask spread of asset j. Without hedging, the optimal
strategy is to sell the position as soon as possible (at trading rate limit ), as is illustrated in
Proposition

Unlike in the setup of the previous model, here hedging with other assets is not cost-free. With
linear transaction costs, the agent can no longer make the transaction cost vanish by trading small
positions. It is always costly to incur any other positions.

Theorem [§] says that hedging is desirable if the position is large. Now, in the case of a large
position, the question is, will a similar version of Theorem [10] hold asymptotically?

Theorem 14 (Linear costs).

lim  lim JLL@ =1 (30)
=00 gl[sc—00 J7cr,(0)

where

- IS
Jio(a) =pd>_ gl

This theorem suggests that when the position is extremely large, the market-risk contribution

strictly dominates that of the transaction cost, and the best strategy is to fully hedge.

4.4. Hedging with Liquidity Bundles

So far we have studied the case of trading only individual assets. Let us now expand the result to

allow for the trading of liquid bundles. For tractability reasons, we restrict our attention to the
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model of zero-cost constrained trading and consider trading only one liquidity bundle, such as an
ETF. Without loss of generality, suppose this ETF covers the first m assets. Then the liquidation

matrix is given by

1 0 ... 0 m
0 1 0 (6%
Y = 31
0 .. 1 .. anp (81)
L 0 0 . % 0 |

In addition, we assume that

liveETR| < 75, V1 < i < m.

This assumption suggests that the liquidity of asset ¢ from trading the ETF (|a;vgrr|) should be
less than the liquidity from trading asset i itself (v;). The assumption is generally true in practice
and enables us to bypass technical difficulties.

In a further attempt to keep things simple, we consider liquidating the position of a single asset.

Theorem 15 (ETF). If the large-universe property is satisfied, then, asymptotically, the cost for

liquidating q; shares of asset j < m is given by

¢2

J 3

q;, 32

|1 |yeTE +75) (32)

n—oo

lim JETF,n(Q) = 3(

where ¢; = 0,Vi # j.

We can see that is very similar to the one-dimensional case of . First of all, only
idiosyncratic risk matters in the large-universe context. Second, the structure of the optimal
liquidity cost is the same except for different denominators. In particular, |a;|ygTr can be viewed
as the liquidity from trading the ETF, while «; is the liquidity from trading asset j itself. This
theorem provides the intuition that when asset space is large enough, adding an ETF is equivalent

to directly increasing the liquidity of the asset.

5. Empirical Results

So far, we have built the framework for estimating liquidity costs for portfolios, and discussed the
implications for the drivers of liquidity costs. However, many of our theoretical results rely heavily
on assumptions about the structure of price covariance matrix, liquidity level of assets, and so on.
For example, one wonders whether the conditions of a large universe are necessarily easy to satisfy
in the real world. Also, it would be interesting to illustrate some of our main findings with concrete
examples. In order to demonstrate these questions, in the remainder of this paper we will calibrate

our model with a small subset of U.S. equities (29 stocks in the utility sector). Specifically, we will
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fit the factor model using historical returns.

5.1. Overview of the Data Set

As candidates for our calibration, we restrict our attention to the 29 stocks in the Utilities Select
Sector Index, which is one of the eleven Select Sector Indices in S&P 500 that track major economic
segments and are highly liquid. All the stocks included are from the following industries: electric
utilities, water utilities, multi-utilities, independent power producers and energy traders, and gas
utilities. We also take into account the Utilities Select Sector SPDR Fund (or XLU), which is an
ETF seeking to track the performance of the Utilities Select Sector Index. As a result, the universe
of instruments is comprised of 29 individual stocks and one ETF. The market parameters, including
prices, daily returns,® and daily volume, are obtained from Yahoo Finance for all trading days from
January 1, 2012, to April 1, 2016.

Summary statistics of XLU and its asset holdings (as of April 1, 2016) are given in Table . As
we can see, the weights of assets are somewhat close. This is a result by construction. Quarterly
rebalancing ensures that no stock is allowed to have a weight greater than 25%, and that the sum
of the stocks with weight greater than 4.8% cannot exceed 50% of the total index weight. All the
individual assets are actively traded, with a daily volume ranging from 7.3 x 10° shares to 6.8 x 105
shares. In particular, the ETF (XLU) is highly liquid with an average daily volume of 1.6 x 107
shares, which is much larger than any individual stocks. The average daily volatility of return for
XLU is much smaller than its underlying assets, which was to be expected from the diversification
it brought. For each asset, the volume traded through the ETF is quite significant and accounts
for a sizable portion of the total daily volume ranging from 7.82% for NRG to 31.49% for NEE.

We also observe large correlations between individual stocks.

5.2. Model Calibration

The main parameters involved in our model are the liquidation matrix Y, covariance matrix of

asset prices X, factor loading matrix L, and liquidity parameters ;.

Liquidation matrix and liquidity constraints. The liquidation matrix in the example takes the
same form as in (3I). The key is to determine parameters {c;}, where ; represents the number
of shares of asset ¢ contained in one share of the ETF (XLU). More specifically, they are given by
the following the formula:
0 = SETsz"
S;

where Sgprr is the price of the ETF (XLU), S; is the price of asset i, and w; is the dollar weight
of asset i in the ETF. XLU is subjected to quarterly rebalancing after the close of business on the
second to last calculation day of March, June, September, and December. As a result, the weights
for each stock can be modified accordingly. But in our analysis, since the liquidation process takes

place only in a short time period, we may safely assume that the structure of the ETF does not

3Prices and returns are adjusted for dividends.
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Weight  Price  Average Daily Volume Total Risk Volume Trade Through ETF

Name Wentifier g7 g (Shares, x10°)  (Daily, %) (%)

Utilities Select Sector SPDR Fund XLU - 49.81 16.08 0.85 -
Ameren Corporation AEE 1.93 50.54 1.68 1.33 19.93
American Electric Power Company Inc. AEP 5.24 67.01 2.86 1.32 23.90
AES Corporation AES 1.26 11.57 6.22 2.04 15.26
American Water Works Company Inc. AWK 2.15 69.50 3.30 1.51 8.19
CMS Energy Corporation CMS 1.89 42.71 2.50 1.31 15.46
CenterPoint Energy Inc. CNP 1.55 21.20 4.62 1.59 13.89
Dominion Resources Inc. D 7.04 75.39 2.56 1.26 31.86
DTE Energy Company DTE 2.64 91.05 1.01 1.20 25.00
Duke Energy Corporation DUK 8.25 81.13 3.43 1.32 25.91
Consolidated Edison Inc. ED 3.60 76.99 1.82 1.36 22.41
Edison International EIX 3.80 71.94 2.10 1.44 22.01
Eversource Energy ES 2.96 58.80 1.77 1.30 24.87
Entergy Corporation ETR 2.25 79.97 1.26 1.39 19.48
Exelon Corporation EXC 5.38 35.66 6.80 1.63 19.38
FirstEnergy Corp. FE 2.46 36.03 3.71 1.62 16.09
AGL Resources Inc. GAS 1.33 65.51 0.73 1.41 24.51
NextEra Energy Inc. NEE 8.98 118.71 2.10 1.31 31.49
NiSource Inc. NI 1.22 23.82 2.24 1.46 20.06
NRG Energy Inc. NRG 0.77 12.77 6.77 3.31 7.82
PG&E Corporation PCG 4.77 59.83 2.57 1.39 27.08
Public Service Enterprise Group Incorporated PEG 3.89 47.32 3.07 1.38 23.41
Pinnacle West Capital Corporation PNW 1.37 75.49 0.83 1.31 19.12
PPL Corporation PPL 4.16 38.19 3.93 1.31 24.25
SCANA Corporation SCG 1.60 71.10 0.99 1.34 19.85
Southern Company SO 7.58 51.70 4.53 1.36 28.30
Sempra Energy SRE 4.05 105.92 1.27 1.41 26.29
TECO Energy Inc. TE 1.12 27.56 2.46 1.56 14.47
WEC Energy Group Inc WEC 3.02 59.97 1.88 1.34 23.40
Xcel Energy Inc. XEL 3.39 41.94 3.09 1.32 22.86

Table 1: Descriptive statistics for the equity holdings of the assets under discussion. The weights and
prices are as of 04/01/2016. The average daily volume is calculated through the period 01/01/2012 —
04/01/2016. The volatility is defined as the standard deviation of percentage daily returns. The volume
trade through ETF is calculated as |yxrua;|/v;.

change over time; in other words, {«;} is fixed. It is worth noticing that the weights of all the
individual stocks do not sum up to 100%. The reason is that the ETFs often put away a small
percentage of money in cash. In our analysis, we will neglect those terms as they pose no risk
whatsoever.

In our model of zero-cost constrained trading, the liquidity constraint is defined as the maximum
rate one can trade without incurring any transaction cost. In general, there is no good way to
estimate the threshold without proprietary trading data. For simplicity, we set the threshold at
10% of market trading rate. As we can see from Theorem [10} the exact level of liquidity constraints
does not affect the properties of the solutions. Another issue that could complicate the analysis
is that the market trading rate can be changing over time. Typically, more trading activities are
expected to happen around open and close, and fewer are expected at noon. For tractability, we
will just assume that the liquidity constraint is fixed during the liquidation period we are looking
at. For example, when AEE is trading at an average daily volume of 1.68 x 108 shares per day,

then we set y4pp = 1.68 % 10° shares per day.

Covariance structure. We fit a single-factor model (since all the stocks are in the same sector)
using historical daily returns from January 1, 2012 to April 1, 2016. In our analysis, it is achieved

using the principal component method. An in-depth discussion of this method is given in Chapter

24



9.4 in [Tsay| (2005).

5.3. Results

We consider liquidating ¢ shares of one individual stock within the asset universe. Now for each

specific stock j, we can consider the following four trading strategies:
1. No Hedging: trade stock j only.
2. Hedging with ETF: trade stock j and hedge with the ETF (XLU).
3. Hedging with Basket: trade stock j and hedge with all other individual stocks.

4. Hedging with All Assets: trade all assets including the ETF.

Without loss of generality, for each stock j we consider the liquidation of a position by 10% of

its daily volume.

Trading Strategy Theoretical Liquidity Cost in Closed Form
o2
No Hedging L
37;
1 3 2
Hedging with ETF ~L 42 (1 - L )
3 r)/] 1 + ’p| OETFYETF
¢2
Hedging with Basket g3
37;
2
Hedging with All Assets J 3

q
3(|aj|'7ETF + %’)

Table 2: Theoretical results for the four trading strategies.

Table [2| provides the theoretical liquidity costs associated with the four strategies, where the
results for the last two strategies are obtained as in the large-universe asymptotic limit. If we
compare the strategy of no hedging with that of hedging with basket, we can see that the former
2

is proportional to the total variance o

7, whereas the latter is proportional to the idiosyncratic

variance gjz.

Table [3] shows the numerical results of applying the estimated market parameters. For strategy
3 and strategy 4, we provide two sets of numerical results: the one we call exact is calculated
by solving the discretized version of the optimization problem as in ; the other one we call
approzimated is calculated using the closed-form equations in the large-universe limit as shown in
Table 2] From the scaling property in Theorem [4] it is expected that the size of the position we
are liquidating should not affect the comparisons between different trading strategies. To better
illustrate the results, we normalize the results by setting the approximated liquidity cost of strategy

3 (in large-universe asymptotic limit) as a benchmark.
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Hedging with Basket Hedging with All Assets

Identifier No Hedging Hedging with ETF Only Exact Approximate FExact  Approximate

AEE 3.90 1.24 1.06 1.00 0.88 0.83
AEP 4.31 1.52 1.16 1.00 0.92 0.81
AES 1.68 1.15 1.01 1.00 0.87 0.87
AWK 2.04 1.20 1.05 1.00 0.96 0.92
CMS 5.09 1.35 1.11 1.00 0.95 0.87
CNP 2.42 1.22 1.04 1.00 0.90 0.88

D 3.29 1.28 1.10 1.00 0.82 0.76
DTE 5.37 1.31 1.10 1.00 0.87 0.80
DUK 3.61 1.44 1.16 1.00 0.91 0.79
ED 3.21 1.14 1.07 1.00 0.86 0.82
EIX 2.89 1.22 1.07 1.00 0.87 0.82

ES 4.36 1.29 1.09 1.00 0.86 0.80
ETR 2.82 1.16 1.05 1.00 0.87 0.84
EXC 2.10 1.25 1.07 1.00 0.89 0.84

FE 2.12 1.14 1.04 1.00 0.89 0.86
GAS 1.25 1.03 1.00 1.00 0.80 0.80
NEE 3.55 1.44 1.15 1.00 0.87 0.76

NI 2.49 1.12 1.02 1.00 0.85 0.83
NRG 1.35 1.13 1.01 1.00 0.93 0.93
PCG 2.68 1.18 1.06 1.00 0.82 0.79
PEG 3.55 1.34 1.10 1.00 0.88 0.81
PNW 4.33 1.18 1.06 1.00 0.88 0.84
PPL 3.22 1.28 1.08 1.00 0.86 0.80
SCG 4.97 1.18 1.07 1.00 0.89 0.83

SO 3.39 1.26 1.11 1.00 0.86 0.78
SRE 2.73 1.22 1.05 1.00 0.83 0.79
TE 1.67 1.08 1.01 1.00 0.88 0.87
WEC 4.41 1.27 1.10 1.00 0.88 0.81
XEL 5.20 1.40 1.13 1.00 0.91 0.81

Table 3: Numerical results for the utility-sector example.

First of all, the benefit from hedging is quite substantial. By hedging with the ETF alone, we
see a significant decrease in all assets, with the ratio of reduction ranging from 16% for NRG to
76% for SCG. This can be explained by the huge liquidity of XLU and the high correlation between
XLU and the individual assets.

Secondly, hedging with a basket of individual assets is even better than hedging with the ETF
alone for all the assets, though the size of the benefit varies among assets. For AEP, trading with
individual assets further reduces the liquidity cost by about 38% from that of hedging with ETF
only; by contrast, the number is only 3% for GAS.

Thirdly, for strategy hedging with basket, we can see that the approximate values are very close to
the exact ones obtained from solving the dynamic control problem. This shows that the conditions
for the large-universe regime should be satisfied here and is indeed a good approximation of
the actual liquidity cost.

Finally, we see that the benefit of adding ETF to the hedging basket is sizable. In most cases,
the reduction of liquidity cost is close to that predicted by . This shows that in the large-
universe regime, trading ETF is equivalent to providing additional liquidity, since the portfolio’s
market risk exposure has been almost perfectly hedged by the basket of individual stocks.

Finally, we consider the liquidation of a certain position in a representative stock: AEE. To do
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so, we add other stocks one by one into the stock basket in alphabetic order. Figure [I] shows how

the liquidity cost changes as more and more individual stocks are allowed to be used for hedging.

The convergence of the liquidity cost to the large-universe asymptotic limit is very fast. Figure [2]

further shows the evolution of v 1/ A$11|J;'{(q) — J*(q)|, as defined in Theorem

As expected,

the quantity gradually converges to some constant, which shows that the convergence rate of the
liquidity cost is roughly converging at the rate of 1/ (ln\/ )\I(z)n)

Normalized liquidity Cost

A 1T (q) — T*(g)]

4

1 \ \ \ \ \ \ \ . \ 1 i :
10 12 14 16 18 20 22 24 26

0 2 4 6 8 28 30
Number of Assets Used for Hedging
Figure 1: Liquidity cost as the number of assets for hedging increases.
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Figure 2: Convergence of the liquidity costs.
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6. Concluding Remarks

Accurately estimating liquidity cost is of central importance in portfolio management, and is espe-
cially crucial when portfolio managers need to unwind large positions. Additionally, liquidity risk
premia can be used to penalize illiquid assets in portfolio construction. We provide a framework
to address the multi-asset optimal execution problem, which is far from being a simple extension
to the single-asset approach currently adopted in practice.

Our results suggest that managing execution at the portfolio level can substantially reduce
liquidity cost by taking advantage of the inter-correlation of asset prices. The complex interaction
between asset prices can have a substantial impact on the aggregate portfolio execution cost and
risk. We find that traders can improve execution efficiency by hedging the market risk by trading
correlated assets simultaneously. This advanced strategy is also true even for the execution of single
assets.

An even more compelling takeaway is that in the large-universe setting where the covariance
structure of asset prices can be explained by only a handful of factors, the liquidity cost is almost
purely driven by idiosyncratic risks. This implies that portfolio managers need to pay more at-
tention to an asset’s idiosyncratic risk as it not only impacts the risk of security return but also
plays a key role in the liquidation process. Additionally, we are able to provide a good closed-form
approximation of the liquidity costs in non-asymptotic situations. This can potentially save one
the trouble of solving a large-scale dynamic control problem.

Finally, our results signify the importance of trading liquid bundles such as ETFs in optimal
liquidation. While previous works are mainly focusing on the hedging benefits of trading liquid
bundles, we are the first to recognize its contribution in terms of liquidity provision. In fact,
the contribution of liquidity provision is often larger than that of hedging risks. In the large-
universe context, we manage to show that trading liquid bundles is almost equivalent to providing

an additional source of liquidity to the underlying asset.

References

R. Almgren. Optimal execution with nonlinear impact functions and trading-enhanced risk. Applied
Mathematical Finance, 10(1):1-18, 2003.

R. Almgren. Optimal trading with stochastic liquidity and volatility. SIAM Journal on Financial
Mathematics, 3(1):163-181, 2012.

R. Almgren and N. Chriss. Value under liquidation. Journal of Risk, 12(12):61-63, 1999.

R. Almgren and N. Chriss. Optimal execution of portfolio transactions. Journal of Risk, 3:5-40,
2001.

R. Almgren and J. Lorenz. Adaptive arrival price. Trading, 2007(1):59-66, 2007.

28



R. Almgren, C. Thum, E. Hauptmann, and H. Li. Direct estimation of equity market impact. Risk,
18(5752):10, 2005.

M. Benzaquen, I. Mastromatteo, Z. Eisler, and J.-P. Bouchaud. Dissecting cross-impact on stock

markets: An empirical analysis. Working paper, 2016.

D. Bertsimas and A. W. Lo. Optimal control of execution costs. Journal of Financial Markets, 1
(1):1-50, 1998.

J. Bouchaud, J. D. Farmer, and F. Lillo. How markets slowly digest changes in supply and demand.
Working paper, 2008.

D. B. Brown, B. I. Carlin, and M. S. Lobo. Optimal portfolio liquidation with distress risk.
Management Science, 56(11):1997-2014, 2010.

G. C. Chacko, J. W. Jurek, and E. Stafford. The price of immediacy. The Journal of Finance, 63
(3):1253-1290, 2008.

G. Chamberlain and M. Rothschild. Arbitrage, factor structure, and mean-variance analysis on
large asset markets. Econometrica, 51(5):1281-1304, 1983.

C. Dellacherie and P. Meyer. Probabilities and Potential, C: Potential Theory for Discrete and

Continuous Semigroups. Elsevier, 2011.
R. Engle and R. Ferstenberg. Execution risk. Journal of Portfolio Management, 33(2):34-45, 2007.

J. Fan, Y. Liao, and M. Mincheva. Large covariance estimation by thresholding principal orthogonal
complements. Journal of the Royal Statistical Society: Series B (Statistical Methodology), 75(4):
603-680, 2013.

P. A. Forsyth. A Hamilton—Jacobi—Bellman approach to optimal trade execution. Applied Numerical
mathematics, 61(2):241-265, 2011.

N. Garleanu and L. H. Pedersen. Dynamic trading with predictable returns and transaction costs.
The Journal of Finance, 68(6):2309-2340, 2013.

R. C. Grinold and R. Kahn. Active Portfolio Management: a Quantitative Approach for Producing
Superior Returns and Controlling Risk. McGraw-Hill: New York, 2000.

0. Guéant. Optimal execution and block trade pricing: A general framework. Applied Mathematical
Finance, 22(4):336-365, 2015.

0. Guéant, J. Lasry, and J. Pu. A convex duality method for optimal liquidation with participation
constraints. Market Microstructure and Liquidity, 1(01):1550002, 2015.

H. Halkin. Necessary conditions for optimal control problems with infinite horizons. Econometrica,
42(2):267-272, 1974.

29



H. He and H. Mamaysky. Dynamic trading policies with price impact. Journal of Economic
Dynamics and Control, 29(5):891-930, 2005.

C. D. Johnson and J. Gibson. Singular solutions in problems of optimal control. IEEE Transactions
on Automatic Control, 8(1):4-15, 1963.

H. Kim. Optimal execution under liquidity constraints. PhD thesis, Courant Institute of Mathe-
matical Sciences New York, 2014.

Albert S Kyle and Anna A Obizhaeva. Market microstructure invariance: Empirical hypotheses.
Econometrica, 84(4):1345-1404, 2016.

J. Lorenz and R. Almgren. Mean—variance optimal adaptive execution. Applied Mathematical
Finance, 18(5):395-422, 2011.

S. Min, C. Maglaras, and C. C. Moallemi. Cross-sectional variation of intraday liquidity, cross-

impact, and their effect on portfolio execution. Working paper, 11 2018.

S. A. Ross. The arbitrage theory of capital asset pricing. Journal of Economic Theory, 13(3):
341-360, 1976.

A. Schied, T. Schéneborn, and M. Tehranchi. Optimal basket liquidation for CARA investors is
deterministic. Applied Mathematical Finance, 17(6):471-489, 2010.

M. Schneider and F. Lillo. Cross-impact and no dynamic arbitrage. Working paper, 2017.

T. Schoéneborn. Adaptive basket liquidation. preprint, 2011.

R. S. Tsay. Analysis of Financial Time Series. John Wiley & Sons, 2005.

G. Tsoukalas, J. Wang, and K. Giesecke. Dynamic portfolio execution. Working paper, 2014.

Vincent Van Kervel and Albert J Menkveld. High-frequency trading around large institutional
orders. Working paper, 2015.

30



Online Supplement

A. Proofs for Section [2]

Theorem 1 (Existence and Convexity). The dynamic control problem defined in s bounded and
an optimal solution u* always exists. In addition, the optimal value (the liquidity cost) is convex

in initial position.
Proof. Given ¢ and u, x is then given by
t
2(t) = ¢ — / Yu(s) ds. (33)
0

By substituting in , we obtain the reduced optimal control problem

o) o) t t
Jred(w) = minimize /0 f(u(t))dt—i—u/o (q—/o Yu(s)ds)TE(q—/O Yu(s)ds) dt )

subject to |u;(t)| <5, V.
It is easy to see that the functional J,.q is convex in u. Now define
J* 2 inf Jpeq(u).
u

Notice that J* is well defined since J,..q(u) is lower bounded by 0. Then there exists a sequence
of feasible controls S = {u(|i = 1,2, ...} such that

Jrea(u?) — J*. (35)

Without loss of generality, we assume that Jred(u(i)) < 0o. Combined with the fact that u(® is
bounded, this suggests that z(*) must be bounded.
Next we will prove that S € L([0, 00); R™) is equi-integrable. Since u;(t) are bounded, ||u(t)||;

must be bounded, and we can simply take constant C' such that
[u(®)lli < C, Ve LY([0,00);R™), ¢ > 0.
Now consider any measurable set A C [0, 00) such that

/ [lu(s)|]1ds < Cu(A),Y u e S.
A

The equi-integrability then follows trivially. Next, by the Dunford—Pettis theorem (Chapter II,
Theorem T25 in Dellacherie and Meyer| (2011)), S C L(]0, o0) is relatively compact for the weak

topology. Then there exists a weakly convergent subsequence {4} of {u(} that converges to
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some u* € S such that
a® L 4l es. (36)

Due to its convexity, the reduced functional J,.q is lower semicontinuous with respect to the
weak topology and hence
lim .inf Jred(ﬁ(i)) < Jred<U*)7

71— 00
which allows us to conclude that «* is a minimizer.
[ |

Theorem 2 (Uniqueness). All optimal solutions for the the dynamic control problem in have a
unique optimal position trajectory xx € C([0,00); R™). Moreover, if the transaction cost functional

f () is strictly convex, the optimal trading strategy u* € L*([0,00;R™) must also be unique.

Proof. Denote J(u,z) to be the liquidity cost associated with feasible trading rate u and position
process .

Suppose the optimal solution is not path-unique; then there exist (u1,x1), (ug, x2) that are both
optimal and such that

J(ul,xl):J(uQ,xg):J*, 1:1751’2.

Now consider
Ul + ug Ln — T+ x2

2 T 2

It is easy to see that (ug,x3) is also feasible for ({g]).

us =

Then we have

J(ug, x3) = /OO f(us(t))dt + M/OO 3(t) " Sas(t)dt

1(t) +U2() > (o (t) + 22(t) z1(t) + z2()

< / D [ (@750 0) 4 ) 5a)) 2
0 0
= J(ul,xl)/2 + J(’LLQ,.%‘Q)/Q = J*.

The strict inequality is provided by the strict convexity of ' Xz. Notice that this contradicts the
optimality of (u1,z1), (ug, z2).

If f(-) is strictly convex, we will also require u; = ug such that

7o 2O g = [ (pan(o) + fuate) a2

This provides the uniqueness of the optimal solution.
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Theorem 3 (Sufficiency). A feasible pair (x*,u*) € C(]0,00); R™) x L1([0,00); R™) form an optimal
solution of if, for allt > 0,
t
t)=gq —/ Yu*(s)ds
0

u*(t) € argmin f(u —2/ s) ' BYuds. (9)
u: —y<uly

Proof. Define J,..q(u) to be the optimal liquidity cost associated with trading strategy u. Now
suppose u* satisfies @ but is not optimal. Then there must exist some feasible trading strategy
 # u* such that

Jrea(tt) < Jpea(u®).

By algebra, we also have

Jrea(@) = Jrea(u / / (@(s) — w* ()T YTRY (a(s) — u*(s)) dsdt
—2 / / (2* () TSY (a(s) — u*(s)) dsdt + / T (Fa) - Fr(n))) dt (38)
> Jrea(u +/ < - —2/ ) TEY ((s) — *(s))ds> dt.

Since u* satisfies @, it is easy to see that the second term is always positive. Hence we reach

a contradiction. [ |

B. Proofs for Section [3

Theorem 4 (Scaling). If u* is optimal for the problem starting from initial position x(0) = q,
then
a(t) = u*(t/a), VY t>0,

is optimal for the problem starting with initial position x(0) = aq for all o > 0. Furthermore,
T*(aq) = o’ J*(q).

Proof. Under trading strategy ,

t/a

Z(t) = aqg — /Ot Ya(s)ds = ag — a/ Yu(s)ds = az(t/a).

0

Suppose that & is not the optimal path for the problem starting with «agq; then there exists a better
path y such that

/ ) TSyt < / T @) TS dt.
0 0
Then we have

/ " (y(at)) T Sy(at)dt < / @) TSa()dt.
0 0
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It is easy to see that y,(t) = y(at) is feasible for the problem starting with ¢, a contradiction:

J*(aq) = /0 T @) TS () dt = o / T @) TSz (b)dt = aPT(g).

0

Theorem 5 (Finite Horizon). For any initial position q, the optimal position trajectory x(t) is guar-

anteed to reach zero in finite time.

Proof. First of all, define the norm || - || as

lalls = v/q"Sq, VqeR™

By Theorem [4 we know that it suffices to prove the theorem for Vg € R™ with

llglls = 1.

Now, for any ¢, let *(t) be the position associated with its optimal execution strategy at time
t. Clearly, we have 2*(0) = q. Now define T'(¢) to be the first time that the norm of the position
is less than 1/2:

T(g) 2 inf{t : ||z*(t)l]s < =llalls}-

Given that Y is full rank, we know that the set A = {Yu|u € R™, |u;| < ~;} is an n-dimensional
polytope in R"™. Notice that 0 € A. Therefore, there must exist € > 0 such that {g € R"|||q||x <
e} C A

Now consider any ¢ such that ||¢||s, = 1, and let z*(¢) be its position at time ¢ in the optimal

execution strategy. Define
m=inf{t > 0 [l (1) < o}

Lemma [2 shows that 71 — 79 < T*. By applying Theorem [, we know that
T(q) <T7/2, Vgl <1/2.

It follows that o
Titl T S o7

Then

lim 7, = lim
1—00 1—00

T0+Z T]_l)]

J=1

<0+ lim ZLT*

Z%OO

=2T".
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Then, {7;} is increasing and bounded from above and so there exists a limit 7* such that

7 = lim 7, < 2T".

1— 00

By continuity of z*(t), we have 2*(7*) = 0. Then, it must be that

otherwise the liquidity cost could be reduced.

Lemma 2.
T 2 sup{T(q) : ||q||z = 1} < .

Proof. Vg such that ||¢||s = 1, consider a trading strategy where we set

ut, t<i
u(t) = ‘ s

where Yu* = eq. Notice that this strategy is clearly feasible.
The liquidity cost of this strategy J(q) is easily given by

1

< 1
Ta) = ["lla—teqlisdt < .
0 €

Now, in the optimal trading strategy, we have

1 @ © 1
T@ [ I ®llsdt < [Tt @)t < J@) < .

which leads to

T(q) < pt

Since the upper bound does not depend on ¢, we have

2
T < = < o0.
€

Lemma 1 (Optimality). A feasible control u* is optimal for if and only if, for all t > 0,

¥ (t) =q— /Ot Yu*(s)ds,

u*(t) € argmax </ z*(s) Y ds) u.
t

ui—y<u<y
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Proof. The sufficiency is given by Theorem [3] By Theorem [5] given the initial position ¢, there
exists some T such that the optimal execution ends before time 7. As a result, is equivalent
to the following:

T
J*(q) = minimize / a'(t)Sx(t) dt
0

u
subject to  #(t) = —Yu(t), V>0,
[ui (t)] < s, V1<i<m,t>0,

2(0) = ¢,
u € LY([0,00); R™).

We can obtain the necessity through Pontrjagin’s minimum principle. The convexity assump-
tion and regularity assumption are satisfied trivially in this case due to the linear control. The
Hamiltonian function of can be written as

H(z,u,p) =z Xz —p Yu. (40)

Suppose that z*(t), u*(t) is optimal; then there must exist an optimal adjoint state p*(t),t € [0, 00)
that satisfies the following:

Pr(t) = = Vo H(2" (1), u" (), p" (1)) = =287 (1),

p(T) =0
We can then solve for p*(t) as

T

pH(t) = 25Y / +*(s)ds. (41)
t
Moreover, we have
u'(t) € argmin H(z"(t),u(t), p* (1)), (42)
i —y<u<y

which can also be written as

T
u*(t) €  argmin <—2/t (:U*(S))TEYUdS> ,Vt €10, 7).

u: —y<u<y

Since we know that x*(¢) = 0 for V¢ > T, the condition above can be written as

u*(t) € argmax (/too(x*(s))TEYuds> ,Vt € [0,00).

u: —y<u<y
|

Theorem 6 (High Liquidity Hedging). In the two-dimensional case where model parameters are given
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v 0'% pPO102 v — 1 0
poioy o3 | 0 1]
if we further assume that
0'1'71
72 ol 22 (13

then the optimal liquidity cost of portfolio ¢ = (g,0) is given by

. 14 , p?
J —0o7|ll—- —. 14
(Q) 371 1 ( 1 + |p|g;1; ( )

Proof. Without loss of generality, we assume that p > 0. In order to simplify the notations and to

provide better intuitions, we define the following;:

where a, b, c can be easily determined by the model parameters:

a=o0}, b=poioy, c=ao3.

Now consider the following trading strategy:

1. For0 <t < WT’ trade at rate u*(t) = (1, —y2) .

2. For @7 <t S , trade at rate u*(t) = (71, %’Yl)T

The assumption that 72 > |p| ;1 guarantees the feasibility of this strategy.

The liquidation path can now be calculated as

(g —mt, ’Yﬂ) 0<t< ot
()= (a—mt,~La-mt)T), phL<t<L (43)
0,0)7, t> 71

Then it’s easy to justify that satisfies the optimality condition in Lemma .

Hence the optimal solution is given by

2

Tla) = [ @ @) S ()t = L (1 ")

371 1+p0272

Theorem 7 (One Asset). In the one-dimensional case, the cost of liquidating a position of q with
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parameters (o,7,v) is given by
|a?0?

J*(q) = .
(@) =vlqgl +p 3

Proof. In the one-dimensional case, it is easy to see that the transaction cost is only a function of
the total position traded and does not depend on the trading rate. As a result, the optimal trading
strategy is simply to unload the position as fast as possible.
With this in mind, the agent should trade the asset at a constant rate v if ¢ > 0 and —~ if
g < 0. Then the liquidity cost is given by:
g0

J*(q) = .
(@) =vlq +p 3

Theorem 8 (Two Assets). Consider the two-dimensional case where model parameters are given by

2
o o10 10
Y= Loy 12 >, Y = ,
pPo101 o5 0 1
and assume the portfolio to be liquidated contains q shares of asset 1 and no position in asset 2. If

we further assume that
0171

2 > pl——,
02

then the asset 2 will only be used to hedge if and only if

25 27119

, 17
T WY2p0102 (17)

If 1s satisfied, then the optimal liquidity cost of the portfolio is given by

oim vy [ 2v2|ploam
0 PSR A B Plopy V"0 (18)
370\ T WIS B+ )

g272 g272

Proof. Without loss of generality, we assume that p > 0,¢q > 0, in which case the two assets are
positively correlated. Notice that Theorem [6] can be viewed as a special case where the transaction
cost parameters v, 5 are zero. Accordingly, we first establish a short position in asset 2 in order
to hedge the market risk. Since there is no transaction cost, asset 2 is traded at full rate v until
the ratio of position in the two assets reaches pg—;, and this ratio is maintained till the end of the
liquidation process. Intuitively, by shorting asset 2 we are hedging the market risk but introducing
another source of idiosyncratic risk, and the ratio pg—; is the balance point of such a trade-off. Now
we have transaction costs for trading asset 2, and it is expected that the agent will trade asset 2
less.

Now consider the following trading strategy:

2 2vive .,
o« If g < 2po103
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1. Sell asset 1 as fast as possible until the entire position is unloaded.

1. For 0 <t < Ty, trade at rate u*(t) = (y1, —72) .

t) = (71,0)".
t) = (n, Zy)7,

2. For Ty < t < Ty, trade at rate u*(
3. For Th <t < L, trade at rate u*(

where

T = qpo1Y202 — /2120017710272

pPo1Y1027Y2 + J%’y%

202717202
qnipo1 + A/ po1

'Y%PUI + 17202

)

2 =

The cost induced by this strategy is given by . This strategy can be shown to be optimal
by checking @D in Theorem (3. We omit the details here as the algebra is cumbersome.

C. Proofs for Section [

Proposition 1 (Factor Replicating Portfolio). If the large-universe conditions hold, then for each
factor Fy(t), there exists a series of portfolios {p™) (t)} defined by weights {Bj(-z’n)} where

() £ B S (1)
j=1
such that
1. The portfolio p»™) (t) has unit exposure on factor Fy(t):
PO(E) — Fi(t) = ) 0),

where (™) (t) is zero mean and independent of all factor-price processes, and has variance

upper bounded by

2
(i,n) Sup; <
Var(e®™(t)) < NG

min

2. The sum of the squares of the weights converge to 0:

a2
dim > (857)* =0

7=1
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Proof. For each factor ¢, we want to find the portfolio that has unit exposure on factor ¢ and has
minimum idiosyncratic risks. This can be done by solving the following optimization problem:
T=(n)

w

minimize —w
w 2

44
subject to  (L™)Tw = e, (49
w e R,

where e; is the ith column of the K x K identity matrix.
For simplicity, we will assume that the idiosyncratic risk for each individual asset is strictly
positive (CJQ > 0), and will simply ignore the assets with g]2 =0.

Now denote z = ()12, and consider the singular value decomposition of L(™:

LM = (Um)TAC ™), (45)
Then is equivalent to
min1 2"z
z 2
st (V)T AG ) =y -1/2, (46)
z € R".

The Lagrangian of is

T T (T (=212 e,
L_§Z Z—p ((L ) (EM) w—el>.

The optimal solution z* is given by solving

LO(EY 1My = ¢, (47)
Then we have
(W) TEMw* = ()72 = T L E) 1L,
=e (L(")(E("))—lL(n)) -1 .
< e () 120) ) (48)
N
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We can now set 5™ as w* solved from above. As n goes to infinity, we have

n . #\Tr=(n),,,* 1
. (z,n) . (w ) =W . .
Jim 8 < lim e < lim o = 0.
Jj=1 Pj<n cj )‘min

Lemma 3. Consider two liquidation problems that differ only in their covariance matrices (X1 and
Y9, respectively). Suppose that their optimal liquidity costs are given by Ji(q) and J5(q). If we
have

Y1 = X,

where < is the positive definite ordering, then
Ji(q) < J3(q), VgeR™

Proof. Suppose that u(® € L;([0,00);R™) is the optimal solution to problem 2, and z(? ¢
C([0,00); R™) is the corresponding position process. Since problems 1 and 2 differ only in their
covariance matrices, (u(?,z(?) is also feasible for problem 1. If we denote J;(q) as the optimal

liquidity cost for problem 1 and J3(q) as that for problem 2, then we have

@ = [ 1@t [ a0 e 0
> o

> / F@()dt + / 22 () TS (1) dt (49)
0 0
> Ji(q),
where the first inequality comes from the fact that 3 < Xs. |

Theorem 9 (Lower Bound of Hedging Benefits). The liquidity cost is lower bounded according to

m 2

* Sj
Ta(a) 2 ) 3ol (22)

j=1 Yj

Proof. Consider the following problem where we replace the covariance matrix (™ with Z(™):

J*(q) = minimize / T (OEMx(t) dt = Z/ cZal(t), dt
“ 0 =170

subject to  z(t) = —Yu(t), Vit>0,
z(0) = ¢,
u € LY([0,00); R™).

(50)

Since there are no correlations, it is easy to see that the optimal execution strategy in this case

is to liquidate each asset separately at full rate. Hence the optimal solution to the above problem
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is given by

m 2

Ji(q) = Z °d

2.
3%

|9

Notice that 2™ < 2(): then, by applying Lemma [3| stated above, we always have

m 2

* T §
Ji(q) = Ji(q) = Z 5, g1,
J

Theorem 10 (Large Universe). If the large-universe property is satisfied, then, asymptotically, the
liquidity cost of any portfolio consisting of finitely many assets will be driven purely by idiosyncratic

risks. More specifically, we have

* * i g
Jio(a) = lim J3(q 2_237 451, (23)

where q is a portfolio with positions in at most the first m assets, and J}(q) is the optimal cost of

liquidating q while trading at most the first n > m assets.

Proof. The key to the proof is finding a trading strategy that converges to the lower bound asymp-
totically. We assume that the chosen factor portfolios don’t contain assets in the liquidation port-
folio. By Proposition |1} for each factor F;(t) there exists a sequence of portfolios {p™)(t)} char-
acterized by {3#™} such that p(»™(t) — F;(t). More specifically, we have = 1(ﬁ§i’n))2 — 0.
Now, for each asset j in the portfolio to be liquidated, we construct a sequence of portfolios

{20} characterized by {80} such that

K
n) _ lezﬂ(z,n), (51)
i=1

where [;; is the factor exposure of asset j on factor i:

where | = max;<m j<k lij-
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The exposure of 2™ on factor Fj(t) is given by:

iy B = 1.
k=1

Essentially, we have created a sequence of portfolios that has the same factor exposure as that of
asset j, but whose idiosyncratic risk converges to 0.
Further, define

Intuitively ﬁ can be viewed as the upper bound of the weight of each asset in every portfolio

we constructed. Given that Zﬁzl(ﬁlgj’n))Q — 0, we have N(n) — oco.

We consider the following “dumb” strategy for the problem indexed by n:

la;| . _ Y A
1. For0 <t < N buy asset j at a rate of 4,1 V3"

2. For0<t < % buy portfolio zU™ at a rate of ﬁN(n)fyn. Doitforalll <j <m.
i=1 qi -
A ) . ) . .
3. For N]TE <t< %‘, buy 2" at a rate of IZ—;"yj. Do it for all 1 < 57 < m.

Let’s first try to understand this “dumb” strategy. First of all, we notice that zU"™) approximates
the factor risk exposure of asset j, and so step 2 is the hedging process. Basically, we acquire a
certain amount of portfolio 2™ in order to hedge the factor risks contributed by asset j. Step 3
is the liquidation process: we sell each asset together with its hedging portfolio as soon as possible.

We still need to check whether this strategy violates the liquidity constraints. Consider a
particular asset k whose weight in each portfolio is at most 1/N(n). In step 2, its trading rate is

upper bounded by

)ryn < ln

Zz

Hence the liquidity constraint is satisfied in step 1.

1= 1|Qz

In step 3, the trading rate for asset j > m is upper bounded by
m
> i/N(n) <7,
i=1

given n is large enough. As a result, given n is large enough, all the liquidity constraints are

satisfied.
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Following this trading strategy, the risk of the position at time ¢ (V,,(¢)) is

.
{Z(%‘ —75t) (1l — tilzu,n))] [Z(Qj —7t)(l — ;Lzum)]

j=1 =
+ Z(Qj - ’let)2§]2 + Z((Jj - Vjtn)2t7<3(j,n), 0<t<ty,
=1 i=1 n
O [a (J )t j e -y
t—1T, i T
j=1 J = ;
2
m (=TT |
* Z <(T~])(qj N 7jt)) <§JQ + §Z2<j,n)) ; otherwise.
7j=1 J
where -
tn - ﬂ, Tj = @7

(53)

and [ n) € RX is the factor exposure of portfolio 29" and gf(jm) is its idiosyncratic risk exposure.

The liquidity cost J,(¢) in this case can be written as
tn o0
Jn(q) = Vo (t)dt + Va(t)dt.
0 tn

Notice that by construction, we have the following:

n n
Low =1, lim i = lim 2@?(55’"))2 < sups) lim Zl(ﬁfj’"’)? = 0.
1= 1=
By using , it is easy to show that
2
fn n & T t 2
[ vawde= [T Yo ta -t | G0 )
0 o \;i= tn
I [ & 29, L
+ /0 2 (0 = ) + (a5 = witn)* 5 om | dts
j=1 j=1 n
1< 2 [ 22, N 2t? 5
<3l > ailsll3tn +/ > (g5 = t) s} + (a5 — vitn) 2 Sum | dt,
j=1 0 \;=1 j=1 n
and that )
) oo m (t _ T)Jr
n n j=1 ]
If we define
* S
(@) = Z T\%! )
j=1°7
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then we have
tn

Jn(q) = ; Vo (t)dt + i Vi (t)dt.

1 m 00 m 2
< gl\ZqﬂjH%tﬁfo >~ (a5 =5t (F + 2o ) dt (58)
j=1 j=1
1 ¢ 2 C 2 3 N S5 3
j.n
=21 ailillatn + > 2" g + > 22-1gjl*.
3 = = 37 — 3

i J

From the third condition in definition [T, we have

: DSy 7] . Jei lgg |V IPR?
lim ¢, = lim Ny lim =0

minln

By using and the fact that lim,,_,. t, = 0, we have

lim J,(q) < J*(q).

n—oo

Since the optimal cost should be less than or equal to any feasible trading strategy, we have

I (q) < Jn(q)-

Thus, we have proved that
lim J;(g) < lim J(q) < J*(q).

n—oo n—00

Combined with Theorem [J] this yields

and the proof of the theorem is complete. |

Theorem 11 (Convergence Speed). Asymptotically, the difference between the liquidity cost and the

theoretical limit converges at rate 1/(vy )\I(g)n)
limsupy, \/ Ay 5 () — T (0)] < oo. (24)
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Proof. According to , , , and , we have
T 1 & 2 w3
Jn(q) — J*(q) < gH Zqﬂsztn + Z ?\%”

Ui |q Z(n
HZ lH S +z “ gyl (59)

j=1 3,7]
1
gA +B 1 :
A AL

where A, B are constants that are not related to n:

qu]z HQZ\WP B= Z'

3
Given that )\I(gl)n — 00, we have
lim sup 1/ mm]J* — J*(q)| < hmsup \/)\fmn\J q)| < A
n—oo

Theorem 12 (Random factor loading). If the asset factor loadings are drawn independently from a
K -dimensional distribution (with a finite second moment), then, asymptotically, we have

min @-S. 9
min 4 ¢, (25)

where C is some constant that depends on only the distribution of factor loadings. If we further

assume that
inf Vi > 0,
J

then we have

limsup v/n|J;(q) — J5(q)| < o0, as. (26)

n—00

Proof. Now suppose that the factor loadings are i.i.d., and define G € REXK 44

E[i2], i=j.

Given the matrix G™ = (L(™)T LM we have

o _ {221 Ikilkg, 1 #

i n 9
Zkzl lk:i‘
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Then, by adopting the strong law of large numbers, we have

(n) .
G a4

n

Suppose that j\mm is the smallest eigenvalue of G. Tt is easy to see that det(é’) > 0 if there is

no perfect linearity in the factor loadings. As a result, we have

3

)

Amin S O W (60)

=

n

The theorem is proved by plugging into Theorem
|

Theorem 13 (Generalization). For any liquidation model specified in if the transaction cost

functional is twice differentiable with
foy =0, fo)=o,

the extended results of Theorem[10 still hold. More specifically, we have

n—oo

lim JZ(Q):Zj*(QJ’gj’Vj7’7j)a (29)
=1

where J)(q) represents the optimal liquidity costs for a portfolio q with assets in A,

Proof. We first prove the following lemma.

Lemma 4. Suppose that f is a convex function:
f:[-1,1] - Ry U {+o0}.

If f(-) is twice differentiable and

then there exists 0 > 0 such that for any |B] < 0,

f(Bz) <CB*f(x), Vx| <1, (62)
where C' 1s some constant.

Proof. The case for x = 0 is trivial. Turning to the case where x # 0, by convexity we know that
f(z)>0:
f(Bz)
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Hence there exists § such that for V3 < ¢ we have

1 f(Bz) _ 3
310 < T < Sro)
Denote 9
Ch = mgx(f(w))

Then, YVa < §, we have

a2f(z)  a2a? f(x)

This proves the lemma. u

IN

flox) _ flax) 2 _3
2

Following the proof in Theorem we construct a series of portfolios {20} for each asset
J < m. Moreover, we denote @} (t) to be the optimal trading strategy of liquidating asset j alone
without hedging with other assets and only considering its idiosyncratic risk.

To simplify the notations, we denote B,(L”) = j 1 Zm |q ‘Bk’ , where B,gj’n) is defined in
s=1

(51). It is easy to see that we also have 22:1(,@,(;’")) — 0.

Define
1
Nn)= | ———m7 s
T S (AP

Now consider the following trading strategy:

hence we have N(n) — oo.

1. For 0 < t < t,, buy portfolio 2™ at a rate of %qjlq_‘\/]\/'(n), where t,, is given by
i J

P T:i ini'

" N(n)

2. For t > t,, trade asset j at a rate of @;(t —t,) and trade 20Um) at a rate of —j(t —tn). Do
itforalll <j <m.

In this case, the total cost is made up of two parts, namely, transaction costs and market risks.
Let us look at them separately.
First, following this trading strategy (V,(¢)), the market risk contribution of the position at
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time ¢ is given by

[Z QJ lz(] n) )] Z QJ z(] n) )]

=1

Vn(t) = m ! oy T m o

[Z (- ] a;<s>ds) URIRIY lz (0= [ @i(s)ds) (4~ Lo >]
=1 0 =1 0
j j

m t—tn 2

+ Z (qj - /0 ﬂ;(s)ds) (§J2 + gz(jyn)) , otherwise.
j=1

where gj(jm),lz(j,n) are defined in the same way. Further, we have
— 7. ; 2 — ; _
Lo =1, nhﬁrréo SoGmy =0, nlgg() t, = 0. (64)

Similarly to the proofs in Theorem it can be shown that

) m 00 t 2
lim V, (1) dt = / ( -—/ (s ds) G2dt.
n—yco J () ]Z::I 0 QJ 0 ]( ) 9

Now let’s consider the transaction costs. The transaction costs at time ¢ (T},(¢)) are given by

RH ka( i fv pom /’Yk) =Siawf (B VNG ), 0<t<ty,

lg;]

( Zﬁ]n) b=t )/’Yk)

> vk
k=1
+Zu]f< (t —tn)/vj + Z t—tn)/yj>
j=1

, otherwise.

Notice that |B,(jn)| < \/2221(31(1]2)2 = 1/N(n); hence we have B,(Cj’n) N(n) — 0. Then we can
take the Taylor expansion of f(-) around 0:

F(BE N ) = SN OB 32 + oV () G
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We have

t t n
. " " (J n)
g [T = i [ ily (50N ) a
tn T 1 —(in ~(in
= Jim [ v (GG R R + N (B d
k=1
LV "~ am) 2 (65)
< lim 2ﬁtn (N(n)k;(ﬁk ) )
. I?

Then,

A J,, T =, Zw#( > B =t m)

tn k=1
00 m R m
+ lim Z’ﬁf( (t —tn)/7; + Z k(= 1y /%)

tn

Notice that the second term is

Tim_ Zy]f ( (t —tn)/7j + ZB Wi ( tn)/’Yj) dt = /oo i ()/v;)dt.— (67)

n —

Now it remains to show that the first term converges to 0:

The first inequality is a direct application of [4, and the last equality is due to the fact that
S (BG)?
Notice that the total liquidity cost of this strategy (J,(q)) is given by

_ /°° Tn(t)dt+u/oo Vi(t). (69)
0 0

50



Given that this cost should never be smaller than the optimal cost, together with , ’
(©7), (68), and (69)), we have

oo M N m [e’s) t 2
Jim i) < Jim o) = [T wf@omde . [T (o [ ) ¢
j=1 j=1
=" T (a5, vj,7))-
j=1
|
Theorem 14 (Linear costs). )
lim  lim M =1 (30)
= |g||sc—00 S} 1, (q)
where )
Jicla) = ui g
o

Proof. From Theorem [9] we know that the term in the denominator is the lower bound of the
liquidity cost of the portfolio when we neglect the transaction costs. Thus, it also has to be the

lower bound of J}(q):
&2
B2 5145 3

I3 (q) -
Now consider the trading strategy given in the proof of Theorem [I0} the only difference here

(70)

is that we also have to calculate the transaction cost from this strategy. The transaction cost
comes from two sources: the transaction cost of selling the position in the portfolio that is given
by > " vj|q;| and the transaction cost of establishing and liquidating the hedging positions. More
specifically, the trading cost of trading portfolio U™ is given by

n .
VG = Y 1B . (71)
k=1
By Cauchy—Schwarz inequality, we have
noo. 2 noo
(Z m,gm) <n > BV =0, n— oo, (72)
k=1 k=1
Combining and , we know that when n is large enough,
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The total transaction costs for the nth problem are given by

m m m
TCy <2) vomlgl + Y vilasl < D @ovn+v))lg;|l < m2ovn +7)|lg||oo-
j=1 j=1 j=1
Thus we have
TC,
im = 0.
llglloo—o0 |1 oo
m CJZ 3 m gjg 3
. ) MZ]':1 W\Qj’ . ) qu:1 37.’%'|
lim lim ——W——— > lim lim —————
n=0 [|qllcmo0 S0, (q) n—=00 ||g||w—o0  Jn(q) +TCh (74)
2
S H Z;nzl Wjj|qj‘|3
im ———1—— =
~ noo In(q)
Combining and , we complete the proof of the theorem.
|

Theorem 15 (ETF). If the large-universe property is satisfied, then, asymptotically, the cost for

liquidating q; shares of asset j < m is given by

2
|| verr + ;)

lim Jgrp,(q) = 3 (32)

n—oo
where ¢; = 0,Vi # j.
Proof. We start with the following observations:

1. For asset j, the fastest trading rate attainable is |o;|ygTr +7;. It is obtained by selling asset
j and the ETF at full rate, but at the same time buying back other assets in the ETF, so
that the net liquidity contribution from trading the ETF is just |a;|ygTr. The feasibility of
this strategy is guaranteed by the assumption that |a;yeTr| < -

2. At any time point during the liquidation process, the total risk is made up of three com-
ponents: the idiosyncratic risk of asset j, which is given by gjzsz(t); idiosyncratic risks of
the hedging positions; and the entire portfolio’s market risk. Since the latter two terms are

nonnegative, the total risk term is always greater than or equal to g}x?(t)
From these two observations, we have
2

00 S
T q) > / Zad(t)dt > ’ aj-
ETF.n(0) o d i(®) 3 (lajlveTF +5)

As a result, the right-hand side of is actually the lower bound of the liquidity cost.
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As discussed above, it is possible to trade asset j at rate |o;|yETF + 7; by essentially trading
a portfolio p containing the ETF and all the assets in it (this portfolio has only a net position in

asset j). By viewing this portfolio as a single asset and using the results in Theorem we have

. S 3
T}l_{folo JETF,n(Q) = ﬁq]‘;
where 7, = |oq|vETF + 75, and this completes the proof of the theorem. [
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