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Abstract

We study a dynamic mean—variance portfolio selection problem with return pre-
dictability and trading frictions from price impact. Applying mean-field type control
theory, we provide a characterisation of an equilibrium trading strategy for an investor
facing stochastic investment opportunities. An explicit equilibrium strategy is derived
in terms of the solution to a generalised matrix Riccati differential equation, and a suf-
ficient condition is also provided to ensure the latter’s well-posedness. Our solution
indicates that the investor should trade gradually towards a target portfolio which
accounts for return predictability, price impact and time-consistency. Moreover, an
asymptotic analysis around small liquidity costs shows that the investor’s target port-
folio is an equilibrium portfolio without price impact in the first-order sense, and that
her first-order approximated value function does not deteriorate significantly for suffi-
ciently small liquidity costs. Finally, our numerical results demonstrate that the target
portfolio is more conservative than an equilibrium portfolio without price impact.
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1 Introduction

The dynamic mean—variance portfolio analysis in Basak and Chabakauri [3] has in-
spired many researchers to derive equilibrium or time-consistent solutions to vari-
ous time-inconsistent problems in finance and economics. In particular, Bjork and
Murgoci [9] and Bjork et al. [8] derived extended Hamilton—Jacobi—Bellman (HJB)
equations to obtain discrete- and continuous-time equilibrium strategies for a wide
range of time-inconsistent problems with no market frictions. Since then, several ex-
tensions have also been proposed. Readers are referred to, for example, Wang and
Forsyth [40], Czichowsky [14], Bensoussan et al. [6, 7], Gu et al. [25] and the refer-
ences therein for representative works in this direction. More recently, He and Jiang
[29] and Huang and Zhou [31] proposed various characterisations of strong, weak
and regular equilibrium strategies for a class of time-inconsistent problems under
Markovian settings.

At the other end of the spectrum, incorporating transaction costs into portfolio se-
lection problems began with the seminal works of Constantinides [13] and Davis and
Norman [15], where a no-trade region was introduced and rigorously analysed. The
existing literature on transaction costs predominantly considers the time-consistent
utility maximisation framework and typically focuses mainly on a single-asset anal-
ysis due to the complexity of the no-trade space for multiple assets. As closed-form
solutions are typically unavailable in the presence of transaction costs, several asymp-
totic methods have also been proposed to obtain some tractable almost-optimal poli-
cies with transactions costs and constant investment opportunities (see e.g. Guasoni
and Muhle-Karbe [26], Gerhold et al. [21], Altarovici et al. [2], Liu et al. [32], Gua-
soni and Weber [27, 28] and the references therein).

When the trading frictions are modelled by means of a linear transient price im-
pact, Gérleanu and Pedersen [19] showed that the portfolio selection problem with re-
turn predictability of an infinitely-lived mean—variance investor admits a closed-form
solution under a multi-asset framework. Specifically, to avoid the time-inconsistent
nature of the mean—variance utility, Garleanu and Pedersen [19] simply considered
a local mean—variance investor whose utility function is a discounted sum of the
single-period mean—variance functions of her portfolio returns over infinite time. The
local mean—variance problem was reformulated into a standard linear—quadratic con-
trol problem whose solution can be found up to a system of matrix Riccati algebraic
equations. Their discrete-time framework has attracted instant, widespread attention
(see e.g. Glasserman and Xu [22], DeMiguel et al. [16], Moallemi and Saglam [35],
Mei and Nogales [34], Collin-Dufresne et al. [12]). Later, Garleanu and Pedersen
[20] extended their local mean—variance analysis to a continuous-time framework
and demonstrated rigorously that the optimal trading strategy in continuous time can
be seen as the limit of that in the discrete-time model for some specific forms of price
impact. Representative extensions of Garleanu and Pedersen [20] include, but are not
limited to, Muhle-Karbe et al. [37, 38], Moreau et al. [36], Bouchard et al. [10], Ekren
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and Muhle-Karbe [18], Ma et al. [33], Cayé et al. [11], Herdegen et al. [30] and the
references therein.

In this paper, we consider a dynamic mean—variance problem with return pre-
dictability and frictions. Specifically, we adopt the asset and return-predicting factor
dynamics in Garleanu and Pedersen [20] in which correlations among assets and fac-
tors are allowed. Each trade incurs a linear transient price impact, which conveniently
leads to quadratic execution costs for the investor. Differently from Garleanu and
Pedersen [20], we consider that the investor optimally trades to maximise a mean—
variance utility function of her terminal wealth, which makes the stochastic control
problem time-inconsistent. We derive an explicit equilibrium solution of that prob-
lem. To the best of our knowledge, such a problem has not been explored in the
existing literature.

To obtain an explicit equilibrium solution to our dynamic mean—variance problem,
we first derive an extended HIB equation by means of the mean-field type control
techniques introduced in Bensoussan et al. [5, Chap. 4] and characterise the solution
in terms of a coupled system of partial differential equations (PDEs). In addition, we
also establish a verification theorem to demonstrate that the solvability of the original
stochastic control problem is equivalent to the well-posedness of the coupled sys-
tem of PDEs. Due to the wealth-separability of an corresponding equilibrium value
function, we show that finding an equilibrium solution can be reduced to solving a
coupled system of matrix Riccati differential equations (hereafter referred to as cou-
pled Riccati system). It is important to mention that the inconsistent nature of the
mean—variance problem makes the coupled Riccati system non-canonical, even in a
block-matrix form, and it has not been well studied in the literature. Indeed, the cou-
pling feature of the Riccati system in our paper makes it structurally different from
those in the finite-time analogues of Garleanu and Pedersen [20] and Ma et al. [33],
where the Riccati systems are decoupled in their block matrix forms and the global
existence of solutions can be established by means of a standard comparison principle
for matrix Riccati differential equations.

Our work makes the following contributions to the existing literature. Since the
unique structure of our coupled Riccati system prevents us from using any existing
approach, we first derive a sufficient condition to establish the existence and unique-
ness of a solution to the coupled Riccati system in this paper. The sufficient condition
is easy to check as it is shown to be equivalent to finding a scalar solution of a non-
linear equation. Second, by conducting an asymptotic analysis around small liquidity
costs, we show that the coupling feature in our Riccati system appears in the higher
order terms since the first-order approximated equations of the coupled Riccati sys-
tem admit closed-form expressions.

Third, our equilibrium trading strategy indicates that the mean—variance investor
should trade gradually towards a dynamic target portfolio, which is the discounted
value of a future equilibrium portfolio in the absence of price impact, with some ad-
justment terms. Differently from the aim portfolio in Garleanu and Pedersen [20], the
target portfolio here not only accounts for the persistence of return-predicting signals
and price impacts, but also for the investor not deviating from future strategies. More
importantly, the volatilities of the return-predicting factors have a direct impact on
the dynamics of the target portfolio, whereas they do not appear in the aim portfolio
in Garleanu and Pedersen [20].
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Fourth, by means of an asymptotic analysis around small liquidity costs, an in-
vestor’s frictionless equilibrium portfolio is the target portfolio in the first-order sense
when the liquidity cost is sufficiently small. In addition, the equilibrium value func-
tion derived from pursuing such a first-order approximated trading strategy is almost
optimal in the sense that it does not deteriorate significantly around small liquidity
costs. Fifth, our numerical results indicate that the target portfolio appears to be a
conservative form of its corresponding equilibrium portfolio without price impact.

The rest of this paper is organised as follows. In Sect. 2, we present a dynamic
mean—variance problem with return predictability and price impact, and the definition
of an equilibrium strategy. In Sect. 3, we derive an analytical equilibrium solution to
the extended HJB equation in terms of a coupled system of matrix Riccati differential
equations. The latter’s well-posedness is also provided in Sect. 4. Section 5 provides
some financial implications of our main results and conducts an asymptotic analysis
around small liquidity costs. Section 6 provides numerical illustrations. Section 7
concludes the paper with suggestions for future research.

2 Dynamic mean-variance problem with frictions
2.1 Dynamics with return predictability

Consider a financial market where one risk-free asset and n risky assets are traded
continuously on a finite interval [0, T]. Let (2, F, F, P) be a complete filtered prob-
ability space, where F = (F;);¢[0,7] denotes the filtration generated by a standard
n-dimensional Brownian motion (W[p )ie[0,77 and a k-dimensional Brownian motion

(Wtf )refo,7] With instantaneous correlation matrix p = d(W?, Wf) +/dt.
Denote by ( p?);e[o,r] and (pr)refo, 7] the risk-free asset price and the vector of
risky asset prices, respectively. The dynamic of the risk-free asset is given by

dp? =rp?dt,

where r > 0 is the constant risk-free interest rate. The dynamics of the risky asset
prices (pr)se[o,7] and the return-predicting factors (f;);c[0,7] are modelled as

dp; = (rp; + Bfy)dt + o ,d W/, 2.1
df; = —fdt +ordW, (22)

where B is an n x k matrix of factor loadings of full column rank, ® is a symmetric
positive definite matrix which represents the factors’ mean-reversion rates, and o,

and oy are n X n and k x k constant matrices, respectively. Denote the covariance
matrices by X, = apTa,, =d(p,p)/dt,Er = U}—af =d(f, f):/dt and

T
Xp=0,poy=d(p, f)/dt,
where T denotes the transpose of a matrix or a vector.
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2.2 Wealth dynamics with price impact

Denote by (x;):c[0,7] the investor’s portfolio position, which contains the number of
shares of the risky assets. As pointed out by Garleanu and Pedersen [20], non-smooth
changes in portfolios, such as a discrete jump or quadratic variation (e.g. Brownian
motion) in position, would result in infinite transaction costs under the continuous-
time framework. Consequently, we adopt their assumption that the investor chooses
a trading strategy (T;):c[o,1] that determines the instantaneous rate of change of her
portfolio position (x;);c[0,7]. 1-€.,

dx; = Ttdt. (23)

To model trading frictions, we follow Garleanu and Pedersen [20] and assume that
when the investor trades t;dt units of the assets at time ¢ > 0, her trade has a transient
linear price impact on the asset price (p;)rc[0,7] as

pEi=p + %Aq, (2.4)
where A is a symmetric positive definite n x n matrix that measures the level of trans-
action costs. The matrix A is referred to as the multi-dimensional Kyle’s lambda (see
e.g. Grossman and Miller [24] and Greenwood [23]). In (2.4), ( p,E) te[0,7] denotes the
vector of execution prices and represents the amount the investor pays (receives) for
each unit of her buy (sell) 7;d¢. We assume that the investor’s trade size t;dt affects
only the execution price and that her trade has no permanent impact on the asset price
dynamics in (2.1). In terms of the execution price in (2.4), the total cost associated
with the trading strategy is expressed as

Cost(t,dt) := 1, p;dt + TC(x,)dt,

where the first term denotes the cost of trading 7;dt units of the assets at the market
price p;, and the second term, TC(t;) := %‘L’ITA‘L}, captures the quadratic execution
costs of trading 7,dt units.

With the specifications of the asset price dynamics and execution costs in place,
we can now derive the wealth dynamics of an investor with trading frictions. Let
(¥f )teo, 7 be the investor’s wealth process under the trading strategy (t;);c[o,77. In-
voking the self-financing condition and It6’s lemma yields

1
dyf = <ry,f +x, Bf, — EJAzt)dt +x] o,dW/.
We restrict our attention to admissible feedback trading strategies as defined below.

Definition 2.1 An admissible feedback trading strategy is a map

7:[0,T] x R" x R x RF - R”
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272 A.Bensoussan et al.

such that for each initial point (¢, x,y, f) € [0,T] x R" x R x R, the stochastic
differential equation (SDE) system

d.xt = T(tv-xlv ytr’ ft)dt’

1
dyf = <ry,f +x'Bf, — Er(:,x,,y,f, AT, X, yT, f,))dt (2.5)
+x,Tade,p,

admits a unique strong solution with E[sup, (o 7117, X1, ¥, fr) 1] < oo.

The class of admissible feedback trading strategies is denoted by Ao, 77, and we
use T and ©(¢, x, y, f) interchangeably throughout the paper.

2.3 Dynamic mean-variance portfolio selection problem

Suppose that the investor seeks to choose a trading strategy (;);¢[o,7] that maximises
the expected mean—variance utility of her terminal wealth y7, i.e.,

max (ﬂ«:[y;] - gwr[y;]), (2.6)

with the return-predicting factors ( f;):e[0,7] in (2.2), her portfolio position (x;)¢[0,7]
in (2.3) and her wealth process (y;)cfo,7] in (2.5). The expected mean—variance
utility function in (2.6) is different from the local mean—variance utility function in
Garleanu and Pedersen [20] and Collin-Dufresne et al. [12] in that the variance opera-
tor in (2.6) violates the tower property of conditional expectations, as stated in Basak
and Chabakauri [3]. To circumvent this problem, we follow the existing literature (see
e.g. Ekeland and Pirvu [17] and Bensoussan et al. [6]) and provide a game-theoretic
characterisation of a so-called equilibrium trading strategy. For a fixed initial point
(t,x,y, )el0, T] xR" xR x R¥, we denote by

BT =EL = x5 =y, fi =[],
Var! [ i=Varl -y, = x, 5] =y, fi = f]

the conditional expectation and conditional variance, respectively. The criterion in
(2.6) can then be rewritten in terms of the objective functional J defined as

n 2,
J(t,x,y, fi1)=E" f[yﬂ — EVarf Y f[y}],

=E " [FOI+ GES [y5)), @7

where F(y) :==y — 3y* and G(y) := 2y?.

Due to the quadratic function G (E;>*/ [y%]) in the mean-field term, the maximi-
sation of the objective functional in (2.7) is a mean-field type control problem. We
follow the guiding philosophy proposed in Bensoussan et al. [5, Chap. 4] to solve our
problem more explicitly. In this paper, we consider an equilibrium solution of this
problem as defined below.
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Definition 2.2 An equilibrium solution (or equilibrium trading strategy) is an admis-
sible feedback trading strategy 7*: [0, T] x R" x R x R¥ — R” such that for any
(t,x,y, )€[0,T] x R" x R x R,

. . J(t’xvyvf;t*)_J(t’-x’yvf;te)
liminf >
€—>0+ €

0.

Here 7€ is an arbitrary spike variation of T* € Ao 77 defined as

(s, x,y, ), selt,t+e),xeR", yeR, f eRF,

. N % 2.8)
(s, x, v, f), selt+e6 T, xeR yeR, feR",

‘Eg(S,X,y,f)Zi

where T € Ajp, 77 and € > 0 are arbitrarily chosen. The corresponding equilibrium
value function V is defined as V (¢, x, y, f) :=J (@, x,y, f; T%).

Remark 2.3 According to He and Jiang [29] and Huang and Zhou [31], an equilibrium
solution as in Definition 2.2 constitutes a weak equilibrium solution, which is defined
by means of a first-order condition.

3 Equilibrium solution

In this section, we provide an analytical expression for an equilibrium trading strat-
egy t* in Definition 2.2. Specifically, we first apply mean-field type control tech-
niques to derive an extended HJB equation which is similar to the works of Ben-
soussan et al. [5, Chap. 4] and Bjork et al. [8] and show that the corresponding
value function under an equilibrium trading strategy 7* satisfies a system of cou-
pled PDEs. A verification theorem is also established to demonstrate that the solution
of the coupled PDE system is indeed the corresponding equilibrium value function V
in Definition 2.2. Secondly, we exploit the explicit form of V and show that it can be
decomposed into wealth-dependent and wealth-independent components. The modi-
fied value function is then shown to be a quadratic function of the investor’s current
position and the current levels of the return-predicting factors, with the coefficients
of the quadratic functions being expressed as solutions to a coupled system of matrix
Riccati differential equations.

We first characterise an equilibrium trading strategy t* and the correspond-
ing equilibrium value function in terms of a system of coupled PDEs. We say
that a function £(¢,x,y, f) on [0,T] x R" x R x RF belongs to the space
L2([0, T] x R" x R x R¥) if it satisfies the condition

T
E?”’f[/ (18y€(s x5, 35 s fo)xg 0pl® + 1975, x5, 35 s fs)0f|2)d5:| <00
t
for any admissible feedback trading strategy t and every (¢, x, y, f).

Theorem 3.1 Suppose there exists an equilibrium strategy t™* whose corresponding
equilibrium value function V(t,x,y, f) and ¥ (t,x,y, f):= Ef’y’f[y}*] are both in

@ Springer



274 A.Bensoussan et al.

01,1,2,2([0’ T x R" x R x Rk) N Lz([O, T] x R" x R x Rk). Then they satisfy the
coupled system of PDEs

TeR” 3.1

max LTV =g\,
LTV =0

with V(T,x,y, f)=Y(T,x,y, f) =y, where the operators L and N are defined,
forveCl122([0, T]1 x R* x R x R¥), by

1
Lov:=dv+dv v -3 (Of) + (ry +x"Bf — EITAt)ayv
1+ . 1
—I—Ex X pxOyyv +x Zpafyv—i—itr(affvﬁf),
1 1
Nv:= E)CTE,,)C(Byv)2 +xTE,0p08y0 + EafvTEfE)fv,

and tr(-) represents the trace of a matrix.

Proof For € > 0, consider the spike modification control 7€ defined in (2.8) and the
corresponding objective functional J (¢, x, y, f; ¢). By the Feynman—Kac formula,
(¢, x,y, f) is indeed the solution to the second equation in (3.1). We also have

J@,x,y, f;T1)=J,x,y, f;T)=1— D, (3.2)
where
L=E " [Vt e Xpe e fird] = VL x, v, f),
L= G(ES [W( + €, xrve, Yier firo)])
- E?’y’f[G(‘I’(f + €, Xrte, yf;, firo)]-

In (3.2), the equality follows from the definition of J (¢, x, y, f; 7€) and V (¢, x, y, f)
in (2.7) and Definition 2.2, respectively, and the tower property of the conditional
expectation.

Applying the Dynkin formula on /; and using the definition of the spike modifi-
cation control in (2.8), we have

T optte i
I ZEf’y’f[/ ETV(S,Xs,yf,fs)dS}, (3.3)

t
where the equality holds due to the assumption that V € L%([0, T] x R” x R x R¥).

We now turn to the calculation of I,. Noting that G(y) = g y?, we apply the Dynkin
formula on G(W (¢ + €, Xt y,’_;, ft+¢)) and have

Ef»y»f[G(\Ij([ “+ €, Xttes ytr_;, .ff+€))]

T orite i
=GV, x,y, f)) —I—IEf’y"fI:/ CIG(\I'(s,xs,ysf,fs))ds]
t
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Dynamic mean-variance problem with frictions 275

On the other hand, applying the Taylor expansion on G(y) gives
GEN Wt + € xve Ve firo)])

e )
=G(W(t,x,y, f) +n¥(,x,y, f)Ef’y’f[/ LT (s, x5, fs)ds:| +o(e).
t

Combining these together leads to

T ptte }
Iz:-nEf’y’f[/ N—\I/(S’xs7ysr,fs)ds} +0(6). (34)
13
Therefore, expressing (3.2) in terms of (3.3) and (3.4) leads to
J, x,y, [;19=J@, x,y, ;15

t+e  _ _ _
ZE;C!y’fI:/ Erv(ssxsa y;1 fS) - nN\II(Sv-xS! y_;rv fs)ds] +0(6)1
t

where we have suppressed the arguments of the functions for simplicity. Dividing
by € on both sides, taking ¢ — 0+ and using Definition 2.2 leads to

LTV <ngNW. (3.5)

Consequently, if we choose the maximiser of LTV to be t*, the inequality in (3.5)
becomes an equality, leading to the PDE for V. g

Next, we establish a verification theorem to show that a solution to the coupled
PDE system in (3.1) is an equilibrium value function in Definition 2.2, thereby prov-
ing that a maximiser in (3.1) constitutes an equilibrium trading strategy.

Theorem 3.2 Suppose that the functions V (¢, x,y, ), V(t,x,y, f) and t* satisfy
the following assumptions:

D V(t,x,y, f) and W(t,x,y, f) are in CH122([0, T] x R" x R x R¥) and are
solutions of the coupled PDE system in (3.1).

2) t* is a maximiser in (3.1) and ™ € Ajo,1].

3V, x,y, f)and W(t, x,y, f) € L*>([0, T] x R" x R x R¥),
Then t* is an equilibrium trading strategy, and V (t,x, v, f) is the corresponding
equilibrium value function.

Proof We first show that V (¢, x, y, f) is the value function associated with the ad-
missible trading strategy t* which is a maximiser in (3.1). Since V(¢,x,y, f) is a

solution of the HIB equation (3.1), we have £7 V = nN'W. Applying the Dynkin
formula to V (¢, x, y, f) leads to

3 T * *
E V(T xr, yE ,fr>]=V<t,x,y,f)+1E;‘*y*-’[/ LYV (s, x5, y! ,fs)dS]-
t
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where the stochastic integral part becomes zero due to the assumption that V is in
L?([0, T] x R" x R x R¥). Combining the above leads to

BV, 0, 35 1=V %,y f)
= nEf’y’f[fTN\If(s,xs, ysf*, fS)ds:|
t
=B [G(W(T, xr, ¥, )] - G(¥ (1, x, y, ). (3.6)
By means of the terminal conditions for V and W, we can rewrite (3.6) as
Ve xy, £ =E D - GO+ GE T i D =T xy. fi19),
Next, we show that 7* is an equilibrium trading strategy in the sense of Defini-

tion 2.2. We first take a spike modification 7€ of t* as in (2.8). Applying the Dynkin
formula and the Taylor expansion on the objective function J in (2.7), it follows that

T, x.y, fi16) =E7 [V(t € Xrtes Vies fite)

t+e B
—77/ /\/'lll(s,xs,y;,fs)ds}
t
+ o(e).
On the other hand, from the first equation in (3.1), we have
L5V <gNW.
Integrating from ¢ to ¢ + € and taking conditional expectations leads to
0=E " [Vt + e xrves e frr)] = VEx, ., f)
e .
_ nE;uy,f[/ NW(s, xg, yE, fs)ds}
t
=J(t,x,y, f;1)=V(t,x,y, f)+o(e).

Therefore, it follows that J (¢, x, y, f;t*) =V (t,x,y, f) = J (@, x,y, f;1°) +0(e),

](t’x’y’f”*):](t’x’y’f;te) > 0, which completes the proof. O

yielding lim inf
e—0+

The following proposition shows that the equilibrium value function V and the
auxiliary function W in Theorem 3.1 can be decomposed into wealth-dependent and
wealth-independent components. This wealth-separable property of V and W allows
one to conveniently focus on finding solutions as functions that are independent of
wealth, which greatly enhances the analytical tractability of V in Definition 2.2.
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Proposition 3.3 Let

1 1
V(t,x,y, f)=h@t)y — ExTAxx (Ox +x " A () f + EfTAff(f)f

+ Ao (), 3.7

1 T I T
\Il(t,x,y,f)zh(t)y—ix Cox(t)x +x fo(f)f-i-Ef Crr) f
+ Co(?) (3.8)

and

-1

A
(X, y, f) = W(Axf(t)f — Axx(D)x), (3.9)

where h(t) == e"T=0 and Ay, (t), Axp(t), Apf(t), Cxx(t), Cxp (1), Crr(t) solve the
coupled Riccati system,

i ! -1 2 T T T
Ay = EA”A Ay =(h°Ep + Cop ZpCoy +h(ZpCop + Cif B))),

1 _

Axp=—hB+ 3 A A Aup + Agp® +0(Cap 27 Cry + hE,Cpp).
. 1 _

Aff:—EAIfA VAsp + (App® + @A sp) +1Csr S5 Cy, (3.10)
) 1 1 |
Cxx = _EAxxA_lex + E(AXXA_ICxx + CXXA_IAXX)’

. 1 - _ 1 _
Cap = —hB + Coy® + (A A 1Cyp + Cax A lef)—E(AxxA YA,

Crr=(Crpd+0Cpp) — %(AIfA—lcxf +CLAT A + %Aij—lef
with

Axx(T) = Cyx(T) = Opxn,

Axp(T) = Cxp(T) = 0px,

App(T)=Cyrp(T) = Ok,

1 T
A1) = 5/ tr(Afr()Zf)ds,
t

1 T
Co(t) = 5/ tr(Crr()Ey)ds.
t

If the coupled system in (3.10) is well defined, then t* in (3.9) is an equilibrium
trading strategy, and V (t,x,y, [) is the corresponding equilibrium value function.

Proof According to Theorem 3.2, it suffices to show that the functions V (¢, x, y, f)
in (3.7), W(t,x,y, f) in (3.8) and the candidate equilibrium trading strategy t* in
(3.9) satisfy the assumptions in Theorem 3.2.
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First, substituting the ansatz in (3.7) and (3.8) into the coupled PDE system in (3.1)
and matching coefficients for the terms y, xT(Hx,xT () f, f T) f directly leads to
the coupled system (3.10). In other words, if (3.10) is well defined, then V (¢, x, y, f)
and W(r, x, y, f) in (3.7) and (3.8) are in C1-122([0, T] x R" x R x R¥) and solve
the coupled PDE system in (3.1). In addition, since A > 0%, and 9,V > 0, it follows
that £* in (3.9) is a maximiser in (3.1).

Next we show that 7% € A[o, 7. As the state dynamics (2.2) of (f;);¢f0,7] is linear
and independent of the trading strategy, it follows readily that E[sup,¢[o 77 | /¢ 1] < oo.
Since t* in (3.9) is linear in x and f, the equilibrium portfolio (x;);c[o,77 in
(2.3) is linear in (f;)ref0,71 and so E[sup, (o 7 |xt*|2] < 00. Consequently, we have
E[sup;c(o,77 71?1 < 0o. As T* in (3.9) is independent of y, the equilibrium wealth
process (yf *)120 satisfies a linear SDE in (2.5) and admits a unique strong solution.
Therefore, it follows that t* € Ajo 7]

From (3.7) and (3.8), the functions V (¢, x,y, f) and W(¢, x, y, f) are linear in
y and quadratic in f. Consequently, the term 9,£(¢, x, y, f) is bounded and the
term d7£(¢, x, y, f) is linear in x and f for £ € {V, V}. For any admissible trading
strategy T, we have ]E[supte[O’T] |r,|2] < 00, which implies that ]E[fOT | x5 |2ds] < 00.

Combining this with E[ foT | fs |2ds] < 00, we obtain

T
Ef’y’f[/ (10y£Cs, x5, ¥5, f)x, 0pl” + 1075, x5, ¥, fs)of|2)ds} < oo,
t
proving that V (¢, x, y, f), W(t, x, y, f) are in L>([0, T] x R” x R x R¥). O

Up to now, we have shown that V and W in Proposition 3.3 can be represented as
linear functions of current wealth y and quadratic functions of the portfolio position
x; and the return-predicting factors f; at the time # > 0. The corresponding coeffi-
cient functions can be obtained by solving the system of matrix Riccati differential
equations in (3.10). We provide a rigorous analysis on the well-posedness of (3.10)
in Sect. 4.

We have also derived an explicit form of an equilibrium trading strategy t* in
Proposition 3.3. The equilibrium strategy 7* in (3.9) is of feedback form on the cur-
rent gap between the return-predicting factors and the position. More importantly, the
equilibrium strategy t* in (3.9) indicates that the more illiquid the stocks are (larger
A), the smaller the magnitude of the investor’s equilibrium trading strategy becomes
(smaller 7*). We provide more financial interpretation on 7* in Sect. 5 after proposing
in Sect. 4 a sufficient condition to ensure the well-posedness of the coupled system
(3.10).

Remark 3.4 In Proposition 3.3, since A > 0;x, and 9,V > 0, there exists a unique
interior solution 7* in (3.9). In view of Remark 2.3, 7* in (3.9) is a weak equilibrium
solution in the sense of He and Jiang [29] and Huang and Zhou [31]. In addition,
by Theorem 5.2 (iii) in He and Jiang [29], t™* in (3.9) is also a regular equilibrium
solution.
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4 The well-posedness of the coupled Riccati differential system

In the previous section, we have demonstrated that an equilibrium value function V as
in Definition 2.2 can be characterised by the extended HIJB equation in (3.1). More-
over, existence and uniqueness of the latter’s solution is equivalent to well-posedness
of the coupled system of matrix Riccati differential equations in (3.10). In this sec-
tion, we provide a time-dependent sufficient condition to address the latter.

We reformulate (3.10) in block matrix form as

“.1)

A=Di+AK| +KiA—AN|A+n(CK>+ K, C + CN>0),
C=D,+CK;+ K ,C+ANA—AN,C —CN,A

with terminal conditions A(T) = C(T') = O(s++k)x (n+k) and

_ (A (@) Axp (1) _(—Cax(t)  Cyp(0)
A(t)_<Afo(t) Aff(f)>’ C(t)_(Cfo(f) Cff(t)>’

_(nh*1)XE, —h(®)B ~f Ouxn  —h()B
Dl(t)—<_h(t)B—IF) Ok xk )7 DZ(t)_<—h(l)BT Ok )’

Onxn  Opxk Onxn Onxk
Ky = ; Kr(t) = ,
! <kan o 2(0) h(Z)E; Ok xi
Afl
Ni(t)=| "® Onxk , Ny = (OHXn Onxk)'
kan Ok><k 0k><n Ef

To demonstrate the difficulty in solving the coupled Riccati system in (4.1), we re-
express (A, C) in the form of a 2(n + k) x 2(n + k) block matrix M as

A1) O(n-+k) > (n-+k) )

M(t) =
® (O(n+k)><(n+k) C(t)

In terms of M, the coupled system in (4.1) can be reformulated into the matrix Riccati
differential equation

M = D3+ MK;3+ K M — MN3M + p(M), 4.2)
where p(M) = MK4;MP + PMK, M+ P(MKs+ KJ M + MN4;M)P and
D3 =diag(Dy, D), Kz =diag(Ky, K1), N3 =diag(N1, O@ti)x(nt+k))s
N4 =diag(Ny,nN2), Ks=diag(0¢41)xn+k)» 1K2),

p— (Qo+oxa+n  1dao Ka(t) = [ Qotoxetty Ontixotn
ity Owtbyxmrn ) —Ni(®)  O@thyx(nth)

with diag(A, B) representing a block diagonal matrix with matrices A and B on its
main diagonal. The presence of p(M) makes the matrix Riccati differential equation
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(4.2) non-canonical. In fact, (4.2) is documented in Abou-Kandil et al. [1, Chap. 6]
and called a generalised or perturbed matrix Riccati differential equation. As dis-
cussed there, only a few algorithms have been developed to solve (4.2) numerically,
and no proof of existence of a solution to (4.2) is available in the existing literature.
This motivates us to derive a sufficient condition to establish well-posedness of (4.1)
(or, equivalently, (4.2)) in the remainder of this section.

4.1 Adecoupled case

When the return-predicting factors are deterministic, the following result shows that
well-posedness of the coupled Riccati system in (4.1) can be easily established by
means of a comparison principle.

Theorem 4.1 If oy = Ok, the coupled Riccati system (4.1) becomes decoupled as

A=D|+AK,+ K A— AN|A,
C=D,+CK;+K;C+ANA— AN,C —CN;A.

In addition, it admits a unique global solution on [0, T].

Proof When oy = O, both K> and N> become zero matrices, which makes the last
bracket term in (4.1) disappear. This essentially makes the first equation decoupled
from the second equation in (4.1), which allows us to solve for A independently. In
this case, existence and uniqueness of the first equation in (4.1) can be established
globally by invoking the comparison principles for matrix Riccati equations by ap-
plying [1, Theorem 4.1.4]. Once the solution A is obtained, we can proceed to solve
the second equation for C in (4.1), which is a linear matrix differential equation of C,
in terms of A. U

4.2 A sufficient condition

For the general case where o7 is not degenerate, there is no existing theory to ensure
existence of a solution to (4.1). We now provide a sufficient condition to establish
well-posedness of the coupled system (4.1). First, we introduce some notations for
convenience. Denote by S, the space of real symmetric n x n matrices and define a
partial order < (<) in S, as

Al < () A — Ay — Aj is positive (semi-)definite.
We begin with the following four lemmas that will be useful later.
Lemma 4.2 The instantaneous correlation matrix p satisfies
Opsn < pp ' <1dy,

where 1d,, denotes the n x n identity matrix.
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Proof For any vector v € R", we have v' pp v = ||vp||% > 0, which implies that
,0,0T > 0, xn. On the other hand, for ¢ > 0, consider the covariance matrix X; of the

vector (th’T, Wl‘f’T)T, ie.,
_(Id,

We have ¥; > O¢,44)x(n+k) aS a covariance matrix is always positive semi-definite.
Note that both ¥, and its second entry Id; in the diagonal are positive definite. Con-
sequently, it follows that the Schur complement of the block matrix Id; of the block
3, takes the form

Onxn < B /1dg := (Id,, — pldy ' p ")t = (Id, — pp 1,
which completes the proof. g

Let 0;(A) be the ith eigenvalue of a real matrix A. The spectral norm of A
is the largest singular value of A, i.e., omax(A) := /max; 0; (AT A). We also de-
fine omin(A) := +/min; 5; (AT A). Obviously, we have o (A) = max; |o; (A)| and
Omin(A) = min; |o; (A)| for any A € S,,. Denote by Z := C([0, T']; R+ x(1+k)y the
set of RTK)x(1+k) _yalued continuous functions with the norm

Poo(A) :=0maxTomax(A(t))= max \/m_axai(AT(t)A(t)) for A(-) € Z.
<t=< i

0<t<T

Lemma4.3 For Ay, Ay € C([0, T1; Sy4x), the norm poo has the following properties:

1) poo(A142) < poo(A1)poc(A2).
2) poo(A1+ A2) < Poo (A1) + poo(A2).
3) poo(A) <k &= —kldpi < A(t) < kldyyk forallt €[0, T].

Proof The first two properties can be obtained directly from the definition of the
norm. Hence it remains to prove the last one. Since A(?) is a real symmetric matrix
f9r any ¢ € [0, T), it can be diagonalised as A(r) = P (¢)diag(o; (A(1))) P ' (t), where
P (1) is a real orthogonal matrix. It is obvious that
Poc(A) <k &> |0i(AM))| <k fort € [0, T],i=1,....n+k.
Foranyt€[0,T]andi =1,...,n + k, we have
|0i (A))| <k &= —k1dysk ==k POPT (1) < AWt) <« P()PT (1) = k1dy .

Combining things completes the proof for property 3). |

Lemma 4.4 For any positive definite (respectively, semi-definite) H € S,, we have
omax (e ) < 1 (respectively, < 1).
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Proof Since H is symmetric positive definite (respectively, semi-definite), there ex-
ists an orthogonal matrix P such that H = Pdiag(H)P~!, where diag(H) is a real
diagonal matrix whose main diagonal contains positive (respectively, nonnegative)

H _ p~Pdiag( )P~ _ p,~diag(H) p~1 e have

eigenvalues. Since e~
oi(e M) = gj (e diae)y = p=oi(H)
(respectively, < 1), which completes the proof. |
Consider now the auxiliary system

Al =D) —nNs+ A K| + K1A] — A|N A, 4.3)

with terminal condition A{(T) = O(4k)x (n+k) and

2T T
N4 — (l’l GP PP Op Onxk>. (44)
Ok xn Ok xck

The following result shows that (4.3) admits a unique solution.
Lemma4.5 Forany T > 0, (4.3) admits a unique solution A.

Proof We rewrite A| componentwise as

- _Al,xx(t) Al,xf(l)
A1) = ( AIxf(t) Al,ff(t))

and perform a number of direct calculations to show that the components satisfy

. 1 _
Al,xx = EAl,xxA 1Al,xx - nhzo-;(ldn - PPT)GP,

. 1
Al,xf:_hB+ZA1,“A—1A1,xf»+A1,xf<b, (4.5)

) 1 B
A= —E(Al,xf)TA lAl,xf + (A1 @+ DAy sp).

From (4.5), it suffices to show that the first equation admits a unique solution, as
the other equations for Ay yy and Ay s are both linear. By Lemma 4.2, we have
nh*c ] (Id, — pp )0 p = Onxn. Since A™!/h(t) = 0y, it follows readily that Ay
admits a unique solution for any 7 > 0 by the comparison principle; see [1, Theo-
rem 4.1.4]. Consequently, the existence and uniqueness of Ay and Ay ss are also
established. This gives the result. g

We now provide a sufficient condition to ensure well-posedness of the sys-
tem (4.1).

Theorem 4.6 Given T > 0, suppose there exists an R > 0 satisfying the inequality

T (poe(D2) + poc(ND(LA(R) +2RL(R)) ) < R, (46)
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where
L(R) :=max {pso(A1), T (poo(D1) + b(R))}, (4.7)
b(R) :=1(2p00(K2)R + poo(N2)R?). (4.8)

Then the coupled Riccati system (4.1) admits a unique solution. In addition, the so-
lution satisfies the estimates

poo(A) = L(R), Po(C) = R.

Remark 4.7 The sufficient condition in (4.6) implies that (4.1) is well posed for
small 7. Such a feature is not unique to our system, as sufficient conditions for local
existence of solutions to other non-canonical, coupled Riccati systems can also be
found in Bensoussan et al. [4] and Herdegen et al. [30]. We provide some numerical
demonstrations on finding a positive R satisfying the inequality in (4.6).

Proof of Theorem 4.6 We first define in the space C ([0, T']; S,+«) a ball with radius
R > 0as

Br:={CeC(0,T];Spx) : poo(C) < R},
and then define a map 7 on the ball Bg as 7(C) := C, where

A =D+ AK|+KiA—ANiA+n(CKr+ K, CT + CN,0), “9)
C=D,+CK|+KiC+AN;A—AN,C —CN;A '
with terminal conditions A(T) = C(T) = O(u4k)x (n+k)- We prove that the map 7T
admits a fixed point via the Schauder fixed-point theorem in the following two steps.

Step 1. We show that 7 maps By to itself. We first derive an estimate for A in
(4.9). For C € Bg, applying Lemma 4.3 and invoking the definition of b in (4.8)
yields

poo(N(CK2+ K) CT +CN2C)) <b(R), (4.10)

which implies 7(CK> + K, C + CN>C) < b(R)1d, 4. On the other hand, we have

CKy+ Ky C+ CN2C
_<C’xf2f:éjf +_h(éxf2_;f+2pé§), C’xfzi(_?ff -l-_théff)
CffEfC;l}--}-thfE;, CrrXeCyy
a
:<b>(aT b") — N4> —Ny, (4.11)

where a := Cyrop + hal—,r,o, b:=Cssoyr and Ny is defined in (4.4). The last inequal-
ity results from the fact that

(Z) (aT bT) = O(n+k)><(n+k)'
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Combining (4.10) and (4.11) yields
—nNy < n(CKz+ Ky C + CNC) < b(R)1dy 4.

According to the comparison principle of matrix Riccati differential equations (see
Abou-Kandi et al. [1, Theorem 4.1.4]), we have the estimate

Ax(t) < A(®) < A1(0),

where A1(¢) is defined in (4.3) and Ay (¢) is
T . )
As(t) = —/ e~ K1OAN (D) (5) + B(R)Idy i )e™ I Krdugy,
t

As K is positive semi-definite, applying Lemma 4.4 leads to pso(e”X167) < 1
for all s > ¢. Consequently, it follows that po (A2) < T (po(D1) + b(R)). By Lem-
mas 4.3 and 4.4, we have

—T(poo(D1) +b(R))ldyt < A2(1) < A(t) < A1(1) < poo(A1)]dy+s,

which implies that poo(A) < L(R), where L(R) is defined in (4.7).
Next, we derive an estimate for C in (4.9). In terms of C and A, C reads

T
Ct)=— f e~ K170 (Dy(5) + A(s)N1 (5) A(s) — A()N1()C (s)

t

- C_‘('S)]Vl (S)A(S))e_Kl (S_t)ds,

yielding poo (C) < T (0o (D2) + poo (N1)(L*(R) +2RL(R))). Therefore, if there ex-
ists an R > O such that the latter term is < R, we have poo(C) < R, which verifies
that 7 maps the ball B to itself.

Step 2. It is clear that By is a closed convex subset and that the mapping 7T is
continuous. Hence it remains to show that the image 7 (Bg) is a relatively compact
subset of Bg. Consider any sequence (7 Cp)nen in 7 (Bg). Since 7 maps Bg to
itself, the sequence is uniformly bounded, i.e., we have poo (7 C,) < R for any n.
Since each element in the sequence is defined in (4.9), it is obvious that their first
derivatives are also uniformly bounded, which implies that the sequence is equicon-
tinuous. By the Arzela—Ascoli theorem, the sequence (7 Cy,),enN thus has a uniformly
convergent subsequence, proving that 7 (Bg) is a relatively compact subset of Bg.
Consequently, by the Schauder fixed-point theorem (see Zeidler [41, Theorem 1.C]),
T admits a fixed point C°°. Accordingly, we can define A* in terms of C*.

In addition, the uniqueness of the solution (A%, C*°) follows because the right-

hand side of the equations in (4.1) is locally Lipschitz-continuous with respect to 7.
O

A direct consequence of Theorem 4.6 is that A, in (4.1) is positive definite.

Corollary 4.8 If the condition in Theorem 4.6 holds, we have

Axx (1) > Opxp, tel0, 7).
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Proof We rewrite the first equation in (3.10) by completing the square with respect to

the term o ¢ C;Sc +hp o), and come to the expression

. 1 -
Axx = EAxxA " — H(OfCIf + hpTOP)T(GfC;f + hpTOP)
—nh*o,) (1d, — pp "o, (4.12)

with Ay (T) = 0,x,. By Lemma 4.2, we know that Id,, — ,0,0—r > 0,,xn. The result
follows by applying the comparison principle on (4.12) (see [1, Theorem 4.1.4]). O

5 Financial implications

In this section, we first provide some financial implications behind the equilibrium
trading strategy t* in (3.9) in Proposition 3.3, whose uniqueness is a direct con-
sequence of Theorem 4.6 under the sufficient condition in (4.6). We then compare
our results with the dynamic mean—variance model without price impact. To explore
more financial implications of this equilibrium trading strategy, we also perform an
asymptotic expansion on the coupled system in (4.1) around small liquidity costs and
derive the corresponding almost equilibrium trading strategy.

5.1 Equilibrium portfolio and target portfolio

To provide more financial interpretations on the equilibrium trading strategy 7*, we
begin with the following corollary which is a direct consequence of Proposition 3.3
and Corollary 4.8.

Corollary 5.1 When the coupled Riccati system in (4.1) is well posed, the equilibrium
trading strategy t* admits the form

T, x, y, ) = M (@0) (M@ (1, f) - x), (5.1)

where the tracking rate matrix is M™€(t) = A=V A (t)/ h(t) and the target portfo-
lio is

M e(t, )= A () A(0) f. (5.2)

The target portfolio is obviously well defined since A, in (3.10) is positive defi-
nite by Corollary 4.8 when (4.1) is well posed. Financially, the target portfolio plays
a critical role to guide the mean—variance investor in rebalancing her portfolio. The
presence of price impact forbids the investor from rebalancing her portfolio simul-
taneously whenever the return-predicting factors change. Instead, she should trade
gradually towards the target portfolio. It is observed from M™® that a larger price
impact coefficient A results in a slower trading rate. In addition, the target portfolio
M' in (5.2) is directly proportional to the return-predicting factors, with the coef-
ficient matrix A A xf capturing the persistence of the return-predicting signals and
the price impact.
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Next, we show that the target portfolio M degenerates into the Markowitz port-
folio in (5.3) as the time to invest goes to 0. We follow the notation in Garleanu and
Pedersen [20] to denote the Markowitz portfolio by

: _ 1 -1
Markowitz (¢, f) := i (D) Ep Bf. (5.3)

Corollary 5.2 When t — T, the target portfolio M"™™® converges to Markowitz, i.e.,

1in} M™E(¢, f,) = Markowitz (T, f;).
t—

Proof Applying the Taylor expansion to A, (¢) and A, (¢) around T, we have

Ay (@) =Axx(T) + (¢ — T)Axx(T) +o(t—-T)= —th(T)Ep(l —T)4+o(—T),
Ags(t) = Axf(T) + (t = TYAyf(T) +0(t — T) = —h(T)B(t — T) + ot — T).

Combining these and applying L’Hopital’s rule, we achieve the desired results as

) . _ 1 _ )
Tim M@, ) = lim AlmA ) fi = mzp 'B fr = Markowitz (T, f7).
O

5.2 Comparisons with an equilibrium portfolio without price impact
To explore the effect of Kyle’s lambda A on the target portfolio M3, let us revisit
the dynamic mean—variance problem without frictions, i.e., A = 0, x,. As in Defini-
tion 2.1, we first provide a definition of an admissible feedback frictionless portfolio.
Definition 5.3 An admissible feedback frictionless portfolio is a map
Xnp 1 [0, T] x R x R¥ — R”

such that for any initial point (¢, y, f) € [0, T] x R x R*, the SDE

dy,;™ = (ry;™ + xap(t, ;™ f) T Bf)dt + xnp(t, ;™ f) TopdWF

admits a unique strong solution denoted by y*. The class of admissible portfolios is
denoted by AI[I(I; oL and we use xpp and xup(2, y, f) interchangeably.

The mean—variance objective functional without frictions is given by
) il n o , ) , ny
Jup(t,y. ) = By D™ = 2V " = B TR O 4+ G ™),
where

B 1:=EL |y ™ =y, fi = 1.

Var /[ ]1:=Var[- |y, =y, f, = f]
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denote the conditional expectation and conditional variance, respectively. Corre-
spondingly, we define an equilibrium frictionless portfolio x;; p as follows.

Definition 5.4 An admissible feedback frictionless portfolio x* np
rium frictionless portfolio if for any (¢, y, f) € [0, T] x R x R,

is called an equilib-

J t» ) ;X* - J t9 ) ;xE
liminf np( . f np) np( v f np) >0
e—~>0+ €

Here xg, is a spike modification of x""* € AFg 7 defined as

xe (S y f): )Enp(s,y’f)’ Se[f,f+€),y€R,f€Rk’
e XpG.y. ). selt+eTlLyeR, feR

where xpp € AFg T and € > 0 are arbitrarily chosen. The corresponding equilibrium

frictionless value function is defined as Vi (2, y, f) := Jnp(t, y, fix np

Following Basak and Chabakauri [3], we show that an equilibrium frictionless
value function Vyp(z, y, f) satisfies an extended HJB equation. For Wy, (¢, y, f) in
CL22([0, T] x R x R¥), we have

0= max (L Vyp — npN W),

xanR

0=/L"F "P\Ian

with Vip(T, y, f) = Wnp(T, y, f) = y. Here, the operators £* and N'* are defined,
for any u € C122([0, T] x R x R¥), by

LYu:=0du+ (ry +xTBf)3yu — BfuTCDf
—i—ax XpX0yyu +x Xpdyru + Etr(affu 7).
1 1
Nu = Exszx(ayu)2 +x T S,0,udpu+ E(afz,t)Tzf(afu).

We now provide the main result of this section in the form of the following propo-
sition. As the proof is analogous to that of Proposition 3.3, we omit it for brevity.

Proposition 5.5 Let

Vnp(t’ Y f) = h(t)y + ‘,}Hp(ta f)a lIan(t, Vs f) = h(t)y +§ﬂp(t7 f)5

where
Vip(t, f) = —f TADOF+AY @), awpt. ) = %f cRw s+ w.
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with the coefficients

T
) = _/ (O B 6D T B @S BN
t

1 1
ABO)(”ZEf, (AT} (5)gr)ds, Céo)(”ZE/, w(CY) () r)ds.

A(O) — (C(O)ET lB + BT 12 C(O)) 4 (A(O)CD + CI)TA(O))

ff <o
BT~ !B
+nCipo (1= pp oy €y = —r—.

ADUT) = O,

and
» ©
Kyl = (B =0 (t))f)
_ : (0)
= Markowitz (¢, f) — na )Ep PP C (t)f 5.4
hedging

Then x:p in (5.4) is an equilibrium frictionless portfolio and Vi (2, y, f) is the cor-
responding equilibrium frictionless value function in Definition 5.4.

Hence, in the absence of price impact, the equilibrium frictionless portfolio x;‘p in
(5.4) is independent of gnp, which is consistent with Basak and Chabakauri [3].

Proposition 5.5 reveals that the equilibrium frictionless portfolio x in (54) is
structurally different from the equilibrium portfolio x* defined in (2.3) Wlth respect
to 7* in Proposition 3.3 in three aspects. First, the equilibrium frictionless portfolio
x;"p is linear in the return-predicting factor, which implies that the path of x:p follows
the Brownian path of the return-predicting factors. In contrast, the path of the equilib-
rium portfolio x* is smooth. Secondly, when A # 0, Proposition 3.3 shows that
the equilibrium trading strategy t* is expressed in terms of (A, C) in (4.1), and that
C cannot be solved for independently. This coupling feature escalates the difficulty of
our problem significantly and also demonstrates the essential difference when price
impact is taken into account in the dynamic portfolio selection problem. Finally, from
(5.4), the hedging demand disappears when X, = 0, xx, i.e., when the risky asset
prices and the return-predicting factors are independent. The investor invests myopi-
cally and follows the Markowitz portfolio. On the other hand, the hedging demand is
still present when trading with price impact, as t* in Proposition 3.3 would not de-
generate into the Markowitz portfolio when X, = 0,,««. This can be explained by the
fact that trading with price impact makes the investor far-sighted, instead of myopic,
as she anticipates the expected path of the return-predicting factors and rebalances her
portfolio smoothly towards the target portfolio to avoid staggering execution costs.

We conclude this section with the following corollary, which shows that the target
portfolio in (5.2) can be expressed in terms of the frictionless equilibrium portfolio
without price impact in (5.4).
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Corollary 5.6 The target portfolio in (5.2) admits the representation
Mtarg (t, f)

8 AXX(“)A71 x
= A OE f[/ o i iy —du <h2(s)2px;fp(s,y:"”, f5)
t

+ ()2, CF) () — cxf(s)zfcff(s)—h(s)zpcff(s))ﬁ)ds}.

adjustment term

T 1 —1
Proof This readily follows from applying It6’s lemma to eJi T A (AT s 4 xf (@) fr,
integrating from ¢ to T and taking conditional expectations. g

The representation above comprises an adjusted discounted integral of the future
equilibrium frictionless portfolio xr’fp, netting the adjustment term due to the mean-
field term in the objective functional in (2.7). In addition, the adjustment term in
Corollary 5.6 hinges primarily on the stochastic nature of the return-predicting factors
and the coefficient functions Cyy and Cyy that account for the persistence of the
return-predicting factors as well as the trading friction A. Indeed, when Xy = Oy,
the adjustment term disappears as there would be no hedging demand needed for the
deterministic return-predicting factors.

5.3 Small-liquidity-costs asymptotics

In Sect. 4, we have derived a sufficient condition for the well-posedness of the cou-
pled Riccati system in (4.1). Also, in Sect. 5.2, the frictionless value function and trad-
ing strategy are derived. In light of Corollary 5.6, we now conduct a small-liquidity-
costs perturbation around the frictionless case to shed more light on the relationship
between the investor’s equilibrium portfolio without price impact and her target port-
folio. Following Garleanu and Pedersen [20], we assume in this subsection that the
liquidity costs are proportional to the amount of stock risk for a scalar A > 0, i.e.,

A=1%,. (5.5)
In terms of (5.5), we denote by (A*, C*) the solution of the coupled system in

(4.1). We first heuristically provide an explicit /A-order (hereafter, referred to as the
first-order) solution to the coupled Riccati system as

Ar _ _:ixx(t) éxf(O)
“”‘(Aif(r) A0

Onxn Ok AR®  ADo
Ot A“”(t)) ﬁ<(A“><r>) o) o

E ) = (ﬁx(r) cxfm)

L@y Cr@

Onxn nxk C)(clr)(t) C(l)(f)
Ok C(O)(I)) */X((Ca)()) O ) (5.7)
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where the zero-order part (AS?}, C }(})) is defined in Proposition 5.5 and the +/A-order
part is given by

ARW =3 ons,.  AD@ = VRO/M(B -0z, m),
CH @ =himis,/2. CY) = VAD/MEB —nZ,C1)/2.

Based on the above explicit first-order solution to the coupled Riccati system, we
construct an approximate value function as

- 1 +- ~ 1
V(. x.y. f)=h@)y = 33" A@Ox +xT Ay (0 f + S fTAROf + A,
(5.8)

: 1+ x . 1
W(t.x,y, f)=hD)y = 3x CoxOx +x " Cop 0 f + 5T CHOF +C5,

5.9
with a sub-optimal trading strategy
E_l
~ P o
t, s ¥, = a V t, )
T(t,x, v, f) Atk (t.x,y, f)
() (S5 (B —=nZ,CE @) f
- —x ). (5.10)
A nh(t)
:xﬂkp
Substituting V and ¥ in (5.8) and (5.9) into the coupled PDE in (3.1) yields
max L7V — pN*¥ = O(V/2),
TeRn o (5.11)
LTW = OWh).

For more discussions and derivations on small-liquidity-costs asymptotics in a gen-
eral Markovian setting, readers are referred to Moreau et al. [36], Ekren and Muhle-
Karbe [18], Muhle-Karbe et al. [38], and the references therein.

Remark 5.7 One can also derive an alternative sub-optimal trading strategy by impos-
ing a different assumption on A from (5.5). Specifically, by adopting the form of A
as in Moreau et al. [36] and Ekren and Muhle-Karbe [18], i.e.,

A:)\,[_\’ [_\>Onxn,)\.>0,

the corresponding sub-optimal trading strategy 7 becomes

- n
t)‘(t,x, v, f):i=

%A—%(A—%z,,x—l)%z\%(E;I(B—nzpc}‘}?m)f )
—X].
1.1

(Mhg))? nh(t)

*
xnp

(5.12)
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Comparing (5.12) with (5.10), the coefficient matrix of the vector x;‘p —xin(5.12)is
an identity matrix under the assumption in (5.5), implying that the investor trades to-
wards the frictionless portfolio. This assumption also helps us achieve the desired
symmetric structure of the coupled Riccati system (A, C) in (4.1) when proving
Proposition 5.9 below.

Important implications can be drawn from the sub-optimal strategy 7 in (5.10)
and the first-order solution pair (V, W) in (5.11). First, the feedback nature of 7 in
(5.10) indicates that the investor is trading towards x ¥, for sufficiently small liquidity
cost A. In other words, when A is small, x;‘l‘p is the target portfolio for the investor

in a first-order sense, and /nh(t)/A is the trading rate. The smaller the value of A,
the larger the trading rate becomes as it becomes less costly for the investor to re-
balance her portfolio. When A = 0, the tracking rate becomes infinite, indicating that
the investor should immediately rebalance her portfolio to match the target portfo-
lio in the absence of any trading friction. Second, the approximated PDE for V in
(5.11) indicates that the investor’s expected utility would not deteriorate significantly
when the liquidity cost A is sufficiently small. Third, from the view of the asymptotic
analysis, the first-order (ﬁ—order) terms A)(clx), A)(C?, Cgc) and Cfcl) all admit closed-
form expressions, which is in a stark contrast to the coupled Riccati system in (4.1).
This observation indicates that the coupling feature in (4.1) appears in the higher-
order terms and one must therefore consider to expand into higher orders to derive a
similar sufficient condition in Theorem 4.6 by means of an asymptotic analysis.

Compared to the equilibrium value function in (3.7) with the equilibrium trading
strategy in (3.9), the first-order approximations in (5.8) and (5.10) are explicit. To
demonstrate that the sub-optimal control is an almost optimal control in the sense of
Moreau et al. [36], we proceed to conduct an error analysis on (5.8) with respect to
(3.7) in the sense that

~ 1 - ~
V—V= _ExT(Aix —Ag)x+x (A = Agp) f
1
+ ST (Ay — AD) £+ () — aD).

Obviously, it suffices to show that the coefficients defined in (5.6) and (5.7) are indeed
the first-order approximation to (A%, C*) as A — 0. We conclude this section by
showing that when oy = Oy <k, we have (A* — A*,C* — C*) = O(V/2) as L — 0 for
the spectral norm omax. The error analysis for the general case (o5 # Ogxx) is more
delicate and will be studied in the future. We begin with the following lemma.

Lemma 5.8 Suppose that Hy is symmetric positive definite and H, is symmetric pos-
itive semi-definite. If they commute, i.e., HHHy = HyHy, then HyH, is symmetric
positive semi-definite.

Proof Since Hi commutes with H», we have (H; Hz)T = H;HlT =HyH| = H H;,

proving that H; H is symmetric. Moreover, there exists an invertible matrix P; such
that H; = Pl—r P;. Now the set of eigenvalues of PlT P1 H> (or Hy H>) equals the set of
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eigenvalues of P; H) PlT . Since P1H, PlT is positive semi-definite, all its eigenvalues
are nonnegative, i.e., H| Hp is symmetric positive semi-definite. g

Proposition 5.9 When oy = Ok, we have the estimate, for t € [0, T] and as A — 0,

Omax (A% (1) = A (1) = O(WVR), omax (A% (1) = Axp (1) = O,
Omax (C (1) = Crx (1) = O(VA), omax (CL; (1) = Crp (1) = O(VA),
Umax(A>:f' - A(}'f) = O(ﬁ)v Umax(cj«h'.f' - C.(;:f-) = O(\/X)

Proof 1t is enough to show amax(A (@) = A (1)) = 0(v/2); the other estimates fol-
low similarly. Define the remainder A (1) = A (@) = Axx (t). Differentiating the
remainder AR leads to

1) R 1 (€8] R
. . ) (WVAAY + AR)EST(VRAL + Af .
AR = A% —V3AW = —nh?E, — VAAD

h
A 1
R [nh Axxzp R i (1
= A\ ot A — V1AW,
——
= =:b

According to [1, Theorem 1.1.5], its solution can be obtained as
R =T, DHAR (D1 (1, T)+/ My, (1, )VAADTL (7, 5)ds

= _\/rTm,,(;, TS, (¢, T)
3rJ_

h2(s)1'[b(t )X, T(t s)ds, (5.13)
where I1(¢, s) g is the fundamental matrix of the matrix differential equation

. a

MMy(t,s) = EHH(I,S) =H@®)y@t,s), 0<t<s<T, (5.14)

with I1y (s, s) = Id,,. Next, applying [1, Theorem 3.6.1] to (5.14), we have the esti-
mate

omax (MH (1, 8) <1, 0<t<s<T, (5.15)

if H(¢) is positive semi-definite for ¢ € [0, T]. Since it is easy to see thata ' is positive
semi-definite, it remains to show that b is positive semi-definite on [0, 7]. When
0 = Ogxk, the assumption in (5.5) readily implies that Aﬁx and X, (and also 2;1)
commute. Moreover, we know that Af; . 1 positive semi-definite on [0, 7']. According
to Lemma 5.8, the matrix b is positive semi-definite. Thus following (5.15), we have
for the fundamental matrices the estimates

Omax (Mo (1, 8)) <1, omax (T (2,5)) <1, 0<r<s<T.
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Applying the spectral norm opax on both sides of (5.13) gives

Gmax(Affx(t)) 3r (T 3
T = 7TUmax(Ep)(l + ?/[ hz(s)ds>

3r(T=1)

=/Nomx(Zple 7 . (5.16)
It follows from (5.16) that

lim Umax(A)lfx (1)) <

oo,
A—=0 ﬁ

i.e., omax (AR (1)) = O(V}). O

Remark 5.10 Establishing Proposition 5.9 requires the remainders, such as AX | to
be well defined; this holds when the original coupled Riccati system (A*, C*) in
(4.1) with respect to A is well defined. When oy = Ogxx, as in Proposition 5.9, the
original coupled system (A%, C*) is essentially decoupled and therefore its global
solution uniquely exists. Hence the error analysis can then be conducted in a similar
vein as in Muhle-Karbe et al. [38], since the system of matrix Riccati differential
equations admits a global solution that exists unconditionally. However, when o ¢ #
Ok xk»> @ more delicate analysis (postponed to later work) is needed to ensure that the
remainder terms are well defined in our framework.

6 Numerical examples

In Theorem 4.6, we have provided a sufficient condition in (4.6) to ensure the well-
posedness of the coupled Riccati system (A, C) in (4.1). This section provides a
detailed numerical investigation on (4.6) under various sets of model parameters.
To facilitate discussion, we first rephrase (4.6) in terms of a discriminant function
defined as

F(R7T9r7 Bvq>1p52pvzf’A7n)

_ T(poo(D2) + poo(ND(L*(R) +2RL(R)))
o R

1. 6.1)
In view of (6.1), establishing (4.6) amounts to finding an R > 0 such that
F(R,T,r,B,®,p,%,, 27, A, n)<0. (6.2)

We therefore provide several numerical illustrations on F by varying one to two
model parameters below.
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Fig. 1 The discriminant 3
function F as a function of R

Discriminant function F
o N
o -

o

o

o
i
i
i
i

02 04 06 08 1 12 14 16 18 2

6.1 Single risky asset with single return-predicting factor

In this subsection, we consider a financial market with one risky asset (i.e., index
fund) and one return-predicting factor. Unless stated otherwise, the parameters in this
subsection are taken from the set

A:={T=05r=005B=03&=1,p=02,
%, =001, 3, =004, A=05n=0.5). (6.3)

Figure 1 shows the discriminant function F in (6.1) as a function of R, while
the remaining parameters are given in (6.3). From Fig. 1, F crosses the zero line at
around R ~ 0.30. In view of Theorem 4.6, Fig. 1 provides a numerical confirmation
that the coupled Riccati system (A, C) in (4.1) under the model parameters in (6.3)
is well posed.

Figure 1 has shown that there exists an R > 0 to satisfy the condition in (6.2) given
the model parameters in (6.3). We now provide some visualisations on the sets of
feasible regions consisting of two model parameters such that the sufficient condition
in (6.2) is satisfied under a given R > (0. Without any loss of generality, we set R = 1
and consider the two feasible regions defined as

At i ={(A,T)€RL :F(R,T,r,B,®,p,Z,, X, A, 1) <0,
R=1;r’B9q)7p92p’Efrn€A}v

Ag.p)={(,B)eR2 :F(R,T,r, B, ®,p,Tp, Ty, A, ) <0,
R=1;T,r,®,p,%, X5, A €A}

In words, for R =1, the feasible region A 1) (respectively, A, p)) is the set of
(A, T)e Rﬁ_ (respectively, (1, B) € Ri) such that the coupled Riccati system (A, C)
in (4.1) under the remaining model parameters in (6.3) is well posed.

Figure 2(a) (respectively, 3(a)) displays a three-dimensional plot of the discrimi-
nant function F as a function of A and T (respectively, n and B), with the feasible
region A(a 1) (respectively, A, py) shown as the dark-shaded region. In addition,
the cross-sectional plots are given in Figs. 2(c) and 2(d) (respectively, Figs. 3(c) and
3(d)) to illustrate the behaviour of F with respect to each model parameter.
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(c) Discriminant function F as a function of 7 (d) Discriminant function F as a function of A

Fig.2 The discriminant function F as a function of A and T

We now provide some numerical illustrations on the optimal portfolio x*. Accord-
ing to (5.1), the investor trades towards the target portfolio M€ in (5.2), and hence it
suffices for us to compare the target portfolio M'¢ with the equilibrium frictionless
portfolio x;{‘p in (5.4). Since (5.2) and (5.4) are linear in f, we obtain

M™e@, f) _ nhOEp Ay ®)
Xy ) (B=nZpCh 1) Axx(®)

Figure 4 displays the evolution of the ratio M'™e(z, f )/Xpp (2, y, f) and of
M™(¢), which is the tracking rate defined in Corollary 5.1, with respect to time.
Specifically, in Fig. 4(a), M8 /x;fp is shown to be less than 1 and upward-sloping

«
as time approaches the maturity 7', with M&(T, fr) /xr"l‘p(T, y;"p, fr) = 1. This ob-
servation indicates that the target portfolio is more conservative than the equilibrium
frictionless portfolio and the magnitude of that conservatism decreases as the invest-
ment horizon shrinks. In other words, the market frictions make the investor trade
more prudently in response to the changes of the return-predicting factor. On the other
hand, in Fig. 4(b), M is downward-sloping and converges to 0 as time approaches
the maturity 7. As the maturity draws nearer, the chance of the investor narrowing
the gap between her current portfolio and the target portfolio diminishes, and hence
she should slow down the rebalancing speed to avoid staggering trading costs.
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Discriminant function F
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Fig.3 The discriminant function F as a function of  and B
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Fig.4 The ratio (a) and the tracking rate (b) with respect to time
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6.2 Two assets with idiosyncratic return-predicting signals

In this section, we consider the case of two risky assets each of which only depends
onits ownlevel,i.e., ®, B, A, ¥, and X are all diagonal matrices. The parameters
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Fig.5 Two assets with idiosyncratic return-predicting signals

in this example are

T=05 r=005 & =diag(l,>5),

%, =diag(0.04,0.04), ;= diag(0.16,0.16),

n=05, B=diag(1,1), p=0y2, A =diag0.5,0.5),
x=0,0", fo=1,DT. (6.4)

Figure 5(a) shows that the discriminant function F crosses the zero line at
R = 0.45, indicating that the coupled Riccati system (A, C) in (4.1) under the model
parameters in (6.4) is well posed. On the other hand, the study of the price impact in
this two-asset example can be done by comparing M'™¢ and Xpp- To this end, we de-

fine the expected target portfolio M "% and the expected equilibrium portfolio without
price impact X, as

MU, f)=EIM™, f)] fo= f1= Ayl Aspe™™ fo,
Tty ) =Bl 3™ flyg™ =y, fo= 11,

where xl’{p in (5.4) is seen to be independent of yx:p.

Figure 5(b) displays the allocations in assets 1 and 2 in M and f:;p, with the
arrows indicating the direction of the evolution with respect to time. The straight line
denotes a 45-degree line which represents equal allocations in assets 1 and 2. When
t=0, f:p shows an equal allocation in assets 1 and 2, but more allocations are placed

in asset 1 than in asset 2 as time progresses. On the other hand, M follows fzp from
the left as time progresses, and converges to fzp as time approaches the maturity 7.
The observation in Fig. 5(b) can be explained by inspecting the elements of the
mean-reversion matrix @, as the other parameters in assets 1 and 2 are identical. Since
@, is larger than @1, the return-predicting signal for asset 2 is less persistent than

that for asset 1. Consequently, the investor would invest more in asset 1 over time,
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. . . —t —
resulting in convex paths with respect to asset 1 for both M “% and xﬁp. However,

trading frictions forbid the investor to react aggressively, and this explains why M ue

. — . . . —t —
is to the left of xﬁp over time. Finally, the close proximity between M “® and xﬁp in
Fig. 4(b) provides a visual confirmation of the small-liquidity-costs asymptotics in

Sect. 5.3 in that fflp serves as a good approximation of M for sufficiently small
liquidity costs.

7 Conclusions

In this paper, we derive an explicit equilibrium strategy of a dynamic mean—variance
investor in which asset returns are driven by stochastic factors, which effectively
captures return predictability, and where each trade incurs a linear transient price
impact. We employ mean-field type control techniques to characterise an equilibrium
trading strategy in terms of an extended HIB equation, which can be solved up to a
coupled system of matrix Riccati differential equations. After establishing the well-
posedness of the coupled Riccati system, we derive a sufficient condition under which
a local solution exists uniquely.

Our equilibrium solution admits several important financial implications when
trading with price impact. In addition, we conduct an asymptotic analysis by per-
turbing our matrix Riccati differential equations around small liquidity costs, and
show that the equilibrium trading strategy without price impact can serve as a target
portfolio for the investor in a first-order sense for sufficiently small liquidity costs.

This paper also initiates many new research directions. First, equilibrium solu-
tions under different asset price dynamics with price impact can also be reformulated
as mean-field type control problems and therefore a general, extended dynamic pro-
gramming principle can be derived accordingly. Second, a precommitment solution
of the dynamic mean—variance problem with price impacts can also be characterised
via solutions of fully coupled forward—backward PDE equations by means of the
Hamilton—Jacobi—Bellman—Fokker—Planck (HJB-FP) approach. Finally, further ex-
plorations of the portfolio selection problem with time-inconsistency and price im-
pacts may not conveniently yield any explicit formulations and further numerical
analysis in a similar vein as in Ekren and Muhle-Karbe [18] and Van Staden et al.
[39] become necessary. We leave these ideas for future research.
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