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Abstract

This paper analyses the portfolio problem of an investor who wants
to maximize the expected power utility of his terminal wealth both in a
complete and an incomplete financial market. We derive sufficient condi-
tions for having a closed form solution. These conditions must hold on
a suitable combination of the drift and diffusion coefficients of the sto-
chastic processes describing the state variables and the asset prices. In
particular, we show that our framework leads to two cases: (i) the case
solvable thorough a log-linear value function, and (ii) the case solvable
thorough a log-quadratic value function.
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1 Introduction

In this paper we contribute to the analysis of the optimal portfolio rules for
an investor wanting to maximize the expected power utility function (CRRA)
of his terminal wealth. Some closed form solutions for this problem have been
found in the literature. In particular, we refer to the works of Kim and Omberg
(1996), Wachter (1998), Chacko and Viceira (1999), Deelstra et al. (2000), and
Boulier et al. (2001). In all these works the market structure is as follows:
(i) there exists only one state variable (the riskless interest rate or the risk
premium) following the Vasicek (1977) model or the Cox et al. (1985) model,
(ii) there exists only one risky asset, (iii) a bond may exist. Some works consider
a complete financial market (Wachter, 1998; Deelstra et al., 2000; and Boulier
et al., 2001) while others deal with an incomplete market (Kim and Omberg,
1996; and Chacko and Viceira, 1999).

In spite of these efforts for finding a closed form solution for the optimal asset
allocation in more and more complicated framework, we stress that (at least at
our knowledge) no author has tried both: (i) to establish some general properties
that can be checked on the market structure for verifying if a closed form solution
exists, and (ii) to present the algebraic form of this exact solution. Generally,
the most technical approaches try to establish the existence (and uniqueness)
of a viscosity solution to the Hamilton-Jacobi-Bellman equation deriving from
the stochastic optimal control problem (see for instance Crandall et al., 1992;
and Buckdahn and Ma, 2001a, 2001b).

Here, we want to analyse this particular issue disregarded by the literature.
In particular, we find sufficient conditions for easily checking if there exists a
closed form solution to an optimal portfolio problem where there exists both
a set of (stochastic) state variables and a set of risky assets. Furthermore, we
provide the algebraic form of this exact solution.

These sufficient conditions must hold on some combinations of drift and
diffusion coefficients of the state variables and the risky assets. More precisely,
we are able to distinguish two different cases in which a closed form solution
can be found: (i) the kind of problem which can be solved by a log-linear value
function and (ii) the kind of problem which can be solved by a log-quadratic
value function. The second set of solutions, which will be defined ”quadratic
case”, is suitable only for a market structure ”similar” to that presented in Kim
and Omberg (1996), while all the other above-mentioned exact solutions can be
lead back to the ”linear case”.

Our analysis does not need the hypothesis of complete financial market and
so, the derived sufficient conditions are useful even for the much more gen-
eral case of an incomplete market. Under the hypothesis of completeness, in
Menoncin (2002) a closed form solution for the asset allocation problem is found
when: (i) there exist both a stochastic background risk and a stochastic infla-
tion risk following two general 1td processes, (ii) there exists a set of risky assets
whose prices are affected by a set of state variables, both following generic Ito6
processes, and (iii) the investor maximizes the expected value of his terminal
exponential utility function (CARA). This approach is very general indeed but,



unfortunately, it is not able to mimic the closed form solutions found in the
above-mentioned literature since there does not exist a suitable change in the
utility function parameters for transforming a CARA utility function into a
CRRA utility function.

After the general presentation, we compute the explicit solution for both
the ”linear” and the ”quadratic” case when the coefficients of the stochastic
processes driving the state variables and the asset prices do not depend on
time. In fact, this is the case analysed in the above-mentioned literature. We
derive the properties of the ”linear” solution. In particular, we show that the
absolute values of portfolio composition are monotonic functions of time. The
direction of this monotonicity can be easily checked looking at the sign of a
parameter. Since only the model after Kim and Omberg (1996) lies in the
”quadratic” case, then all the properties they expose for their solution are valid
in our case. Thus, the reader is referred to their work for a more complete
analysis of these properties.

In this paper, we follow the traditional stochastic dynamic programming
technique (Merton, 1969, 1971) leading to the Hamilton-Jacobi-Bellman (HJB)
equation (@ksendal, 2000; and Bjork, 1998 offer a complete derivation of the
HJB equation). As regard the "martingale approach” the reader is referred to
Cox and Huang (1989, 1991), and Lioui and Poncet (2001).

Through this work we consider agents trading continuously in a friction-
less, arbitrage-free market until time H, which is the horizon of the economy.
Furthermore, we analyse both a complete and an incomplete financial market.

The paper is structured as follows. Section 2 details the general economic
framework and exposes the stochastic differential equations describing the be-
haviour of asset prices and state variables. In Section 3, both the implicit form
of the optimal portfolio and the HJB equation are computed. Section 4 presents
our main result, that is to say the sufficient conditions that must hold so that
the optimal portfolio composition has a closed form solution. In Section 5, the
optimal asset allocation is computed in some particular cases which can be lead
back to the closed form solutions already found in the literature. Section 6 con-
cludes. A presentation of the market structures analysed in the literature and
the passages for computing the above-mentioned closed form solutions are left
to the appendices.

2 The market structure
The financial market is supposed to have the following structure:

sx1 sx1 sxk x1’
dS = Is |p(t,X,S)dt+3 (¢ X,8)dW|,  S(te)=S,
nxl  pxn nx1 nxk kx1

dG =Gr(t,X)dt, G (ty) = G,



where X is a vector containing all the state variables affecting the asset whose
values are contained in vector S. For a review of all variables which can affect
the asset prices the reader is referred to Campbell (2000) who offers a survey
of the most important contributions in this field. We have indicated with G
the value of a riskless asset paying the instantaneous riskless interest rate r.
Finally, Ig is a diagonal matrix containing the elements of vector S. Hereafter,
the prime denotes transposition.

All the functions f (¢, X), g (¢, X), p(t,X,S), (¢, X,S), and r (¢, X) are
supposed to be F;—measurable. The o—algebra F is defined on a set © where-
through the complete probability space (©,F,P) is defined. Here, P can be
considered as the "historical” probability measure.

The stochastic equations in System (1) are driven by a set of risks repre-
sented by dW which is the differential of a k—dimensional Wiener process whose
components are independent.’

The set of risk sources is the same for the state variables and for the asset
prices. This hypothesis is not restrictive because thanks to the elements of
matrices g and ¥ we can model a lot of different frameworks. For instance, if
we consider dW = [ AW, dWs, }, g = [ g 0 ], and ¥/ = [ 0 o9y ] then
the processes of X and S are not correlated even if they formally have the same
risk sources.

We recall the main result concerning completeness and arbitrage in this kind
of market (for the proof of the following theorem see @Uksendal, 2000).

Theorem 1 A market {S (¢, X)},c(4,, 1) i arbitrage free (complete) if and only
if there exists a (unique) k—dimensional vector u (t, X) such that

St,X) ut, X)=pt, X) -7t X)S(t,X),

and such that - )
E [65 Jeg Iu(@®X)]] dt} < 0.

If on the market there are less assets than risk sources (n < k), then the
market cannot be complete even if it is arbitrage free. In this work we assume
that n < k and that the rank of matrix ¥ is maximum (i.e. it equals n).
Thus, the results we obtain in this work are valid for a financial market which
is incomplete and stay valid for a complete market (n = k).

IThis condition can be imposed without loss of generality because a set of independent
Wiener processes can always be transformed into a set of correlated Wiener processes thanks
to the Cholesky decomposition. For an application see Appendices A.3 and A 4.



3 The optimal portfolio

After defining the market structure as in System (1), if we indicate with w (¢) €
R™*! the vector containing the wealth amount invested in each risky asset, then
the growth in investor’s wealth (dR) is given by

dG
dR =w'Ig'dS + (R —w'1) ek
where we have applied the self-financing condition and 1 is a vector of ones (of
dimension n x 1).
Now, after substituting the differentials from System (1) into the wealth
differential equation, we have:

dR = (Rr +w' (n—1r1))dt +w'X'dW. (2)

Accordingly, the problem for an investor wanting to maximize the expected
power utility of his terminal wealth can be written as follows:

2| _ Ky Q 3
d[R]_{RTer’M}dtJr[w’z']dW’ 3)
z(to) = 20, R (to) = Ry, Vo <t < H,

where

z = [X’ S’ }'7
(s+n)x1

Ky = [ f/ ,LL/ ]/7
(s+n)x1

= %

kx(s+n) [g ]7

nZ\><41 = (M_Tl)’

and the parameters o and 3 must be such that the function aR? is increasing
and concave (thus, 8 > 0 and 8 < 1).

The vector z contains all the state variables but the wealth. From Problem
(3) we have the Hamiltonian

1
H = J.p,+Jr(Rr+w'M)+ b (VQJ,.) (4)
+w' Y Q5 + %JRRZU/E/EZU,

where J (R, z,t) is the value function solving the Hamilton-Jacobi-Bellman par-
tial differential equation (see Section 3.1), verifying

J (R, z,t) = supEy, [QR(H)ﬁ] ,



and the subscripts on J indicate the partial derivatives. The system of the first
order conditions on H is

0
8_71—0( = JrM +Y'QJ, g + Jrr¥'Sw = 0.
The second order conditions hold if the Hessian matrix of ‘H
OH
= 'y
Ow'Ow TRRYZ,

is negative definite. Since Y'Y is a quadratic form it is always positive definite
and so the second order conditions are satisfied if and only if Jrr < 0, that is if
the value function is concave in R. The reader is referred to Stockey and Lucas
(1989) for the assumptions that must hold on the objective function for having

a strictly concave value function.
From the first order conditions we obtain the optimal portfolio composition

* Jr v 1 1 v 1w
w'=—— %) M-———(¥'%) " ¥'QJ.g. (5)
JrR JrR

Wy Wiy

We recall that in this framework the matrix X'Y is invertible. In fact, X'X is
an n x n matrix and we suppose that ¥’ € R"** has maximum rank. Because
we put n < k, then ¥ has rank n and Y'Y is invertible. This means that, even
in an incomplete market, there exists a unique optimal portfolio.

We just outline that w*l) increases if the risk premium increases, while it
decreases if the risk aversion or the asset variance increase. From this point
of view, we can argue that this component of the optimal portfolio has just a
speculative role. The second part wf,, is the only optimal portfolio component
explicitly depending on the diffusion terms of the state variables.

3.1 The value function

For finding a closed form solution to the optimal portfolio problem we need to
compute the value function J (R, z,t). By substituting the optimal value of w
from (5) into the Hamiltonian (4) we have

Jr
RR

1 _
H' = T+ JrRr+ 5t (QQ].:) — =M (2'5) 'O

1 J3 _ 11 _
LR (S'S) M = T RS (YY) Qg
2 JrR 2 Jrr

from which we can formulate the PDE whose solution is the value function.
This PDE is called the Hamilton-Jacobi-Bellman equation (hereafter HJB) and
can be written as follows:

Ji+H* =0,

{ J(H,R,z)=aR(H)". (6)



The most common approach for solving this kind of PDE is to try a sepa-
rability condition. Here, we try for J (z, R,t) = aRPeM=t) - After substituting
this functional form into the HIB equation (6) and dividing by J we obtain:

he +a(z,t) hy +b(2,t) + 360 (C(2,8) ha) + RLD (2,t) h. =0, )
h(z,H) =0,

where
_ 6 / s\ —1
a(z,t) = p,—=—-9TXEE) M,
(s+n)x1 ﬁ -1
1 g —1
= ———M )M
bt) = Br— g M ()M,
C(zt) = Q9
(s4n)x(s+n)
D(zt) = (I _ 5 (2e)~! 2’) Q,
(s+n)xe(s+n) ﬁ -1

and the subscripts on h indicate partial derivates.
Thus, the choice of a power utility function implies that the optimal portfolio
has the following composition:

* R Iy —1 R Iy~ 1§
w—l_ﬁ(EE) M+1_ﬁ(22) ¥'Qh,, (8)
where the function h (z,t) solves the PDE (7).

In the following section we derive some sufficient conditions that must hold
for having a closed form solution to the Equation (7). We underline that in
Menoncin (2002) a closed form solution for this kind of equation can be found
(thanks to the Feynman-Ka¢ theorem), if a stochastic inflation risk is intro-
duced in a complete financial market and the investor maximizes a CARA
utility function. Unfortunately, there does not exist a suitable change in the
preference parameters for transforming a CARA utility function into a CRRA
utility function.

4 Sufficient conditions for an exact solution

After looking at the literature where a closed form solution to the portfolio
problem is found, we can see that the functions a(z,t), b(z,t), C (z,t), and
D (z,t) can always be represented as polynomials in z in the following way:

a(zt)=ao(t)+ A () =z,

mx1 mx1 mXxXm X1

b(Z,t) = bo (t) + b1 (t)l Z + Z B2 (t) Z

1xm mMX1 Ixm sy, mX1 (9)

C(zt)=Co(t)+Ci(t) I, Cy(t),

mXxXm mXxXm mXxXm /m><m mxm
D(Z,t):Do (t)+D1 (t) Iz D1 (t) s

mxXm mXxXm mXm MXm mxm




| [ BET | DGK | CV | KO
a(z,t) || ao+ a1z | ap+a1z | ap+ a1z | ag+arz
b(z,t) bo+biz | bg+biz | bog+biz | by + byz?
C(z,t) co 1z c1z co
D (z,t) do diz diz do

Table 1: The structure of four models with an exact solution

where I, is a diagonal matrix containing the elements of vector z and m = n+s
(we recall that s is the number of state variables while n is the number of risky
assets). The particular form for functions C (z,t) and D (z,t) comes from the
need to have two symmetric matrices.

We show in Table 1 that the already cited closed form solutions found in the
literature always lie on Structure (9). For the particular forms of the parameters
in Table 1 the reader is referred to Appendix A. Hereafter, we indicate with KO
the model presented in Kim and Omberg (1996), with CV the model in Chacko
and Viceira (1999), with DGK the model in Deelstra et al. (2000), and with
BHT the model in Boulier et al. (2001).

We immediately see that the function a (z,t) is always a first degree polyno-
mial in z while there exist some differences for what concerns the other functions.
From Table 1 it is clear that the model analysed by Deelstra et al. (2000) is
identical to the model presented in Chacko and Viceira (1999).

Now, we try to solve the general problem by considering a polynomial for the
function A (z,t). In particular, given the form of the functions a (z,t), b(z,t),
C (z,t), and D (z,t), we try

h(z,t)=yo(t)+ 1 (1) 2

1xm mXx1

+ 4 %) 2 (10)

m o sem MX1

where yo (t), 31 (t), and Y3 (¢) are functions whose forms must be determined.
After substituting all these functional forms into the HIB equation (7) we
obtain the following differential equation where, for the sake of simplicity, the



functional dependences have been omitted:

Oy | ,0n ,0Ys
O = S o TP

—|—b0 + b’lz —+ Z/BQZ + tr (C()Yg) + tr (C{IZC&Y%)

z+agyr + 2 Ayyr + 2a(Yaz + 22" A1 Yoz

1
+§yiDoy1 +2y1 D{Yaz + 22'Yy Do Yoz
1
+3¥4 DY L Diyy + 244 DY 1. D1 Yz + 2/Y{ DY 1. D1 Yoz,

After recalling the following properties:?

tr (C1I,C1Ys) = tr(1,C1Y2(CY) = 2 diag (C1Y2CY),
yuDII.Dvy1 = tr(yyDi1.Dvy1) = 2’ diag (D1yay; DY),

we can write the previous polynomial differential equation as a system of differ-
ential equations in the following way:

22'YyDi1,D1Y2z =0,
z'%zz + 22/ A1Yoz + 2/ Boz 4 22'Yy Do Yoz + 2y, D11, D1 Yoz = 0,

_ 11
29 4 2 Ayyr + 22'YSag + 2'by + 2/ diag (C1Y2CY) )
+22'Y{Doy1 + %2 diag (D1y1y; D}) =0,

%% + apy1 + by + tr (CoY2) + 2y Doyr =0,

while the boundary condition changes into the system

Yo (H> :03
vi (H) =0,
Y2 (H) =0,

where we have indicated with 0 a vector of suitable dimension, containing only
ZET0S.

The first equation in System (11) holds only in two cases: (i) Y3 (¢) = 0 or
(ii) Dy (t) = 0. Let us analyse these two cases. If the matrix Y3 (¢) contains
only zeros, then System (11) becomes:

Z'Baz =0,

2+ 2 Avyr + 2'by + 52 diag (Diyiy Dp) = 0,

%o 1 ahys + bo + 3y Doys = 0,

from which we can see that also the condition Bs (¢) = 0 must hold.

2Given a square matrix, the diag operator transforms it into a column vector containing
the elements of the main diagonal of the matrix.



Instead, when the matrix D; (t) contains only zeros, then the HJB equation
can be written as the following system:

z'%zz + 22/ A1Yoz + 2/ Boz 4+ 22'Y] Do Yoz = 0,

Z/% + Z/Alyl + 22/}/2/040 + Z/bl
+2' diag (C1Y2C1) + 22'Y4 Doy1 = 0,

S + afyr + bo + tr (CoYa) + 341 Doyr = 0,

We underline that in both cases, if the function h(z,t) has the form (10),
then the optimal portfolio (8) depends only on y; and Y3, while yo does not
play any role in determining the optimal asset allocation. Furthermore, in both
the previous systems, we can see that the value of yq is uniquely determined by
the last equation. Accordingly, we can forget about this last equation and the
only relevant equations for both the above-mentioned cases can be written in
the following way:

Y; =0,

By (t) = 0=
% +b1 + A1y + % diag (Dlyly'lDll) =0,
2 + By + 2A,Y, + 2Y3 DoYs =0,

Dy (t) = 0=

% + (2Y3 Do + A1) y1 + 2Y5a0 + by
+ diag (C1Y2CY) = 0.

In other words, a quadratic form for the function b(z,t) can be considered
only if the function D (z,t) does not depend on z. Actually, this is the case
analysed in Kim and Omberg (1996) in which b(z,t) is a second degree poly-
nomial but D (z,t) is a constant. We underline that when B;(t) = 0 and
D4 (t) = 0 the two cases here considered coincide.

We can see that in both cases we have to solve a matrix Riccati differential
equation where the main difference is given by the matrix dimensions. In the
second case, we also have to solve a linear first order differential equation which
has a solution under very general conditions on its parameters. Accordingly, we
can state what follows.

Proposition 1 The optimal portfolio solving Probelm (8) has a closed form
solution if one of the two following cases holds:

1. (the linear case) the following equalities hold:
o — 75U (VE) T M =ag(t)+ A (1) 2,
mx1 mxXm x1

1B sy M = '
Or— 355 M (S/S) 7 M = by (t)+b11X(Q z
AA=Cot)+C1(t) L. Ci(t),

mxXm mxm MmXm mxm
o (I ~ A )T z') Q=Dy(t)+ Di(t) I Di(t),
mxm mxXm MXm mxm

10



and the functions A (t), by (t), and D (t) are such that the matriz Riccati
differential equation

—8y5t(t) +01 () + Ar (8) y1 () + % diag (D1 (t) y1 (t) 1 (t) D1 (1)) = 0,

has a solution;

2. (the quadratic case) the following equalities hold:

p,— FLUS(E) T M =ag(t)+ AL () z
mx1 mxm ™MX

S RCES VN 3 S ' '
fr—s5=M (X'5) " M = b (t)+bllx(f3 TR %X(f) Z
QA=Co(t)+ C1 () I, Cy(t),

mxXm mxm MmXm mxm

@ (I- 75T y) 0= Dy (1),

and the functions A; (t), Bz (t), and Dy (t) are such that the matriz Riccati
differential equation

aYs (1)

5 T B (t) +2A4; (t) Yo (t) + 2Ya (t) Do (t) Ya (t) = 0,

has a solution.

For a complete review of all theorems and properties about the matrix Ric-
cati differential equations, the reader is referred to Freiling (2002) who offers an
interesting review of the main results in this field.

Contrary to the most common literature, Proposition 1 clarifies a subset of
cases in which a closed form solution can be found for the optimal portfolio
composition.

We underline that, if the market is complete, then the matrix ¥ ! does exist
and so the Proposition 1 implies that the functions C (z,t) and D (z,t) must
be two polynomials of the same order in z and, furthermore, (1 — 3) C (z,t) =
D (z,t).

In the following section we compute the explicit solutions for the functions
y1 (t) and Y3 (¢) in both cases shown in Proposition 1, but when the functions
a(z,t), b(z,t), C(z,t), and D (z,t) are all scalar and do not depend on time.

5 Some particular cases

In this section we analyse in detail some particular cases which arise in the
literature and for which an exact solution has already been found. In particular,
we refer to the works of Kim and Omberg (1996), Chacko and Viceira (1999),
Deelstra et al. (2000), and Boulier et al. (2001). We underline that all the

11



parameters of the stochastic processes considered in the cited papers do not
depend on time. Thus, the solutions of the differential equations derived from
the HJB equation are much easier to compute. A further simplification comes
from considering just one state variable (the riskless interest rate or the risk
premium) following a Vasicek (1977) process or a Cox et al. (1985) process.

In the following subsections we present the computations for the two cases
presented in Proposition 1, but when the functions a (z,t), b(z,t), C (2,t), and
D (z,t) do not depend on time. With respect to the classification of solutions
mentioned in Proposition 1, the structure presented in Kim and Omberg (1996)
lies in the ”quadratic” case while all the others lie in the ”linear” case. The
general solutions we present for both the quadratic and the linear cases are
able to mimic the particular solutions already found in the above-mentioned
literature.

We just sum up the hypotheses that must hold on the System (9) for repli-
cating the cited works.

Hypothesis 1 In System (9) all the functions do not depend on time and z is
a scalar.

Furthermore, when the matrix dimension m equals 1, we adopt the following
notation: A1 = ay, BQ = bQ, C() = Cp, Cl = (1, D() = d(), and D1 = dl. We
recall that m can be equal to 1 only when n = 0 and s = 1, that is to say when
there exists just one state variable and the return of the risky assets do not
depend on the risky asset value itself. In this case, in fact, the n state variables
representing the risky asset returns disappear from Problem (3) since their role
is exhausted in computing the growth in investor’s wealth.

5.1 The linear case

When the vector z shrinks to a scalar and all the functions in System (9) are
affine transformation of z (i.e. by = 0), then the exact solution for the optimal
portfolio is given by

=y

B

where o (1 )
{ 20 4y +agyn (1) + 2 (1) =0,

Accordingly, we can state the following proposition.

12



[ [ BT ] DGK | oV |

a1 || —a, %)\TUT —b, % (W—7)os — A
2
bo|| B B— 555N 515 (=)
d 0 _ o 2 B 2
1 B—1 g 5—1052
2 8_ 2
A 2 br+2ﬂar >\2+2% (,[L*T) 052 A
T . 2
+5tr0? (A - 2220, ) + (n—1)* o

Table 2: The sign of the discriminant

Proposition 2 Under Hypothesis 1, if bo = 0, then the optimal portfolio solving
Problem (3) is

R

* _ R 1 s — 1§
w—l_ﬁ(EE) M—’_I—B(EE) Sy (),
where, after defining A = a2 — 2d3by,
JE —1
2by <—A — al) A>0
tanh %\/Z(Hft) ’
n (1) = ( b
NevN
2b1 (m — a1> . A S O

Proof. See Appendix B. =

When A = 0 both solutions in Proposition 2 are valid. In fact their limits

coincide:
9 -1
Amyn (1) = 261 (m - ) |

When A < 0, the presence of a tangent function makes the optimal portfolio
behave periodically, and this behaviour is quite difficult to explain from an
economic point of view. Thus, we want to check if the condition a? — 2d2b; < 0
can be neglected by looking at the above-cited literature.

In Table 2 the value of A for the models BHT, DGK, and CV is computed
(the detailed computations can be found in Appendix A). We can immediately
see that the structure analysed by Boulier et al. (2001) has a A which is always
positive. In the DGK model, the value of A is always positive with respect to

13



by, 0, and A if 8 < 0. In fact, in DGK A is a quadratic function with respect
to these parameters and its determinants are all negative. Furthermore, if § < 0
all the coefficients of the quadratic terms are positive and so the positivity of
A follows. In the CV model we find a similar behaviour. The value of A is
always positive with respect to A, (u—7), and ¢ if 3 < 0 and og, > 0. In
fact, as in the previous case, A is a quadratic function with respect to the cited
parameters and all the coefficients of the quadratic terms are positive if g, > 0
and § < 0. Furthermore, under the same conditions, the determinants of these
quadratic functions (with respect to the considered variables) are all negative
and the positivity of A follows.

It is quite interesting to underline that an investor with an infinite time
horizon has the following optimal portfolio:

X R R 2by 1

. _ s —1 s —
I}gnoow(t) _—1—5(22) M+_1—6—¢Zfa1(22)

whose weights (w*/R) are constant through time.
Furthermore, we can see from the solution in Proposition 2 that the behav-

iour of the second optimal portfolio component is monotonic through time. In
fact, the derivative of y; (¢) with respect to ¢ (when A > 0) is

¥'Q

9

Oy1 (1) _ _4AD, e~ VA(H-1)

ot (~a1+ VA + (@ +VA) e*x/&Hft))Q’

form which we immediately see that

signum (3yé_t(t)) = signum (—by) .

Since we know from the boundary conditions that y; () must be equal to
zero when ¢ tends to the time horizon H, then we are able to easily check the
sign of y1 (¢). In fact, since this function is monotonic and must reach the value
0 at t = H, then we can state the following proposition.

Proposition 3 Under Hypothesis 1, if bo =0 and A > 0, then

1. if by <0 then 8%;5'5) >0 and y; (t) <0, Vt < H;

2. ifby >0 thenaya;t(t)<0andy1(t)>0, Vt < H;

3. ifb1:0thenaya;t(t):0 and y; (t) =0, Vt < H.

Furthermore, we can conclude what follows.
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Corollary 1 Under Hypothesis 1, if by =0 and A > 0, then the second optimal
portfolio component never increases the absolute value of its weight through time.

From Table 2, it can be easily checked that when 5 < 0 all the three models
show a negative value of b;. Accordingly, we can conclude that in all the models
here analysed, the function y; (t) takes negative values and so

signum (w?2)> = signum (-X'Q).

We recall that 3 contains the volatility terms of the asset prices while Q)
contains the volatility terms of the state variables. Thus, we can conclude that
when an asset is positively correlated with a given state variable (i.e. when the
product of their volatility terms is positive) the weight of the second optimal
portfolio component for this asset is negative. Actually, for hedging a portfolio
against the risk of a state variable, it is necessary to buy an asset which is
negatively correlated with this variable and sell an asset which is positively
correlated with it.

5.2 An application of the linear case

In this subsection we want to create a market structure from conditions stated in
Proposition 1. We consider a market with only one state variable and with only
one risky asset whose return does not depend on the asset value. Accordingly,
the market structure should be as follows:

dz = p,(z,t)dt+w, (z,t)dW,
1xk kx1
as

. /
< = us(z,t)dt+wsl(xz’;t) kIX/I{

If there exists only one risk source (i.e. k = 1) then this market is complete
and the two random variables z and S are perfectly correlated. We do not
want to make such a restrictive assumption and so, we suppose to have two risk
sources (i.e. k= 2). In particular, the market structure can be written as

dz = pu,(z,t)dt +w, (z,t)dW,,
% = pg(z,t)dt+ws, (2,t)dW, + wgs (2,t) dWs.

Thus, the foundamental matrices a(z,t), b(z,t), C(z,t), and D (z,¢) are
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given by:
B

a(zt) = p, (2t — mg'z(z/z)*lM

B 8 ws, (2, t)w, (2,t)

- HZ(Zyt)iﬁ_lw%2(27t)+wgs<27t) (H’S(’%t)irr’)?
b(z,t) = Br— %%M’ syt M

= pr-1iF . 5 (s (z11) =107

_55—1w%~2 (z,t) + wig (2,¢
A0 =w?(2,1),

C (z,1)

D(zt) = (I—%E(E’E)‘lz')ﬂ

_ (1_5ﬁ wg, (2,1) )>w§(z7t).

-1 w%‘z (th) +w%’5’ (Z,t

Since we want C (z,t) to be a first order polynomial in z, then we must put

w, (z,t) = Voo + 012,

and, accordingly, we must chose wg, and wgg such that

2
t
5 ws. (2 2) = constant,
wg, (2,t) +wig (2,t)
which means that .
wsz (2,1) = constant. (12)
wgs (Z, t)

Furthermore, both a (z,t) and b (z,t) are polynomial of first degree in z only
if the following equations are verified:

2, t)—r
\/Uo+c71.zM = ¢y + 917,

wss (27 t)

2
,U“S(th)iT — 00+012’
wss (Zﬂf)

for real values of ¢, ¢, o, and ;. After computing the square of the first
equation and substituting the second equation, we obtain the system

¢5 = aobo,
20091 = 016p + 0001,
Qﬁ = 01017
where we have one degree of freedom. For instance, for a free value of ¢, the
solution is ) )
¢ ¢
0o = =2, 01 =013, ¢y =012
(o)) g0



Accordingly, we have
2, t)—r
ps(t) =1 _ by e
wss (Z, t) o)

From this equation we can see that it is possible to freely chose either pg (2, t)
or wgs (2,t). Now, if we suppose

wgs (z,t) = ogv/oo + 012,

where og is a real constant, then we must chose
_ .. %
g (z,t) =r+ U—O'S (00 +012),
0

and, because of Condition (12),

WSz (Zat) =0s5zV00 + 01%,

where og, is a real constant. Finally, i, (z,t) can be an affine transformation
of z as

Hy (th) = Mo + H1%,
and, thanks to Proposition 2, we are able to compute the closed form solution
for the optimal portfolio when the market structure is as follows:

dz = (pg+ py2)dt ++/og + o12dW,,

ds
< = (r+A(oo+012))dt + o500 + 012dW, + 05V 00 + 012dWg,

where X is a real constant which can be interpreted as a risk price.

5.3 The quadratic case

When the vector z shrinks to a scalar and in System (9) d; = 0, then the exact
solution for the optimal portfolio is given by

R - i -
W= (X8) M 4+ —— (Z'8) Xy (1) + 292 (1) 2),
1-7 1-5
where P 2
ygt( Lt by + 2419 (t) +2doy2 ()" = 0,
y2 (H) =0,

28 4 (2doys (t) + a1) y1 (t) + by + 2a0ys () = 0,
y1 (H) = 0.

After solving the first differential equation for computing ys (¢), the second
one has the following simple solution:

H .
v (t) = / (b1 + 2aqys () e~ Je Glov2(ten)dr g,
t
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Accordingly, we can conclude with the following proposition.

Proposition 4 Under Hypothesis 1, if di = 0, then the optimal portfolio solving
Problem (8) is

R
=13

where, after defining A = a? — 2dgbo,

(X'S) M+ % (') S (i (1) 4 202 (£) 2),

w*

-1
VA
b1 (m—al)  A=20

Y2 (ﬁ) = -1 )
VoA
by <tan(\/_A(Ht)) - al) ’ A<0
H
yi(t) = / (b1 + 2a0y2 (s)) ™ J: doya(m)tan)dr g
t

Proof. See Appendix B. =

As in the previous paragraph, both solutions for function y, (t) are valid
even when A = 0. If the investor’s time horizon tends to infinity the function
y2 (t) has the limit

b1
lim t)= ———
Heoo Y2 ( ) \/Z —ay )

which is constant through time, while the function y; (¢), after direct computa-
tion of the integral in Proposition 4, takes the following value:

. B b1 2a0 — a1\ . —VA(H-t)
Amonlt) = —o= (1 + ) Jim (e 1)

_ b1 (1 + 2(10 — ax )
VA —ay VA )
At our knowledge, the only market structure laying in the ”quadratic case”
is presented in the model after Kim and Omberg (1996). Thus, the reader

is referred to these authors for a complete exposition of the properties of the
solution presented in Proposition 4.

6 Conclusion

In this paper we have analysed the optimal portfolio problem for an investor

maximizing the expected CRRA utility function of his terminal wealth.
Contrary to other results found in the literature, which care either about

finding a particular closed form solution to the asset allocation problem or about
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determining existence and uniqueness of this solution, we present some sufficient
conditions that must hold for having a closed form solution and we present the
algebraic form of this solution which can be computed by solving a matrix
Riccati differential equation.

We do not specify the functional form for the drift and diffusion coefficients of
the stochastic processes driving the state variables and the asset prices. Instead,
we look for the form that a suitable combination of these drift and diffusion
coefficients must have for guaranteeing the existence of a closed form solution.

In particular, we distinguish two kinds of settings: (i) the ones which can be
solved through a log-linear value function and (ii) the ones solvable by means
of a log-quadratic value function.

We have explicitly computed the closed form solution for the optimal asset
allocation in both these cases, when there exists only one state variable and
the coefficients of the stochastic processes driving this state variable and the
asset prices do not depend on time. In fact, this is the case always considered
in the literature where a closed form solution to the asset allocation problem
is computed. We derive the properties of the ”linear” solution. In particular,
we show that the absolute value of the optimal portfolio component hedging
against the risk represented by the state variable is a decreasing function of
time. The sign of this optimal portfolio component depends on the signs of the
product between volatility terms of asset prices and state variable.

A The market structure of some exact solutions

A.1 The structure of Boulier, Huang, and Taillard (2001)

Boulier et al. (2001) consider a market structure in which there is only one
state variable (the riskless interest rate r) following the Vasitek (1977) model,
and two assets: a stock (S) and a bond (B). In particular, they have:

dr = a, (by — r)dt — o.dW,,
95 = (r+ 1M1 + 02\,) dt + 01dWs + 02dW,,
5= (4 (110 e )i (1= e (10) e,

% = rdt,

where all the parameters take positive values.
Thus, under their model the matrices introduced in this work assume the
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following values:

z =T,
:uz = (b *7’)
/
M = [01)\1 + o9 A, (1— ar(H— t)) Z:'r ] 7
Y = ["2 —eorl= t))Z—:],
g1 0

Q@ = [-0 0]

Accordingly, we can write:

a(z,t) = uz—%Q’E'*lM:mbT—l—%/\rm—arr,

_ 1 B / 1B 2 \2
b(z,t) = ﬁr—gmM (2e)' M = 2ﬁ_l(A 1+ A7) + B,
C(z,t) = Q=02
Diet) = o(1- sy ty)am o
Gy = o (1- g2y a- -

A.2 The structure of Deelstra, Grasselli, and Koehl (2000)

Deelstra et al. (2000) consider a market structure in which there is only one
state variable (the riskless interest rate r) following the Cox et al. (1985) model,
and two assets: a stock and a bond. In particular, they have:

dr = a, (by — ) dt — op\/TdW,.,
45 — (r + o1\ + 02 \o1) dt + 01dWs + oo/rdW,.,

% (r+rXg (H —t)op)dt + g (H — t) or/rdW,.,
G_rdt
G

where all the parameters take positive values and

2 (e’™ —1)
g(r) = T ;
26+ (87 = 1) (6 + by — o \y)
5 = \/(br — oo A)? + 202,

Thus, under their model the matrices introduced in this work assume the
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following values:

z = r
Ky = (ar —b T)
M = [ o\ +aodr gH—t)\or ],

g1 0

> j [[02\/_ g9( —L‘)Ur\/F],
[

Q = —om/T 0 ]

Accordingly, we can write:

_ 6 I — o 6
a(z,t) = p,— mﬁ Y IM =a, + (ﬁ)\rar - br) T,
_ 1 B . n I AR 1L B 1
b(Z,t) = ﬂ’l‘— §mM (E E) M = —§m)\1 + <6— §m/\r> T,
C(zt) = QQ=o2r,
D) = o(1-LsEny ) o= %,
A -1 -1

A.3 The structure of Chacko and Viceira (1999)

Chacko and Viceira (1999) consider a market structure with only one risky asset
(S), and only one state variable given by the inverse of the volatility of the risky
asset and following the Cox et al. (1985) model. In particular, the model is:

dz =\ (0 — z) dt + 0/zdWV.,
48 = pdt + %dWS,
dG = Grdt,

where all the parameters take positive values. We outline that the stochastic
differentials dW, and dWg are correlated:

We can lead this case back to our approach by using the Cholesky decomposi-
tion. Because the variance and covariance matrix is always positive semidefinite,
we can write:

o\z 0 o\/z o 0%z og,
o2 o = .
= mVI-T 0 Fyi-% [ 75z ]

B
N =ty
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Thus, the previous problem can be written in the following way:

dz =X (0 — 2)dt + o/2dW,

48 = pt + 22 dW, + -2y /1 — ZedW,
g — M +U ~ z+\/2 p) S
%:rdt,

where dW, and dWyg are the differentials of two independent Wiener processes.
Thus, under their model the matrices introduced in this work assume the
following values:

p, = A0-2),

M = p—r,
Rk
Q = [oyz O]/.

Accordingly, we can write:

(@) = ne - %Q/ZHM =\ + <% (n—r)os: —A) 2,
1 - 1
blt) = BT_§%M/(Z/E> 1M:ﬁr+§%(ﬂ—7‘)2z,
C(zt) = Q=02
) = 6*1 6—1 Sz .

A.4 The structure of Kim and Omberg (1996)

Kim and Omberg (1996) consider a market structure with only one state variable
(the risk premium z) following the Vasitek (1977) model, and only one risky
asset (). In particular they have:

dz = X0 — 2)dt + o.dW.,
ZS—S =(r+ogz)dt+ogdWsg,
?G = rdt,

where all the parameters take positive values and WN/'Z and ﬁfvs are two correlated
Wiener processes:

dsS 2
Cov (dz, —) - [ Oz USUZPSZ
S 080205, Og

We can lead this case back to our approach by using the Cholesky decomposi-
tion. Because the variance and covariance matrix is always positive semidefinite,
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we can write:

o, 0 ] { o T$Ps, ] _ { o2 0500,
osps. os\/1—p%, 0 osy1—p%, 0500, 0%

Thus, the previous market structure can be written in the following way:

dz =X (0 — 2)dt + o,dW,,

Zg—s = (7’ + 052) dt + USPSZsz + 05y 1- p%deS’
?G = rdt,

where Wg and W, are two independent Wiener processes.
Thus, under their model the matrices introduced in this work assume the
following values:

p, = AO-—2),

M = zog,

L= [USPSZ osy/1—pg, ]/’
Q = [a. 0]

Accordingly, we can write:

a(z,t) = p,— %Q/Z/—lM =)\0 — ()\ + %p5z02> z,
— 1 g 1y _ l B
b(z,t) = ﬁr_EﬂM X'%) "M =pr-— 2—1*622’
C(z,t) = Q=02
D(zt) = I—iz(z’z)*lz’ Q=02 (1o
) = ﬂ—l — Yz ﬂ_lpSz .

B Riccati differential equation with constant co-
efficients

In this appendix we show how to solve a Riccati differential equation having the
following form:
of (1)

o + 50 71 f () + o f (t)2 =0, (13)

where v, € R, € {0, 1,2}, and with the boundary condition

f(H) =7y €R

Since the coefficients are constant, we know two particular solutions of this
equation:

£ () = “nEVA

27, ’
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where A = v? — 4v,7,. Nevertheless, because we want our general solution to
be valid even when v, = 0, then we chose the solution with the positive sign.
In fact, in this case

lim f*(¢) = lim ___TJo __

720 20 R —dyyye M

which is a particular solution of the differential equation

%it)"‘%f(t)"‘%:(l
Now we consider the following transformation:
O(t) = s & [ ()= () +
f&) = @) ¢ (t)
and, after substituting it into (13), we have:
1 96 (t) 1 1 1

¢)(t)2 ot +72¢(t)2 +272f* (t) W‘i"ﬁm =

The first three terms vanish and we have a linear first order differential

Yo f* (1), fF (t)+v0—

equation:
20 VBo 1)~ =0,
whose boundary condition is
1 27,

¢ (H) =

FH) = (H) " 2yyy,+7, — VA
The solution of the ODE in ¢ (t) is

é(t) = 2 [y + 277 + \/Ze—\/Z(H—t)
VA "+ 27 — VA 7

and so we can use our initial transformation for obtaining the final result:

—1
_ VA VAL 1429 VA R
27, V2 Y+ 2vvy — VA ’

f(t)
which can be simplified to?

) = Yo + (270 +717H) ﬁ tanh (%\/Z(H - t)) (1)
1= (71 + 29978 J tanh ($VA (H ~ 1))

3We recall that

x x

— e~

tanhx = .
et +e" T
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from which, after substituting for the suitable values (and putting v, = 0) we
can find the solution presented in Proposition 2.

We underline that this solution is asymptotically valid when A tends to zero.
In this case, it is easy to compute the following limit thanks to De L’I:Iopital’s
rule

. tanh 2VA(H —t) , i (1—tanh2%VA(H—t)) —% 1
lim = lim T :§(H—t).
A—0 v A A—0 VA

Furthermore, Solution (14) is valid even for negative values of A. In this
case, the function f (t) can be written as follows

P + (270 + 1178 5= tanh (3iv=A (H — 1))
1= (7 + 2907m) s tanh (5iV-A(H — 1))

and, since we know, from the Euler’s formulae, that
1 .
—tanh (iy) = tany, Yy e R
)

then we can conclude

1

Flt) = va + (270 + 1Y) A5 tan (3V-A (H — 1))

= ta t
L= (71 +2v97m) A tan (5V=A(H 1))
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