East Asian Math. J.

Vol. 34 (2018), No. 3, pp. 331-338 S YNMS
http://dx.doi.org/10.7858 /eamj.2018.024 O e

AN OPTIMAL CONSUMPTION AND INVESTMENT
PROBLEM WITH CES UTILITY AND NEGATIVE WEALTH
CONSTRAINTS

KumMm-HwaN RoH

ABSTRACT. We investigate the optimal consumption and portfolio strate-
gies of an agent who has a constant elasticity of substitution (CES) utility
function under the negative wealth constraint. We use the martingale
method to derive the closed-form solution, and we give some numerical
implications.

1. Introduction

The continuous-time portfolio selection problem is one of the most interest-
ing fields in mathematical finance/financial economics after the pioneer research
works of Merton [10, 11]. There are two famous approaches to solve the op-
timization problem obtained from the optimal consumption and investment
problem. One is the dynamic programming method ([6]) and the other is the
martingale method ([7, 2]). In this paper we use the martingale approach to
solve our optimization problem.

A borrowing constraint is one of the most important issues when we consider
the portfolio selection problem with labor income. This constraint means that
the agent is required to maintain a non-negative wealth level (see [5, 4, 1, 3, 9]
etc). More general version of the borrowing constraint is a negative wealth
constraint. This constraint means that the agent can borrow the partial amount
of the future labor income, that is, the agent is required to maintain a negative
wealth level which is determined by the negative wealth constraint ratio v, for
v € [0,1] (see [13, 12] etc). In this paper we focus on the negative wealth
constraint.

When we investigate the portfolio selection problem, we need to consider a
utility function as an objective function. Generally the constant relative risk
aversion (CRRA) utility function or the constant absolute risk aversion (CARA)
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utility function is used. Sometimes the Cobb-Douglas utility function (see [4, 13]
etc) is considered when there are two goods (for example consumption and
leisure). In this paper we apply the constant elasticity of substitution (CES)
utility function which is the general version of the Cobb-Douglas utility function.
Although the CES utility function is very important in economics, there are
fewer research works (see [1, 8] etc) about portfolio selection with CES utility
because it is difficult to handle the CES utility function.

In this paper we use the martingale method to obtain the closed-form solution
to the optimal consumption and investment problem with CES utility and a
negative wealth constraint. This paper is organized as follows. In Section 2 the
financial market is described. Section 3 gives our main optimization problem
with the closed-form solution. Also we supply the numerical results for our
solutions. In Section 4 we concludes.

2. The Financial Market

We consider a continuous-time financial market and assume that two assets
are traded. There are one riskless asset with constant interest rate r > 0
and one risky asset Sy, which follows the geometric Brownian motion dS; =
wSidt + 0S¢dBy, where > r and o > 0 are assumed to be constant, and By
is a standard Brownian motion on the underlying probability space (Q2, F,P).
Let {F;},~, be the augmentation under P of the filtration generated by the
standard Brownian motion {B;},~,.

Let w := {m},~, be the dollar-amount of money can be invested in the
risky asset S; and ¢ := {ct}>( be the nonnegative consumption rate process of
the agent. They are measurable processes adapted to {F;},», and satisfy the
integrability conditions: a

t t
/ ﬂfds < 00, and / csds < oo, for all t > 0, a.s.
0 0

We also consider the leisure rate process [; > 0. In order to obtain the closed-
form solutions, we assume that the leisure rate process [; is equal to a constant
L. Let I > 0 be the agent’s constant labor income stream. Thus the agent’s
wealth process x; evolves according to

dy = [rz, +m(p—r) — ¢ + 1) dt + omdBy, (1)

with an initial endowment ¢y = x.
We assume that the agent has a utility function of constant elasticity of
substitution (CES) type of consumption and leisure
_ {acr +(1 - cu)lp}liTw

u(e,l) == ,p<l, p#0,0<a<1l,y>0and vy #1,
a(l—7y) )

where 1/(1—p) is the elasticity of substitution between consumption and leisure,
« is a share parameter of consumption’s contribution to the agent’s utility, and
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v is the agent’s coefficient of relative risk aversion. Also we assume that the
leisure rate process is constant i.e. l; = L for all ¢ > 0. Under the constant
leisure L, the CES utility function (2) can be rewritten as

{ac? 4+ (1 - a)Lp}
a(l—7)

Also we assume that there is a negative wealth constraint ([13, 12]) given by

ur(e) = u(e, L) = 3)

I
xy > —v—, forall t>0 and velo0,1]. (4)
r

This constraint means that the agent can borrow partially against her future
labor income. Especially, if v = 1, then she can borrow fully against her future
labor income, and ¥ = 0 means that she cannot borrow against her future labor
income, which is called the borrowing constraint. The market price of risk and
the state price density are defined, respectively, as

p.=HL_" and Hy ::exp{— (T+;02>t—93t}~

ag

From the wealth process (1), we derive the budget constraint as follows:

U Hi(er ]<g;. (5)

3. The Optimization Problem with Negative Wealth Constraints

Now we consider the optimization problem as follows:

V(z)= sup IEI[ /Oooe_muL(ct)dt} (6)

(e,m)eA(x)

with the negative wealth constraint (4) and the budget constraint (5). Here
B > 0 is a subjective discount factor, A(z) is the class of all admissible controls
(c,m), and the utility ur,(c;) is a CES utility function defined in (3).

Using a Lagrange mutiplier A > 0, we define a dual value function as follow:

f/()\) = Sl(l;pE {/000 e_ﬁtuL(ct)dt — )\/OOO Hi(er — I)dt}
= supE UOOO e P ur(er) — NP Hy(cy — }dt]

=K [/000 e P (g (ye) + Tye) dt} )

where 4y, (-) is the dual utility function of the CES utility function and y; :=
XePtH;. The dual utility @z (y) is defined by as follows:

ar(y) = sup {ur(c) —yet =ur(c’) —yc,
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where ¢* satisfies the equation

1—v—p

()~ {a(e)” + (1 - a) L7} =y

Remark 1. For later use, we define a quadratic equation,
1 1
f(m) = 592m2+ <ﬁ—r— 292)m—520, (7)

with two roots my > 1 and m_ < 0.

Now we define a function

o) = | [ e nl) + Iy ds

yt—y]-

By Feymann-Kac formula, we derive the partial differential equation (PDE) as
follows:

Lo(t,y) +e P (arly) + Iy) = 0,
where the partial differential operator is given by

9 0 1,50
L= at—i—(ﬁ r)y8y+29y e

Let ¢(t,y) = e P*v(y), then we obtain the following ODE with respect to y,

SO ) + (8= )y (y) — Buly) + s (y) + Ty = 0. (®)

Theorem 3.1. The value function of our optimization problem (6) is given by

2
02(my — 1)(m- — 1)

+ {(y*)’” /O 2T (2)dz

02(my —m_)

V(z)=Ci(y")™ — Iy +y*z

*\My v —1l-m4 ~ gl—m+[ *\ M4
+(") z up(z)dz + W™ s
v 1—my

where § satisfies the following algebraic equation

0%(my — 1)v 1

g
(@) = —m-g [ (SO E L,

2m_gm-

C2my(my —m

+ K_|_ 2m— LA1*m+
r o 02(my —m_)(m_ —1) m+y ’

9
Cy = /z_l_m*ﬂL(z)dz
-)Jo
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and y* is determined from the following algebraic equation

2
_ *\m4—1
z=-myCi(y") +92(m+—1)(m7—1)1

g Al—m+I
+4n+@ﬁ>m+—{/“z—l-m+aLcadz+-”“*’uf>m+—1}.
y* 1-— my

Proof. We use the method of variation of parameters to derive the solution to
the Cauchy equation (8) as follows:

m 2 me Y 1w -
v(y) = Cry ++02(m+—m){y 7/0 2y (2)dz
- gl
—l—ym*/ 27 T (z)dz + Iy™+
y 1*m+
2

- I
2(m, — D(m_—1) 7
where my > 1 and m_ < 0 are two roots of the quadratic equation (7), and
¢ > 0 is the dual variable level corresponding to the negative wealth level v1/r.

The negative wealth constraint (4) implies two free boundary conditions (see
Dybvig and Liu [3] and Lim and Shin [9])

I
V'(g) =v=, 2" (g)=0. (9)
r
The boundary conditions (9) implies that ¢ is the solution to the following
algebraic equation

v 0%(my — 1)v 1
~ AN A _ —1-m_ ~ + ~
R L A e e L.

2m_ g

g
_ —1-m_ ~
C, = e e — /0 z ar(2)dz

+ K + 2m_ L nl—my
r o 02(my —m_)(m_—1) m+y '

Now we use the Legendre inverse transform formula,

V(w) = inf{v(y) +yz}
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to derive the value function

2
02(my —1)(m_ —1)

2 *\ M _ v —1-m_ ~
* 02(my —m_) {<y : /0 : i)z

V() =Ci(y")™+ — Iy +y*z

] 1 my [
+(y*)7n+ / 2_1_m+’L~I/L(Z)dZ + Y (y*)er} ,
Y

* 1—m+

where y* is determined from the following algebraic equation

2
x\mp—1
v =—meCuly)™ +92(m+—1)( —1)I
i
- m_ m*_l 2 dp(2)dz
02(my —m_) 0

g Al—erI
+m+ m+ 1/ Z—l m+u )dZ+ m4y (y*)m+—1} )
Y

* I*m_;,_

Theorem 3.2. The optimal consumption cf and portfolio 7} are given by

cr =&

and
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FIGURE 1. Optimal consumption/portfolio with various values
of v

where y; and & satisfy the following algebraic equations

wp = —myCr(y;)™ I

2 x\m_ —1 y{ —1-m_ ~
—9%m+_nl){m4%> |

v Al—erI
+m+(y:)m+—1 / Z_l_m+ﬂL(Z)dZ + %(y:)hw—l
Y my

; 1=
and .
(&)~ {alg) + (1 —a)Lr} 7" =y,
respectively.

Remark 2 (Numerical Implications).

From Figures 1(a) and 1(b), we obtain the optimal consumption and investment
under various values of v. We see that the optimal consumption and invest-
ment become lower, as v decreases, i.e., the negative wealth constraint becomes
tighter. This is because the strong constraint limits the financial behavior of
the agent much more.

4. Concluding Remarks

We consider the optimal consumption and portfolio selection problem with
CES utility and a negative wealth constraint. We obtain the closed-form so-
lution using the martingale approach and give some numerical results. In this
paper, basically we extend the works of Merton [10, 11] with CES utility and a
negative wealth constraint. Also it is meaningful to consider this problem with
a voluntary retirement option as a future research work.
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