Downloaded 09/23/21 to 158.132.161.52 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

SIAM J. FINANCIAL MATH. (©) 2019 Society for Industrial and Applied Mathematics
Vol. 10, No. 1, pp. 243-260

Utility Maximization Under Trading Constraints with Discontinuous Utility*

Baojun Bian®, Xinfu Chen*, and Zuo Quan Xu®

Abstract. This paper investigates a utility maximization problem in a Black—Scholes market, in which trading is
subject to a convex cone constraint and the utility function is not necessarily continuous or concave.
The problem is initially formulated as a stochastic control problem, and a partial differential equation
method is subsequently used to study the associated Hamilton—Jacobi—Bellman equation. The value
function is shown to be discontinuous at maturity (with the exception of trivial cases), and its lower-
continuous envelope is shown to be concave before maturity. The comparison principle shows that
the value function is continuous and coincides with that of its concavified problem.
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1. Introduction. As one of the most predominant investment decision rules in the port-
folio selection theory in financial economics, the expected utility (EU) theory has been exten-
sively investigated in the literature. In a generalized EU model, the aim of an investor is to
optimize

(1) E[U(X)]

over a set of possible payoffs X for a certain utility function U under a certain (linear or
nonlinear) expectation E.

In the classical case, in which U is a concave and smooth utility function and E is the linear
mathematical expectation, the EU model and its solution, in both complete and incomplete
markets, are well-known; see, e.g., Karatzas and Zitkovic [21], Kramkov and Schachermayer
[22], Hugonnier and Kramkov [18], Biagini and Frittelli [2], and Bian and Zheng [4] and the
references therein. The model has also been widely investigated in a nonstandard case, in
which U is concave, but not smooth; see, e.g., Bouchard, Touzi, and Zeghal [6], Westray and
Zheng [28], and Bian, Miao, and Zheng [3]. In the presence of transaction costs, the EU model
is more involved; a closed-form solution is, generally, not necessarily available. We refer to
Deelstra, Pham, and Touzi [13] and Dai and Yi [12] for recent development along this direction.
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Many well-known financial models can also be interpreted as special EU models wherein U
is concave but [E is not a necessary linear expectation. For instance, if [E is chosen as a certain
Choquet expectation, then the model (1) becomes the one with the rank-dependent utility;
see Xia and Zhou [29] and Xu [30]. While if E is the infimum of a set of linear mathematical
expectations, it becomes a model with ambiguity; see Gilboa and Schmeidler [14], Hansen and
Sargent [16], Chen and Epstein [10], and Bordigoni, Matoussi, and Schweizer [5].

Meanwhile, as pointed out by Reichlin [26], there is considerable empirical evidence show-
ing that agents, in practice, tend to switch between risk-averse and risk-seeking behaviors,
depending on the context. This fact partially accounts for the study of nonconcave EU mod-
els; see Berkelaar, Kouwenberg, and Post [1], Larsen [24], Rieger [27], and Carpenter [9].
Some well-known behavioral finance models can also be regarded as nonconcave EU models.
For instance, if U(x) = 1;>g0a1 (Which is neither continuous nor concave) in (1), the model
becomes a goal-reaching problem; see Kulldorff [23], Browne [7, 8], and He and Zhou [17].
While if the utility function is S-shaped (that is, convex on the left of a reference point and
concave on the right), the model becomes a cumulative prospect theory (CPT) model without
probability weighting. (If one further takes E as a certain Choquet expectation, it becomes
a standard CPT model with probability weighting; see Jin and Zhou [19], He and Zhou [17],
Xu and Zhou [32], and Xu [30] for more on this.)

Reichlin [26] studied a utility maximization problem for a not necessarily concave utility
function in a complete market setting via a delicate probabilistic argument. He showed that
whether the underlying probability space is atomic or atomless crucially affects the result of
the portfolio selection problem. If the underlying probability space is atomless and there are
no trading constraints, then the concave envelope of the value function is the value function
of the concavified problem, namely, the one defined by replacing the utility function with its
concave envelope in the old problem.

This paper, along with the research of [3, 28, 26], studies an EU model in which the
utility function is not necessarily continuous or concave. There are at least two important
differences between our model and that of Reichlin [26]. Economically speaking, in our model,
the investment strategy is subject to a convex cone constraint and the market may not be
complete, whereas in [26], there is no investment constraint and the market is complete.
Mathematically speaking, we adopt the stochastic analysis and viscosity solution approach
in contrast to the probabilistic argument approach used in [26]. We show that the value
function is discontinuous at maturity (with the exception of trivial cases). We also provide
a comparison principle instead of a verification theorem to guarantee the uniqueness of the
viscosity solution.

Using stochastic analysis techniques, we first derive the upper and lower bounds for the
value function when time approaches maturity. Next, we adopt the viscosity solution method
to study the value function. By using the supersolution property, we prove the concavity
of the value function before maturity. The concavity reveals that the value function is not
continuous at maturity (unless the utility function is a classical concave one). This feature
distinguishes our results from those of the classical ones. Next, by applying Ishii’s lemma,
we obtain a comparison principle for the value function. Finally, we derive the second-order
smoothness of the value function before maturity by showing that it coincides with that of its
concavified problem when the market is complete.
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This paper is organized as follows. In section 2, we formulate the problem. In section 3, we
study the limits of the value function at maturity and prove the concavity of the value function
before maturity. We also deduce a comparison principle for the value function. In section 4,
we study the smoothness of the value function, and in section 5, we conclude the paper.

Notation. We use the following notation throughout this paper:
e M7, the transpose of a matrix or vector M:
o M|l =4/>2, m?j, the L? norm for a matrix or vector M = (m;;);
e R™ m-dimensional real Euclidean space;
e R, the subset of R consisting of elements with nonnegative components.
The underlying uncertainty of the financial market is generated by a standard {F; };>o-adapted

m-dimensional Brownian motion B(-) = (B(-),..., B™(-))T defined on a fixed filtered com-
plete probability space (2, F,P,{F;}i>0).
Given a Hilbert space ‘H with the norm || - ||, we can define a Banach space as follows:

©(+) is an {F; }i>0-adapted, H-valued progressively measurable
process defined on [a, b] and that satisfies ||¢(-)||F < +o00

L3 (a,b;H) = {90(')

with the norm

el = (E [/ab lo(t, w13, dt} )é :

2. Problem formulation. Let T > 0 be a fixed investment maturity throughout the paper.
Consider an arbitrage-free financial market in which n 4 1 assets are traded continuously over
the investment horizon [0, T]. One of the assets is a bond, whose price Sy(-) evolves according
to the ordinary differential equation

dSo(t) == ’I“So(t) dt, t 2 O,
So(0) = s0 >0,

where r is the interest rate of the bond. The remaining n assets are stocks, and their prices

Si(+),i=1,2,...,n, are modeled by the system of stochastic differential equations
dS;(t) = Si(t){b; dt + "7~ 035 dBI(t)}, >0,
Si(0) = s; > 0,

where b; is the appreciation rate of the stock 7 and o;; is the volatility coefficient. We define
the volatility matrix ¢ := (0y;) and the excess return vector p = (by —7,...,b, —r)%. The
parameters r, pu, and o are all (deterministic) constants. As usual, we assume there exists
a vector @ such that y = o, and it has the minimum L? norm over all such vectors. This
assumption ensures that the market is free of arbitrage opportunity.

The number of stocks should be no more than that of the uncertainties, namely, n < m;
otherwise some of the stocks could get redundant and could be removed from the market.
The market is incomplete when n < m. In section 4, we will assume m = n and rank(c) =n
to ensure the smoothness of the value function.
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Suppose an agent has an initial wealth g > 0 to invest in the market and her total wealth
at time ¢ is denoted by X (t). Let m;(t) denote her total market value in the stock i at time
t,i=1,...,n. We refer to n(-) := (m1(-),...,m(-))T € L%(0,T;R") as a portfolio. We only
consider self-financing portfolios so that the wealth process X (-) follows (see Karatazas and
Shreve [20])

dX(t) = [rX(@t) +m(®)Tp] dt + 7(t)T o dB(t), t =0,
X(O) = Xo.

An important restriction considered in this paper is the convex cone portfolio constraint,
that is,
w(t)eC Vtelo,T],

where C C R™ is a nonempty closed convex cone. This model covers many important practical
cases, for instance, shorting is not allowed in the market when C = R’}, and there are no
trading constraints when C = R”. We assume that CT¢ is not identical to zero; otherwise
7(t)To =0, and 7(t)Tp = 7(t)Tof = 0 for all t > 0, so that the problem is not interesting at
all.

Another important restriction considered in this paper is the prohibition on bankruptcy,
namely,

X(t)=0 Vtel0,T).

Let A denote the set of all the admissible portfolios satisfying the aforementioned con-
straints, namely,

A= {r(-) € L%(0,T;R") : n(t) € C, X(t) =0 Yt € [0,T]}.

It is easily seen that A is a convex set.
Let U : [0,00) = [0,00) be a nonconstant, nondecreasing utility function with U(0) = 0.
The agent’s value function is defined as

V(z,t) = 31615l E: - [U(X7)] VY(z,t) € S:=[0,00) x [0,T),

where E; , denotes the condition expectation given that X; = x. The main aim of this paper
is to study the property of this value function.

Let U denote the concave envelope function of U that is the smallest concave function
dominating U on LO, o0). See Figure 1 for a demonstration of the utility function U and its
concave envelope U.

We impose the following assumption throughout the paper.

Assumption 1. The function U satisfies U (0) = 0 and is Holder continuous, namely,
U() = U()| < Llz —y” Va,y>0

for some constants L > 0 and 0 < p < 1.

As U is nonconstant and nondecreasing, so is U. Moreover U = U if and only if U is
concave and continuous.
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Figure 1. The utility function U and its concave envelope U.

Ezample 1. Assumption 1 holds true for the following utility functions (where a and b are
positive constants):
)=((z—a)y+ +b)*—0b*for 0 < a < 1;

Uz

U(x) = log(b(z — a)y +1);

U(z) = u((x — a)+) where u is continuous increasing and concave with u(0) = 0 and
u() CzP for some C > 0and 0 <p < 1.

3. Concavity and comparison principle. In this section, we study the properties of the
value function V.

Lemma 3.1. Let Assumption 1 hold. Then, there exists a constant C = C(T) such that
0 < V(x,t) < LC2P for any (z,t) € S.

Proof. Under Assumption 1, we have U < U < LzP. For U(z) = LaP and C = R, the
value function at (z,t) is well-known to be Le®T=YzP_ where

1
c=sup | —=(1 —p)pHrrTUHQ—i-pru + pr < oo,
TER™ 2

giving the claimed upper bound. |
Lemma 3.2. The value function V(x,t) is nondecreasing in x and nonincreasing in t.
Proof. The proof is trivial by definition. |
An upper bound for the value function near maturity is given as follows.

Lemma 3.3. We have

~

limsup V (z,t) < U(z).
t /T

Proof. Let

(2) oy = e I 101 ds— [} 07 aB(s)

1t6’s lemma gives

d (peX:) = pe(n(t)T o — X,:07) dB(t),
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so the process p; X; is a local martingale. As p; X; is also nonnegative, it is a supermartingale,
and hence

Et s {”XT} <z
Pt

For any 7 € A, by Jensen’s inequality,

Ey, {ﬁ(”}@)] <U (Em [’)TXTD <U(x).

Pt Pt
Hence,
(3) lim sup sup E; , [ﬁ (pTXTﬂ < Ulx).
t T weA Pt

Next, we proceed to prove

4 li E
@ fgy o i

ﬁaﬂ—ﬁ<ﬁxawzo
t

Indeed, for all z, y > 0, by Assumption 1,
U(z) - Uy)| < Lz =yl

Thus, for any 7 € A, Holder’s inequality yields

~ ~ p P
By o HU(XT) -U ('OTXT> H < CEy |:<IOTXT> ]
Pt Pt pT

p
<C (Et,z [pTXTD (Em [
Pt
< Ca? <Et,x [
P
= CaP <E [ 1

PT—t
where we used the fact that p is a geometric Brownian motion to obtain the last equality.

Consequently,
. 1-p
: -~ ~ (pr . 1 1-p
limsup sup E; HU(XT) -U <XT> H <limsup Ca? [ E -1 =0.
t/ T weA Pt t T PT—t

Therefore, by (3), (4), and the fact that U < U, we have

limsup V(z,t) = limsup sup E; , [U(X7)] < limsup sup E; , [ﬁ(XT)}
t T t/T meA t/ T meA

< limsup sup E; ;. {(7 (pTXT>] + limsup sup E; {
t T weA Pt tT weA

ﬁ@ﬂ—ﬁ(ZXaugﬁ@y

The desired result is thus proved. |
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We next assign a lower bound for the value function near maturity.

Lemma 3.4. We have
liminf V(z,t) > U(x).
t AT

Proof. By taking m = 0, we derive a trivial lower bound V (z,t) > U(ze"T=Y) > U(x).
The claim follows immediately. |

Remark 1. We remark that the upper and the lower bounds for the value function obtained
thus far are not the same unless U = U , that is, the utility function U is concave. Later we will
show that the lower bound inequality can be strict unless U is concave. This is one important
finding from our model.

We now study the properties of the value function before maturity by using the viscosity
solution approach. For the definition of a (discontinuous) viscosity solution, see Definition
4.2.1 in [25].

As in [25], let us define

V*(x,t) = limsup V(y,s), Vi(z,t)= liminf V(y,s).
(y,5)—(z,t) (y,8) = (2,t)

Then the following holds.

Proposition 3.5. The function Vi(x,t) (V*(x,t)) is a lower (upper) semicontinuous, super-
(sub)-solution of

1
(5) Vi +sup (2||7rTa||2:UQVm + TrTu:UVI> +rzVy =0, (z,t)€S,
melC

which is nondecreasing in x and nonincreasing in t.
Proof. The monotonicity follows from Lemma 3.2, while the other claims are from [25]. W
Now we are ready to present our main result.

Theorem 3.6. Assume that U(x,t) is a lower semicontinuous supersolution of (5) that is
nondecreasing in x and nonincreasing in t. Then for each t € [0,T), the function U(x,t) is a
concave function in x, and hence, it is continuous in x.

Proof. Suppose that U is not concave in . Then, there exists 0 < 21 < g < 22, 0 <ty <
T and 0 < a < 1 such that g = az1+ (1 — )z and U(zo, tg) < aU(x1,t0) + (1 —a)U(z2, to).
Set

30 = aU(z1,t0) + (1 — a)U(x2,t0) — U(xo,to) > 0.

Choose a and b such that U(z;, tg) = ax;+b, i = 1,2. We note that a > 0 as U is nondecreasing
in x. By the lower semicontinuity of U, there exists x1 < T1 < To < x2 and tg < t; < T such
that

(6) U(x,t) —ar—b+06>0 V ((L‘,t) € {[1‘1,?1] U [fg,xg]} X [to,tl).

Let
Qo = [x1,22] X [to, t1);
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and let -
Wy(z,t) =U(z,t) — ax — b+ 20 + dh(x) + rom— (x,t) € Qo,

L —
where
h(z1) = h(z2) =0, h'(z) <0 Vaz€r,z2) (eg, h(z)=(z—z1)(x2 — 7).
Observe that h > 0 on (x1, z2) because it is strictly concave. We define
d* =inf{d > 0: Wy(z,t) >0 V (z,t) € Qo}.
First, we have, for 0 < e < §(t1 — tp),
Wo(zo,t0)

:U(.Z'o,to)—axo—b+2(5+ c
t —to
=aU(z1,t0) + (1 — a)U(x2,t0) — 30 —a(ax; + (1 — a)xs) —b+ 20 + P—
1— 1o

= a(U(a1,t0) = azy = b) + (1 = a)(U (@, to) — azy = b) — 6+ ‘gt

1— %o
€
=—0 0.
+t1—t0 <

This implies d* > 0.
Second, for (z,t) € [x1,T1] X [to, t1) U [T2, x2] X [to,t1), by (6) and h > 0, we have

Wa(e,t) = Ule,t) - az — b+ 26 + dh(z) + <

>6>0 Vd=0.
1—t

For (z,t) € [Z1,T2] X [to, 1), using the monotonicity of U, we have

Wy(z,t) =U(z,t) — ax — b+ 20 + dh(z) + %
L —
>U(T1,t1) —aZa —b+26+d min {h(y)}
YE[T1,T2]
(7) =U(Z1,t1) — aTo — b+ 20 + dmin{h(T1), h(T2)},

where the last equality is due to the concavity of h. Notice h > 0 on [Z1,T2] C (z1,22),
so the right-hand side of (7) is positive for a sufficiently large d. We now conclude that
0 < d* < ooand Wy« > 0 on €. Moreover, by the lower semicontinuity of U, there exists
(z*,t*) € [T1,T2] X [to,t1) C Qo such that Wy« (z*,t*) = 0. Let

€
ot
We then have U > n on Qy and U(x*,t*) = n(z*,t*). Hence, the test function 7 must satisfy
the supersolution property of the Hamilton-Jacobi-Bellman (HJB) equation (5) at (z*,t*),
that is,

n(xz,t) = ax +b—25 —d*h(x)

1
7t + sup <2H7rT<7||2:16277m + 7TTM$7795> + ren, <0.
mel (x*t*)
However, this is impossible because 7, (z*,t*) = —d*h"(z*) > 0 and |770| can take an
arbitrarily large value as CTo # 0 and C is a cone. [ |
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Applying Theorem 3.6, we can now derive the exact value of the value function when time
approaches maturity.

Corollary 3.7. We have

li t)=U(z).
tI/HTl,V(w,) U(z)

Proof. As Vi is concave in z, by Lemma 3.4, we obtain a new lower bound lim inf; ~p Vi(x,t)
> U (z). Together with the upper bound given in Lemma 3.3, the claim follows from the def-
inition of V*. |

Remark 2. In [25], the author considered the superreplication cost in an uncertain volatil-
ity model, which is similar to our problem. He introduced a continuous function G(t, z,p, M)
such that the Hamiltonian is well-defined if and only if G > 0. The concavity and terminal
conditions of the value function were studied by introducing the function G into the HJB
variational inequality. See (4.7), (4.12), and Theorem 4.3.2 in [25]. However, in our case, it
is impossible to find a suitable function G to discuss the concavity and terminal condition of
the value function.

We derive the following crucial comparison principle, which ensures the uniqueness of the
viscosity solution and the continuity of the value function.

Theorem 3.8 (comparison principle). Let u* be the upper semicontinuous subsolution, and
vx be the lower semicontinuous supersolution of (5), respectively. Suppose that

(8) u(x,T) vz, T), u*(0,t) < vi(0,1),
and |u*(z,t)] + |vi(z, t)| < C(1 4 aP) for all (x,t) € S with some 0 <p <1 and C > 0. Then
(9) u*(z,t) <ve(z,t) V(x,t)€S.

Proof. Suppose that (9) is not true; then, by boundary conditions (8), there exists a d > 0
and (zg,%0) € S such that
u*($0,t0) — U*(x[),to) =26 > 0.

First fix an arbitrary constant ¢ in (p,1). Then choose a small constant € > 0 such that
u* (o, to) — vi(z0,t0) — 2] > 6
and a large constant 8 such that

191%q

1) =

+ rq.

Define the test function
o(x,y,t,5) = (k((x —y)* + (t — 5)%) + (@ + 7)) 70
on R% x [0,T)? for each k > 0. Let

W('ray7t7 S) = U*(xat) - v*(y7 8) - Qo(x)y7t7 8)7
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then
W<w7y7t73> g C(2+$p+yp) —E(xq_i_yq)e*ﬁT — —00,

as r+y — +o0o, and we conclude from the boundary condition (8) that W attains its maximum
value on (0,00)2 x [0,7]? at some point (Z,7,,3), for instance, which of course depends on &
and k. Immediately,

(11) W(f7g7t7§) > W($0,l’0,t0,t0) = U*(l'o,to) - U*(x()atO) - 261)8 > (57

and consequently,
U*(Ta f) - v*(?? §) >0+ @(Ta Y, f: g)a
that is,
(12) Ut (T, ) = va(7,5) > 0+ (k((T —7)° + (I — 5)) + (@ + 7).

This, together with the growth condition

u'(@. )~ w75 < CQ+ T+ 7).
yields
(13) Z| + [l + k(@ —9)* + (T-3)%) < C.,

where C. does not depend on k. Here, the assumption p < ¢ < 1 plays a crucial role. By the
compactness of the real set, we may assume that T and 7 go to z., and ¢ and 5 go to t., as
k — oco. Then

u*(xe, te) — vi(we, te) = limsup u™ (%, 1) — liminf v4 (7, 5)

k—o0 k—o0
> limsup(u*(Z,t) — v4(y,3)) = limsup W(Z,7,t,3) > 0,
k—ro0 k—ro0

by (11), which implies z. > 0 and t. < T by the boundary condition (8). Hence,
(14) T>x:/2>0, t<T,
for all sufficiently large k. From W(z,7,t,s) > W (x., z, tc, t.), we obtain
K@ =7+ (057 < k(F -7+ (57’
< (W@, 1) = (2e, 1)) — (0a(7,5) — va(@e, te)) + 26l — (@ + 7)),
which leads to

(15) limsup k((T —9)* + ( — 5)?) = 0.

k—o0

Letting k — oo in (12), we deduce a lower bound for

(16) u* (2, te) — vi(Te, te) = 0 + 2exd.
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Next, we shall use Ishii’s lemma. (See Theorem 8.3 in the user’s guide [11].)
Ishii’s Lemma. For any n > 0, there exist M and N such that

(0u(F9,L,5), M, 0.(Z,5,1,5)) € T u*(z, 1),

— — 7 — — — 7 — —2,— —
(7905(337:%757 S)va *(py('r)yvta 5)) eJ U*(ya 8)7

MO rz P Prz Poy
< DQ + D2 2 — < rx $y) + < xx $y>
( 0 N> o rn(D7e) Pyz Pyy 7 Pyz Pyy

A simple calculation yields

and

o = (2k(z — y) + qex® )Pl oy = (—2k(z — ) + qey?~ )P,
(17) o1 = —Bo+2k(t —5)e’TD o= Bo — 2k(t — 5)e’ 7Y,

| 72 0
2 o7 Bls—t B(s—t
D p = 2ke (s—t) <_1 1 ) +q(q—1)ee (s—t) < 0 yq_Q) ,

and
_ 1 -1 _ xq_2 _yq_2
DR =i (1) danglq - neeen (417, U,
-2 g2 2q—4
. 28(s—t) zd € 2/ 1\2.2.28(s—t) [ 0
+ 2kq(q — 1)ee <—yq_2 -2 > +q°(qg—1)%e%e < 0 ot )
Hence,

- (1))
< (zy) D (i) +1 (2 y) (D*p)? (:C)

y

= 2ke” 7 (2 — y)® + (g — 1)ee’ 7 (27 + )
+n(8k*(x — y)® + 4kq(q — De(z —y)(a? " —y*)
+ q2(q - 1)282(1‘2(172 + y2q72))625(37t)

< 2ke™ (z — y)? + q(g — 1)ee? 7 (29 + )
+ (8K (z — y)? + ¢* (¢ — 1)%* (2172 4 y?972)) T

Taking 1 = e~*, this gives, by (13), (14), and (15),
Mz — Ng? < —q(1 — @)ee®C D (@ +79) — I <0
for sufficiently large k, where

(18) limsup |1 .| = 0.

k—o0
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By (5), Ishii’s lemma, and (17),

1
—Bu* + 2k(t — )7 4+ sup <H7TTUH2:U2M + 7l pzp, + Txgox> >0,
el 2 (fyyvzvg)
1
v+ 28— )0 o (GO PN Ty~ ) | <0
el 2 (i,?,f,?)
Subtracting the first inequality from the second one, after rearrangement, gives
1
Blu* —vy) < sup <H7TTO'H2$2M + 7Ty, + r:cgox)
(7745 meC \2 (z,5,1,3)
1
— sup (2\\7TTU|!2y2N -y, — rycpy>
wel (§7gzza§)
1
< sup <2||7TT0H2(M:1:2 — Ny )+ (7l + ) (2o + y<py)>
Tre (E7§7E7§)

1 B g
< sup < — §H7TTO'||2(Q(1 — q)aeﬁ(s t)(mq +79) + Ik,e)
el

(5700 -+ 1)(2h(E ~ 7P + (e + 7))
< sup < - %az (¢(1 — q)ePCD (@ +79) + I1..)

T (all0] + ) (2k(E — §)° + g + 7 >>)

< oI (k@ - 9)* + =3 + 5))°
2 q(1—q)eePG-D(T1 +79) + I .

Letting k — oo, it follows from (14), (15), and (18) that

+r(2k(z — 7)% + qe(Z? +y?)).

* 0 2q
(19 B () = 00 (0rt)) < (517 s 74 2,
Comparing with (16) and using x. > 0, we obtain
g ok,
2(1—-q)
contradicting (10). The proof is complete. [ |

Remark 3. In [25], the author assumed that the Hamiltonian H (¢, x,p, M) is Lipschitz
continuous in z, uniformly in 7 € C, and proved the comparison theorem, 4.4.5. In our
singular case, Hamiltonian H (¢, x, p, M) is not continuous uniformly. The p-growth condition
is the key point for our approach.

Applying Proposition 3.5, Lemma 3.1, and Corollary 3.7, we deduce that V, > V* by
comparison principle. It yields V = V* = V, by the definitions of V* and V,. To conclude,
we have, by Lemma 3.2, the following.
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Theorem 3.9. The value function V is the unique continuous viscosity solution of the HJB
equation (5) in the class of concave and nondecreasing functions in x with boundary conditions

9131{‘1% V(z,t) =0, th/n% V(z,t) =Ul(x).

4. Smoothness of the value function. As the value function V is close to U near maturity,
we naturally consider the related concavified problem

V(z,t) = sup B [U(X7)], (x,t)€S.
TEA

This is a standard expected utility maximization problem except for the fact that U is only
Hoélder continuous and may not be strictly concave.

Corollary 4.1. We have

~

V(z,t) =V(x,t) V(z,t) €S.

Proof. By Theorem 3.9, V' is a viscosity solution of (5). It is easily seen that V is also
a solution of (5). As they have the same boundary and terminal values, by the comparison
principle 3.8, they are equal on S. |

Remark 4. Using the stochastic duality method, Reichlin [26] studied a utility maximiza-
tion problem for a not necessarily concave utility function in a complete market setting and
obtained the same result. He showed that the underlying probability space crucially affects
the optimization problem. The two value functions do not necessarily coincide if the under-
lying probability space is atomic. In our setting, the underlying probability space is atomless
so that the two value functions are the same. However, Reichlin did not study the properties
of the value function near maturity.

Theorem 4.2. If i # 0 and rank(c) = m = n, then V is in C*(S).

The proof is given in the appendix.

Carpenter [9] considered a nonconcave utility portfolio choice problem in a complete mar-
ket setting.! In contrast to our PDE approach to show Corollary 4.1, Carpenter showed it
by proving the optimal payoff for the concavified objective function is also optimal for the
true objective function because it only takes on values where the two functions agree. In fact,
using the dual method, he showed that the optimal final payoff (given initial time 0) is

X = ((’j/)(—l)(/\pT) _ OA if pr is bigger than a threshold;
(UI)(fl) (Apr) otherwise.

Here pr is the so-called pricing kernel defined in (2) and (U")D stands for the left-inverse of
the function U’. The utility function and its concave envelope in [9] are demonstrated in the

!Guan et al. [15] considered a similar problem but with a nonsmooth utility and mixed choice of investment
strategies and investment horizon.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/23/21 to 158.132.161.52 Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

256 BAOJUN BIAN, XINFU CHEN, AND ZUO QUAN XU

Figure 2. The utility function U and its concave envelope U in [9].

U(x) 1
NS
/ U(x)
e
e
rd
4 \ 4
goal x

Figure 3. The utility function U(x) = Lz>g0a and its concave envelope U.

Figure 2. As demonstrated in the picture, it can be seen that
U(Xr) =U(X7).

This coincides with Corollary 4.1.

If we consider the goal-reaching problem in a complete market setting, then the utility
function U(x) = 1;>g0a1 is not continuous, and its concave envelope is demonstrated in the
Figure 3. In this case, although the concave envelope function is only Holder continuous with
p = 1, our method still works. In the absence of trading constraints, the optimal final payoff
is two-point (with one point being zero) distributed, which is consistent with [17, Theorem
3.2].

5. Concluding remarks. The main contributions of this paper are as follows. First, in our
model, neither the utility function nor the value function is necessarily continuous. Second, the
limit of the value function, as time approaches maturity, has been proved to be the concave
envelope of the utility function. Third, the value function has been proved to be concave
before maturity. Finally, we have proved the second-order smoothness of the value function
at any point before maturity when the market is complete.

In this paper, we have assumed that the trading constraint set is a convex cone. A new
method is called for in which it is not a cone.
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Appendix.

Proof of Theorem 4.2. By Corollary 4.1, it suffices to prove V is in C?*1(S). By Theo-
rem 3.9 and Corollary 4.1, V is concave and nondecreasing in = and is the unique continuous
viscosity solution of the HJB equation

~ 1 . ~ ~
(20) Vi + sup <2H7TTUHQ:U2VM + WTuxVx) +raV, =0, (z,t)€S,
wel

with boundary conditions V(0,t) = 0, V(z,T) = U(x). If we can find a classical (which must
be a viscosity) solution in C*!(S) for the above HJB equation, then it must be V and the
claim follows.

Now let us construct a C*!(S) solution for (20) by a convex dual argument (see, e.g.,
Pham [25], [3, Theorems 3.8 and 5.1], and [31]).

Let
a= max 7 o= max w! p.?
el el
[T oll=1 77 oll=1

It is positive as CTpu # {0}. Furthermore, let ¢ be the solution of

(1) Ot Yoy — vy =0, (y1) €S,
¢(y, T) = supy»o(U(x) — 2y).

By the Feynman—Kac formula,
a2
$y:t) = / $lye” T TIT0HOVTE ) 2,
R

Under Assumption 1, ¢(y,T) is a nonconstant, decreasing, and convex function in y, so one
can show that ¢ € C%1(S) is strictly decreasing and strictly convex in y in S. This implies
¢y < 0. Furthermore, by the strong maximum principle, we have ¢,, > 0 in S.

Using the facts that ¢, < 0 and ¢,, > 0, C is a cone, u = 00, and o > 0, we have

1 T 2 ¢§ T 1 2 T 2 ¢§ T
sup —§H7T ol|*—= — 7" uyd, | =sup sup L |7 o||*—= — B’ abyo,

mel ¢yy 820 weC ¢yy
7" oll=1
1 2
=sup sup —752& — ﬁwTJquﬁy
=0 weC 2 dyy
7" oll=1
L o Q% o? 2
=sup | —507°—= — Bayoy, | = Sy dyy-
B>0< 2 dyy Y 2 "

2In general, one has 0 < a < ||0||. In particular, if the market is complete, i.e., C = R™ and rank(c) = n,
then a = ||0]|.
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Therefore, ¢ is a classical solution of the following equation:

¢2
61+ subnec (I 2% — 7T pyoy ) — rydy =0, (1) €S,

(22) N
¢(y> T) = Sup$>0(U(l‘) - xy).

Define the concave dual

d(x,t) = inf (p(y,t) + zy), > 0.
y>0

In particular, since U is concave, we have éﬁ\(x, T)= ﬁ(x) Because ¢ is convex in y, we have
the dual relation

o~

P(y,t) = sup(p(z,t) — zy), y>O0.
x>0

By Assumption 1, we have

¢(y, T) = sup(U (z) — xy) < sup(La? — zy) < y?/ =Y,
x>0 >0

and thus
¢(y,t):/¢(ye—(7"+a22)(T—t)+az\/T7—t’T) dz < y?/ D).
R

It follows that
O, t) = inf (p(y, 1) + xy) < inf (y” P~ + ay) < a?,
y>0 y>0
which implies

$(0,t) = 0.

By definition and the convexity of ¢,

~

¢(_¢y (y7 t): t) = (b(y? t) - y¢y (y7 t)'

From this one can deduce from (22) that b e C%*1(S) satisfies
~ 1 ~ ~ ~
¢¢ + sup <2H7rTcr||2:L’2qzﬁm + wTuxgbx) +rrg, =0, (x,t)€S.
melC

We conclude that b € Cz’l(S) satisfies the HJB equation (20) with boundary conditions
#(0,t) =0 and ¢(z,T) = U(z). By the uniqueness of the solution, we conclude that V = ¢ €
C*L(S). u
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