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ON THE STRUCTURE OF MULTIFACTOR OPTIMAL PORTFOLIO
STRATEGIES

NIKOLAI DOKUCHAEV!"*

Abstract. The paper studies problem of optimal portfolio selection. It is shown that, under some mild
conditions, near optimal strategies for investors with different performance criteria can be constructed
using a limited number of fixed processes (mutual funds), for a market with a larger number of available
risky stocks. This implies dimension reduction for the optimal portfolio selection problem: all rational
investors may achieve optimality using the same mutual funds plus a saving account. This result is
obtained under mild restrictions for the utility functions without any assumptions on regularity of
the value function. The proof is based on the method of dynamic programming applied indirectly to
some convenient approximations of the original problem that ensure certain regularity of the value
functions. To overcome technical difficulties, we use special time dependent and random constraints for
admissible strategies such that the corresponding HJB (Hamilton—Jacobi—Bellman) equation admits
“almost explicit” solutions generating near optimal admissible strategies featuring sufficient regularity
and integrability.
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1. INTRODUCTION

We study an optimal portfolio selection problem. These dynamic portfolio selection problems are usually
studied in the framework of optimal stochastic control; see, e.g., books of Krylov [16] and Fleming and Rishel [12].
There are many works devoted to different modifications of the portfolio problem (see, e.g., Merton [24] and
review in Karatzas and Shreve [14]). To suggest a strategy, one needs to forecast future market scenarios (or the
probability distributions). Unfortunately, the nature of financial markets is such that the choice of a hypothesis
about the future distributions is not easy to justify.

To overcome limited predictability of the market parameters, some special methods were developed for the
financial models. One of these tools is the so-called Mutual Fund Theorem which, in the classical version, says
that the distribution of the risky assets in the optimal portfolio does not depend on the investor’s risk preferences
(or performance criteria). This implies dimension reduction for the optimal portfolio selection problem: all
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rational investors may achieve optimality using the same mutual fund plus a saving account. Clearly, calculation
of the optimal portfolio is easier in this case. So far, this property has no analog in classical stochastic control.

The Mutual Fund Theorem was established first for the discrete time single period mean variance portfo-
lio selection problem, i.e., for the problem with quadratic criteria (see e.g. [13], Chap. 4). This result was a
cornerstone of the modern portfolio theory; in particular, the Capital Assets Pricing Model (CAPM) is based
on it. For the multi-period discrete time setting, some versions of the Mutual Fund Theorem were obtained so
far for problems with quadratic criteria only (Li and Ng [18], Dokuchaev [7]). For the continuous time setting,
the Mutual Fund Theorem was obtained for portfolio selection problems for more general utilities. The Mutual
Fund Theorem holds for utility functions U(z) = §~'2% and U(z) = log(z) for the case of random totally
unhedgeable coefficients, i.e., for the case of random coefficients independent on the driving Brownian motion
(Karatzas and Shreve [14]). It is also known that the Mutual Fund Theorem does not hold for power utilities if
the coefficients depend on the driving Wiener process (see, e.g., Brennan [2]). Khanna and Kulldorff [15] proved
that the Mutual Fund Theorem theorem holds for a general utility function U(x) in the case of non-random
coefficients, and for a setting with consumption. Dokuchaev [9] extended this result on the case of random to-
tally unhedgeable coefficients. Lim and Zhou [20] found some cases where the Mutual Fund Theorem holds for
problems with quadratic criteria. Dokuchaev and Haussmann [3] found that the Mutual Fund Theorem holds
if the scalar value fOT |6(t)|>dt is non-random, where 6(t) is the market price of the risk process. In maximin
setting, the Mutual Fund Theorem was established in Dokuchaev ([6], 2013). Schachermayer et al. [24] found
sufficient conditions for the Mutual Fund Theorem expressed via replicability of the European type claims
F(Z(T)), where F(-) is a deterministic function and Z(t) is the discounted wealth generated by the log-optimal
discounted wealth process. The required replicability has to be achieved by trading of the log-optimal mutual
fund with discounted wealth Z(t). It can be summarized that the Mutual Fund Theorem was established so far
only for several special optimal portfolio selection problems and special market models.

It appears that there are market models where the classical Mutual Fund Theorem does not hold but the
following relaxed version of this theorem holds: the optimal portfolios with different risk preferences can be
constructed using g mutual funds only for a market with n > p risky stocks. This p can be regarded as a
dimension of the market; in this sense, a market is one dimensional if the classical Mutual Fund Theorem holds.
So far, this feature was studied for few special settings only. In particular, single period CAPM models models
were studied in a setting where a number of mutual funds were used to compensate skewness and consumption
(so-called three-moment CAPM, multi-beta models, or multifactor CAPM); see, e.g., Merton [21], Poncet [23],
Fama [10], Nguyen et al. [22]. A diffusion model where optimality can be achieved for strategies using two
mutual funds was discussed in Ingersoll [13], Chapter 13. In this book, the optimal strategy was expressed via
solution of the Hamilton—Jacobi—Bellman (HJB) equation (the Bellman equation) for the value function as a
quotient of partial derivatives of the value function. However, the existence and regularity of these derivatives
is difficult to ensure, since the underlying HJB equation is degenerate ... In addition, it is difficult to ensure
that the resulting stochastic process representing the strategy satisfies reasonable conditions on the growths
such as integrability. Moreover, it may happen that the quotient found from the HJB equation is not smooth
enough to ensure solvability of the closed loop It6 equations for the wealth process. By these reasons, existence,
admissibility, and regularity of the two mutual funds strategy was not yet established. In theory, this could be
overcome by an alternative martingale approach mentioned briefly in Remark 3.7 in Schachermayer et al. [24];
however, this approach requires replicability of certain claims and does not cover a model with non-hedgeable
Wiener processes.

In this paper, we consider a diffusion market model with non-hedgeable Wiener processes and non-hedgeable
factors such that the classical Mutual Fund Theorem does not hold. We consider a market with n stocks, with
n + N independent driving Wiener processes, including N non-hedgeable Wiener processes, and with a large
number of non-hedgeable factor processes defining the evolution of the market prices. We found that, for a wide
class of utilities, a near optimal (i.e., e-optimal) portfolio can be constructed using g < n mutual funds only
(Thm. 3.2 below). The number p is defined by the number of the non-hedgeable factors correlated with the stock
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prices, or by the complexity of correlations in the model, rather than by the number of stocks or by the total
number of random factors.

The main result (Thm. 3.2) is obtained under very mild restrictions for the utility functions without any
assumptions on regularity of the value function. The proof is based on the method of dynamic programming
applied indirectly to some convenient approximations of the original problem that ensure certain regularity of
the value functions; the range for the strategies is approximated by bounded sets, and the utility function is
approximated by smooth and bounded functions. This approach has some obstacles: the HJB equations with
bounded admissible controls does not allow explicit solutions. To overcome these difficulties, we use special
time dependent and random constraints for admissible strategies such that the corresponding HJB equation
admits “almost explicit” solutions generating near optimal admissible strategies featuring sufficient regularity
and integrability.

The results of this paper were presented in Quantitative Methods in Finance conference in Sydney, Australia,
2010.

2. MODEL SETTING

We are given a standard probability space (£2, F,P), where {2 = {w} is a set of elementary events, F is a
complete o-algebra of events, and P is a probability measure that describes a prior probability distribution.

We assume that the market evolution is driven by a pair of standard independent Wiener processes w(-) =
(wi(-)y -+, wn(-) and @w(-) = (01(-),...,wn(-)) with the values in R™ and R respectively. Let F; be the
filtration generated by (w(t),w(t)).

We consider the market model similar to the model used in Dokuchaev ([6], 2013). We assume that the
market consists of a risk free asset or bank account with price B(t), t > 0, and n risky stocks with prices S;(¢),
t>0,i=1,2,...,n, where n < 400 is given.

We assume that

B(t) = B(0) exp ( /0 tr(s)ds), (2.1)

where r(t) is a Fi-adapted random process of the risk-free interest rate (or the short rate). We assume that
B(0) = 1. The process B(t) will be used as numeraire.
The prices of the stocks evolve according to

Jj=1

where a;(t) are the appreciation rates, o;;(t) are the volatility coefficients. The initial price S;(0) > 0 is a given
non-random constant.

We assume that r(t), a;(t), and o;;(t) are uniformly bounded F;-adapted measurable random processes.

We denote by S(t) = (Si(t),...,Sn(t)T and a(t) = (ai(t),...,an(t))T the corresponding vector valued
processes with the values in R, and a matrix process o(t) = {o;;(t) i'j=1 with the values in R"*".

Let S(t) = (S1(t),...,5.(t))T = B(t)~15(t) be the vector of discounted prices. Let a(t) = a(t) —r(t)1, where
1=(1,1,...)T eR™.

We assume that the inverse matrix o(t)~! is defined and bounded and r(t) > 0.

Wealth and strategies
Let Xo > 0 be the initial wealth at time ¢ = 0, and let X (¢) be the wealth at time ¢ > 0, X(0) = Xj. Let

X (t) = B(t)"'X(t) be the discounted wealth.
Let the process Py(t) be the wealth invested in the bond, and let P;(t) be the wealth invested in the ith

stock, = 1,...,n. The values of P; can be negative, in the case of a short position in ith asset.
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Let 7;(t) = B(t)"1P;(t). In this case, the process o (t) represents the quantity of the bonds, or the discounted
wealth invested in the bond, m;(t), ¢ > 1, is the discounted wealth invested in the ith stock.
We assume that

mo(t) + Z m(t) = X (). (2.3)

We denote by 7 the vector process m(t) = (w1 (t),...,mn(t)) ", t > 0.
The portfolio is said to be self-financing, if

n

9]

ax@) =Y 523 dsi (t) + };)((;) dB(t).

i=1 "¢

It can be rewritten as
AX(t) =Y m(t) " Si(t) 1 dS;(t) + mo(t)dB(t).
i=1

It follows that for such portfolios

dX () =Y mi(t)Si(t)71dSi(t) = m(t) T (@(t)dt + o (t)dw(t)), (2.4)

i=1

so m alone suffices to specify the portfolio; see, e.g., Dokuchaev [5], p. 78.
Let D be the range of the process X (t). We will consider two settings: with D = (0, +00) and with D = R.
We consider a class X of admissible strategies consisting of all F;-adapted processes 7(-) = (7w1(+),...,mn (")) :
[0,7] x £2 — R"™ such that the following holds:

e If D =R then sup, , [7(t,w)| < +o0;
e If D = (0,+00) then sup, , | (t,w)| X (1)~ < +o0.

By these definitions, if D = (0,400), then X (¢) > 0 for any 7 € X.

3. THE MAIN RESULT

Let T > 0 and Xy > 0 be given.

Let U be the set of all continuous functions U(-) : D — R such that if D = R then there exists ¢; > 0 and
¢ > 0 such that |U(z)| < ¢1(1 4+ |z|)¢ for all z. If D = (0, +00), then we assume that |U(z)| < e1(Jz|~¢ + |z|%)
for some ¢; > 0 and ¢ > 0.

The case where D = (0, +00) is included with the purpose to allow important utility functions with singularity
at x =0 such as U(z) =Inz or U(z) = —1/x.

For the sake of generality, we do not exclude non-differentiable or non-concave U. However, discontinuous
functions are not allowed. In particular, step functions used in Dokuchaev and Zhou [4] for the so-called goal
achieving problems are not allowed. In addition, our setting does not cover utilities with the exponential growth
such as U(z) = —e~“* for D =R, ¢ > 0.

For U(-) € U, set

A

V() 2 EU(X(T)).

We will study the problem
Maximize V(m) over =(-) € X. (3.1)
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Starting from now, we assume that the coefficients (a,o) are such that there exist integers m > 0,M >
0, N > 0 and continuous functions

a:R"xRM x[0,7] = R", v:R™xRMx[0,T] - R™"
and functions

T:R™ x RM x [0,T] - R™, TR™ x RM x [0,T] — R™ ™,
B1:R™x RM x [0,7] — R™*N,
FORTXRM < 0,T] - RM,  BC:R™ xRM x [0,T] - RM*N

such that

where 7(t) and ((t) are stochastic processes that take values in R™ and R respectively and such that they
satisfy It6 equations

dn(t) = f7(n(), C(1), )dt + B7(n(t), C(¢), )dw(t) + B (n(t), ¢(¢), )da(t),
dC(t) = fE(n(t), C(t), t)dt + BE(n(t), C(¢), )da@(t).

Here @(-) is a Wiener process with values in R that is independent of w(-).

The cases where m = 0, M =0, or N = 0, are not excluded; they represent models where the corresponding
vector processes are absent.

We denote by |- | the Euclidean norm for vectors, the Frobenius norm for matrices, and the similar norm for
elements of the spaces formed as Cartesian products of spaces of matrices or vectors such as R™ x R"*" etc.

We assume that the following conditions are satisfied:

e There exists a constant C' > 0 such that

[F'(y1, 21, 1) — F(y2, 22, )| < Clyr — y2| + |21 — 22]),
|F(y,Z,t)‘ SC(1+|y|—|—|Z|) Vy1,y2,zl,z2,y,z,t,

where F' = (a, v, [, ", B, f¢, 5°).
e We assume that there exists a constant ¢ > 0 such that A(y, z,t)A(y, 2,t)' > ¢lnem, where Ly,,1 s is the
unit matrix in R?HM)Xm+M) “and where the matrix A € RU?HM)X(+N) g formed as

A= ( A E")
OMXnﬂC

Definition 3.1. Let L > 1 be an integer. Consider a set of Fi-adapted processes M (t), ..., M (t) with the
values in R™. Let X, .. am, be the class of all processes m(-) € X such that there exist F;-adapted one-
dimensional processes {vg(t), k=1,...,L} such that

)T

L
m(t) =Y vi(t)Mg(t). (3.2)
k=1

Let Q= (o0 ")71, let B} be the kth column of the matrix 87, and let = min(m + 1,n).
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Theorem 3.2. Consider a set {Mi(t),..., M, (t)} of Fi-adapted processes with values in R™ defined as

My (t) = (o)) B (1), C(1),8), k< n—1,
Mo(t) = Q)a(t),
For this set, for any U(-) € U,
sup V(m) = sup V(n). (3.3)
Texy TEX My, My,

For the special case of p = 1, m = 0, N = 0 (i.e., where the corresponding vector processes are absent),
Theorem 3.2 represents the relaxed version of the classical Mutual Fund Theorem obtained in Khanna and
Kulldorf [15] in a setting with consumption and with less general utility functions. For the case where u = 1,
m =0, N > 0, Theorem 3.2 represents a version of the Mutual Fund Theorem from Dokuchaev [9]. A special
case where N = 0 and M = 0 corresponds to the model mentioned in Remark 3.7 in Schachermayer et al. [24].
A special case where m = 1 and M = 0 and where the value function is regular enough corresponds to the
model from Ingersoll [13], Chapter 13.

4. THE IMPLICATIONS OF THEOREM 3.2

Let us discuss the implications and economic interpretation of Theorem 3.2. Representation (3.2) can be
interpreted as a distribution of the stock portfolio among p mutual funds; each vector My(¢) can be interpreted
as a distribution of the stock portfolio for a mutual fund. Since the selection of {My(¢)} is independent on U (-),
Theorem 3.2 represents a relaxed version of the Mutual Fund Theorem.

The statement of Theorem 3.2 can be reformulated as follows: there exist near optimal (e-optimal, suboptimal)
strategies in the class Xaq, ... am,, meaning that, for any U(-) € U and any ¢ > 0, there exists a strategy
e € Xmy,.... M, represented as (3.2) such that

V(rye) > sup V(m) —e.
TeX

This has a clear economic interpretation: all investors with different utilities can construct near optimal strategies
by investing in u mutual funds only, even if n > u, M > u, and N > pu.

In Theorem 3.2, the vector M, (t) represents the so-called log-optimal portfolio; sometimes, it is called the
mean-variance portfolio. For k < p, the vectors M (t) represent some hedging portfolios used to compensate
correlations in the market.

The processes vi(t) = vyer(t) for the near optimal strategies presented in (3.2) depends on U(-). These
processes are expressed in the proof of Theorem 3.2 below via derivatives of the smooth approximations of the
value functions that are solutions of some auxiliary HJB equations. These equations selected such that their
solutions have the required regularity. We emphasize that the statement of Theorem 3.2 itself does not require
solvability and regularity of the HJB equations.

Under very mild conditions on the utility functions, Theorem 3.2 allows to reduce the original investment
problem for a market with n tradable risky assets to an equivalent problem for a market with u tradable assets.
Let us show this. Consider a matrix process M(t) = (M (t),..., M, (t)) with the values in R**™ formed from
the rows My, (t) 7. Let a¢(t) = M(t)a(t) and o¢(t) = M(t)o(t). Let us consider a process &(t) = {&x(t)},_, with
the values in R* defined by the equation

dE(t) = Z(1)@e(t)dt + oe(t)dw(t), &0)=1 k=1,...,u

Here Z(t) is a diagonal matrix in R#*# with the diagonal elements Sy (t) = &k (t), k=1,..., p.
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Let v(t) = {wvk(t)},_; be an Fi-adapted process with the values in R*. Let w(t) = > 1_; vp(t)&(t) =
M(#)Tv(t), and let X (¢) be the corresponding discounted wealth. It follows from the definitions that

dX (1) = v(t) "[ag(t) + o(t)dw(t)] = v(t) "Z(8) " dé ().

Comparing this with (2.4), we obtain that v(¢) can be considered as a portfolio self-financing strategy for a
market with the discounted prices {{x(t)}. Therefore, Theorem 3.2 allows to replace the original investment
problem for a market with n stocks by an equivalent problem for a market with u stocks. This could be useful
if p < n.

Remark 4.1. It can be shown that Theorem 3.2 implies that |0(t)] = |0¢(t)|, where 0(t) = o(t)"'a(t) is
the market price of risk of the original market, and where 6¢(t) is the market price of risk for the reduced
market defined as 0¢(t) = G¢(t) tag(t), where G¢(t) is a pu x p-dimensional matrix such that 7¢(¢)oe(t)" =
M@)o (t)o(t) T M(t)T. Clearly, if n = p then the equality |6(¢)| = |0¢(¢)| holds for any non-degenerate matrix
M(t). However, it is interesting to note that, for n > u, this equality requires that M(t) contains a row
proportional to (Q7'a(t))T (i.e., such as described in Thm. 3.2); otherwise, simple counterexamples can be

found easily. This illustrates again a special role of the log-optimal portfolio M,,.

Some examples.

It can be noted that our model covers the case where (a(t), o (t)) = F(S(t),n(t), (t),t), for some deterministic
function F : R" xR™xRM x [0, T] — R" x R"*™. Tt suffices to include the vector S(¢) or some of its components
as a part of the vector 7(t).

Example 4.2. Consider a market model where the volatility and the appreciation rate for stock prices depend
on a market index or indicator defined by all prices presented in this market. Let m = 1 and let the market
index be n(t) = F(S(t)), for some deterministic function F : R™ — R, n > 1; For instance, one can consider
n(t) = > i, Si(t). Then p = 2. By Theorem 3.2, a suboptimal strategy can be achieved by investing in two
mutual funds for all risk preferences.

Example 4.3. Consider a market model such that the volatilities and the appreciation rates for stock prices
depend on a set of major market indices such as Dow Jones, FTSE, Hang Seng, etc. Further, assume that the
movement of the stocks Si,...,S, has some impact on one particular index, say, on Hang Seng index. For
instance, assume that these stocks are included in this index. This model can be described as follows: the vector
(n(t), ¢(t)) represents the set of market indexes, m = 1, and the one dimensional process 1 represents the Hang
Seng index. In this case, © = 2. By Theorem 3.2, a near optimal strategy can be achieved by investing in two
mutual funds for all risk preferences.

Example 4.4. In the previous example, assume that the dynamics of the stocks Sy, ..., S, affects m market
indexes, say, Dow Jones, Hang Seng, and some other indexes. In this case, we can use the model with this m
and with g = min(m+ 1,n). By Theorem 3.2, a near optimal strategy can be achieved by investing in g mutual
funds for all risk preferences.

5. PROOFS

5.1. Reformulation with constrained strategies
Definition 5.1. Let K > 0. Let X(K) be the class of all strategies 7(-) € X such that
e If D =R then sup, , 7(t,w) o (t,w)o(t,w) "7 (t,w) < K; and

o If D = (0,+00) then sup, , w(t,w) "o(t,w)o(t,w) 7(t,w) X (t) ' < K.

In addition, let Zpnq, . pm, () = Xy o, NZ(K), for a set My, ..., My, of Fi-adapted processes with values
in R™.
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Clearly, X' = Ug~oXZ(K) and Xaq,, . mp = Ur>02 My, m, (K). Therefore, it suffices to prove that

sup V(m) = sup V(r) VK >0. (5.1)
reX(K) TEX My, ..., M, (K)

In this case, (5.1) implies (3.3).

Further, Theorem 3.2 holds if m+1 > n. In this case, it suffices to take processes My (t) = (0,...,0,1,0,...,0),
with kth component equal to one, k& < n. Obviously, any 7(¢) can be represented as a linear combination of
these vectors. Therefore, it suffices to assume that y=m +1 < n.

Let us prove (5.1). Starting from now, we assume that K > 0 is given and p =m + 1 < n.

5.2. Some auxiliary lemmas

Let A(y,z,t) ={u € R": u'v(y,z t)v(y,z,t) u < K}.
Let a matrix A(u,y, z,t) that takes values in R(I+7+M)x(n+N) he defined as

u'v O1uxn
Alw,y,2,t) = pB7 B . (5.2)
Orxn B¢

Lemma 5.2. Let I' = {¢ € R M . (¢ = 1}, For any (y, 2, 1),

inf  sup ng(u,y,z,t)ﬁ(u,y,z,t)Tf > 0.
ger u€A(y,z,t)

Proof of Lemma 5.2. Tt suffices to replace the supremum over u by the supremum over u = 4 such that @ is on
the boundary of A and 7v 4 = 0. Clearly, this @ exists since n > 1 and m < n — 1. In this case,

a'vv'a le(m+M)> _ ( K 01)<(m+JV1)>

ATy, 2, ) AT, y, 2, 1) T =
Ominryx1  AAT Opmirnyx1  AAT

By the assumptions on A, it follows that there exists a constant ¢; > 0 such that

A\(a7yazvt)‘zl\(aayvz’t)T > ClIl+m+M Vy,Z,t,

14+m+M) X (1+m+M)

where 114,47 is the unit matrix in R( . Hence

sup A(my,z,t)A(u,y,z,t)T Z Cl-[l+m+M Vyvzat'
u€A(y,z,t)

This completes the proof of Lemma 5.2. O
Lemma 5.3. Let a € R, b € R™, ¢ > 0 be given. Consider the problem:

Mazimize —alp|*>+p'b over p€R™ subject to |p|* < c. (5.3)
Then an optimal solution p exists and the following holds:
(1) If « < 0,b =0, then any p such that |p|*> = c is optimal.

(2) If either « > 0 or a < 0,b # 0, then the optimal solution can be selected such that there exists k =
k(o, b, c) € R such that p = kb.
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Proof. Existence of optimal p follows from the fact that the domain {p : |p| < ¢} is compact. Statement (i) is
obvious. Let us prove statement (ii). If @« = 0 and b # 0 then p = /cb/|b| is optimal.

If « =0and b =0 then p =b = 0 is optimal along with all other admissible p.

Let e > 0. It suffices to consider the case a« = 1/2 only.

Clearly, the maximum of the function g(p) = —|p|?/2 + p'b is achieved for p = b. It follows that if |b|?> < ¢
then p = b is an optimal solution.

If |b|? > c then p = /cb/|b| is an optimal solution. It can be seen from the following:

max = max Imax .
pzlplzﬁcg(p) sE[O,\/ap:|p|=sg(p)

Obviously, max,, ,|=s g(p) = —s*/2 + |b|s and it is achieved for p(s) = sb/|b|. The maximum of —s*/2 + [b|s
over s € [0, /] is achieved for s = \/c. Hence p = \/cb/|b| is an optimal solution for this case.

Finally, let & < 0 and b # 0. Clearly, p = v/cb/|b| is optimal again in this case. This completes the proof of
the Lemma 5.3. g

5.3. Near optimality of constrained Markov strategies

Portfolio selection problem (3.1) can be rewritten as

Maximize EU(X(T)) over =(-) € X subject to

dX (1) = m(t) "[a(n(t), (1), )dt + v(n(t), C(1), )dw(?)],

dn(t) = f(n(t), C(), £)dt + B (n(), C(1), t)dw(t) + B (n(¢), ¢ (1), t)dab(2),

dg(t) = fE(n(e),C(1), )t + B (n(t), C(8), £)dD (1), (5-4)

given X(0),7(0), ¢(0). B
It can be seen that, to Markovianize the problem, it suffices to use the state variables X (t),n(t), and ((t).
The following is an adaptation of Definition 3.1.3 from Krylov [16], p. 131.

t

b

Definition 5.4. Let X' be the class of all Fz-adapted processes 7(-) € X such that there exists a measurable
function u : R x R™ x RM x [0,T] — R" such that

m(t) = u(X(1),n(t),C(t). 1) if D=R,
m(t) = u(X(t),n(t), C(t),6) X (t) if D= (0,+00).
A process w(-) € X is said to be a Markov strategy.

Remark 5.5. Note that, by the definition of a Markov strategy, the function w(-) is such that the closed-loop
solution (X (t),n(t),((t)) of Ito equation exists in the class of F;-adapted process. Therefore, it may happen
that a measurable and bounded function u(-) does not define a Markov strategy.

Let EA[(K) =XuNn E(K) Clearly, Xy = UK>02M(K).

5.4. The proof of Theorem 3.2

Note that the matrix A defined by (5.2) represents the diffusion coefficient for the system of Ito equations
in (5.4) for Markov strategies.
Let us first prove the theorem for some special cases.
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Proof for bounded U, U'(x), U"(z) and for D =R

Let us assume that D = R and the function U is bounded in D together with the derivatives U’(x) and
U"(x). Set

Szt 2 s B{UXD)|(X0)0(0),¢0) = (29,2 }- (5.5)
m(-)eX(K)
It follows from Lemma 5.2 and Theorem 5.2.5 from Krylov [16], p. 225, that
Jay,z0) 2 swp E{URD)|X0,0(0),¢0) = (@.,2)} (5.6)
m(-) €M (K)
The Bellman equation formally satisfied by the value function J = J(x,y, z,t) is
Gt,w,y,2,J;, Jg, Jge) =0, J(w,y,2,T) = U(a). (5.7)

Here Jé is the gradient of J with respect to the vector £ = (z,y, 2), Jé’é is the matrix second order derivative with
respect to the vector &€ = (z,v, z). The function G : [0, T|x RxR™ x RM x RI+m+M 5 R(I+m+M)x(1+m+M) _, R
is defined as

G<tax7y7za ng)J&l'a Jgf) = sup Go(tau7x7yazv Jt’? Jéa Jgf) + Gl(tam7y7za‘]£? Jéa Jgf)a
ueA )

where

1
Golt,u,z,y, 2, Ji, ¢, Jie) = JuTa+ §J;'$uTvau + tr {J;’yuTvﬂ"T]

and
Gy (+ JJ g = J g g £ 1 J" nanT An’\n—r J" ’\n’\(—r 1 N ’\g/\g‘—r
Lty 2, I I ) = T4 L TS e [ (87877 4+ BB )| e [ BB st [TLBORC ]

In this equation, x € D; the set A and the coefficients depend on (y, z,t).

Note that A(y, z,t) is a convex set for all Ky, z, t.

By Lemma 5.2 and by Theorem 4.7.4 from Krylov [16], p. 206, there exists a unique solution J that is bounded
in any bounded domain together with the derivatives presented in this equation. By Lemma 5.2 again and by
Theorem 4.7.7 from Krylov [16], p. 209, it follows that the function J defined by (5.5) is the solution of (5.7);
in other words, the Verification Theorem holds. The Bellman equation does not include generalized derivatives
mentioned in Theorem 4.7.7 from Krylov [16] because of the existence of locally bounded derivatives.

Remark 5.6. Technically, Theorems 4.7.4 and 4.7.7 from Krylov [16] do not cover the case of non-constant
A = A(y, z,t). However, the extension on this case is straightforward for our special setting. For instance, one
can consider the processes p(t) = (o(t) ")~ 'n(t) to be the strategies instead of m(t). In this case, the restriction
{m(t) : n(t) € A} is replaced by the restriction {p(t) : |p(¢t)] < K}.

Let v = (v1,...,vy,), where v, is the jth column of the matrix v, and let 37 = (87, ..., 87), where 5;7 is the
jth column of the matrix 8, = {8} },"1~,. We have that

m m

n n n n

T nT | _ T 7/ gn _ ,, T o7 opn T . 11 m _ . T 1/ AN

tr [Jzyu v ]— E u vidg, B =u g Vidg, B =u E vi E Sy Brs = U g Ty, E viBi;-
=1 =1 k=1 k=1 =1

i=1

It follows that, for a given (u,z,y, 2, 1),

TYk

m n
GO(ta U, T, Y, %, Jt7 Jé, Jgf) = J;u—ra + %nguTvau + U’T Z J/I Z viﬁgi'
k=1 =1
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1T T

The maximum for Gy in u is achieved for © = v~! p, where p = v ' u is a solution of the optimization problem
Maximize —vlp?+p'b over p€R"™ subjectto [p| < K. (5.8)

Here v = v(z,y, z,t) and b = b(z, y, 2, t) are defined as
1 n
v=—=J!, b=bz,y,zt)=Jv ' a+t Z T valvib’gi.

By Lemma 5.3, problem (5.8) has an optimal solution

p(z,y,2,t) = k(z,y, 2,0)b(x,y, 2, 1),

where () : R x R™ x RM x [0,7] — R can be selected to be a measurable function; its selection depends
on K. Hence the maximum of G is achieved for

u=1u(x,y,zt) = v b=k <V_1TJ;v_1a +v- Z Tt zn:v_lviﬁzi> : (5.9)
k=1 1
Let Q(y,z,t) = (v(y, z,t)v(y, z,t) T )~1. Equation (5.9) can be rewritten as
i=r (J;Qa + Z Tl i Qwﬂ;’&-) : (5.10)
k=1 =1
Further, let (v')~! = (qi,...,qn), where q; is the jth column of the matrix (v')~. We have
Qv=(w) v =) v v = (v = (ar, - ).

Hence Qv; = q;, iy QviBl = >0 ;8 = (vT) 713!, and the maximum of Gy is achieved for

m—+1
ﬂ(w,y,z,t) = Z I?k(:r,y,z,t)ipk(y,z,t), (511)
k=1
where
7vzjk(yazﬂf) = (V(y,z,t)—r)ilﬂg(y,,@t), k S m, d]m—kl(yazat) :Q(yvzat)a(ya'Z,t)a
and

ﬂk(x7y7zvt) Zﬁ(x7y,z7t)J” (x7yaz7t)7 k <m,

TYk

Hoi1(z,y,2,t) =k(z,y, 2,t) I (2, y, 2, 1). (5.12)

Assume that the function @(z,y, z,t) is regular enough in z to ensure solvability of the closed equation (5.4),
for instance, it is Lipschitz in z uniformly in (y, z,¢). In this case, the strategy 7(t) = u(X(¢),n(t),((¢),t) is
optimal and belongs to the class Xy (K). Moreover, 7 (t) = EZ“T v (t) M (t), where

Mi(t) =vu(n(t),C(t),1) = (o) )T BL (1), C(1),2), Kk <m,
M1 (t) =Pmi1(n(t), ¢(1), ) = Qa(t).

Here g; is the jth column of the matrix (¢(t)")~! = (q1,...,qn), and

vi(t) = Hi(X(8),n(),¢(1),1), k<m,  vmii(t) = Hpnpa (X (1), 1(1),C(2), 1)
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Remark 5.7. The selection of { M)} is independent of K and U(-). The selection of k(z,y,z,t) and {Hy}
depends on K and U(-).

Therefore, equality (5.1) for the case where D = R holds for this case of regular enough u. Moreover, the
strategy ™ € Xaq,,... M,nsy () is optimal in X(K) for this case.

In the general case, it cannot be guaranteed that the function @(z,y, z,t) providing the maximum for Gy is
regular enough in x to ensure solvability of the closed loop equation (5.4). In this case, we have to approximate
u by regular enough functions. We will follow Chapter 5 from Krylov [16], with some simplifications that are
possible because of the following features of our special setting: (a) The maximum for Gy is achieved for u that
has the special form (5.11); (b) The regularity of Hy(x,y, z,t) in x is sufficient.

For R > 0, let Cg = S x [0,T], where Sg is the origin-centered ball with the radius R in R x R™ x RM.
We will consider large enough R — +oco and small enough € — 0, € > 0.

Let Hy o (7,y,2,t) = o ffg Hy(x 4 q,y,2,t)dg, and let

us,R(zvyaz7t) = le—i_ll Hk,s(xayazat)d}k(yaz,t)a (I7yvzat) € CR?
Ue,r(z,y, 2,t) =0, (z,y,2,t) ¢ Cg.

It follows from the definitions that ue r(z,y, 2,t) = o= ffs u(z + q,y, 2, t)dg, for any (x,y,z) from the interior
of S and for small enough . Hence

ue.r(z,y,2,t) = u(zr,y,2,t) as e —0 forae. (z,9,2,t) € Cg. (5.13)

Since the set A(y,z,t) is convex and contains zero vector, we have that u. r(z,y,z,t) takes the values in
Ay, 2,t).
Consider the set of closed-loop strategies

e (1) = ue r(Xo (1), 1(t), C(1),1).

Here )?E(t) is the corresponding discounted wealth. By the definitions, these strategies belong to
,,,,, Myns1 (K). Let us show that they are Markov strategies.

Let 7. r be the first exit time of the process (X.(t),n(t),((¢)) from Cg. Since the functions u. r(z,y, z,t) are
bounded, they take values in A(y, z,t), and, for every € > 0, there exists ¢ > 0 such that

|UE,R(1‘1ay727t) - uE,R(any7Z’t)| S C|1‘1 - $2| v‘rlvx?vyazvta ($i7yaz7t) € CRai = 172

Therefore, the existence of an unique strong solution of closed equation (5.4) is ensured for the strategy 7. g(t) =

ue,r(X (t),n(t),¢(t),t) up to the time 7. g. To prove (5.1), it suffices to show that

sup V(m)= sup V(mr). (5.14)
reZ(K) €>0,R>0

Let us prove (5.14).
For a function u(zx,y, z,t), set

pu(m7y7zat) = Go(t7a(x7yaz7t)amay7za Jta Jéa ‘]5//{) - Go(t’u(xayazvt)7x7yazy Jt7 Jéa Jg&)

This equation can be rewritten as

R 1 R L m n 1 m n
pu(l‘v Y, z, t) = J;U'Ta_‘_i‘]gquvau—"_uT Z J;/Uk Z ViﬁZi_{J;uTa + 5‘];/quva” + uT Z Ja/:/yk Z ViBZi .
k=1 i=1 k=1 i=1

(5.15)
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Hence

|Pu($ay72at)| < (|a(x,y,z,t) - u(m,y,z,t)\

T

1 - ~
+ §|J;’m\|u(x7y, 2, t) vz, y, 2, t) — u(z,y, 2,t) v (e, y, 2, t))ha (2, y, 2, 1),

where
m n
ha(w,u,2,t) = [Tl + > 1T, 1D villBll-
k=1 i=1

Applying an obvious inequality [a"vv 4 — u"vvTu| < |(@ —u)"vv " (4 + u)|, we obtain that
‘pu(m7 y7 Z, t)‘ S ‘a(‘r’ y? Z? t) - u(x7 y’ Z7 t)|h(1.7 y’ Z7 t)’
where
1 " T
h(m,u,z,t) = hl(x,y,z,t) + §|me”vv |(|u| + |U|)

As was mentioned already, by Lemma 5.2 and by Theorem 4.7.4 from Krylov [16], p. 206, J is bounded in
any bounded domain together with the derivatives presented in this equation. Hence the function h(z,u, z,t) is
bounded on Cr.

Let g(t) = p"==(Xc(t),n(t),((1))-
By It6 formula, we have that

B, oryUX (7)) + By, ey (X (1 r) n(re.)s (o) 7o) = (X, m(0),C(0),0) — B /0 gt

Hence

J(X0,1(0),¢(0),0) = El,_ .~ U(X (7)) + 71+ 712,

where

~ Te,R
= EH{TEYRST}J(X(TS,R)> n(Ts,R)u C(TE,R)7 TE,R))7 Ty = E/ g(t)dt
0

It suffices to show that, for any § > 0, there exists € and R such that
J(X0,(0),¢(0),0) < EU(X(r- g)) + 6. (5.16)

Let 6 > 0 be given.

Let 7p = T Ainf{t > 0: n(t)? + ((t)> > R?}. Clearly, 7. g < Tr. Since we have assumed that the matrix
AAT > 0 is uniformly non-degenerate, we have that P(7g < T) — 0 as R — 400 uniformly in ¢ > 0.

By Corollary 1 from Zakai [25], it follows that, for any m > 0,

sup(E| X (7. r)|™ + sup E|X(T,7) — X.(72.r)|™) < 400,
Y,z TeX(K)

where X (T, ) is the discounted terminal wealth for the strategy 7 given that

X(Te,R7 7T) = XE(TE,R)7 77(7'5,1%) =Y, C(TE,R) = z.
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By the assumptions on U, it follows that sup, E|(]()Z'(75713),7)(7'5,1;1),C(TE,R),T&R)H2 < +o00. Hence r; — 0 as
R — 400 uniformly in € > 0. By the assumptions on U again, we obtain that E]I{TE)RZT}U()N((T&R)) — 0 as
R — 400 uniformly in € > 0. Hence EH{T51R>T}U()’Z(T€,R)) — BU(X(7..r)) as R — oo uniformly in € > 0.

It follows that there exists R = R such that

r| <6/3,  El,-mU(X(1r)) > BU(X(1-r)) — /3 Ve > 0.

By the Lebesgue’s Dominated Convergence Theorem, it follows that ro — 0 as ¢ — 0 for the given R = R.
Let € = € be selected such that |ro| < §/3. It follows that (5.16) holds. Hence (5.14) holds. This completes the
proof of equality (5.1) for the case where D = R and where the functions U, U’'(x), and U”(x) are bounded
in D.

5.4.1. The proof for bounded U, U'(x), U"(x) and for D = (0, +00)
Let us assume that D = (0, 400) and the function U is bounded in D together with the derivatives U’(z) and

U"(z). We consider the change of variables ¢(t) = In X (t). Using the Ito formula, we obtain that this change of
variables transfers the corresponding control problem as

Maximize EU(e??)) over #(-) subject to

dg(t) = 7(t) "a(n(t), ¢(t), t)dt — %%(t)TV(W(t)y Ct), )v(n(t), C(t),t) "7 (t) + F(t)v(n(t), C(t), t)dw(t)],
dn(t) = f"(n(t), (1), t)dt + f”(n(t), (), t)dw(t) + B (n(t), C(t), t)da(t),
dc(t) = FE(n(t), C(8), )t + BS(n(t), C(¢), t)dd(¢), (5.17)

given X (0),7(0),¢(0). We consider here maximization over the strategies 7 from the class X' (K) defined for
D =R, i.e., such that sup, , [7(t,w)| < +oo0.

The proof of equality (5.1) repeats the proof given above for D = R with few modifications. Instead of (5.5),
we use

J@yzt) 2 s B{UED)|g) =, ) =y, (1) = 2}

() €EX M (K)

Here x € R and ¢(t) = In(X(¢)); the maximization is over the class X(K) defined for D = R. The Bellman
equation for .J is defined similarly to the Bellman equation for D = R", with G replaced by Gy — 3 J.u'vv u.
Respectively, v in (5.8) has to be defined as v = —%(—J,+J2,). This gives the proof of (5.1) where D = (0, 400)

and the functions U, U'(x), and U”(z) are bounded in D.

Proof for the general case.

Consider now the case where either D = R or D = (0,+400) and where the functions U, U’(x), and U"(z)
are not necessarily bounded in D.

Let 6 >0, K >0, and @ € X(K) be given.

For L > 0, let Uy (z) = max(—L, min(U(z), L)), and let V() be defined similarly to V() with U replaced
by Ur. Let us select L > 0 such that |V (7) — V(7)| < /5 for all # € X(K); by the assumptions on X (K),
this L exists. Further, for L; > 0, p > 0, let a function U = U1, , - D — R be such that |U(z)| < L + 1
for all z € D, |U(z) — U(x)| < pif || < Ly, and such the derivatives U’(z) and U”(z) are bounded in D.
This function can be obtained wvia convolution of U, with a smoothing averaging kernel, for instance, such as
described in Krylov [16], Section II.1. Let V(m) be defined similarly to V(m) with U replaced by U. By the
assumptions on X (K), there exists L; > 0, p > 0 and U(z) such that |V (r) — V()| < §/5 for all 7 € Z(K).

By the theorem proved above for the utilities with the properties featured by ﬁ, there exists T €
M, (K) such that V(7)) > V(7) — §/5. In addition, we have that
20 _ - 3 _ - 46

V(@) > Vi) - ¢ > V() — T2V -2 2 V@) - = 2 V(M) -4

.....

(%)
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Since 7 and § were selected arbitrary, the proof of (5.1) follows for the general case.
Finally, the proof of Theorem 3.2 follows from (5.1).

Remark 5.8. For a typical case, we have that «(X(¢t),n(t),((t),t) = fJ;’J()N((t),n(t),((t),t)*l it D=R, or

K(q(t),n(t),C(t),t) = (JL(X(),n(t),C(t),t) — JI (X (t),n(t),¢(t), 1))~ " if D = (0,400). It happens when the
strategy m(t) = W(X (t),n(t), ((t),t) belongs to the class X3, (K) and such that () To(t)o(t)Tnw < K. We use
the constraints 7(t) "o (t)o(t) T 7(t) < K as an auxiliary class of near optimal (suboptimal) admissible strategies;

the final result does not require these constraints.

Remark 5.9. To calculate the processes vi(t), one have to find J from a HJB equation. Analytical solutions
of these equations are rarely feasible; however, numerical methods for them are well developed; see, e.g. Barles
and Jakobsen [1] and the review in Kushner [17].

6. CONCLUSION

The Mutual Fund Theorem defines the distribution of risky assets for the optimal strategy. If this theorem
holds, then the distribution is the same for all risk preferences, and the strategy selection can be reduced to the
selection of a one dimensional process of the total investment in risky assets. This interesting feature is presented
in portfolio theory only and does not have an analog for the general theory of stochastic optimal control. The
efforts in the existing literature are mostly concentrated on the extension of the list of models where the Mutual
Fund Theorem holds. The current paper suggests a relaxed version of this theorem to cover models where the
classical Mutual Fund Theorem does not hold. We found conditions that ensure that the optimal strategy can be
represented as a linear combination of p fixed processes (or p Mutual Funds), for a wide class of risk preferences,
for a model with n > u stocks. The number p is defined by the number of correlations in the model rather than
by the number of stocks.
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