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Long-term portfolio management is an important issue in modern finance and practice. We have analyzed
various known continuous-time strategies in portfolio management, with a focus on bankruptcy probabilities
under these strategies. We show that for each strategy, there is a threshold in the target return rate. When
the target return rate is set above this threshold, the application of the strategy for a long investment horizon
leads to sure bankruptcy. For a target return rate lower than this threshold, the bankruptcy never occurs.
Bankruptcy probabilities under a finite investment horizon are also studied. An empirical study based on
the Dow Jones Industrial Average Index confirms these results. By comparing behavior of these strategies

in various parameter regions, we reveal connections among these seemingly different strategies.
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History:

1. Introduction

In recent years there have been several continuous-time optimal dynamic strategies designed for
attaining various goals over an investment horizon. The comparison study among these continuous-
time strategies and the issue of bankruptcy probability in the application of these strategies over a
very long investment horizon have not yet received much attention. In this paper we will consider
several known strategies in portfolio management and study these issues.

Karatzas (1997) shows that the portfolio selection criterions can be classified into two classes,
depending on whether there is a lower bound in wealth. The processes with lower bound in wealth
belong to the class of tamed portfolio processes, whereas the ones without lower bound in wealth
belong to the class of untamed portfolio processes. Dybvig and Huang (1988) mentioned that
a strategy which guarantees the portfolio value above a lower bound at all times can preclude

arbitrage opportunities in the market, while, some strategies with no lower bound restriction may
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admit arbitrage opportunities, and hence become ill-defined in the continuous-time limit. Harrison
and Kreps (1979) showed that without any constraints the untamed strategies may lead to arbitrage
profits which can be obtained by following a so-called doubling strategy. However, imposing certain
regularity constraints, such as square integrability of the trading strategies can eliminate such
arbitrage opportunities.

Among untamed strategies, the most famous one is the Mean-Variance portfolio selection, which
was first proposed in the single-period setting by Markowitz (1952, 1959) in his pioneering work.
This was then generalized to multi-period setting by Hakansson (1971), Grauer and Hakansson
(1993), and to continuous-time setting by Zhou and Li (2000). Li and Zhou (2007) have shown
that the strategy of the mean-variance efficient portfolio can have a probability higher than 80%
to achieve the target before the terminal date. This is a very interesting result. However, they
also stated that there could be an equally high chance that one gets bankruptcy before reaching
the target. Some other strategies in this class are Mean Quadratic Variation strategy studied by
Brugiere (1996), Final Wealth Targeting strategy by Duffie and Richardson (1991), and Wealth
Tracking strategy by Huang and Zhang (2006). Unfortunately, we find that long-term investments
following these untamed strategies will surely lead to bankruptcy no matter how small the target
return rate set. The reason is that strategy in the untamed class does not need to maintain any
minimum value of the portfolio. When the value of a portfolio is small, in order to reach the target
return rate, one has to borrow more money from the money market account to invest in the risk
asset. This certainly increases the risk of the portfolio and, in consequence, dramatically increases
the probability of bankruptcy. This is clearly not a practical approach. Therefore, we will not
discuss these untamed strategies in this paper.

The main focus of this paper is on the three tamed strategies. The first is the well-known Power
Utility Maximization (PUM) approach, introduced by Merton (1971) in his famous work. The sec-
ond strategy was studied by Bielecki et al. (2005), which imposes a nonnegative-wealth restriction
to the mean-variance approach. We call this the Modified Mean-Variance (MMYV) strategy. The
third strategy was studied by Browne (1999, 2000), which aims to minimize the probability of the
portfolio value falling below a specified wealth target at a given investment horizon. We call this
the Shortfall Probability Minimization (SPM) strategy.

All of these three strategies have the properties that the portfolio value will always remain
nonnegative. One may wonder how bankruptcy can occur when the portfolio value is explicitly

bounded below by zero. The answer is that the wealth can exactly be zero or arbitrarily close
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to zero, when one applies these three tamed strategies. Our main result shows that for long-
term investments, each strategy has a unique threshold in the target return rate. In the infinite
investment horizon limit, the bankruptcy probability is either zero or one, depending on whether
the target return rate is set below or above this threshold.

We also study the bankruptcy probability over the finite time horizon. We show that for the
PUM strategy, the bankruptcy probability is an increasing function of the investment horizon. This
property is also true for the MMV and the SPM strategies when the target return rate is set above
the threshold. However, when the target return rate is lower than the threshold, the latter two
strategies (MMV and SPM) exhibit a maximum bankruptcy probability at a particular investment
horizon. Furthermore, for all three tamed strategies, the maximum bankruptcy probability is a
monotone increasing function of the target return rate.

We study these three tamed strategies from various points of view, including utility maximization
perspective with certain utility functions. Our analysis reveals the close relationship among these
three seemingly different strategies.

The model for a financial market in this paper is the same as that in Merton (1971), which

consists of n log-normal distributed risky assets governed by

dS(t) = 8,(t)

,ul-dt—i—ZUidet(j)] , t=1,...n (1)

=1
and a money market with a constant risk-free interest rate 7. Here y1; and o;; are growth rate and
volatility, respectively, and W, £ (I/Vt(l)7 e Wt("))’ is a standard n-dimensional Brownian motion.
We will show later in the paper that for all aforementioned strategies, the n-risky-assets problem
is equivalent to a one-risky-asset problem, which is essentially the well-known two-fund separation
theorem studied by Khanna and Kulldorff (1999). Therefore, for the sake of simplicity, most of the

presentations below will be based on the case of a single risky asset, which follows the process

dS(t) = S(t)(adt + 5dW (1)), (2)

where i and & are constants, i > 7, & >0, and W (t) is a standard Brownian motion.

Let X (%) denote the present value of investor’s wealth at time # which is discounted by the factor
exp(—7t), and 7(f) be the total wealth invested in the risky asset at time £. Then the discounted
wealth process X (-) obeys:

dX (t) = 7(t)(fp — 7)dt + 7 (£)cdW (t), (3)
X(0)

X.
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We use the symbol “7” to indicate that these quantities are dimensional, i.e., the ones with units;
conversions to dimensionless quantities will be discussed shortly. In terms of these dimensional
quantities, optimal portfolio selection problems for the three tamed strategies mentioned earlier
can be expressed as follows:

1. Modified Mean-Variance (MMV) Problem:

Goal: min Var(X(T))
st. BE(X(T)) = ze® T
X()>0 as., Viel0,T].

2. Shortfall Probability Minimization (SPM) Problem:

Goal: min P [X(T) < xe(R_f)T} :
3. Power Utility Maximization (PUM) Problem:
1 .
Goal: max E [V(X(T))W] .

where the risk aversion parameter v is related to the target return rate R (see Eq. (32)).

The quantity R in the aforementioned formulations is defined to be the undiscounted dimensional
target return rate for the investment horizon 7', which is a free-varying parameter for each strategy.
Different values of R lead to a different wealth allocation to the risky asset for each given strategy.
Therefore each tamed strategy (MMV, SPM and PUM) is actually a one-parameter family of
portfolio choices.

We introduce the following dimensionless quantities:

=
[I>
VR
=
I
Il
N
&
—~
2
|
et
N—
—
S
N—

~

(>
7 N
=

Q| |
<
~_
()

\.@Fl

—

at

S~—

and a scaled quantity:
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52
Unless otherwise specified, dimensionless and scaled quantities will be used in the rest of this paper.

The corresponding unscaled dimensional results can easily be recovered from Egs. (4), (5) and (6).

More specifically, for given dimensional parameters i, ¢ and 7, the undiscounted dimensional R,
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the dimensional  and 7 (£, R) can be obtained from the dimensionless R, t and 7 (¢, R) through the

relations:

U -2 N
~ (7 P p—r p—r pw—r -
t,R) = t,|— ) R . 9
73 B (0>“((a) (=) +r> o)
In terms of the dimensionless quantities, the wealth process can be rewritten as

dX (t) = n(t)dt + m()dW (t), (10)

Now we redefine S(t) to be the discounted stock price, i.e., e~ S(#). Then the dynamic equation

for dS expressed in terms of the dimensionless time ¢ is
dS(t)=S8(t) a(dt+dW (1)),

where a £ 02 /(fi — 7) is a dimensionless parameter. We comment that « will not appear in the rest
of the paper since the following derivations are based only on Eq. (10) in which « is absorbed into
the definition of 7(-) (see Eq. (6)).

Obviously, the dimensionless investment horizon T can be expressed as T = (%)QT , which
depends not only on the dimensional investment horizon T, but also on the dimensional drift f,
interest rate 7 and volatility . Therefore, several factors can make T large, namely: long time
horizon T, large drift fi, and small volatility &.

It will be shown later in the paper that when one follows the MMV, SPM or PUM strategies over
a long investment horizon, there is a threshold in the dimensionless target return rate, above/below
which the bankruptcy surely /never occurs. This threshold is R* = £ for the MMV and SPM strate-
gies and R* =2 for the PUM strategy. From Eq. (7), the threshold in undiscounted dimensional

R*:1<ﬂff>2+f ()

target return rate is:

2 o
for the MMV and SPM strategies, and

z:z*:z(ﬂfffw (12

for the PUM strategy.
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We now provide an example illustrating the importance of the threshold for these three tamed
strategies in terms of the dimensional target return rate R. Assuming the dimensional parameters
are 7 = 4%, f1=10% and & = 20%, then from Eq. (11) the threshold in undiscounted dimensional
target return rate is 8.5% when one applies the MMV strategy or the SPM strategy over a long
investment horizon. If an investor adopts the PUM strategy, then from Eq. (12) the threshold in
undiscounted dimensional target return rate is 22%, which is much higher than that for the MMV
strategy or the SPM strategy.

For the MMV, SPM and PUM strategies, the target return rate remains constant over the whole
investment horizon. It is desirable to design a strategy such that the investor strategically and
dynamically adjusts the target return rate. To reduce the probability of bankruptcy, the investor
will lower the target when the portfolio wealth is low, and raise the target when the wealth is
high. Although this is beyond the scope of the present paper, which is to study the bankruptcy
probability of known strategies in the literature, it is an important practical issue. A study of
portfolio selection based on the constraint on value-at-risk over the immediate time interval [¢, ¢+ 7]
for any ¢ before the investment horizon can be found in the work of Cuoco et al. (2001).

The outline of the paper is as follows: In Section 2 we analyze the long-term bankruptcy prob-
ability for the three tamed strategies and determine the threshold for each of them. In Section 3
we study the bankruptcy probability over a finite time horizon. In Section 4 we reveal the relation
between the three tamed strategies and compare the strategies from different perspectives. In Sec-
tion 5 we present the results in the multi-asset market. In Section 6 we present an empirical study
based on the Dow Jones Industrial Average Index to confirm the results. Section 7 concludes. All

derivations and proofs are given in Appendix A.

2. Bankruptcy Probability in long-term investments

In this section we survey the three tamed portfolio strategies. To describe the risk characteristics
of a strategy, we introduce the following risk measure of bankruptcy probability up to the time
horizon T: Brp(T) = P(oglngX(t) <0). For tamed strategies with wealth bounded below by zero,
this definition of bankruptcy probability is equivalent to

Brp(T) = P( inf X(t)=0) = P(X(T)=0), (13)

0<t<T

which says that bankruptcy is an absorbing state (cf. Karatzas (1997), p.34). Because when the
wealth becomes zero, any investment in the risky asset will lead to a negative wealth with a positive

probability, which violates the nonnegative wealth restriction.
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We will focus on the asymptotic behavior of bankruptcy probability, namely Tlgr;o Brp(T), which
is clearly important for long-term investments. First, we derive analytical formulas for bankruptcy
probabilities of the three tamed strategies under a finite investment horizon. Then, we show that
in the long investment horizon limit (7" — o0), there exists a unique threshold R* in the target
return rate for each strategy. When the target return rate is set below R*, the bankruptcy will
never occur. Otherwise, the portfolio will surely go bankrupt, i.e., the wealth will surely reach zero

or become arbitrarily close to zero.

2.1. Modified Mean-Variance (MMV) Strategy

It is known that the optimal wealth process X (¢) in the continuous-time mean-variance portfolio
selection setting can become negative during the investment period (see Eq. (A.10) for details).
To overcome this problem, Bielecki et al. (2005) studied the mean-variance problem under the

nonnegative wealth restriction. The formulation of this problem is:

Goal: min Var(X(T))
st. B(X(T))=ze™T,
X(t) =0 a.s., Vte[0,T]

which has the solution

where

y(t) = wye” e_%t_vf(t) (16)
b = ) =0 )
d—(t7y) - d+(tay) —-VI-t (18)

Here W (t) is the standard Brownian motion and (w;,ws) is the unique solution determined by the

following equations:

In(wy/we)—+T In(wy /wa)—3T
wl@ (1/ 2) P —(,UQeT(I) (1/ 2) 2

VT JT =7
In(wy /wo)+5T In(wy /wo)—%T (19)
Uqu) Tﬁ —Wg(b(Tj>:xeRlT,

where ®(-) denotes the cumulative normal distribution function. Notice that w; and w, are functions

of T'and R; (proportional dependence on z is trivial).
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Eq. (15) for X(T') can be simplified to
X(T)=max(0,w; —ws e*%wa(T)) = <w1 —wy eféT*W(T)> " , (20)
which together with Eq. (13) leads to
Brp(T) = P (w1 —ws e 3T <
- 1—@(\/1? <ln <$)+;T>> (21)

Because w; and w, depend on Ry, Brp(T') has the following asymptotic behavior (see Appendix A

for derivations)

0, R < %
Tlim Brp(T) =< +, Ri=1 (22)
- 1, Ry > 1.

Equation (22) shows that there exists a threshold R; =3 when applying the long-term Modified
Mean-Variance strategy. An investor should set his/her target return rate less than this threshold,
which guarantees no bankruptcy. Otherwise, the investor will surely lose everything in a long-term

investment.

2.2. Shortfall Probability Minimization (SPM) Strategy

This strategy is designed to minimize the shortfall probability of the portfolio value below a specified

wealth level at a given investment horizon. This problem can be expressed as:
Goal: min P [X(T) < ze™T].

Browne (1999, 2000) studied this problem and gave an explicit solution
x efteT LX)
mit) = S0 (07 (r ) ). (23)

X(t) = zeT® (\/% [W(t) +t+ VIO (eRQT)]) (24)

for (0 <t <T), where ¢(-) denotes the density function of a standard normal variable,

o) = =%

Unlike the MMV strategy where the target return rate R; is the same as the expected return

rate, here the target return rate R, differs from the expected return rate, because

E(X(T)) = ze™T ¢ (ﬁ +3! (e*Rﬂ)) < wefte? (25)
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However, it is easy to check that

lim %ln(E(X(T) J2)) = Ry, YRy < % (26)

T— o0

which means that the target return rate R, is the same as the expected return rate in the long
investment horizon limit provided that R, < %

Eq. (24) says that the final wealth X (7') satisfies a binomial distribution, i.e.,

zef2T if W(T)+T+VTd ' (e F2T) >0

X(T) = {O, i W(T)+T+ VT (e F2T) <0 (27)

which leads to

Brp(T) = P(W(T) + T+ VTo~ (e ™T) <0)
—1-0 (VT +o ! (¢ 7). (28)

Using the asymptotic expansions of ®~*(-) (see Bailey (1981)), we have the following expression in

the limit T — oo

d-1 (e_RzT) = —\/2R,T + h;@g\/%? +0 (;) . (29)

Substituting the expression (29) into Eq. (28), we obtain

0, Ro<
Tlim Brp(T) =< %, Ry=1 (30)
e 1, Ry>1.

Equation (30) shows that the threshold in target return rate is Rj = § for the SPM strategy.

2.3. Power Utility Maximization (PUM) Strategy

This is a classic optimal investment strategy in the continuous-time model introduced by Merton

(1971). The formulation of this problem is

Goal: max E [i(X (T))V}

which has the solution
m3(t) = —— X(t). (31)

The relative risk aversion parameter v of the power utility function is related to the target return

rate R3 by the following identity:
(32)
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which is obtained from the equality
1
E(X(T))=x exp (1—’Y T> £z exp(RsT). (33)

Notice that, by definition, the target return R3 here is also the expected return rate of the wealth.
In terms of R3, X (t) can be expressed as follows:
R2
X(t) = xexp <<R3 — 2‘3> t+ R W(t)) . (34)
For this strategy, the wealth is always positive, i.e., X(t) >0, V0 < ¢t < T, which means zero
probability of bankruptcy. However, one can ask the following question instead: Over a given time
horizon what is the probability that the portfolio value falls below ¢ fraction of its initial wealth
x, namely,

Brp(6,T) = P( inf X(t)<dz).

ost<T
Using the joint distribution of (W(t),oi<n£ tW(s)) and the Girsanov theorem, we can calculate this
bankruptcy probability (derivation can be found in Appendix A):
Ind —aT Ind+aT\ 2ans
Brp(8,T) = & [ 20— 2% +<I>(>eb2, 35

vo1) ( T > T (35)

where a = R3 — R3/2 and b= R;.
The asymptotic behavior of Brp(d,7T) in the limit 7' — oo is:

(£ -1)1ns iR 9
lim Brp(5,T) = { €™ o Ay < 36
Jim Brp(5,T) {1’ i Ry 2. (36)

Equation (36) shows that no matter how small the value of ¢ is, as long as the target return rate
R5 is sufficiently large and that the investment horizon is long enough, the value of the portfolio

will surely reach § x. In particular, in the limit § — 0 we have

. 0, R3 <2
+ _ ) 3
fim Brp(07,T) = {1, Ry>2. (37)
So the PUM strategy also has a threshold of R} =2 for a long-term investment.
We now provide two ways to understand this threshold, one from the wealth growth rate perspec-
tive and the other from financial interpretation of the investment strategy. (i) It is easy to verify
that dln X (t) = R3(1 — £8)dt + RsdW (). So the log of wealth will be negative infinity as t — oo if

ng =1 (cf.

R3 > 2. The corresponding threshold for the relative risk aversion parameter is v* =1 —

Eq. 32). Thus a long-term investor should only use the power utility function with v < %, which
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is pointed out in Chapter 2 of Yang (2006). (ii) When R < 1, one keeps (1 — R)X > 0 amount of
his/her wealth in the money market. Obviously, bankruptcy will never occur in this case. When
R > 1, one needs to borrow (R —1)X from the money market account. In the case of R <2, even
if the investor loses all borrowed money (R — 1) X, he/she still has a net asset value X’ = (2— R)X
after paying the debt, which allows the investor to continue the investment strategy by borrowing
(R—1)X'. However, when R > 2, bankruptcy occurs if the investor loses all the borrowed money.

We have proven that in the long investment horizon limit, the bankruptcy probability tends to
one when the target return rate is set above the threshold. One may wonder, in such a case, how
the condition F(X(T)) = xef'" on the final wealth can be satisfied. We explain this paradox in

Appendix B.

3. Bankruptcy Probability in Finite Time Horizon

In this section we discuss and compare the bankruptcy probabilities of the MMV, the SPM and
the PUM strategies over a finite time horizon, which are given analytically as functions of R and
T by Egs. (21), (28) and (35), respectively.

Figure 1 presents the bankruptcy probabilities as a function of R for T'=1, 5 and 25 for the
MMV, the SPM and the PUM strategies. For the PUM strategy we set ¢ in Eq. (35) to 0.001, i.e.,
losing 99.9% of the initial wealth. Obviously, for each strategy the shape of the curve converges
to a step function as T — oo, and the jump point of the step function is located at the threshold

value R* as it should be.

Modified M-V Shortfall
2 1 o-= 1 === 1
S o/ -/
_g’ / ol
o o B
a os5) 05" 0.5
5 i 1
> . 1
i~ d !
§ L / :
m O 0 0
0 5 0 5 10 0 5 10
R R R

Figure 1 Bankruptcy probability as a function of R for different T'. Solid, dash-dotted, dotted lines are results
for T =1, 5 and 25, respectively

In Figure 2 we compare the bankruptcy probabilities among the MMV, the SPM and the PUM
strategies over same time horizon. The values of the parameters are the same as those in Figure 1.
As we mentioned earlier, for the MMV and the PUM strategies, the target return rate is the same
as the expected return rate, i.e., R = R.. However, for the SPM strategy, although R, = R, holds
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in the limit as T'— oo (see Eq. (26)), they are different in a finite time horizon (see Eq. (25)).
Therefore, one needs to use R, instead of R, in the SPM strategy for comparing different strategies

in finite T'. R, is related to R, by the following equation:

E(X(T)) = ze™T ® (ﬁ_}_@fl (67122T)> — pelteT
ic., R, = Ry+ %h@ (ﬁJrqﬂ (efRQT)) .

Figure 2 shows that under the same expected return rate R., the PUM strategy has the low-
est bankruptcy probability among all three strategies, and the SPM strategy has the highest
bankruptcy probability. We will further discuss the relation among these three seemingly different

strategies in Section 4.

T=5 T=25

[EY

Bankrupt Probability
o
()]

o
o
o

Figure 2 Bankruptcy probability as a function of R for different values of T'. The solid, dash-dotted, dotted lines
are results for the MMV, the SPM and the PUM strategies, respectively.

Figure 3 shows the bankruptcy probabilities of the MMV, SPM and PUM strategies as a function
of investment time horizon T for different values of R./R*. The situation for R, > R* is plotted in
the top row, whereas the case R, < R* is plotted in the bottom row, because the vertical scales of
the top and bottom rows are very different. It is clear that for the PUM strategy, the bankruptcy
probability is an increasing function of T regardless of R, (cf. Eq. (40)). However, for the MMV
and SPM strategies, the bankruptcy probabilities are increasing functions of 7" only when R, > R*;
there exists a maximum bankruptcy probability P* located at T'=T* when R, < R*. Obviously,
one should avoid choosing an investment horizon near T when applying these two strategies.

Now, let us determine 7™ which is governed by the equation aBgi’q’,(T) |r=7+ = 0. It is straightforward

to derive the following results. For the MMV strategy, 17 satisfies:

OBrp(TY) 1 1 1 1 dn 1
——=—¢| —= | Inn+ T} - Inn+ -+ =0,
oT; JT; 27! 2T n/Ty dTy  4./T;
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Figure 3 Bankruptcy probability as a function of T for different values of R.. Solid, dash-dotted, dotted lines
stand for R. =0.5R", R* and 1.5R", respectively.

Figure 4  Relation between T* and R./R*. Solid and dash-dotted lines are results for the MMV and the SPM

strategy, respectively.

Figure 5 Relation between P* and R./R*. Solid, dash-dotted and dotted lines are results for the MMV, the SPM
and the PUM strategies, respectively.
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namely,
1 1dyp 1
2T ndly ' 4 (38)

where 1 =w; /wy is a function of T}, and satisfies Eq. (A.2) (see Appendix A for details). For the
SPM strategy, T satisfies:

8Bg};ékT;) — 6 (\/17;4_@71 (67R2T2*>) (

1 RQG_RQTQ* 0
2/T;  ¢(P-1(e F2T2)) -

namely,
R2 67R2 TQ*

1
2T 9(07 (e 1))

=0. (39)

For the PUM strategy:

(40)

OBrp(T) Ind Iné— (R3 — R3/2)T
L >0,
oT RT3

- RoVT
Brp(T) is an increasing function of T' because Ind < 0, hence T3 = co. The maximum bankruptcy
probability P = Brp(T*) for the MMV, SPM and PUM strategies can be easily determined from
Egs. (21), (28) and (35), respectively.

As R./R* approaches one from below, T for the MMV and the SPM strategies approaches
infinity; see Figure 4. Notice that T* for the PUM strategy is always infinite. Furthermore, under the
limit R./R* — 1, the maximum bankruptcy probability P* for the MMV and the SPM strategies
approaches % and that for the PUM strategy approaches 1; see Figure 5. This is consistent with
our earlier conclusions about long-term investments under these three strategies; see Eqs. (22),
(30) and (37) for details. Obviously, sure bankruptcy for long-term investments will occur when
R./R* > 1.

On the other hand, as R, approaches zero, three curves in the bottom row of Figure 3 will all
collapse to the x-axis, i.e., bankruptcy probabilities become zero, which is clearly demonstrated
in Figure 5, as P* — 0 when R. — 0 for all three strategies. This can be easily proven by letting

R — 0 in Egs. (21), (28) and (35). For the MMV strategy, there is an interior maximum point 7™

whose value never drops below 3.8462. For the SPM strategy, T* approaches zero as R, — 0.

4. Comparison among Strategies

In previous sections, we have studied the bankruptcy probabilities of the MMV, SPM and PUM
strategies. In this section, we compare these strategies and reveal that some do behave the same
in certain parameter ranges. Such a comparison study can be carried out from two different per-

spectives: the allocation of wealth to risky asset 7(¢) and utility function maximization.
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4.1. Asset allocation perspective

The following theorem shows that when T is small, the MMV strategy and the PUM strategy
allocate the same amount of money to the risky asset, i.e., m(t) ~ m3(¢). When T is very large, the
MMYV strategy and the SPM strategy allocate the same amount of money to the risky asset, i.e.,

71 (t) ~ m2(t). Here the symbol ~ denotes the equivalence relation.

THEOREM 1. For a given finite target return rate R, we have

%1130 m(t) = %1% ms(t), Tlgrolo m(t) = Thm mo(t) (0<t<T).

Theorem 1 explains why the MMV and the SPM strategies have the same threshold in target

return rate for a long-term investment.

T=0.1 T=1 T=10

1.1 1.3 12
. 12 _ 13
< 1.05 <11 < 6
1 4
1 0.9 2 2

0 0.05 0.1 0 0.5 1 0 5 10

t t t

Figure 6 Sample paths of the MMV, SPM and PUM strategies for different time horizons. Red, purple and green
lines stand for the MMV, the SPM and the PUM strategies, respectively.

For an intuitive demonstration, we plot in Figure 6 some sample paths of the three strategies.
Here we set R = i, which is half of the threshold of the MMV and the SPM strategies, and one
eighth of the threshold of the PUM strategy. The stock path is generated randomly by a Monte
Carlo simulation. Based on the same stock path, we obtain the corresponding wealth paths for
different portfolio strategies from Egs. (15), (24) and (34). As we move from the left panel to the
right panel, T increases. These panels show that the path of the MMV strategy is close to that of the
PUM/SPM strategy when T is small/large (see first/third panel). These are visual demonstrations
of Theorem 1. We comment that the purple curves for the SPM strategy become flat at a later
portion of the horizon. This is due to the fact that the strategy minimizes the probability of the
value of portfolio below a given level. Once that level is reached, the strategy will no longer allocate
any wealth to the risky asset.

To explain the importance of the threshold in target return rate in a long-term investment,

we plot in Figure 7 the wealth paths of these strategies under two different target return rates:
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Figure 7 Comparison of the MMV, SPM and PUM strategies for different target return rates under the same
stock path. Red, purple and green lines stand for the MMV, SPM and PUM strategies, respectively.

one below the threshold and the other above. Figure 7 shows that strategies with target return
rates below the threshold perform better than those with the target return rates above the thresh-
old. It means that the investors may increase their target return rate as long as it is below the
threshold. Setting the target return rate above the threshold will degrade, rather than improve,

the performance of the portfolio.

4.2. Utility functions maximization perspective

The utility maximization method is a useful and popular approach in portfolio selection. The three
tamed strategies that we focus on in this paper can be treated under the same framework of utility
maximization, namely maximizing F(U(Xr)) with different utility functions U(-). We will compare
the three strategies from utility function maximization perspective in this section.

The utility function corresponding to the MMV strategy is given by Xia (2005),
Uy)=—((A=9)")7%, A=, (41)
which can be written in the following form after an equivalent linear transformation
Uly)=—((1- P+ Az (42)
where the parameter A is related to the target return rate R; by the expression (derivation can be
found in Appendix A)
e(R1+1)T — ]_
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The utility function for the SPM strategy is:

Uz(y) — 1{y2xeR2T}' (44)
It is a direct result of the following equation:

min P [X (T) < ze™"] = mTzrxxE [1{X(T)21632T} ,

™

which is convex for the part below the target and concave for the part above the target. This type
of utility function is described in Benartzi and Thaler (1999) and Berkelaar et al. (2004).

Obviously, the utility function for the PUM strategy is equivalent to:

1
Us(y) = ;y” +1, (45)

where the risk aversion parameter v and the target return rate Rj are related by Eq. (32).

MMV SPM PUM
1 1f 1
I
2, 05 I 2, 05 2, 05
] I -] -]
|
0 * 0 0
o 1M 2 3 o 1 2 3 1 2 3
y y y

Figure 8  Comparison of the corresponding utility functions of the MMV, the SPM and the PUM strategies.

The three utility functions are parameterized by the target return rate R. In addition, the utility
functions corresponding to the MMV and the SPM strategies depend on the investment horizon
T as well. The curves in Figure 8 correspond to the utility functions for the MMV, the SPM and
the PUM strategies given by Egs. (42), (44) and (45), where the parameters are R= 1 and T = 1.
We comment that the shape of the utility function of the MMV strategy looks like a combination
of different portions of utility functions of the SPM and the PUM strategies: the segment y < A
behaves like the PUM strategy and the segment y > A behaves like the SPM strategy.

We now quantify these observations. Let us first examine the limit 7" — 0, under which the wealth
distribution for X (7) is almost like a delta function centered at the initial wealth x. Therefore,
only the local behavior of the utility function around z is relevant. The local behavior of a utility
function can be uniquely characterized by the relative risk aversion (RRA) function:

yU"(y)
U'ly)

RRA(y) =
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In order to determine the value of the relative risk aversion function for the MMV strategy at x,

we must know whether z is greater or less than A. From Eq. (43), we have

6(R1+1)T — 1

After some algebraic manipulations, we obtain the RRA for the MMV strategy

T 1
RRA = =—. 46
(@)= 7= & (46)
It is well known that the relative risk aversion function for the power utility is a constant
RRAs;(y) =1—-v= R (47)
3

where the last equal sign of Eq. (47) comes from the relation in Eq. (32). Therefore, for a given
target return rate R, the MMV and the PUM strategies are the same in the limit 7" — 0.

We now examine the limit 1" — oo, under which the MMV and the SPM strategies are the same.
Notice that the utility function of the MMV strategy becomes flat when y > A\, which shares the

R2T This means that an investor is indifferent

same character as the SPM strategy when y > xe
to the unit increase of wealth when the wealth level is above a certain threshold. By setting
R =R, = R,, we can obtain that

1.

TI—IBO eR2T -
This result shows that the saturated wealth levels for the MMV and the SPM strategies are the

same as T — oo. Furthermore, we can obtain the following theorem:

THEOREM 2. For a given target return rate R, we have

1, R<3
lim E(U,(X,(T))) = lim E(U(X,(T) =1 &, R=1 (48)
o o 0, R> 1.

Theorem 2 verifies the equivalence between the utility function of MMV and SPM strategies in the
long investment horizon limit, and shows us again from the utility perspective why we should set

the target return rate below the threshold for a long-term investment.

5. Strategies in multi-risk-asset market

As we stated in the introduction, our purpose is to study various strategies in a financial market
which consists of n risky assets and a money market account. In this section, we show that all

our conclusions in previous sections still hold in this multi-risk-asset market. All quantities in



YU, Zhang, and Yang: Bankruptcy in Long-term Investments
Article submitted to ; manuscript no. (Please, provide the mansucript number!) 19

w~"”

this section are dimensional ones; for brevity, we have drop the symbol associated with the
dimensional quantities.

The price processes of the stocks satisfy the stochastic differential equation (SDE) given by
Eq. (1). Let = (717, ..., w{™)’ denote a vector control process in which 7" describes the amount
of money invested in the ith stock at time ¢. Then the discounted wealth process can be written

as:
dx(t) =7 —rdt+ 3> wo, dW. (49)
i=1 i=1 j=1

We assume that the matrix o = (0);; is invertible. After introducing (column) vectors p =

(s e i)’y 1=1(1,...,1), and

&
[1>

/*L_T]w (50)
0 =0 'B, (51)

we can rewrite Eq. (49) as

dX(t) = m,(p—rl)dt+ w0 dWs,
= mo0dt+ o dW,. (52)

The three tamed strategies in the multi-risk-asset market can be expressed in terms of these vectors.

1. Modified Mean-Variance Strategy (Bielecki et al. (2005)):

mi(t) = (00') ' Blw ®(—d_(t,y(t))) — X(1)], (53)
X(t) = wi ®(=d_(,y(t)) — P(=dy.(t,y(t))) y(?)

where

y(t) = ws 6\9|2T 6—%|0|2t—0’Wt’

Lty — MW/ +HOP(T 1)
0IVT —t

d-(t,y) = di(t,y) —|0|VT —1t

and (w;,ws) is the unique solution to the following system of equations:

o, @ (ln(m/wz)*%IGIQT) w7 <1n<w1/w2>f%|e|2T) o

It‘JI\/T1 ) ] |9|2ﬁ
In(wy/w2)+35(01°T In(wy/wo)=501°T\ _ RiT
W1¢<T\/T2>—WQ¢(T\/TQ>—IE€ 1+,

2. Shortfall Probability Minimization Strategy (Browne (1999)):

ma(t) = zef2? igﬁ;gﬁ <<I>1 (;Z;?T» , (54)

1
X(t) = Rzch(
(t) = we 61T — ¢

(0" Wo+ (0]t + |0]VTo! (e—R2T)]>



YU, Zhang, and Yang: Bankruptcy in Long-term Investments
20 Article submitted to ; manuscript no. (Please, provide the mansucript number!)

3. Power Utility Maximization Strategy (Merton (1971)):

m3(t) = #X(t), (55)
0> 1 |02 o'W,
X(t) = - = haRAS I
W meXp<<1—’Y 21-72) 1
The target return rate Rj is related to v as follows:

B(X(T)/x) = exp (1""2

T) £ exp(R, T),

from which we obtain y=1— %.
Notice that, from Egs. (53), (54) and (55), the allocation of wealth to each risky asset is propor-
tional to the vector (oo’)~'B. We further comment that this vector is independent of strategies
and independent of an investor’s preferences on target return rate R. With this important property,
we can transform the multi-dimensional problem into a one-dimensional problem.
The total amount invested in the risky assets is 1’ 7w (t), the fraction of which allocated to different

risky assets is distributed according to the vector

A (co’)"'B

Y V(oo B]

Define pu,, and o, as follows:

AB,u_B’ (co’)™'B 0’0 B 0|2
Hom = 1)) 'B]  1[(oo’)'B] 1][(loca’) B’
o & gl @) B

1'[(c0’)"'B] 1'[(oc’)"'B]’
Then, in terms of u,, and o,,, Eq. (52) for the wealth X (¢) can be rewritten as

dX (t) = pmm(t)dt + o (t)dW (t),
where the corresponding m(t) for the MMV, the SPM and the PUM strategies are

m(t) = 1'[(e0’) "' B] [w (~d_(t,y(1))) — X (1)],
RoT 1'[(0'0',)713]¢ P! X(t)

7'['2(t) =xTe W x eRaT )
’ n—1
m(0) = 0T B x )

respectively. Note that 1’[(eo’) ' B] is a constant scalar in the expressions above.

Therefore, the n risky assets in our real market are equivalent to a single risk asset in a virtual
market. This fictitious risky asset follows a geometric Brownian motion with drift u,, and volatility
Om- S0 we have transformed the multi-risk-asset problem to a single-risky-asset problem which we
have discussed in detail in previous sections. The threshold in target return rate in the multi-risky-

asset problem is



YU, Zhang, and Yang: Bankruptcy in Long-term Investments
Article submitted to ; manuscript no. (Please, provide the mansucript number!) 21

1. The MMV strategy: R; = 1|6?,
2. The SPM strategy: R; = 1|07,
3. The PUM strategy: R; =2|0]>.

The corresponding version of Theorem 1 in multi-risky-asset market can be expressed as follows:

THEOREM 3. For a given target return rate R, we have

li t)= i t), i )= i t), (0<t<T).
oo ™0 = i o0, i mlt) =l ), >

It should be pointed out that the vector (oa”’)~*B is the market portfolio in the capital asset
pricing model, and plays a fundamental role in the theory of finance. The well-known two-fund
separation theorem states that all investors will hold a combination of the market portfolio and the
risk-free asset; an investor’s risk preference only affects the allocation between the risk-free asset
and the market portfolio, but not the relative weights among different risky assets. We see that
this conclusion also holds for all three tamed continuous-time strategies discussed in the paper.
This result is not a surprise when risky assets are log-normally distributed, and that the strategy
is associated with a non-decreasing utility function maximization problem of the final wealth (see
Section 4.2 for the utility functions associated with the MMV, the SPM and the PUM strategies),
because they are the two necessary conditions for the two-fund separation theorem in continuous-

time, which has been proven by Khanna and Kulldorff (1999).

6. Empirical Study

In this section, we use the “Dow Jones Industrial Average Index” (DJIAI) for our empirical studies
and discussions. We will present two similar studies with different investment horizons.

We apply the MMV, SPM and PUM strategies for a ten-year investment over the period June
25, 1996 - June 28, 2006. We examine the case when the expected return rate has been set above
the threshold value and the case below the threshold. We use the historical data of the DJIAI in
the 10 years prior to the period in question, e.g., the period June 30, 1986 - June 24, 1996, to
estimate the drift and volatility by the standard approach described in Chapter 12 of Hull (2003).

To conduct our empirical study, we use DJIAI index daily closed data, S(t). We determine our
allocation of wealth on the risky asset m(t) based on Egs. (14), (23) and (31) for the MMV, SPM
and PUM strategies, respectively. Then, the corresponding wealth X (¢) is given by

S(t+ At)

X(t+ At =n() =55

+ (X (t) —7(t))e ™. (56)

Here At =1/N where N is the number of trading days in a year. Since X (¢) is proportional to
X (0), we present all empirical results for X (¢)/X(0).
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Figure 9 Comparison of the MMV, SPM and PUM strategies based on the Dow Jones Industrial Average Index
over 10 years starting from June 1996. The portfolio is updated daily with 7 = 3%, @ = 12.88% and
6 = 17.06%. Red, purple, green and black lines stand for the MMV, SPM, PUM strategies and the
DJIAT respectively.

The risk-free rate is set at 7 = 3% per annum, and the estimated model parameters are i =
12.88%, 6 = 17.06%. Notice that the wealth in this paper is discounted, using Eq. (7). The threshold
for the undiscounted dimensional target return rate for MMV and SPM strategy is R* = (%)2 R+
7=19.77%. We set R =24% and R = 16%, which correspond to the cases of the target return rate
being above and below the threshold.

There are two reasons we set the target return rate 4% away from the threshold. First, due to
the estimated error in calibrating the historical data, the estimated model parameters may not be
as accurate as we want. Setting +4% away from 19.77% increases the chances that these two target
return rates locate on two sides of the threshold. Second, the time horizon is not long enough, e.g.,
in our empirical case, T = (%)QT = 3.35 < co. Therefore there is a range (R',R") around R*
in which bankruptcy probability changes rapidly from low to high (see Figure 1 for details). It is
obvious that the longer the dimensionless horizon T is, the narrower the range (Rl,Rh) will be. As
T — oo, this range will collapse on to a single point R*, which is the critical point of target return

rate.
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Figure 10 Comparison of the MMV, SPM and PUM strategies based on the Dow Jones Industrial Average Index
over 60 years starting from June 1946. The portfolio is updated daily with 7 = 3%, i = 7.76% and
& = 14.31%. Red, purple, green and black lines stand for the MMV, SPM, PUM strategies and the
DJIAI respectively.

Due to the large fluctuation of the DJIAI, we adopt the log scale to plot the performance. The
top panel of Figure 9 shows that the target return rate R = 24% leads to bankruptcy at the end of
the investment horizon under the MMV and SPM strategies. The investment based on the MMV
strategy bankrupted on June 28, 2006, and the investment based on the SPM strategy bankrupted
on June 5, 2006. Note that both investments bankrupted on the end of investment horizon. This is
due to the fact that near the end of the investment horizon, if the portfolio has not met the target
return rate, it will allocate more wealth to the risky asset, which dramatically increases the risk
of bankruptcy. When R =16% which is below the threshold, both the MMV and SPM strategies
perform much better than the DJTAI.

The threshold of undiscounted dimensional target return rate of the PUM strategy is much higher
than that of the MMV and SPM strategies, e.g., 70.08% in this case. For comparison purpose,
we also plot the portfolio process of the PUM strategy when the target return rate is set higher
and lower than the threshold, i.e., 75% and 50%, respectively. In fact, we observe that when the

target return rate is set to 75%, applying the PUM strategy will lead to a large loss, e.g., losing
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99% of initial wealth on May 7, 2002. We comment that both the MMV and SPM strategies lead
to bankruptcy at the 24% target return rate, while the bankruptcy does not occur for the PUM
strategy even at the 50% target return rate. Therefore an investor should prefer the PUM strategy
than the other two strategies. This is consistent with our theoretical finding presented in Figs. 1
and 2, namely the PUM strategy is much safer than the MMV and SPM strategies under the same
target return rate.

To consider the case of extremely long-term investments, we calibrate the model parameters
of the DJIAI over the past sixty years, e.g., June 25, 1946 - June 28, 2006. We find 1 = 7.76%,
& =14.31% which corresponds to the threshold R* = 8.54% for the MMV and SPM strategies, the
threshold R; =25.1% for the PUM strategy. Notice that these thresholds are much lower than the
shorter horizon study. In the top panel of Figure 10, we set the target return rates to R =12% for
the MMV and SPM strategies, and R; = 26% for the PUM strategy, which are all higher than their
respective long-term bankruptcy thresholds. All three strategies went bankrupt on the same day:
October 19, 1987, due to the stock market crash on that day. In the bottom panel of Figure 10,
the target return rates are R =8% for the MMV and SPM strategies, and R; = 20% for the PUM
strategy, which are all lower than their respective long-term bankruptcy thresholds. Notice that
in this case none of the strategy went bankrupt even with the 1987 market crash. These results
underscore how important the bankruptcy threshold is in setting the target return rate. General
conclusions of the previous empirical study also apply here.

We comment that the dimensional threshold depends on & and i — 7 (come from Egs. (11) and
(12)). If & is increased by a factor of 2, or i — 7 is decreased by a factor of 2, then the dimensional
threshold of the discounted wealth will almost be reduced by a factor of 4. Since there are many
volatile or low growth stocks in the market, their long-term bankruptcy thresholds will be lower
than the ones of the DJIAIL Therefore one must be careful when setting target return rates for

these stocks.

7. Conclusion

Continuous-time portfolio selection strategies can be divided into two classes depending on whether
the strategy imposes a lower bound on the wealth. Applying strategies without lower wealth bounds
(untamed) leads to a sure bankruptcy in a long-term investment. The main conclusion of this paper
is that for the three (MMV, SPM and PUM) tamed strategies with lower wealth bound of zero,
there is a unique threshold in the target return rate above which sure bankruptcy will result in
the long investment horizon limit. Thus for a long-term investor, it is important to choose a tamed

strategy and set the target return rate below the threshold.
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Appendix A: Derivations and Proofs

Derivation of asymptotic behavior of Brp(T') of the MMV strategy given by Eq. (22):
Proof: Equation (21) shows that Brp(T) is only a function of the ratio n =w; /ws:

Brp(T) = 1— <¢1T <1n17+ ;T)> . (A1)

Here 7 is the root of the following equation, derived from Eq. (19).
lnn+%T> B <lnn—%T)
77(1)( VT ® vT — T

& lnnf%T _eTh lnnng =€
" VT € N

In order to determine Tlim Brp(T), we need to investigate the asymptotic behavior of Inn(T") in

(A.2)

the limit 7" — oco. We verified that when T'— oo, Eq. (A.2) can not admit a solution of finite value.
Therefore, we only need to consider the choices Tlim Inn(T)= + oc.

We consider the case Tlim Inn(T") = 400 first. To analyze the solution of (A.2) for large T', we need

Inn(T)— 3T : . .
—————=— for large T'. ®(z) has the following asymptotic expressions:
vT
2 2

1 22 1 22 1
(I)(x):1_\/ﬂ€_2x+0<e_2x?> as x — +00.

to examine the limit of

. ... Inp(T)—1iT
One can show that choices that the limit lim —————=—

T—o0 \/T

= +00 being finite or positive infinity

. . .. Inp(T)-3iT .
do not satisfy Eq. (A.2), and the only remaining choice, lim —————=— = —o0, gives
T—o0 \/T
mn(T) = (2= V2R ) T+ 2L L onT), asT (A.3)
n =(=- o(InT), as T — oc. :
7 2 ' V2R
Since ]hm In7n(T) = +o0, Eq. (A.3) shows that R; < :.
; : : o In(T) + 35T
Now we consider the case lim Inn(7T) = —oo and examine the limit of for large T

T1—>oo \/T
| T =T
One can show lim w

T —o0

1 T i

I 1 2@ 5T
T—o0 ,/T

being finite is not a solution of Eq. (A.2).

= 400, we obtain

Inn(T) = (; - «/2R1> T+ \;% +o(InT). (A4)

From the condition lim Inn(T) = —oco, Eq. (A.4) gives Ry > &

T—o0 8’
Inn(T)+ LT
lim n(T) + 5T =400, Eq. (A.4) gives R < 5. Therefore, in the limit T'— oo,
T—oo VT

and from the condition

1 InT 1 1
Inn(T) = <2 - \/2R1> T+ \/% +o(InT), in the interval 3 < R< 7 (A.5)
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1 T 1
I 1 2@ 5T
T—o0 W/T

= —00, we obtain
1
Inn(T)=—-RiT+o(T), when R;> 3 (A.6)

. , . . Ing(T)+3T
The relation R, > 5 comes from the condition that lim ——————
T—oo W/T
(A.5) and (A.6) can be combined as:

= —oo. Equations (A.3),

T—oo:Inn(T) = (A.7)

N[= =

—R1T+0(T), R

(3 —V2R) T+ \72%1 +o(InT), R <
1> 5.
After substituting Eq. (A.7) into Eq. (A.1), this completes the proof of Eq. (22).
Derivation for Brp(T) of the PUM strategy given by Eq. (35):
Proof: By introducing the symbols a = Rz — R?g and b= R3, Eq. (34) can be rewritten as X (t) =
R3 —~
xe(RTTS)HR?’ W —— 2ebW®+50 By the Girsanov theorem, W (t) = W (t) + 2t is a Brownian
motion under the probability ]5, where
i
P
Using the joint distribution of (W(t), inf W(s))

0<s<t

Z(t) = e—%W(t)—%Z—Qt _ e—%W(t)-&-%‘;—Qt'

P(W(t) e dx,oinftW(s) edy) =

<8<

2(x—2 (2y—x)?
u67 2y2t de’dy (y<$7y<0)7
273

we can calculate Brp(T) as follows:

P(inf X(t)<dz)=E

0<t<T 1{ osi?iTX(tKM}> ’
}

=FE|1 (1)< o
{ int Wry<lys
o<t<T

Z(T))’
ln5+aT> 2alns

In§ —aT
- () ()
Derivation of \ given by Eq. (43):

Proof: In order to get the expression for A, we need to introduce two untamed strategies. The first
one is the Mean-Variance Strategy, which was first proposed and solved in the single-period setting
by Markowitz (1952, 1959) in his pioneering work. Then, the model was extended to multi-period
by Hakansson (1971) and Grauer and Hakansson (1993), and to continuous-time setting by Zhou
and Li (2000). In the work of Zhou and Li (2000), they use the embedding technique and linear-
quadratic (LQ) optimal control theory to solve the mean-variance problem in the continuous-time

setting. The formulation of this problem is

Goal: min Var(X(T)) (A.8)
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sit. B(X(T))=ze"",

which has the solution

e(R+1)T -1
(R+1)T _ 1 (R+1)T _ 1 )
_ € —3t—W(t) € —3t—W()
X(t) .IeTi_l—Fl'e 2 —376,117_16 2 . (AlO)

The second one is Final Wealth Targeting Strategy. This strategy was first studied by Duffie
and Richardson (1991), which is designed for investors who care about the terminal wealth and
attempt to minimize its deviation from the target terminal value. The formulation of this problem

is
Goal: min E[(X(T) — xe")?] (A.11)
which has the solution

n(t) = zefT — X(¢), (A.12)

X(t) =X eRT -+ .re_%t_w(t) _ xeRTe—%t_W(t)'

Denote the target return rate for “Mean-Variance” and “Final Wealth Targeting” by Rj;yv and
Rrwr, respectively. By equating their optimal policies 7(-) given by Egs. (A.9) and (A.12), we
obtain the following relation

1 e(RMV-i-l)T —1

RFWT:TIH ol — 1

(A.13)
which shows the equivalence between this two strategies.

Since adding the constraint {X (¢) >0 a.s. 0 <t < T} to both Mean-Variance strategy (A.8) and
Final Wealth Targeting strategy (A.11) does not change the equivalence (A.13) between them, and
noting the similarity between relations (41) and (A.11), we can obtain the relation (43) as follows:
p(R1+1)T _

A =zefFrwT =g =
el =1

Proof of Theorem 1:

Proof: First we show that the MMV strategy and the PUM strategy are the same in the limit
T — 0. For a given finite R;, in the limit 7' — 0, we can derive the asymptotic behavior of n(T")
from Eq. (A.2):
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and the following expressions for w; (T') and wo(7T) from Eq. (19):
wi(T)=x (1+Ry)+0(1), w(T)=zRy+o0(1). (A.14)

Notice that 0 <t < T, and letting T'— 0 leads to t — 0. After substituting Eq. (A.14) into Egs.

(16) and (17) and performing algebraic manipulation, we obtain:

%in% y(t) = z Ry, (A.15)
%in}) d(t,y(t)) = —oco a.s. (A.16)

From Egs. (14) and (15), we can rewrite 7 () as follows:
m(t) = B(—d, (y(1) y(t), 0<E<T. (A.17)
After substituting Eqgs. (A.15) and (A.16) into Eq. (A.17), we obtain
%i%ﬂl(t) =z Ry, as 0<t<T. (A.18)

For the PUM strategy, starting from Egs. (31), (32) and (34), and following some algebraic
manipulation, we obtain m3(t) =z Ry exp ((R3 — 3Rs)t + Rz W (t)). Since t — 0 as T — 0, we get

%1% m3(t) = x R3. (A.19)
Setting R; = R3 and comparing Eq. (A.18) with Eq. (A.19) gives the result:

%1200 m(t) = %1% ms(t).

Finally, we show that the MMV strategy and the SPM strategy have the same asymptotic
behavior as T'— co. For a given finite R, from Eq. (22), we know that for the MMV strategy:

1
lim X(7)>0 a.s.. as Ry < - =R,

T—o0

lim X(7T)=0 a.s.. as Ry > - =R]. (A.20)

T—o0 2

1
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Therefore, as T — oo and R; < 3, X(T) is positive and can be rewritten as X(7T') = w; —

wy e 2T-W(T) % 0, and from Eq. (A.7), Inn(T) has the following asymptotic expression:
1
Inn(T) = (2 - \/2R1> T +o(T). (A.21)

We define &, =& (%) and &, = (%) Then, the second equation of Eq. (19)

= w1 Py — wy P, where lim &, =1 and lim &, =0 according to Eq.

T—o0 T—o0

can be written as zef1T

(A.21). Then, we can derive

X L —ET-W(T)
lim () = lim n(T) —e®
Tooo pef1?T TS5 n(T) b, — b,

=1 as. (A.22)
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Since X (T') of the SPM strategy given by Eq. (27) satisfies the binomial distribution, from Eq.

(30), we can derive:

. X(T) 1 .
Tlggo Rl 1 as. as Ry < - =Rj, (A.23)
Tlim X(T)=0 a.s.. as Ry > 3= R;. (A.24)

Setting R; = R, and comparing Eq. (A.22) with Eq. (A.23), and Eq. (A.20) with Eq. (A.24), we
have proved that the MMV strategy and the SPM strategy have the same terminal distribution
when T — oc.

Notice that Tlgrgo X(T) — o0 as R < R*. Therefore we denote the wealth X (t) = e~ X (t) when
R < R*, which is uniformly bounded and satisfies the following backward stochastic differential
equation:

dX (t) = (—RX (t) + n(t))dt + 7 (t)dW (t).

Then after applying Proposition 2.2 of El Karoui et al. (1997), we obtain the following unique
representations for X (¢) and X (¢)

X(t)=p(t) ' E(p(T)X(T)|F), Vte[0,T], a.s. as R< R,
X(t) = po(t) " E(po(T) X (T)|F,), Yt [0,T], a.s. as R> R*,
where py(t) = e 20"W® and py(t) = e 2" Consequently, the equivalence between the
MMYV strategy and the SPM strategy as 1" — oo is established, namely
Tlgrolo m(t) = Tlgr;o o (t).
Proof of Theorem 2:
Proof: We will derive the asymptotic expressions of expected utility functions of the MMV and
SPM strategies and show that these asymptotic expressions are the same in the limit 7' — oco.
For the MMV strategy, from Eq. (20), we can obtain the distribution function and density
function of final wealth X (7")/x:

0, z<0
Fi(z) = P(X(T) < 22) =4 & (# <ln (inz) - %T)) L0<z<w
17 220‘)17
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where §(z) is the delta function at z =0, and H(z) is the Heaviside function defined as:

0,z<0
H(z) = {1 2>0.

Using the utility function defined in Eq. (42), we have
+oo
BOCG) = [ DA

. % </io(z—)\)Qfl(z)dz—k/OA(Z—)\)Qfl(z)dz),
—1-F(0) AZf/ <% <ln (wlwiz> - g)) wll_zdz. (A.25)

By setting y = %l (1 — —) the last term of the above expression can be rewritten as

11 , (1 W 1 1
FT@ 0 =X ¢<\/T <IH<W1—Z>_2T>> Wl—zdz

-x/ - (wleﬁux—wl)%(w11nn<T>+;ﬁ)dy. (4.26)

VT

In the following we will show that Eq. (A.26) always equals to zero in the limit 7' — oc.

First, we consider the case R; > % We show that the integrand Eq. (A.26) is always finite. This
is due to the fact 0 <y < # In (1 — %) which leads to 0 < ﬁ <w eVTy 4 \— w1)2 < 1, and the fact
0< ¢ (y—{— flnn( )+ 1\/>> 2 . Now we show that the lower limit of integration in (A.26)
tends to zero as T'— oco.

From Eq. (A.7) we have the following asymptotic behavior of Inn(T)
Inn(T)=—-RiT+o(T), as T — 0 (A.27)
and it follows
N(T)=C(T)e ™7 as T — oo, (A.28)

where C)(T) = ™).
Notice that w; =nws. It is easy to derive the expressions for w; and wy in terms of 1 from Eq.

(19):

nefT . eRaT
ST s S e
i nn(T)—1 .
where &, = & (W) and ¢, = (%) Then, using Egs. (A.27) and (A.28), we have
. A . n®— By DT . 3
711—{20;1 :’llgr;o n efaT (el —1) :71520 $1 = Lo =0. (A.29)

This leads to limy_, o ﬁ In (1 — w%) = 0. Therefore Eq. (A.26) equals to zero in the limit 7' — oo

since R > %
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To analyze the case R < %, we derive the closed expression for Eq. (A.26) and the result can be
expressed as

<A26) = Al + A2 + Ag,

where

I

_ (%2} r In(wi/wz) = 5T (In((wi = A)/ws) = 5T
e

3

A 2A 1 )\/T;T In( A \/)T Ly |
e -3 () o eyl

Since Ry < %, from Eq. (A.7), we have the following asymptotic behavior of Inn(T):

1 InT
Inn(T) = <2—\/2R1)T+\/I;T+O(IHT), as T — oo. (A.30)
1

Consequently,

() = Co(m) e VAR TH OB g 7 o, (A.31)

where Cy(T) = e°™7T). Then, using Egs. (A.30) and (A.31), and following a procedure similar to
what we did in Eq. (A.29), we have

A 1, Ri<;
A o= {;,Rlz; (A.32)
Notice that all second terms in A;, A, and As contain the factor
A
In((w; — A)/wy) =In(w;y /ws) +In(1 — w—), (A.33)
1

and Eqgs. (A.32) and (A.33) lead to

lim In (1 —
T—o0 w1

A) OO R1<
—1112 R1

M\»—tm\»—l

This means that the second terms in A;, A, and As are of same order or of higher order relative
to the corresponding first term.

For calculating A; and A,, we analyze their first terms in the limit 7' — co. By using Eqgs. (A.30),
(A.31) and (A.32), it is not difficult to show

lim
T—o0

A
. 2(,(}2 w1 ln wl/wz —% .
Jim 25 (1) o -

Therefore lim A; = lim A, =0.
T— o0 T—o0

(w2>2 T & (Cdl/(x}g) it
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For determining the asymptotic value of Az, we notice that

2 1
lim l—ﬂ) :0asR1<§

T— o0
lim ® <ln(w1/w2) i 5T> By <ln((w1 —N)fws) + §T> —0as Ri—~.
A VT NG 2

Thus, we have A3 =0 in the limit 7'— oo for Ry < 2. Therefore, Eq. (A.26) always equals to zero in

1
z.
the limit 7' — oo and Eq. (A.25) becomes 1 — F;(0). Then, the corresponding result for the MMV
strategy in Eq. (48) can be easily obtained.

For the SPM strategy, X (T') satisfies the binomial distribution shown in Eq. (27) which gives us
Fy(z) = (1—P) H(z)+ P H(z—e"T), where P = ® <\/T +o! (e‘R2T)) . Using the utility function
defined in Eq. (44), we have

+oo

E(Us(X,(T))) = / dFy(z)= (\/T+ 3! (e-RzT)> .

efi2
From the asymptotic expansions of ®~!(-) given by Eq. (29), the corresponding result for the SPM
strategy in Eq. (48) can be easily obtained.

Appendix B: Resolving a Paradox
In this appendix, we show how the condition F(X(T)) = zef'T is satisfied when the investment
leads to sure bankruptcy. We use the PUM strategy as an example to explain this paradox.

From the wealth process Eq. (34), we can get the cumulative distribution function of X (7")/x as

follows:

Fyp(2) = P(X(T) < z2)
1
:@<1nz—<1—R3>ﬁ>, 0<z<+00. (B.1)
RsVT
We now examine the conditional expected wealth for the paths with wealth larger than a given

level C'xz and the probability that such paths occur. These quantities can easily be derived from

Eq. (B.1):

P(X(T)>Cz)=1-® (Mmo-ﬂ-?)ﬁ), (B.2)
B siryen) =" (1= (20— (14 PIVT) ). (B.3)

Equations (B.2) and (B.3) lead to the following conditional expectation:

E(X(T) 1{x(r)>cx})
PIX(T) > )
1= (a0 - (14 5)VT)

1-® (R;ﬁlnC— (1- %)\/T)

EX(M)X(T) = Cx) =

RsT

=€

(B.4)
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As T — oo and R; > R =2, Eq. (B.2) shows that the probability of the final wealth being above the
level C'z decreases to 0 for any positive C, while Eq. (B.4) shows that the conditional expectation

of the wealth being above the level Cx increases much faster than 7 due to the fact:

1 R
. 1—<1>(R3ﬁ1n0—(1+73)\/:?)
Tﬁool_@(RB;Tlnc_( —%)\/T)

== OQ.

This can be easily understood if we choose C' = C(T') = e’ the expectation of the final wealth.

Then Egs. (B.2) and (B.4) become:

Equations (B.5) and (B.6) give a simple explanation to the paradox: as T increases, although
the fraction of paths ending above the target becomes very small, the final wealth of those paths
that do end above the target becomes much larger than the expected target wealth such that the
condition E(X(T)) = ze®" still holds. Of course, the probability for an investor to obtain this

wealth is really small.
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