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Abstract

We consider the optimal investment problem of a fund manager in the presence of a minimum

guarantee constraint on the fund performance. The manager receives a fee which is proportional

to the liquidation value of the portfolio or of the surplus over the guarantee in case it is positive

and zero otherwise, eventually augmented by a constant fee. Her remuneration is reduced through

the application of a penalty if the value of the fund at maturity is below a specified-in-advance

threshold (minimum guarantee). We deal with two different settings: a continuous time economy

with constant instantaneous interest rate and the case where the short-term interest rate evolves as

the Vasicek model. Explicit formulas for the optimal investment strategy are presented. We compare

our portfolio strategies to the Merton portfolio and to the Option Based Portfolio Insurance strategy.
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1 Introduction

Life insurance products are often characterized by a minimum guarantee: the insurance company manages

funds guaranteeing a minimum return to policyholders. In this paper we investigate how the presence

of a minimum guarantee affects the asset manager’s strategy assuming that the liability of the insurance

company is partially charged to the asset manager.

Usually, the funds of policyholders are pooled together in a segregated fund, the insurance company

manages it in order to refund claims and lapses of policyholders. The company is remunerated through
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a constant fee, and a fee that depends on the assets under management (AUM) of the fund (asset

management fee) or through a share of the surplus over the guarantee in case it is positive and zero

otherwise (performance fee). In some cases a combination of the two schemes is at work. Life insurance

products with a minimum guarantee establish that the insurance company is endowed with a liability in

case the fund goes below it. If this is the case, then the insurance company has to refund the performance

gap to policyholders and, therefore, the company is short of a put option written on the AUM of the

fund. This type of contract affects the management of the segregated fund by the insurance company.

In what follows, we investigate the asset management problem in a dynamic setting assuming that the

payoff of the asset manager is made up of a constant fee, an asset management/performance fee and the

liability in case the performance target is not reached. The guarantee is defined as a threshold on the

AUM.

The problem has been analyzed in a stochastic/constant interest rate setting in a way that doesn’t

fully fit the features of life insurance contracts. In [3, 6, 7, 8, 9, 10] the optimal investment problem has

been analyzed assuming that the goal of the company is to maximize the expected utility of a fraction of

the AUM or of the positive surplus over the guarantee in case it is positive and zero otherwise under the

constraint that at maturity the guarantee is reached.

The assumption that at maturity the AUM should be greater than a threshold is not motivated by

life insurance policies. In [6] the rationale for imposing the constraint is traced back to the fact that the

regulator imposes it to the company. In this setting, the management of a segregated fund is reduced

to an asset management problem under the constraint that AUM cannot go below a certain threshold.

This interpretation refers to the literature on Option Based Portfolio Insurance (OBPI) strategies, see

[8, 13, 18]. Actually, this assumption doesn’t fit life insurance contracts because the insurance company

has some degrees of freedom in a sense that the AUM of the segregated fund can go below the threshold.

If this is the case, then the insurance company is obliged to refund the performance gap to policyholders

at maturity.

In a recent article [14], the problem has been analyzed in a constant interest rate setting assuming that

the AUM can go below the guarantee threshold, and considering the perspective of the asset manager of

the insurance company, see also [11] for an analysis of a manager of a hedge fund. In these two articles,

authors assume that the asset manager takes the whole loss in case the guarantee is not reached, if this is

the case then her remuneration may even become negative. An assumption that doesn’t fully match the

remuneration schemes adopted in the asset management industry, as a matter of fact the remuneration

cannot be negative. Allowing for a negative remuneration, they consider an S-shaped utility function.
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On the opposite, in this article we assume that the manager’s remuneration decreases in case the AUM

is below the guarantee threshold, concurring to the loss of the insurance company, but it cannot become

negative. Therefore, it is the insurance company, with its revenues from other activities or its capital,

that ensures the payment of the minimum return to policyholders, while the manager only concurs to the

loss in the sense that her remuneration is negatively affected if the minimum guarantee is not reached. We

deal with a stochastic and a constant risk interest rate. Our analysis is strictly related to the optimization

problems when the remuneration is a piecewise linear function of wealth, see [1, 2, 4, 5, 16].

We show that an asset management fee or a performance fee lead to a similar investment strategy

with the latter yielding a lower level of risk exposure (investment in the risky asset). Differently from

what is observed when the AUM at maturity is constrained to be above a threshold, we show that the

manager may invest in the risky asset even if the put option is in the money, i.e., when AUM are below

the threshold of the guarantee. In that region, the investment is hump shaped: when the put option is

deep in the money the manager doesn’t invest in the risky asset; as AUM increase, the investment in the

risky asset increases and then decreases just below the guarantee with a kink and then the investment

in the risky asset increases again converging towards the solution obtained without constraint in the

region where the guarantee is satisfied (Merton solution). If the company is remunerated also through a

constant fee, then the investment strategy may be hump shaped also above the threshold yielding excess

risk taking with respect to the Merton solution. Differently from the case where the asset manager’s

remuneration can become negative, we observe a no-investment (non-reachable) region when the AUM

are deep out of the money.

The paper is organized as follows. Section 2 presents the general framework of our analysis. In Section

3 we describe the optimal investment problem and we provide our main results. Section 4 deals with

numerical results concerning the optimal dynamic trading strategies. We compare our results with the

strategy obtained in the standard investment problem (i.e., the Merton problem) and with the OBPI

optimal strategy.

2 The model

In this section, we present the general framework of our analysis, which is based on [6]. In what follows,

(zr(t))t≥0 and (z(t))t≥0 are two independent Wiener processes defined on a complete probability space

(Ω, (Ft)t≥0, P ), the classical conditions are satisfied.
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We assume that the risk-free asset evolves as

dS0(t)

S0(t)
= r(t)dt, S0(0) = 1,

and the short rate process r(t) evolves according to the following equation (Vasicek model)

dr(t) = (a− br(t))dt−√ηdzr(t), r(0) = r0 (1)

for r0, a, b, η positive constants in the stochastic interest rate framework, a = b = η = 0 in the constant

interest rate case, yielding r(t) = r0 for any t ∈ [0, T ].

The evolution of the risky asset is described by a Geometric Brownian motion, i.e.,

dS(t)

S(t)
= r(t)dt+ σ1(dz(t) + λ1dt) + σ2

√
η(dzr(t) + λ2

√
ηdt)

with S(0) = 1, λ1, λ2 constants and σ1, σ2 positive constants. Notice that in the case of a constant

interest rate the evolution of the risky asset price reduces to

dS(t)

S(t)
= (r0 + σ1λ1)dt+ σ1dz(t)

where λ1 is the Sharpe ratio.

Coherently with Equation (1), we have that the no arbitrage price of the zero coupon-bond evolves

as follows:

dB(t, T )

B(t, T )
= r(t)dt+ σB(T − t, r(t))(dzr(t) + λ2

√
ηdt), B(T, T ) = 1,

where

σB(T − t, r(t)) =
1− e−b(T−t)

b

√
η.

In what follows, we assume that the maturity of the bond coincides with that of the contract.

We define the following process for the AUM of the segregated fund: for any t < T

dX(t) = X(t)(1− πB(t)− πS(t))
dS0(t)

S0(t)
+X(t)πB(t)

dB(t, T )

B(t, T )
+X(t)πS(t)

dS(t)

S(t)
,

X(0) = X0 > 0,
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where 1− πB(t)− πS(t), πB(t), πS(t) denote, respectively, the proportion of AUM invested into the risk

free asset, the bond and the stock. In the constant risk-free case, πB ≡ 0.

The evolution of AUM can be rewritten as

dX(t)

X(t)
= r(t)dt+ σ1π

S(t)(dz(t) + λ1dt) + πB(t)σB(T − t, r(t))(dzr(t) + λ2
√
ηdt)

+ πS(t)σ2
√
η(dzr(t) + λ2

√
ηdt).

Set λ = (λ1, λ2
√
η)>, z(t) = (z(t), zr(t))

>, and

π(t) = (πS(t), πB(t))>, Σ(t) =

σ1 σ2
√
η

0 σB

 (2)

the above equation can be rewritten as

dX(t)

X(t)
= r(t)dt+ λ>(t)Σ>(t)π(t)dt+ [Σ>(t)π(t)]>dz(t), X(0) = X0.

As already pointed out in the Introduction, the optimal investment strategy of a fund manager in

case of a minimum guarantee has been already studied in literature. We refer to [6, 8] for the analysis of

the performance fee and of the asset management fee, respectively. Authors investigate a finite horizon

optimal investment problem when the constraint is imposed on the terminal date (European guarantee)

or on every intermediate date (American guarantee).

More precisely, in [8], in the constant risk-free case, the following utility maximization problem is

solved

max
πS

E[u(X(T ))] s.t. X(T ) ≥ K (3)

in the European guarantee case, and

max
πS

E[u(X(T ))] s.t. X(t) ≥ K for any t ∈ [0, T ]

in the American case. u is a power utility function, K the minimum guarantee.

Instead, in [6], it is assumed that the asset manager takes a share of the positive surplus of the

segregated fund over a minimum under the constraint that the segregated fund at maturity is above it.
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As a consequence, the manager solves the following maximization problem:

max
(πS , πB)

E[u(X(T )−K)] s.t. X(T ) ≥ K.

As already discussed in the Introduction, imposing the condition X(T ) ≥ K is not borne out by the

insurance contract. To cope with life insurance peculiarities, we introduce a liability in case a guarantee

is not reached. In what follows, we start from considering an asset management fee and we analyze the

following problem

max
(πS , πB)

E[u(α1X(T ) + Ĥ − α2(K −X(T ))+)]

where (·)+ = max{·, 0}, and α1, α2 and Ĥ are positive constants. α1 is the percentage of AUM at

the terminal date that the manager receives as a fee, Ĥ is a constant fee received by the manager

independently of the performance of the fund, and α2(K − X(T ))+ is the liability due to the need

to refund the policyholder: if X(T ) < K, then the remuneration of the asset manager is reduced by

α2(K − X(T )) > 0. Therefore, the remuneration is (α1 + α2)X(T ) + Ĥ − α2K if X(T ) < K and

α1X(T ) + Ĥ otherwise, (α1 + α2)X(T ) + Ĥ − α2K ≥ 0, where the inequality holds true due to the

definition of admissible strategy we will provide in the next section. Notice that, if α2 = 1, then the

manager’s fee is reduced by the money necessary to refund the minimum guarantee, while if 0 < α2 < 1

the manager only shares a part of the performance gap.

In what follows, we deal with the mathematical objective function E[u(αX(T ) +H − (K −X(T ))+)],

where α is the ratio between α1 and α2, and H = Ĥ/α2.

Considering a remuneration scheme based on a share of the positive surplus of the segregated fund

over the threshold guaranteed by the contract, the optimization problem becomes:

max
(πS , πB)

E[u(Ĥ + α1(X(T )−K)+ − α2(K −X(T ))+)].

A similar problem has been already analyzed in constant risk free context in [1, 4]. We assume 0 < α1 < α2

and Ĥ > 0: the first assumption results in a concave utility function. If α2 < α1, then the solution can

still be computed via concavification techniques [1, 4, 5, 15, 16]. As above, in what follows we deal with

the corresponding optimization function E[u(H + α(X(T )−K)+ − (K −X(T ))+)] with α = α1/α2 < 1.
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3 The optimal investment problem

We assume that the manager’s preferences are described by a power utility function:

u(x) =
xγ

γ
, 0 < γ < 1 or γ < 0.

The aim of the manager is then to maximize the expected utility of the final payoff

max
π∈A

E
[
u(αX(T ) +H − (K −X(T ))+)

]
(4)

(for α,H,K positive constants) over a set of admissible investment strategies

A = {(π(t))t≥0 s.t. π(t) ∈ Ft, X(t)π(t) is square integrable, and (5)

αX(T ) +H − (K −X(T ))+ ≥ 0 a.e.}.

The condition that the remuneration scheme cannot become negative is imposed because the asset man-

ager cannot be called to refund the return gap with its own resources, the insurance company is the

ultimate stakeholder and will do it. The manager refunds a share of the performance gap up to a non

negative remuneration.

Our problem can be solved via the martingale technique, obtaining a closed form solution. To this

end, we introduce the following notation:

U(x) := u(αx+H − (K − x)+); (6)

thus the maximization problem (4) becomes

max
π∈A

E [U(X(T ))] .

Notice that U(x) is well-defined for x ≥ K−H
α+1 (x > K−H

α+1 if γ is negative) and it is not differentiable in

x = K. In what follows, we assume K −H > 0, i.e., the minimum guarantee is greater than the fixed

component of the manager’s remuneration, which is the case in real applications. Furthermore, the first
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order derivative of U is not uniquely defined in x = K, since we have

U ′+(K) := lim
x→K+

U ′(x) = αu′(αK +H),

U ′−(K) := lim
x→K−

U ′(x) = (α+ 1)u′(αK +H).

In what follows, we denote by U ′ its set-valued derivative, i.e., the set-function

U ′(x) =


(α+ 1)u′((α+ 1)x+H −K), K

α+1 < x < K,

[U ′+(K), U ′−(K)], x = K,

αu′(αx+H), x > K.

(7)

Following [5], the optimal strategy can be computed for any t ∈ [0, T ] through the condition

X∗(t) = X∗(t, r(t), ζ(t)) = Et
[
ζ(T )

ζ(t)
I(λζ(T ))

]
.

where ζ(t) is the state price density and is given by

ζ(t) = exp

{
−
∫ t

0

r(s)ds−
∫ t

0

λ>(s)dz(s)− 1

2

∫ t

0

|λ(s)|2ds

}

and I is the (well-defined) inverse function of U ′ and λ solves E[ζ(T )I(λζ(T ))] = X0.

We would like to stress that the optimal policy displays three distinct patterns, depending on the

state of the world, represented by the state price density ζ(T ), with low ζ(T ) representing good states

and high ζ(T ) bad states. In fact, the optimal terminal wealth is

X∗(T ) = I(λζ(T )),

with I having different expressions in the intervals
(
0, U ′+(K)

)
,
[
U ′+(K), U ′−(K)

]
and (U ′−(K),+∞). If

ζ(T ) is lower than U ′+(K)/λ, then the terminal wealth is above the guarantee and consequently the

manager remuneration is not affected by the penalty; if ζ(T ) is high, then the fund performs below

the guarantee K and thus a penalty is applied to the manager’s remuneration. In addition, there is an

intermediate region, namely ζ(T ) ∈ [U ′+(K)/λ, U ′−(K)/λ], in which the fund is performing exactly the

guarantee.

Our first result concerns the optimal investment policy in case of a constant risk-free rate, i.e., the
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case a = b = η = λ2 = 0. Notice that in this case AUM evolve as:

dX(t) = [r + σ1λ1π
S(t)]X(t)dt+ πS(t)σ1X(t)dz(t), X(0) = X0.

The following Theorem characterizes the optimal investment solution in the constant interest rate

framework.

Theorem 1 Let a = b = η = λ2 = 0, then the optimal portfolio is

(πS)∗(t) =
λ1

σ1(1− γ)

(
1 +

K

X∗(t)
e−r(T−t)

(
N(d+ − σ)− 1

α+ 1
− α

α+ 1
N(d− − σ)

)
+

H

X∗(t)
e−r(T−t)

(
1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ)))

))
.

(8)

where the optimal AUM X∗(t) is given by

X∗(t) = e−r(T−t)

αK +H

α

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)
+K (N(d− − σ)−N(d+ − σ))

+
αK +H

α+ 1

N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))
+

K

α+ 1
(1−N(d− − σ))

−H
(

1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ))

))
,

while σ = λ1

√
T − t, and d± =

ln
U±(K)

λζ(t)
+r(T−t)+σ2

2

σ .

Remark 2 In case of a constant risk-free rate, the investment strategy in the risky asset (Merton strategy)

is πM (t) = λ1

σ1(1−γ) , and it is recovered by (8) if K,H → 0.

The second result concerns the optimal solution in case the risk free rate evolves according to the

Vasicek model.

Theorem 3 The optimal portfolio is

π∗(t) =
1

X∗(t)
(Σ>)−1

 0

−X∗r (t, r(t)ζ(t))
√
η

− (Σ>)−1ζ(t)
X∗ζ (t, r(t), ζ(t))

X∗(t)
λ,
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where the optimal AUM X∗(t) is given by

X∗(t) = f(t)e−µ+σ2

2

αK +H

α

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)
+K (N(d− − σ)−N(d+ − σ))

+
αK +H

α+ 1

N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))
+

K

α+ 1
(1−N(d− − σ))

−H
(

1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ))

))
,

f(t), µ, σ, d+, d− being defined as:

f(t) = exp

{
−
(

1

2

(
λ2

1 + λ2
2η
)

+ λ2a

)
(T − t)− λ2r(t)

}
,

µ =
1− λ2b− e−b(T−t)

b
r(t) +

a

b
(T − t)(1− λ2b)−

a

b2
(1− e−b(T−t)),

σ2 = (1− bλ2)2η

∫ T

t

(
1− e−b(T−s)

b

)2

ds+ λ2
1(T − t) + λ2

2

η

2b

(
1− e−2b(T−t)

)
,

− 2λ2(1− bλ2)η

∫ T

t

e−b(T−s)
(

1− e−b(T−s)

b

)
ds,

d± =
ln U±(K)

λζ(t) + µ− ln f(t)

σ
.

We would like to point out that Theorem 3 implies the following optimal strategy for the risky asset:

(πS)∗(t) =
λ1

σ1(1− γ)

(
1 +

K

X∗(t)
f(t)e−µ+σ2

2

(
N(d+ − σ)− 1

α+ 1
− α

α+ 1
N(d− − σ)

)
+

H

X∗(t)
f(t)e−µ+σ2

2

(
1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ)))

))
,

(9)

see Remark 5. Note the similarities between Theorem 1 (in the constant interest rate case) and Theorem

3 (in the Vasicek interest rate case). In the Appendix we only provide the proof of Theorem 3.

Considering a remuneration scheme based on a share of the positive surplus over the minimum guar-

antee, the maximization problem becomes

max
π∈A

E[u(H + α(X(T )−K)+ − (K −X(T ))+)]. (10)
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with

A = {(π(t))t≥0 s.t. π(t) ∈ Ft, X(t)π(t) is square integrable, and

H + α(X(T )−K)+ − (K −X(T ))+ ≥ 0 a.e.}.

The optimal strategy in the Vasicek model is provided by the following Theorem.

Theorem 4 The optimal portfolio is

π∗(t) =
1

X∗(t)
(Σ>)−1

 0

−X∗r (t, r(t)ζ(t))
√
η

− (Σ>)−1ζ(t)
X∗ζ (t, r(t), ζ(t))

X∗(t)
λ,

where the optimal AUM X∗(t) is given by

X∗(t) = f(t)e−µ+σ2

2

H
α

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)

+ H
N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))

+K −H − H

α
N(d+ − σ) +HN(d− − σ)

)
,

f(t), µ, σ, d+, d− being defined as in Theorem 3.

The proof closely follows the one of Theorem 3, and therefore it is not reported in the Appendix.

4 Numerical analysis

In this section we present some numerical results concerning the manager’s optimal trading strategy for the

risky asset. We compare our results with the strategy obtained in the standard investment problem, i.e.,

the Merton problem. In the Merton problem, the optimal portfolio (in what follows “Merton strategy”) is

characterized by a constant proportion πM (t) = λ1

σ1(1−γ) invested in the risky asset. When r is constant,

we also compare our strategy to the one obtained in [8], the so-called OBPI strategy. By construction,

this strategy satisfies the constraint X(T ) ≥ K.
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(a) Influence of α (b) Zoom

Figure 1: The manager’s optimal investment in the risky asset under constant interest rate.
The figure displays the profile of the optimal investment in the risky asset against AUM with α = 2 in
t = 0.5. Constant interest rate, i.e., a = b = η = λ2 = 0. The remaining parameter values are those of
the baseline scenario, see (11). K∗(t) = 0.3251 and K∗∗(t) = 0.9753.

The reference parameters of our analysis are

T = 1; t = 0.5; α = 0.3; K = 1; H = 0; γ = −0.4; X0 = 1; b = 0.2399; a = 0.01b;

η = 0.007; r0 = 0.05; σ1 = 0.2; λ1 = 0.2; σ2 = 0.02; λ2 = 1; S0 = 1. (11)

We develop our analysis considering the asset management fee, i.e., the objective function (4), then we

will consider the remuneration scheme derived considering a performance fee, i.e., the objective function

(10). The analysis of the two different settings yields similar results.

We start with a constant risk free rate (a = b = η = λ2 = 0). In this setting, the optimal strategy in

case of the asset management fee is the one described in Theorem 1. In Figure 1 we plot the manager’s

optimal risk exposure (investment in the risky asset) and the optimal strategy OBPI, proposed in [8].

The strategy is fully described by two critical values K∗(t) and K∗∗(t), where K∗(t) = e−r(T−t)K−H1+α ,

K∗∗(t) = e−r(T−t)K (0 < K∗(t) < K−H
1+α < K∗∗(t) < K). Notice that with a (positive) constant risk free

rate it may be possible to reach a certain target starting just below it by simply investing all the AUM

at the risk free rate. It is interesting to observe that K−H
1+α is the threshold of the AUM at maturity that

allows the asset manager to obtain a positive remuneration (above it), instead K is the strike price of

the put option describing the liability at maturity. K∗(t) and K∗∗(t) are the discounted values of these

two thresholds, that means that for X(t) > K∗∗(t) the asset manager can always beat the minimum

guarantee by investing all the AUM at the risk free rate, instead for X(t) > K∗(t) the asset manager

can always reach a positive wealth. The strategy is similar to the one derived in [14], the main difference
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is that as they allow for a negative remuneration the no-investment region is not observed, i.e., in their

setting K∗(t) = 0, and the hump shaped part starts at X(t) = 0.

First of all, we notice that the presence of a liability in case of underperformance provides an incentive

for the manager to deviate from the Merton strategy. In particular, the optimal proportion of AUM

invested in the risky asset is always lower than the Merton’s one. We can conclude that the presence of

a penalty in the remuneration scheme leads the asset manager to decrease the risk exposure with respect

to the solution obtained maximizing the expected utility of terminal wealth.

The picture shows that the manager invests in the risky asset also when the fund is below the

minimum guarantee. Note that the sensitivity of the remuneration to AUM is α+ 1 for X(T ) ≤ K and α

for X(T ) ≥ K. For a low performance of the fund (X(t) < K∗(t)) there is no admissible strategy because

for that level of AUM it is impossible to construct a strategy that allows for a positive remuneration

of the manager at time T with certainty. However, if X0 > K∗(0), then the optimal strategy implies

X∗(t) ≥ K∗(t) for any t ∈ [0, T ]. For a performance of the fund close to K∗(t) the asset manager invests

a limited amount of AUM in the risky asset because the marginal utility explodes when the remuneration

approaches zero (at K−H
1+α ) and therefore the asset manager takes a limited risk exposure fearing for the

downside risk. As the AUM increase, the manager becomes less sensitive to the downside risk of a null

remuneration and therefore she increases the risk exposure of her strategy. The increase is bounded by

the fact that as AUM reach K the sensitivity of the remuneration decreases from α+1 to α. This feature

drives a reduction in the risk exposure yielding a maximum and then a minimum/kink in K∗∗(t). At

that point the risk exposure is limited because the manager may get rid of the put option by investing

in the risk free asset. As a result, the optimal exposure in the risky asset is hump shaped: it is nihil

for X(t) = K∗(t), then becomes positive and increases with the AUM, reaches a maximum and then

decreases with a minimum at the kink K∗∗(t). Finally, as the AUM are above K the optimal stock

strategy increases smoothly converging (from below) towards the Merton strategy. The optimal strategy

doesn’t entail excessive risk taking with respect to the Merton strategy.

We can compare our optimal strategy with that obtained imposing that X(T ) ≥ K (OBPI strategy).

Imposing an additional constraint, the OBPI strategy yields a lower risk exposure than the one obtained

in our setting for any level of AUM, see Figure 1. Both strategies converge to the Merton strategy as

AUM are above the guarantee. This is due to the fact that the probability of performing less than K

decreases to zero when the AUM of the fund are far ahead of the minimum guarantee and in this scenario

the two remuneration schemes look almost the same. The two strategies differ for AUM in a neighborhood

of the guarantee and below it. In case of the OBPI strategy, because of the constraint X∗(T ) ≥ K, the
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Figure 2: The manager’s optimal investment in the risky asset under stochastic interest rate,
varying γ. The figure displays the optimal investment against AUM as γ assumes three different values
−1,−0.4, 0.4. The remaining parameters are those of the baseline scenario, see (11).

AUM cannot go below the discounted value of K at any t ∈ [0, T ). In fact, if at any time t < T the AUM

touches Ke−r(T−t), then the optimal allocation strategy requires to invest all the wealth in the risk-free

asset: as a matter of fact this is the unique strategy yielding X∗(T ) ≥ K with certainty. So according to

the OBPI strategy, the strategy is not defined for X(t) < Ke−r(T−t) = K∗∗(t) and it is equal to zero for

X(t) = Ke−r(T−t). This is not anymore true in our setting: the manager can invest in the risky asset

also in case the put option is in the money and stops to do it only in case it is deep in the money.

Let us consider now the stochastic interest rate setting. The optimal strategy is described in Theorem

3. In Figure 2 we plot the optimal investment strategy in the risky asset πS(t) for the baseline parameters

as a function of the AUM X(t) at the middle of the investment period (t = 0.5, T = 1), assuming r(t) = r0

for different degrees of risk aversion. The picture shows that also in this case the manager invests in the

risky asset also when the fund is below the minimum guarantee. The shape of the optimal strategy as a

function of AUM is similar to the one observed in the constant interest rate case. The investment function

is characterized by two cutoff points: K∗(t) and K∗∗(t) such that 0 < K∗(t) < K−H
1+α < K∗∗(t) < K. The

interpretation of these two values is similar to the constant interest rate case, since we can verify that

K∗(t) = B(t, T )K−H1+α , and K∗∗(t) = B(t, T )K.

In K∗(t) we have (πS)∗ = 0 and (πB)∗ = 1, i.e., the manager invests all the AUM in the bond:

this is the only strategy yielding a terminal remuneration equal to zero (X∗(T ) = K−H
1+α ) and thus not

14



(a) Influence of α (b) Zoom

Figure 3: Sensitivity analysis of the optimal investment in the risky asset with respect to the
management fee parameter. The figure displays the optimal investment against AUM for different
values of α. The remaining parameters are those of the baseline scenario, see (11).

negative with certainty. This is in line with the definition of admissible strategy in (5). The optimal

allocation strategy in the risky asset is not defined for X(t) < K∗(t), it is equal to zero at K∗(t), then

it increases reaching a maximum and then decreases until a kink at a point K∗∗(t). When the AUM are

between K∗(t) and K∗∗(t), we thus observe a hump in the manager’s optimal risk exposure. As expected,

the optimal stock strategy increases smoothly towards the Merton strategy, as X(t) increases above the

guarantee. Notice that, increasing γ, and thus decreasing the manager risk-aversion, the optimal strategy

πS increases.

It is possible to perform a sensitivity analysis of the risk exposure of the strategy with respect to the

management fee parameter α (see Figure 3) and to the constant fee H (Figure 4). Increasing α, and thus

decreasing the importance of the minimum guarantee penalty in the payoff or increasing the management

fee, we observe that the asset manager takes more risk. As far as the constant fee H is concerned, in spite

of the common wisdom that a constant salary prevents manager to take risk in excess, a constant floor

induces the manager to take excessive risk as claimed in [17] and proved in [1]. In Figure 4, it is shown

that the investment in the risky asset increases in H, moreover, when a constant fee is inserted (H > 0)

the investment strategy is not anymore monotonic when the put option is out of the money. It becomes

hump shaped above the guarantee yielding excessive risk taking with respect to the Merton strategy.

Finally, in Figure 5 we compare the optimal strategy obtained in Theorem 3 in case of a fee propor-

tional to AUM (management fee) with the one obtained in Theorem 4 when the manager is remunerated

through a share of the positive surplus with respect to the minimum guarantee (performance fee) as in

[6]. We observe that a linear remuneration scheme renders a higher risk exposure than an asymmetric

15



Figure 4: Sensitivity analysis of the optimal investment in the risky asset with respect to
the constant fee. The figure displays the optimal investment against AUM for different values of H.
The remaining parameters are those of the baseline scenario, see (11).

Figure 5: Optimal investment in the risky asset in case of a performance fee. This figure
displays the profile of the optimal investment in the risky asset against AUM as described in Theorem
3 (asset management fee) and in Theorem 4 (performance fee). H is set equal to 0.25. The remaining
parameters are those of the baseline scenario, see (11).
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scheme which is based on a performance fee. This result agrees with what is observed in Figure 4. In fact,

assuming X(T ) > K, the two remuneration schemes render αX(T ) +H in the framework of Theorem 3

and αX(T ) +H − αK in the framework of Theorem 4. Comparing the two payoffs we observe that the

fixed fee H in the first case is replaced by a lower value H − αK in the second case, as a consequence

the optimal strategy associated with an asset management fee takes more risk than the second one. A

similar argument holds true also in the case X(T ) < K.

Notice that differently from what is observed in case of an asset management fee, in Figure 5 the

strategy associated to the performance fee doesn’t induce the manager to take risk in excess with respect

to the Merton strategy, i.e., the investment strategy in Theorem 4 is bounded from above by the Merton

strategy. This is due to the choice of the parameters, since in this case H − αK < 0. Numerical results

not reported show that, if H −αK > 0, then even the investment strategy associated to the performance

fee is not monotonic when the put option is out of the money.

We can conclude that when the manager is remunerated through a constant fee, she takes a larger

risk exposure when the remuneration is based on a management fee (linear scheme) than in case of a

performance fee (option like scheme).

5 Conclusions

A minimum guarantee is a peculiarity of traditional life insurance policies. Often the contracts establish

a performance target and the insurance company is committed to refund the performance gap to the

policyholder at maturity.

The asset management problem considering a contract like this was not properly analyzed in the

literature. In our analysis, we have modeled the guarantee assuming the insurance company is short of a

put option and we have shown four main results: a) if there isn’t a constant fee, the investment strategy in

the risky asset is always below the one obtained without the guarantee (Merton strategy); b) the manager

may invest in the risky asset even when AUM are below the strike price of the guarantee, in that case the

investment is hump shaped: when the put option is deep in the money the manager doesn’t invest in the

risky asset; as AUM increase, the investment in the risky assets increases, reaches a maximum and then

decreases just below the guarantee with a kink and then the investment in the risky asset increases again

converging towards the solution obtained without constraint (Merton strategy); c) if the company is also

remunerated through a (high) constant fee then the investment strategy is characterized by excessive risk

taking with respect to the Merton’s strategy; d) a remuneration scheme based on a proportion of the

17



AUM yields a higher exposure on the risky asset with respect to the case in which the remuneration of

the manager is provided by a share of the positive performance surplus over the guarantee.
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A Proofs

A.1 The optimal process

Following [5], the optimal strategy can be computed for any t ∈ [0, T ] as

X∗(t) = X∗(t, r(t), ζ(t)) = Et
[
ζ(T )

ζ(t)
I(λζ(T ))

]
.

where I is the inverse function of U ′ (U being the function introduced in (6)) and λ solves E[ζ(T )I(λζ(T ))] =

X0. Since U is not differentiable in x = K, U ′ denotes the set-valued first derivative of U given in Equation
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(7). Let us also use the notation

i(z) := (u′)−1(z) = z
1

γ−1 .

Consequently,

I(z) =



1
α i
(
z
α

)
− H

α , z < U ′+(K)

K, U ′+(K) ≤ z ≤ U ′−(K)

1
α+1 i

(
z

α+1

)
+ K−H

α+1 , z > U ′−(K).

(12)

Taking into account (12), the optimal process then becomes

X∗(t) =
1

α
Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α

)
1λζ(T )<U ′+(K)

]
− H

α
Et
[
ζ(T )

ζ(t)
1λζ(T )<U ′+(K)

]
+KEt

[
ζ(T )

ζ(t)
1U ′+(K)<λζ(T )<U ′−(K)

]
+

1

α+ 1
Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α+ 1

)
1λζ(T )>U ′−(K)

]
+
K −H
α+ 1

Et
[
ζ(T )

ζ(t)
1λζ(T )>U ′−(K)

]
.

(13)

Concerning the first term, we have

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α

)
1λζ(T )<U ′+(K)

]
=

(
λζ(t)

α

) 1
γ−1

Et

[(
ζ(T )

ζ(t)

) γ
γ−1

1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]
. (14)

For the second term, we have

Et
[
ζ(T )

ζ(t)
1λζ(T )<U ′+(K)

]
= Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]
(15)

For the third term, we have

Et
[
ζ(T )

ζ(t)
1U ′+(K)<λζ(T )<U ′−(K)

]
= Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

]
− Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]
. (16)

Concerning the fourth term, we have

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α+ 1

)
1λζ(T )>U ′−(K)

]
=

(
λζ(t)

α+ 1

) 1
γ−1

Et

[(
ζ(T )

ζ(t)

) γ
γ−1

1
ζ(T )
ζ(t)

>
U′−(K)

λζ(t)

]

=

(
λζ(t)

α+ 1

) 1
γ−1

(
Et

[(
ζ(T )

ζ(t)

) γ
γ−1

]
− Et

[(
ζ(T )

ζ(t)

) γ
γ−1

1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

])
.

(17)
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Concerning the last term we have

Et
[
ζ(T )

ζ(t)
1λζ(T )>U ′−(K)

]
= Et

[
ζ(T )

ζ(t)

]
− Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

]
. (18)

We then proceed through the estimation of

Et

[(
ζ(T )

ζ(t)

)Γ
]

and Et

[(
ζ(T )

ζ(t)

)Γ

1 ζ(T )
ζ(t)

<Λ

]
,

for Γ,Λ ∈ R (in our case Γ will be 1 or γ/(γ − 1) and Λ will be
U ′−(K)

λζ(t) or
U ′+(K)

λζ(t) ).

A.1.1 Stochastic interest rate

Notice that r is stochastic and it is given by the Vasicek dynamics the state price density becomes

ζ(T )

ζ(t)
= exp

{
−1

2

(
λ2

1 + λ2
2η
)

(T − t)−
∫ T

t

r(s)ds−
∫ T

t

λ1dz(s)−
∫ T

t

λ2
√
ηdzr(s)

}
(19)

where r(t) satisfies the SDE

dr(t) = (a− br(t))dt−√ηdzr(t).

Following the lines of [6, Proof of Lemma 5], we substitute
√
ηdzr(t) in equation (19) by

√
ηdzr(t) = (a− br(t))dt− dr(t)

to obtain

ζ(T )

ζ(t)
= exp

{
−1

2

(
λ2

1 + λ2
2η
)

(T − t)
}

exp
{
−
∫ T

t

aλ2ds−
∫ T

t

(1− bλ2)r(s)ds

− λ1(z(T )− z(t)) + λ2(r(T )− r(t))
}

= exp

{
−
(

1

2

(
λ2

1 + λ2
2η
)

+ λ2a

)
(T − t)− λ2r(t)

}
exp

{
−
∫ T

t

(1− bλ2)r(s)ds− λ1(z(T )− z(t)) + λ2r(T )

}

= f(t) exp {−V (t)} ,

where

f(t) = exp

{
−
(

1

2

(
λ2

1 + λ2
2η
)

+ λ2a

)
(T − t)− λ2r(t)

}
,
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and

V (t) =

∫ T

t

(1− bλ2)r(s)ds+ λ1(z(T )− z(t))− λ2r(T ).

We thus have

Et

[(
ζ(T )

ζ(t)

)Γ
]

= f(t)ΓEt
[
e−ΓV (t)

]
,

Et

[(
ζ(T )

ζ(t)

)Γ

1 ζ(T )
ζ(t)

<Λ

]
= f(t)ΓEt

[
e−ΓV (t)1e−V (t)< Λ

f(t)

]
,

for any Γ,Λ ∈ R.

We notice, as in [6, Proof of Lemma 2], that V (t) is a Gaussian with mean

µ = Et [V (t)] = (1− λ2b)

[(
1− e−b(T−t)

b

)
r(t) +

a

b
(T − t)− a

b2
(1− e−b(T−t))

]
− λ2e

−b(T−t)r(t)− λ2
a

b
(1− e−b(T−t)),

that is

µ =
1− λ2b− e−b(T−t)

b
r(t) +

a

b
(T − t)(1− λ2b)−

a

b2
(1− e−b(T−t)) (20)

and variance

σ2 = V AR(V (t)) = (1− bλ2)2V AR

(∫ T

t

r(s)ds

)
+ λ2

1(T − t) + λ2
2V AR(r(T ))

− 2(1− bλ2)λ2COV

(∫ T

t

r(s)ds, r(T )

)

= (1− bλ2)2η

∫ T

t

(
1− e−b(T−s)

b

)2

ds+ λ2
1(T − t) + λ2

2

η

2b

(
1− e−2b(T−t)

)
− 2λ2(1− bλ2)η

∫ T

t

e−b(T−s)
(

1− e−b(T−s)

b

)
ds.

(21)

Consequently, we can write

Et

[(
ζ(T )

ζ(t)

)Γ
]

= f(t)ΓEt
[
e−ΓV (t)

]
= f(t)Γe−Γµ+ Γ2σ2

2 .

22



Now we calculate

Et

[(
ζ(T )

ζ(t)

)Γ

1 ζ(T )
ζ(t)

<Λ

]
= f(t)ΓEt

[
e−ΓV (t)1e−V (t)< Λ

f(t)

]
.

With an abuse of notation we replace Λ/f(t) with Λ and we proceed by estimating

Et
[
e−ΓV (t)1e−V (t)<Λ

]
.

Taking into account that V (t) is Gaussian with mean µ and variance σ as in (20) and (21), we have

Et
[
e−ΓV (t)1e−V (t)<Λ

]
= Et

[
e−ΓV (t)1−V (t)<ln(Λ)

]
= Et

[
e−ΓV (t)1V (t)>− ln(Λ)

]
=

∫ +∞

− ln(Λ)

1√
2πσ

e−Γve−
1
2 ( v−µσ )

2

dv = e−Γµ+ Γ2σ2

2

∫ +∞

− ln(Λ)

1√
2πσ

e
− 1

2

(
v+(Γσ2−µ)

σ

)2

dv

= e−Γµ+ Γ2σ2

2

∫ +∞

− ln(Λ)−µ
σ +Γσ

1√
2π
e−

1
2y

2

dv = e−Γµ+ Γ2σ2

2 N(d− Γσ),

where d = ln(Λ)+µ
σ .

We are now able to determine the expectations (12)-(18) in the case Vasicek setting. Thanks to the

calculation above, we have

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α

)
1λζ(T )<U ′+(K)

]
=

(
λζ(t)

α

) 1
γ−1

Et

[(
ζ(T )

ζ(t)

) γ
γ−1

1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]

=

(
λζ(t)f(t)

α

) 1
γ−1

f(t)e
− γ
γ−1µ+ γ2

2(γ−1)2
σ2

N

(
d+ − γ

γ − 1
σ

)
,

where

d+ :=
ln

U ′+(K)

λζ(t)f(t) + µ

σ
.

Concerning (15) we have

Et
[
ζ(T )

ζ(t)
1λζ(T )<U ′+(K)

]
= Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]
= f(t)e−µ+σ2

2 N (d+ − σ) .
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For (16) we have

Et
[
ζ(T )

ζ(t)
1U ′+(K)<λζ(T )<U ′−(K)

]
= Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

]
− Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′

+
(K)

λζ(t)

]
= f(t)e−µ+σ2

2 (N(d− − σ)−N(d+ − σ)) ,

with d+ as above and

d− =
ln

U ′−(K)

λζ(t)f(t) + µ

σ
.

Concerning (17), we have

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α+ 1

)
1λζ(T )>U ′−(K)

]
=

(
λζ(t)

α+ 1

) 1
γ−1

(
Et

[(
ζ(T )

ζ(t)

) γ
γ−1

]
− Et

[(
ζ(T )

ζ(t)

) γ
γ−1

1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

])

=

(
λζ(t)f(t)

α+ 1

) 1
γ−1

f(t)e
− γ
γ−1µ+ γ2

2(γ−1)2
σ2
(

1−N
(
d− − γ

γ − 1
σ

))

Concerning (18) we have

Et
[
ζ(T )

ζ(t)
1λζ(T )>U ′−(K)

]
= Et

[
ζ(T )

ζ(t)

]
− Et

[
ζ(T )

ζ(t)
1
ζ(T )
ζ(t)

<
U′−(K)

λζ(t)

]
= f(t)e−µ+σ2

2 (1−N (d− − σ)) .

Finally, we notice that

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
) =

(
λζ(t)f(t)

U ′+(K)

) 1
γ−1

e
− γ
γ−1µ+ γ2

2(γ−1)2
σ2

eµ−
σ2

2 ,

or, equivalently,

(U ′+(K))
1

γ−1 e−µ+σ2

2
N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
) = (λζ(t)f(t))

1
γ−1 e

− γ
γ−1µ+ γ2

2(γ−1)2
σ2

,

and, analogously,

(U ′−(K))
1

γ−1 e−µ+σ2

2
N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) = (λζ(t)f(t))

1
γ−1 e

− γ
γ−1µ+ γ2

2(γ−1)2
σ2

.
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Hence, (14) and (17) become

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α

)
1λζ(T )<U ′+(K)

]
=

(
U ′+(K))

α

) 1
γ−1

f(t)e−µ+σ2

2
N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)
,

Et
[
ζ(T )

ζ(t)
i

(
λζ(T )

α+ 1

)
1λζ(T )>U ′−(K)

]
=

(
U ′−(K)

α+ 1

) 1
γ−1

f(t)e−µ+σ2

2
N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))
.

Summing up, the optimal process is given by

X∗(t) = f(t)e−µ+σ2

2

αK +H

α

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)
+K (N(d− − σ)−N(d+ − σ))

+
αK +H

α+ 1

N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))
+

K

α+ 1
(1−N(d− − σ))

−H
(

1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ))

))
.

(22)

A.2 The optimal portfolio

Following [12, Theorem 3.7.3], the optimal portfolio π = (πS , πB)> is given by

Σ>π(t) =
1

X∗(t)ζ(t)
ψ(t) + λ, (23)

where Σ has been introduced in (2) and ψ(·) is such that

dM(t) = ψ>(t)dz(t), (24)

M being the martingale defined as

M(t) := ζ(t)X∗(t).

In order to apply this result we need to find the explicit expression of ψ. By Itô formula, we have

dM(t) = dζ(t)X∗(t) + ζ(t)dX∗(t) + dζ(t)dX∗(t). (25)
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Moreover, notice that ζ(t) is of the form ζ(t) = exp
[
−A(t)− λ>z(t)

]
, while X∗(t) is of the form X∗(t) =

X∗(t, r(t), ζ(t)). The dependence of X∗ on r enters in the terms µ and f , while the dependence on ζ

enters in d+ = d+(ζ, r), d− = d−(ζ, r). Hence

dζ(t) = [· · · ]dt− ζ(t)λ>(t)dz(t),

while

dX∗(t) = [· · · ]dt+X∗r (t, r(t), ζ(t))dr(t)− ζ(t)X∗ζ (t, r(t), ζ(t))λ>(t)dz(t).

Here X∗r , X
∗
ζ denote the first order derivative of X∗ wrt r, ζ. Finally, we notice that

dζ(t)dX∗(t) = [· · · ]dt.

We recall that, being M a martingale, we did not study the drift terms in the above equations, since the

sum of all the contributions in Equation (25) will result in a null drift.

We thus have

dM(t) = [·]dt− ζ(t)X∗r (t, r(t), ζ(t))
√
ηdzr(t)

− ζ(t)[X∗(t) + ζ(t)X∗ζ (t, r(t), ζ(t))]λ>(t)dz(t).

(26)

We now compute the derivative X∗ζ . First of all, we notice that

d

dζ
N(d± − σ) =

dd±(ζ)

dζ
N ′(d± − σ) = − 1

σζ
N ′(d± − σ).

Moreover, since N ′′(d) = −dN ′(d), we have

d

dζ
N ′(d± − σ) =

d± − σ
σζ

N ′(d± − σ),

d

dζ
N ′
(
d± − γ

γ − 1
σ

)
=
d± − γ

γ−1σ

σζ
N ′
(
d± − γ

γ − 1
σ

)
,
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while

d

dζ

N ′(d± − σ)

N ′
(
d± − γ

γ−1σ
) =

1

σζ

(d± − σ)N ′(d± − σ)

N ′
(
d± − γ

γ−1σ
) − 1

σζ

(
d± − γ

γ−1σ
)
N ′(d± − σ)

N ′
(
d± − γ

γ−1σ
)

=
1

ζ

1

γ − 1

N ′(d± − σ)

N ′
(
d± − γ

γ−1σ
) .

Hence

X∗ζ (t, r, ζ) =
1

ζ

1

γ − 1
f(t)e−µ+σ2

2

αK +H

α

N ′(d+ − σ)

N ′
(
d+ − γ

γ−1σ
)N (d+ − γ

γ − 1
σ

)

+
αK +H

α+ 1

N ′(d− − σ)

N ′
(
d− − γ

γ−1σ
) (1−N

(
d− − γ

γ − 1
σ

))
=

1

ζ

1

γ − 1

[
X∗(t, r, ζ) +Kf(t)e−µ+σ2

2

(
N(d+ − σ)− 1

α+ 1
− α

α+ 1
N(d− − σ)

)
+ Hf(t)e−µ+σ2

2

(
1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ))

)]
.

Similarly X∗r (t, r, ζ) can be computed.

Considering now dM(t) as in Equations (24) and (26) we obtain:

ψ(t) = ζ(t)

 0

−X∗r (t, r(t)ζ(t))
√
η

− ζ(t)
[
X∗(t) + ζ(t)X∗ζ (t, r(t), ζ(t))

]
λ,

and thus Equation (23) implies

ΣTπ(t) =
1

X∗(t)

 0

−X∗r (t, r(t)ζ(t))
√
η

− ζ(t)
X∗ζ (t, r(t), ζ(t))

X∗(t)
λ.

Remark 5 Since

(Σ>)−1λ =

 λ1

σ1

−σ2
√
η

σ1σB
λ1 +

λ2
√
η

σB

 ,

from the above calculation we notice that the proportion invested into the stock is given by

(πS)∗(t) =
λ1

σ1(1− γ)

[
1 +

K

X∗(t)
f(t)e−µ+σ2

2

(
N(d+ − σ)− 1

α+ 1
− α

α+ 1
N(d− − σ)

)
+

H

X∗(t)
f(t)e−µ+σ2

2

(
1

α
N(d+ − σ) +

1

α+ 1
(1−N(d− − σ)))

)]
.
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