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Abstract: This paper investigated the equilibrium investment strategy for a defined contribution (DC)
pension plan that incorporates random risk aversion and stock return predictability. The financial
market consists of a risk-free asset, an inflation-indexed bond, and a stock, where the expected stock
return is driven by an unobservable mean-reverting predictor. By filtering techniques, a DC member
dynamically learns and updates the estimation of this unobservable predictor based on the observations.
Different from previous studies that consider only random risk aversion and resort to a system of
ordinary differential equations (ODEs), this paper further incorporated stock return predictability and
characterized the equilibrium strategy as a system of partial differential equations (PDEs). In the case of
power utility, we derived the semi-closed form of the equilibrium investment strategy as the solution of
a PDE system, and verified the existence of the solution by the Banach fixed-point theorem. Rigorous
analysis showed that ignoring either random risk aversion or stock return predictability leads to welfare
loss. Numerical analysis confirmed the welfare loss.
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1. Introduction

Due to the rapid aging of the global population, ensuring the long-term sustainability of pension
plans while maintaining members’ living standards after retirement has become a major concern in
actuarial science and financial economics. As a vital component of modern pension systems, DC
pension plans have gained widespread global adoption in recent years, owing to their advantage of
transferring investment and longevity risks from the plan sponsor to the plan member. For DC plan
members, developing efficient asset allocation strategies over accumulation periods lasting decades,
achieving a stable financial condition after retirement remains a significant challenge.
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The literature on DC pension investment strategies branches into two directions. The first direction
aims to maximize the utility of terminal wealth. Practical factors, such as inflation risk, stochastic interest
rates, contribution rate volatility, and minimum return guarantees, have been gradually incorporated (see,
e.g., [1-3]). The second direction aims to minimize the variance of terminal wealth and addresses the
time-inconsistency issue arising from the variance term by solving the extended Hamilton—Jacobi-Bellman
(HJB) equations [4, 5]. Typical examples of the second direction include [6—10].

Table 1. Comparison of this paper with [8, 11, 12].

Attributes This paper [8] [11, 12]
Information Partial information Partial information Full information
Risk aversion Random risk aversion Constant risk aversion Random risk aversion
Solution form PDE system Closed-form ODE system

In [1-3], the utility function is assumed to be known and constant; accordingly, the DC member is
characterized by a constant and known level of risk aversion. In practice, however, individuals often struggle
to accurately quantify their own risk preferences and may even lack clear awareness of them [13, 14].
Alserda et al. [15] measured the risk preferences of pension plan members, highlighting the importance
of such preferences in optimizing asset allocation. To address the limitation of assuming constant risk
aversion, a body of literature modeled risk aversion as a time-varying parameter related to current wealth.
For instance, Bjork et al. [4], Hu et al. [16], Li et al. [17], Sun et al. [18], and Wang et al. [19] assumed that
risk aversion is inversely proportional to a linear function of wealth.

To address the portfolio problem with random risk aversion, Desmettre and Steffensen [11]
established a stochastic control framework based on certainty equivalence. The construction is executed
sequentially: utilities under various risk-preference scenarios are first transformed into a standardized
monetary measure, after which the optimization objective is given by the expected transformed utility,
with the expectation taken with respect to the distribution of random risk aversion. This effectively
circumvents the challenges associated with summing quantities expressed in distinct units that lack a
clear common scale. However, this formulation inevitably introduces time inconsistency. Therefore,
Desmettre and Steffensen [11] derived the equilibrium strategy by solving the extended HJB equations.
Recently, Wang and Jia [12] incorporated random risk aversion into the equilibrium investment strategy
for DC pension plans.

In each of the aforementioned models, it was assumed that the parameters of stock returns are
either fixed or deterministic functions of time. This suggests that members of DC pension plans have
accurate and complete information about stock returns when they are making investment decisions. In
real financial markets, however, members cannot directly observe the instantaneous expected return of
stocks. Instead, they must rely on publicly available information, such as historical stock prices, to form
real-time estimates. Numerous empirical and theoretical studies [20—26] confirmed that stock returns
are predictable and that members can improve their decisions by learning from observable predictors.
This learning process makes the optimal investment strategy non-myopic and horizon-dependent. As
retirement approaches, DC pension plan members typically adopt a defensive strategy and reduce stock
allocation, which is consistent with the investment decision-making practices of DC pension plans [8].
Therefore, incorporating stock return predictability into DC pension planning has important practical
significance.

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.



4601

Given this importance, a large number of studies have investigated the impact of learning in DC
pension plans. For instance, Wang et al. [8], Wang et al. [27], and Wang et al. [28] solved the problem
of stock return predictability in DC pension plan investment under the criteria of maximizing the utility
of terminal wealth and minimizing the variance of terminal wealth; Peng and Luo [29] studied an asset
allocation problem for DC pensions under partial observation and a mean weighted variance-CVaR
criterion; Peng and Fan [30] explored the optimal investment and dynamic attention allocation strategy
for a DC pension plan with stock return predictability; and Gao et al. [31] investigated an optimally
DC pension fund problem with partial information and obtained the optimal investment strategy by
using the Bayesian approach and the martingale approach. These studies collectively demonstrate that
ignoring learning behaviors can lead to significant welfare loss. However, it is noteworthy that all of
these learning-based studies assumed that the member has a known constant risk aversion. To the best
of our knowledge, no paper has yet investigated the joint effect of random risk aversion and stock return
predictability on the equilibrium investment strategy in DC pension plans.

This paper integrates random risk aversion and stock return predictability into DC pension plans.
Table 1 compares our work with the related literature. Specifically, we analyze a financial market that
includes a risk-free asset, an inflation-indexed bond, and a stock, where the expected stock return is
driven by an unobservable predictor that follows a mean-reverting stochastic process. Pension plan
members cannot directly observe the predictors influencing stock returns, but can dynamically learn
and update their estimates through filtering techniques based on the observable stock price process.
Furthermore, the model incorporates stochastic contribution rates, inflation risk, and minimum annuity
guarantees post-retirement. Using the certainty equivalent measure proposed by [11], we address the
time inconsistency issues arising from the inclusion of random risk aversion. By solving the extended
HIJB system of equations, we reduce the solution for the equilibrium investment strategy to a PDE
system and apply the Banach fixed-point theorem to verify the existence of the local solution. This
paper also demonstrates that ignoring either random risk aversion or stock return predictability leads to
welfare losses. Furthermore, numerical analysis confirms these results.

The remainder of this paper is organized as follows. Section 2 reviews [12], which studied the
equilibrium strategy with random risk aversion and a completely observable stock return. Section 3
extends the analysis by incorporating stock return predictability into the optimization and provides a
semi-closed-form solution for the equilibrium investment strategy. Section 4 theoretically demonstrates
that ignoring either random risk aversion or the learning process leads to welfare losses. Section 5
verifies these results through numerical simulation. Section 6 concludes the paper.

2. Equilibrium investment strategy with random risk aversion and a completely observable stock
return

This section reviews [12], which studied the equilibrium investment problem for a DC-pension-
plan member facing random risk preferences. The problem is first transformed into a self-financing
investment problem, and the semi-closed form of the equilibrium investment strategy is derived under a
power utility function, up to the solution of an ODE system.
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2.1. Financial market setting

Consider a complete filtrated probability space (Q,.#,P,{% }o<i<r), Where T € (0, ) is the
retirement time of the DC pension member. All stochastic processes discussed in this paper are
defined on this probability space and are adapted to the filtration {.% }o<<r. It is assumed that the
pension fund can be invested in the financial market continuously without transaction cost or tax.

The financial market consists of a risk-free asset, an inflation-indexed bond, and a stock. The price
process of the risk-free asset is described by

dSo(?) = rSo(r)dt, So(0) >0,

where r > 0 is the risk-free return rate.
The price process of the stock follows

ds (@)
S ()

where u(t) denotes the market price of the stock price risk, g > 0 is a constant volatility, and
{Zs(1),t € [0, T1]} is a standard Brownian motion.
The nominal price level of a representative bundle of commodity goods is denoted by P(¢), where
dP(t
?5)) = ﬂdt + O'pleS(t) + O'pdep(f), P) > 0, (D)
where 17 > 0 is the expected inflation rate, o,; > 0 is the stock volatility on P(f), 0, > 0 is the volatility
of P(¢) determined by factors other than the stock, and {Zp(¢), ¢ € [0, T]} is a standard Brownian motion
independent of {Zs (1), € [0, T]}. Suppose that the market price of inflation risk is 4, and the price
process of the inflation-indexed bond /(¢, K) is

di(t, K
1((5 K)) - (r + o p1u(t) + 0',,2/1,,) dt + 0,1dZs (t) + 0 pdZp(1). @)

= rdt + o5 (u(n)dt + dZg (1)), S(0) >0,

2.2. Stochastic contribution rate and annuity guarantee

Regular contributions are made by members to their individual accounts in the DC pension plan
during the accumulation phase, continuing until retirement at time 7'. Let C(7) denote the contribution
rate to the pension account at time #. Therefore, Wang and Jia [12] assumes that C(¢) satisfies the
following stochastic differential equation (SDE):

dC(1)
C(1)

where A > 0 is the expected growth rate, and o¢; > 0 and o, > 0 are positive volatility factors that
represent the respective sensitivities of the contribution rate to stock market risk and inflation risk.

As emphasized in [1, 8, 12], DC-pension-plan members aim to accumulate terminal wealth that is
adequate to cover a target retirement benefit, hence protecting their living standard after retirement. The
annuity target for the member over r € [T, T’] is a(t), where T’ denotes the random time of death. Thus,
the actuarial present value of the target at time 7 is

= Adt + 0¢1dZg () + 0dZp(t), C(0) > 0,

G(T) = f ) a($)I(T, 5);-r prds,
T
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where w is the maximum survival age. a(s) = a(T)exp {ao(s — T)}, where a(T) is the target annuity
stream at the moment of retirement, and ao > O represents the inflation rate associated with the cost of
living. _7pr is the probability that the member will survive to s, and can be calculated by

sTPT = EXp (— f A(u)du) -2
T w—t

where A(f) = 1/(w — 1), which is modeled by the Abraham De Moivre model.

2.3. Optimization problem

Let x( be the initial wealth, 7;(¢) and 75 (¢) be the proportions of money invested in the inflation-
indexed bond and the stock at time 7, respectively, and denote the portfolio strategy as m(t) =
(mr;(t), s (1))’ . Then, the wealth process X”(¢) of the DC pension account is

ds dI(t, K ds
dX* (1) = (1 — 71,() — s (£)) X (1) SO‘)(% ) 4 1 (OX () 1((; K)) + g (t)X”(t)T(t;) + C(rydt
= [r+ w0 (0 ppa(t) + 724, + w5 (s (| X™(0)de + C(t)de
+ (ns (Hos + n,(t)a,,l) X" (1)dZs (1) + 71() 0y X" (DZp(2). (3)

Wang and Jia [12] presented the optimization problem in the following form:

V(t,x,p.c) = sup, f () (E,, [m (M)D arey)

P(T) 4)

s.t. X°(T) > G(T),

where u” is the member’s utility function with parameter y and y is random with the cumulative
distribution function (CDF) I'. The random parameter vy is independent of {Zs(¢),r € [0,T]} and
{Zp(t),t € [0,T]}. Here, E; ., [-] = E[- | X"(1) = x, P(t) = p, C(t) = c] denotes the conditional
expectation at time .

3. Equilibrium investment strategy with random risk aversion and a partially observable stock
return

In [12], the expected stock return is a deterministic function of time, implying that DC-pension-plan
members possess accurate and complete information when making investment decisions. However, this
assumption is unrealistic in real-world financial markets. In practice, members can only access partial
information from the market, while the current instantaneous expected stock return rate is typically
unobservable [8, 29]. Numerous empirical and theoretical studies have confirmed that investors
can utilize observable predictors such as book-to-market ratios and historical returns to make their
predictions [24, 25, 32, 33]. Members can gather as much information as possible and continuously
estimate the current instantaneous expected stock return rate. Therefore, it is essential to incorporate
learning about return predictability into investment decisions for DC pension plans. In this section, the
problem is first transformed into a self-financing investment problem, and the semi-closed form of the
equilibrium investment strategy is derived under the power utility function up to the solution of a PDE
system.

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.



4604

3.1. Financial market setting

Existing research on investment optimization under partial information primarily employs three types
of stock return models. The first type models stock returns as a linear combination of observable and
unobservable predictors, both of which follow mean-reverting processes. Investors infer the real-time
status of unobservable predictors from observable ones using filtering techniques [33—-37]. The second
type assumes that the expected stock return is driven by an unobservable predictor that follows a
mean-reverting stochastic process. Investors dynamically update their estimates of this predictor by
observing the historical trajectory of stock prices [8, 38, 39]. The third type models stock returns as a
function of hidden Markov chains [29, 40-43].

Following [8], we adopt the second type, which supposes that the predictor u(f) follows

du(r) = k (7 — p(0) dt + 0,pdZs (1) + 07, V1 = p2dZ,(0),

where i1 > 0 is the long-run mean value of u(1), « > 0 represents the speed of mean reversion, o, > 0 is
the volatility of the predictor u(f), and p € [—1, 1] is the correlation coefficient between the stock price
S () and the predictor u(t). Here {Z,(t),t € [0, T']} is a standard Brownian motion and is independent of
{Zs(1),t € [0,T]} and {Zp(1),t € [0, T]}.

In the financial market, a DC-pension-plan member attempts to utilize a Kalman filter to estimate
the partially observable predictor u(f). Mathematically, let %S’P ‘C ¢ .Z, be the filtration generated by
observing the stock price S (), the price level P(¢), and the contribution rate C(f), and define

A0 = E[ulZ5"], m@) = E[u@) - g0 1777
Hence, fi() is the estimation of u(t) and m(t) represents the variance of the estimation error. Applying
Theorem 12.7 from [44], the dynamics of the stock price, the estimated predictor, and the inflation-

indexed bond can be rewritten in terms of .%;"“-adapted innovation processes as follows:

ds
TE;) =rdt + oy (/Q(t)dl‘ + dWs ([)) , (&)
di(r) = k (@ — f(n)) dr + Z(6)dWs (1), (6)
di(t, K
1((: K)) = (r + o) + oA, ) dt + 0 dWs (1) + 0p2d Wa(2), (7)
where dm(®) 2 i
X(1) = oyup + m(1), e = —2km(t) + o, - X (0.

For completeness, we also rewrite the dynamics of the price level P(¢) and the contribution rate C(¢) in
terms of the innovation processes.

dPP((t;) = ndt + 0,1 dWs (1) + 0,0dWp(r), P(0) > 0, ®
dcff((t;) = Adt + oc1dWs (1) + ocdWp(r), C(0) > 0. ©)

Here, Wg(f) and Wp(f) are the innovation processes from the filtering theory, which form a two-
dimensional standard Brownian motion with respect to the observation filtration ﬁ,S’P ‘€ and Wy () and
Wp(t) are independent. All subsequent analysis will be based on these filtered dynamics.
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Through the process of learning, the dynamics of the stock price S (7) and the predictor p(f) under
partial observation are transformed into equivalent processes under complete observation from the
member’s perspective. The detailed proof can be found in [8, 34], and is therefore omitted here.
Following [33, 35, 38], we consider that the filtering process has reached a steady state for tractability,
implying that the estimation variance m(#) has converged to its long-term mean m, which yields

dm(z)

” = —2km + O'Z —(oup + m)> = 0.

Solving for m and taking the positive root (since the variance must be non-negative) gives

m=—(k+o,p)+ \/(K +0,p)? + i1 - p?) > 0.

Consequently, in the subsequent discussion, we consider

T=op+m=—k+ \/(K+aﬂp)2+ai(1—p2)>0

as a given constant.
The wealth process X”(¢) of the DC pension account becomes

ds dIr, K ds
dX7(1) = (1 — m,(8) — 75 (£)) X°(0) SOO((;) (DX (1) 1((; K)) . (t)X”(z)T(l;) + C(rydr
= [r + ) (o f1(0) + 0j04,)) + 75 (Dos (1) | X (1) + C(r)de
+ (ns(D0s + w01 ) X" (OAWs (1) + 11()0 o X" (AW (2). (10)

Definition 1. We define I1 as the set of admissible strategies 7(¢) that satisfy the following conditions:

1. Equation (10) admits a unique strong solution for the initial point (¢, x, 1) € [0, T] X R X R;
2. [ ) (Brepie [0 (FEEED)])dr(y) < oo, whete B[] = EL- | X7(0) = x, P(t) = p, fu(0) =

[, C(t) = c] denotes the conditional expectation at time t;

3. n(¢) is continuous and ﬂ,S’P C_progressively measurable.

3.2. Optimization problem

In this section, we first transform the wealth process X”(¢) of the DC pension account into a self-
financing case. Specifically, F'(z,T) is the present value of C(s) from ¢ to 7" and follows the process

dF(t,T) = —C(n)dr + (r + o fa(t) + o-czzlp) F@,T)dt + oo F(t, TYdAWs(¢) + o F(t, T)dWp(2).
G (1) is the present value of the target retirement benefit G(7') at time ¢ as
G = fw a(s)I(t, s)s-r prds.
T

The following lemma demonstrates that F (¢, T) and G(¢) can be replicated using a portfolio of traded
assets, as shown in [12]. Therefore, the detailed proof is omitted.
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Lemma 2. F(t,T) and the continuous contribution can be reproduced by the risk-free asset, inflation-
indexed bond, and stock as follows:

dF@,T)+Cydt _ (o p = p NdSo®) = p dIt,K) — p  dS(1)
R U ACREAC ko AR s (U (11)
where o — oo
ﬂ'f(l‘): C1V p2 Cc2 Pl’ 7'[5([’): @ (12)
050 p Op2
G(1) follows a self-financing process:
dG(1) . dl(t,K)
G0 " (r + o pifu(t) + oA, ) dt + 0 dWs (1) + 0 ppdWp(1) = 0K
Now, define the auxiliary process:
Y(t) = X°(t) + F(t, T) — G(¢).
We can derive the dynamics of Y?(r) from Lemma 2 and Ito’s formula,
dri = rdt t t a(Hdt + dWs(t t A,dt + dWp(t 13
Togy =+ (er()ap1 + ps()ors ) (t)dt + AWs (1)) + i (LAt + dAWp(r),  (13)
where
HX*(t) + nf (OF(t,T) — G(t
iy = LT DT (14)
HX*(t) + nE(OFt, T
FPLLC ()W(fg() 7). s

and ¢(1) = (¢,(1), ps (1)) is also admissible when the original investment strategy () is admissible. By
definition, Y%(T) = X™(T) — G(T). Therefore, the original optimization (4) can be transformed into a
self-financing optimization,

sup,erJ?(t,y. p. ), (16)

YNT
Ty, p. ) = f )™ (Er,y,p,ﬁ [”y( P((T)))]) dr'(y), (17)

subject to Y*(T) > 0, (8), and (13). Here, E,, 4[] = E[- | Y*(t) = y, P(t) = p, (r) = i] denotes
the conditional expectation at time . Moreover, we assume Y?(0) = X™(0) + F(0,T) — G(0) > 0 and
consider Y?(r) > 0 for the existence of admissible strategies. Given that the process P(¢) follows a
geometric Brownian motion with P(0) > 0, it stays positive on the entire interval [0, T]. Therefore,
the domain of J%(z,y, p, 1) in (16) is [0, T] x R* x R* x R. In fact, the equilibrium strategy obtained
in Proposition 6 is clearly independent of Y? itself. Consequently, under the equilibrium investment
strategy, Y? (f) > 0 holds for all ¢ € [0, T]. A similar discussion can be found in [12].

Desmettre and Steffensen [11] pointed out that incorporating random risk aversion leads to time
inconsistency. Thus, we define the equilibrium control for (16), which is consistent with [5, 8, 11, 12].

with
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Definition 3. We call an admissible strategy ¢* an equilibrium strategy if, for any ¢ € Il and a fixed real
number & > 0, the strategy ¢, defined as

(s) = ¢(s) forse[tt+h),
Puls) = ¢*(s) forse[t+h,T),

satisfies the condition . R .
Sy p ) = Iy, p )
; > 0.

In this case, the equilibrium value function V,(z,y, p) is written as

liminfh_>0

V(t,y,p) = J? (t,y, p, f1).

The equilibrium strategy outlined in Definition 3 is consistent over time. Consequently, we operate
under the assumption that the objective of a member, at any initial state, is to identify an equilibrium
investment approach along with its associated equilibrium value function for the optimization problem
(16). From this point forward, we will refer to the equilibrium investment strategy as the time-consistent
investment strategy.

3.3. Verification theorem
This section gives the verification theorem of problem (16). Let

Y(T) )]

7ty p. i) = Bryp [”y( P(T)

and then J?(t,y, p, ft) follows:

Parpd) = [@7 (@) aro).
We introduce the variational operator A’ via

AW) =Wy [r + 612, + (¢s()as + ity ) ()| + W, pn + Pkt - )

1 2 1 1
+ 5Py ((¢S(t)crs + ¢i(Dop) + ¢§(t)a§2) + Y0’ (02, +02) + AL

+ W30 (61007, + 71 (65 (D0s + 101 )) + PyyZ (85 (s + Gi(B)op1) + W papZorpi,

You, ¥

where ¥y, ¥, g, Wy, Wpp, Wpgs Fyps

writing, we define

W, are the partial derivatives of ¥. For the sake of simplicity in

= Sy .
X

Similar to Definition 5.1 in [5], Definition 3.4 in [11], and Definition 3 in [12], we need to introduce the
definition of the space L*(Y?).

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.
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Definition 4. Considering an arbitrary admissible control ¢, a function 2 : [0, T] X R* X R* xR — R is
said to belong to the space L*(Y?) if it satisfies

T
E,,y,,,,ﬁ[ f Iy (s, Y2(5), P(s), 21(s)) Y2(5) (@5 (8)s + @r(5)pn, pi(5)0rp2)
+ hy (5. Y(5), P(8). () P(5) (071, 07p2) + i (5. Y2(5). P(s). (5)) (2. 0) ||2ds] < 400

for any (t,y, p, 1), and the derivatives of i with respect to y, p, and fi are denoted by h,, h,, and h;,
respectively.

Theorem 5. Assume that there are functions U and Z” in C'**? ([0, T] x R* x R* X R) for all vy, so
that
(i) the following conditions hold:

Ui (t,y, p, ) = inf¢{ - AU (t,y, p, ) + H, (t,y, p. f1) + A’H (1, y, p, 1)

and
Z/(t,y, p.p) = —A" 27 (1,y, p. [1) (19)
where
H(t,y,p,) = f W) (Z(t,y, p, ) dI(y) € C*** ([0, T] x R* x R* x R), (20)

¢ = arginf, {—ﬂ¢U (t,y,p, ) + H; (t,y, p, 1) + A’H (., p, 1)

- f O (2 (1, p. ) (2t y, p. ) + AZY (@, y, p. ) T (7)} ; 21
subject to boundary conditions

UT,y,p,p)=y/p and Z"(T,y, p,it) = u’ (y/p), hold for all y;

(ii) U, H, and Z” for all y are in the space L*>(Y?");
hence, ¢* is an equilibrium strategy and

V.(t,y,p) = Uy, p, 1),

2y, p. ) = 27 (L, y, p.fp) forally.
Proof. The proof follows the same line as in [11, 12], and is therefore omitted here. O

Listing the first-order and second-order derivatives of H(t,y, p,fi) for each component, and
substituting them into the HIB equation (18) yields

U, (1,y, p, i) = inf¢{ _ AU (1,y, p, 1)

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.
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1

+ 33 (505 + 81007 ) + G012 f @Y @6y p. i) (ZU(0,y. p. ) dT)

1

+507 (05 +03) f @Y @ (t.y. p.) (2.5, p. p)) ()

1
+3% [@) @y pi) (Zeypp) are)

+yp (6100 + 71 ($5 (D5 + ¢i(t)o 1)) f @Y (2,3, p. () Z)(t,y, p. DZ}(1, ¥, p, AT ()
L (8500 + i0r) [ @) @ 03P AN Z 0P DF 03P RT)
+py [©F @y AN 20 p 2 p T

It should be emphasized that the role of the superscript y is to mark the functions’ reliance on vy, rather
than to raise the functions to the power of y. Using the first-order conditions, it is easy to obtain that
¢7(1) and ¢ (?) take the following forms:

b= L [ Ay [0 @@y, p. ) Z(t:y, p. AT(y)
y\ow [0(2(,y, p. ) Z)y(t, y, p, AT (y)
. [ @@y, p. ) 2,1y, p,mdr(y))
[ @ty p.0) Z(t.y, p. AT () )

. 1 ((. . ow\ [0 @@y, p. ) Z(,y, p, AT ()
ps (1) = —— [ a@®) - o ~
osy Je @@y, p.p) Z(t, y, p, AT (y)
o @y, p.p) 2,1, y, p, pydl (7)]
) :
[ @y, p.0) Z}y(t,y, p, )T (y)

O'pz

which are independent of the function U. Thus, solving the problem reduces to determining Z”(z, y, p, {)
for all y.

3.4. Equilibrium strategy under the power utility function

Typical examples for ©” include the power utility function and the exponential utility function. For
the exponential utility, Desmettre and Steffensen [11] showed that the equilibrium strategy is the same
as the classical one, just replacing the random 7y by its expectation. Thus, we focus on the power utility
function

1
w(w) = 1—w1*7. (22)
Its inverse and the corresponding derivative of (22) are

Y

1 1 d Y
@) ) =A=TvT, = @) ) =1 =)
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Then, the equilibrium strategy can be rewritten as

b= ) [_ [ =9 @@y, p. )52ty p. AT ()
T2 [(1 =)™ (Z/(t,y, p. )T Z(t,y, p. AT ()
f (L =Y (@ (t,y, p. )T L1, . p, /:odr(y)] 03
f(l — V)T (2L, p. )T Z (2, . p, AT (Y)
sy = L [( - A,,a,,l) [a-y»m l;v (Z'(ty. p.J1) l;wzy’ (t.y, p. AT (y)
[ =™ @y, p. o)™ Zy(t.y, p. )AL ()
Ja- Y (Z(t.y. p ﬁ))%z?ﬁa, y, p,mdr(y)]_ o
f (1 =)™ (Z(t,y, p. )T Z (1, v, p. AT ()

Based on the above forms of ¢;(#) and ¢ (7), the following proposition provides a semi-closed solution
of the equilibrium strategy up to the solution of a PDE system.

Proposition 6. Provided that the following PDE system

g =1, )

-
g/t Q) = 77 (26)

(/lp - 0'p2)2 + (ﬁ(f) - 0'p1)2
et,pg, I

X { (r + o f(t) + o pd, — n) —

(- ‘Tﬂ)z + (A - ‘Tpl)2 y y
+2 . spp(1- =L )+ Izt o
2 gt i, T) st,p,I)) 2

()

1—722 ’

1
—3? g7 +
2 g

{K(/u P+ 1=y —— +(1—7)22} 3

e(t ,ﬂ,F)
with

(1, 0) ™ dI
ST [ (@) (w, 07

[ (g7t )™ dI'(y)

[y (@)™ L2 are)

[y (g7, )™ dI'(y)

has a continuous solution on the interval [0, 7], then the equilibrium investment strategy that solves
problem (16) is

ot 4, I") = (28)

1
¢;(t) = (/lp/o'pz - 1) m + 1, (29)
oo RO =051/ Zp
¢S(t) - O-S‘g(t7ﬂ7 F) " Og ’ (30)
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Furthermore,
1 '
2y, po ) = 2y, po ) = —— (g’(t ,U))y(p) .
Proof. We substitute the ansatz
) = 1 Yee AV (DY
-y p

into (23) and (24), which yields (29) and (30). By substituting the ansatz into (19) with the boundary
A=
control Z" (T, y, p, i) = = (l) 7 we obtain (26).

y \p
O
The equilibrium investment strategy of the stock ¢ (#) consists of two terms
. i) = 4,01 /0 .
¢s1(t) = L £ s ¢52(f) = zlﬁb/O'S- (31)

0'S8(t, ﬂa F)

The first term ¢, (¢) is the speculative demand and the second term ¢5,(7) captures the hedging demand
against changes in the estimated drift that arise from learning.

3.5. Special cases

Solving the infinite-dimensional PDE system in Proposition 6 and ensuring the existence of its
solution are generally challenging. To make the problem tractable, we focus on three special cases
in the following. First, we consider the case of two-point risk aversion and learning. In this case, the
infinite-dimensional PDE system can be reduced to two coupled PDEs, allowing us to apply the Banach
fixed-point theorem to prove the existence of a local solution. Second, we consider the case of constant
risk aversion and learning, where the member ignores the randomness of risk aversion and uses the
expectation of the random risk aversion as a substitute. Third, we analyze the case of random risk
aversion and no-learning, where the member treats the unobservable predictor as fixed at its long-run
mean j1, thereby regarding the market as completely observable.

3.5.1. Two-point risk aversion and learning

Following [11, 12], we assume that the risk aversion distribution of y is two-point, taking values vy,
and vy, with probabilities p; and p,, respectively, where p; = P(y = y;) fori = 1,2 and y, > y; > 0. In
this case,

Y1 Y2
Y1 l’A I-y; + Y2 l’/\ I-y
£t 1) = p1y1 (g7 (@, 1) P2y2 (871, 1) 2’ (32)

T 2
p1(gn(t, /1))'*71 + Pz (g2(t, 1))

g (1 g2 (1)
pi(g" (6 )™ gnw) + pag7 (1, )T PR
o(t, 1) = . (33)
i@ (1, )T + pa(g(t, )2
Moreover, we can obtain the following PDE:
N
g (1, 1) = — 2 (34)
Y1
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(/1,7 - 0'p2)2 + (ﬂ(f) - 0'p1)2
e(t, fi)

- (r + o f(t) + o pd, — n) —

+ﬂ(/lp_0'p2)2+(ﬁ(l)—0'pl)2_290,\(1_ Y1 ) Yie2 2

+ =X &
2 (1, ) ey 277 (8

| L=y (82)
_ 2 i _ Iy2 7 ~Yigol\oa
+ (1 71)2 90} gp 22 gpﬂ + 2 x g” B

i
o1, )

—{K(ﬁ—ﬁ)+(1 =71

L=y
Y2

gt 1) = (35)

(/117 - 0'p2)2 + (ﬁ(f) - 0'pl)2
&(t, 1)

- (r + 0 f(t) + o pd, — 17) -

2 R 2
¥ (/11,—0'1;2) +(,U(t)_0-p1) R Y2 YV2¢2 2|
+ 2 R —Zpp|l = —— |+ X9 r g
2 (1, 2) et,py) 2
2
Y2
) i > 1 1-7v (gﬂ )
- -+ - +(1=y)X O P MR Lol
{K(” W=y T "D}g“ 2T e

with g%(T,-) = 1. Wang and Jia [12] considered the random risk aversion case without stock return
predictability, 1.e., fi(t) = ji. Then, Equations (34) and (35) degenerate into ODE form, and the Peano
existence theorem guarantees the existence of at least a local solution [11]. However, when it comes
to the PDE case, we have to introduce the following theorem to prove that a local solution exists. The
proof of Theorem 7 is based on [45—47].

Theorem 7. (Existence for a two-point distribution) Assume that y, >y, > 0and y; # 1, i = 1,2. Then
for any sufficiently large L > 0, there exists a 6 > 0 such that the PDE system (32)—(35) admits a unique
solution (g"', g"*) on [T — 6, T] X [-L, L] with the boundary conditions g"(t,+L) = 1 fort € [T — 6, T].

Proof. See Appendix A. O

Remark 8. The Ornstein—Uhlenbeck (O-U) process ji(f) has exponentially decaying tails, so the
probability that |{i(¢)| exceeds a large threshold L decays exponentially in L over any finite time horizon.
Thus, for sufficiently large L, the truncation error is negligible, and it suffices to work on the bounded
domain [—-L, L] with homogeneous Dirichlet boundary conditions. A solution on the whole real line is
not required.

It is essential to verify whether the two-point distributed PDE system (32)—(35) established in
Theorem 7 satisfies the conditions in Theorem 5. This verification ensures that the equilibrium strategy
and corresponding value function are clearly defined.

Proposition 9. With the two-point distribution for y, the conditions in Theorem 5 are satisfied.
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Proof. By Proposition 6, we have

. 1 Ay Y\
Z(t,y, p. ) = ﬁ(gy(t,u))y(l—)) .Y =YL

The function g” is the unique local solution of the PDE system provided by Theorem 7. The Sobolev
embedding in its proof gives g” € C*([T — 6, T] x [-L, L]) for some 6 > 0 and L > 0. Consequently,
g” and gz are bounded, and Z” € C"*>*([T — 6, T] x R* x R* x [-L, L]).

Substituting the partial derivatives of Z” into the expression required by Definition 4 yields

(Y¢*(S)
P(s)

I-y V( 4F* * * y y yyy—1 Y
) [g (¢[0-P1 + ¢SO-S, ¢[0-p2) -8 (O-pl, O-p2) + :’(g ) g/j (2’ 0)]

All terms inside the parentheses are bounded on [T — 6, T'] X [-L, L]. Indeed, g” and g}: are bounded by
Theorem 7. Since € and ¢ are continuous functions of g”!, g”?, and their i-derivatives, they inherit the
boundedness. The strategy components ¢; and ¢, given by (29) and (30), depend only on 7, fi and the
bounded &, ¢, so they are bounded as well. Thus it suffices to prove that M(s) := (Y¢ (s5)/ P(s))l_y is
square-integrable on [T — 6, T'].

From (13) and (8), a direct application of Itd’s formula shows that M(s) satisfies a linear SDE
whose drift and diffusion coeflicients are continuous in (s, fi(s)). On the compact ji-domain [-L, L],
any continuous function is uniformly bounded and uniformly continuous, hence Lipschitz and of linear
growth. By Theorem 2.3.1 in [48], E[ f[T(M(s))2 ds] < co. Therefore Z¥ € L*(Y?") for y = y1,v,. The
verification for U and H is analogous and is omitted. O

Remark 10. As noted in [11, 12], the existence argument for the two-point distribution case carries over
to discrete distributions with bounded support. This is because the PDE system (32)—(35) generalizes
naturally to a finite set of coupled equations when vy takes finitely many values, and the Cole—Hopf
transformation and the Banach fixed-point theorem remain applicable.

However, for a continuous or general distribution I', the situation is fundamentally different. System
(26) becomes an infinite family of PDEs parameterized by y, coupled through the nonlocal integral
expressions (27) and (28). This infinite-dimensional, nonlocal coupling prevents a direct extension of
the finite-dimensional fixed-point argument. While one may approximate a general I by a sequence of
discrete distributions and solve the corresponding finite systems, passing to the limit requires uniform
estimates and convergence analysis that are not covered by the current proof.

3.5.2. Constant risk aversion and learning

For a degenerate risk aversion distribution, the member ignores random risk aversion and uses the
expected value of the random risk aversion, i.e., £(t, ;i) = y. Then, the derivative of g” is given by

L 1-y A (4 =) + (a0 - )
§=—"1" (r + o pt®) + 0 ppd, = 1) - %
2
Y
> 1 -1 85
k- + (1 —pEl g - o527 4 V—ZZQ, g (T.fn) = 1. (36)
')/ /1 2 2 gy

The following proposition derives the explicit solutions for the equilibrium strategy and value function.
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Proposition 11. For the optimization (16) when ignoring random risk aversion, the equilibrium
investment strategy satisfies

1
10 = (L/op—1) = +1, (37)
A Y
iy = POZ MO0 E e op+ Exo), (38)
gsy (0N

and the equilibrium value function satisfies

Vialt,y,p) = 2 exp {% B\ + Ex(0a + E3<r>]} , (39)

where E|(t), E5(t), and E5(¢) are given by the following ODE system:

- 1 -

E() = ——2 +2[k- —2L3|E\(0) + 2 (y - 2) S2E2(0),

2y? Y

1 —v)? 1 -
Ei(t) = O_pl% — 2kukE, (1) + (K - Tyz) E>(t) + 2 (y — 2) Z°E (1) Ex(1), (40)
2
, 1—vy (/lp_o'ﬂ) 0'21 _ v—2

E\(0) = - {—r +n =0 pd, - —y i — kaE, (1) — X°E, (1) + TzzEg(t),

with E\(T) = Eo(T) = Ex(T) = 0.

Proof. We conjecture the form of g” as

g = exp{E\(Of + Ex(0t + E5(1)}, (41)

and putting (41) into (36) yields (40). Furthermore, (39) can also be obtained.
O

The proof of the degenerate case follows the same lines as that of Proposition 9 and thus ensures that
the conditions in Theorem 5 hold.

3.5.3. Random risk aversion and no-learning

When the member ignores that the expected return rate of the stock is partially observable, i.e.,
[(t) = 1, which implies that the member regards the market as completely observable, in this case, the
PDE system reduces to the ODE case:

(/117 - O_p2)2 + (/-_1 - o_pl)z
e, I

1 -y _
ggl(t) = T{ - (}" + O+ O-p2/1p - 77) -

_ (42)
+ Z(/lp - O-p2)2 + (,Ll - O-pl)2 y
2 g, I)
and the equilibrium investment strategy is
810 = (1,00 = 1) T (43)
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la - /lpo-p] /0-p2

go(t) = L (44)
with .,
Y($)) T dI”
o1 = [v(g (’))y 2} )
[ (g @)™ dI(y)
Moreover, we have
1 _ a1 ([T
sz(t,F)—E((/lp_‘TpZ) +(@-opm) )82(,’ F)[ TeOE e -2wh|.  (46)

(42)—(46) align with the findings of [12]. Furthermore, Wang and Jia [12] provided the special cases
corresponding to two-point and degenerate distributions of y. Obviously, the results for these two
special cases proposed by [12] are specializations of Sections (3.5.1) and (3.5.2), thus are omitted here.

3.6. Solution to the original problem

Given the relationship between ¢(7) = (¢,(1), ¢s(¢)) and n(¢) = (m;(t), 75 (¢))’ from (14) and (15), the
original equilibrium strategy is given by

Y* (0)i(t) = nb (OF (1, T) + G(1)

7(t) = 0 , (47)
o B5OYY (1)~ af(DF (1, T)
75(1) = =0 . (48)

Proposition 12. Under the following two special cases concerning the risk aversion parameter y and the
predictor process fi(), the equilibrium investment strategy n(t) = (71;(¢), ws(¢))" for the original problem,
given by Equations (47) and (48), is admissible:

1. Two-point distribution: y follows a two-point distribution (yy, y,) with learning (without learning);
2. Degenerate distribution: vy is a constant with learning (without learning).

Proof. The proof is similar to Proposition 3 in [12], so we omit it here. O
4. Welfare loss

This section quantifies the welfare loss resulting from ignoring random risk aversion and from
ignoring learning by comparing the equilibrium value functions. The random risk aversion ¥ follows a
two-point distribution, and its expectation is denoted by ¥ = E[¥]. For the unobservable predictor, the
member can either dynamically update its estimate fi(¢) via filtering or fix it at the long-run mean . The
corresponding four equilibrium value functions are defined as follows:

1. V54(t,y, p): the corresponding equilibrium value function for random risk aversion ¥ and partially
observable stock return fi(z).

y Vi, A\To- Vi, AT
Via(t,y, p) = ];(plg, & W™ + pog/ (t,#)‘-n), (49)

where g (1, i) and g (¢, ) satisfy (32)—(35).
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2. V54(t,y, p): the corresponding equilibrium value function for random risk aversion ¥ and
completely observable stock return u(t) = ji.

N .
x@@ym:%@gMWm+mymwﬂ, (50)
where g”'(¢) and g”*(t) satisfy
Y1 1 — 71 _
8 (t):T —(r+0'p1,u+0'p2/lp—7]) (51)
_ (/lp - 0-p2)2 + (ﬁ - 0.p1)2 + ﬁ (/lp - 0-p2)2 + (:a - 0.p1)2 i
(1) 2 2(1) &
Y2 1 - 72 -
g’ (1) = " —(r+ ot +0,pd,—n) (52)
_ (/lp - O-p2)2 + (/j - O-pl)z + ')2 (/117 - O-pZ)2 + (ﬁ - O-pl)2 72
(1) 2 (1) &
with " .,
(. T) = P17187 ()™ + pay2g” (1)

PIgNOTT + pagn (T

3. V;4(t,y, p): the corresponding equilibrium value function for constant risk aversion y = E[¥] and
partially observable stock return fi, which can be found in (39)—(40).

4. V5 a(t,y, p): the corresponding equilibrium value function for constant risk aversion ¥ = E[¥] and
completely observable stock return u(?) = fi.

(/lp - O'p2)2 + (/_l - O'pl)2
2y

Viu(t,y,p) = %exp —|r=—n+opi+opnd,+ (T-1;. (53)

4.1. Welfare loss of ignoring random risk aversion

This subsection focuses on the welfare difference between random risk aversion and constant risk
Y
aversion. The welfare loss can be expressed as V; (2, y, p) — V;.4(t,y, p). By proving that g7(z, 1) ™ is a
convex function, we can deduce from the following proposition that V; 5(t,y, p) > V; (2, y, p).

Proposition 13. Ignoring the randomness of risk aversion leads to welfare loss, i.e., V;(t,y, p) >

Vs.a(t, Y, D).

Proof. See Appendix B. O

Remark 14. The key to the proof lies in the convexity of the function g”(z, ,a)%. Once the convexity
Y

of g¥(¢t, 1)™ is ensured, Proposition 13 can be generalized to the case of discrete distributions with

bounded support, rather than just two-point distributions. In particular, for a discrete distribution taking
values 1, ¥, ..., ¥, With probabilities py, p, ..., p,, Jensen’s inequality gives

y - i A e y 0% A L_
Vsa(t,y, p) = » Zpig”(t,ﬂ)“” k< l;g’(t,u)‘-7 = Vya(t,y, p),
i=1
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where ¥ = Y7, piy:. The same convexity argument can extend to a general distribution I'(y):

v
=

Y Ayl Y 5.~
Vialt.y.p) = < f gt p™dl(y) 2 ;gy(t,ﬂ) 7= Vit 3, p)-
Thus, ignoring the randomness of risk aversion leads to a strict welfare loss once the function g”(t, ,&)%
is proved to be convex.

4.2. Welfare loss of ignoring stock return predictability

This subsection focuses on the welfare difference between partially observable and completely
observable stock returns. The welfare loss can be expressed as Vy ;(t,y, p) — V;.4(2,y, p). The following
proposition shows that Vj ,(t,y, p) > V5 (2, y, p) always holds true.

Proposition 15. Ignoring learning leads to welfare loss, i.e., V5 ,(t,y, p) > V5:(t,y, p).
Proof. See Appendix C. O

Remark 16. As long as the predictive factors are random (i.e., k > 0, X > 0), the optimal strategy for
members with learning always depends on updated estimates ji(¢), whereas the strategy without learning
is fixed as a constant. Due to the fact that the fixed strategy belongs to a subset of the learner’s feasible
strategy set and is different from the optimal strategy with learning, the conclusion of Proposition 15
always holds true.

5. Numerical examples

This section simulates 10,000 sample paths of the surplus process and adopts the average of the
equilibrium investment strategy. First, we conduct a sensitivity analysis to examine the impact of key
model parameters on the equilibrium investment strategy. Second, we compare the equilibrium strategies
that ignore random risk aversion and ignore stock return predictability. The numerical values used in
our study are as follows. The risk-free return rate is r = 0.02. For the stock market, the parameters are
os =02,k=0.043, 0, = 0.07, p = —=0.4, and iz = 0.24. Inflation dynamics are governed by n = 0.014,
oy = 0.15, 0, = 0.015, and 4, = —0.02. Turning to the contribution process, we take 4 = 0.01,
oc1 = 0.18, and o, = 0.01. The state variables start from X(0) = 1, P(0) = 1, C(0) = 1. We set the
retirement time 7" = 40 years as the accumulation horizon, with the maximum survival age w = 120,
and choose a( along with the terminal annuity target a(7") = 0.9. The random risk aversion is modeled
by a two-point distribution: y; = 0.5 with probability p; = 0.5 and y, = 4 with probability p, = 0.5.
The above parameter setting is the same as that in [8, 12].

5.1. Sensitivity analysis

This subsection focuses on the sensitivity analysis of the parameter’s effect on the equilibrium
strategy.

5.1.1. Effect of the distribution of risk aversion

As shown in Figure 1(a), the proportion invested in the stock is positive and decreases as retirement
approaches. In contrast, as shown in Figure 1(b), the position in the inflation-indexed bond is negative in
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the early stage, indicating that the member hedges inflation risk through short-selling. This phenomenon
reflects that, in the presence of inflation risk and stochastic contributions, the member is more inclined to
hedge long-term inflation uncertainty by leveraging in the early phase. As age increases, they gradually
shift toward conservative assets.

Figure 1 illustrates how the equilibrium investment strategy depends on the distribution of risk
aversion. In this section, the risk aversion parameter y follows a two-point distribution (y; = 0.5 and
v> = 4). We consider three distributions of y: (py, p») = (0.45,0.55), (0.5,0.5), and (0.55,0.45). It is
clear that a lower overall level of risk aversion corresponds to a higher allocation to the stock and more
short selling of the inflation-indexed bond. Conversely, a higher overall level of risk aversion results in a
lower allocation to the stock and less short selling of the inflation-indexed bond.

6 p,=0.45, p,=0.55
p,=0.50, p,=0.50
Lt p,=0.55, p,=0.45 o
& & p,=0.45, p,=0.55
4 p,=0.50, p,=0.50
p,=0.55, p,=0.45
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
t t
(a) The position in the stock 7§ (7) (b) The position in the inflation-indexed bond 77 (¢)

Figure 1. Equilibrium strategy under different risk aversion distributions with y; = 0.5 and
Y2 = 4.

5.1.2. Effect of the parameters o, and o

Figure 2 examines the effect of the inflation level volatility parameter o,; on the equilibrium
investment strategy. The parameter o,; represents the volatility of Zs(¢), and this Brownian motion
simultaneously governs the price dynamics of both the inflation-indexed bond and the stock. Figure
2 shows that when o,; increases, the equilibrium proportion allocated to the stock increases, while
the equilibrium short position in the inflation-indexed bond decreases during the early accumulation
phase and increases during the latter part of the accumulation phase. Moreover, the intersections of the
equilibrium investment proportion curves for the inflation-indexed bond are consistent with [12].

In contrast, the parameter o, captures the volatility contribution of the independent Brownian
motion Zp(?) to the inflation-indexed bond, which is uncorrelated with stock price fluctuations. As
shown in Figure 3, a higher o, leads to a larger equilibrium weight on the inflation-indexed bond and a
concomitant reduction in the stock allocation.
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3 1
o _,=0.05
p1
: k Um o 0
o _,=0.25
x D p1 —
& -1
& 1 74, =0.05
5 0,,=0.15
Tt =0.25
0 1 1 1 1 1 1 i -3 1 1 1 1 1 1 i
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
t t
(a) The position in the stock 7§ (1) (b) The position in the inflation-indexed bond 7; (¢)

Figure 2. Equilibrium strategy under different values of o ;.

3
o5 Up2=0.01 0
ap2=0.01 5
» 2 0,,=0.020 L
S &
1.5
1
05 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
t t
(a) The position in the stock 7§ (7) (b) The position in the inflation-indexed bond 7; (¢)

Figure 3. Equilibrium strategy under different values of o .

5.1.3. Effect of the parameter p

Figure 4 examines the effect of the correlation coefficient between the stock price S(#) and the
predictor u(¢) on the equilibrium investment strategy. When |p| is larger, the learning effect improves, as
stock prices convey more precise information about the unobservable predictor. However, a negative p
means that the learning process indicates a negative correlation between current stock returns and future
expected returns: an increase in stock price means a decrease in future expected returns. Therefore, the
member adopts a more conservative investment strategy in response.

5.1.4. Effect of the parameter «

Figure 5 examines the effect of the speed of mean reversion on the equilibrium investment strategy.
A high speed of mean reversion implies that the investor’s current estimate of the risk premium, fi(¢),
is expected to revert quickly to its long-term mean. This reduces the value of learning. Even if
the information suggests a high current risk premium, the investor knows it will be short-lived, and
thus the potential gain from aggressively adjusting the portfolio based on this information is limited.
Consequently, the optimal strategy becomes more conservative. This conclusion is consistent with
Corollary 3 in [49]. In fact, as k gradually increases, the curves of 7} (#) and 75 (f) will gradually converge
to a suboptimal investment strategy that ignores learning.
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4r ok
p=-0.45
3l p=-0.40
p=-0.35 At
« Dol "o
ot p=-0.45
1r p=-0.40
p=-0.35
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
t t
(a) The position in the stock 7§ (1) (b) The position in the inflation-indexed bond 7; (¢)
Figure 4. Equilibrium strategy under different values of p.
5¢ 1r
K =0.040
4 % = 0.043 or
3l K = 0.046 ol
- 2 o
2K 2r % = 0.040
1L 3 K = 0.043
x = 0.046
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
t t
(a) The position in the stock 7 (7) (b) The position in the inflation-indexed bond 7; (¢)

Figure 5. Equilibrium strategy under different values of «.
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5.2. Comparative analysis

This section explores the impact of ignoring both random risk aversion and learning on the
equilibrium strategy.

5.2.1. Comparison between random risk aversion and constant risk aversion

Figure 6(a) illustrates the difference between the equilibrium investment strategy under random risk
aversion and that under constant risk aversion. In the constant risk aversion case, ¥ = p;y; + p2y> = 2.25.
As shown in the figure, the equilibrium strategy for constant risk aversion is more conservative than that

for random risk aversion, allocating more to the stock and short-selling less of the inflation-indexed
bond.

5.2.2. Comparison between learning and ignoring learning

Figure 6(b) illustrates the equilibrium investment strategy for the partially observable case, i.e., the
member ignores the predictability of u(7) and fixes it as u(f) = fi. As shown in the figure, the investment
strategy that ignores learning is more conservative than the one that considers learning. This is because
members who ignore learning utilize less information when formulating their investment strategy; they
fail to exploit observable stock price information, resulting in less accurate estimates of stock returns
and consequently adopting a more conservative investment strategy.

— Stock (random risk aversion)

- === === === Stock (constant risk aversion)
—|nflation-indexed bond (random risk aversion)
m= == == |nflation-indexed bond (constant risk aversion)

——

w

—Stock (with learning)
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—|nflation-indexed bond (with learning)
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(a) Random risk aversion vs. constant risk aversion (b) With learning vs. without learning

Figure 6. Equilibrium strategy comparisons. (a) Random risk aversion vs. constant risk
aversion; (b) with learning vs. without learning.

5.3. Analysis of welfare loss

This subsection compares the welfare of four cases represented in Section 4. For each case, the
corresponding equilibrium value is under the same parameter setting with y/p = 1 and p; = p, = 0.5,
and the four value functions are shown in Figure 7.

To interpret Figure 7 meaningfully, we restrict attention to pairwise comparisons that isolate a
single source of ignorance, leaving the other dimension fixed. First, we fix the learning behavior, i.e.,
the member dynamically updates [i(¢), and compare the effect of random risk aversion. The curve
Vy.u(t,y, p) lies strictly above Vy (%, y, p), showing that ignoring the randomness of risk aversion leads to
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a welfare loss, in line with Proposition 13. Second, we fix the treatment of risk aversion (the two-point
distribution) and compare the effect of learning. The curve V; (7, y, p) lies strictly above Vj ;(2, y, p),
confirming that incorporating learning improves welfare. This is consistent with Proposition 15. The
value function Vj (%, y, p) when considering both random risk aversion and learning attains the highest
value, while the most naive case V; ;(¢, y, p) attains the lowest, which is intuitive.

Value function

Figure 7. The relative differences in the value functions of two pension-plan members using
random risk aversion and expected risk aversion for y/p = 1 when p; = p, = 0.5.

6. Conclusion

This paper incorporates random risk aversion and stock return predictability into the investment
decision of DC pension plans. Our main findings are summarized as follows.

1. Using the certainty-equivalent framework of [11], we address the time inconsistency issues and
obtain the semi-closed form of the equilibrium investment strategy. This strategy is characterized as the
solution of a PDE system.

2. The existence of a local solution to this PDE system is rigorously proved via the Banach fixed-
point theorem. This mathematical result ensures that the equilibrium strategies derived in this paper are
well-defined on a short time interval before retirement.

3. Special cases where members ignore random risk aversion or ignore learning about return
predictability are analyzed. We prove theoretically that each of these omissions leads to welfare loss.
Numerical simulations further confirm the conclusion.

Two directions are worth exploring in future research. First, this paper focuses on the utility function
of terminal wealth. A natural extension is to study optimization problems under a mean-variance
objective. However, this extension is technically challenging because the certainty-equivalent approach
relies on the monotonicity of the utility function, whereas the quadratic function arising in mean-variance
analysis is not monotonic, rendering its inverse function ill-defined.

Second, the framework can be extended to more general market settings, such as incorporating life
insurance considerations, incomplete markets with short-selling constraints, or portfolio optimization
problems with time delays. These directions deserve further investigation.

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.



4623

Author contributions

Jiaqi Qian: Writing — original draft, Methodology, Formal analysis; Jiaming Su: Writing — review and
editing, Methodology, Formal analysis; Yonggiao Wang: Writing — review and editing, Methodology,
Formal analysis, Funding acquisition.

Use of Generative-Al tools declaration

This document is an original work and does not contain any images or text generated by generative
Al The content, including all textual and visual elements, has been independently created by the author.

Conflict of interest

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Acknowledgements
This work was supported by the National Natural Science Foundation of China (grant no. 72271218).
References

1. J. Boulier, S. Huang, G. Taillard, Optimal management under stochastic interest rates: the
case of a protected defined contribution pension fund, Insur. Math. Econ., 28 (2001), 173—-189.
https://doi.org/10.1016/s0167-6687(00)00073-1

2. N. Han, M. Hung, Optimal asset allocation for DC pension plans under inflation, Insur. Math.
Econ., 51 (2012):172-181. https://doi.org/10.1016/j.insmatheco.2012.03.003

3. G. Guan, Z. Liang, Optimal management of DC pension plan in a stochastic
interest rate and stochastic volatility framework, Insur. Math. Econ., 57 (2014), 58-66.
https://doi.org/10.1016/j.insmatheco.2014.05.004

4. T. Bjork, A. Murgoci, X. Zhou, Mean—variance portfolio optimization with state-dependent risk
aversion, Math. Finance, 24 (2014), 1-24. https://doi.org/10.1111/j.1467-9965.2011.00515.x

5. T. Bjork, M. Khapko, A. Murgoci, On time-inconsistent stochastic control in continuous time,
Finance Stoch., 21 (2017), 331-360. https://doi.org/10.1007/s00780-017-0327-5

6. H. Wu, Y. Zeng, Equilibrium investment strategy for defined-contribution pension schemes with
generalized mean—variance criterion and mortality risk, Insur. Math. Econ., 64 (2015), 396—408.
https://doi.org/10.1016/j.insmatheco.2015.07.007

7. L. Zhang, D. Li, Y. Lai, Equilibrium investment strategy for a defined contribution pension plan
under stochastic interest rate and stochastic volatility, J. Comput. Appl. Math., 368 (2020), 112536.
https://doi.org/10.1016/j.cam.2019.112536

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.


https://doi.org/10.1016/s0167-6687(00)00073-1
https://doi.org/10.1016/j.insmatheco.2012.03.003
https://doi.org/10.1016/j.insmatheco.2014.05.004
https://doi.org/10.1111/j.1467-9965.2011.00515.x
https://doi.org/10.1007/s00780-017-0327-5
https://doi.org/10.1016/j.insmatheco.2015.07.007
https://doi.org/10.1016/j.cam.2019.112536

4624

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. P. Wang, Y. Shen, L. Zhang, Y. Kang, Equilibrium investment strategy for a DC pension

plan with learning about stock return predictability, Insur. Math. Econ., 100 (2021), 384-407.
https://doi.org/10.1016/j.insmatheco.2021.07.001

C. M. Glbria, J. C. Dias, J. P. Ruas, Robust strategy for a member of defined
contribution pension plan when asset prices can jump, Scand. Actuar. J., (2026), 1-26.
https://doi.org/10.1080/03461238.2026.2667958

L. Zhang, P. Wang, Y. Shen, Time-consistent investment strategy for a DC pension plan
with the return of premiums clause and mispricing, Quant. Finance, 25 (2025), 117-141.
https://doi.org/10.1080/14697688.2024.2445853

S. Desmettre, M. Steffensen, Equilibrium investment with random risk aversion, Math. Finance,
33 (2023), 946-975. https://doi.org/10.1111/mafi.12394

L. Wang, B. lJia, Equilibrium investment strategies for a defined contribution
pension plan with random risk aversion, Insur. Math. Econ., 125 (2025), 103140.
https://doi.org/10.1016/j.insmatheco.2025.103140

T. Bollerslev, M. Gibson, H. Zhou, Dynamic estimation of volatility risk premia and investor
risk aversion from option-implied and realized volatilities, J. Econom., 160 (2011), 235-245.
https://doi.org/10.1016/j.jeconom.2010.03.033

J. Burgaard, M. Steffensen, Eliciting risk preferences and elasticity of substitution, Decis. Anal.,
17 (2020), 314-329. https://doi.org/10.1287/deca.2020.0415

G. Alserda, B. Dellaert, L. Swinkels, F. van der Lecq, Individual pension risk preference
elicitation and collective asset allocation with heterogeneity, J. Bank. Financ., 101 (2019),
206-225. https://doi.org/10.1016/j.jbank{in.2019.02.014

Y. Hu, H. Jin, X. Zhou, Time-inconsistent stochastic linear—quadratic control, SIAM J. Control
Optim., 50 (2012), 1548-1572. https://doi.org/10.1137/110853960

S. Li, C. Luong, F. Angkola, Y. Wu, Optimal asset portfolio with stochastic volatility under
the mean-variance utility with state-dependent risk aversion, J. Ind. Manag. Optim., 12 (2016),
1521-1533. https://doi.org/10.3934/jimo0.2016.12.1521

J. Sun, H. Li, Y. Zeng, Precommitment and equilibrium investment strategies for defined
contribution pension plans under a jump-diffusion model, Insur. Math. Econ., 67 (2016), 158—172.
https://doi.org/10.1016/j.insmatheco.2016.01.005

L. Wang, Z. Chen, P. Yang, Robust equilibrium control-measure policy for a DC pension plan with
state-dependent risk aversion under mean-variance criterion, J. Ind. Manag. Optim., 17 (2021),
1203-1233. https://doi.org/10.3934/jimo0.2020018

J. Campbell, R. Shiller, The dividend-price ratio and expectations of future dividends and discount
factors, Rev. Financ. Stud., 1 (1986), 195-228. https://doi.org/10.1093/rfs/1.3.195

E. Fama, K. French, Permanent and temporary components of stock prices, J. Polit. Econ., 96
(1988), 246-273. https://doi.org/10.1086/261535

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.


https://doi.org/10.1016/j.insmatheco.2021.07.001
https://doi.org/10.1080/03461238.2026.2667958
https://doi.org/10.1080/14697688.2024.2445853
https://doi.org/10.1111/mafi.12394
https://doi.org/10.1016/j.insmatheco.2025.103140
https://doi.org/10.1016/j.jeconom.2010.03.033
https://doi.org/10.1287/deca.2020.0415
https://doi.org/10.1016/j.jbankfin.2019.02.014
https://doi.org/10.1137/110853960
https://doi.org/10.3934/jimo.2016.12.1521
https://doi.org/10.1016/j.insmatheco.2016.01.005
https://doi.org/10.3934/jimo.2020018
https://doi.org/10.1093/rfs/1.3.195
https://doi.org/10.1086/261535

4625

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. E. Fama, K. French, Business conditions and expected returns on stocks and bonds. J. Financ.
Econ., 25 (1989), 23-49. https://doi.org/10.1016/0304-405X(89)90095-0

J. Campbell, L. Viceira, Consumption and portfolio decisions when expected returns are time
varying, Q. J. Econ., 114 (1999), 433-495. https://doi.org/10.1162/003355399556043

H. Pham, M. Quenez, Optimal portfolio in partially observed stochastic volatility models. Ann.
Appl. Probab., 11 (2001), 210-238. https://doi.org/10.1214/a0ap/998926991

Y. Xia, Learning about predictability: the effects of parameter uncertainty on dynamic asset
allocation, J. Finance, 56 (2001), 205-246. https://doi.org/10.1111/0022-1082.00323

J. Cochrane, The dog that did not bark: a defense of return predictability, Rev. Financ. Stud., 21
(2008), 1533-1575. https://doi.org/10.1093/rfs/hhm046

P. Wang, L. Zhang, Z. Li, Asset allocation for a DC pension plan with learning about stock return
predictability, J. Ind. Manag. Optim., 18 (2022), 3847-3877. https://doi.org/10.3934/jimo0.2021138

P. Wang, Z. Li, L. Zhang, Optimal investment strategy for a DC pension with incomplete
information and ambiguity aversion, Oper. Res. Manag. Sci., 31 (2022), 125.

X. Peng, L. Luo, Optimal investment strategy for DC pension with mean-weighted
variance-CVaR criterion under partial information, Insur. Math. Econ., 120 (2025), 302-324.
https://doi.org/10.1016/j.insmatheco.2024.12.006

X. Peng, S. Fan, Asset allocation for a DC pension plan with dynamic attention. Finance Res.
Lett., 82 (2025), 107513. https://doi.org/10.1016/j.fr1.2025.107513

S. Gao, J. Guo, X. Liang, Bayesian adaptive portfolio optimization for DC pension plans. Insur.
Math. Econ., 122 (2025), 262-274. https://doi.org/10.1016/j.insmatheco.2025.04.001

J. Fouque, A. Papanicolaou, R. Sircar, Filtering and portfolio optimization with
stochastic unobserved drift in asset returns, Commun. Math. Sci., 13 (2015), 935-953.
https://doi.org/10.4310/CMS.2015.v13.n4.a5

X. Peng, B. Li. Optimal investment, consumption and life insurance purchase
with learning about return predictability, Insur. Math. Econ., 113 (2023), 70-95.
https://doi.org/10.1016/j.insmatheco.2023.07.005

N. Branger, L. Larsen, C. Munk, Robust portfolio choice with ambiguity and
learning about return predictability, J. Bank. Financ., 37 (2013), 1397-1411.
https://doi.org/10.1016/j.jbankfin.2012.05.009

M. Escobar, S. Ferrando, A. Rubtsov, Portfolio choice with stochastic interest rates and
learning about stock return predictability, [Int. Rev. Econ. Financ., 41 (2016), 347-370.
https://doi.org/10.1016/j.iref.2015.07.003

N. Wang, T. Siu, Investment—consumption optimization with transaction cost and
learning about return predictability, Eur. J. Oper. Res., 318 (2024), 877-891.
https://doi.org/10.1016/j.ejor.2024.06.024

Journal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.


https://doi.org/10.1016/0304-405X(89)90095-0
https://doi.org/10.1162/003355399556043
https://doi.org/10.1214/aoap/998926991
https://doi.org/10.1111/0022-1082.00323
https://doi.org/10.1093/rfs/hhm046
https://doi.org/10.3934/jimo.2021138
https://doi.org/10.1016/j.insmatheco.2024.12.006
https://doi.org/10.1016/j.frl.2025.107513
https://doi.org/10.1016/j.insmatheco.2025.04.001
https://doi.org/10.4310/CMS.2015.v13.n4.a5
https://doi.org/10.1016/j.insmatheco.2023.07.005
https://doi.org/10.1016/j.jbankfin.2012.05.009
https://doi.org/10.1016/j.iref.2015.07.003
https://doi.org/10.1016/j.ejor.2024.06.024

4626

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

. S. Altay, K. Colaneri, E. Zehra, F. Eva, Filtering market signals: dynamic asset allocation
with momentum and hidden mean reversion, Quant. Finance, 26 (2026), 593-613.
https://doi.org/10.1080/14697688.2026.2627261

F. Chen, K. Ji, X. Peng, Optimal investment and reinsurance strategy for an insurer with
loss aversion under partial information, Syst. Eng. Theory Pract., 44 (2024), 932-946.
https://doi.org/10.12011/SETP2023-0267

C. Ceci, K. Colaneri, Portfolio and reinsurance optimization under unknown market price of risk.
Quant. Finance, 25 (2025), 217-229. https://doi.org/10.1080/14697688.2024.2384392

T. Siu, A BSDE approach to risk-based asset allocation of pension funds with regime switching,
Ann. Oper. Res., 201 (2012), 449-473. https://doi.org/10.1007/s10479-012-1211-5

X. Peng, H. Zhou, L. Luo, Time-consistent investment strategy for a DC pension plan
with hidden Markov regime switching, J. Comput. Appl. Math., 425 (2023), 115058.
https://doi.org/10.1016/j.cam.2023.115058

L. Xie, D. Li, L. Qian, L. Chen, Z. Yang, Optimal investment strategy for an insurer with partial
information in capital and insurance markets, J. Ind. Manag. Optim., 19 (2023), 5249-5271.
https://doi.org/10.3934/jimo0.2022171.

L. Xie, L. Qian, L. Chen, L. Yang, D. Li, Optimal asset allocation for pooled annuity under
ambiguity aversion and partial information, J. Ind. Manag. Optim., 21 (2025), 6794-6827.
https://doi.org/10.3934/jimo0.2025149

R. Liptser, A. Shiryaev, Statistics of Random Processes, Springer-Verlag, Berlin, 2001.
https://doi.org/10.1007/978-3-662-10028-8

M. Meyries, R. Schnaubelt, Interpolation, embeddings and traces of anisotropic fractional
sobolev spaces with temporal weights, J. Funct. Anal., 262 (2012), 1200-1229.
https://doi.org/10.1016/j.jfa.2011.11.001

N. Lindemulder, Maximal regularity with weights for parabolic problems with inhomogeneous
boundary conditions. J. Evol. Equ., 20 (2019), 59—-108. https://doi.org/10.1007/s00028-019-00515-7

J. Priiss, G. Simonett, Maximal regularity for evolution equations in weighted L ,-spaces, Arch.
Math., 82 (2004), 415-431. https://doi.org/10.1007/s00013-004-0585-2
X. Mao, Stochastic Differential Equations and Applications, Elsevier, 2007.

https://doi.org/10.1533/9780857099402

J. Liu, Portfolio selection in stochastic environments, Rev. Financ. Stud., 20 (2007), 1-39.
https://doi.org/10.1093/rfs/hh1001

©2026 the Author(s), licensee AIMS Press. This

AR is an open access article distributed under the
egiﬁ AIMS Press terms of the Creative Commons Attribution License

Jour

(https://creativecommons.org/licenses/by/4.0)

nal of Industrial and Management Optimization Volume 22, Issue 9, 4599-4626.


https://doi.org/10.1080/14697688.2026.2627261
https://doi.org/10.12011/SETP2023-0267
https://doi.org/10.1080/14697688.2024.2384392
https://doi.org/10.1007/s10479-012-1211-5
https://doi.org/10.1016/j.cam.2023.115058
https://doi.org/10.3934/jimo.2022171
https://doi.org/10.3934/jimo.2025149
https://doi.org/10.1007/978-3-662-10028-8
https://doi.org/10.1016/j.jfa.2011.11.001
https://doi.org/10.1007/s00028-019-00515-7
https://doi.org/10.1007/s00013-004-0585-2
https://doi.org/10.1533/9780857099402
https://doi.org/10.1093/rfs/hhl001
https://creativecommons.org/licenses/by/4.0

	Introduction
	Equilibrium investment strategy with random risk aversion and a completely observable stock return
	Financial market setting
	Stochastic contribution rate and annuity guarantee
	Optimization problem

	Equilibrium investment strategy with random risk aversion and a partially observable stock return
	Financial market setting
	Optimization problem
	Verification theorem
	Equilibrium strategy under the power utility function
	Special cases
	Two-point risk aversion and learning
	Constant risk aversion and learning
	Random risk aversion and no-learning 

	Solution to the original problem

	Welfare loss
	Welfare loss of ignoring random risk aversion
	Welfare loss of ignoring stock return predictability

	Numerical examples
	Sensitivity analysis
	Effect of the distribution of risk aversion
	Effect of the parameters p1 and p2
	Effect of the parameter 
	Effect of the parameter 

	Comparative analysis 
	Comparison between random risk aversion and constant risk aversion
	Comparison between learning and ignoring learning

	Analysis of welfare loss

	Conclusion

