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Abstract

This work studies a stochastic control problem for a pension scheme which provides an income-drawdown
policy. The manager and members agree to share the investment risk based on a risk-sharing rule. The
objective is to maximise both sides’ utilities by controlling the investment strategy and benefit withdrawals.
We use stochastic affine class models to describe the force of mortality and consider a longevity bond whose
coupon payment is linked to a survival index. We also investigate the longevity basis risk, which arises when
the members’ and the longevity bond’s reference populations correlate imperfectly. By applying the dynamic
programming principle to solve the corresponding HJB equations, we derive optimal solutions for the single-
and sub-population cases. Our numerical results show that both manager and members benefit from sharing
the risk. Moreover, even in the presence of longevity basis risk, we demonstrate that the longevity bond acts
as an effective hedging instrument.
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1 Introduction

Pension schemes face a wide range of risks such as investment risk, interest rate risk, inflation risk and longevity
risk. Among all the risks, the longevity risk is becoming a non-negligible challenge to pension schemes. The
longevity risk is the risk that the actual life expectancy may be higher than anticipated. It is a positive trend
for society that people’s average life expectancy is increasing over the last decades. However, the pension schemes
are suffering from the loss caused by the unexpected increasing benefit outgo accompanied by the longevity trend.
Cocco and Gomes (2012) shows that the average life expectancy of 65-year-old US (UK) males increases by 1.2
(1.5) years per decade. As a consequence, a defined benefit scheme (DB scheme) for those populations would have
needed 29% more wealth in 2007 than in 1970.

Instead of a classical DB or DC scheme, this work considers a pension scheme which provides an income-
drawdown option to its members in the decumulation phase. The decumulation phase refers to the period after
the retirement of pension scheme members. The drawdown option gives the members the right to withdraw money
periodically from the scheme until death time, while keeps the remaining amount in the pension scheme. The
management of the scheme starts from the retirement time of the members and ends until the last member passes
away. Thus, the investment period can last for decades. Due to the long investment horizon, the scheme may face
significant interest rate risk and inflation risk. However, the main focus of this work is on hedging the longevity
risk. We assume the risk-free interest rate to be constant and do not consider the inflation risk. In other words,
we only consider the investment risk and longevity risk. The scheme manager invests in a representative stock to
gain investment returns, and he is exposed to the investment risk. As the members tend to live longer, the number
of surviving members each year is more than expected, resulting in an increase of benefit withdrawals. Also, the
length of decumulation period is increasing due to the members’ growing life expectancy. One way to reduce the
pension scheme’s unexpected loss caused by its exposure to the longevity risk is to gain a better understanding of
the future mortality evolution. Another way is to seek some financial instruments to transfer the longevity risk to
the financial market.

The force of mortality, which represents the instantaneous rate of mortality at a certain time, is useful when
studying mortality behaviour. In a continuous-time framework, Luciano and Vigna (2005) modelled the force
of mortality by affine processes and calibrated the models to the observed and projected UK mortality tables.
They claimed that the affine process with a deterministic part that increases exponentially could describe the
force of mortality properly. This paper applies Ornstein-Uhlenbeck (OU) and Cox-Ingersoll-Ross (CIR) process
to model the force of mortality of certain populations. To hedge the longevity risk using financial instruments,
Blake and Burrows (2001) introduced a survivor bond which provides coupon payment based on the number of
survivors in a chosen reference population. Under a stochastic force of mortality framework, Menoncin (2008)
studied the optimal consumption and investment strategy for an individual investor using the longevity bond to
hedge the investor’s longevity risk. He argued that the longevity bond plays a crucial role in the individual’s
longevity risk management. However, the longevity basis risk arises when the force of mortality of the longevity
bond reference population correlates imperfectly with the pension members’ force of mortality. To deal with the
longevity basis risk, Wong, Chiu and Wong (2014) applied the cointegration technique to study the mean-variance
hedging of longevity risk for an insurance company with a longevity bond. They suggested that cointegration is
vital in longevity risk management. In this paper, we introduce a rolling zero-coupon longevity bond to hedge the
scheme’s longevity exposure. We show that the longevity bond provides an efficient way to hedge the longevity
risk both in the cases with and without longevity basis risk.

Under a continuous-time framework, this work aims to determine the optimal investment and benefit with-
drawal strategy for a pension scheme that provides an income-drawdown policy in the decumulation phase. After
retirement, the members continuously withdraw money from the pension scheme until death. Upon death, a deter-
ministic proportion of the passed away members’ pension account balance is given to the manager as compensation.
The proposed optimal control problem considers both benefit of the scheme members and profit of the manager
by incorporating a risk-sharing rule parameter. By applying the dynamic programming principle, we first solve
the optimisation problem under a general case. Then, we drive explicit solutions for single- and sub-population



cases. Numerical studies on single-population and sub-population OU models are conducted to investigate the
optimal portfolio strategy and optimal benefit withdrawal rate dynamically. Comparison studies are provided to
analyse the performance of longevity risk hedge. We also implement sensitivity analyses to look into the impact
of the market price of risk and risk-sharing rule parameter. Our results show that with the absence of longevity
basis risk, the longevity bond provides efficient longevity risk hedge when the members show a longevity trend.
When the members are a sub-population of the longevity bond reference population, the presence of the longevity
basis risk may weaken the longevity bond’s hedging performance. However, it still provides a way to hedge the
longevity risk and offers a risk premium. We also establish that an equal-risk-sharing rule is beneficial to both
the members and the manager in the long run. This paper contributes to the literature by studying a stochastic
optimal control problem for pension schemes in the presence of longevity risk and longevity basis risk. Our optimal
control problem also incorporates a risk-sharing rule parameter which decides the agreement on how to share the
risk between the members and the manager such that both parties benefit in the long run.

The rest of this paper is organised as follows. Section 2 introduces the mathematical framework of the problem
and derives the optimal solution in the general case. Explicit solutions under single-population and sub-population
models are given in Section 3. In Section 4, numerical simulations are carried out to investigate the optimal
portfolio strategy and benefit withdrawal. Comparison and sensitivity analyses are also conducted to discuss the
role of longevity bond and impact of model parameters in the optimal solutions. Section 5 concludes the paper.

2 Mathematical Framework

The literature on optimal control problems for pension schemes with deterministic mortality behaviour of the
populations is rich. However, given the fluctuations in the mortality behaviour over time, it is more practical to
use stochastic mortality rates. In this work, we use affine class models for the force of mortalities of members’
population and the reference population for longevity bond. When, the two populations are different, we use n = 2
populations in our framework and when they are the same, we use n = 1 population.

2.1 The stochastic force of mortality

We consider an infinite time horizon T = [0, co) where time 0 represents the retirement time of all the populations.
Let {W(t) |t e T} = {(Wi(t),..., Wn(t),Ws(¢)) | ¢ € T} denote an (n + 1)-dimensional standard Brownian
motion on a complete filtered probability space (2, F, {F(t)}¢>0,P). Here, n denotes the number of populations
and IP denotes the physical measure where we observe the longevity behaviours of the populations, and the financial
market.

For ¢ < n, let p;(t) and X\;(t) denote the survival probability and the force of mortality, respectively, of the ith
population at time ¢. The two are related through the following relation:

dp;(t)
=-)\;(¢t)dt (0) =1.
pz(t) Z( ) ) p%( )
Forany s >t €7, % = e_ft Ai(u)du is the survival probability of the :th population between time ¢ and s. For

notational simplicity, we denote by {\(¢) | t € T} = {(A1(t), ..., An(t))" | t € T}, the vector of force of mortalities
and assume that it evolves as

dA(t) = A(t, \)dt + X/ (¢, \)dW(¢), (1)
where
a1(t, \) o1(t, A1) o+ oa(tAn) O
‘A(tr)‘) = ) E/(t7/\) = :
an(t,\) on1(t, A1) -+ opn(t,An) O



For any 7,7 = 1,...,n, a;(t,)\) and 04(¢, \;) are assumed to be continuous functions. In the following, we will
use different affine class models for A(t).

2.2 The financial market

We consider a frictionless financial market consisting of a stock and a rolling zero-coupon longevity bond. The
money market account is denoted by R(t),

dR(t)

SON rdt, R(0) = 1,

where r denotes the constant risk-free interest rate. In this work we consider a constant risk-free rate of interest
as our focus is to understand the impact of longevity and investment risk in a pensions scheme. Our analysis can
also be performed in the presence of a stochastic interest rate.

Under a risk-neutral probability measure, the price of a financial derivative is the discounted expected value
of its future payoff. We thus introduce an equivalent risk-neutral probability measure @ by the following Radon-
Nikodym derivative

T T
% = Z(T) = exp (-/0 9’(t,)\)dW(t)—%/o |9(t,)\)||2dt> ,

where {0(t,\) | t € T} = {(61(¢, A1), -+ ,0n(t, An),0s) | t € T} is R"-valued, F-adapted process such that Z(t)
is a martingale and E[Z] = 1. 6(¢, ) is called the vector of market prices of risks and measures the additional
amount of investment return when risk increases by one unit. By Girsanov’s theorem, {WQ(t) | t € T} is an
(n + 1)-dimensional standard Brownian motion under Q such that

¢
WR(t) = W(t) + / 0(s, \)ds. (2)
0
The stock price process {S(t) | t € T} is given as
dSS((tt)) = rdt + og [0sdt + dWg(2)], S(0) = So,

where s denotes the constant stock price volatility. The risk premium of the stock is fgog.

In the literature, several types of mortality-linked securities are proposed to hedge the longevity risk. The
values of these securities depend on the mortality index for some given populations: higher the survival rate,
more valuable the securities. The definition below provides a short description of one such security, a zero-coupon
longevity bond.

Definition 1. A zero-coupon longevity bond is a contract paying a face amount which is equal to the survival
probability of the reference population from time O until a fixed maturity time T.

There may be multiple longevity bonds based on different reference populations in the market. However, as an
illustration of the use of longevity bond, we only consider one longevity bond in this work. Let the ith population

be the reference population of the zero-coupon longevity bond which pays ((T)) at maturity. The arbitrage-free
price of the longevity bond at time ¢ is given as

R(T) p(T)| _ @
R(t) pi<o>] =

Applying Itd’s formula and using equation (2) gives

=€

L(t,T) = B2 {

(Tt [ ,\i(u)du] - A(w)du-r(T-0) @ {6_ % )\i(u)du] .

dL(t, T)

T =Tt ]Zl tT)[a (t,2;)dt + dW, (t)]



where UL(t T)= 831_‘>\(t(;[)|) Uﬁ((tt’;))

For any t € [0, T], the time to maturity of the zero-coupon longevity bond is T'—¢. In practice, it is impossible
for an investor to find all zero-coupon longevity bonds in the market with any time to maturity T — ¢. By taking
inspiration from the arguments in Boulier, Huang and Taillard (2001) on rolling zero-coupon bonds, we introduce
a rolling zero-coupon longeuvity bond L(t) (with a little abuse of notation) with constant time to maturity T. The
use of a rolling zero-coupon longevity bond in our set-up simplifies the calculations. The dynamics of L(¢) under
P is given as

%—Tdtﬁ-z Aj) +dW(t)] .

L(t) )

From the above, we can see that L(¢) provides a longevity risk premium of 7' =1 O’L ( )05(t, \;). Any zero-coupon
longevity bond L(t,T) can be replicated by using the rolling longevity bond L(t) and cash. The following equation
shows the relationship between L(¢, T) and L(t)

dL(t,s) 1_2272103(@3) dR(t)+Z” Lo (t,s) dL(¢)
L(t,s) roop(t) ) R(Y) noyop(t) L)

2.3 The optimisation problem

We study the optimal benefit withdrawal rate and investment strategy in the decumulation phase for a pension
scheme that provides an income-drawdown option. That is, the members are allowed to withdraw money periodi-
cally from the scheme until death. Upon death, = € [0, 1] fraction of the passed away members’ pension balance is
delivered to the scheme manager as compensation. While the remaining 1 — 7 fraction of the balance stays in the
scheme’s fund pool. Let ag(t), ar,(t) and ag(t) denote the investments in stock, rolling longevity bond and money
market, respectively. In addition, let 5(¢) denote the amount of benefit withdrawal and Y(¢) the scheme’s wealth.
We assume that the force of mortality of pension members is described by )\j(t). In other words, population j
represents the pension members.

To study the dynamics of the scheme’s wealth, we employ a similar method used in He and Liang (2013b) by
first looking at the discrete-time changes in scheme’s wealth. For any ¢ € 7 and a small positive number A, the
returns on stock, longevity bond and money market account are given by

S(t +SA(2)— 5,0 1), L(t +LA(2)— L), ), R(t +RA(1)— RO, o),

Let u(t,t 4+ A) denote the rate of investment return. Then, we have

S(t+A)-S(t) L(t + A) - L(t)
S(¢) L(t)

Let g(t,t+ A) denote the proportion of the members who pass away in time interval (¢, ¢+ A). The total amount
of passed away members’ pension equals to g(¢, ¢+ A)Y(¢). During this time period, the scheme manager receives
wq(t,t+A)Y(¢t) as compensation. In the meantime, the members withdraw 5(¢)A as benefits. Thus, the scheme’s
cashflow in this period is given by

R(t + A) - R(¢)

pu(t t+ A)Y(E) = 70

as(t) + ar(t) + ag(t).

u(t, t+ A)Y(t) - mq(t, t + A)Y(t) - B(t)A.

At time ¢t + A, 1-q(¢,t + A) fraction of the members survive, and the scheme wealth is equally distributed into
each surviving member’s pension account. Therefore, we have

1

Y(t+A) =<Y(t) +u(t t+A)Y(E)—q(t, ¢+ A)rY(E) - B(t)A> gt t 1 A)



_ t+A)\. d
Since A;(t) is the force of mortality of members, we have 1 - g(t,t+ A) = e J; 5(u)du

approximation gives

. The Taylor series

1

_ ft+A)\-(u)du: ]
ey b 14+ ) (8)A + o(A).

Thereafter, we have

Y(t+ A) =<Y(t) 4ot t+ A)Y () - q(t, ¢+ A)rY(t) - ﬁ(t)A) (1 + (A + o(A)).

Since
u(t, t+ AN (1A = o(A), q(t, t+ A\ (t)A = o(A),
we get
Y(t+A)=Y(t)+u(t, t +A)Y(t)—q(t, t + A)nY(t) - B(£)A + X (¢)AY () + o(A).
Furthermore,
Y(t+ AA) —Y() _ alt, t; Ay () - WY(t)W — B(t) + A ()Y (2) + o(A).
The following equations hold:
gt t+A)
Jim, 285 o,
i ds(t) dL(?) dR(t)
A1H—1>10 wu(t, t+ A)Y(2) ZWas(f) + WO&L(t) + R(?) ap(t).

Thus, taking A — 0 we obtain the continuous-time version of the scheme’s wealth dynamics:

n—-1 B
dY(t) =|7Y(t) + (1-m)N ()Y () + ag(t)osbs + ap(t) Y of (£)0;(t) - ﬁ(t)} dt
1,7=1
Tl—]. .
+ag(t)osdWg(t) + a(t) > of (£)dW,(¢).
ig=1

Here, we use the fact that ag(t) = Y(¢) — ag(t) — ap(t). It is worth noticing that the wealth process here is not
a self-financing wealth process since there are continuous benefits withdrawal from the scheme. Also, at any time
t € 7, the manager receives 7\;(¢)Y(¢)dt amount of money out from the scheme as compensation. Meanwhile, the
scheme continuously receives (1—m)\;(¢)Y(¢) from the passed away members which is called the mortality credit
in He and Liang (2013a).

At any time, the pension scheme manager decides the benefits withdrawal rate and the investment strategy.
The manager works not only for his own benefit but also for the benefit of scheme members. This is also known as
first-best principal-agent problem where the agent is paid a fraction of the scheme’s wealth at the stochastic death
time. More specifically, we consider an optimisation problem which combines the manager’s and the members’
utilities. Denote by 7 the stochastic death time of the pension members, the objective function is given as

¥ as,01,8) = B[ [ € Up(3(6) 1] + 0B [ TTUAGY ()

=B [ py(5) (Up(3() + 0, ()UA(rY () s



where Up(-) and Up(-) denote the utility functions of the principal (members) and the agent (manager). The
non-negative constant ¢ can be viewed as a parameter that determines the risk-sharing rule between the principal
and the agent. The case ¢ = 0 corresponds to the situation when the manager works for only the sake of members.
In this case, the objective is to maximise the members’ running utility from benefit withdrawals while the manager
pays no attention to his own utility. The case 0 < ¢ < 1 prioritises the members’ utility. When ¢ = 1, the objective
function puts equal importance on members’ and manager’s utility.

To specify the optimisation problem, we set Up(-) and Uy (-) as log utility functions:

Ua(z) =Ingz, Up(z) =Inz, Yz > 0.

Besides, upon death, we assume the total amount of passed away members’ remaining pension is paid to the
manager (i.e. 7 = 1). The wealth process is now

dY () =|7Y(2) + as(t)oshs +an(t) S o (£)0;(¢) - B(t)|dt

+as(t)osdWs(t) + ap(t) Y of (1)AW;(2). (3)
1,7=1

It should be noticed that, at any time ¢ € T, the manager receives c(t) = A\;(¢)Y(¢) as his compensation.
The optimisation problem is thus defined as

sup ,BE[fS)o e'”pj(s)(ln(ﬁ(s)) + oX;(s) ln(Y(s)))ds] @
- s.t. (1) and (3) hold.

This optimal control problem can be solved by applying the dynamic programming principle, and the solution is
given in the following proposition.

Proposition 1. The solution to optimisation problem (4) is

B*(t) _ 1 ag(t) _ Os

Y(t) Gt )’ Y(t) og’

af(t)  SFLiof (9)0;(8,)) Sz op ()Gt \)

Y(t) —n- 1 i )2 n— -1 /)2 '

D st (i) S (Srled) e
where
G(t,\) = Ey {/ (PA;(s) + 1)6-[:(T+AJ(u))duds} _
t

Proof. The proof is given in Appendix A. O

3 Explicit solutions

This section gives the explicit solutions to the optimal control problem proposed before in single-population and
sub-population cases. In the literature, e.g. Luciano and Vigna (2005) and Wong, Chiu and Wong (2014), several
continuous-time stochastic models for force of mortality are studied. For example, OU process, CIR process and
Feller process. In this section, we use OU and CIR processes to model the stochastic force of mortality.



3.1 Single-population model

Let n = 1, that is, we assume that the reference population of the longevity bond happens to be the scheme
members’ population. We expect that the investment in the longevity bond can hedge the scheme’s longevity risk
effectively, since the uncertainty in the longevity bond value correlates the members’ longevity risk perfectly. Now,
equation (1) takes the following form:

dA1(¢) = (a1(t) - b1Aa(2)) dt + o1 (E, A1)dW1(2),

where b is a constant. According to Menoncin and Regis (2017), a1(t) is defined as

£)=b L1 L) e

— _ 1

a(f) 1(V1+A1< +b1A1>e )’

where mq, 1 and A are constants. Particularly, m; equals the modal value of life expectancy of the members.
The initial value of the force of mortality is calculated according to the Gompertz-Makeham function

1 _m
A1(0) = —e A1,
1(0) V1+A16

The continuous function o1 (¢, A1) takes different forms for different processes. For instance:
e OU process: o1(¢, A1) = o1, and

dA1(t) = (a1(t) - brA1(t)) dt + o1dW(2). (5)

e CIR process: o1(t, A1) = 014/ A1(t), and
d)\l(t) = (al(t)—blkl(t))dt-i-O'l\/)\ldWl(t). (6)
In what follows, we apply dynamic programming principle to solve the single-population optimisation problem.
Proposition 2 and 3 give the explicit solutions under OU process and CIR process settings, respectively.

Proposition 2. Suppose that \1(t) follows the OU process (5). Then, we have

]Et |:e_fts A]_(U)du:| — eAO(t,S)_Al(t,S))\l(t)’

where
1 _ e—bl (S—t)

Al(tls) = bl )

s 1
Ap(t,s) = —/ (al(u)Al(u, s) - 50’%A%(u, s)) du.
t
Suppose 01(t, A1) ;= 01. Then, the solution to the single-population optimisation problem (4) is given as

pr(t) 1 ag(t) _ 0s of,(t) b1 o1 Gy (A1)

Y(t)  G(t, A1)’ Y(t) os’ Y(t)  ou(t)  on(t) G(t, A1)’

where
on(t) =—Aq1(¢,t + T)oy,
Gt ) = on(e) [ IRl Mg
t

+ ¢/OO /S |:a1(u) _ O—%Al(u’ S) d'u, e—r(s—t)—{-Ao(t,S)-Al(t,S)Al(t)dS
t t

n /°° o=+ A0 (t,5)-A1 (£,5)M (£) g 5.
t



To derive the optimal solution, we define a new equivalent probability measure P. The complete proof is given
in Appendix B.

Proposition 3. Suppose that \1(t) follows the CIR process (6). Then, we have

5, {e‘f: /\1(u)du:| = ePo(to)-Ar(ts)Aa(t),

where

2(en(s=t) — 1)
Aq(t = — b2 4 252
1( :s) (b1+77)(e77(s_t)—1)—|-277’ n V“1 + 207,
hot,9) == [ () (u,s)du.

t

Suppose 01(t, A1) := 011/ 1(t). Then, the solution to the single-population optimisation problem (4) is given

as
B _ 1 a5(t) _ s of(t) _ 00v/N(®) | o1/l Gy, (8 M)
Y(t)  G(t A1) Y(t) o5’ Y(2) op(?) on(t)  G(t, A1)’
where

or(t) == A1(t, t+ T)or/ A1 (1),
G(t, M) = dh(t) / (st HAo(be)-Aa ()0 (0% [ Aa(we)dug
¢

‘e %) /s al(u)e—bl(s—u)—af f: A1(U,s)dvdu e—r(s—t)+Ao(t,s)—A1(t,s)Al(t)ds
t t

+/ o7 (5=t)+R0(t,5)-A1(£:5)M1 () g 5.
t

As the proof of above result is similar to the proof of Proposition 2, we omit it here to avoid repetition.

We learn from Proposition 2 and 3 that the optimal portfolio weight on stock under OU and CIR processes
are the same and keep constant over time. However, it is difficult to see from the solution how the longevity bond
investment changes over time, because O%((tg) depends on G(t, A1) and Gy, (¢, ;). Later in Section 4, we perform

numerical simulations to investigate the optimal investment strategy and benefit withdrawal rate dynamically.

3.2 Sub-population model

Based on different mortality indices and maturity times, there may be different longevity bonds in the market. It
may be interesting to study our problem in a market setting with multiple longevity bonds. However, we only
consider one longevity bond in our framework as our main focus is on longevity risk hedging. In this section, we
study the case where the longevity bond’s reference population is different from the pension members’ population.
More specifically, we set n = 2 and denote the index population of the longevity bond by Population 1, and use
Population 2 to denote the pension members’ population. In practice, the reference population of longevity bond
tends to be large and could be much larger than pension schemes’ reference population. Therefore, we assume that
the pension members are a sub-population of the index population. Under this sub-population assumption (see,
Wong, Chiu and Wong (2014)), vectors A(t, \) and ¥'(¢,\) in equation (1) take the following form:

a1 (t) + biAi(t)
az(t) + bar A1 () + ba2X2(2) |’

o1(t, A1) 0 0

A(t, ) = ,
(&) o21(t, A1) o22(t,A2) 0

S(t,A) = (7



where b1, by and by are constant numbers.

1 1 tmy
a;(t) = b; <Ui+A-<l+ bA4>e A ), for:=1,2,
1 1 1

where v; are A; constants. The constants m; and my, are modal values of life expectancy of Population 1 and
Population 2, respectively.

Under OU and CIR processes, the continuous functions o1 (¢, A1), 021(¢, \1) and o22(¢, A2) in vector X'(t, \)
are given as:

e OU process:

z/(m):{"l 0 0}.

021 o022 O

e CIR process:

oo [ Va® 0o
Z(t’)\)_[azlx/r(t) 722/ 22(2) }

In this sub-population model, there are two state variables. Moreover, the state variable Ao(t) correlates with the
state variable A1(¢). This increases the difficulty of solving the optimisation problem. In this case, an analytical
solution may not always be available. In the following, we provide Proposition 4 and 5 for the solutions to the
sub-population optimisation problem under OU and CIR settings, respectively.

Proposition 4. Suppose Population 2 is a sub-population of Population 1, and the force of mortalities follow
OU processes: the dynamics of A\1(t) and A2(t) are described as

(b :(al(t) + blAl(t))dt + o dW1(2),
dha(t) :(az(t) + bor i () + bggAg(t))dt + 001 dW1 (£) + 02adWa ().
Then, we have
E, [e—f: A(u)du] _ eho(ts)-As(to)N()

E, [e— I Az(u)du} — Co(t:5)-Ca(ts)Ma(D)-Ca(t)Aa(t)

where functions Ag(t,s) and A1(t,s) are the same as in Proposition 2. The functions Co(t,s), Ci(¢,s) and
Cy(t,s) are

Ca(t, ) =é (1— e_b”(s_t)> ,

bo1 —b1(s—t) ba1
Cq(t === (1- ! (b — Boc)
1(t, ) b1 (b1 — b22) ( ¢ ) * bz (b1 — b22)’

S
1
Co(t, s) = _/t [a1(2)C1(w, 5) + ax(u)Ca(w, 5) - 5032 (w, 5)
1
- 5(051 + 092)%C(u, 5) — 01021C1 (1, 5)Ca(u, s) |du.

Suppose 01(t, A1) := 01. Then, the solution to the sub-population optimisation problem is given as

B (t) _ 1
Y(t)  G(t, A1, A2)
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Y(t) o5’
Ozi(t) _ (91 + 01 G)\l(t,Al,/\g) 021 G)\l(t,Al,)\g)
Y(t)  on(t)  on(t) G(tA,x2) o on(t) G(t A1, A2)
where
JL( )Z—Al(t t+T)01,
Gt M, Na) = 22 Ay (t) / () — ) 51, s
by — ba2 t
vora®) [ et a)as—o [Tt 9t 0)as
t
vor 2 [Trort s+ [ Ao,
- t t
f(t, S) :e—r(s t)+Cg(t,s)—01(t,s))\l(t)—Cg(t,s))\g(t),
Ii(t,s) = / b0 [P0y () - ag(u) + 51021Ca (1w, )
t b1 — b2
+ <O’%1 + 02, - b;lil;m) Cao(u, s)} du,
1~ 022
S
Ta(t,s) = / e (a1 (w) - 01Ca(u, 5) - 01021 Ca(u, 5)| du.
t
Proof. The proof is given in Appendix C O

Proposition 5. Suppose Population 2 is a sub-population of Population 1, and the force of mortalities follow
CIR processes: the dynamics of A1(t) and M\a(t) are described as

A () :(al(t) + blAl(t))dt + op /A (8)dW (2)
dha(t) =(a2(t)+ Dot A1() + baodo(t )dt+021\/)\1 YAW1(2) + 0201/ Mo (£)dWa (2

Then, we have
Eq [e‘ffk(u)d"] = efo(te)-Alt (),
Et |:e_fts >\2(U)du:| = eco(t’s)_cl(t73))\1(t)—Cz(t,S)/\Z(t)’

where functions Ag(t,s) and A1(t,s) are the same as in Proposition 3. The functions Co(t,s), C1(¢,s) and
Ca(t,s) are solutions to the following ODE system

Co
0=——+ a1Cq + a2Cy,

ot
_9Cy 1
0= T 4+ 01C1 + 521Co + chl + 021C2 + 0102101A2)
8 1
0=-—2 2+ bpCa + 202202 ®

with terminal conditions Cy(s,s) =0, Ci(s,s) =0 and Cy(s,s) =0.
Suppose 01(t, \1) := 011/ 1(t). Then, the solution to the sub-population optimisation problem is given as

pr() _ 1
Y(t)  G(t A1, A2)’

11



ag(t)  Os

Y(t) og’
ag () _01v/Mi(2) + o1/ M1(t) Gy, (8, A1, A2) IR A1(t) Gy, (t, A1, A2)
Y(t) oL(t) on(t)  G(t, A1, 2) oL(t)  G(t,A1,A2)

where

on(t) == A1(t, t + T)orv/ Aw(2).
G(t, M1, \2) satisfies

Gt A1, \a) :/°° =7 (5=8)+Co(t,5)-C1(£,5) A1 (£)-Ca(t,5)Aa(£) g o +¢/°° (D, [\y(s)] ds.
t t

INE[] denotes the expectation under an equivalent measure P which is defined as

:]IE = Z(S) = exp (— /Os él(u, $)dW(u) - % /: Hé(u, 5)H2 du) )

where

) o1/ M (w)C1(u, s) + 021/ A1(uw)Ca(u, s)
0(u,s) = oo2v/A2(u)Ca(wu, s)
0

Proof. The Picard-Lindel6f theorem ensures the existence of unique solutions to ODEs in (8). The rest of the
proof is similar to the proof of Proposition 4 and is omitted here. O

From Proposition 4 and 5, we see that the optimal portfolio weight on stock stays the same as in the single-
population case. The OU case has an analytical solution; however, the CIR case does not. In Section 4, we conduct
numerical studies to observe the hedging effect of the longevity bond in the sub-population OU process case.

4 Numerical applications

This section provides numerical simulations in the single- and sub-population cases using the results from Propo-
sition 2 and 4. A numerical study involving CIR models is not presented here as the results are similar to the OU
case. We observe the dynamics of the survival probability and look into the impact of the mortality behaviour on
the optimal strategy. We investigate the hedging performance of the longevity bond in the pension scheme’s risk
management and provide a sensitivity analysis on the market price of longevity risk. We are also interested in the
effect of the risk-sharing rule between the members and the manager.

Table 1 shows the values of parameters in our numerical examples. The time interval A = 1/10 means that we
observe the mortality rates 10 times a year. Most of the values of the mortality model parameters are as considered
in other works (e.g. (Menoncin and Regis, 2017) and Milevsky (2001)). The values of other financial market
parameters are meant to be representative.

4.1 Single-population case

In the single-population case, we assume that the scheme members happen to be the reference population of
a longevity bond. The manager invests in this longevity bond to hedge the scheme’s longevity exposure. We
assume that the scheme members have similar mortality behaviour, and their retirement age is 65. The pension
scheme’s management starts from the retirement time and ends until the last member passes away. According to
the Gompertz-Makeham law of mortality, less than 5% of the population could survive until 100 years old given

12



Table 1: Values of parameters for optimisation problem.

Population 1 Population 2 Market Others
v; = 0.0009944 v, =0.0009944 r =0.04 T =35
A7 =11.4000 Ay =129374  6#; =-0.0005 Yo =100
m; = 86.4515 my = 89.18 s = 0.05 A=1/10
b, = 0.5610 by1 = 0.0028 og = 0.15 $=0.8
o1 = 0.0035 bas = 0.6500 Ty, = 20

091 = 0.0040

o9 = 0.0050

that they are alive at 65 years old. Thus, we conduct numerical simulations with a 35-year time horizon (i.e.
T = 35).

Figure 1 shows three simulation paths to illustrate the dynamic mortality behaviour of the members. We see
that the survival probability decreases with time. In the bottom-right plot, we observe that for all three paths,
less than 5% of the members survive until 100 years old indicating that it is reasonable to set T = 35. Suppose the
Gompertz-Makeham mortality law describes the average trend of the members’ mortality. We learn from the plots
in Figure 1 that the survival probability of the simulated path 1 is always higher than average. On the contrary, the
survival probability of path 2 is lower than expected. Path 3 does not show any particular trend. Figure 1 shows
the cumulative distribution function f(-) of the stochastic death time 7. We see from the plot that f(7) peaks at
7 = 86.5 approximately. This is consistent with our model settings and choice of parameter values: m; = 86.4515
in our model is the modal value of life span of the members. Generally, our observations imply that:

e path 1 shows a prominent longevity trend,
e path 2 on average has a lower survival rate;
e path 3 does not show any particular trend;

e For all three paths, most of the members’ deaths happen before the age of 86.5.

4.1.1 The base scenario

In the base scenario, we investigate the optimal benefit withdrawal rate and investment strategy. Besides, we
observe the scheme’s wealth level and manager’s compensation dynamically. Figure 2 shows the average investment
strategy over 100 simulation paths. We observe that the portfolio weight in the longevity bond drops over time.
As members get older, the scheme’s exposure to the longevity risk reduces, and the need for longevity protection
decreases. Accordingly, the manager reduces the portfolio weight in the longevity bond. The flat line which shows
the investment proportion in stock is a direct result from the optimal solutions in Proposition 2: the portfolio weight
in stock keeps constant and equals to g—z This constant investment strategy coincides with the result in the classical
Merton’s portfolio problem. The interpretation is that the constant market price of risk causes no change in the
manager’s investment behaviour. The proportion of the portfolio in the money market is 0{;)((:)) =1- O%((tg) - Oé{s((tt)).
We see that the portfolio weight in the money market is negative at first and then increases over time. The negative
position in the initial years indicates that the manager borrows money from the money market, and invests in the
O.;S(tt) keeps constant, and O%‘((tt))
decreases over time, the manager puts more weight in the money market. With the passage of time, the manager
becomes more conservative to avoid unexpected losses. Overall, the longevity bond dominates the investment
portfolio throughout the investment horizon. Even when members reach the age of 100, the manager puts around

50% of the portfolio in the longevity bond, indicating that the longevity bond could provide not only longevity

risky assets to gain risk premiums and increase the scheme’s wealth level. As

protection but also considerable risk premium.
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To observe general results, we show the average of 100 simulation paths of the optimal benefit withdrawal
proportion and rate, the scheme’s wealth and the manager’s compensation. From the top-left plot in Figure 3, we
see the optimal proportion of the scheme wealth % withdrawn by members increases over time. Meanwhile, in
the top-right plot, we observe that the optimal benefit withdrawal rate 8*(¢) reduces over time. This phenomenon
is explained by the scheme’s declining wealth process shown in the bottom-right plot. Although the manager
invests in the financial market, the average scheme level is decreasing throughout the time horizon due to the
continuous benefit withdrawals and compensation payments. The decreasing number of survival members, as well
as the declining scheme wealth, result in the drop in benefit withdrawal rate. The average compensation received
by the manager shows an interesting trend - it increases at first, peaks at around the 19th year and then drops
rapidly. The reason is that most members pass away before the age of 84. The compensation increases before the
mode of the members’ life span even though the scheme’s wealth level keeps decreasing. After reaching the modal
value of life expectancy, as most of the members have already passed away, the manger receives less compensation.
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Figure 3: average benefit withdrawal proportion, withdrawal rate, wealth, and compensation over 100 paths

4.1.2 Comparison analysis

To test the hedging performance of longevity bond, we give the results in the case when the manager does not
include the longevity bond in the investment portfolio. Without the investment in longevity bond, the optimal

benefit withdrawal proportion %(tt)) = m, and the optimal portfolio weight on stock Og((tt)) = g—z, are the same
as given in Proposition 2. The portfolio weight in money market equals to 1 - as(®) and keeps constant over time.

Y(t
Let $1(t) (c1(t)) and Sa(t) (c1(t)) denote the benefit withdrawal (compensation() )Without and with investment in
longevity bond, respectively. Figure 4 shows the benefit withdrawal and compensation improvement by investing in
longevity bond. It shows that, for path 1, investing in longevity bond always results in higher benefit withdrawals
and compensations. For path 3, investing in longevity bond in general increases both members’ benefit withdrawals
and the manager’s compensation. Although, during some short period, longevity bond investment decreases the
withdrawals and compensations. However, for path 2, investment in longevity bond seems to cut down both
benefit withdrawals and compensations. As discussed earlier (see Figure 1), the survival probability on path 2 is
overall lower than the Gompertz-Makeham survival probability. It implies that the pension members tend to live
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shorter than expected. Likewise, Figure 1 suggests that for path 2, the random death age 7 is more likely to be
the younger ages compared to the other paths - path 1 or path 3. As a result, the pension scheme does not face
the longevity risk and investing in the longevity bond actually loses money rather than making gains. As it is
a global trend that people’s average life expectancy is increasing, we argue that the pension schemes will benefit
from longevity bond investment as mirrored by the situation in path 1 and 3. To support our claim, we show the
average improvements of benefit withdrawal and compensation over 100 simulation paths in Figure 5. As shown,
there are low improvements in the first few years, but overall the improvements are significant over most of the
investment period. It indicates that investing in longevity bond increases both members’ benefit withdrawal rate
and manager’s compensation, and that it is beneficial to both members and manager.
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Figure 4: improvement of the benefit withdrawal and compensation
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Figure 5: average tmprovements of benefit withdrawal and compensation over 100 paths

4.1.3 Sensitivity analysis

We are interested in the impact of the market price of risk on pension scheme’s risk management. It is difficult to
decide the market price of longevity risk (in other words ;) due to the absence of longevity bonds in the market.
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But we examine a few values of 61 to give an illustration of the effects of the market price of longevity risk on
the optimal strategy, the benefit withdrawal and the manager’s compensation. In our base scenario, 6; is set as
-5x107#, and the longevity risk premium offered by the longevity bond is 4.4563 x 1078, Compared with the stock’s
risk premium (7.5 x 10‘3), the longevity risk premium is minimal. We show the optimal investment strategies in
the cases where §; = 0, —1.5 x 1073 and -3 x 1073. We know that a large absolute value of #; indicates high
risk premium offered by the longevity bond. Besides, large premiums should lead to more investment in longevity
bond. Figure 6 shows the investment strategies with different values of #;. We can see that when the manager
does not add longevity bond to his portfolio, the optimal investment proportions in stock and money market keep
constant over time. The investment in the longevity bond does not affect the portfolio weight in stock while affects
the investment in the money market. The top-right plot shows that even in the case when the longevity bond
offers no risk premium (i.e. #; = 0), the proportion invested in the longevity bond is always higher than 40%. It
illustrates that the longevity bond provides a good way to hedge the scheme’s longevity risk. As shown in Figure
6, as the longevity risk premium decreases (i.e. lower 1), more portfolio weight is put on the longevity bond. In
the bottom-right plot, §; = —0.0030 and the longevity risk premium equals to 2.6738 x 10~° which is again far less
than the stock’s risk premium. It implies that the manager continuously borrows money from the money market
to invest in risky assets throughout the whole time horizon. The intuition is that the longevity bond not only
provides longevity risk hedge, but also provides an attractive risk premium.
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Figure 6: tmpact of 1 on the optimal tnvestment strategy

Figure 7 shows the improvements of benefit withdrawal and compensation when investing in longevity bond. As
shown for path 1, high market prices of longevity risk lead to high improvements in both manager’s compensation
and members’ benefit withdrawal. As discussed in Section 4.1.2, investing in longevity bond sometimes decreases
the benefit withdrawal and compensation and thus causes a ‘loss’. Here by ‘loss’, we mean loss in the members
benefit and manager compensation as the improvements by investing in longevity bond are negative. Nevertheless,
we observe from the plots in Figure 7 that a smaller 1 reduces this loss.

We now investigate the impact of the risk-sharing parameter ¢ on the benefit withdrawal and manager com-
pensation. As stated before, ¢ decides the agreement between the manager and members on how to share the risk.
A high value of ¢ implies that more weight is put on the manager’s utility. When ¢ = 0, the manager works on
behalf of the members and only cares about the members’ benefit. This case corresponds to no risk-sharing. When
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0 < ¢ < 1, more attention is put on the members’ benefit. In the case where ¢ = 1, the manager treats his own
profit and members’ benefit equally which corresponds to the case of equal risk-sharing. We test the cases when
¢ takes values 0, 0.5 and 1. The case with ¢ = 0 is chosen as the reference case. Figure 8 shows the improve-
ment rates on benefit withdrawal and compensation (i.e. 64’(;,)__50 ‘75(?)0(7:) and 04)(?—_0045(?; () ). As shown in the right
plot, higher the ¢, higher the improvement in compensation. g%mpared to the g)e;se ¢ = 0, the equal risk-sharing
rule agreement improves the manager’s compensation by more than 20% at the end of the time horizon. For the
benefit withdrawal, a higher ¢ leads to higher withdrawals in the last 10 years, but reduces the withdrawals in
the early periods. To illustrate the impact of ¢, we calculate the average discounted values of benefit withdrawals
and compensations over 100 simulation paths. We find that compared to the case ¢ = 0, ¢ = 1 increases the
discounted benefit withdrawal by 4.71% and the discounted compensation by 12.82%. Thus, both manager and
members benefit from sharing the risk equally.
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The previous discussions can be summarised as follows. The longevity bond offers an efficient way to hedge
the pension scheme’s longevity risk as it always dominates the investment portfolio. Moreover, both members and
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manager benefit from investment in the longevity bond. Higher the longevity risk premium, more portfolio weight
is put on the longevity bond, and more the manager and members benefit from investing in it. Finally, an equal
risk-sharing rule is the most beneficial to both members and scheme’s manager.

4.2 Sub-population case

On the one hand, a pension scheme faces the longevity risk caused by its members’ more extended life span. On
the other hand, a pension scheme faces the longevity basis risk if the mortality behaviour of the scheme members is
imperfectly correlated with the longevity bond mortality index. In practice, pension schemes face longevity basis
risk as it is difficult to find a longevity bond in the market that is based exactly on the scheme members. Therefore,
the sub-population model may be more practical compared to the single-population model. In this section, we
assume that the longevity bond is based on a large population and the scheme members are a sub-population of
this large population. Furthermore, we assume that the life expectancy of the scheme members is higher than the
longevity bond reference population. If it is lower, the pension scheme may not face the longevity risk and there
is no need to invest in the longevity bond. We are interested in the optimal strategy and the hedging performance
of longevity bond in the presence of longevity basis risk.

4.2.1 The base scenario

The values of parameters used in this section are as given in Table 1. For ¢ = 1,2, m; in (7) is the mode of life
expectancy of the ith population. my is set to be greater than m; implying that the possible death age of the
pension members of Population 2 is higher than the longevity bond reference population in Population 1. Again,
we present three simulation paths in this section to observe the two populations’ mortality behaviour. Figure 9
shows the survival probabilities for Population 1 and Population 2. As expected, the average survival probability
of Population 1 is lower than Population 2. The plots below illustrate the following:

e Population 1

— path 1 has no particular trend;
— path 2 has a higher survival probability than expected;

— path 3 shows shorter life expectancy.
e Population 2:

— path 1 displays a lower survival probability in the first half of the time horizon;
— path 2 & 3 on average show longevity trend.

Figure 10 shows the optimal investment strategy and benefit withdrawal in the sub-population case. The
optimal strategy is similar to the single-population case:

e the longevity bond dominates the portfolio;

e the portfolio weight on the longevity bond decreases over time while the holding in the money market
increases;

e the optimal investment proportion in the stock keeps constant;
e the percentage of the funds withdrawn by the members increases with time.

We learn from it that the longevity bond plays an essential role in the pension scheme’s risk management.
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4.2.2 Comparison analysis

In Section 4.1, we show that in the single-population case, both the manager and members benefit from investing in
the longevity bond. Now, we conduct a comparison study in the sub-population case to see whether the longevity
bond still brings the advantage. For the simulation path 1, Figure 11 shows that investing in the longevity bond
in general increases the members’ benefit withdrawal and manager’s compensation. For path 2, the members and
manager benefit from investing in the longevity bond in the late 20-year time period, although the scheme suffers
from some loss in early years. While the simulation path 3 shows that neither the manager nor members take
advantage of longevity bond investment. To find out the reason for these phenomena, we check the simulated
survival probabilities. We learn from the bottom plots in Figure 9 that on path 3, scheme members in Population
2 live much longer than anticipated. Whereas, the survival probability of longevity bond reference population
(Population 1) on path 3 is lower. In this situation, the scheme suffers from severe longevity risk. , In this case, the
longevity bond can not provide an efficient longevity risk hedge because the reference population displays shorter
life expectancy. Since we assume the members are a sub-population of the longevity bond reference population,
the members should have similar mortality trend with the reference population, although with slightly different
behaviour. We believe that investing in the longevity bond can still be beneficial to both sides - manager and
scheme members - in the two population case.
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Figure 11: benefit and compensation tmprovement in sub-population case

Overall, we claim that the longevity bond provides a way to hedge the longevity risk in the sub-population
case. However, due to the presence of longevity basis risk, the hedging performance may be less effective than in
the single-population case. The situation with multiple longevity bonds in the market may show different results
and is worthy of an independent future study. The sensitivity analyses on the market price of longevity risk and
the risk-sharing rule in the sub-population case deliver results which are similar to the single-population case.

5 Conclusion

This work studies the optimal portfolio strategy and benefit withdrawal rate for a pension scheme with an income-
drawdown policy in the decumulation phase. The optimal solutions under single- and sub-population cases are
obtained by applying the dynamic programming principle. The numerical study shows that the longevity bond can
be used to hedge the longevity risk, and both members and manager benefit from the longevity bond investment.
We believe that the development of a longevity market is required to provide a solution to capital markets for
longevity risk hedging. Moreover, both members and manager benefit from an agreement on the risk-sharing rule
in the long run. The problem with multiple longevity bonds issued on different populations is an interesting topic
which we will explore in our future study.
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Appendix A Proof of Proposition 1

Proof. The corresponding value function v(Y, A) of the optimisation problem (4) is given by

o(Y,\) = sup E[ /0 - e‘fos(’“j(“”d“(m(ﬁ(s))+¢Aj(s)1n(Y(s)))ds]

anaLyﬁ

Applying Dynamic Programming Principle (DPP) to the value function gives
g g g g
t s t
v(y,2) > E { / e Jo TN 1 (5(5) + 62 (5) In(¥ (5)) ds} +E [e‘fo("“f(“”d“v(Yi&A%)] )
0
- [Yr+ai(w))d
Applying 1t&'s formula to e Jo (%%, (v¥ 3\A) and substituting it into the DPP (9) leads to

t s t s
02 [ /0 & Jo AN (3(5)) + 92y (5) (Y (5)| ds] ~E [ /0 (r 4 Aj(s))e™ Jo P W)duy vy Ag)ds}
t s
+F { / e_fo(T+)‘7("))du£as’O‘L’ﬂv(Yg,Zg)ds} :
0
Dividing by t and taking ¢ — 0 leads to
0> @AjIny = (r+Aj)v(y, A) + In(B) + L35 u(y, N),
and we obtain the HJB equation

0=gAIny—(r+X)v(y )+ sup [In(8) + Lo u(y, A)],

as,ar,B
where
n-1 B 1
L¥Pv(y,\) =Vy |ry +asosls +ap, Y op ;- 8| + A (£, )V + St (Z'ZVay)
ij=1
1 n-1 /n— 2 n-1 [n-1
o3 (et (o) Jvmran X (5 (S0 )ow | v
Solving the first order conditions on S(t), ag(t) and ar,(t) gives
1
*
t -
50 =g
0 \%
ag(t __M’
ol Vy + YA
o () = - Zz] 10 y Zz] 191, y/\ (10)

>is ( 1 IZJ] ) Viy
Substituting (10) into the HIB equation leads to

1
0=¢Ajny=(r+X)V-In(Vy) +rgVy -1+ A'Vy + S tr (S'SV)y)

-1 -1 -1 1
1 V% 02 ( ZJ’=1U£]‘9') 1 [ k=1 (anl ( = 1‘7L) ‘Tkj) Vy/\k}
2V s -1 1 2 _
w|© ot (srted)” Vi T (Sid o)
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1 3 -1 -1 1
Vy ( ?,g 10391') ( k=1 (Z]n:l ( = 10L> Ukj) Vy/\k)
-5 - - > )
w st (i o)

We guess the solution to the PDE (11) is of the following form

(11)

V(y,A) = G(\) Iny + H(N),
with boundary conditions
tlL%ov(Yg, Z%) =0, tlggoe(zf) =0, tin;oH(zf) =0.
The PDE (11) now becomes

1
O:gzs/\jlny—(r-l-/\-)(Glny+H)—lnG+lny+rG—1+A/(G)\lny+H>\)+§tr ('S (Galny + Hyy))

+1 93— ( 1,]= 1 9) G—i—l[ Z;ll(zjn;i( 1= 10L>U )GAJ

217 o(se)| eyt (2o’
| (Z5hets;) (205 (553 (Eief) o) Gu)
st (Sitep)’

Separating the In y terms and we get two ODEs

1
0=0pA; - (r+ )\j)G +1+A'Gy+ itr (Z/ZG)\A) ,

1 1 ( :L_ 101130)
0=—(r+\)H-InG+rG-1+AH, + tr (S'SHy) + 5 |- ——"
)]
, (ko) (T2 (572 (S ) o) o) | (o (o))
ot (sitod)’ P exE(ziEe)

We only need G()\) to get the optimal solutions so we solve the first ODE for G(\) and get

G(\) =E Uooo(mj(s> +1)e fos“%(u»duds] .

G(A) has a dynamic version as

G(t,\) = Ey |:/too(¢/\](s) + 1)e_fts(7“+)\j(u))dud8:| .

Substituting G(z, A) into (10) gives the optimal solutions in Proposition 1. O

Appendix B Proof of Proposition 2

Proof. We first give the calculations for Ag(t,s) and Aj(¢,s). Under OU setting (5), denote by h(t,s) =
s t
E; {e_ft ’\(u)du} and applying Ité’s formula to e Jo /\(u)duh(t, s) and letting dt term equals to 0, we obtain

1
0=-Ah+ ht + hy(ag — b1 A) + 50’%}1/\)\
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As the \(t) follows affine class model, we guess h(t, s) has the following form

h(t,s) = eho(t,s)-A1(t9)A(E)

with terminal conditions A(s,s) =1, Ag(s,s) =0 and A;(s,s) =0.
Differentiating h(t, s) and plugging into (B) leads to two ODEs

0Ayp 1
0= W - alA]_ -+ EU%A%,
0A1
0=——+4+0b1A; - 1.
Ey + 014

Solving these ODEs gives Ag(t, s) and Ai(t, s) in Proposition 2.
Similarly, denote by hQ(t, s) = ]E? {e_ft )‘(u)du} and assume hQ(t, s) = eAg(t’S)_A?(t's))‘(t), we obtain that

AR(¢,5) = A (¢, s). Moreover, we have o1,(t) = ~A2(¢,t + T)oy = ~A; (¢, t + T)oy.
Next, we show the derivation of G(¢,\). According to Proposition 1, we have

G(t,\) =9 /OO E¢ {)\(S)e_ J; )‘(u)du} e Tt gs + /OO E; [e_f: )‘(u)d“] e (s gs.
t t

S
Et[e— fO A(u)du]

Ble s L mi8,3) = Aot RGN ang D(t) =
]E[e_ 0 u U]

To solve Iy [)\(s)e_ft )‘(u)du], we denote by Z(t) =

t
e fo Mw)de 3nd have

e f: A(u)du

W h,(t, S) = Et

B¢ [A(s)e‘ff *(”“d“} =E¢ |A(s)

Z(s)
A(s) Z(t)] h(t, s).

Let B¢ [)\(s)éig} = IE¢[\(s)], where E[] denotes the expectation under measure P which is equivalent to IP and
will be specify later. Applying It6’s formula to Z(t) gives

m(t, s, \) D(t)

dz(t) =dD(t)m(o 5,A)  m(0,s,)\)

dm(t, s, A)

=- A(t)i(t)dt + ?7’7.(]3(?)\) (mt + m)\(al - b]_/\) + ;a%m/\)\> dt + m(]z(i)A)m)\aldwl(t)
—on T2 (a1

= 01A1(t, 5)Z(t)dW1(t)
Now, we can define P through %(s)
3”; — 7(s) = exp (— /0 o1 Ax (1, 8)dW1 (1) - % /0 o2A2(u, s)du) ,
and we have
AW (t) = dW1(t) + 01A1 (¢, s)dt.

Thus, we have

AA() = (ar(t) - biA(E)) dt + o1 (dWl(t) —o1A1(t, s)dt)
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= (a(t) - bA(®) - 0T As(t, 9)) At + o1dW3 (1),

taking expectation under P leads to

A [A(w)] _
du
The solution of the above ODE is then obtained

a1(w) - 02A1(u, s) — by E¢[A(u)].

E[A(s)] = A(t)e (70 4 /S <a1(u)—afA1(u, s)) e 01(s~u) gy,
t

Substituting ¢[\(s)] gives the function G(t,)) in Proposition 2. O

Appendix C Proof of Proposition 4

Proof. We first show the calculations for Co(t,s), C1(t,s) and Ca(t,s). Denote by f(¢,s) = E; [e—ft >\2(u)du]
- [ xa(w)d
and applying It&’s formula to e fo 2(u)du f(t,s) and letting dt term equals to 0, we get
1
0=Xof +fi + fa, (01— b1h1) + fiy (a2 = bada = ba2da) + 5 x0T A1
1
+ §f/\2A2(U§1)\1 +03202) + fryap 010211,

As A\1(t) and \y(t) follow affine class models, we guess f (%, s) has the following form

f(t, S) — eCo(t,S)—Cl(t,s))\l(t)—02(t,s))\2(t)’

with terminal conditions f(s,s) =1, Co(s,s) =0, C1(s,s) =0 and Cy(s,s) =0.
Differentiating f(¢, s) and plugging into (C) leads to three ODEs

oC 1 1
0= _781‘,0 -a1C1 — apCqy + EJ%C% + 2 (J%l + 0%2) Cg 4+ 01021C1Cs,
0Cq
0=-———=+4bC by C
ot + 0101 + 02102,
0Csy
0=——"=4 byyCo.
ot + 02202

Solving these ODEs leads to Co(t, s), C1(%, s) and Co(¢, s) in Proposition 4.
Similar with Proposition 4, to obtain G(¢, A1, A2), we first solve E4[A1(s)] and E¢[A2(s)] under P which is
defined as

aP -~ s 1 (%, 9
= Z(s) = exp (—/0 0'(u, s)dW(u) - 5/0 0(w, s)|| du) ,
where

~ alcl(u,s)—i-aleg(u,s)
9(’11,, S) = UZQCQ(U, s) ,
0

AW(u) = dW(u) + 6(u, s)du.
Then, solve the following two ODEs

dBE¢[M ()] _

0y a1(u) - 03C1 (u, 5) — 01021 Ca(u, 5) = by Es [\ (w)],
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dB:De(w)] _ ax(u) - 01021C1(u, 5) = (021 + 025)C2(u, s) — bar Ee[A1 ()] - baaEe[Aa(u))],

du
we obtain
~ S
Eebha(e)] =h()e ™00+ [ (ay(w) - oFCs(w )= raomCalu, ) e,
~ b
BoDa(s)] =5 Ax(t) [ 727 = ebaa(st)] 4 ap(t)eoelet)
b1 — baa
S
b / e b1(s—u) [al(u) - a%Cl(u, s)—01021Ca(u, s)} du
by — b2 Jy
S
_/ e_b22(s—u) {&al(u) —_ aQ(u) + 0'102101('“: S)
¢ by — baa
boio10
+ (0%1 + 02y - 511—1172221> Co(u, s)}du.
O
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