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Abstract

The ability of monetary policy to influence the term structure of interest rates and the macroeconomy

depends on the extent to which financial market participants prefer to hold bonds of different maturities. We

introduce such preferred-habitat demand in a fully-specified dynamic stochastic general equilibrium model

of the macroeconomy where the term structure is arbitrage-free. The source of preferred habitat demand

is an insurance fund that issues annuities and adopts a liability-driven investment strategy to minimise

the duration risk on its balance sheet. The behaviour of the insurance fund implies a liability-driven

demand function that is upward-sloping in bond prices and downward-sloping in bond yields, especially

when interest rates are low. This supports the operation of a recruitment channel at low interest rates,

whereby long-term interest rates react strongly to short-term policy rates or unconventional policy because

of complementary changes in term premia induced by liability-driven demand. The strong reaction and

enhanced monetary transmission extend to inflation and output in general equilibrium.
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1 Introduction

Do the strategic responses of private investors dampen or amplify the impact of monetary policy on the yield

curve through to the macroeconomy? Vayanos and Vila (2021) argue for dampening, because preferred-habitat

investors reduce their demand for long bonds after a cut in short rates, easing pressure on long bond prices,

widening term premia, and long-term yields react less than prescribed by the expectations hypothesis. By

contrast, Hanson and Stein (2015) stress amplification through the presence of yield-oriented investors, who

allocate their portfolios according to the yield spread between short and long bonds. A relative cut in short-

rates hence stimulates preferred-habitat demand for long bonds, bidding up their price, compressing long-term

premia, and long-term rates fall even further than predicted by the expectations hypothesis.

We scrutinise the conflicting views of the monetary transmission mechanism in Hanson and Stein (2015) and

Vayanos and Vila (2021) by building a general equilibrium model of liability-driven investors. Informing our

modelling choices is Figure 1, which uses data from Securities Holding Statistics to display scatter plots for the

relationship between long bond prices and the share of long bonds held, for Euro Area insurance companies

and pension funds on the left and Euro Area monetary financial institutions on the right. The sample is 2014q2

to 2021q4, with bond prices on the vertical axis referring to Euro Area GDP-weighted 10-year sovereigns and

long bonds defined as securities with maturity longer than one year. The contrasting patterns suggests that

the objectives of insurance companies and pension funds are fundamentally different from those of monetary

financial institutions. In the recent era of low interest rates, it appears that the long bond holdings of insurance

companies and pension funds are upward-sloping in bond prices and downward-sloping in bond yields, whereas

the long bond holdings of monetary financial institutions slope in the opposite direction.
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Figure 1: Long bond prices and share of long bonds held

The liability-driven behaviour of insurance companies and pension funds can be rationalised by appealing

to the long-term nature of their liabilities and a desire to manage duration risk. The market value of long-
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term liabilities is more sensitive to market conditions than that of short-term liabilities, so the balance sheets

and solvency of insurance companies and pension funds are more exposed to fluctuations in interest rates than

those of monetary financial institutions. Insurance companies and pension funds then manage duration risk by

holding some of their assets in the form of government bonds, since the market prices of bonds are also sensitive

to fluctuations in interest rates. By holding a judicious portfolio of bonds, insurance companies and pension

funds can partially immunise their balance sheets and ensure that movements in the market value of their

liabilities are partly offset by corresponding changes in the market value of their assets.1 The lower are interest

rates the more sensitive liabilities are to market conditions, so the more bonds that insurance companies and

pension funds have to hold to manage duration risk, and the more upward-sloping their demand is in bond

prices. In contrast, the short-term nature of liabilities on the balance sheets of monetary financial institutions

creates little duration risk and mutes their incentive to increase bond holdings as interest rates fall.

We adopt the “hunt for duration” approach of Domanski et al. (2017) to model the liability-driven investments

of insurance companies and pension funds. There, the lower the interest rate the higher the sensitivity of

long-term liabilities to interest rate risk, and the greater the demand for long bonds to increase exposure to

duration risk on the asset side of the balance sheet. More generally, there are strong empirical and theoretical

precedents for believing that demand may be upward-sloping in bond yields for at least some investors. Hanson

et al. (2021) attribute this to some combination of yield-oriented investors who refinance mortgage activity,

extrapolate recent changes in short rates, or reach for yield when short rates fall.

The management of duration risks in Domanski et al. (2017) creates a liability-driven demand for government

bonds that is of the same form as the preferred-habitat demand in Vayanos and Vila (2021). However, in

combining these contributions we uncover a new and nuanced interpretation of preferred-habitat demand that

provides two significant and important caveats to previous understanding.

(i) The liability-driven investment strategy implied by the hunt for duration suggests that preferred-habitat

demand should be thought of as upward-sloping in prices and downward-sloping in yields, especially

when interest rates are low, and that the strategic responses of private investors amplify the impact

of monetary policy. This contrasts with Vayanos and Vila (2021), who use an OLG model to justify

their assumption that the slope of preferred-habitat demand has the opposite sign and that monetary

policy actions are dampened rather than amplified by the actions of private investors. It is difficult to

construct other examples that support the Vayanos and Vila (2021) interpretation, primarily because

preferred-habitat demand is defined in terms of how the market value of bond holdings reacts to a change

in bond prices. If bond prices fall then the market value of bond holdings is automatically reduced, at

least before any portfolio reallocation. Unless there is a very large offsetting increase in bond holdings,

the total market value must fall and preferred-habitat demand will be upward-sloping in prices.

(ii) What matters in Vayanos and Vila (2021) is the total exposure to interest rate risk of arbitrageurs,

which we think of in terms of monetary financial institutions. Total exposure in turn depends on the

specifics of bond supply and the holdings of preferred-habitat investors, which we equate to insurance

1Immunisation is only partial because the only way to completely immunise a long-term liability is to hold a long-term asset
with exactly the same cash flow profile.
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companies and pension funds. Preferred-habitat demand for bonds is therefore important in terms of

defining the residual duration risk that is borne by arbitrageurs, rather than as a demand per se for

bonds of particular maturities. As we shall see, alternative portfolios of different maturity bonds that

are equally good at immunising the balance sheets of insurance companies and pension funds have exactly

the same implications for the transmission of monetary policy, since they leave arbitrageurs who price

the yield curve with the same residual exposure to duration risk.

The first caveat prompts a re-assessment of how private investors affect the monetary policy transmission

mechanism. In Vayanos and Vila (2021), a decline in short-term interest rates bids up bond prices and reduces

the demand for long bonds by preferred-habitat investors because of their demand being downward-sloping

in bond prices. In equilibrium, the shortfall in demand is met by a fall in the prices of long bonds that

incentivises arbitrageurs to hold larger quantities of these bonds. This results in a widening in the term

premia that compensate arbitrageurs for holding additional duration risk, and a partial offsetting of the initial

decline in the short-term rate. The implication is that the impact of monetary policy is dampened, with

forward rates underreacting to the short-term rate and the decline in long rates after an interest rate cut being

less than expected because of the higher risk premia.

All this is reversed if preferred-habitat demand is upward-sloping. The impact of monetary policy is amplified

in such an economy, where we find that a decline in the short-term interest rate still bids up bond prices

but the upward-sloping demand of liability-driven investors means that they increase their demand for long-

term bonds. Equilibrium now requires arbitrageurs to hold smaller quantities of these bonds, which implies

a narrowing in term premia and an amplification of the reaction of forward rates to a cut in the short-term

rate. This is an example of what Stein (2013) terms a “recruitment channel” – by stimulating the demand of

liability-driven investors, a reduction in the short-term interest rate reduces the need for arbitrageurs to absorb

duration risk and so generates a fall in term premia. Forward rates now overreact to the short-term rate because

any changes are compounded by complementary movements in term premia; the policymaker has “recruited”

liability-driven investors to help move interest rates in the desired direction. The role of arbitrageurs is crucial

here, as in Vayanos and Vila (2021), since they are the residual holders of duration risk and the transmitter

of demand pressure from liability-driven investors to the entire term structure. Arbitrageurs ensure that the

market price of risk is unique and that the term structure is arbitrage-free, with bonds most exposed to interest

rate risk experiencing the largest changes in yields.

The amplification of monetary policy through liability-driven demand being upward-sloping is consistent with

a growing body of empirical evidence that documents how long-term nominal interest rates are highly sensitive

to movements in short-term rates (Gürkaynak et al., 2005; Giglio and Kelly, 2018; Hanson and Stein, 2015;

Hanson and Stein, 2015. It also agrees with accepted wisdom that excess sensitivity in the post 2000 period

largely reflects movements in long-term real rates (Beechey and Wright, 2009) and primarily operates through

the real term premium (Hanson and Stein, 2015).

Our analysis improves upon Vayanos and Vila (2021) in two complementary respects. Firstly, and as noted

above, we use the framework of Domanski et al. (2017) to endogenise the slope of preferred-habitat demand
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and show how it becomes steeper when interest rates are low, drawing out implications for the transmission of

interest rate policy to the yield curve and the macroeconomy. This rate-amplifying effect has the potential to

alleviate limitations faced by interest rate and forward guidance policies in an environment of low equilibrium

real interest rates and the proximity of nominal rates to their lower bounds. Secondly, we embed our liability-

driven investors and their interactions with arbitrageurs in a fully-specified general equilibrium framework with

an affine term structure of interest rates. In doing so, we find that the pricing decisions of insurance companies

and pension funds further amplify the reaction of the yield curve to monetary policy actions. We show that the

term premia induced by liability-driven demand enter the consumption Euler equation, which implies greater

macroeconomic volatility at low interest rates when preferred-habitat demand is upward-sloping in prices. The

behaviour of liability-driven investors therefore leads to even greater amplification of monetary policy and a

stronger monetary transmission mechanism in general equilibrium.

The paper is organised as follows. Section 2 relates our contribution to the existing literature. In Section 3

we present our model of financial intermediation, whereby a financial intermediary allocates funds between

risk-averse arbitrageurs and an insurance fund that follows a liability-driven investment strategy. Section 4

solves for the affine term structure of interest rates in bond market equilibrium. The implications of the

term structure for the return to saving are explored in Section 5, allowing Section 6 to develop the general

equilibrium implications through the addition of a representative household that decides consumption, savings

and labour supply, firms that decide on production and labour demand, and a rule for monetary policy that

determines the short-term interest rate. A final section discusses the empirical relevance of our findings.

2 Related literature

This paper contributes to a growing literature investigating the relationship between asset pricing and changes

in the quantity and composition of financial assets held by investors. The mechanisms in play reflect the original

intuition of Tobin (1958) and Modigliani and Sutch (1966), with recent contributions offering formulations in

which investors have preferences for specific segments and/or operate under limited risk-bearing capacity.

Vayanos and Vila (2021) develop an arbitrage-free framework in which the term structure of interest rates is the

result of interactions between preferred-habitat investors and risk-averse arbitrageurs. The preferred-habitat

investors have clientele demand over specific maturities, whereas the arbitrageurs engage in carry trade activity

and require compensation for exposure to interest rate changes (“duration risk”). One implication is that long

rates underreact to changes in short rates, an effect that originates from the assumption that preferred-habitat

investors have demand curves that slope downwards in bond prices and upwards in bond yields. A cut in

short interest rates reduces preferred-habitat demand at all maturities, which leaves more duration risk to be

held by arbitrageurs who then require higher term premia as compensation. The rise in term premia partially

offsets the initial cut in interest rates, leading to long interest rates underreacting. Hanson and Stein (2015)

question this result by drawing attention to the surprisingly strong effects that monetary policy has on forward

real rates in the distant future. Their explanation is that “yield-oriented” investors allocate their portfolios

according to the spread between the yields on short and long bonds. A cut in the short rate tends to reduce

short rates more than long rates, so stimulates preferred-habitat demand for long bonds. Long bond yields
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fall still further and so overreact to the initial interest rate cut.

These conflicting perspectives motivate our model of investor behaviour, which endogenises preferred-habitat

demand by modelling their decisions in terms of the liability-driven investment strategy in Domanski et al.

(2017). The key determinant of liability-driven demand is the duration mismatch between assets and liabilities,

which implies a demand curve that is upward-sloping in bond prices and downward-sloping in bond yields.

The reason is that the lower are interest rates the greater the duration risk in liabilities than in assets, which

means more assets are need to contain duration gaps. Our framework casts this strategy in a model with

arbitrageurs and an arbitrage-free term structure. We find that long rates overreact to short rates, because

the response of liability-driven demand changes term premia in a direction that amplifies the initial movement

in the short rate. This is particularly so when interest rates are already low.

Our results are consistent with Hanson and Stein (2015), Domanski et al. (2017), and several papers in the

monetary economic literature. For example, Gilchrist et al. (2015) provide evidence that most of the effect

of conventional monetary policy on long-term real borrowing rates is through the reaction of term premia.

Gertler and Karadi (2013) augment a standard vector autoregression analysis of conventional monetary policy

by incorporating data on the high frequency response of interest rates to policy shocks, finding that shocks

have significant effects on the real cost of long-term credit primarily because of changes in term premia and

credit spreads, factors that are omitted from standard models of the monetary transmission mechanism. In a

model with risk-averse arbitrageurs, King (2019) shows that shocks to the anticipated path of short rates lead

to a contraction in term premia when nominal rates are close to the effective lower bound, a result that rests on

expectations of reduced interest rate volatility if rates are constrained for a long period. Hanson et al. (2021)

add that the excess sensitivity of long rates to movements in short rates appears to be frequency-dependent,

as it has strengthened at high frequencies and weakened at low frequencies since 2000. They attribute the

presence of rate-amplifying demand to mortgage-refinancing activity, investors extrapolating recent changes

in short rates, and investors who “reach for yield” when short rates fall. The claim is that the recruitment

channel may be weaker than Stein (2013) suggested, since some of the increase in sensitivity at high frequencies

is transitory and likely to be contaminated by macroeconomic effects.

In considering demand-based mechanisms in general equilibrium, our paper relates to the literature investi-

gating the macroeconomic implications of central bank asset purchase programmes. Our work is similar to

Gertler and Karadi (2011, 2013) and Carlstrom et al. (2017) in restricting arbitrage across market segments,

although their focus is on private assets rather than long-term sovereign bonds. We focus on term premia in

bond markets, a perspective we share with Andrés et al. (2004), Chen et al. (2012) and Ellison and Tischbirek

(2014). They develop DSGE models with market segmentation between short and long term bonds, capturing

the view that some investors are willing to pay a premium for bonds of specific maturities. This results in bond

supply mattering, although the assumption that bond markets are segmented means that the term structure in

their models is not arbitrage-free. We avoid this problem by allowing our liability-driven investors to interact

with arbitrageurs, which ensures that the term structure in our model is arbitrage-free in the sense that risk

is priced consistently across bonds with different maturities. A similar approach is taken by King (2022) and

Ray (2019), albeit with the latter in a setting where the demand curves of preferred-habitat investors slope

downwards in bond prices by assumption, as in Vayanos and Vila (2021).
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3 Financial intermediation

This section introduces our model of financial intermediation, which captures the interactions between financial

intermediaries, insurance funds, arbitrageurs and government bond supply. We describe the behaviour of each

of these financial market agents, before turning to the determination of equilibrium. A schematic overview of

the model is in Appendix A.

3.1 Financial intermediaries

The financial intermediary receives deposits dt from households, using part of their funds to purchase annuities

from an insurance fund and investing the remaining funds st with arbitrageurs. We prime the model to

accommodate financial frictions by restricting the freedom of the financial intermediary to decide how deposits

are allocated between annuities and arbitrageurs. For each unit of deposits the financial intermediary channels

to arbitrageurs, it is assumed that they have to purchase an annuity from the insurance fund, a requirement

that acts as an implicit tax on investing with arbitrageurs.2 Annuities are not held until maturity, but are

bought back by the insurance fund at the end of the period.3 Financial intermediaries are perfectly competitive,

so return all the proceeds from annuities and investment with arbitrageurs to the household in the form of a

return to saving Rs
t,t+1.

3.2 Insurance funds

The insurance fund buys and sells annuities that pay coupons which decay in perpetuity at rate g. This

tractable formulation of annuities as perpetuities with exponentially-decaying coupons is taken from Woodford

(2001) and allows us to analyse annuities of arbitrary duration by appropriate choice of g. Annuities are

commitments to a stream of future cash flow payments, which for an annuity next due to pay coupon c when

priced at a benchmark yield of y∗t implies a present discounted liability of

∞∑
j=1

c(1− g)j−1

(1 + y∗t )
j

=
c

y∗t + g
(1)

and duration
∞∑
j=1

jc(1− g)j−1

(1 + y∗t )
j

/ ∞∑
j=1

c(1− g)j−1

(1 + y∗t )
j

=
1 + y∗t
y∗t + g

(2)

Fluctuations in the benchmark yield lead to changes in the present value of liabilities, a risk to the insurance

fund’s balance sheet and solvency they hedge against by following the liability-driven strategy in Domanski

et al. (2017). The insurance fund’s liabilities L and equity E are equal to cash M and the market value of

bond holdings B through the balance sheet identity L + E = M + B. The liability-driven strategy partially

immunises the balance sheet by matching the interest rate risk in liabilities L(y∗t ) to that in bond holdings,

2The requirement to purchase annuities can be interpreted as a risk-adjusted capital requirement, imposed either by the
government or financial markets.

3The assumption that financial instruments are bought back and reissued each period is often made in the literature on optimal
government debt management, for example Angeletos (2002) and Buera and Nicolini (2004).
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that is by the insurance fund holding bonds B(y∗t ) such that E and M are independent of small fluctuations

in y∗t . We assume that the benchmark yield for pricing liabilities is that on an n∗ period government bond.

The insurance fund partially immunises its balance sheet against interest rate risk by holding sufficient gov-

ernment bonds to close the duration gap between its liabilities and assets. In doing so, what matters is the

total exposure of its asset position to interest rate risk. Since in equilibrium it is the duration risk held by

arbitrageurs that determines the market price of risk, the yield curve and the reaction of interest rates to

monetary policy, we can without loss of generality allow the insurance fund to partially immunise the risk in

its liabilities by holding a suitable quantity of bonds of the benchmark maturity. The assumption is without

loss of generality because an alternative portfolio that closes the insurance fund’s duration gap by holding

different maturity bonds must offer exactly the same total exposure to interest rate risk, in which case the

residual duration risk held by arbitrageurs is the same and equilibrium outcomes are unaffected. What matters

is the insurance fund’s demand for exposure to interest rate risk, not how that exposure is structured.

The duration of the benchmark maturity bond is n∗, so closing the duration gap requires holding

Pn∗

t qn
∗

t =
c
(
1 + yn

∗

t

)
n∗(yn

∗
t + g)2

(3)

of benchmark bonds for each unit of annuity outstanding, where Pn∗

t is the market price of an n∗ period

bond. The requirement to hedge annuities against interest rate risk hence creates a preferred habitat for

the insurance fund, with (3) its demand for bonds of maturity n∗. Domanski et al. (2017) derive the same

expression for liability-driven demand, assuming that the insurance fund manages interest rate risk through

holding benchmark maturity bonds and imposing a condition that partially immunises the balance sheet by

equating the interest rate sensitivity of assets and liabilities. Our derivation in terms of the duration gap

highlights the importance of duration for liability-driven demand, and the irrelevance of how that demand is

structured. A numerical example with c = 0.15, g = 0.05 and n∗ = 15 is in Figure 2.
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Figure 2: Preferred-habitat demand of insurance funds
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When linearised around the steady state benchmark yield ȳn
∗
, the liability-driven demand becomes

Pn∗

t qn
∗

t = β + φ(yn
∗

t − ȳn
∗
) (4)

where

β =
c(1 + ȳn

∗
)

n∗(ȳn∗ + g)2
> 0 (5)

φ =
c(g − ȳn

∗ − 2)

n∗(ȳn∗ + g)3
< 0 (6)

The linearised demand function (4) is the same as that posited for preferred habitat investors in Vayanos and

Vila (2021),4 except in one important respect. They impose the restriction φ ≥ 0, so the demand function of

their preferred-habitat investors is always downward-sloping in the price of the benchmark bond (and upward-

sloping in its yield). In our model, φ is negative because it is derived from the liability-driven strategy the

insurance fund uses to hedge against interest rate risk. The demand curve is also steeper the lower are steady-

state interest rates, a state dependency that gives our insurance fund an increasingly prominent role in a

low interest rate environment. This is the case emphasised by Domanski et al. (2017) – when steady-state

interest rates are low, ȳn∗ + g is close to zero and changes in yield have a disproportionately large impact on

liability-driven demand. Hedging against interest rate risk always entails the insurance fund raising their bond

holdings after a fall in yields, but especially so when interest rates are already low.

The price at which annuities are traded does not affect liability-driven demand because the financial inter-

mediary has to purchase annuities in proportion to the deposits it channels to arbitrageurs, irrespective of

their price. The price matters in general equilibrium when it influences the return to saving faced by the

representative household. We therefore postpone our discussion of annuity pricing until Section 5.1., where it

is pinned down by competition in annuity markets.

3.3 Arbitrageurs

Arbitrageurs maximise the expected one-period return EtR
P
t,t+1 on their portfolio but have limited risk-bearing

appetite that impedes their ability to take on risk. They maximise a mean-variance objective function, where

Rn
t,t+1 is the return on n period bonds and ωn

t is the proportion of their funds held at that maturity. The first

constraint defines the return on the arbitrageur’s portfolio, the second ensures that portfolio shares sum to

unity. σ measures the risk-bearing appetite of arbitrageurs: the higher is σ the less they are willing to hold a

risky portfolio.

4See equation (5) in Vayanos and Vila (2021).
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max
ωn

t

EtR
P
t,t+1 −

1

2
σV artR

P
t,t+1 (7)

s.t.

RP
t,t+1 =

N∑
n=1

ωn
t R

n
t,t+1 (8)

N∑
n=1

ωn
t = 1 (9)

Government bonds do not pay coupons, so their return depends entirely on the holding period return, i.e., the

change in price Rn
t,t+1 = Pn−1

t+1 /Pn
t − 1. The relevant price at t + 1 is that of an n − 1 period bond since by

then the n period bond is one period closer to maturity.

3.4 Government bond supply

The supply of bonds is not the primary focus of our paper, so we adopt a simple policy rule in which the

government adjusts bond supply to fix the market value of debt at each maturity as a proportion of the total

market value of debt. It follows that the maturity structure of government debt (but not its total market value)

is time-invariant. The government issues zero coupon bonds at N maturities, with Σγn = 1; the maturity

structure is uniform if γn = 1/N for ∀n.

Pn
t q

n
t = γn

N∑
n=1

Pn
t q

n
t (10)

We assume that the government buys back and reissues the entire stock of government bonds each period, as in

Angeletos (2002) and Buera and Nicolini (2004). Any losses on the government account are recouped through

lump-sum taxation of households; gains are distributed as lump-sum credits. It is straightforward to extend

our model to more sophisticated settings in which the total quantity and maturity structure of bond supply

are determined endogenously by the interplay of government debt issuance policy and a monetary authority

that engages in asset purchase programmes.

3.5 Equilibrium

Our model of financial intermediation supports an affine term structure in which the log price of an n period

bond is linear in a set of macroeconomic risk factors Xt that follows an AR(1) process, taken as exogenous in

bond markets. We take a guess-and-verify approach and introduce an equilibrium where the only risk factors

are the short-term interest rate R1
t,t+1 and information µt about the path of future short-term interest rates,
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determined jointly by: (
R1

t,t+1

µt

)
︸ ︷︷ ︸

Xt

=

(
µ

0

)
︸ ︷︷ ︸

M

+

(
ϕ 1

0 ρ

)
︸ ︷︷ ︸

P

(
R1

t−1,t

µt−1

)
︸ ︷︷ ︸

Xt−1

+

(
εt

υt

)
︸ ︷︷ ︸
ξt∼N(0,Σ)

(11)

The path of the short-term interest rate is dictated by two shocks and is not subject to an effective lower

bound.5 The first is a monetary policy shock εt, which affects the short-term rate in the usual way and has

variance σ2
ε . The second is a future path shock υt, which raises future short-term interest rates and has variance

σ2
υ. The monetary policy shock propagates to the short-term interest rate immediately with persistence ϕ; the

forward-path shock with a lag through an AR(2) process with roots ϕ and ρ. The process for the short-term

interest rate (11) is endogenised in Section 5 when we consider general equilibrium.

In the proposed affine equilibrium the log price of an n period bond takes the form pnt = −an − bnXt, where

an, bn are vectors of coefficients to be determined for n = 0 . . . N . It is immediately apparent that a0 = 0 and

b0 = (0, 0) because the log price of a 0 period bond is equal to the log of its value at redemption, which is

normalised at unity. Similarly, the relationship between the yield and log price of a bond requires a1 = 0 and

b1 = (1, 0) so the log price of a 1 period bond is consistent with the short-term interest rate.6

3.5.1 Arbitrageur demand

Arbitrageurs price bonds at each point on the yield curve. Their portfolio is made up of different maturity

bonds, the yields of which depend entirely on holding period returns because the bonds do not pay coupons.

Holding period returns are log-normally distributed when log bond prices are affine in a set of normally-

distributed risk factors, so the expectation and variance of the return on the arbitrageur’s portfolio follow

from the properties of the multivariate log-normal distribution:7

EtR
p
t,t+1 = Et

N∑
n=1

ωn
t

[
e(p

n−1
t+1 −pn

t ) − 1
]

=

N∑
n=1

ωn
t

[
−an−1 − bn−1 (M + PXt) +

1

2
bn−1Σb

′
n−1 + an + bnXt

]
(12)

V artR
p
t,t+1 =

(
N∑

n=1

ωn
t bn−1

)
Σ

(
N∑

n=1

ωn
t b

′
n−1

)
(13)

The arbitrageur’s demand for n period bonds is obtained by substituting (12) and (13) into the optimisation

5Introducing an effective lower bound on the short-term interest rate introduces a non-linearity that breaks the affine nature
of the term structure. We follow recent empirical evidence from Debortoli et al. (2020), Swanson (2018) and Gürkaynak et al.
(2022) suggesting that the effective lower bound is not a constraint at the short-term interest rates we consider.

6The continuously-compounded yield on an n period zero coupon bond is related to the log of its price by the formula
ynt = −pnt /n. For n = 1, this means R1

t,t+1 = −p1t and a1 = 0, b1 = (1, 0).
7The macroeconomic risk factors Xt are normally distributed, as are log bond prices pnt = −an − bnXt. It follows that the

bond price Pn
t+1 = ep

n
t+1 is log-normally distributed, and by the standard formula for the expectation of a log-normally distributed

random variable Ete
pnt+1 = −an − bnEtXt+1 + 0.5bnΣb′n.
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problem of Section 3.3 and taking the first order conditions with respect to the portfolio share ωn
t :

−an−1 − bn−1 (M + PXt) +
1

2
bn−1Σb

′
n−1 + an + bnXt − σbn−1

(
N∑

n=1

ωn
t b

′
n−1

)
Σ+ κ = 0 (14)

where κ is the Lagrange multiplier on the constraint that portfolio shares have to sum to unity.

3.5.2 Market price of risk

The arbitrageur has a first order condition of the form (14) for each of the N maturities of bond in their

portfolio, all but one of which contains a common term in the market price of risk λt.
8

λt = σ

N∑
n=1

ωn
t bn−1 = λ0 + λ1Xt (15)

The first order condition for 1 period bonds simplifies to −(1 0)Xt = κ, which identifies κ and allows for an

interpretation of arbitrageur demand in terms of excess holding period returns along the yield curve.

EtR
n
t,t+1 −R1

t,t+1 = bn−1Σλt (16)

Excess holding period returns are affine in the risk factors, since the first order conditions for ωn
t define a set

of linear relationships between Xt and λt.

3.5.3 Bond pricing

Equilibrium bond pricing is characterised by the coefficients an, bn, λ0, λ1 for n = 0 . . . N . The pricing coeffi-

cients an, bn can be solved recursively as a function of the market price of risk coefficients λ0, λ1 through the

first order conditions of the arbitrageurs (14). The general form is:

an = a1 + an−1 + bn−1 (M +Σλ0)−
1

2
bn−1Σb

′
n−1 (17)

bn = b1 + bn−1(P +Σλ1) (18)

where the solution has a block recursive structure. Conditional on λ0 and λ1, the an coefficients depend on

the bn coefficients but the bn coefficients do not depend on the an coefficients. It remains to solve for λ0, λ1.

The bond pricing equations confirm that it is the total duration risk borne by arbitrageurs that matters in

equilibrium. The bn−1 coefficients in the equation for the market price of risk (15) capture the sensitivity of

bond prices to the macroeconomic risk factors, i.e., bn−1 = d logPn−1
t /dXt. This is the duration risk associated

with holding an n− 1 period bond, and the sum across maturities Σωn
t bn−1 is the total duration risk for each

unit of funds in the arbitrageur’s portfolio. Alternative hedging strategies for the insurance fund that leave

arbitrageurs carrying the same duration risk then have exactly the same implications for equilibrium.

8The first order condition for n = 1 does not contain a term in the market price of risk because 1 period bonds are risk free.
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3.5.4 Market clearing

The bond market clears at prices where government supply at each maturity matches the demand from insur-

ance funds and arbitrageurs. The liability-driven demand of insurance funds can (without loss of generality)

be satisfied by only holding bonds of maturity n∗, whose benchmark yield they use to price their liabilities.

At that maturity, government bond supply is γn∗
ΣPn

t q
n
t and demand from arbitrageurs is stω

n∗

t , where st are

the funds flowing to arbitrageurs. The financial intermediary is required to purchase an annuity for each unit

of funding it channels to arbitrageurs, which creates liabilities on the insurance fund balance sheet that they

have to partially immunise by demanding stP
n∗

t qn
∗

t of n∗ period bonds, where Pn∗

t qn
∗

t is determined by the

insurance fund’s linearised liability-driven strategy (4)-(6). Market clearing at each maturity requires

γn∗
N∑

n=1

Pn
t q

n
t = st

(
Pn∗

t qn
∗

t + ωn∗

t

)
(19)

γn
N∑

n=1

Pn
t q

n
t = stω

n
t (20)

Summing the market-clearing conditions across maturities implies that the total market value of bonds out-

standing is ΣPn
t q

n
t = st

(
Pn∗

t qn
∗

t + 1
)
, because Σγn = 1 and Σωn

t = 1. It follows that st cancels from each

side of the market-clearing conditions to give

γn∗
(
Pn∗

t qn
∗

t + 1
)

= Pn∗

t qn
∗

t + ωn∗

t (21)

γn
(
Pn∗

t qn
∗

t + 1
)

= ωn
t (22)

and equilibrium bond prices are independent of the funds allocated to arbitrageurs, which is a useful property

when we extend to general equilibrium in Section 5.

3.5.5 Verifying linearity

The market clearing conditions (21)-(22) imply that the shares of different maturity bonds in the arbitrageur’s

portfolio are linear in the macroeconomic risk factors Xt, as required to maintain the affine term structure. To

see this, substitute in for liability-driven demand Pn∗

t qn
∗

t from (4) and relate the yield on an n∗ period bond

to Xt using yn
∗

t = −pn
∗

t /n∗ and pn
∗

t = −an∗ − bn∗Xt to obtain

ωn∗

t = γn∗
+ (γn∗

− 1)β + (γn∗
− 1)φ

(
an∗

n∗ +
bn∗Xt

n∗ − ȳn
∗
)

(23)

which confirms that ωn∗
t is linear in Xt. The portfolio shares of other bonds also maintain linearity:

ωn
t = γn + γnβ + γnφ

(
an∗
n∗ +

bn∗Xt

n∗ − ȳn∗
)

for n ̸= n∗ (24)

With all portfolio shares linear in the risk factors, the market price of risk (15) is confirmed as linear in Xt. The

market clearing conditions (23)-(24) and the definition of the market price of risk (15) determine λ0 and λ1 as

functions of {an, bn}. Together with the recursion for the bond pricing coefficients (17)-(18) that determines

13



{an, bn} as a function of λ0 and λ1, there is unique fixed point solution for the coefficients {an, bn, λ0, λ1}.

3.5.6 Consistency

One important issue remains, in that the intercept and slope of the insurance fund’s demand (4) are both

functions of the steady-state benchmark yield through equations (5) and (6). The benchmark yield incorporates

a term premium and so depends on all the parameters of the model, most notably (but not exclusively) the

constant µ in the exogenous process for the short-term interest rate. We ensure consistency in equilibrium

by identifying a unique fixed point at which the triple (β, φ, ȳn∗) is mutually compatible. A simple iterative

procedure that loops to convergence over β(ȳn∗), φ(ȳn∗) from (5) and (6) and ȳn∗(β, φ) in equilibrium suffices.

3.5.7 Term premia

The equilibrium dynamics of the term structure are completely characterised by the stochastic process for the

risk factors and the coefficients mapping that process to the market price of risk and bond prices. The link

between the market price of risk and term premia can be derived by writing the first order condition of the

arbitrageurs (14) in terms of yields:

−(n− 1)Ety
n−1
t+1 + nynt − bn−1Σλt = R1

t,t+1

which when solved forward implies

ynt =
1

n
Et

n∑
i=1

R1
t+i−1,t+i︸ ︷︷ ︸

expectations

+
1

2n

n∑
i=1

bn−iΣb
′
n−i︸ ︷︷ ︸

convexity adjustment

+
1

n
Et

n∑
i=1

bn−iΣλt+i−1︸ ︷︷ ︸
term premium

(25)

The first component of the yield is the average expected future short rate over the horizon n of the bond, the

premium a risk-neutral investor require as compensation for holding the bond. The second term is a standard

convexity adjustment and the third component is the term premium that arbitrageurs demand for holding the

bond, given their limited risk-bearing appetite.

4 Term structure of interest rates

In this section, we illustrate the behaviour of our model of financial intermediation through a numerical

example. We continue to assume that the set of risk factors follows an exogenous AR(1) process, leaving

general equilibrium considerations to Section 5.

4.1 Parameterisation

There are limited degrees of freedom in our tightly parameterised model, which raises challenges when con-

structing a numerical example. The parameterisation in Table 1 follows Vayanos and Vila (2021) where

possible, and supports a quantitatively acceptable equilibrium in which the period is a year and each financial

market agent plays a significant role.
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Parameter Value Description

µ
1−ϕ 0.00 - 0.10 Unconditional mean of short-term interest rate

ϕ 0.875 Persistence of short-term interest rate

ρ 0.8 Persistence of future path variable

σ2
ε 0.012 Variance of monetary policy shocks

σ2
υ 0.00012 Variance of future path shocks

N 30 Number of bond maturities issued

γn 1/30 Proportion of bonds issued at maturity n

σ 6.78 Risk-bearing capacity of arbitrageurs

n∗ 15 Benchmark maturity for pricing liabilities

c 0.15 Coupon payment on annuity

g 0.05 Decay rate of annuity coupon payments

Table 1: Parameterisation with exogenous risk factors

The exogenous process for the short-term interest rate is parameterised for a range of µ so its unconditional

mean varies from 0% to 10% in steps of 2%, in each case the rate being both persistent and volatile to

generate quantitatively reasonable term premia along the yield curve. The importance of insurance funds in

equilibrium is regulated by the coupon payment c on the annuity that financial intermediaries have to purchase.

Our parameterisation gives them a significant role by requiring the financial intermediary to purchase an

annuity paying $0.15 for each $1 they invest with arbitrageurs. The decay rate g of the annuity coupon

payments implies that annuities issued by the insurance fund have a duration of approximately 15 years

when the benchmark yield is 2%, higher than that in Carlstrom et al. (2017) and Sims and Wu (2021), to

ensure sufficient differentiation between the appetite for duration of the insurance fund and arbitrageurs. The

benchmark maturity n∗ for pricing liabilities is set to match the duration of annuities.

4.2 Preferred-habitat demand

The dynamics of the term structure are obtained by iterating until the steady-state benchmark yield is con-

sistent with its implications for the intercept and slope of the insurance fund’s liability-driven demand. Table

2 summarises the steady-state properties of the resulting equilibrium.
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Short-term

interest rate %

Benchmark

yield %

Demand of preferred-habitat

investors

R̄1

0

2

4

6

8

10

ȳn∗

1.31

3.37

5.43

7.48

9.51

11.53

β φ

2.54 −78.04

1.48 −33.84

0.97 −17.65

0.69 −10.42

0.52 −6.70

0.41 −4.57

Table 2: Steady-state properties with short-term interest rate exogenous

The steady-state benchmark yield is increasing in the steady-state short-term interest rate, albeit at only a

mildly increasing pace that reflects the gradual upticking of term premia. The intercept β and slope φ of

liability-driven demand have the largest magnitude at low steady-state interest rates, reflecting the insurance

fund’s greater need to hold bonds and manage duration risk when yields on benchmark bonds are low. This

is the strengthening of the “recruitment” channel at low interest rates trailed in the introduction.

4.3 Response of yield curve to future path shock
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Figure 3: Impact response of yield curve to a future path shock

Figure 3 shows the immediate impact on the yield curve of a 50 basis points negative shock to the future

path of the short-term interest rate. There is little movement at the short end of the curve because it is a

shock to the future path, but the knowledge that rates will rise in the future has a significant effect at the

long end. The dependency of the strength of the responses on steady-state short-term interest rates is entirely

due to differential movements in term premia, since the response of the expectations component of the term

structure is independent of steady-state short-term interest rates. The narrowing of the term premium is
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largest when steady-state interest rates are low. This is the “recruitment” channel in operation. It results

in yields overreacting to future path shocks, especially when interest rates are low. Private investors hence

amplify the impact of monetary policy, as suggested by Hanson and Stein (2015).

4.4 Response of yield curve to monetary policy shock
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Figure 4: Impact response of yield curve to a monetary policy shock

The monetary policy shock by construction has the greatest impact at the short end of the yield curve,

especially in our parameterisation of the model where the monetary policy shock has only limited persistence.

In Figure 4 a 100 basis points cut in the short-term rate reduces the benchmark yield by less than 50 basis

points, almost all of which is due to movements in the expectations component of yields. The term premium

reacts as expected, narrowing most in response to a negative monetary policy shock when interest rates are

low. The overall effect is negligible at less than ±10 basis points, not surprising given that monetary policy

shocks have only small effects at longer maturities where liability-driven investors operate.

5 Annuity pricing and return to saving

The first challenge in moving to general equilibrium is to explain how the insurance fund prices annuities

given their liability-driven strategy, since what happens to annuity prices affects the return to saving that the

financial intermediary offers the household. This section begins by specifying the way annuities are priced

and by deriving the return to saving, after which we show how the response of the return to saving depends

on steady-state short-term interest rates. We continue to assume that the short-term interest rate follows an

exogenous process, leaving the discussion of general equilibrium to the next section.

5.1 Annuity pricing

The insurance fund trades annuities with the financial intermediary, selling at the beginning of the period and

buying back at the end. It receives P c
t when it sells the annuity, which leaves P c

t − Pn∗

t qn
∗

t to invest after
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purchasing the requisite quantity of benchmark bonds. We assume that the insurance fund has access to outside

investment opportunities that pay a fixed premium ξ over the steady-state short-term rate. The steady-state

term premium on benchmark maturity bonds in Table 2 is in the range 1.31%− 1.53%, so by setting ξ = 0.05

we ensure that it is always costly for the insurance fund to partially immunise its liabilities. If ξ was lower

then the insurance fund would at times prefer to hold government bonds over alternative investments, and

would not always be constrained by its liability-driven strategy.

The duration risk on the insurance fund’s balance sheet is unaffected by investing in outside opportunities

that pay a fixed premium over a constant steady-state short-term rate, so the preferred-habitat demand for

government bonds to manage duration risk is unchanged. More loosely, we can interpret the constant return on

outside investments as a constant risk-adjusted return, provided the risk involved is uncorrelated with duration

risk. Such would not be the case, for example, if outside investment opportunities paid a fixed premium over

the short-term rate itself rather than the steady-state short-term rate.

There are three terms in the proceeds the insurance fund expects to make on each annuity it issues (26). The

first is the difference between the selling price of the annuity at the beginning of the period and the buying price

at the end, adjusted for the decay in coupons; the second is the coupon payment; the third is the sum of the

expected holding period return on benchmark bonds and the return on investments in outside opportunities.

[P c
t − Et(1− g)P c

t+1]− c+
[
Pn∗

t qn
∗

t EtR
n∗

t,t+1 + (P c
t − Pn∗

t qn
∗

t )
(
R̄1 + ξ

)]
(26)

We assume the annuity market is perfectly competitive, so insurance funds issue annuities until the expected

net proceeds from further issuance are zero.9 It follows that the annuity price satisfies the recursion

(
1 + R̄1 + ξ

)
P c
t =

[
c+ Pn∗

t qn
∗

t (R̄1 + ξ − EtR
n∗

t,t+1)
]
+ Et(1− g)P c

t+1 (27)

where the term in square brackets is the marginal cost of issuing an annuity. The marginal cost is the

coupon payment, plus the opportunity cost of holding the benchmark bonds required to partially immunise

the insurance fund’s balance sheet. EtR
n∗

t,t+1 and Pn∗

t qn
∗

t are both linear functions of the macroeconomic risk

factors Xt, so to a first-order approximation the annuity price satisfies the linear recursion

(
1 + R̄1 + ξ

)
P c
t = Ω0 +Ω1(Xt − X̄) + (1− g)EtP

c
t+1 (28)

where expressions for the coefficient matrices Ω0 and Ω1 are in Appendix B.10 It can be solved by iterating

forward if
∣∣(1− g)/(1 + R̄1 + ξ)

∣∣ < 1 and Xt is stationary, conditions that are satisfied in our numerical

9Although perfect competition drives the ex ante return to zero, this does not guarantee that the ex post return will also be
zero. We assume that any ex post gains or losses are covered by transfers between the insurance fund and the household.

10The expected holding period return EtRn∗
t,t+1 depends on R1

t,t+1 and Xt through the excess holding-period return (16) and

the market price of risk (15), with R1
t,t+1 ∈ Xt. The benchmark bond holdings Pn∗

t qn
∗

t depend on the benchmark yield through

preferred-habitat demand (4), which itself is a function of Xt through the definition of the benchmark yield yn
∗

t = −pn
∗

t /n∗ and

affine bond pricing pn
∗

t = −an∗ − bn∗Xt.
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parameterisation. We obtain

P c
t =

(
1

1 + R̄1 + ξ

)
Et

∞∑
i=0

(
1− g

1 + R̄1 + ξ

)i [
Ω0 +Ω1(Xt+i − X̄)

]
(29)

The expected future values of the macroeconomic risk factors are Et(Xt+i − X̄) = P i(Xt − X̄) from the

exogenous process (11), so the annuity price can be derived by applying the standard formula for the sum of

an infinite geometric progression.

P c
t =

(
1

R̄1 + ξ + g

)
Ω0 +

(
1

1 + R̄1 + ξ

)(
I − P

(
1− g

1 + R̄1 + ξ

))−1

Ω1(Xt − X̄) (30)

5.2 Return to saving

The financial intermediary invests the deposits it receives from households into annuities and with arbitrageurs.

From their perspective, the expected return to annuities is

EtR
c
t,t+1 =

(1− g)EtP
c
t+1 − P c

t + c

P c
t

(31)

and the expected return from investing with arbitrageurs is the one-period portfolio holding return (12). The

requirement that the financial intermediary purchases an annuity for every $1 it invests with arbitrageurs

means it offers households an expected return to saving that is a weighted average of these returns.

EtR
s
t,t+1 =

EtR
p
t,t+1 + P c

t EtR
c
t,t+1

(1 + P c
t )

(32)

The steady-state relationship between expected returns and the level of short-term interest rates is in Table

3. The expected return to arbitrageurs tracks short rates well, with relative returns increasing at higher

rates. The same is true of the return to annuities, so in steady state the return to savings rises more than

proportionally with the short rate.

Short-term

interest rate %

Return to

arbitrageurs %

Price of

annuity $
Return to

annuities %

Return to

savings %

R̄1

0

2

4

6

8

10

R̄p

1.39

3.65

5.85

7.98

10.06

12.12

P̄ c

2.17

1.57

1.25

1.04

0.90

0.80

R̄c

1.92

4.54

7.03

9.36

11.59

13.77

R̄s

1.75

4.20

6.50

8.68

10.79

12.85

Table 3: Steady-state expected returns and price of annuity with short-term interest rate exogenous
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Annuities perform relatively poorly when short rates are low because low benchmark yields increase the

duration of liabilities that insurance funds have to partially immunise by holding bonds. The cost of holding

these additional bonds is a reduction in funds available for outside investment opportunities that pay a higher

return. With only limited access to high returns, the proceeds to the insurance fund from issuing an annuity

are lower, which in perfectly competitive annuity markets means that the price of annuities has to be high and

the return on annuities offered to the financial intermediary is low.

5.3 Response to future path shock

The response of the return to saving to a negative 50 basis points future path shock is in Figure 5. Panel (b)

confirms that the yield on benchmark bonds overreacts to the short-term interest rate most when interest rates

are low. This is driven by the liability-driven demand in panel (c), which increases with the fall in benchmark

yield, compressing term premia via the “recruitment channel” as in Section 4.3. The return to arbitrageurs

in panel (d) falls in accordance with decreasing yields at all maturities, inheriting the overreaction due to

liability-driven investors.
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Figure 5: Response of returns to a future path shock

The fall in benchmark yield reduces the income the insurance fund receives on the benchmark bonds it holds

to partially immunise its balance sheet. This increases the marginal cost of issuing annuities and leads to the

increase in annuity prices in panel (e). The size of the price rise depends on the insurance fund’s exposure
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to changes in the benchmark yield, being larger at low interest rates where the liability-driven strategy of the

insurance fund requires large holdings of relatively expensive benchmark bonds. At higher interest rates the

exposure is less, given that benchmark bonds are cheaper and the insurance fund needs to hold less of them.

The greater the exposure, the more that a fall in the benchmark yield leads to a rise in the marginal cost of

issuing annuities and the more that the annuity price has to rise in perfectly competitive annuity markets.

The price of the annuity gradually returns to steady state as the future path shock dissipates. From the

perspective of the financial intermediary, falling annuity prices imply that the return to annuities narrows. It

is narrowest in panel (f) when interest rates are low because of the larger initial rise in the annuity price being

unwound. The return to saving in panel (g) is a weighted average of the returns to arbitrageurs and annuities,

the latter receiving more weight when the price of the annuity is elevated. Both returns fall in response to the

future path shock and fall most when interest rates are low, so our model of financial intermediation features

a strong “recruitment channel”.

5.4 Response to monetary policy shock

The corresponding responses to a negative 100 basis points monetary policy shock are in Figure 6. In keeping

with the results in Section 4.4, there is very little effect on the benchmark yield in panel (b) and only minor

deviations in liability-driven demand in panel (c). The response of the return to the arbitrageur in panel (d)

closely mirrors the dynamics of the short rate.
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Figure 6: Response of returns to monetary policy shock

Although small, the fall in the benchmark yield meaningfully impedes the ability of the insurance fund to

use outside investment opportunities to subsidise the marginal cost of issuing annuities. The price of the

annuity has to rise, as before increasing most in panel (e) at low interest rates when the insurance fund is

most exposed to changes in the benchmark yield. The return to annuities in panel (f) again narrows, with

clear differentiation according to the level of interest rates mirrored in the return to saving in panel (g). Our

model hence features a “recruitment channel” also in response to monetary policy shocks, with the return to

saving reacting most when interest rates are low. Its quantitative importance derives predominantly from the

behaviour of the insurance fund, with the compression of term premia due to liability-driven demand only

playing a minor role.

6 General equilibrium

The second challenge in moving to general equilibrium is to introduce households, firms and government in

a way that is consistent with the process for the macroeconomic risk factors taken as exogenous in financial

intermediation. In this section we adopt a standard New Keynesian DSGE specification that generates an

endogenous process for the macroeconomic risk factors of the form (11), as required. The notation follows

Ellison and Tischbirek (2014), which is also our reference for detailed derivations of the first order conditions.
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6.1 Households

The preferences of the representative household are

U0 = E0

∞∑
t=0

βt

(
Cδ

t

1− δ
− χLt

)
(33)

where Ct ≡ [
∫ 1

0
Ct(i)

(θ−1)/θdi]θ/(θ−1) is a cost-minimising CES consumption index and Lt is labour supply.

β, δ, χ are preference parameters and θ is the elasticity of substitution between consumption goods. The

household maximises expected utility subject to the budget constraint

PtCt + Tt + dt = Rs
t−1,tdt−1 +WtLt + πh

t (34)

in which Pt ≡ [
∫ 1

0
Pt(i)

1−θdi]1/1−θ is the price of the composite consumption good, Wt is the nominal market

wage, Tt is a lump-sum transfer paid to the government, and dt are deposits with the financial intermediary

remunerated at return to saving Rs
t,t+1. Households own the insurance fund and firms that produce and sell

consumption goods, so receive profit πh
t which they treat as lump-sum income. All prices are measured in

units of the numeraire good “money”, which is not modelled. The first order conditions of the household’s

optimisation problem are

1 = βEt

[(
Ct+1

Ct

)−δ Rs
t,t+1

Πt+1

]
(35)

Wt

Pt
= χCδ

t (36)

with Πt+1 ≡ Pt+1/Pt. (35) is the intertemporal Euler equation that characterises the optimal consumption-

savings decision; (36) is the intratemporal condition for optimality between consumption and labour supply.

6.2 Firms

There is a continuum of monopolistically competitive firms indexed by i ∈ [0, 1]. Firm i’s production function

is Yt(i) = Lt(i)
1/η, where Lt(i) is labour employed. As in Calvo (1983), only a fraction 1 − α of firms can

adjust the price of their respective good in any given period. Denoting by P ∗
t (i) the price chosen by a firm

able to reset its price in period t, the evolution of the aggregate price level is described by

Pt =
[
(1− α)P ∗

t (i)
1−θ + αP 1−θ

t−1

]1/(1−θ)
(37)

All firms that can change their price in period t choose Pt(i) to maximise the expected discounted stream of

their future profits

Et

∞∑
T=0

αT−tΓt,T (Pt(i)YT (i)−WTLT (i)) (38)
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subject to the relevant demand constraints and the firm’s stochastic discount factor

Γt,T = βT−t

(
CT

Ct

)−δ
Pt

PT
(39)

The first order condition for price setting and the price adjustment process imply that inflation satisfies11

1− αΠθ−1
t

1− α
=

(
Ft

Kt

)(θ−1)/(θ(η−1)+1)

(40)

Ft = C−δ
t Yt + αβEtΠ

θ−1
t+1Ft+1 (41)

Kt =
θη

θ − 1
Y ϕ
t + αβEtΠ

θη
t+1Kt+1 (42)

where Ft and Kt are auxiliary variables. Equations (40)-(42) are the standard recursive formulation of the

New Keynesian Phillips Curve. They collapse to the single equation form when linearised.

6.3 Government

The government supplies bonds and uses monetary policy to set the short-term nominal interest rate. We

continue to assume that the government adjusts bond supply to fix the market value of debt at each maturity

as a proportion of total market value of debt, and that the entire stock of government bonds is bought back

and reissued each period. As before, the time-invariant market shares are given by (10).

6.3.1 Monetary policy

Monetary policy is consistent with the short-term nominal interest rate satisfying a Taylor-type policy rule.12

1 +R1
t,t+1

1 + R̄1
=

(
Πt

Π̄

)γΠ
(
Yt

Ȳ

)γY

e[1 0]zt (43)

where R̄1, Π̄, Ȳ are steady-state values and γΠ, γY are policy parameters chosen to ensure that the model

is determinate in general equilibrium. The disturbance term zt has an AR(1) structure that incorporates

normally-distributed monetary policy shocks εt and future path shocks υt with variance-covariance matrix Σ.

The parameters ϕ, ρ ,Σ are structural.

zt =

(
ϕ 1

0 ρ

)
zt−1 +

(
εt

υt

)
(44)

The lump-sum tax on households guarantees that the government budget constraint holds each period.

6.4 Market clearing

The model is completed by conditions for clearing in bond, goods and labour markets. Demand and supply

in the market for bonds are equated through the affine term structure in Section 3; the aggregate resource

11See Section A.1 in the appendix of Ellison and Tischbirek (2014) for details.
12The implicit policy instrument for monetary policy is the money supply, the dynamics of which are adjusted so the Taylor-type

rule (43) for the short-term nominal interest rate holds in equilibrium each period.
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constraint in goods markets is Yt = Ct. Labour market clearing requires that hours supplied by the represen-

tative household Lt are equal to aggregate hours demanded by the firms
∫ 1

0
Lt(i)di, implying that aggregate

production is Yt = (Lt/Dt)
1/ϕ

, where Dt ≡
∫ 1

0
[Pt(i)/Pt]

−θϕ
di is a measure of price dispersion. However, the

assumption that household utility is linear in hours worked gives the model a block recursive structure with

equilibrium consumption, inflation, output, hours worked and financial market variables all independent of the

dynamics of the price dispersion term.13

6.5 Summary

The specification of the general equilibrium model is collected, for reference, in (45)-(53). The consumption

Euler equation is (45) and the intratemporal optimality condition for labour supply is (46). The recursive

form of the New Keynesian Phillips Curve is described by (47)-(49), with the Taylor-type rule for monetary

policy defining (50)-(51). Market clearing is (52).

1 = βEt

[(
Ct+1

Ct

)−δ Rs
t,t+1

Πt+1

]
(45)

Wt

Pt
= χCδ

t (46)

1− αΠθ−1
t

1− α
=

(
Ft

Kt

)(θ−1)/(θ(η−1)+1)

(47)

Ft = C−δ
t Yt + αβEtΠ

θ−1
t+1Ft+1 (48)

Kt =
θη

θ − 1
Y ϕ
t + αβEtΠ

θη
t+1Kt+1 (49)

1 +R1
t,t+1

1 + R̄1
=

(
Πt

Π̄

)γΠ
(
Yt

Ȳ

)γY

e[1 0]zt (50)

zt =

(
ϕ 1

0 ρ

)
zt−1 +

(
εt

υt

)
(51)

Yt = Ct (52)

EtR
s
t,t+1 = EtR

s
t,t+1

(
R1

t,t+1;µt

)
(53)

The final equation (53) is the link between the return to saving and the macroeconomic risk factors that

emerges from our model of financial intermediation in Section 5.

6.6 Macroeconomic parameterisation

The additional parameters that appear in the general equilibrium model are calibrated in Table 4, which where

possible follow standard values found in Ellison and Tischbirek (2014). The exceptions are β, α, θ, γΠ, γY , which

are adjusted to produce a quantitatively acceptable Phillips curve trade-off whilst maintaining equilibrium

determinacy when household utility is linear in hours worked. We reduce the persistence of the disturbance

13See Section A.4 in the appendix of Ellison and Tischbirek (2014) for details. A first-order approximation of the model is
similarly block recursive even if disutility is increasing in hours worked.
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terms in general equilibrium to avoid perverse reactions of inflation and output.14

Parameter Value Description

β 0.99 Household discount factor

δ 2 Inverse elasticity of intertemporal substitution in consumption

χ 1 Weight on disutility of labour

θ 1.2 Intratemporal elasticity of substitution

η 1.1 Inverse of returns to scale in goods production

α 0.85 Degree of price rigidity

ξ 0.05 Return on outside investment opportunities

γΠ 3.5 Reaction of short-run interest rate to inflation

γY 0 Reaction of short-run interest rate to output

ϕ 0.25 Persistence of short-term interest rate disturbance

ρ 0.5 Persistence of future path disturbance

Table 4: Macroeconomic parameterisation

6.7 Consistency

The behavioural equations of the model are completely forward-looking, so to first order all macroeconomic

variables are linear functions of the monetary policy disturbance term zt. Since the disturbance term is defined

by the exogenous process (44), it follows that macroeconomic variables can be written as an AR(1) process. In

particular, the short-term interest rate R1
t,t+1 and information about the future path µt are AR(1), confirming

the assumption in bond markets that macroeconomic risks follow an autoregressive process, and ensuring

consistency between bond market equilibrium and macroeconomic dynamics. The equilibrium law of motion

for the risk factors inherits its persistence from the disturbance term, but its volatility is an equilibrium object

that depends on the structural parameters of the model. We iterate to obtain an equilibrium law of motion for

the macroeconomic risk factors that is consistent with the affine term structure model in general equilibrium.

6.8 Response to shocks

The general equilibrium response to shocks differs from those in Sections 5.3 and 5.4 because the short-term

nominal interest rate is no longer exogenous. Shocks to the short rate have partial equilibrium effects as

before, but they also have general equilibrium effects as monetary policy sets the short rate based on current

macroeconomic conditions. A shock to the short rate affects the return to saving, which has an impact on

aggregate demand via the consumption Euler equation and inflation through the New Keynesian Phillips

Curve. With monetary policy reacting to inflation and output by the Taylor-type rule, it follows that the

short-term nominal interest rate is endogenous.

14If the disturbance terms are very persistent then an expansionary monetary policy shock that puts downward pressure on
rates can have such a large positive effect on inflation and output in general equilibrium that interest rates overall have to rise to
satisfy the Taylor Rule. See Gaĺı (2008) p. 51.
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6.8.1 Response to future path shocks

The general equilibrium response to a future path shock is in Figure 7, with the steady-state short-term

interest rate set at 2% and 5%. Panels (a) and (b) show the mechanics of a 50 basis points expansionary

future path shock in terms of what happens to the disturbance term (44) in the Taylor-type rule for monetary

policy (43). The component related to the future path z2t is persistently reduced, with the component related

to the short-term interest rate z1t falling with a delay. The shock is expansionary at both levels of steady-state

interest rates, increasing inflation and output in panels (c) and (d).
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Figure 7: Response to future path shock in general equilibrium

The impact of the future path shock is amplified at low steady-state interest rates. To see why, consider

panel (e) which plots the response of the real return to saving. The expansionary nature of the shock creates

immediate inflationary pressure that the Taylor-type rule reacts to by endogenously raising the short-term

nominal interest rate. Since the rule satisfies the Taylor Principle, there must be a corresponding increase in

the short-term real interest rate. This upward pressure is subsequently ameliorated at low steady-state interest

rates, via a reduction in term premia and a squeeze on insurance funds that reduces the return to annuities.

With the real return to saving falling lower for longer, the impact on inflation and output is larger and the

future path shock is more expansionary.

The remaining panels in Figure 7 illustrate the mechanisms that drive the negative response of the real return
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to saving. In panel (f) the yield to maturity on benchmark n∗ period bonds falls, triggering a rise in the

duration of liabilities on insurance fund balance sheets. Insurance funds react by following their liability-

driven demand and increasing their bond holdings, a “recruitment channel” response that reduces the residual

duration risk borne by arbitrageurs and hence compresses term premia. This contributes to reducing the

real return to arbitrageurs in panel (g), which falls most at longer horizons once the future path shock starts

offsetting the endogenous short-term interest rate increases prescribed by the Taylor Rule. The need to increase

bond holdings as the benchmark yield falls also affects the income of insurance funds, which through perfect

competition in annuity markets requires the annuity price to rise in panel (h) and the real return to saving to

fall in panel (i). The maximum impact occurs after two years. Both mechanisms contribute to the overall fall

in the real return to saving, with reduced real returns to arbitrageurs playing a larger role at longer horizons

and the squeeze on insurance funds more important at shorter horizons.

6.8.2 Response to monetary policy shocks

0 2 4 6 8 10
-1

-0.5

0

0 2 4 6 8 10
-1

-0.5

0

0.5

1

0 2 4 6 8 10
0

0.01

0.02

0.03

0.04

0 2 4 6 8 10
0

0.05

0.1

0.15

0.2

0 2 4 6 8 10
-1

-0.5

0

0 2 4 6 8 10
-0.08

-0.06

-0.04

-0.02

0

0 2 4 6 8 10

years

-1

-0.5

0

0 2 4 6 8 10

years

0

0.5

1

1.5

2

0 2 4 6 8 10

years

-1

-0.5

0

Figure 8: Response to monetary policy shock in general equilibrium

The corresponding general equilibrium responses to a monetary policy shock are in Figure 8. As before, the

shock is more expansionary at low steady-state interest rates when liability-driven demand and insurance fund

income have more of an effect on the real return to saving. Also as before, the differences in responses by

steady-state interest rate are primarily driven by the return to annuities.
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7 Concluding remarks

Our claim that monetary policy is more effective at low interest rates depends on the behaviour of arbi-

trageurs and liability-driven investors. In particular, it relies on the demand curves of insurance funds being

notably upward-sloping in bond prices when interest rates are low, with the corresponding demand curves

of arbitrageurs downward-sloping. The evidence in Figure 1 in the introduction is consistent with this, with

insurance companies and pension funds increasing their relative exposure to long bonds as interest rates fall

and long bond prices rise, at the expense of monetary and financial institutions. Further support for this

view is provided by Koijen et al. (2017), who report that insurance companies and pension funds increased

their holdings of long bonds as interest rates fell in a “recruitment channel” response to the asset purchase

programme of the European Central Bank started in 2015.

The way our insurance fund amplifies the actions of monetary policy is compatible with the idea of yield-

oriented investors in Hanson and Stein (2015). It is less supportive of the Vayanos and Vila (2021) claim that

private investors dampen the impact of monetary policy. Acting through changes in real term premia, our

model also speaks to the empirical evidence that excess sensitivity of long-term nominal rates to short-term

rates mostly reflects movements in long-term real rates and primarily operates through the real term premium,

as argued for the post 2000 period by Beechey and Wright (2009) and Hanson and Stein (2015).

Extending our analysis to general equilibrium reveals an addition channel through which monetary policy

actions are amplified. At low interest rates, insurance funds have to purchase a lot of bonds to partially

immunise their balance sheets against duration risk. Doing so comes at a price - the opportunity cost of not

being able to invest in more lucrative outside opportunities. The income of insurance funds is reduced, which

raises the price of annuities above that warranted by the increased duration of their liabilities. Rates of return

on annuities fall, which acts as a drag on the return to savings offered to households. This mechanism adds to

the way insurance funds amplify future path shocks, and is sufficiently strong to differentiate the response to

monetary policy shocks by steady-state interest rates. It suggests that the balance sheet position of insurance

companies and pension funds may have important implications for the transmission of monetary policy.

In modelling liability-driven demand, we uncovered new state-dependency in the transmission of monetary

policy.15 The lower are interest rates the more the demand of liability-driven investors strengthens monetary

policy. Our model predicts that the potency of monetary policy increases as interest rates get lower, a sharp

empirical state-dependent conditionality that has received only limited attention to date.16 One promising

approach is in Rostagno et al. (2021), who looked at whether reducing the policy rate by 10 basis points has

a different effect on the yield curve depending on whether interest rates are currently in positive or negative

territory. Figure 9 reproduces their results.

15Eichenbaum et al. (2022) examine state-dependency of monetary policy that depends on the distribution of savings from
refinancing mortgages.

16A few empirical papers show that monetary policy effectiveness is at least not reduced at the zero lower bound, e.g., Debortoli
et al. (2020), Swanson (2018) and Gürkaynak et al. (2022). These papers use different methods and metrics, but all conclude that
monetary policy is no weaker at the zero lower bound than above it.
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Figure 9: Impact of 10 basis points policy rate cut on euro area term structure, from Rostagno et al. (2021)

The right panel of Figure 9 shows the impact of cutting the policy rate when rates are positive. The largest

effect is at a maturity of 1 year, with the impact at longer maturities geometrically declining. This is consistent

with liability-driven investors having demand curves at long maturities that are only mildly upward-sloping in

bond prices. As monetary policy cuts rates, bond prices rise and yields fall as liability-driven investors hardly

react. The left panel of Figure 9 show the effect of the same cut in the policy rate when rates are negative. We

now see significant falls along the whole yield curve, compatible with liability-driven investors having demand

curves at long maturities that slope strongly upwards in bond prices. As the policy rate falls and bond prices

rise, liability-driven investors increase their demand and yields fall even further.

The evidence in Rostagno et al. (2021) is consistent with our model’s predictions, but it remains to verify

whether we have uncovered a causal relationship. An alternative reading of the evidence is that the cuts in the

policy rate when rates were negative revealed information about the location of the effective lower bound on

nominal rates and signalled that policy was less likely to be constrained in the future. It should be possible to

distinguish between the two explanations as central banks gain more experience with negative interest rates.

The longer that monetary policy retains potency at negative interest rates the less likely signalling is important

and the more likely a liability-driven mechanism is responsible.
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A Schematic overview of financial intermediation
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Figure A.1: Schematic overview of financial intermediation
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B Linearisation for annuity pricing

The standard linear expansion of the term in square brackets in annuity price recursion (27) is

c+ Pn∗

t qn
∗

t (R̄1 + ξ − EtR
n∗

t,t+1) ≈ c+ P̄n∗
q̄n

∗
(R̄1 + ξ − R̄n∗

) +

[
−P̄n∗

q̄n
∗
▽EtR̄

n∗(
R̄1 + ξ − R̄n∗)

▽P̄n∗
q̄n

∗

]
(Xt − X̄) (54)

where ▽ denotes vector derivative with respect to Xt, evaluated at steady state. The excess holding period

return on the benchmark bond satisfies (16) and liability-driven demand is (4), hence in steady state

R̄n∗
= R̄1 + bn∗−1Σλ̄ (55)

P̄n∗
q̄n

∗
= β (56)

and the vector derivatives are

▽EtR̄
n∗

= ▽R̄1 + bn∗−1Σλ1 (57)

▽P̄n∗
q̄n

∗
= φ▽ȳn

∗
(58)

▽R̄1 and ▽ȳn
∗
are the vector derivatives of the short rate and benchmark yield, evaluated at steady state.

Since the former is the first macroeconomic risk factor and the latter is yn
∗

t = an∗
n∗ + bn∗

n∗ Xt, it follows that

▽R̄1 = (1 0) (59)

▽ȳn
∗

=
bn∗

n∗ (60)

The expansion to derive the linearised annuity pricing recursion (28) is then

Et

[
c+ Pn∗

t qn
∗

t (R̄1 + ξ − EtR
n∗

t,t+1)
]
≈ Ω0 +Ω1(Xt − X̄) (61)

Ω0 = c+ β
(
R̄1 + ξ − R̄n∗

)
(62)

Ω1 =

[
−β ((1 0) + bn∗−1Σλ1) +

(
R̄1 + ξ − R̄n∗

)
φ
bn∗

n∗

]
(63)
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