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Abstract

In response to the Great Financial Crisis, the Federal Reserve and the Bank of England
have adopted unconventional monetary policy instruments. We investigate if one of these,
purchases of long-term government debt, could be a valuable addition to conventional short-
term interest rate policy even if the main policy rate is not constrained by the zero lower
bound. To do so we add a stylised financial sector and central bank asset purchases to an
otherwise standard New Keynesian DSGE model. Asset quantities matter for interest rates
through a preferred habitat channel. If conventional and unconventional monetary policy
instruments are coordinated appropriately then the central bank is better able to stabilise

both output and inflation.

Keywords: Quantitative Easing, Large-Scale Asset Purchases, Preferred Habitat, Optimal
Monetary Policy
JEL-Classification: FE40, E43, E52; E58

*We thank Andrea Ferrero, Charles Gottlieb, Simon Wren-Lewis and numerous seminar participants for helpful
comments and suggestions. Financial support from the ESRC is gratefully acknowledged.



1 Introduction

The Great Financial Crisis has seen the emergence of monetary policy instruments that are often
described as “unconventional”. The events of 2007-2008 forced monetary policy authorities to
adopt new tools, even though they had little previous experience with them and there was
considerable uncertainty about their likely impact. The general belief was that unconventional
policy was an emergency response that would be phased out once the crisis was over. However,
if it is designed carefully it may help a central bank reach its objectives even in non-crisis times.

This paper investigates whether the unconventional policy of central banks purchasing long-
term government debt could be useful even after the Great Financial Crisis has passed. We
obtain our results in a New Keynesian DSGE model with a stylised financial sector and a Taylor-
type policy rule for central bank asset purchases. Asset quantities matter as a result of a friction
in the interaction between households and financial institutions. Households can transfer income
between periods only with the help of banks, who invest the deposits they receive into government
bonds of different maturities because they perceive savers as being heterogeneous with respect
to their preferred investment horizons. Central bank purchases of long-term government bonds
reduce the supply of long-term debt available to the private sector, which increases the marginal
willingness of banks to pay for it. This reduces yields on long-term debt, discourages saving,
and hence increases output and inflation. When the policy parameters are chosen optimally,
a combination of conventional and unconventional policies leads to significantly lower losses
compared to when the central bank uses only conventional policies.

Central bank purchases of government bonds in our model have an effect through a “preferred
habitat” channel of the type identified by Modigliano and Sutch (1966), and later developed by
Vayanos and Vila (2009). The idea is that investors see government bonds of different maturities
as imperfect substitutes and so are willing to pay a premium on bonds of their preferred maturity.
The quantities of assets available then matter for prices and returns; if the central bank purchases
government debt of a particular maturity then supply of that asset to the private sector is
reduced, its price rises and its return falls. The preferred habitat channel operates in our model
as banks hold government debt of different maturities in response to a perception that savers
have heterogeneous investment horizons. The closest models to ours are Andrés et al. (2004)
and Chen et al. (2011), although they consider different mechanisms and have less emphasis on
policy implications.

The main focus of the current unconventional monetary policy literature is on credit policy,
i.e. central bank purchases of private financial assets.! An important exception is Eggertsson
and Woodford (2003), who examine central bank purchases of government debt. They argue that
unconventional monetary policy works by acting as a signal for the future path of short-term

interest rates, so will be especially useful when the main policy rate is constrained by the zero

'See Ciirdia and Woodford (2011), Del Negro et al. (2011), Gertler and Karadi (2011), Gertler and Kiyotaki
(2010), Gertler et al. (2011) and Kiyotaki and Moore (2012).



lower bound. In their model, though, the risk-premium component of long-term interest rates is
unaffected by any reallocation of assets between the central bank and the private sector. This is
because risks are ultimately born by the private sector, even if government debt is purchased by
the central bank. If the central bank makes losses on government debt then government revenue
falls and taxes on the private sector have to rise to satisfy the government budget constraint.?
This view is not supported by the empirical evidence in Bernanke et al. (2004), D’Amico and
King (2010), D’Amico et al. (2011), Gagnon et al. (2011), Krishnamurthy and Vissing-Jorgensen
(2011) and Neely (2012). Instead, these studies find strong evidence that central bank purchases
of government debt have small but significant effects via the term premium component of long-
term interest rates. The evidence supporting a preferred habitat mechanism comes from the
“scarcity channel” in D’Amico et al. (2011) and the “safety channel” in Krishnamurthy and
Vissing-Jorgensen (2011).

The paper is organised as follows. Section 2 introduces the model. Section 3 discusses the
transmission mechanism of central bank asset purchases, and characterises the optimal mix of

conventional and unconventional monetary policies. A final section concludes.

2 Model

The model economy consists of households, monopolistically competitive firms, banks, a treasury
and a central bank. There is price stickiness, wages are assumed to be fully flexible, and firms

use labour as the only input in the production of consumption goods.?

2.1 Households

The preferences of the representative household are given by
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where C; = { fol Ci(1) 01d7j} *!is a CES consumption index composed to minimise cost and L;
is the time devoted to market employment. XtC and x} are exogenous preference shock processes

that evolve according to

In(x{) = pcln(xy)+ef withel ~ N(0,02) (1)
In(x{) = prin(xiy)+ef withef ~ N(0,07) (2)

2This intuition is given on page 5 of Ciirdia and Woodford (2010).
3The model incorporates elements from Benigno and Woodford (2005), Gali (2008) and Woodford (2003).



The household maximises expected utility subject to the budget constraint:

PCy+ T + PtSSt,tJrl =81+ Wily (3)
1
where P, = [ fol Pt(i)l_edz} "% is the price of the composite consumption good and T} is a
lump-sum tax paid to the government. S; ;41 is the quantity of a savings device purchased from
perfectly competitive banks at unit price PtS < 1 in period t. One unit of the savings device
yields a certain payoff of one in period ¢ + 1, so the household can secure a payment of S; ;1 in
period t + 1 by saving P S¢++1 in period t. Wy is the nominal market wage.*

The first-order conditions of the household’s optimisation problem are

c —6
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with I, = Pgl. Equation (4) is the intertemporal Euler equation that characterises the

optimal consumption-savings decision. Equation (5) is the intratemporal condition describing

optimality between labour supply and consumption.

2.2 Firms

There is a continuum of monopolistically competitive firms indexed by i € [0,1]. Firm s
1
production function is Y;(i) = A;L(i)?, where L(7) is labour employed and A; is an exogenous

technology shock process that evolves according to
In(Ay) = paln(A;_1) + e with |pa] <1 and e ~ N(0,0%) (6)

As in Calvo (1983), only a fraction 1 — « of firms can adjust the price of their respective good
in any given period. Let P/ (i) be the price chosen by a firm that is able to reset its price in
period t. The evolution of the aggregate price level is then described by

1

P=[(1- )P (i) 0 +aPf "

All firms that can change their price in period ¢ choose P;(7) to maximise the expected discounted

stream of their future profits

EY o My [Pu(i)Yr(i) — WLy (i)]
T=t

4All prices are measured in units of the numeraire good “money”, which is outside the model.
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subject to the relevant demand constraints. M;r = ﬁT*ti—gﬁ%
t t

discount factor, derived from the consumption Euler equation (4).

is the firm’s stochastic

The first-order condition for price setting and the assumed price adjustment process imply

that equilibrium inflation is given by?®
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where
Fi = X{C; Y+ af Bl Fr (8)
0¢ Y\
K, = thLLf (AZ) Ht +04ﬁEtHff1Kt+l (9)

F; and K are auxiliary variables and p; is a mark-up shock that follows an AR(1) process:
In(u) = ppIn(py—1) + € with e}’ ~ N(0, az) (10)

Firms do not pay dividends. An assumption commonly made to explain this simplification
is that all profits are taken up by investments in an exogenous production factor, for example

additions to physical capital needed to offset depreciation.

2.3 Banks

The role of the representative bank is to determine the maturity composition of the aggregate
savings device offered to households. Perfect competition in the banking sector ensures that
all bank revenues are returned to households, but it is the bank that decides how deposits
are invested into short-term and long-term government bonds. We assume when doing so that
banks perceive households as heterogeneous with regards to their desired investment horizons, an
assumption consistent with the preferred habitat literature where investors value characteristics
of assets other than just their payoff. In the context of our model, this means that investors are
perceived as having a preference for assets with maturities that match their preferred investment
horizon. Assets of other maturities are viewed as only imperfect substitutes. As a result, the
price of an asset with a given maturity is influenced by supply and demand effects local to that
maturity, see Vayanos and Vila (2009), and the central bank can use purchases of government
bonds to influence prices and yields at different maturities.5

Formally, in every period t the representative bank collects nominal deposits PtS Stt+1 from

households, which it uses to purchase B; ;11 units of a short-term government bond and Q¢ ¢+

5See section A.1 in the appendix for the derivation.

5The assumption that households are perceived as having heterogeneous preferences over different investment
horizons is made so the model remains within a standard representative agent framework. If households differ
with respect to their actual preferences then a full heterogeneous agent model would be needed.



units of a long-term government bond. The budget constraint of the representative bank is
PPSipi1 = PPBiit1 + P2Quiir

A unit of the short-term bond can be purchased at price PP in t and has a payoff of one in the
next period £ 4 1. The long-term bond is traded at the price PtQ in t; a unit of this bond yields
a payoff of % in every period between t + 1 and ¢ + 7. It is assumed that both types of bond
have to be held until maturity.”

The bank constructs the savings device S offered to households on the basis of a function
V' that reflects its perception of the different investment horizons preferred by heterogenous

households. The allocation problem of the representative bank is

Bity1 Qtirr
max VI|—,
Bi,t4+1,Qt,t+r P, P,

subject to the budget constraint.® The asset demand schedules that solve the allocation problem
depend on the functional form chosen for V. We prefer not to impose restrictive properties on
the demand curves, so borrow from the empirical literature on demand estimation and adopt
the flexible functional form of the Generalised Translog (GTL) model introduced by Pollak and
Wales (1980). Rather than specifying V' directly, the GTL model specifies the indirect utility

; — (B Q).
function V* =V (5%, %):

P}
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with k,l € {B,Q}, a5’ = a5 and s; = =45 . The asset shares as” = 55¢ and as®? = P5S =
B

1 — as” can be derived using the logarithmic form of Roy’s identity, see Barnett and Serletis
(2008):

1%W)=%+Zﬁ@(
k

!
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To ensure that the above asset shares are the result of the bank’s optimisation problem, the

parameter space has to be restricted such that four “integrability conditions” hold. Under these

"This simplifying assumption is frequently made in the literature, see Andrés et al. (2004) for a discussion.
8The optimisation problem is equivalent to that of a bank in a model where V aggregates the heterogeneous
preferences of households over bonds of different maturities.



conditions, quasi-homotheticity, a; = a{g and as = aQBB, the asset demands are:?

Bt 41 B PtSSt - PthB - PtQQQ PtB
L gB oy ai +aslog | =% 11
Pt PtB RgQ ( )

Qtt+r Q Ptsst - PtBQB - PtQQQ PtB

—— = g~ + 1l—a; —azlog | —= 12
P, Pe PP 12)

The income of the representative bank from their holdings of long-term bonds in period ¢ is

1 T
- Z Qt—jirr—j
Jj=1

Perfect competition in the banking sector requires that banks return all their revenues from

government bonds to depositors, so the return to a household depositing P | S;_1; is
1 T
St-14 = Be1e + — Z:l Qi—jt+r—j (13)
J:

The prices PP and PtQ of the short and long-term government bonds are known with certainty

in period ¢ but not in advance. The gross nominal interest rate paid on the one-period bond is

. 1
1—|—Zt:P7tB (14)

For comparison purposes, it is possible to calculate an interest rate associated with the 7-period
bond traded in ¢. It is implicitly defined by

o 1 1 1 1
PP = 4T T T
L7 (1+if) (1+4?) (1+:)
T
(o
1 1 ! <1+i?>
1 (15)

14 1_1+i?

where ZtQ is the per-period interest rate that equates the unit price PtQ with the value of the
discounted payoff stream from a unit investment in the long-term bond.

An important feature of the interaction between banks and households is that the closed-
form asset demand schedules are simple and intuitive, in contrast with previous contributions to
the literature on unconventional monetary policy. Both demand curves are downward sloping for
small enough values of ao. Low asset quantities are associated with high asset prices, which allows

unconventional monetary policy instruments to work through a scarcity channel. For example,

9See Section A.2 in the appendix for the details.



central bank purchases of long-term bonds reduce the quantity of those bonds available to the

banks and thus increase their price.

2.4 Policy

The government’s economic policy is implemented by the actions of a treasury and a central
bank. We model the operations of the treasury in a simplified way to maintain the focus of our
paper on monetary policy.

The treasury issues both short and long-term government debt. Short-term bonds are sup-
plied in a quantity consistent with the central bank’s setting of the short-term nominal interest
rate. The quantity of long-term bonds issued in period t is Q¢ 4, to be purchased by the banks
and the central bank. Long-term bonds can only be purchased from the treasury in the period
they are issued and then have to be held until maturity, i.e. there is no secondary market for

long-term government debt. The supply of the long-term bond is determined by the simple rule

Qt,t+7 o
5 =Y (16)

where f > 0 and Y is steady-state output.
The treasury also uses lump-sum taxes to finance government spending. The government
consumption good Gy has exactly the same same CES aggregator of firms’ production goods as

the composite household consumption good. It is given exogenously by
Gt = paGi1 +€¥  with €& ~ N(0,02) (17)

Government consumption is financed by lump-sum taxes 1; = P;G;.

The central bank sets the short-term nominal interest rate according to a Taylor rule:

1+ IL\™ /Y, \ Y
(1) (§) w (1)

Variables without time subscript denote steady-state values and v4 is an interest rate shock term

that evolves according to
In(vy) = pyIn(vg_1) +€¥  with €/ ~ N(0,02) (19)

Asset purchases are carried out according to a Taylor-type rule:
QE QE

Quisr = Qiitr _ (I\™ (VY™ (20)
Querr  \ T Y '

where Qgﬁf is the quantity of long-term bonds purchased by the central bank in period t. The



logarithm of the shock & follows an AR(1) process.
In(&) = peln(§—1) + & with € ~ N(0,0%) (21)

The central bank is a net buyer of long-term bonds of the type issued in ¢ if Qgﬁ_T > 0 and
is a net supplier of those to the market if QgﬁT < 0.1 For example, if inflation and output
are below their respective steady-state values then with ng > 0, ng >0 and & = & =1 the
central bank stimulates the economy by purchasing long-term bonds. Conversely, if inflation
and output lie above their steady-state values then asset sales are used to depress prices and

productive activity.

2.5 Market Clearing

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

Demand and supply in the market for long-term bonds are equated for

Quir = Quuir + QL. (22)

The market for short-term bonds clears by assumption. In goods markets the aggregate resource
constraint is

Y, =C + Gy (23)

Labour market clearing requires that hours supplied by the representative household L, are
equal to aggregate hours demanded by the firms, fol L4(7)di, implying that aggregate production

1S

1
L\ ¢
n=&<i) (24)

where D; = fol [Pjg(j)

I
term are given by!'!

di is a measure of price dispersion. The dynamics of the price dispersion

6
1—oIf=1t\ "

Price dispersion is a source of inefficiency in the model. It acts in addition to the mark-up

distortions created by the market power of firms.

10Gince long-term bonds are only traded in the period in which they are issued, unconventional policy in our
model should not be viewed as changing the existing stock of long-term bonds held by the central bank. It should
instead be seen as affecting the supply of an asset available for purchase at a particular point in time.

HGee Section A.3 in the appendix for derivations.



2.6 Model Summary and Calibration

Equations (1)-(25) are sufficient to describe the behaviour of the endogenous variables in rational
expectations equilibrium. Real variables are stationary, but for II > 1 there is a positive trend
in all nominal variables. Section A.4 of the appendix shows how we take a first order numerical
approximation of a trend-stationary version of the model and simulate it around the steady state

described in Section A.5 of the Appendix. In what follows we define s; = Stl’ﬁjl, b = B%t“ and

— Quiyr
qt = P

Parameter Value Description

B 0.99  Households discount factor

é 2 Inverse elasticity of intertemporal substitution in consumption
P 0.5 Inverse Frisch elasticity of labour supply

0 6 Intratemporal elasticity of substitution between consumption goods
10) 1.1 Inverse of returns to scale in production

«a 0.85  Degree of price rigidity

T 20 Horizon of long-term bond

aq 0.95 Asset demand

as 0 Asset demand

g? 20 Asset demand (subsistence level of B)

g% 0.625  Asset demand (subsistence level of Q)

II 1.005  Steady-state inflation

f 0.7587 Parameter in long-term bond supply rule

P 0.1 Persistence of shock to Taylor rule

Pe 0.1 Persistence of shock to asset purchase rule

e 0.1 Persistence of government spending

pC 0.1 Persistence of consumption preference shock

oL 0.7 Persistence of labour supply preference shock

PA 0.7 Persistence of technology shock

Pu 0.95  Persistence of price mark-up shock

oy 0.0025 Standard deviation of shock to Taylor rule

O¢ 0.0025 Standard deviation of shock to asset purchase rule
oG 0.0025 Standard deviation of government spending shock
oc 0.0025 Standard deviation of consumption preference shock
or 0.0025 Standard deviation of labour supply preference shock
oA 0.01  Standard deviation of technology shock

Ou 0.012  Standard deviation of price mark-up shock

Table 1: Calibration



Table 1 gives an overview of the model calibration. The calibration of the parameters in
the household and firm problems are standard and in line with Gali (2008) and Smets and
Wouters (2003, 2007). The households discount factor is 0.99. The inverse of the intertemporal
substitution elasticities in consumption and labour supply are 2 and 0.5 respectively. The
elasticity of consumption is calibrated at a relatively low value to ensure that the effects of long-
term asset purchases are not over-stated. The intratemporal elasticity of substitution between
consumption goods equals 6, which implies a steady-state mark-up of 20 percent. The production
function exhibits decreasing returns to scale. Price rigidity is calibrated as being relatively high
because wages are fully flexible in the model. Steady-state inflation corresponds to an annual
inflation rate of close to 2 percent. 7 is 20 so the long-term bond has a maturity of 5 years.

The asset demand parameters and f are calibrated so the quarterly interest rate on short
and long-term debt is 1.3 percent in the non-stochastic steady state and long-term debt makes
up close to one quarter of all outstanding debt.!? A quarterly rate of 1.3 percent translates to
an annual rate of 5.3 percent, which is representative of bond markets before the outbreak of
the Global Financial Crisis.

The calibration of the shock processes emphasises the significance of productivity and mark-
up shocks and generates a plausible degree of volatility. Monetary policy and preference shocks

make a smaller but equal contribution to overall volatility.

3 Conventional and Unconventional Monetary Policy

The possibility of purchasing long-term government debt presents the central bank with an
additional tool to help stabilise the economy. To understand the implications of this it is useful
to begin with a discussion of how conventional and unconventional monetary policy actions
are transmitted in the model. It is then possible to understand the optimal coordination of
conventional and unconventional policies. The final part of this section addresses the implications

of policy coordination for equilibrium determinacy.

3.1 Transmission Mechanisms

The response of the economy to a contractionary shock in the Taylor rule for the short-term
nominal interest (18) rate is depicted in Figure 1; the response to an expansionary shock in the
rule for long-term bond purchases is shown in Figure 2. Both figures are obtained under the
calibration v = 1.01, vy = 0.3 and ’YI?E =0, ’ygE = 60 for conventional and unconventional
monetary policies. A value of 60 for 'ygE implies in steady state that a one percent decrease in
output leads to the central bank buying approximately 45 percent of the new long-term bonds

issued in that period. This amounts to less than five percent of all outstanding long-term debt.

2In the absence of exogenous shocks, the present discounted value of outstanding payment obligations from long-

term debt at the beginning of any given period is PW® = (1/7)1q+(1/7) %4—(1/7) ((;f))g +...4(1/7)

The share of outstanding long-term debt in our calibrated economy, calculated as %, is then 24.

q
(144)7—1°

10



The shock to the Taylor rule immediately increases the short-term nominal interest rate and
equivalently reduces the price of the short-term bond. Demand for the short-term bond therefore
rises. The lowering of PP also reduces the price of the composite savings device available to
households, leading to an increase in savings P°s and a fall in both output and consumption.
The fall in output is accompanied by inflation below its steady-state level.

The effects on the market for long-term bonds work through two channels. An increase in
savings shifts out the demand curve for the long-term bond, which puts upward pressure on
its price P?. In addition, output and inflation fall below their respective steady-state levels so
the central bank uses unconventional monetary policy to purchase long-term government bonds.
This reduces the quantity of long-term bonds available to the private sector, further increasing

their price.

-4
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0
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Figure 1: Response to a short-term nominal interest rate shock

Prices quickly return to their steady-state values once the shock to the short-term nominal
interest rate has passed. The temporary boost to the yield of the short-term bond has a small
positive effect on the wealth of households, allowing them to maintain higher levels of savings,
consumption and leisure for a number of periods following the shock. A more elaborate descrip-
tion of public finances would eliminate this effect, since taxes should rise endogenously to finance
the higher interest payments on short-run debt. However, the wealth effect on consumption is
very small so our assumption that taxes are exogenous does not significantly weaken our optimal

policy exercises.
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Figure 2 shows the response of the economy to an expansionary shock in the central bank’s
long-term bond purchase rule (20). The unanticipated rise in central bank purchases of long-
term bonds ¢ reduces the supply of this asset to the private sector and pushes up its price.
The increase in P9 similarly increases the price of the composite savings device P°, causing
households to save less, consume more and supply more labour to firms. Output then increases
and prices grow at a faster rate. The rise in the price PQ of the long-term bond is associated
with a decline in the long-term interest rate, as can be seen from equation (15) defining z? .
This corresponds to a “flattening of the yield curve” effect generally attributed to purchases of

long-term government securities.

x 107 n x 107 Y x 107 i
4 5 5
0 -5 0
5 10 15 20 5 10 15 20 5 10 15 20
_ B _ _ S
x107° P x 107 PR x 107 P°s
0 5 0
—Z/ 0 \\ _2\\___/
-4
P = _4
5 10 15 20 5 10 15 20 5 10 15 20
X 10_3 b X :]_('_)_4 q X 10_3 s
0 0 0
5 10 15 20 5 10 15 20 5 10 15 20
_ CB - _
x107* q x10™" L x10™* w
4 1 1
0 0 0
5 10 15 20 5 10 15 20 5 10 15 20

Figure 2: Response to a shock to purchases of the long-term bond

The decline in savings shifts the demand curves for both types of bonds inwards, leading to
a fall in the quantity of the short-term bond held by the private sector. The fall in holdings
is though limited because the central bank subsequently follows its Taylor rule and increases

the short-term nominal interest rate, thereby reducing the price of the short-term bond and

12



restoring some of its demand.

Savings P°s only gradually return to their steady-state level after the unexpected purchases
of long-term bonds, where again we abstract from the small effect that changes in wealth would
imply for taxes. Labour supply similarly remains elevated for a number of periods, which helps
bring savings back to their steady-state level and ameliorates the potential impact of inflation
on price dispersion.

The impulse response functions suggest that both conventional and unconventional monetary
policies may be effective at stabilising the economy. In what follows, the focus is on the benefits
of allowing the central bank to purchase long-run government bonds as an unconventional policy

that acts as a supplement to conventional short-term interest rate policy.

3.2 Optimised Policy Rules

Let the central bank loss function be
s 2
Qo =Eo(1-89%)> ( (8°7)" [cun (T — T2 4 wy (V; = Y)? + w; (i — 1) + wg (z’? —iQ> ]
t=0

where S¢P is a discount factor and wr, wy, w; and wq are weights. The losses depend on the
deviations of inflation, output and interest rates from their steady-state values. This specification
allows for the volatility of both short-term and long-term interest rates to enter the central bank’s
considerations, although in the baseline case we set w; and wg to zero. The discount factor of
the central bank is assumed arbitrarily close to one, in which case minimising the loss function
is equivalent to minimising a weighted sum of the variances of inflation, output and the interest
rates.

The central bank sets Taylor rule parameters 77 and vy together with asset purchase rule

parameters 'yﬁgE and fy}@E, subject to the constraints imposed by the model and assumed feasi-

bility constraints v, vy € [0, 6] and 'yﬁzE,’ygE € [0,75]. We allow for a high upper bound on
the set of feasible Taylor rule parameters so that the benefits of unconventional monetary model
do not arise solely when the feasibility constraints for 47 and «y are binding. A lower upper
bound on the set of Taylor rule parameters would likely make unconventional policy even more
effective, as the central bank would then find it more difficult to stabilise the economy through
conventional policy.

Table 2 shows optimised policy rules for different weights on inflation and output stabilisation
in the central bank’s loss function, with w; and wg set to zero so the central bank is not concerned
about stabilising interest rates. For each set of weights, the first row presents results when the
central bank uses only conventional monetary policy. In this baseline case, coefficients on the
asset purchasing rule are set to zero and only the coefficients on the interest rate rule are
optimised. For the next case, the central bank fixes the coefficients of the interest rate rule

at their baseline values, but optimises over the coefficients in the asset purchasing rule. This

13



experiment shows the improvements attainable if the central bank starts purchasing long-term
government bonds without internalising the potential effect this has on optimal interest rate
policy. In the final case, the central bank acknowledges the complementarity of conventional
and unconventional policies by jointly optimising over the parameters in the interest rate and
asset purchasing rules.

The benefits of unconventional monetary policy are small if the central bank’s interest rate
rule is not adjusted to account for purchases of long-term government bonds. However, when
both policies are jointly optimised then the ability of the central bank to stabilise inflation and
output is greatly improved. The use of unconventional monetary policy reduces losses by more
than seven percent compared to the baseline case, provided conventional monetary policy is

adjusted accordingly.

Loss Function Interest Rate Rule Asset Purchase Rule Loss Gain

(WHa Wy, Wi, WQ) (’YHv ’VY) (’YHE, ’Y}c/?E) (m %)
700, 300, 0, 0 1.70, 5.84 0(f), 0(f) 10.4449 -
1.70(f), 5.84(f) 0.03, 1.15 104233 0.21
1.80, 0.00 0.00, 16.60 9.6864 7.26
800, 200, 0, 0 1.77, 5.73 0(f), 0(f) 11.7051 -
1.77(£), 5.73(f) 0.05, 1.13 11.6808  0.21
1.87, 0.00 0.00, 16.29 10.8266 7.49
900, 100, 0, 0 1.83, 5.64 0(f), 0(f) 12,0420 -
1.83(f), 5.64(f) 0.08, 1.12 129152 0.21
1.92, 0.00 0.00, 16.05 11.9446 7.71

(f): fixed, i.e. not chosen optimally

Table 2: Optimised policy rules without interest rate stabilisation

The optimal policy mix is dichotomised, assigning conventional short-term interest rate pol-
icy to react to inflation and unconventional asset purchasing policy to react to output. An
important prerequisite for this result is that conventional and unconventional policies differ in
their impact on inflation and output, so interventions on one margin are not exactly offset at
another margin. To see why unconventional policy is so effective in our model, suppose that a
shock increases inflation and decreases output. If only conventional monetary policy is available
then the central bank has a difficult policy problem. It can increase the short-term nominal
interest rate to reduce inflation at the cost of further depressing output, or it can reduce the
short-term nominal interest rate to stimulate output at the cost of yet higher inflation. If con-
ventional and unconventional policies differ in their impact then unconventional policy can be

used to offset the unintended consequences of conventional policy. In our example, the central
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bank can coordinate policies by increasing its purchases of the long-term government bond at the
same time as it increases the short-term nominal interest rate. The rise in the short-term nom-
inal interest rate counteracts inflation, whilst the extra purchases of government debt stimulate

output.

Loss Function Interest Rate Rule Asset Purchase Rule Loss Gain
(wn, wy, wi, wQ) (v, vy) (37, ") (in %)
800, 150, 50, 0 1.84, 6.00 0(f), 0(f) 12.7319 -
1.84(f), 6.00(f) 3.35, 10.58 12.2471 3.81
0.22, 0.01 4.40, 15.34 11.2214 11.86
800, 100, 50, 50 0.06, 4.72 0(f), 0(f) 30.7101 -
0.06(f), 4.72(f) 0.00, 7.96 27.7127 9.76
1.25, 0.45 0.33, 11.57 13.3974  56.37

(f): fixed, i.e. not chosen optimally

Table 3: Optimised policy rules with interest rate stabilisation

Table 3 suggests that unconventional monetary policy is even more effective when the central
bank is also concerned about the volatility of interest rates. If only variability in the short-term
interest rate is costly then the unconventional policy of purchasing long-term government bonds
almost completely replaces conventional short-term interest rate policy. The optimal short-term
interest rate hardly moves at all, with the asset purchase rule alone sufficient to capture a
significant proportion of the available welfare gains. If short-term and long-term interest rate
volatilities are both costly then unconventional policy is extremely potent at controlling losses.
This is because purchases of long-term government bonds allow the central bank to directly

affect the long-term interest rate.

3.3 Determinacy

The coefficients in the conventional and unconventional policy rules play an important role in
ensuring determinacy of the rational expectations equilibrium in our model, a desirable feature
of policy emphasised by Bernanke and Woodford (1997). Fortunately, allowing the central bank
to operate in the long-term government bond market makes it easier for it to use the short-term
interest rate to guarantee equilibrium determinacy. It is therefore less demanding for a cen-
tral bank to achieve determinacy once it suitably coordinates conventional and unconventional
monetary policies.

Figure 3 shows the determinacy (white) and indeterminacy (shaded) regions as functions
of the parameters in the short-term interest rate rule, under varying intensities of central bank

intervention in the long-term bond market. Moving from left to right, even small-scale purchases

15



of long-term bonds lead to a significant expansion of the determinacy region. A central bank
using unconventional monetary policy is therefore significantly less constrained in its choices
for conventional monetary policy. In the most extreme case, even a constant interest rate
rule is consistent with determinate equilibrium if purchases of long-term government bonds are

conducted appropriately.

E_ E_
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4 o2e88 4 4
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Figure 3: Determinacy (white) and indeterminacy (shaded) regions for different values of %QE

(fyﬁzE = 0 in all three plots).

4 Conclusion

Our results call for central banks to consider purchasing long-term government bonds, even when
the economy is not in financial crisis. Unconventional asset purchases of this type are a valuable
addition to the tool kit of a central bank trying to stabilise inflation and output, whatever the
state of the economy and not just when the short-term nominal interest rate is constrained by
the zero lower bound. In order to reap the full benefit, though, it is important to coordinate
unconventional and conventional monetary policy. In our model, this means that the short-term
interest rate should respond to inflation while the central bank’s purchases of long-term debt
should respond to output. Unconventional monetary policy plays an even more important role
if the central bank is additionally concerned about interest rate volatility.

The ‘Maturity Extension Program and Reinvestment Policy” announced by the Federal
Reserve in September 2011 is an example of the type of unconventional monetary policy measure
we advocate.'® Under this programme, the Federal Reserve lengthens the average maturity of
its government bond portfolio by selling short-term treasuries and re-investing the proceeds in

long-term treasuries. Our results suggest that such operations may be increasingly important

131n reference to a comparable programme from the 1960s, this policy is sometimes referred to as “Operation
Twist” or “Operation Twist Again.”
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even when financial crisis has passed.

The benefit of unconventional monetary policy in our model is indicative of more general
gains available from the coordination of monetary policy and the debt management of fiscal
authorities. In our model, central bank purchases of long-term government bonds are equivalent
to a reduced issuance of these bonds by the fiscal authority. Whilst our results abstract from
active debt management by the treasury, Borio and Disyatat (2009) argues that fiscal authorities
may be tempted to reduce debt financing costs by increasing the maturity of new debt at a time
when long-term interest rates are relatively low. This is problematic, because it implies that any
attempt by the central bank to use unconventional asset purchases to stimulate the economy

may be unwound by the treasury issuing more long-term government debt.

17



References

ANDRES, J., J. D. LOPEZ-SALIDO, AND E. NELSON (2004): “Tobin’s Imperfect Asset Substi-

tution in Optimizing General Equilibrium,” CEPR Discussion Papers.

BARNETT, W. A. AND A. SERLETIS (2008): “Measuring Consumer Preferences and Estimating
Demand Systems,” MPRA Paper, University Library of Munich.

BENIGNO, P. AND M. WOODFORD (2005): “Inflation Stabilization and Welfare: The Case of a
Distorted Steady State,” Journal of the European Economic Association, 3, 1185 — 1236.

BERNANKE, B. S., V. R. REINHART, AND B. P. SACK (2004): “Monetary Policy Alternatives
at the Zero Bound: An Empirical Assessment,” Brookings Papers on Economic Activity, 35,
1 - 100.

BERNANKE, B. S. AND M. WOODFORD (1997): “Inflation Forecasts and Monetary Policy,”
Journal of Money, Credit, and Banking, 29, 653 — 684.

Borio, C. AND P. DisYATAT (2009): “Unconventional monetary policies: an appraisal,” BIS
Working Papers.

CaLvo, G. A. (1983): “Staggered prices in a utility-maximizing framework,” Journal of Mon-
etary Economics, 12, 383 — 398.

CHEN, H., V. CURDIA, AND A. FERRERO (2011): “The macroeconomic effects of large-scale
asset purchase programs,” Federal Reserve Bank of New York Staff Reports.

CURDIA, V. AND M. WOODFORD (2010): “The central-bank balance sheet as an instrument of
monetary policy,” NBER Working Paper Series.

(2011): “The central-bank balance sheet as an instrument of monetary policy,” Journal
of Monetary Economics, 58, 54 — 79.

D’Awmico, S., W. ENGLISH, D. LOPEZ-SALIDO, AND E. NELSON (2011): “The Federal Re-
serve’s Large-Scale Asset Purchase Programs: Rationale and Effects,” Manuscript, Federal

Reserve Board.

D’Awmico, S. AND T. B. Kina (2010): “Flow and Stock Effects of Large-Scale Treasury Pur-

chases,” Finance and Economics Discussion Series, Federal Reserve Board.

DEL NEGRO, M., G. EGGERTSSON, A. FERRERO, AND N. KivyOoTAKI (2011): “The Great
Escape? A Quantitative Evaluation of the Fed’s Liquidity Facilities,” Federal Reserve Bank
of New York Staff Reports.

EGGERTSSON, G. B. AND M. WOODFORD (2003): “The Zero Bound on Interest Rates and
Optimal Monetary Policy,” Brookings Papers on Economic Activity, 34, 139 — 235.

18



GAGNON, J., M. RASKIN, J. REMACHE, AND B. SAcCk (2011): “Large-scale asset purchases
by the Federal Reserve: did they work?” FEconomic Policy Review, 41 — 59.

GALL, J. (2008): Monetary Policy, Inflation, and the Business Cycle: An Introduction to the

New Keynesian Framework, Princeton, New Jersey: Princeton University Press, 1 ed.

GERTLER, M. AND P. KARADI (2011): “A model of unconventional monetary policy,” Journal
of Monetary Economics, 58, 17 — 34.

GERTLER, M. AND N. K1vyoTAKI (2010): “Financial Intermediation and Credit Policy in Busi-
ness Cycle Analysis,” in Handbook of Monetary FEconomics, ed. by B. M. Friedman and
M. Woodford, Elsevier, vol. 3, chap. 11, 547 — 599.

GERTLER, M., N. KIyOTAKI, AND A. QUERALTO (2011): “Financial Crises, Bank Risk Expo-

sure and Government Fiscal Policy,” Mimeo.

Krvoraki, N. AND J. MOORE (2012): “Liquidity, Business Cycles, and Monetary Policy,”
NBER Working Papers.

KRISHNAMURTHY, A. AND A. VISSING-JORGENSEN (2011): “The Effects of Quantitative Easing

7

on Interest Rates: Channels and Implications for Policy,” Brookings Papers on Economic

Activity, 42, 215 — 287.

MopbiGLiaNO, F. AND R. SuTcH (1966): “Innovations in Interest Rate Policy,” The American
FEconomic Review, 56, 178 — 197.

NEeeLy, C. J. (2012): “The Large-Scale Asset Purchases Had Large International Effects,”
Federal Reserve Bank of St. Louis Working Paper Series.

PorLak, R. A. AND T. J. WALES (1980): “Comparison of the Quadratic Expenditure Sys-
tem and Translog Demand Systems with Alternative Specifications of Demographic Effects,”
FEconometrica, 48, 595 — 612.

SMETS, F. AND R. WOUTERS (2003): “An Estimated Dynamic Stochastic General Equilibrium
Model of the Euro Area,” Journal of the Furopean Economic Association, 1, 1123 — 1175.

(2007): “Shocks and Frictions in US Business Cycles: A Bayesian DSGE Approach,”
American Economic Review, 97, 586 — 606.

VAYANOs, D. AND J.-L. VirLA (2009): “A Preferred-Habitat Model of the Term Structure of
Interest Rates,” CEPR Discussion Papers.

WOODFORD, M. (2003): Interest and Prices, Princeton, New Jersey: Princeton University
Press, 1 ed.

19



A Appendix

A.1 Firms

The profit maximisation problem of a firm ¢ that can adjust its price in period ¢ is

max EtZa "My 7 [Py(3) Y7 (i) — WrLp(i)] (26)
subject to Y
Yr(i) = Yr ﬁ;f;)] (27)

Equation (27) is the aggregate demand for firm i’s product.'* Firm 4’s production function
L
implies that Lp(i) = [Yg—;’)} which, together with (27), can be used to rewrite i’s optimisation

problem as

gy 53 {pove (2] v () (2] )

T=t
The first-order condition is

EtiaT—tMt7T {YT [sz')}—e o [P;;i)} %7 (ZY [P;*;:(Fi)]—%—l} .

T=t

By substituting in for the real wage from (5), and using the definition of the stochastic discount

factor, the first-order condition can be expressed as

> 0p+1-0 oo 8 06
By (aB) NGO Yr (]Z) [ o t.} B (@f) kL (YD (PT>
T=t

P (i) — o—1"T A P,
Defining
= T—t . C~—5 Pr o
F, = FE B e —
t tTZ::t (aB)” " x7rCr°Yr (Rs) (30)
> _, 06 Yr\? [ Pr\%
K = EY (e’ LL*"() = 31
t th:t( B) g — 1 XTHT A P, (31)
followed by rearranging yields
1
Pr(i) K\ ?-D+1
= (= 2
B <Ft (32)

This demand schedule is standard in models with monopolistically competitive producers, see Woodford
(2003) for a derivation.
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Benigno and Woodford (2005) show in an analogous problem that (32) is both necessary and

sufficient for an optimum. Note that F; and K; can be written recursively:

Fy = X7 C%Y + aBE | Fy (33)
06 1o (Ye\? 0
Kt = 9 1Xt Lt Z + OéﬁEth_i_th_;'_l (34)
- t

The above equations are those in the paper when the price mark-up % is multiplied by the
exogenous shock pi;.

The price level in the economy is

1

Po= (1= a)P ()" + aP ] (35)

Rearranging yields

_1
Pr(i) _ (1-alf '\’ (36)
Pt 11—«

Combining the above equation with (32) gives

1—all?! <Ft > TG

= 37
1l—« Kt ( )
which is the same as equation (7) in Section 2.2.
A.2 Asset Demand Equations
In the GTL model, the asset shares as? = ﬁig and as? = ];22 =1—as? are
k K i
b Ptkgk PthB 4 PthQ ay + zl ay 1og <PtsstPthBPthQ)
asy = —g—+ | 1- 5 (38)
Pt St Pt St

>oah + 32, 30, a5l log (PtSStPtBPthBPthQ>
where k,l € {B,Q} and symmetry requires that a’z“l = alzk .

Demand curves are quasi-homothetic if they have linear Engel curves, i.e. the demand for
an asset increases linearly with income. We impose quasi-homotheticity to limit wealth effects,
which implies that aQBB + agB =0 and an + agQ = 0. Together with symmetry this implies
that afP = GQQQ = —aQBQ = —aQQB. Making the common normalisation af +a? = 1 and defining

a) = a’l9 and as = aQBB, the asset shares are

s _ BP9% (1_EBQB+EQ9Q> y

asy
PSs PP
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PtB PtQ (39)
a1 + az log — asg log 39
PtSSt _ PthB _ PthQ PtSSt _ PthB _ PthQ

0@ = PPg ([ PPe"+ PR |
PtSSt

pB Pe
1—a; —aslog ¢ o) + as log ¢ 3 40)
PPs; — PBgB — P*g@ PPs; — PBgB — P*g@

which after rearranging is

By 41 g Plsi— PPgP — PPgQ FP
Gl By a1 +azlog | —5 41
j2) PtB PtQ ( )
PS _ PB B __ PQ Q PB
t P, B

Marshallian demands satisfy i) positivity, ii) adding up, iii) homogeneity of degree zero in prices
and income and iv) symmetry and negative semidefiniteness of the matrix of substitution effects.
Thus, the above demand system is only consistent with the firm’s maximisation problem stated
in section 2.3 if it satisfies these four “integrability conditions” (Barnett and Serletis, 2008).
(41) and (42) satisfy ii) and iii), i) will be satisfied by an adequate calibration and iv) remains

to be checked post simulation.

A.3 Price Dispersion

The labour market clearing condition is

1
L = /0 Lo(i)di (43)

or, using the production function of firm 4

Ly = /0 1 [YtA(f)rdi (44)

Together with (27) this implies

N1 —0) ¢ N —
Lt:/1 4 [Pt(z)} Vi (Yt>¢/1 [Pt(z)] " d (45)
0 A | P Ay 0 P
. 1 [P0 . . .
Defining D; = fo { } di and rearranging yields

Py
Yi=A (Dt) (46)
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The law of motion of price dispersion (25) is derived as follows. Since only a share 1 — « of

firms adjusts their price in every period, the dispersion of prices in ¢ can be written

NS SRR S IR = R

where without loss of generality it is assumed that the firms that are not able to reset their price

in t are those indexed by i € [0, a]. After simple manipulations one obtains

/0 1 [Pg)} ai— 1w [Pt;ii)} e /0 i [Ptéf)} o (48)

Since the distribution of prices among the firms that are unable to change their price in £ — 1 is

the same as the distribution of all prices in ¢ — 1, the above equation becomes

/01 [P}(ﬂ iz [Iiii)] L allf? /01 [P’;tl_(f)] " (49)

and adequate substitutions yield the final result

s
1—aIlf~1)\ !
Dt = (1 — Oé) <1—Ci> + C!Hfd)thl (50)
A.4 Stationary Model
~ CB
Definitions: w; = VIKt S¢ = Stl%“ by = Btljt“, G = Qt;:”, G = Q‘I’jt“, ¢¢P = Qtj;:”
Ct + Gt + PtSSt = Slt_‘[;l + 'lUtLt (51)
t
c -5
Xt41 <Ct+1> 1 1
1 = BE — 52
“1xC\ G My | PP 52)
L
w = M pves )
t
1 _aHQ—l Ft e(¢9—_11)+1
-t -t (54)
=Y K;
F, = xYody, ENIF,
t = x¢Cp Y+ aBEIL Fi (55)
9 Y\ ¢
K, = 0_¢1 Xt LY (Ai) pe + oSBT Ky (56)
1 = Qt k
st = b+ - (57)
T k=1 H Ht —J
1
1+4 = — o8
123 PtB ( )
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1 1 1444
Pe = = : (59)
T14i¢ 1

1%
Psst _ PBgB _ PQgQ pB
by = g8+ =L ¢ ¢ ar +aslog [ = (60)
PP PP
pPSs, _ pB B_PQQ[ (PB>]
_ Q t ot t g tg t
@ = g7+ 1—a1 —aslog | — (61)
PP Pe

@ = fY (62)
1+it B Ht pins Y;f Y
= (1) (3) (63

QE Q
G-’ _ (™ (VY 3 (64)
qt 1I Y ¢

q = Qt—i-thB (65)

Y, = Ci+ Gy (66)

L\ ?

Y, = A= 67

- = a7 (67)

1—alll~? )

D= (1-a) {5t +oll?D,_, (68)
In(x{) = peln(xf ) +ef (69)
In(x{) = prin(xiy) +er (70)
In(A)) = paln(Ayy) +ef (71)
In(u) = puln(pe—1) +eff (72)

Gy = paGi1+ef (73)
In(vy) = pyIn(p—q)+¢f (74)
(&) = peln(&) +ef (75)

A.5 Steady State

This section describes the steady state of the stationary model summarised in A.4. The equations

are ordered recursively as far as possible; PB, P9 and i% have to be found numerically.

G = 0 (77)
II = 1.005 (78)
HB 1 907(#
11—« 1 —all”™ -1
b= 1—aH9¢< 1-a > (79)
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1
0(6—1) 417 T=5=4@F1)

1—apll’! 0¢ _, (1—all’”1\ 71
Y 1 — afII% 17 ( 1—a ) (80)
=Y (81)

Y1—5
e (52
1 0
K = T e —¢ 1P Py (83)
L = DY? (84)
w = L¥YC° (85)
P = % (86)
©“P = 0 (87)
g =Y (88)
¢ = ¢ (89)
Il
1 IT

At this point, the asset demand equations (92) and (93) can be employed to solve numerically
for PB and P?

PSs — pBgB — pQgQ pB
PSs— pBgB — pQgQ pB
g = g9+ 50 [1 —aj —aslog <PQ>} (93)
Finally, i€ is given implicitly for a particular value of P% by
-
11 1 (k)
PQ=-_— - (94)
T+ 1- g
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