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Money and the Natural Rate of Interest: Structural  
Estimates for the UK, the US and the Euro Area 

In this Paper, we look at the role of money in a general framework that 
encompasses three competing environments: the New Keynesian model with 
separable utility and static money demand; the non-separable utility variant 
with habit formation; and the New Keynesian model modified to allow for 
adjustment costs for holding real balances. The last two models imply a 
forward-looking character of real money balances that convey on money an 
important role as a monetary policy indicator. We distinguish between these 
alternative views by conducting a structural econometric analysis for the US, 
the euro area, and the UK. The FIML estimates confirm the forward-looking 
character of the money demand. Using these estimates we find that, in 
response to preferences and technology shocks, money incorporates useful 
information regarding future variations in the natural interest rate. 
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1 Introduction

The growing use of sticky-price optimizing models, or a “New Keynesian”
framework, in macroeconomics has simultaneously reaffirmed the relevance
of monetary policy actions for the behavior of output and inflation, and
downplayed the importance of monetary aggregates. The baseline version of
the New Keynesian model, with household preferences separable across time
and arguments, does generate a standard money demand function (the LM
component of what McCallum and Nelson, 1999, call the “optimizing IS-LM
specification”). But much work with New Keynesian models, exemplified by
Rotemberg and Woodford (1997), uses the fact that the IS function, Phillips
curve, and interest-rate policy rule contain no money term as grounds for not
referring to money or the money demand function in the analysis at all. And
insofar as money has an indicator role in this New Keynesian baseline, it is as
a noisy indicator of current output (e.g. Dotsey and Hornstein, 2003). The
money stock then becomes one of many candidates as indicators of current
economic activity—hardly a role that conveys great significance to money in
macroeconomic analysis.

One modification to the New Keynesian model that restores an explicit
role for money is to drop the assumption that household preferences are sep-
arable across consumption and real money balances. As shown in Andrés,
López-Salido and Vallés (2001), Ireland (2001), Woodford (2003) and be-
low, relaxing this assumption does introduce terms involving real balances
into the model’s IS and Phillips curve (or marginal cost) equations. But
plausible calibrations do not seem to generate a sizable role for this channel
(McCallum, 2000; Woodford, 2003), while econometric estimates so far pro-
vide even less empirical support (see Ireland, 2001, for the U.S., and Andrés,
López-Salido and Vallés, 2001, for the euro area).

Nelson (2002) argues that neither the separable nor the non-separable
preference specifications conveys on money the role stressed for it by the
monetarist literature. That literature, as discussed in Artis (1993), Meltzer
(2001), and references therein, rests on two propositions: first, that yields
beside the short-term interest rate enter both the IS and the money demand
functions; and secondly, that the money stock therefore provides informa-
tion about determinants of aggregate demand beside short-term real inter-
est rates. This perspective transforms the central issue from being whether
money appears explicitly in the IS and Phillips curve equations, to whether
money serves as a good proxy for movements in asset prices that do appear
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directly in the economy’s IS equation, some of which may be difficult to ob-
serve directly. Nelson argues that a first step in capturing these ideas is
to add to the New Keynesian model a forward-looking dimension to money
demand, arising from portfolio adjustment costs. In this environment, it
is not money’s role as a static indicator of output, but instead the interest-
elastic and forward-looking character of real money balances, that conveys
on money an important role as an indicator.

The different perspectives on money suggested by the three model settings—
the standard New Keynesian model with separable utility and static money
demand; the non-separable utility variant; and the New Keynesian model
modified to allow for dynamics in money demand—are brought out in Table
1. The departures from the baseline model both provide improved grounds
for looking at money, but do so in different ways.

In this paper, we distinguish between the alternative views of the role of
money in the transmission mechanism by conducting a structural economet-
ric analysis of three economies: the U.S., the euro area, and the U.K. The
dynamic stochastic general equilibrium model that we estimate delivers each
model variant described in Table 1 as a special case. Using our estimated
model, we are able to demonstrate the enhanced ability of money to capture
the transmission mechanism of monetary policy when money demand has a
forward-looking element. In particular, we show that the value of money as
a proxy for variations in the natural interest rate and the real interest-rate
gap is increased.

Relatively little of the study of money in the transmission mechanism
has been in the context of optimizing models estimated by systems meth-
ods. The investigations of the role of money by Nelson (2002), Dotsey and
Hornstein (2003), and Woodford (2003), for example, use calibrated models.
The Bayesian maximum likelihood estimation of a DSGE model for the euro
area by Smets and Wouters (2002) excludes money from the list of variables
modelled. A considerable amount of econometric work has been done on the
role of money in the euro area, as discussed in Issing et al. (2001) and the
ECB (2003), but this work is typically either explicitly reduced form or has
relied on postulated behavioral relationships that lack microfoundations (e.g.
IS-LM systems without proper account for forward-looking behavior, or with
lagged terms not traced explicitly to private sector optimization).

Work that does meet our joint criteria of using DSGE modelling, esti-
mating by systems methods, and putting money in the likelihood, includes
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Ireland (2002a, 2002b) and Andrés, López-Salido and Vallés (2001).1 Rela-
tive to these studies, the present paper makes three principal contributions.
First, the model we estimate is sufficiently general to distinguish between all
three model settings described in Table 1, not just the separable vs. non-
separable preference specifications. Secondly, we extend the analysis to the
U.K. Thirdly, we use our estimates to carry out an explicit analysis of the
relation between money and the natural rate, and the consequent usefulness
of money to monetary policy.

Our model is laid out in Section 2. Section 3 includes some analytical
results on the relation between money and the natural rate. Section 4 presents
our empirical results. We find considerable support for the forward-looking
money demand variant of the model, and in Section 5 we show how this
specification improves the value of money as a proxy for the natural rate of
interest. Section 6 concludes.

2 A Sticky Price Model with Money

The model has many features commonly used in sticky-price versions of the
New Keynesian model, but is closest to Andrés, López-Salido and Vallés
(2001), Ireland (2002a), and Nelson (2002). The economy consists of a
representative household, a continuum of producing firms indexed by j ∈
[0, 1] and a monetary authority. We abstract from capital accumulation. The
model displays sufficient symmetry for our analysis to focus on the behavior
of a representative goods-producing firm.

2.1 Households

2.1.1 The Non-Separability Effect

The representative household of the economy maximizes the following ex-
pected stream of utility:

max
Ct,Nt,Mt,Bt

E0

∞∑

t=0

βtat

[
Ψ

(
Ct
Ch
t−1

,
M

etPt

)
−
N1+ϕ
t

1 + ϕ

]
(1)

1Another example is Bergin (2003), but the model he estimates is not suited to the
study of interest-rate policy rules.
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where Ct is the CES aggregator of the quantities of the different goods con-
sumed:2

Ct =

(∫ 1

0

Ct(j)
ε−1
ε dj

) ε
ε−1

Mt/Pt and Nt represent real balances and hours, respectively; at is a prefer-
ence shock, and et is a shock to the household’s demand for real balances.
The parameter β ∈ (0, 1) is a discount factor and ϕ ≥ 0 represents the inverse
of the Frisch labor supply elasticity.3

We allow for non-separability among consumption and real balances in
preferences, as well as for habit formation in consumption. Intra-temporal
non-separability makes it possible to test the relevance of an explicit money-
balances term in the equations determining supply and demand decisions.
This is the main influence of money emphasized in recent studies. The
presence of habits has been emphasized by Fuhrer (2000) and Christiano,
Eichenbaum, and Evans (2001), among others, as an important component
of the monetary transmission mechanism that helps to account for the grad-
ual response of output to monetary policy shocks. The dynamic interaction
between nominal and real variables is further enriched by the presence of
intertemporal non-separability that generates a battery of cross-equation re-
strictions. Finally, the marginal utility of consumption depends upon real
balances but it is independent of labor supply decisions. In addition, the
assumption of separability between a consumption/real balances basket and
hours implies that aggregate demand relationships are invariant to the spec-
ification of the firm’s problem (Driscoll, 2000).

2.1.2 The Direct Effect

Recently, Nelson (2002) has elaborated on the idea that a key link between
real balances and real aggregate demand occurs not via the non-separability
channel, but through “direct effects” that are not well captured by short
term real interest rates. In this framework, money is serving as an index

2Pt =
(∫

1

0
Pt(j)

1−ε dj
) 1

1−ε

is the aggregate price index that is consistent with the first-

order conditions of the producing firms that face the differentiated demand and Pt(j) is
the price of good j.

3When ϕ = 0, preferences are linear in labor (Hansen, 1985) and the labor supply
elasticity is infinite.
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for yields beside the short rate (in his application, the real long-term rate)
that are relevant for aggregate demand (this builds on Meltzer, 2001, and
the references therein). Nelson (2002) captures this idea by simply allowing
for portfolio adjustment costs. Formally,

max
Ct,Nt,Mt,Bt

E0

∞∑

t=0

βtat

[
Ψ

(
Ct
Ch
t−1

,
M

etPt

)
−
N1+ϕ
t

1 + ϕ

]
−G(•) (2)

with

G(•) =
d

2

{
exp

[
c

{
Mt

Pt
Mt−1

Pt−1

− 1

}
+ exp

[
−c

{
Mt

Pt
Mt−1

Pt−1

− 1

}]
− 2

]}
(3)

and where d > 0, c > 0.4

The budget constraint each period is:

Mt−1 +Bt−1 +WtNt + Tt +Dt

Pt
= Ct +

Bt/rt +Mt

Pt
(4)

Households enter period t with money holdingsMt−1 and bonds Bt−1. At the
beginning of the period, they receive lump-sum nominal transfers Tt, labor
income WtNt, where Wt denotes the nominal wage, and a nominal dividend
Dt from the firms. They use some of these funds to purchase new bonds at
nominal cost Bt/rt, where rt denotes the gross nominal interest rate between
t and t+ 1. The household carries Mt units of money into the period t+ 1.

2.2 Firm Behavior and Price Setting

The production function for firm j is,

Yt(j) = ztNt(j)
1−α (5)

where Yt(j) is output, Nt(j) represents the number of work-hours hired from

the household (i.e. Nt =
∫ 1

0
Nt(j) dj), zt is a common technology shock and

(1−α) parameterizes the technology. Letting Yt =
(∫ 1

0
Yt(j)

ε−1
ε dj

) ε
ε−1

, the

market-clearing condition implies Yt = Ct.
4This functional form for portfolio adjustment costs used by Nelson is that of Christiano

and Gust (1999), modified to apply to real balances and applied to a model without
“limited participation” features.
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The representative firm sells its output in a monopolistically competitive
market and sets nominal prices on a staggered basis, as in Calvo (1983). Each
firm resets its price with probability 1− θ each period, independently of the
time elapsed since the last adjustment. Thus, each period a measure 1 − θ
of producers reset their prices, while a fraction θ simply adjust prices at the
pace of steady-state inflation, π (i.e., non-adjusting firms simply follow the
rule: Pt(j) = Pt−1(j)π). Hence, θ

k will be the probability that the price set at
time t will still hold at time t+k. Notice that, if there were no constraints on
the adjustment of prices, the typical firm would set a price according to the
rule Pt(j) = ( ε

ε−1
)MCt(j) , where MCt(j) =

Wt
∂Yt(j)
∂Nt(j)

is the nominal marginal

cost and ε
ε−1

is the steady-state price markup.
This framework implies that inflation is a purely forward-looking variable.

Nevertheless, recent research has pointed out the importance of allowing for
a hybrid specification in which part of the inflation dynamics is explained
by some backward-looking component in order to account for the inertia
observed in inflation time series. To allow for this formally, we follow Gaĺı
and Gertler (1999) and Gaĺı, Gertler, and López-Salido (2001) by assuming
that only a fraction (1−ω) of firms behave on a staggered basis when setting
prices at each point of time. We denote by P f

t the prices set by these forward-
looking firms. The remaining firms, of measure ω, use instead a simple rule
of thumb (backward-looking) when setting prices (P b

t ). In logs, the price
index of newly-set prices is:

p∗

t = (1− ω) pft + ω pbt (6)

The aggregate price level evolves as follows:

Pt =

[
θ P 1−ε

t−1 + (1− θ)(1− ω)
(
P f
t

)1−ε
+ (1− θ)ω

(
P b
t

)1−ε
] 1
1−ε

and we further assume that the backward-looking firms set their prices ac-
cording to the following rule of thumb:

P b
t = P ∗

t−1Πt−1

where Πt−1 = Pt−1/Pt−2.
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2.3 Central Bank Reaction Function

We assume that the central bank sets the nominal interest rate following a
general augmented Taylor-type interest rate rule. In particular, the nominal
rate responds not only to the interest rate in the previous period and to
deviations of output and inflation from their steady-state values, but also to
nominal money growth:

ln(rt/r) = ρr ln(rt−1/r) + (1− ρr )ρπ ln(πt/π) + (1− ρr )ρy ln(yt/y)

+(1− ρr )ρµ ln(µt/µ) + εrt

where the innovation εrt is normally distributed with standard deviation σr;
and µt = Mt/Mt−1 is the rate of money growth. An interest-rate rule that
depends on money growth (or the changes in real balances) might be ratio-
nalized, as in Svensson (1999), as part of an optimal reaction function when
money-growth variability appears in the central bank’s loss function. Alter-
natively, the response to money might be rationalized by money’s usefulness
in forecasting inflation.

2.4 Equilibrium

The symmetric equilibrium can be log-linearized to yield the following set of
equations:5

ŷt =
φ1

φ1 + φ2
ŷt−1 +

βφ1 + φ2
φ1 + φ2

Etŷt+1 −
1

φ1 + φ2
[r̂t − Etπ̂t+1]

−
βφ1

φ1 + φ2
Etŷt+2 +

ψ2
ψ1

1

(1− βh)

(
1

φ1 + φ2

)
m̂t

−
ψ2
ψ1

1

(1− βh)

(
1 + βh

φ1 + φ2

)
Etm̂t+1 +

ψ2
ψ1

1

(1− βh)

(
βh

φ1 + φ2

)
Etm̂t+2

−
ψ2
ψ1

(
1− βhρe
1− βh

)(
1− ρe
φ1 + φ2

)
êt +

(
1− βhρa
1− βh

)(
1− ρa
φ1 + φ2

)
ât (7)

π̂t = γfEt{π̂t+1}+ γbπ̂t−1 + λm̂ct (8)

5The symbol̂represents percentage deviations of a variable from its steady-state value.
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m̂ct = (χ+ φ2) ŷt − φ1ŷt−1 − βφ1Etŷt+1 −
ψ2
ψ1

1

(1− βh)
m̂t +

ψ2
ψ1

βh

(1− βh)
Etm̂t+1

+
ψ2
ψ1

(1− βhρe)

(1− βh)
êt −

βh(1− ρa)

(1− βh)
ât − (1 + χ) ẑt (9)

r̂t = ρr r̂t−1 + (1− ρr )ρy ŷt + (1− ρr )ρπ π̂t + (1− ρr )ρµ µ̂t + εrt (10)

µ̂t = m̂t − m̂t−1 + π̂t (11)

ât = ρaât−1 + εat (12)

êt = ρeêt−1 + εet (13)

ẑt = ρz ẑt−1 + εzt (14)

where m̂t, m̂ct represent (log-deviations of) real balances and real marginal
costs, respectively; and the following relationships hold between structural
parameters, the steady-state (upper-barred variables), and the reduced-form
parameters of equations (7)-(9),

ψ1 =
(

− Ψ1
(Y )(1−h)Ψ11

)
γb = ω [θ + ω(1− θ(1− β))]−1

ψ2 =
(

− Ψ12
(Y )(1−h)Ψ11

) (
m
e

)
γf = βθ [θ + ω(1− θ(1− β))]−1

λ = (1− θ)(1− βθ)(1− ω)ξ χ = ϕ+α
1−α

ξ = (1−α)
1+α(ε−1)

[θ + ω(1− θ(1− β))]−1

φ1 =
(ψ−1
1 −1)h

1−βh
φ2 =

ψ−1
1 +(ψ−1

1 −1)βh2−βh

1−βh

Equation (7) arises from the household’s optimal intertemporal allocation
of wealth. The assumption of non-separability between consumption and real
balances makes the marginal utility of consumption a function of the amount
of real balances optimally demanded by the households. The presence of
habits makes the marginal utility of consumption also dependent on lags of
output and further leads of money and output. Hence, in equilibrium, output
will depend on current and expected real balances after accounting for the
money demand shock. Notice that as h → 0, expression (7) approaches the
usual Euler equation for consumption under time-separable preferences. The
real-balances term will disappear from the aggregate demand equation under
the parameter restriction ψ2 = 0, i.e. as long as the cross-derivative between
consumption and real balances is zero in the utility function. As we discuss
in the next section, however, a strong indicator role for money, not captured
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by standard money demand specifications, may prevail even if the restriction
ψ2 = 0 holds.

Aggregate demand also depends upon the present discounted value of
current and future real short-term interest rates; so the sensitivity of output
to interest-rate movements depends upon the coefficient ψ1, which is inversely
related to the households’ degree of risk aversion.

The supply side of the model is characterized by two equations: first, a
New Keynesian Phillips curve, (8), which allows for both expected and past
inflation terms as well as real marginal costs to affect current inflation; and
second, a linear relationship between real marginal costs, detrended output,
real balances, and the technology shock, equation (9). Notice that, if we
assume that all new prices (p∗

t ) are set on a profit-maximising basis, i.e.
ω = 0, then inflation becomes a purely forward-looking variable. Moreover,
the assumption of decreasing returns to labor implies that the link between
output and inflation depends not only on the degree of nominal rigidities,
but also the elasticity of output with respect to employment (1−α), and the
labor supply elasticity (ϕ) through the coefficient χ. The non-separability in
preferences between real balances and consumption implies a direct influence
of the former variable on marginal costs and so on inflation. In presence
of habits, marginal cost also depends on leads and lags of output, money
balances and the preference shock at. To close the model, we specify AR(1)
processes for the aggregate demand shock (12), the money demand shock (13)
and the technology shock (14), with innovations εat , εet and εzt respectively,
as well as a money demand equation, which we now discuss.

2.5 Money Demand

The model is completed with a specification of money demand behavior. The
specification of portfolio adjustment costs determines the form of the money
demand relationship. The model without adjustment costs implies that the
money demand equation is as follows:

m̂t = γ1ŷt − γ2r̂t + [γ2(r − 1)(hφ2 − φ1)− hγ1] ŷt−1

− [γ2(r − 1)βφ1]Etŷt+1 +
ψ2
ψ1

(r − 1)βhγ2
(1− βh)

Etm̂t+1

−
(r − 1)βh(1− ρa)

(1− βh)
γ2ât +

[
1− (r − 1)γ2

(
ψ2
ψ1

βhρe
(1− βh)

+ 1

)]
êt

(15)
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where γ1 =
(
r (Y )

(1−h)

m

ψ2
ψ1
+ (r − 1) 1

ψ1

)
γ2 and γ2 =

r
(r−1)

e
m

(
Ψ2

(r−1)eΨ12−rΨ22

)
.

Expressions (15), (10) and (11) describe the money market. Equation
(15) is a generalized money demand equation, where the coefficients γ1 and
γ2 are the long-run real-income and interest-rate response parameters. Again
the presence of habits in the utility function generates a dynamic equation
in which money demand depends also on future output and real balances as
well as on the preference shock at. Equation (11) is an identity connecting
nominal money growth, real balances, and inflation.

As noted above, allowing for non-separability between real balances and
consumption gives real balances an explicit role in both the output and in-
flation equilibrium relationships. A reduced-form equation that has been
proposed in the literature to look at the inflation-forecasting properties of
monetary aggregates is the P ∗ model.6 Finally, note that equation (15) can
be solve forward in terms of mt as a function of the present discounted value
of future nominal interest rates (see also the next section). This underlies
the so-called “direct effect,” whereby money variations reflect determinants
of aggregate demand other than the current short-term interest rate. To
establish the role of money, we must separately identify such an effect from
the “real balance effect” or, more precisely, “non-separability effect” related
to the cross-derivative of the marginal utility of consumption and real bal-
ances. In order to do that, we need to consider a specification with portfolio
adjustment costs.

Hence, if we consider the specification of preferences given by equations
(2) and (3) we obtain an alternative money demand equation which allows
us to identify both effects separately:

6Svensson (2000) argues that the P ∗ model provides some basis for emphasizing the
real balances gap (i.e. the difference between the current level of real balances and its
long-run equilibrium level). The present setup provides a sound microfoundation for the
presence of a sort of real balances gap, m̂t − êt , in inflation dynamics. Notwithstanding
this, this model imposes cross-parameter restrictions that should be tested in order to
assess the empirical relevance of this term; and in contrast to the P ∗ approach, the role
of money specified here is integrated into a standard Phillips curve framework, where
inflation depends on real marginal cost.
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(1 + δ0(1 + β))m̂t = γ1ŷt − γ2r̂t + [γ2(r − 1)(hφ2 − φ1)− hγ1] ŷt−1

− [γ2(r − 1)βφ1]Etŷt+1 + δ0m̂t−1

+

[
ψ2
ψ1

(r − 1)βhγ2
(1− βh)

+ δ0β

]
Etm̂t+1

−
(r − 1)βh(1− ρa)

(1− βh)
γ2ât +

[
1− (r − 1)γ2

(
ψ2
ψ1

βhρe
(1− βh)

+ 1

)]
êt (16)

where δ0 =
dc2

m
. The two channels are captured trough the coefficients on

past and expected future real balances. In particular, under no portfolio
adjustment costs, i.e. d → 0, then δ0 → 0, the behavior of current real
money balances does not depend on lagged real balances. In addition, even
if there is no non-separability effect, i.e. ψ2 → 0, still future real balances
matter for current values of that variable. Finally, note that it is not possible
to separately identify the parameters d and c. We therefore normalize c = 1,
allowing us to estimate the coefficient on adjustment cost d.

3 Money and the Natural Rate of Interest

In Wicksell’s (1898) original outline of the link between price-level behavior
and the spread between real and natural interest rates, he emphasized the
connection of money creation with this spread. That is, to keep actual rates
steady in the face of a real shock that raises the natural rate, the monetary
authority must create additional money. In standard New Keynesian models,
this connection is present, but because real money demand is a static func-
tion of current output and the policy instrument (the short-term nominal
interest rate), all information about the natural rate contained in real money
balances comes via the coefficients on these two variables. The remaining
variation in real balances simply reflects money demand shocks that devalue
the usefulness of money as an indicator.

When real money demand is forward-looking, however, the information in
real balances about the natural rate is increased. If real money is registering
weakness or strength that is hard to account for in the behavior of current
income and the short-term nominal interest rate, that may be a signal of
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changes in current or expected future values of the natural real interest rate.
We explore this property in our estimated model, but to provide intuition,
in this section we briefly consider a version of the model with white noise
IS and money demand shocks, and portfolio adjustment costs like those in
equation (2), but no other source of nonseparability in utility. Then the
money demand condition (16) may be written:

m̂t = µyŷt + µrr̂t + µ1m̂t−1 + βµ1 Etm̂t+1 + e′

t (17)

where µ1 ≡ δ0
(1+δ0(1+β))

, µy ≡ γ1
(1+δ0(1+β))

, µr ≡ − γ2
(1+δ0(1+β))

, and e′

t =
1

(1+δ0(1+β))
et.

Notice that the long-run income elasticity and interest-rate semi-elasticity of
money demand correspond to γ1 and γ2, respectively. The IS equation be-
comes:

ŷt = Etŷt+1 − σr̂rt + ν̂t (18)

where r̂rt = [r̂t − Etπ̂t+1], ν̂t = (1− ρa)σât and σ ≡ 1
φ2
.

For future reference, we note also that equation (18) implies:

ŷ∗

t = −σ
∞∑

i=0

r̂r∗

t+i + σât (19)

and

ŷt − ŷ∗

t = −σ
∞∑

i=0

(r̂rt+i − r̂r∗

t+i)− ρaσât (20)

where r̂r∗

t and ŷ
∗

t are the natural levels of the short-term real interest rate
and output, respectively.

3.1 Forward-Looking Money Demand Equation

Solving condition (17) using the methods described in Sargent (1987), we
obtain:

(1− ψL)m̂t =

(
ψ

µ1

) ∞∑

i=0

(βψ)iEt{µyŷt+i + µrr̂t+i}+ e′

t+i (21)

where L is the lag operator, ψ is a stable root (0 < ψ < 1), and µ1 is
a function of δ0, i.e a function of c in equation (3). Representation (21)

12



establishes that real money demand is a function of its lagged value and
the expected stream of output and nominal interest rates, as well as the
white-noise money demand shock e′

t.
We now write this expression in a manner that separates the forward-

looking terms from the current and lagged variables:

m̂t = ψm̂t−1 + b0ŷt + c0r̂t +
∞∑

i=1

biEt{ŷt+i}+
∞∑

i=1

ciEt{r̂t+i}+ e′

t (22)

where b0 = ψ γ1
δ0
, c0 = −ψ γ2

δ0
, and bi and ci coefficients are defined in confor-

mity with equation (21). Condition (22) can, in turn, be decomposed using
equations (19), (20), and the Fisher relation r̂rt = [r̂t − Etπ̂t+1] as:

m̂t = ψm̂t−1 + b0ŷt + c0r̂t +
∞∑

i=1

biEt{ŷ
∗

t+i}+
∞∑

i=1

ciEt{r̂r
∗

t+i}+

∞∑

i=1

biEt{ŷt+i − ŷ∗

t+i}+
∞∑

i=1

ciEt{r̂rt+i − r̂r∗

t+i}

+
∞∑

i=1

ciEt{π̂t+1+i}+ e′

t (23)

The above expression casts the forward-looking variables in terms of natural
output levels, natural real interest rates, output gaps, real interest-rate gaps,
and expected future inflation rates.

Further restrictions on this condition can be obtained by an explicit spec-
ification of price-setting behavior. We demonstrate here with two examples:
one-period price setting and Calvo price setting.

3.2 Example 1: One-period-ahead price setting

Consider first the simple specification of price adjustment, used by Obstfeld
and Rogoff (1996) and many others, where nominal prices must be set one
period in advance but are then free to adjust. This specification implies that
real variables are always expected to revert to their flexible-price (natural)
values from next period onward: for i > 0, Etŷt+i = Etŷ

∗

t+i and Et r̂rt+i
= Etr̂r

∗

t+i. The money demand expression may then be written as:
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m̂t = ψm̂t−1 + b0ŷt + c0r̂t +
∞∑

i=1

diEt{r̂r
∗

t+i}+
∞∑

i=1

ciEt{π̂t+1+i}+ e′

t (24)

where di = ci − σ(
∑

∞

i=1 bi). Money demand thus contains valuable informa-
tion beyond that recorded by its responses to current income and the current
nominal rate: it varies in reaction to movements in expected future natural
real rates, as well as expected future inflation.

3.3 Example 2: Calvo price setting

The basic version of Calvo price setting implies:

π̂t = β Et{π̂t+1}+ α(ŷt − ŷ∗

t ) (25)

Solving this forward and substituting in equation (20), we have:

π̂t = −σα
∞∑

i=0

βiEt{
∞∑

j=0

(r̂rt+j − r̂r∗

t+j)} (26)

or

π̂t = −σα
∞∑

i=0

φi(r̂rt+i − r̂r∗

t+i) (27)

where φi = −σα
∑i

j=0 β
j. This expression implies that the money demand

condition (23) may be written:

m̂t = ψm̂t−1+b0ŷt+c0r̂t+
∞∑

i=1

diEt{r̂r
∗

t+i}+
∞∑

i=1

fiEt{r̂rt+i− r̂r∗

t+i}+e
′

t (28)

where di is defined as above, and fi = −σ[
∑

∞

j=1 bj] + ci, for i = 1, and

fi = −σ[
∑

∞

j=i bj] + ci − ci−1ασ
∑i−2

j=0 β
j for i > 1. Equation (28) reveals

that all of the variation in real balances not arising from its “conventional”
determinants (i.e. current real income, the current short interest rate, lagged
balances and the money demand shock) is associated with movements in
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expected future real-rate gaps or expected future natural real interest rates.7

We note that the relationship between real money balances and the natural
rate is quite complex, not only because of the dynamics involved, but also
because the natural rate enters with both negative and positive coefficients
in the expression.

This perspective on the money demand relationship highlights three ad-
vantages of our estimation of our structural model by full-information meth-
ods. First, standard estimated money demand functions neglect forward-
looking behavior. The resulting specification error overlooks the information
about the natural rate in money demand, instead attributing the associated
variation in real balances to money demand shocks, lagged adjustment, and
responses to current income and the nominal interest rate. Our approach
instead isolates the forward-looking component of money demand, and so of-
fers the prospect of consistent estimation of the money demand parameters.
Second, by specifying the shock processes and policy behavior explicitly, and
so the implied path of the expectations terms that appear in agents’ op-
timality conditions, we are able to extract natural-rate estimates from the
other unobservable determinants of money demand. Third, other empirical
estimates of natural rate and real-rate gap series using systems methods,
whether with ad hoc models (e.g. Laubach and Williams, 2003) or DSGE
models (e.g. Smets and Wouters, 2002), sacrifice information on the natural
rate by not including real money balances in the set of variables modelled.
Our systems estimates, by contrast, include money in the likelihood, and so
exploit the valuable information in money suggested by equation (28).

4 Empirical Evidence

The maximum likelihood estimation follows Hansen and Sargent (1997) and
recent applications can be found in Kim (2000) and Ireland (2002a, 2002b).
The procedure involves expressing the stationary solution of the model state-
space form and estimating the model’s parameters using a recursive Kalman
filter algorithm (see Ireland, 2002a, for details).

7When we generalize (28) for the case of serially correlated IS shocks and habit for-
mation in preferences, additional lagged variables and the current IS shock appear, but
expected future values of the natural rate continue to appear prominently.
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4.1 Baseline Estimates

This section presents our parameter estimates for each economy. In line with
the model, our estimated specifications exclude open-economy terms. For
the U.S. and the euro area this abstraction is commonly made, reflecting the
size of these economies. We also estimate the closed-economy specification
for the U.K. This has the advantage of simplicity and preserves a symmetric
specification across economies. On the aggregate demand side, the influence
of open-economy elements can be thought of as entering implicitly by flatten-
ing the IS curve and so affecting the estimated interest elasticity of aggregate
demand. On the supply side, since the price series we use in estimation is a
consumer price index, exchange-rate or import-price terms should in princi-
ple appear in the Phillips curve. Both reduced-form and structural empirical
evidence suggest, however, that excluding these terms does little damage in
the modelling of U.K. consumer prices (Artis, 1993; Neiss and Nelson, 2003;
U.K. Treasury, 2003, pp. 18–19). This is not to deny the importance of
openness for inflation and output dynamics, but instead to argue that open-
ness mainly matters through its effect on the behavior of domestic variables,
rather than by introducing extra variables into the analysis.

The log-linearized optimizing model that we estimate refers to deviations
of variables from their steady-state values (or steady-state growth paths in
the case of output and real money), rather than the levels of variables. For
each economy studied, following Ireland (2002a), we detrended output and
real balances separately prior to estimation. Inflation and nominal interest
rates also exhibit a (downward) trend over our sample; nevertheless, we con-
tinue to use the (demeaned) levels of these variables in estimation, on the
grounds that the trends may be reduced or eliminated when these variables
are cast as linear combinations (e.g. as a real interest rate).8

8For the U.K., however, ex post real rates exhibit a pronounced shift down due to the
increase in monetary policy credibility in the second half of our sample (the 1990s). Since
our linearized model does not allow for this credibility effect, we have also estimated the
model replacing the inflation and interest-rate series with residuals from separate regres-
sions of these series on a constant and two dummies for regime change. These dummies
take values of unity over the U.K.’s Exchange Rate Mechanism membership period (1990:4
to 1992:3) and the inflation targeting period (1992:4 onward) respectively. This adjustment
also recognizes changes in policy regime over our sample period, which is not otherwise
allowed by our use of policy reaction functions estimated over the full sample. The results
are robust to this filter but are not included here to save space. A detailed description of
the variables used in the estimation is presented in Appendix 1.
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In Tables 2 to 4 we present the results of the parameter estimates for the
unrestricted (non separable preferences) as well as the restricted (separable
preferences) models of Section 2 for the U.K., U.S. and euro area ((7)-(14),
and (16)). For comparability, we use narrow monetary aggregates in all three
cases: M0 for the U.S. and the U.K. and M1 for EMU. The sample periods
used are also similar: 1980:1 to 1999:2 for the U.S., 1980:1 to 1999:4 for
EMU, and 1980:1 to 2002:4 for the U.K.

The main result concerns the effect of money on output and inflation
that may be captured by either ψ2 and/or by δ0. Neither the t nor the log-
likelihood ratio lead us to reject the null of ψ2 = 0 in the US and in the UK
(Tables 3 and 4); in fact most parameters remain largely unchanged when
separability is imposed (column (2)). This means that non-separability be-
tween consumption and real balances does not capture any such direct effect
of money balances. The results are slightly different for the EMU sample
(Table 2) where we obtain a small, estimate of ψ2 (0.048); nevertheless, the
likelihood ratio test rejects the null of separability at the 5 per cent level. The
other parameters, however, change very little when separability is imposed
(see column (2)). For comparison with previous work we have also estimated
the model using broader monetary aggregates for EMU (using M3) and the
US (using M2). In both cases the null of a positive cross derivative of the
utility function is easily rejected (see Appendix 2 for details). These results
are broadly consistent with those obtained by Ireland (2002a) and Andrés,
López-Salido and Vallés (2001). Money, however, seems to have a different
kind of “direct effect,” i.e. an important forward-looking element, as the
strongly significant value of δ0 obtained in all specifications indicates. This
effect can be rationalized in terms of the importance of adjustment costs
for holding money balances, in line with what Nelson (2002) finds for the
U.K. and the U.S. As was discussed above, this forward-looking element of
money demand confers on money considerable significance as an indicator of
the determinants of aggregate demand.9

Regarding the other parameters of interest, we find strong evidence of
habit formation in all three countries, with h ranging from 0.90 to 0.95 and
strongly significant. The interest-rate elasticity in the Euler equation (ψ1) is
significantly positive, suggesting an intertemporal elasticity of substitution

9In Appendix 2 we report the results using alternative (broader) definitions of money
for the US (M2 instead M0) and the euro area (M3 instead of M1). As shown in the
Appendix the results are robust to this alternative definitions.
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slightly above (but not significantly different from) one for the euro area and
somewhat higher for the U.S. and the U.K.

Besides its appearance in the private sector behavioral equations, money
is also related to the behaviour of output and prices through the money de-
mand and the policy-rule equations. The elasticity of money demand with
respect to output (γ1) is in all cases significant but very low, whereas the in-
terest rate elasticity is larger, in particular for the U.S. and the U.K. (0.70 and
0.37 respectively). The small estimated value of γ1 is a direct consequence
of the theoretical restriction implied by the presence of money in the utility

function. Notice that the restriction γ1 =
(
r (Y )

(1−h)

m

ψ2
ψ1
+ (r − 1) 1

ψ1

)
γ2, along

with the result that ψ2 = 0 and ψ1 ≈ 1, implies that the income elasticity
of demand is much lower than the interest rate elasticity. The low money
demand elasticities we obtain in several cases may reflect the fact that we
use detrended data, and therefore sacrifice some information from the levels
of the data about long-run elasticities, and is also in line with Chari, Ke-
hoe, and McGrattan’s (1997) advocacy of a low long-run income elasticity.
The low interest elasticity for the euro area may reflect the omission of the
rate of return on deposits from our estimation; Stracca (2004) finds that the
behavior of the euro area monetary aggregates is sensitive to fluctuations in
the own rate on money.

The estimates for the supply side of the economy reveal the importance
of the forward-looking component of inflation, since γf is close to one. The
data do not reject the restriction γf = β, since the unrestricted estimated
of γb is not significantly different from zero. This means that the propor-
tion of price setters that use a backward-looking rule of thumb (ω) is zero.
This general pattern for the three countries is one that it is not consistent
with the estimated Phillips curves obtained by other methods (e.g. Gaĺı,
Gertler, and López-Salido, 2001). Single-equation estimates (e.g. Fuhrer,
1997) tend to display strong inflation inertia, consistent with a high γb and
ω. One way to rationalize these differences is that our model implies a
strong autoregressive pattern for the stochastic term in the Phillips curve
(i.e., ψ2

ψ1

(1−βhρe)
(1−βh)

êt − βh(1−ρa)
(1−βh)

ât − (1 + χ) ẑt). Additionally, the presence of
habits in consumption changes the dynamic pattern of the marginal cost
variable, which now depends on leads and lags of output.

An interesting difference between the three countries arises in the slope
of the Phillips curve, λ . This parameter is strongly significant in all cases
and the point estimates indicate that nominal inertia is stronger for the
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U.S. (λ = 0.15) than for the euro area (0.5) and the U.K. (0.4). The implied
elasticity of labor supply is also similar for the U.S. and the U.K. and slightly
higher (i.e., χ is lower) for the euro area.

The estimated interest rate rules also display many similarities across
economies. There is significant interest-rate smoothing of similar magnitude
(around 0.8), and the interest-rate response to output (ρy) is modest but sig-
nificant in the three countries too (around 0.3). The response of the nominal
rate to the inflation rate is well above 1.0. Finally, money growth is strongly
significant in the interest-rate rule (ρµ around 0.3) in the U.S. and in the
U.K., but it is not present in the EMU rule. This term may be approximat-
ing either genuine money targeting by the central bank, or a way of targeting
future inflation, by responding to information beyond that contained in cur-
rent πt.

10

Summing up, all the estimated models display reasonable point estimates
for most structural parameters. Our estimates of money demand elasticities
are less satisfactory, although this is a direct consequence of the tight re-
striction imposed by the assumption that money enters the utility function;
it may also reflect the use of detrended data in estimation. The estimated
values of the intertemporal elasticity of substitution in consumption appear
reasonable. All three economies exhibit strong habit formation in consump-
tion, while labor supply is highly elastic. The Phillips curve estimates suggest
a low proportion of backward-looking price setters, while both the U.K. and
the euro area display less nominal stickiness (higher implied probabilities of
price adjustment) than the U.S. The estimated policy rules indicate strong
long-run responses to inflation and a high degree of interest-rate smoothing.
The money demand shock and both real shocks display strong inertia.

Finally, the role of money in the transmission mechanism suggested by
these estimates does not correspond either to that in the New Keynesian
baseline or to the case of non-separable preferences. Instead, money has a
forward-looking quality not allowed for by the standard model. We investigate
the implications of this specification in the next section.

10This coefficient is also positive and significant when we use M3 for the Euro area (see
Appendix 2). Interestingly, the value of ρπ in Table 2 is very close to ρµ + ρπ in Table 2
(2) in Appendix 2.
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5 Dynamics of Money and the Natural Rate

In this section we will examine the dynamics of money and the natural rate
of interest in our estimated models. We consider each of the two shocks that
drive the natural interest rate, i.e. the IS (preference) shock and the technol-
ogy shock. As stressed in Section 3, when money demand is forward-looking,
some variation in real balances, given current income and the nominal inter-
est rate, will reflect portfolio responses to those real shocks (either aggregate
demand or technology) and so, implicitly, variations in the natural rate of
interest.11 In this section we investigate such a relationship between the nat-
ural rate and the real money stock by examining key moments and impulse
responses of the model. We thus aim to illustrate how The value of money is
increased in our estimated models, relative to the New Keynesian baseline,
by the specification of money demand dynamics for which we have found
empirical support.

From equation (28) it can be seen that real money fluctuations are cor-
related to the natural rate, given the other determinants of money demand.
Two factors therefore drive the response of the real balances to any real
shock: first, the response of the natural rate to the shock, and second the
policy response to the shock, as recorded in how actual rates in the next few
quarters change relative to their natural value. In the next subsections we
analyze how these two terms behave in response to each of the real shocks
considered in our analysis, i.e. an IS shock and a technology shock.

5.1 IS Shocks

In standard sticky price models, one can conjecture that the reduced-form
relationship between real balances and the IS shock is negative. This is
based in the presumption that in response to a positive shock, both the
natural rate and potential output shift up. If policymakers then partially

11The natural real rate of interest corresponds to the short-term real interest rate that
would prevail when the Calvo probability approaches 1.0, i.e. when all prices are flexi-
ble (and all firms are forward-looking). The natural-rate process will be invariant to the
monetary policy rule, but will be a (possibly dynamic) function of the two real shocks
in the model. In the present application, obtaining a natural-rate series entails evaluat-
ing our model with parameters describing preferences and production at their estimated
values, solving the model under flexible prices, and obtaining a Wold-style representa-
tion of the natural rate. The natural-rate estimates are then generated by a finite-order
approximation of the Wold representation (see Neiss and Nelson, 2003, for details).
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accommodate the shock, there will be increases in the output, nominal rates,
and expected inflation, and the emergence of a negative real rate gap (i.e.
actual rates below their natural levels). Under that scenario, the negative
real balances-natural rate relation emerges: the two previously mentioned
terms in equation (28) both react to the IS shock in the direction of reducing
real balances. Equivalently, money demand fundamentally depends upon the
expected path of nominal rates, and provided expected future values of the
natural rate move in the same direction as the nominal rate in response to
the IS shock, a negative relationship between real balances and the natural
rate will emerge in the data.12

This conjecture is only partially supported by the impulse response func-
tions of the natural rate and the real balances in our estimated model for
each economy. Figures 1(a), 2(a), and 3(a) report such impulse responses
for each of the three economies. The conjecture above is only confirmed by
the impulse response of real balances and the natural rate of the euro area
economy (see Figure 3(a)). As can be seen, in this economy, an IS shock does
drive up the natural rate while the real balances move down, so exhibiting an
inverse relationship with the natural rate. Nevertheless, the IS shock initially
drives clearly down the natural in the U.K. economy (see Figure 2(a)) and
has almost no impact effect (it slightly moves down) in the natural rate in
the U.S. economy, while as for the euro area real balances immediately fall
in response to the shock. After this impact effect, the natural rate moves up
in both economies, although the recovery is less pronounced in the U.S.

Why do real balances fall after the IS shock? This dynamic behavior
reflects the fact that real balances anticipate a sustained rise in the nominal
rate which, as Figures 1(b) to 3(b) and 1(c) to 3(c) show, occurs because
(under our estimated rules) nominal rates are raised aggressively in the case
of the U.S. and the U.K. economies and in a somewhat more moderate way
in the euro area economy. The reason for such an increase in nominal rates is
that the IS shock triggers a moderate increase in inflation as well as a more
pronounced increases in output.

Why does the natural rate falls in the U.K. and the U.S. economies? This
response crucially depends upon the estimated high degree of habit forma-
tion. Figure 4 plots the impact effects of the IS shock on the natural rate as a
function of the degree of habit formation (i.e. the parameter h) while all the

12Because money demand is forward looking, this relationship may arise only when
alowing for lags.

21



other parameters of the model are held at their estimated values. As can be
seen, when the degree of habits becomes large (i.e., the parameter h exceeds
0.9), households become so stubborn about maintaining their consumption
at its previous level that they need to be induced by lower real interest rates
to consume a higher quantity of output. 13

Hence, the interplay between the existence of habit formation, on the
one hand, and the forward-looking character of the money demand due to
the presence of adjustment cost, on the other, enriches the relationship be-
tween real balances and the natural rate. To examine this further, we have
computed some second moment statistics. Note that by simple correlations
between real balances and the natural rate would not effectively isolate the
contribution that the forward-looking money demand is making to real bal-
ance behavior. To achieve this, we instead report conditional (or partial)
dynamic correlations of real balances and the natural rate, holding current
values of output and the nominal rate of interest constant. It is important to
emphasize that, in the absence of habit formation, these dynamic correlations
are identically zero when money demand is described by the New Keynesian
benchmark of Table 1.14Non-zero correlations will reflect the increased value
of money as an indicator of real shocks, imparted by the combination of
portfolio adjustment costs and habit formation.

In Table 5 we present these conditional dynamic cross-correlations be-
tween real balances and the natural rate in order to isolate the contribution
habits and portfolio adjustment costs have on the real balance behavior. Two
comments are in order. First, the non-zero correlations confirm that money
is a forward-looking indicator in the model, containing information beyond
its value as an indicator of current output. Second, the values and the signs
of these dynamic correlations are a complicated function of the working of
the model and, in particular, of the degree of habit formation. Without habit
formation, money has negative leading indicator properties with respect to
the natural rate, though these correlations are very small in the case of the
euro area. An IS shock raises the natural rate and output—reflecting the fact
under flexible prices, real demand is raised more than supply by this shock,
so the natural rate must rise to keep consumption equal to potential output.
Nominal interest rates move by a larger amount than the natural rate, but

13Notice that potential output always rises in response to the IS shock, regardless of the
degree of habit formation. See also Amato and Laubach (2004) on this point.
14Any variation in real balances in such a benchmark that is not recorded in the current

nominal interest rate and output is uninteresting noise.
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in the same positive direction. In equilibrium, real money balances have a
leading inverse relationship for the natural rate, as shown in the results for
the U.S. and the U.K. in the bottom part of Table 5.

With habits, the relationship turns positive With the high estimated
levels of habit formation, an IS shock continues to raise potential output
through increases in labor supply, but for the reasons discussed above, it
reduces the natural rate. Nevertheless, with our estimated policy rules, given
the feedbacks to inflation and output in the interest-rate rule, the IS shock
leads to a quite sharp nominal interest rate increase which persists over time.
Real balances fall today in response to this rise in the current and future
nominal interest rates. It is thus the fact that the expected path of nominal
rates and the natural rate of interest diverge, that accounts for the positive
real balances natural rate dynamic correlations under habit formation.

5.2 Technology Shocks

In Figures 5 to 7, we plot the response of some variables to the technology
shock for each of our three economies. In response to the shock, current and
potential output rise, and the natural rate of interest falls (the reduction in
the natural rate is quantitatively similar in the U.S. and the U.K., but less
pronounced in the euro zone). The natural rate will decline if the constraint
on consumption implied by the level of potential output is relaxed more today
than in the future. Here, given the increases in output, the entire path of
consumption can be higher than previously, but because the productivity
shock wears off over time, potential output is raised more in the immediate
few quarters than in the later quarters, so the natural rate declines.

Real balances exhibit an inverse relationship with the natural rate, but
tend to exhibit their peak response well after the natural rate has started
returning to its natural level. Again, this reflects differences between the
response of the nominal rate and the natural rate of interest to the tech-
nology shock. The shock initially raises potential output relative to output
because nominal rates respond positively to output, restraining the extent
to which real aggregate demand can expand with the increased potential.
This produces a reduction in inflation, which leads, via smoothing, to a pro-
tracted fall in nominal rates, and so a protracted rise in real balances. The
fall in inflation is much larger in the U.K. with its more flexible prices than
in the U.S., but because the policy response to inflation is much lower in the
U.K., the fall in nominal rates is of a similar magnitude in both countries.
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The difference in the policy rules also produces some differences in the neg-
ative correlations of the baseline estimated model across the three countries
(see the top part of Table 6). As before, the fact that nominal rate and
the natural rate move in the same direction accounts for the strong inverse-
leading-indicator properties of real balances with respect to the natural rate
(2 to 4 quarters ahead). Under the no-habit-formation scenario, this negative
relationship is swamped by upward pressure on interest rates, coming from
a policy response to the increase in the output (which is much more rapid in
the h = 0 case).

As the above discussion indicates, the impulse responses are inherently a
function of both the estimated policy rule and the structure of private sector
behavior. The forward-looking character of money demand is part of the
structure of the model, and would prevail across different policy rules. This
structural feature should also be taken into account in an analysis of optimal
policy in our model. How the forward-looking nature of money demand
impacts the welfare analysis of an optimizing model such as ours is beyond
the scope of this paper, but is an important area for future research.

6 Conclusions

In this paper, we have looked at the role of money in a general framework that
encompasses three competing environments: the baseline New Keynesian
model with separable utility and static money demand; the non-separable
utility between consumption and real balances variant with habit formation;
and the New Keynesian model modified to allow for adjustment costs for
holding real balances. The last two models imply a forward-looking charac-
ter of real money balances, that conveys on money an important role as a
monetary policy indicator. We distinguish between these alternative views
by conducting a structural econometric analysis for the U.S., the euro area,
and the U.K. The FIML estimates confirm the forward-looking character of
money demand. We found this behavior arose mainly from portfolio adjust-
ment costs rather than from non-separability of preferences.

We illustrated how the value of money is increased in our estimated mod-
els, relative to the New Keynesian baseline, by the specification of money
demand dynamics for which we have found empirical support. We concen-
trated on the links between money and the natural rate, and demonstrated
that money can have value as an indicator of future variations in the natural
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rate, even when inflation dynamics are viewed through a “neo-Wicksellian
framework” of the type advocated by Woodford (2003).
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Table 1 . Money’s Role in the Transmission Mechanism(a)

New Keynesian model
Baseline Non-separable Forward-looking

utility money demand

Is the money demand equation

needed to obtain inflation and NO YES NO

output paths?

Do output and inflation have

non-zero impulse response NO NO NO

to money demand shocks?

Does money contain information

about real shocks not present NO NO YES

in scale variable?

(a) In all cases, interest-rate rule with no response to money
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Table 2. Maximum Likelihood Estimates, EMU, M1.

Estimated Parameters Non− separability Separability
(1) (2)

β 0.988
(0.002)

0.987
(0.003)

ψ1 0.953
(0.011)

0.900
(0.007)

ψ2 0.048
(0.002)

−

h 0.902
(0.003)

0.870
(0.005)

δ0 1.673
(0.005)

2.048
(0.079)

γ1 0.001
(0.000)

0.001
(0.000)

γ2 0.022
(0.002)

0.048
(0.005)

γf 0.988 0.987

χ 1.411
(0.008)

0.816
(0.005)

λ 0.502
(0.001)

0.555
(0.005)

ρr 0.688
(0.007)

0.734
(0.007)

ρy 0.274
(0.009)

0.286
(0.009)

ρπ 2.306
(0.016)

2.547
(0.003)

ρµ 0.000
(0.000)

0.000
(0.010)

ρa 0.978
(0.030)

0.975
(0.021)

ρe 0.987
(0.017)

0.984
(0.007)

ρz 0.972
(0.021)

0.973
(0.021)

σa 0.060
(0.084)

0.060
(0.050)

σe 0.017
(0.001)

0.018
(0.001)

σz 0.003
(0.000)

0.004
(0.000)

σr 0.002
(0.000)

0.002
(0.000)

Log-Likelihood 1362.8 1361.2
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Table 3. Maximum Likelihood Estimates, U.S., M0.

Estimated Parameters Non− separability Separability
(1) (2)

β 0.991
(0.001)

0.991
(0.001)

ψ1 0.577
(0.004)

0.580
(0.014)

ψ2 0.000
(0.000)

−

h 0.950
(0.002)

0.950
(0.056)

δ0 3.709
(0.007)

3.508
(0.062)

γ1 0.022
(0.003)

0.026
(0.007)

γ2 0.697
(0.003)

0.832
(0.016)

γf 0.991 0.991

χ 1.541
(0.008)

1.56
(0.572)

λ 0.147
(0.003)

0.163
(0.009)

ρr 0.807
(0.007)

0.807
(0.112)

ρy 0.278
(0.005)

0.296
(0.055)

ρπ 3.556
(0.002)

3.508
(0.062)

ρµ 0.241
(0.004)

0.254
(0.007)

ρa 0.813
(0.031)

0.807
(0.229)

ρe 0.944
(0.019)

0.936
(0.118)

ρz 0.961
(0.025)

0.961
(0.028)

σa 0.021
(0.004)

0.021
(0.030)

σe 0.027
(0.002)

0.028
(0.006)

σz 0.007
(0.001)

0.006
(0.002)

σr 0.003
(0.000)

0.003
(0.001)

Log-Likelihood 1255.3 1255.2
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Table 4. Maximum Likelihood Estimates, U.K., M0.

Estimated Parameters Non− separability Separability
(1) (2)

β 0.991
(0.001)

0.990
(0.000)

ψ1 0.647
(0.002)

0.647
(0.002)

ψ2 0.000
(0.00)

h 0.955
(0.002)

0.957
(0.000)

δ0 4.342
(0.000)

4.343
(0.003)

γ1 0.012
(0.001)

0.012
(0.000)

γ2 0.366
(0.002)

0.365
(0.001)

γf 0.991 0.990

χ 1.936
(0.004)

1.941
(0.042)

λ 0.419
(0.003)

0.408
(0.000)

ρr 0.799
(0.002)

0.793
(0.003)

ρy 0.367
(0.001)

0.330
(0.000)

ρπ 1.938
(0.004)

1.936
(0.000)

ρµ 0.306
(0.000)

0.273
(0.000)

ρa 0.832
(0.007)

0.844
(0.019)

ρe 0.994
(0.002)

0.990
(0.005)

ρz 0.953
(0.028)

0.951
(0.028)

σa 0.017
(0.01)

0.017
(0.003)

σe 0.023
(0.002)

0.023
(0.002)

σz 0.004
(0.000)

0.004
(0.000)

σr 0.003
(0.000)

0.003
(0.000)

Log-Likelihood 1457.3 1457.0
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Table 5. Dynamic Cross-Correlations (IS Shocks)
(Corr{m̂t, r̂r

∗

t+k})

k = 0 k = 1 k = 2 k = 3 k = 4
Baseline estimated model

U.S. Parameterization 0.531 –0.868 0.512 0.822 0.571
U.K. Parameterization 0.570 0.053 0.722 0.756 0.579

Euro Area Parameterization –0.018 –0.197 0.019 0.103 0.565

Baseline estimated model, habit formation suppressed

U.S. Parameterization –0.494 –0.490 –0.497 –0.489 –0.456
U.K. Parameterization –0.741 –0.758 –0.248 0.150 0.338

Euro Area Parameterization 0.366 0.592 0.454 0.361 0.303

Note: Statistics are partial correlations holding current output and nominal rate constant.

Table 6. Dynamic Cross-Correlations (Technology Shocks)
(Corr{m̂t, r̂r

∗

t+k})

k = 0 k = 1 k = 2 k = 3 k = 4
Baseline estimated model

U.S. Parameterization 0.788 0.836 –0.122 –0.786 –0.803
U.K. Parameterization 0.161 0.553 –0.735 –0.877 –0.775

Euro Area Parameterization –0.081 –0.139 –0.473 –0.524 –0.479

Baseline estimated model, habit formation suppressed

U.S. Parameterization 0.186 0.188 0.174 0.171 0.164
U.K. Parameterization 0.446 0.416 0.274 0.118 0.008

Euro Area Parameterization 0.005 0.010 0.011 0.009 0.008

Note: Statistics are partial correlations holding current output and nominal rate constant.
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Appendix 1. Data Sources
U.S. data

The series used in the estimation are: RGDP: real GDP; HDOM: quar-
terly average of Anderson and Rasche’s (2000) domestic monetary base series
(ends in 1999:2); POPav: quarterly average population; M2FEDav: quar-
terly average M2, Federal Reserve Board series; M2adjav: Fed M2 series
adjusted for the break in 1983:1 due to the introduction of MMDAs; CPIav:
quarterly average CPI, s.a.; FFRav: quarterly average nominal fed funds
rate. Sources: Ireland (2002a) and Federal Reserve Bank of St. Louis.

U.K. data

Prices: Seasonally adjusted consumer price index. This index is the sea-
sonally adjusted version of a quarterly average of a monthly price series
consisting of the quarterly average of the retail price index (RPI) spliced
into RPIX in 1974. The seasonal adjustment was obtained by regressing
non-seasonally adjusted log-change in RPIX on seasonal dummies, with sep-
arate adjustment for 1955:2 to 1975:4, 1976:1 to 1986:Q4, and 1987:1 to
2002:4. The seasonal coefficients estimated up to 1972:4 were imposed on
the 1955:2 to 1975:4 data to avoid the effect of severe commodity shocks
and price controls over 1973 to 75 on the seasonal adjustment. The later
seasonal regressions had dummies for the tax-induced spikes in the RPIX in
1979:3 and 1990:2. The estimated effect of the tax spikes, as well as mean of
the dependent variable for each period, were restored to the residuals from
the seasonal regressions. The resulting series comprised a seasonally season-
ally adjusted log-change in RPIX. This series was then cumulated, and its
exponent taken to obtain a price level series.

Real GDP: 1995 prices, series code ABMI.
Nominal interest rate: Quarterly averages of monthly average of nominal

Treasury bill rate. Source: Capie and Webber (1985) up to 1963:4, Interna-
tional Financial Statistics thereafter. The December 2002 IFS observation
on the U.K. bill rate was unavailable and so a U.K. source (series code AJNB)
for the bill rate was used to obtain a 2002:4 average.

M0: Nominal monetary base. Quarterly average of monthly data, ob-
tained by splicing Capie-Webber series up to August 1969 into Bank of Eng-
land series. The resulting series has minor differences from that in Nelson
(2002), due to the 1969 splicing taking place on monthly rather than quarterly
data, and to data revisions. The December 1999 and January 2000 observa-
tions are replaced by linear interpolations between the November 1999 and
February 2000 observations, to exclude the main effects of the millennium
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bulge in currency.
Population: For 1992:2 to 2003:1, official quarterly population data (over-

16), series code MGSL. Spliced into 1976:3 to 1992:2 Bank of England data on
population over 16. Prior to 1976, annual data on total population (Liesner,
1985, p. 24) were interpolated into a quarterly series, and then spliced into
the 1976-2003 series.

Euro Area data

We use euro area quarterly data from 1980:1 to 1999:4 for the logs of de-
trended output, detrended real balances, inflation and gross nominal interest
rates. The output, inflation and nominal interest rate data are from the
Area Wide Model data set which has aggregated the individual country data
using an index method (see Fagan et al, 2001). Output is measured as real
GDP, inflation is defined as the change in the log of the GDP deflator, and
the interest rate is the three-month money market rate. Real balances are
measured by dividing M3 by the GDP deflator, and are obtained from the
work of Brand and Cassola (2000). Finally, M1 for the Euro area includes
gross stocks, MFIs (with ECB) reporting sector - currency in circulation,
all currencies combined - Euro area counterpart, Other residents and other
general govnt. (2120 & 2200) sector, denominated in Euro, SA. Source: ECB.
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Appendix 2. Alternative Monetary Aggregates
In this appendix we estimate the model, both under separable and non-

separable preferences, using broad monetary aggregates for the US (M2) and
the euro area (M3). The results barely change relative to those in Tables 2
and 3 in the text. For the euro area, non-separability in preferences is clearly
without support (as in Andrés, Vallés and López-Salido, 2001), while the
effect of money growth in the policy rule (ρµ), is now significant and large.
As for the US, a very small estimate of ψ2 (0.004) is now obtained, while
both elasticities of money demand (γ1 and γ2) become smaller with the new
money definition.
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Table A2.1. Maximum Likelihood Estimates, EMU, M3.

Estimated Parameters Non− separability Separability
(1) (2)

β 0.988
(0.004)

0.988
(0.001)

ψ1 0.935
(0.028)

0.940
(0.004)

ψ2 0.00
(0.011)

−

h 0.917
(0.038)

0.917
(0.002)

δ0 2.072
(0.017)

2.198
(0.004)

γ1 0.001
(0.001)

0.001
(0.000)

γ2 0.059
(0.007)

0.044
(0.000)

γf 0.988 0.988

χ 1.473
(0.032)

1.359
(0.003)

λ 0.425
(0.013)

0.469
(0.002)

ρr 0.705
(0.030)

0.677
(0.017)

ρy 0.151
(0.006)

0.128
(0.003)

ρπ 1.610
(0.045)

1.551
(0.003)

ρµ 0.883
(0.003)

0.804
(0.003)

ρa 0.978
(0.070)

0.978
(0.020)

ρe 0.925
(0.025)

0.923
(0.028)

ρz 0.972
(0.032)

0.971
(0.020)

σa 0.054
(0.174)

0.052
(0.051)

σe 0.009
(0.001)

0.009
(0.001)

σz 0.004
(0.000)

0.004
(0.000)

σr 0.002
(0.000)

0.002
(0.000)

Log-Likelihood 1444 1444
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Table A2.2. Maximum Likelihood Estimates, US, M2.

Estimated Parameters Non− separability Separability
(1) (2)

β 0.991
(0.001)

0.991
(0.002)

ψ1 0.596
(0.002)

0.588
(0.006)

ψ2 0.004
(0.00)

−

h 0.955
(0.001)

0.954
(0.001)

δ0 4.892
(0.001)

4.888
(0.006)

γ1 0.012
(0.001)

0.011
(0.001)

γ2 0.397
(0.002)

0.361
(0.001)

γf 0.991 0.991

χ 1.883
(0.001)

1.887
(0.045)

λ 0.112
(0.001)

0.106
(0.004)

ρr 0.870
(0.002)

0.870
(0.004)

ρy 0.366
(0.001)

0.392
(0.002)

ρπ 4.656
(0.002)

4.673
(0.001)

ρµ 0.797
(0.001)

0.799
(0.003)

ρa 0.812
(0.006)

0.808
(0.034)

ρe 0.980
(0.014)

0.975
(0.105)

ρz 0.955
(0.024)

0.954
(0.024)

σa 0.021
(0.002)

0.021
(0.004)

σe 0.021
(0.002)

0.021
(0.004)

σz 0.007
(0.001)

0.007
(0.001)

σr 0.002
(0.000)

0.002
(0.000)

Log-Likelihood 1441.0 1440.9
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Figure 1. Impulse Response to an IS shock for the US 
 

 
 

Note: Percentage points are deviations from steady state. 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

Figure 2. Impulse Response to an IS shock for the UK 
 

 
 
Note: Percentage points are deviations from steady state. 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

Figure 3. Impulse Response to an IS shock for the Euro area 
 
 

 
 
 
Note: Percentage points are deviations from steady state. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Figure 4. Habit Formation and Impact response of rrt* 
(IS Shocks) 
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Figure 5. Impulse Response to a Technology shock for the US 
 
 

 
 
Note: Percentage points are deviations from steady state. 
 
 
 
 
 
 
 
 



 
 
 

Figure 6. Impulse Response to a Technology shock for the UK 
 

 
 

Note: Percentage points are deviations from steady state. 
 
 
 
 
 
 
 
 
 



 
 

Figure 7. Impulse Response to a Technology shock for the Euro area 
 

 
 
 
 

Note: Percentage points are deviations from steady state. 
 
 
 




