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I. Introduction
King and Watson (1996) and Stock and Watson (1999) have documented
important stylized facts of business cycles: the growth rate spectra of selected
real macroeconomic variables are relatively low at low frequencies, rise at
middle frequencies, and then decline at high frequencies. This pattern is known
as the typical spectral shape of growth rates. They also present the empirical
facts that nominal interest rates move procyclically while real interest rates move
countercyclically, and both real and nominal interest rates are negatively
correlated with future real output. That is, both nominal and real interest rates
are inverted leading indicators for real activity.
However, the existing quantitative dynamic general equilibrium models with
nominal rigidities have difficulty in generating the observed empirical facts such
as the common hump shape of the power spectra of real variables and the cross
correlations between interest rates and output. Ellison and Scott (2000) point out
that the Calvo-type sticky price model fails because it generates insufficient
output fluctuations at business cycle frequencies, as well as excessive output
volatility at high frequencies. King and Watson (1996) also conclude that
existing benchmark macroeconomic models-a real business cycle model, a
sticky price model, and a liquidity effect model-cannot adequately account for
the cross correlation between interest rates and real activity, notwithstanding
their diverse successes.
Some authors such as Chari, Kehoe, and McGrattan (2000, hereafter Chari et
al. (2000)), Jeanne (1998), and Kiley (1997) have tried to explain these empirical
facts. For example, Jeanne (1998) shows that a small degree of nominal friction
in the goods market with a real wage rigidity in the sticky price model can
generate the delayed response of output to the shock. However, capital
accumulation is not considered in his model, and income is thus equal to
consumption in equilibrium, which is unsatisfactory. With regard to the
persistent effects of a monetary shock, Kiley (1997) shows that persistent effects
are possible in the nominal rigidities model when one increases the degree of
increasing returns to scale in production. In view of the empirical data, however,
the degree of increasing returns to scale necessary to generate the persistent real
effects is implausibly high.
None of these studies, moreover, explore the relative performance of the
sticky price models at high frequencies.
In macroeconomics and finance, many authors have pointed out that the
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common constant-relative-risk-averse expected utility function is not
satisfactory, and proposed various models to explain some stylized facts, such as
the hump-shaped response of consumption to monetary shock and the equity
premium puzzle in finance. A habit formation model is one of these models.
Boldrin, Christiano, and Fisher (2001, hereafter Boldrin et al. (2001)) replace the
power specification of utility with the habit persistence specifications proposed
by Constantinides (1990) and investigate the implications of the model for the
equity premium puzzle. Even though the habit formation models are said to be
quite successful in generating the relationship among the selected variables, they
are unsatisfactory because their success is only in terms of second moments.
The height of the spectral density of the selected variable at each frequency
indicates the extent of that frequency’s contribution to the variance of the
corresponding variable occurring between any two frequencies given by the
areas under the spectrum. Therefore, one cannot argue that the economic model
with habit formation performs well in matching the movements of the selected
variables by comparing only the unconditional moments generated by the model
with the unconditional moments observed in the data at a specific frequency
band. It is worth noting that Beaubrun-Diant (2006) and Rudebusch (2006)
explore the so-called equity-premium puzzle and the term structure of interest
rates in terms of power spectrum.
This paper takes into full account that the habit formation is internal, as in
Constantinides (1990) and Boldrin et al. (2001), and explores whether the sticky
price model with internal habit persistence can improve our understanding about
the relationships among money, prices, interest rates, and real activity in the
frequency domain as well as the time domain. I will first discuss the cyclical
behavior of these variables in the U.S. over the post war periods, following
Stock and Watson (1999). Secondly, I set up a sticky price model with internal
habit in consumption. Thirdly, using these models, I critically examine the
successes of the model with habit by addressing the performance of the model at
all frequencies along the lines of Watson (1993)’s measure of fit. The issue of
the liquidity effects is also addressed when the money growth rate is identified
as a monetary shock. In addition, I introduce the consumption and investment
expenditure delay as in Rotemberg and Woodford (1997) and Bernanke et al.
(1999) to the model and explore the questions referred to above more
extensively. In this hybrid model, households must decide how much to spend
one period in advance, before they realize the state of the money market.1)
The households that care about their own past consumption paths gradually
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adjust their consumption profiles and thus their labor supply to the monetary
shocks. Because households respond gradually to the monetary and real shocks,
a positive monetary shock which decreases current interest rates leads to an
increase in future real economic activities. That is, interest rates can act as
inverted leading indicators in the sticky price model with internal habit
formations. Moreover, the delayed response of households causes consumption,
employment and output to display hump-shaped responses to a positive
monetary shock, as observed in the data. When the response of consumption is
sufficiently small, it can also drive nominal interest rates down.
The main findings of this paper can be summarized as follows. First, internal
habit formation improves the sticky price models’ explanations of the selected
variables in terms of Watson (1993)’s measure of fit. Habit formation
substantially decreases the volatility of output, consumption, investment and
labor at business cycle frequencies in the Calvo-type and Taylor-type sticky
price models. Second, the Taylor-type sticky price model can generate the
common hump-shaped growth rate spectra of real variables such as output,
consumption, and labor, while the Calvo-type sticky price model can only
generate the hump-shaped growth rate spectra of consumption. However, the
spectral densities of the relevant variables in the Taylor-type sticky model have
peaks at higher frequencies than those of the corresponding variables in the data.
Finally, a monetary shock generates persistent and hump-shaped responses of
output and consumption when habit formation or expenditure delay exists in the
sticky price model. The monetary shock also generates a limited size of liquidity
effect when there is a substantial degree of habit formation or consumption
expenditure delays in the sticky price economy.2) However, the models have
difficulty in generating the power spectra of interest rates and the cross
correlation with output as in the data.
This paper is composed as follows. Section 2 presents some features of the US
business cycles. Section 3 specifies the sticky price model with habit formation.
Section 4 discusses equilibrium and the implications of the model related to
business cycles. Section 5 explores the quantitative implications of the model.
Section 6, finally, makes some concluding remarks.

1) The monetary transmission mechanisms in the sticky price model with consumption expenditure delays contain
the transmission mechanism of the limited participation model such as in Lucas (1990) and Fuerst (1992).
2) When there is a substantial degree of nominal price rigidity, the models with habit and expenditure delay can
generate a liquidity effect comparable to the one seen in the empirical data.
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II. Features of the Post-War U.S. Business Cycles
In this section, I will document key features of the US business cycles over the
post-war period, focusing on the time series relationships between real and
nominal interest rates, and gross domestic product. The statistical relationships
presented in this section will be used to evaluate the performance of the sticky
price model with internal habit formations constructed in this paper. I will first
discuss the power spectra of selected variables and then the patterns of
comovement between real and nominal variables over the post-war business
cycles.

1. Power Spectra of Selected Variables
The power spectra of growth rates are known to provide important
implications about the nature of business cycles. In particular, Watson (1993)
and King and Watson (1996) present the power spectra of growth rates of
selected macroeconomic variables, and discuss the implications of the power
spectrum such as the so-called typical spectral shape of growth rates. That is, the
business cycle interval contains the peak as well as the bulk of the variance of
the growth rates of these real variables, as the spectrum presented in the dotted
lines in Figure 1 shows.
The estimated spectra of the selected macroeconomic variables have the
following characteristics in relation to the business cycle. First, output,
consumption, and investment show the so-called typical spectral shape of growth
rates. Second, there is a common, hump-shaped spectrum of output,
consumption, and investment. Given that the height of the spectrum of each
variable reflects the variable’s relative volatility, the average height of the
spectrum of investment is the highest and that of consumption the lowest among
them. Third, the spectrum of inflation rates has a peak at a lower frequency than
the spectra of the other variables. This implies the role of nominal rigidity in the
business cycles.

2. Business Cycle Comovement
Next, I will explore the features of business cycles in terms of cross
autocorrelations. Table 1, taken from King and Watson (1996), shows various
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moments of the selected variables calculated from the estimated spectral density
matrix with only the business cycle (6-32 quarter) frequencies of the U.S.3)
Three key features are evident in Table 1, as many empirical researchers such
as King and Watson (1996) and Stock and Watson (1999) document. First, there
are systematic movements of nominal interest rates in relation to output. The
contemporaneous correlation between nominal interest rates (r t) and output (y t)
is positive (corr(r t, y t) = 0.30), and smaller than the correlation between lagged
nominal interest rates and output (corr(r t, y t-4) = 0.58). However, the correlations
between nominal interest rates and future output are negative (corr(r t, y t+4)=-0.61),
which shows that nominal interest rates act as countercyclical leading indicators
in the business cycle.
Second, the contemporaneous correlation between real interest rates (rr t) and
output is negative (corr(rr t, y t) = -0.27), and less strongly negative than the
correlation between real interest rates and future output (corr(rr t, y t+4)=-0.41).
This shows that real interest rates also act as countercyclical leading indicators
in the business cycle. However, Stock and Watson (1999) present the empirical
result that since real interest rates are slightly leading, they have little predictive
content for output growth at either the one-or four-quarter horizons.
Third, note the systematic movements of prices over business cycles.
Although the correlation between prices and output (corr(pt, y t)= -0.35) is
negative, the correlation between price (pt) and future output is more strongly
negative (corr(pt, y t+4)=-0.66) than the contemporaneous correlation between
output and price. That is, prices are also leading countercyclical indicators in the
business cycles.
The next section provides the sticky price model with internal habit formation.
The model’s implications for the dynamic effects of monetary innovations on
real activities, prices, and interest rates are evaluated in light of the evidence
provided above.

III. The Model
The model in this paper is based on monopolistically competitive markets in
which there exist continuums of differentiated goods indexed by [0,1]. I assume

3) King and Watson (1996), and Stock and Watson (1999) present the moments of band-pass filtered quarterly US
data.
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that the utilities of consumers and additions to the aggregate capital stock
depend only upon the amount of a single composite good.

1. Household's Problem
The economy consists of a continuum of identical infinite-lived households.
Following Boldrin et al. (2001), suppose that a representative household derives
utility from current consumption relative to its own past consumption, i.e.
internal habit. The household4) chooses consumption, leisure, and portfolios to
maximize its lifetime objective

E0[Σ∞j = 0 βj ( (Ct-bCt-1)
1-σ

Nt1+ν
)], 0 < β< 1, 0 ≤ b < 1, (3.1)
1+ν

1-σ

where E0 denotes the conditional expectations operator on the information set
in period 0, βis the discount factor, and C t and N t represent the domestic
household’s consumption of composite goods and work hours in period t,
respectively.
I assume a Dixit-Stiglitz (1977) aggregator of consumed amounts as follows:

Ct ≡

(∫
1

Ct ( j)

-1

dj

0

)

-1

,

(3.2)

where measures the elasticity of substitution within each category Ct ( j) .
A complete asset market exists in the economy. In particular, I assume that
there is a contingent one-period bond market as in Woodford (2003). Let Bt
denote the nominal payoff of the portfolio purchased in period t and Qt,t +1 be the
corresponding stochastic discount factor in period t. Then the riskless one-period
nominal interest rate in period t is given by Rt≡[E t Q t,t +1] -1.
Before turning to the household’s problem, introduction of the role of money
in the model is necessary. Assume that money reduces the costs of consumption
or investment transactions and the cost of time to shopping can be represented
by a function of expenditure levels and real balances, as in Feenstra (1986).
t
That is, when the household has real balance holdings equal to mt (≡ M
p ), it
t

4) The household's index h will be omitted, for notational simplicity.
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must expend additional Φ(Ct ,mt) units of goods as transaction costs. Here are
the nominal money holdings and price level, respectively. 5) And here the
aggregate price index for aggregate goods is given by
Pt ≡

∫
(
1

0

Pt ( j)1 - dj

)

1
1-

,

where Pt (j) is the price of variety j in period t.
Since the timing of markets and the transactions the household faces need to
be specified, I will explain them. When there is no consumption and investment
expenditure delay, a household chooses its consumption and investment as well
as asset holdings after the state of the money market is known. However, when
consumption and investment expenditure delays are assumed, as in Rotemberg
and Woodford (1997), Bernanke et al. (1999), and Woodford (2003), the
household must choose its purchases of Ct and It at time t -1. This assumption
means that the household decides its current consumption and investment
expenditures at the beginning of the current period or at the end of the previous
period before the current monetary shock is known. This expenditure delay is
assumed to generate the hump-shaped response of output to monetary shock in
Rotemberg and Woodford (1997) and Bernanke et al. (1999).
Keeping this in mind, consider the household’s problem. For analytical
simplicity, I suppose that the household owns only capital stock to rent to firms
and there is no firm-specific capital stock. Since we do not empirically observe
large discrete capital stock adjustments, it is reasonable to introduce an
adjustment cost in capital stock installments. If there are costs of installing
capital, the capital stock will move more sluggishly. I assume that there are
deadweight costs of installing capital stock. To keep the model structure as
simple as possible, I will adopt the following form of investment adjustment
costs:
Kt+1 = ψ(It /Kt )Kt+)1- δk )Kt

(3.3)

where ψ(It /Kt ) is a positive, concave function, It is the composite investment
at period t, and Kt is the composite capital stock at period t. At the end of each
Φ(Ct ,mt )
= ψ(Ct ,mt ) is homeogenous
Ct
of degree zero in both arguments with . ψC ≥ 0, ψm ≤ 0, ψCC ≥ 0, ψmm ≥ 0, and ψCm < 0. .

5) As in Feenstra (1986), I assume that the unit transaction cost function
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period, the household receives wages, rents for capital, and dividends from each
firm. Then, the household faces the budget constraint given by
PtCt ( 1+υ(Ct ,mt) ) +Pt It +Mt+Et Qt,t+1 Bt +1

Θt + Tt .

(3.4)

The household’s wealth Θt at the beginning of period t is
Θt = Mt -1+ Bt -1+ Wt Nt + Vt Kt +Πt ,

(3.5)

where Nt Πt , Wt and Vt denote the hours worked, the firm’s nominal profits,
nominal wages and the nominal rental rate for capital stock given to the
household at time t, respectively.

2. Firms
In the model, differentiated goods and monopolistic competition are
introduced along the lines of Dixit and Stiglitz (1977). Suppose that there are a
continuum of firms producing differentiated goods, and each firm indexed by
j, 0 ≤ j≤1 produces its product with constant returns to scale, and concave
production technology, Yt ( j) = At F ( Kt ( j) , zt Nt ( j) ). Each firm j takes Pt and the
aggregate demand as given, and chooses its own product price Pt ( j).
3.2.1. Input Demands
Assuming that input markets are perfectly competitive, the demands for labor
and capital are determined by its cost minimization, as follows:
Vt = M Ct ( j)At Fk ( Kt( j), zt Nt ( j))
(3.7)
Wt = MCt ( j)At FN ( Kt( j), zt Nt ( j))
Here zt and At are labor augmenting permanent technology progress and
transitory technology process at period t, respectively. Yt( j) is the output of the
j th firm. I assume that the permanent changes in the total factor productivity, zt ,
are taken as growing deterministically, i.e. γ= zzt-1t for all t, and the technology
shock follows an AR(1) process as in King, Plosser and Rebelo (1988, hereafter
KPR (1988)). That is,
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at = ρa at -1+ ξat ,

(3.8)

where at ≡ logAt , E (ξat ) = 0, and ξat is i.i.d. over time.
3.2.2. Staggered Price Setting
There are many papers that have studied the price decision rules in
monopolistically competitive product markets. In this subsection, I consider two
types of staggered price setting which have become standard ways of
introducing nominal rigidities in the quantitative general equilibrium model.
The first one is the discrete time variant of a model introduced by Calvo (1983),
and the second one is Taylor (1979)’s staggered contracts model.
Calvo-type Price Setting
The monopolistically competitive firms in product markets set their own prices
in advance by maximizing the present discounted value of profits. Only the
fraction (1- α) of the firms sets the new price, Pt ,t , and the other fraction of firms,
a, sets its current price at its previous price level,`a la Calvo (1983) and Yun
(1996). The firm’s maximization problem can be written as follows:
∞
max.EtΣ(αβ)k Λt+k Rt ,t+k [ Pt [Pt ,t +k Dt ,t +k (Pt ,t +k )- MCt +k Dt ,t + k (Pt ,t +k )]]

Pt+k

k=0

(3.9)

where Λt + k is the marginal utility for the household of additional income at
P
y+k and Rt ,t + k = Λt Pt+k . Here Dt ,t +k denotes the demands at period t +k facing
firms that set their prices at time t , and Pt ,t +k the prices at period t +k that are
predetermined at time t .
The newly determined price at time t is given by
t

∞

(αβ) E { Λ
Σ
P
k=0
k

t+k

t

ø
Pt ,t = ø-1

Dt ,t +k MCt +k }

t+k

∞

(αβω) E { Λ
Σ
P
k=0
k

t

t+k

(3.10)
Dt ,t +k },

t+k

and ωis the average monetary growth rate. The price level satisfies the recursive
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form such that
Pt 1-ø= (1-α ) Pt ,t1-ø+αω1-ø Pt1-ø
-1 .

(3.11)

Taylor-type Price Setting
Suppose that firms set their prices for period t through period t+s at period t
and do so in a staggered way. In other words, in each period, the fraction
(1/(1+s)) of firms is adjusting prices. In a symmetric equilibrium, the fraction of
each group is identical across groups and the prices of goods within a group are
the same. Thus, the expected present discount value of profit at period t for these
firms can be written as
s
max.EtΣβkΛt+k Rt ,t+k [ Pt [Pt ,t +k Dt ,t +k (Pt ,t +k )- MCt +k Dt ,t +k (Pt ,t +k )]]

Pt+k

k=0

(3.12)

Here, the newly determined price at time t is given by
s

βE { Λ
Σ
P
k=0
k

ø
Pt ,t = ø-1

t+k

t

Dt ,t +k MCt +k }

t+k

s

Σ

(βω) Et { Λt+k Dt ,t +k }
k=0
Pt+k
k

.

(3.13)

The price level Pt satisfies
s
Pt 1-ø=Σ 1 Pt -1-ø
j,t.
j=

0

1+s

(3.14)

3.3. Monetary Policy
There has been extensive debate over the most appropriate way to model U.S.
monetary policy. It concerns whether the money supply rule is more appropriate
than the interest rule for evaluating the effect of monetary policy in the actual
economy. Chari et al. (2000) show that an interest rule can be logically
interpreted as a money supply rule, and vice versa. Investigating whether the
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model can generate the liquidity effects in this paper, I will employ the money
supply rule.
Assume that the central bank follows a simple money supply rule, namely, the
growth rate of the money stocks follows an AR(1) process such as
lnωt = ρwlnt -1+ξwt ,

where ωt =

Mt
Mt -1

(3.15)

, E(ξwt) = 0, and ξwt is i.i.d. over time with a mean of zero and a

standard deviation of σw .

IV. Equilibrium
1. First Order Conditions
With this specification of utility, the first order condition without consumption
delay is given by
-σ

-σ

(Ct - bCt-1) - b βEt [(Ct+1- bCt) ] = Λt [1+Φc (Ct ,mt )] ,

ν

Nt = Λt

Qt,t +1= β

Wt
Pt

,

Λt +1 /Pt +1
,
Λt /Pt

Λt (1+Φm (Ct ,mt )) = βEt [Λt +1] ,

＇(
qt = (ψ

It -1
)) ,
Kt

)) Kt ,
Kt+1= ψ( It /Kt ) Kt +( 1-δ
k

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)
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t
)At +1 Fk (Kt+1 , zt +1 Nt +1) ) ] ,
Et [(1+ V ) qt ] = Et [(qt+1 (1-δ
k
Pt

(4.7)

Vt = MCt At Fk (Kt , zt Nt ) ,
Wt = MCt At FN (Kt , zt Nt ) ,

∞

(αβ) E { Λ
Σ
P
k=0
k

t+k

t

ø
Pt ,t = ø-1

Dt ,t +k MCt +k }

t+k

∞

(4.8)

for Calvo-type

(4.9)

(αβω) Et { Λt+k Dt ,t +k }
Pt+k
k=0
,

Σ

k

s

βE { Λ
Σ
P
k=0
k

ø
Pt ,t = ø-1

t+k

t

Dt ,t +k MCt +k }

t+k

for Taylor-type

s

Σ

(4.10)

(βω) Et { Λt+k Dt ,t +k },
k=0
Pt+k
k

Pt 1-ø= (1-α ) Pt ,t ø+αω øPt -1 ø , for Calvo-type
1-

1-

1-

(4.11)

s

1-ø
Pt 1 ø= Σ 1 Pt -j,t.
for Taylor-type
1+s

-

j=

0

(4.12)

Here, Λt is defined as βEt [Λt +1 ]Pt , and Λt +1 is a Lagrange multiplier of the
domestic household’s budget constraint (3.4). Equation (4.1), which is the first
order condition for consumption goods, says that the marginal utility of
consumption goods equals the sum of the marginal utility of wealth and that of
the liquidity service of money. Equation (4.2) relates the marginal utility of
leisure to the marginal utility of the real wage rate. Equations (4.3) and (4.4)
refer to the intertemporal decisions of households, that is, the decisions on bond
holdings and money holdings, respectively. In particular, the equations imply
that the demand for real balance is a decreasing function of the nominal interest
rate. The demand for real balance can be derived from
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Φm (Ct ,

Mt = -Υt
)
.
1+Υt
Pt

1+ζ

(4.13)

-ζ

Suppose that Φ (Ct ,Mt /Pt ) = ACt (Mt /Pt ) , with ζ>0. Then the demand for real
balance is given by
Mt =
ACt
Pt

(

Υt
1+Υt

)

-

1
1+ ζ

.

This is comparable to the textbook LM equation. Equation (4.5) says that
Tobin’s q equals the inverse of the investment/capital adjustment function
derivative. Equation (4.7) represents the relationship between the rent paid to a
unit of capital in t +1 and the expected return to holding a unit of capital from t to
t +1. This first order condition shows the evolution of Tobin’s q over time.
When there is a delay in consumption expenditure, households decide their
expenditures on consumption and investment one period in advance. Hence, the
first order conditions with respect to the consumption and investment
expenditures are replaced by
-σ

-σ

Et (Ct +1- bCt) - b βEt [(Ct+2- bCt+1) ] = Λt [1+Φc (Ct ,mt )] ,

(4.14)

and

ψ
Et [qt+1] = Et (＇(

It+1 -1
)) .
Kt+1

(4.15)

Because of the delay in consumption expenditure decision, the standard Euler
equation for optimal intertemporal allocation of consumption does not hold, but
only the Euler equation conditional on information available one period in
advance holds.

2. Dynamics around Steady State
First, I will represent the economic system in a state space to explore the
dynamics of the economy. Next, I will analyze the response of the economy to
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shocks of technology and monetary policy using essentially the method of KPR
(1988). That is, I restrict my attention to the case of small fluctuations of
endogenous variables around a steady state growth path. Since most of the
following analyses will be done in stationary terms, it is more convenient to
define a symmetric rational equilibrium in terms of a stationary one.
In this system, the state vector at period t, xt, consists of a technology shock
(At), a monetary shock (ωt), a predetermined capital stock(kt), and a previous
price level (pt-1) in the case of the Calvo-type price setting model with a money
supply rule, while xt includes {pt-j,t}sj =1 in the case of the Taylor-type price setting
model (all in log forms) with a money supply rule. Since each firm in each group
sets the same price in symmetric equilibrium, it is desirable to divide
consumption and investment goods into groups on the basis of the staggered
prices setting decisions times.
The stochastic symmetric stationary equilibrium consists of the bounded time
invariant decision rules {c(xt), i(xt), k(xt), N(xt)} and prices {pt,t (xt), p(xt), q(xt),
r(xt), w(xt), v(xt), λ(xt)}, with the state of the economy xt such that
1)The households decision rules, {c(x t), i(x t), N(x t), λ(x t)}, solve their
optimization problem given the states and the prices.
2) The demands for labor and capital,{N(xt), k(xt)}, solve each firm’s cost
minimization problem, and the price setting rules, pt,t , solve their present value
maximization problems given the states and the prices.
3) Each goods market, capital rental market, labor market, bond market, and
money market are cleared at {pt,t (xt), q(xt), v(xt), w(xt), r(xt)}.6)

V. Quantitative Evaluation of the Models
1. Parameter Values
The money market equilibrium condition is redundant when an interest rate
smoothing rule is introduced. This is because it determines only the money
supply. However, the condition is important in relation to the effect of a
monetary policy shock to interest rates in the case of the money supply rule.

6)

wt =

Wt
Vt
υ=
Pt , t
Pt
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The estimate of M1 growth rate of the U.S. is given by
lnωt = 0.00646+ 0.50569lnωt -1+ ξwt ..

(5.1)

Lucas (1988) found that the long-run income elasticity of money is 1, and that
the long-run interest rate semi-elasticity is -0.07 during 1958-1985 and -0.09
during 1900-1985 for M1. However, King and Watson (1996) use a much smaller
value of interest elasticity of money demand equal to -0.01, because the degree
of money demand over the business cycle is much smaller than the one in the
long run. Christiano et al. (1998) found that the estimate of this elasticity is
much smaller than that of Lucas, i.e. -10-3. For this reason, I will follow King and
Watson (1996) and use -0.01 for this elasticity and determine parameter values.
In the discussion of the liquidity effect, I will also use a much smaller value of
interest elasticity of money demand, -10-3, taken from Christiano et al. (1998).
All parameter values used in this paper are reported in Table 2. Most of them
are taken from KPR (1988), Lucas (1988), and King & Watson (1996). Although
I need not specify the functional form for the adjustment cost function, ψ, I
should specify three parameters which describe the behavior around the steady
state. First, I must specify the steady state value of Tobin’s q and the share of
investment in the national product. Since the steady state value of Tobin’s q is
1.0, I also set the value of this variable to 1.0 in the steady state. And I will take
the same steady state investment share in a model with adjustment cost as in a
model without adjustment cost. Next, I have to specify the parameter which
determines the elasticity of the marginal adjustment cost function, that is, the
value of elasticity of i/k with respect to Tobin’s q, ηq. This value reflects the
volatility of investment. As there has been no study on this adjustment cost
parameter value, I will present several results through sensitivity analysis in the
next section. In the baseline model, I will choose 4 as in BGG (1999). In the
sensitivity analysis, I will also report the results when η_{q} equals one as in
King and Watson (1996), to compare the implications of this sticky price model
with internal habit formations with King and Watson (1996)’s model. Finally, I
will choose 1.1 as the benchmark average size of markup, μ. Although this value
is much lower than the value that many sources of evidence suggest, 7) it is
consistent with the average markup estimates in Fernald and Basu (1997).

7) See Rotemberg and Woodford (1993) for more detailed discussion and references about markup.
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2. Relative Mean Square Approximation Error
To evaluate the goodness of fit of the models, I will employ the minimum
approximation error representation developed in Watson (1993). Following
Watson, consider the error ut defined by
ut = Yt - Xt

(5.2)

where Xt is the evolution of the n×1 vector coming from the economic model,
and Yt is the empirical counterparts of X t. Suppose that X t and Y t are
transformed to be jointly covariance stationary. Then the autocovariance
generating function (ACGF) of , ut , Au (z) is given by

Au (z) = AY (z) + Ax (z) - AxY (z) - AYx (z)

(5.3)

where Ax (z) is the ACGF of Xt , AxY (z), is the cross ACGF between Xt and
Yt and so on. Under certain assumptions,8) Watson (1993) suggested a bound on
the relative mean square approximation error (RMSAE) for the economic model
- the bound analogous to a lower bound on 1-R2 from a regression as follows:

Rj (z) =

[Au(z)] j j
[AY (z)] jj ,

z =e -iω

(5.4)

where [Au(z)] j j and [AY (z)] jj are the jth diagonal elements of Au(z) and AY (z),
respectively. Because Rj (ω) is the variance of the error relative to the variance of
the data for each frequency, it tells us how well the economic model fits the data
over different frequencies.
Because the spectrum of the data, Yt , is not known, it must be estimated. In
this paper, the spectrum of Y was calculated by estimating a VAR with the
imposition of a cointegration relationship among the interest variables as in King
and Watson (1996). The VAR was specified as the regression of st ={Δnt , Δwt ,
Δmt , rt , yt-ct , yt-it , mt-pt -yt, wt-yt+nt } onto a constant and six lags of st .9)
8) See Watson (1993) for more detail.
9) All variables except the nominal interest rate
detail.

rt are in natural logarithms. See king and Watson(1996) for more
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3. Implications of the Calvo-type Model
In this subsection I review the main goal of this paper and see whether the
sticky price model with a Calvo-type price setting rule can explain the stylized
facts of business cycles. In a sticky price model with a Calvo price setting rule,
the price setting period of each firm is random. This is because the firms that get
to set new prices are chosen randomly each period, with each having an equal
probability of being selected. The first issue that I address is whether the
spectrum of each variable’s growth rate in the model matches the spectrum
implied by the data. For each selected variable, Figure 2 reports the spectrum of
the model (solid lines), the spectrum of the data (dotted lines), and the spectrum
of the error required to reconcile the model and the data (dashed lines) and the
spectrum of the data when there is no habit.10) The spectra of the growth rates of
output and investment display no humps. Figure 2 shows that there are
considerable differences between the model without habit and the observed data.
The model has mass spectra at high frequencies, while the data has mass spectra
around the business cycle frequencies. The Calvo-type sticky price model
generates substantial volatility at high frequencies, far in excess of that observed
in the data. This failure is the weakness of the Calvo-type sticky price model.
Figure 3 presents the power spectrum for the selected variables when internal
habit persistence is incorporated into the Calvo-type sticky price model. The
sticky price model with internal habit still displays a flat spectrum for output
without a noticeable business cycle peak, as shown in Figure 3. However, the
spectral density of consumption calculated from the sticky price model with
habit displays a peak at business frequencies, just as in the data. The spectrum of
consumption of the Calvo-type sticky price model with habit displays a peak at
around frequency 0.07, while the spectra of real variables calculated from the
data display peaks at about frequency 0.05. There still exists a substantial
difference between the consumption growth rate spectrum calculated from the
model and the spectrum of consumption from the data. The volatilities of output,
consumption, investment and labor also decrease substantially at nearly all
frequencies when internal habit formation is introduced into the model.11) These
facts can be seen more clearly in the spectra of the error required to reconcile the
model and the data. In particular, the error needed to reconcile the model and the
10) The error process was chosen to minimize the unweighted trace of the error spectral density matrix, subject to
the constraint as in Watson (1993). See Watson for more detail (1993).
11) To save space and simplify the graph, only the power spectra of output, consumption, investment and interest
rates are presented in the paper.
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data for output and consumption at middle and high frequencies decreases
sharply. These findings suggest that internal habit formation plays an important
role in the cyclical variability over the business cycle. That is, when internal
habit formation is incorporated into the basic sticky price model, its reaction to
the monetary shock in terms of consumption, labor, and output is gradual. In the
case of nominal interest rates, the sticky price model has mass spectra at low
frequencies irrespective of habit preference, while the data does not have this.
Figure 4 presents the spectrum of the model (solid lines), the spectrum of the
data (dotted lines), and the spectrum of the error required to reconcile the model
and the data (dashed lines) and the spectrum of the data when both internal habit
and expenditure delays exist in the model. The expenditure delays are introduced
to generate the hump-shaped response of real spending to a monetary shock, by
Bernanke et al. (1999) and Rotemberg and Woodford (1997). They also improve
the sticky price model in terms of its explaining the selected variables at high
frequencies as well as at business cycle frequencies. However, the power
spectrum of investment displays a flat shape and does not have the peak
observed in the data. The expenditure delays play a marginal role in improving
the model in terms of the power spectrum when there is habit persistence in
consumption.
Table 3 provides a summary of the relative mean square approximation errors
(RMSAEs) for the levels of the series integrated over business cycle frequencies
(6-32 quarters) and those detrended by HP filter integrated across all frequencies
when the unweighted traces of the spectra are minimized. The RMSAEs for the
selected variables except investment decrease either using only business cycle
frequencies or an HP filter integrated across all frequencies when habit
formation is incorporated into the sticky price model. This suggests that internal
habit formation plays an important role in the cyclical variability over the
business cycle. The RMSAEs for the selected variables except prices also
increase using either only business cycle frequencies or an HP filter integrated
across all frequencies when expenditure delays are incorporated into the sticky
price model with habit persistence. That is, when expenditures delays are
incorporated into the sticky price model with habit persistence, habit and
expenditure delays react upon consumption too much to the monetary shock,
making consumption too smooth. Thus, consumption that displays very muted
hump-shaped responses to the positive monetary shock in the model does not
match to consumption seen in the data. In terms of the RMSAEs for the selected
variables, the Calvo-type sticky price model with only internal habit formation
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outperforms the Calvo-type sticky price model with habit and expenditure
delays.12)
Next, Table 4 presents the volatilities and serial correlations of the key real and
nominal variables in the model. First, consider the standard deviations of the
variables in the model and the data. A prominent feature of investment is its
(excessive) volatility relative to other real variables. The column labelled ‘Data’
in Table 1 is reproduced from King and Watson (1996), where moments are
calculated for actual time series that have been band pass filtered by using only
the business cycle (6-32 quarters) frequencies. When firms in the economy with
internal habit formation adjust their prices optimally every four quarters, the
standard deviations of consumption, investment and output are 0.48, 4.11, and
1.51, respectively. The relative volatilities of consumption, output, and
investment match well with those observed in the data. With regard to the
contemporaneous correlations between output and interest rates, nominal interest
rates move procyclically while real interest rates move countercyclically in the
Calvo-type sticky price model with a money supply rule, which matches well
with the data (see Table 3). With regard to the cross correlations of nominal and
real interest rates with output, when there are internal habit formation or
expenditure delays are incorporated in the model, the real and nominal interest
rates are negatively correlated with 2 to 4 quarters ahead output, as observed in
the data (see Table 3). In particular, the nominal interest rates act as a so-called
inverted leading indicator over the business cycle, as seen as well in the data.
This implies the important role of internal habit formation over the business
cycle. When there is internal habit formation in consumption, habit reacts upon
consumption and output gradually in response to the monetary shock. Because
real activity shows a delayed response to the exogenous shock, a decrease in
current interest rates via monetary policy shock is associated with the future
increase in output in the sticky price model with internal habit formation.

4. Implications of the Taylor-type Model
In this subsection, I explore the implications of the sticky price model with a
Taylor-type price setting rule. In the Taylor-type price setting rule, the price

12) The difference between the RMSAE for employment of business cycle frequencies and that of HP filter
detrended all frequencies reflects the fact that the former comes from the spectral shape of employment and each
filter's different assignment of weight to each frequency.
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setting period of each firm is not random, but fixed in advance. The spectrum of
each variable’s growth rate implied by the model with the Taylor-type price
setting rule is strikingly different from that of the model with the Calvo-type
price setting rule, as can be seen in Figures 5 to 7. Output, consumption, and
investment in the model with the Taylor-type price setting rule display more
pronounced humps than those in the model with the Calvo-type price setting
rule. However, the Taylor-type sticky price model has a problem in that the
spectra of the model with the Taylor-type price setting rule reaches a maximum
at frequencies higher than at the business frequencies. The spectrum powers of
output and investment calculated from the model have peaks at about frequency
0.2, which is much higher than the frequency in the data. This property does not
change even if habit formation and expenditure delays are incorporated into the
model.
For each selected variable, Figure 5 reports the spectrum of the model (solid
lines), the spectrum of the data (dotted lines), and the spectrum of the error
required to reconcile the model and the data (dashed lines) and the spectrum of
the data when s = 4 , and when there is no habit. Output and consumption of the
model with a Taylor-type price setting rule display more pronounced humps than
those of the model with a Calvo-type price setting rule. The spectra of output
and consumption of the Taylor-type sticky price model without habit display
peaks at around frequency 0.2, while the spectra of the real variables calculated
from the data display peaks at about frequency 0.05. The spectral densities of
output and consumption of the model with habit displays at frequency 0.20 and
0.15, respectively, i.e. at five and seven quarters as in Figure 6. The introduction
of internal habit improves the model’s performance at generating a peak near
business cycle frequencies. Moreover, the volatilities of output, consumption,
investment and labor also decrease substantially at high frequencies with
incorporation of internal habit formation in the model, as Figure 6 shows. This
can be seen more clearly in the spectra of the errors required to reconcile the
model and the data. The errors required to reconcile the model and the data for
output and consumption decrease substantially when internal habit formation is
introduced into the sticky price model.
Figure 7 presents the spectrum of the model (solid lines), the spectrum of the
data (dotted lines), and the spectrum of the error required to reconcile the model
and the data (dashed lines) and the spectrum of the data when the model has both
internal habit formation and expenditure delays. When both are incorporated in
the model, one of two local maximum levels of the spectra of output and
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consumption disappears. However, the frequency of the peak in the spectral
density also increases slightly as the power spectral density becomes flat.
Therefore, the spectrum of the error required to reconcile the model and the data
is slightly larger for the sticky price model with both habit and expenditure
delays than for the sticky price model with internal habit alone. In the cases of
prices and interest rates, the spectral shape of the Taylor-type sticky price model
is similar to that of the Calvo-type sticky price model.
The RMSAE for consumption decreases when either habit formation or
expenditure delays with habit formation are integrated into the model,
irrespective of business frequencies or HP filter integrated all frequencies. This
is because the response of consumption to the exogenous shock becomes more
muted and hump-shaped, as in the data, when agents with habit formation adjust
their consumption levels sluggishly in response to the shock. However, the
RMSAEs for other selected variables increase because agents are less willing to
adjust their labor to the shock, which results in a less volatile response of
investment to the shock as in Table 5.
Next, I compare the volatilities and serial correlations of the real variables in
the model with those of the data to check the overall model performance. When
firms in the economy with internal habit formation adjust their prices optimally
every four quarters, the standard deviations of consumption, investment and
output are 0.48, 4.03, and 1.49, respectively. The relative volatilities of
consumption, output, and investment match well those of the data. The serial
correlations between current nominal interest rates and 4-periods ahead output
are strongly positive, while the serial correlations between current nominal
interest rates and 4-periods ahead output are strongly negative, as in the Calvotype sticky price model with the money supply rule. The real interest rate does
not play its role of inverted leading indicator, as in the data, when there is either
internal habit formation or both expenditure delays and internal habit formation
(see Table 6).

5. Impulse Responses of the Model
Finally, I consider whether the actual data impulses correspond to the dynamic
responses of real activities and prices to a monetary policy shock implied by the
Calvo-type and Taylor-type sticky-price model with internal habit formation.
Figure 8 shows the impulse response to a positive monetary shock when there
are substantial nominal rigidities as in Chari et al. (1996), i.e. a=3/4 for the
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Calvo-type model (circle lines), s=4 for the Taylor-type model (dotted lines),
and capital stock adjustment costs as in King and Watson (1996), i.e. η
q=1. A
positive shock to monetary policy is associated with hump-shaped responses of
consumption, while it does not generate a hump-shaped response of investment
even when firms optimally adjust their prices every four periods irrespective of
the Calvo and Taylor-type price setting rules. The maximum response of
consumption occurs one or two periods after the monetary shock. When there
are sufficient nominal rigidities and capital adjustment costs, moreover, the
nominal interest rate decreases in response to the monetary shock. This is
because the responses of price as well as consumption to the monetary shock are
smaller when the degrees of nominal rigidities and the capital adjustment cost
are large. However, the decrease in nominal interest rates in the models (explain:
is this different than the case two sentences previous?) too small in response to
the positive monetary shock, resulting in a deterioration of its cross correlations
with output as Tables 5 and 6 show.
Overall, the sticky price model with internal habit formation and/or
expenditure delays outperforms the sticky price model without any friction, in
that the former can generate the empirical findings that Christiano et al. (1998)
and King and Watson (1996) present. However, the models have difficulty in
generating the power spectrum of interest rates and its cross correlation with
output observed in the data.

VI. Concluding Remarks
This paper specifies a sticky price model with consumption expenditure delays
as well as internal habit formation in consumption, and then investigates whether
the sticky price model can generate the hump-shaped spectral powers of real
variables and a cross correlation between interest rates and real activity.
Internal habit formation substantially decreases the volatility of output,
consumption, investment and labor at nearly all frequencies in the Calvo-type
and Taylor-type sticky price models. The sticky price model with habit
outperforms the sticky price model without any friction in terms of Watson
(1993)’s measure of fit. Moreover, when there are sufficient nominal rigidities
and capital adjustment costs, the sticky price model with habit formation
generates the hump-shaped responses of consumption as well as the liquidity
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effects observed in the data. However, the models with internal habit and
expenditure delays still have difficulty in generating the power spectrum of
interest rates and its cross correlation with output as seen in the data.

Table 1
Var. Std. Dev.

Moments of the Data
Cross
Χ

t-4

Auto

corr.

Χt

Χ

Χ

Χ

t-3

t-2

with
Χ

t-1

t

GDP

уt+k

corr

Χ

Χ

Χ

t+1

t+2

t+3

(Χt,уt+k))
Χt+4

У

1.73

0.25

0.50

0.75

0.93

1.00

0.93

0.75

0.50

0.25

C

0.83

0.31

0.52

0.73

0.86

0.91

0.85

0.69

0.47

0.22

Ι

5.18

0.54

0.74

0.88

0.91

0.84

0.66

0.41

0.16

-0.06

Ρ

1.35

0.05

-0.03

-0.12

-0.23

-0.36

-0.48

-0.59

-0.66

-0.66

γ

1.34

0.58

0.60

0.57

0.47

0.30

0.07

-0.19

-0.43

-0.61

γγ

1.46

0.19

0.19

0.10

-0.07

-0.27

-0.43

-0.52

-0.50

-0.41

Note: 1) γand γγdenote one-period nominal and real interest rates, respectivley.
Source: King and Watson (1996)

Table 2

Calibrated Parameters

Parameter

Value

α,s

0.75, 4

degree of nominal price rigidity

sn

0.58

steady state of labor income share

δk

0.025

rate of depreciation of capital stock

γ

0.016

steady state rate of return

σ

1/2

intertemporal elasticity of substitution

γ

1.004

steady state quarterly growth rate of technology

ηq

1, 4

elasticity of i/k with respect to Tobin's q

ν

1

intratemporal elasticity of substitution

1

elasticity of substitution between capital and labor

μ

1.1

steady state of markup

Μi

-0.1,`-10-3

εn k

Description of Parameters

A Look at Habit Persistence over Business Cycles·27

Table 3

Relative Mean Square Approximation Error of Calvo-type Model

Var.

Basic Model

Model with Habit

Model with Both

Business Cycle

Frequencies

6-32 Quarters

Y

0.73

0.63

0.85

C

1.15

0.75

0.75

I

0.49

0.59

1.31

P

3.57

2.41

0.74

r

0.99

1.00

1.00

Hodrick-Prescott

Detrended Levels:

All Frequencies

Y

0.79

0.66

0.89

C

1.49

0.76

0.77

I

0.53

0.64

1.39

P

3.53

2.32

0.74

r

0.99

1.00

1.00

Table 4
Var. Std. Dev.

σ=2

Moments of Calvo-type Model
Cross

Auto

corr.

Χt

with

GDP

уt+k

corr

(Χt,уt+k))

Χt-4

Χt-3

Χt-2

Χt-1

Χt

Χt+1

Χt+2

Χt+3

Χt+4

Model

with

Habit

Μi =1

and

ηq =4

Y

1.51

-0.10

0.18

0.55

0.87

1.00

0.87

0.55

0.18

-0.10

C

0.48

0.23

0.52

0.79

0.95

0.90

0.67

0.33

0.01

-0.20

0.90

0.24

0.22

-0.07

I

4.11

-0.19

0.08

0.46

0.82

0.99

P

1.05

-0.51

-0.57

-0.55

-0.40

-0.13

0.19

0.46

0.60

0.61

r

0.18

0.01

0.06

0.11

0.09

0.06

-0.11

-0.23

-0.29

-0.26

rr

2.99

-0.14

0.08

0.39

0.67

0.76

0.62

0.31

-0.02

-0.24

Model

with

Both

Habit

and

Delay

Μi =

-1and

ηq =4

σ=2
Y

1.22

-0.05

0.22

0.58

0.88

1.00

0.88

0.58

0.22

-0.05

C

0.42

0.27

0.55

0.82

0.96

0.91

0.68

0.35

0.04

-0.18

I

3.26

-0.15

0.11

0.48

0.82

0.99

0.91

0.61

0.27

-0.02

P

2.40

-0.36

-0.45

-0.52

-0.52

-0.39

-0.16

0.12

0.36

0.50

r

0.33

0.41

0.42

0.26

-0.10

-0.53

-0.86 -0.94

-0.76

-0.44

rr

3.00

-0.14

-0.05

0.16

0.42

0.59

0.60

0.15

-0.11

0.42
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Table 5

Relative Mean Square Approximation Error of Taylor-type Model

Var.

Basic Model

Model with Habit

Model with Both

Business Cycle

Frequencies

6-32 Quarters

Y

0.70

0.90

0.84

C

1.12

0.78

0.68

I

0.55

0.96

1.00

P

1.46

1.86

2.97

r

0.99

0.99

0.99

Hodrick-Prescott

Detrended Levels:

All Frequencies

Y

0.86

1.07

0.91

C

1.70

0.81

0.70

I

0.65

1.22

1.12

P

1.57

1.90

2.07

r

0.99

0.99

0.99

Table 6
Var.

Moments of Taylor-type Model

Std. Dev.

Cross

Auto

corr.

Χt

with

GDP

уt+k

corr

(Χt,уt+k))

Χt-4

Χt-3

Χt-2

Χt-1

Χt

Χt+1

Χt+2

Χt+3

Χt+4

Model

with

Habit

Μi =1

and

ηq =4

Y

1.49

-0.21

0.04

0.45

0.84

1.00

0.84

0.45

0.04

-0.21

C

0.48

0.12

0.43

0.76

0.95

0.90

0.62

0.24

-0.08

-0.24

I

4.03

-0.30

-0.07

0.35

0.78

0.99

0.87

0.50

0.07

-0.19

P

2.25

0.38

0.41

0.31

0.08

-0.22 -0.45

-0.55

-0.49

-0.35

r

0.57

0.25

0.31

0.22

-0.01 -0.24 -0.37

-0.33

-0.19

-0.04

rr

2.51

-0.40 -0.72 -0.74 -0.49

σ=2

σ=2

0.27

0.01

-0.06

0.28

0.38

Model

with

Both

Habit

and

Delay

Μi =

-1and

ηq =4

Y

1.14

-0.08

0.18

0.54

0.87

1.00

0.87

0.54

0.18

-0.08

C

0.41

0.25

0.54

0.82

0.97

0.91

0.66

0.32

0.01

-0.18

I

2.97

-0.18

0.06

0.43

0.80

0.99

0.90

0.60

0.23

-0.04

P

2.27

0.21

0.23

0.17

0.02

-0.17 -0.34

-0.41

-0.38

-0.27

r

0.68

0.28

0.31

0.18

-0.09 -0.38 -0.55

-0.52

-0.34

-0.12

rr

3.00

0.20

0.10

-0.15 -0.41 -0.54 -0.45

-0.19

0.08

0.24

Notes: 1) The period of price predeterminedness in the Calvo-type model and Taylor-type model, which also
represent the degree of nominal rigidities, equals four.
2) The "Model with Habit" is the sticky price model with internal habit formation, and the "Model with Both"
the sticky price model with both internal habit formation and expenditure delays.
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