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1 Introduction

Recent research has found that the dynamics of the New Keynesian (NK) model can be
quite different when the nominal interest rate is zero. A reduction in the labor tax or
an improvement in technology can lower output and the size of the government purchase
multiplier can be much larger than one. To understand why the dynamics can be so different
consider the case of a positive, transitory shock to technology. If the central bank keeps the
nominal interest rate constant output may fall. In the presence of costly price adjustment of
goods the arrival of a positive technology shock today has a depressing effect on economic
activity. Firms experience temporarily high markups and profits. But, households realize
that prices will be lower tomorrow and choose to defer their consumption and investment
activities.

One situation where monetary policy cannot respond to technology, or any other shocks
for that matter, is when the nominal interest rate is constrained by its lower bound of zero.
Braun and Waki (2006) find in this situation that output falls in response to a persistent
but transitory improvement in technology using a NK model calibrated to Japanese data.
Eggertsson (2010) illustrates that a reduction in the labor tax has a depressing effect on
hours and output. Christiano, Eichenbaum and Rebelo (2010) and Woodford (2010) find
that the size of the government purchases multiplier can be much much larger than one.

Taken together these results might lead one to conclude that the NK model works very
differently when the nominal rate is zero.

In this paper, we argue that this focus on the unorthodox properties of the NK model
in a liquidity trap may be misplaced. We start by demonstrating a surprising result. When
we fit a standard version of the NK model to Japanese data we find that it has completely
orthodox properties during Japan’s eight year episode with zero interest rates. An increase
in the labor tax reduces output and an improvement in the state of technology raises output.
Moreover, the government purchase output multiplier is less than one. We also produce sev-
eral specifications that exhibit unorthodox properties. We then show that the specification
with orthodox properties is consistent with economic conditions in Japan during the period
of zero nominal interest rates but that the specifications with unorthodox properties are not.

The model that we consider is a medium scale New Keynesian model with quadratic price
adjustment costs as in Rotemberg (1996), labor supply, capital accumulation and shocks to
preferences, technology, taxes, monetary policy and government purchases. In this setting
the duration of the period of zero interest rates is endogenous as in Braun and Waki (2006)
or Erceg and Linde (2010).

Research by Braun and Waki (2010) has found that the common method of solving the
model by log-linearizing all equilibrium conditions except the zero bound constraint about
a steady state with stable prices can produce large approximation errors in the aggregate

resource constraint. In this paper we use an extended path solution method that avoids this



problem.

This solution technique can easily handle models with multiple endogenous state variables
and multiple shocks. However, it is difficult to automate and thus is not easily amenable
to estimation which involves solving the model for many different configurations of the
parameters. For this reason we calibrate the model’s parameters and some of the shocks
that cannot be measured directly. The resulting specification does a reasonable job of
reproducing the paths of real and nominal variables in a sample period that extends from
1990-2007. We then conduct and impulse response analysis in years before and during the
period of zero interest rates. Surprisingly, the model exhibits orthodox output responses to
shocks to technology and the labor tax. In addition, the maximum government purchase
output multiplier is less than 0.9.

The single most important factor for why our baseline specification produces orthodox
results is household expectations about the duration of the period of zero interest rates.
Our baseline specification sets these expectations in a way that renders them consistent
with estimates reported in Ichiue and Ueno (2007). They use yield curve data to estimate
the expected duration of zero interest rates and find that the expected duration of zero
interest rates between 1999 and 2006 was 2.3 years or less.

If instead our model is calibrated so that the number of periods that households expect
the interest rate to be zero is 5 years or longer it also exhibits unorthodox responses.

Japan’s episode with zero nominal interest rates was a period of tranquility. Japanese
output and real marginal cost volatility dropped by about 1/2 and inflation volatility de-
clined by more than 70 percent during the period of zero nominal interest rates which
extended from 1999-2006 when compared to the years 1988-1998.

We use these facts as a device to assess the relative plausibility of specifications with or-
thodox properties and specifications with unorthodox properties. Our baseline specification
with orthodox properties predicts a large decline in both real and nominal volatility. The
specifications with unorthodox properties, however, all predict counterfactual increases in
real and nominal volatility between 1999 and 2006. With a longer expected duration of zero
interest rates, price and markup variability in response to a variety of shocks are large and
this leads these models to predict that the period of zero interest rates should have been
associated with an increase in economic volatility.

The unorthodox specifications have another troubling property. They imply that the
resource costs of price adjustment are very large and range from 2.5 to over 7 percent of
output. The resource costs of price adjustment in the baseline specification are much smaller
and well less than one percent of output.

We conclude that Japanese data from 1999-2006 is most consistent with a New Keynesian

model that has the following properties:

1. A lower labor tax rate increases output.



2. An improvement in neutral technology increases output.
3. The government purchases multiplier less than one.

The remainder of the paper is organized as follows. Section 2 describes the economy.
Section 3 explains how the model is calibrated and solved. The results are reported in

Section 4 and Section 5 contains our concluding remarks.

2 Economy

We consider a prototypical New Keynesian economy. The economy is populated by a rep-
resentative household, a representative final good producer, a continuum of intermediate
good producing monopolists that face quadratic costs of adjusting prices, a government and

a central bank. We discuss the problems of these agents in turn.

Households

The representative household chooses sequences of consumption {c; };, and leisure {1 — k¢ }o

to maximize
o t
¢ (A =h)' )
Eo;ﬁ ]r_[od{ - (1)

where ¢; is consumption of the composite good and h; is hours worked expressed as a fraction

of a time endowment of one. § denotes the discount factor, v is the preference weight a
household attaches to consumption and ¢ determines risk aversion. Finally, d; is a shock to

the subjective discount rate with the law of motion
In(dy) = paIn(de—1) + €qs (2)

where ¢; is an I.LI.D, mean zero Gaussian random variable. The household’s period ¢ budget

constraint is given by
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where P; is the price level, w; is the wage rate and r; is the real interest rate. B; is the
household’s holdings of nominal debt at the end of period t, k;_1 is the level of capital chosen
in period t — 1 and x; is investment. Households hold equal shares in each intermediate
goods firm so that II;(4) is per capita nominal profits from intermediate firm indexed i.
Households pay taxes 7.+, 7+, and 7, on consumption, capital income and labour income,

and receive lump-sum transfers of size T; from the government. Ponzi schemes are ruled



out by limiting attention to solutions that satisfy the standard transversality condition for

bonds and capital. Capital is subject to adjustment costs and is accumulated according to

2
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where py, is the growth rate of capital in the balanced growth path and § is the depreciation
rate. Let A.; and A ; be the Lagrangian multipliers on the household’s budget constraint
(3) and on the law of motion for capital (4), respectively. The optimal choices of the
representative household satisfy
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Final Good Firm

Perfectly competitive final good firms use a continuum of intermediate goods ¢ € 0,1 to
produce a single final good that can be used for consumption and investment. The final

good is produced using the following production technology

o = ( / lyt<i>Tdi>& (10)

The profit maximizing input demands of the final good firm are

iy = (pp“)ey (11)

where p;(i) denotes the price of the good produced by firm i. The price index P; is defined
as
1/(1-6)

P = (/Olpt(i)l_edi> (12)



Intermediate Goods Firms

There is a continuum of monopolistically competitive firms each producing one differentiated,

intermediate good according to the technology
Yo (i) = ko1 (D)% (Aeha (i)~ (13)

We assume that there are permanent shocks, 14 ; and transitory shocks, €4 ; to technology.
Both 94, and €4+ are L.I.D, mean zero Gaussian random variables. Technology evolves

according to

A = Zy ¥4t (14)
VAt = PAVA—1 + €Ay (15)
ZA,t/ZAJ,—l = HA (16)
Inpar=Inpa+a (17)

Each intermediate firm solves a dynamic profit maximization problem that can be broken
down into two parts: The choice of the cost minimizing level of inputs and the choice of
the optimal sequence of prices of output. There are two inputs: Labor and capital. Cost

minimization implies

ry = OZtht_l(Z')ail(Atht(l.))lia (18)
wp = (1= a)xe Al ke (i) ha(i) ™ (19)
where y; = riw " is real marginal cost.
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Price rigidity is introduced using a convex cost of price adjustment as in Rotemberg
(1996). Define gross inflation 1 + m;(¢) as py(i)/pi—1(¢). Given the optimal choice of labor
and capital, a typical intermediate goods producer chooses a sequence of prices p:(i) to

maximize
oo
2.8
t=0

subject to the input demands (11). We assume a subsidy s = §/(6—1) is in place that corrects

A [Pe(i)yn(i) = Prsxamn(i) = 3 Palm(6) = m)w] /P (20)
=0

the static inefficiency due to monopolistic competition. This subsidy isolates the dynamic
distortion caused by the variation in the markup which is the distortion that monetary policy
corrects in a New Keynesian model. Introducing a subsidy is also very convenient because
it allows us to nest a real business cycle model as a special case by setting the adjustment
costs on prices to zero.

The first order condition for the firms’ price setting problem reads

BE, dip1 et r1Ye41

Ac,tYt Y(mep1 =)L+ mep1) = = [1 = 0+ Osxq — y(m — m)(1+m)] (21)



Monetary Policy

Interest rate targeting rules have been found to be good empirical specifications of monetary
policy in e.g. Taylor (1993) and we refer to monetary policy rules of this form as Taylor
rules. The particular Taylor rule considered here is

1 P14+ R\
R; = max |:(1 +R) ( 1_:7:) ( I’_+ }i 1) UMt _ 170:| (22)

where upr; is an L.I.D, mean zero, Gaussian random variable. One special feature of this
rule is that it output does not appear. We will consider a sample period during which Japan
experienced a long and persistent departure from its trend growth rate. It is not clear how

to define the target level of output in this type of situation.!

Fiscal Policy

The fiscal authority finances its expenditures by collecting distortionary taxes and lump-sum

transfers and by issuing nominal bonds. Fiscal policies satisfy the period budget constraint

B B
=1y g = Dt
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where S; is a subsidy to intermediate monopolists. Defining b; = %t, we can rewrite the

government budget constraint as

1
g+ (1+ Rt—l)bt—lm =b — T} + Tw,wihy + Te it + T tki—1(ry — 9) (24)
t

The tax rates on capital, consumption and labor and government purchases have the fol-

lowing laws of motion

Ter = (1= pe)Te + peTes—1 + €ct (25)
Tt = (1 — pr)Th + PrThyt—1 + €kt (26)
Twt = (1 = puw)Tw + PuwTwt—1 + €wt (27)
log (gz;t> = (1 — pg)log (!Jflp) + pglog <gfl;_tl]_> +ewt (28)

where the shocks to each variable are I.LI.D, mean zero Gaussian random variables. Lump-
sum transfers are assumed to adjust to satisfy the government budget constraint.

To close the model, the aggregate resource constraint is given by

G+ e+ =yl — %(wt —1)?) (29)

1One possibility is to introduce the growth rate of output in the Taylor rule. Results for that specification

are discussed briefly in Section 4.5 below.



Equilibrium

The notion of equilibrium considered here is an imperfectly competitive general equilibrium
in which the markets for the final good, intermediate goods, labor, capital and government
debt clear in each period. The model developed above admits a symmetric equilibrium and

we limit attention to that equilibrium. We start by defining a perfect foresight equilibrium.

Definition A perfect foresight symmetric monopolistic competitive equilibrium consists of
a sequence of allocations {ct, by, @1, ki, Act, Mt Yt 120, @ set of policies {R;}52, a sequence

of prices {rs, we, xt, T }52, and a finite set of integers Ip that satisfies the
e Households’ optimality conditions
e Firms’ optimality conditions
e Monetary policy rule:

— V t ¢ Ip the zero constraint on interest rates is not binding and the Central Bank

follows the Taylor rule

— V t € Ip the zero constraint on interest rates is binding and the Central Bank
sets Ry =0

e Aggregate resource constraint and market clearing

given initial conditions (P_1, R_1, ko), and sequences of shocks to the rules for

2
{Ae, di, Tiet, Tets Tw sty 9t} 20

Two points are worth mentioning. First, the definition of equilibrium is sequential.
Second, the definition of equilibrium includes a statement of specific intervals where the

zero lower bond on the nominal rate is binding,.

3 Solution Method and Calibration

3.1 Solution Method

Our choice of solution method is motivated by four considerations. First, we choose a
nonlinear solution method because recent research by Braun and Waki (2010) has found
that the common practice of log-linearizing all of the equilibrium conditions except for the
Taylor rule around a steady state with a stable price level can produce large approximation

errors. For large or persistent shocks, these approximation errors can result in sign reversals

2Because we assume that the government adjusts lump-sum transfers such that its budget constraint is
satisfied, we omit the government budget constraint from the equilibrium conditions and we omit government

bonds and transfers from the list of variables determined in equilibrium.



of e.g. the response of hours to a change in the labor tax rate, upward biases in the size of the
government purchases multiplier and implausibly large implied costs of price adjustment.>

The second motivation for our choice relates to finding the interval when the nominal
interest rate is zero. Braun and Waki (2006) consider the problem of computing an equi-
librium for an economy similar to ours in a perfect foresight setting. They limit attention
to equilibria of the form where the interest rate is zero for only one finite and contiguous
number of periods. Even with this restriction they find that there can be multiple equilibria
and they impose two further equilibrium selection devices. First, they impose the restriction
that the nominal interest rate in the model hits zero in a specific year that is dictated by
Japanese data. Second, they select the equilibrium where the nominal interest rate is zero
for the shortest interval of time. We use the same strategy for selecting an equilibrium here.

Third, we want to relax the perfect foresight assumption maintained in e.g. Braun and
Waki (2006, 2010) and allow for new shocks/news to arrive each period.

Fourth, we want to analyze an empirically relevant model of the Japanese economy. To
do that one needs at a minimum to model capital formation and multiple shocks. Global
solution methods used in e.g. Wollman (2005), Adam and Billi (2006) and Nakov (2008)
have the distinct advantage that agents forecasts are probability distributions over future
outcomes and not degenerate. Unfortunately, these methods are subject to a curse of di-
mensionality that limits their usefulness in empirical settings where models have multiple
shocks and endogenous state variables.

These four considerations led us to use an extended path solution.* Starting from the
initial period, agents solve the set of nonlinear equations that describe their respective
decision rules forward for 100 periods. We assume that our economy is at its steady state
in period 101.5 In these future periods, shocks are set to 0. We then move time forward by
one period. Agents experience a new set of shocks and have a new set of initial conditions.
They once again solve forward for 100 periods. This is repeated for each year from 1988 to
2007.

Because our solution method is sequential, we can limit the problem of dealing with the
zero bound constraint to a small set of periods. Prior to 1999, households assign zero proba-
bility to the constraint binding in equilibrium. In the periods where households anticipate or
experience a binding constraint we solve the model by hand using guess and verify methods

to find the interval where the nominal interest rate is zero.

3We will provide an illustration of this final point below.
4See Heer and Maussner (2008) for a description of the algorithm. They refer to it as an extended

shooting algorithm.
5We have also experimented with longer transitions and found that our results are qualitatively very

similar.



3.2 Calibration of Parameters

Recently, Bayesian MLE estimation has become popular for parameterizing models like
ours. Bayesian MLE estimation is very convenient if one can solve the model using a
loglinearized solution technique. However, as we have already noted above this solution
technique can break down when considering periods where the nominal interest rate is zero.
One could in principal estimate the model parameters using an earlier sample period when
the nominal interest rate is positive. However, previous research by e.g. Chen, Imrohoroglu
and Imrohoruglu (2006) and Braun, Tkeda and Joines (2009) show that Japan was undergoing
large transitional adjustments between 1960 and 1990. This was the period of Japan’s growth
miracle and it is difficult to derive a stationary representation in the presence of large one
off transitional dynamics induced by e.g. a low capital stock. For these reasons we chose to
calibrate the parameters of our economy by matching model variables to calibration targets
in Japanese data between 1981 and 2007.

Table 1 reports the model parameterization. Most of the parameters are computed using
averages from Japanese data over the sample period 1981-2007. The data used for calibrating
the model are updated versions of the data employed by Hayashi and Prescott (2002).” The
capital share parameter « is calibrated to match capital’s share of income. The depreciation
rate ¢ reproduces average depreciation in Japanese data. The steady state nominal rate is
the average of the Japanese overnight call-rate. The coefficients for the laws of motion of
the taxes on, consumption, labor and capital are estimated using Japanese data on average
tax rates for these three variables. The parameters for the law of motion of government’s
share of output are estimated in the same manner.

The preference discount factor g is set to 0.995, a rather high level for a model in which
the length of a period is one year. This choice implies that the inflation rate associate with a
steady state nominal interest rate of 2.9% is zero. Conditional on the rest of the parameter-
ization, a lower value of 8 would imply that the steady state inflation rate associated with a
nominal interest rate of 2.9% is negative. We set the curvature parameter in preferences to
2. The weight on leisure in the utility function, v, is calibrated to match the average labor
input between 2000 and 2007. We choose this period because prior to 2000, labor input
exhibits a significant downward trend. The resulting value of v is 0.27.

Other parameters are set in a more informal way. The parameter controlling the size of
adjustment costs on investment is set to 4 which is a bit larger than the value of 2 used by
Braun and Waki (2006).

The average markup is set to 15% as in Braun and Waki (2006). It then follows that the

60ne promising alternative strategy is pursued in Adjemian and Juillard (2009). They estimate a NK

model using an extended shooting solution technique and a simulated GMM estimation strategy.
"We wish to thank Nao Sudou of the Bank of Japan for providing us with an updated version of the

Hayashi and Prescott (2002) dataset.



value of the subsidy is 1.15. We assume that technology, A;, advances at an average rate of
2% per annum.

The coefficient on inflation, p,, and the lagged nominal rate in the Taylor rule, pr, are set
to 1.7 and 0.4 respectively. The adjustment cost parameter v is set to 80.8 These parameter
choices imply that the nominal rate increases on impact by 0.4% in response to a 1% shock
to monetary policy. This response is a bit lower than the response of 0.6% estimated by
Sugo and Ueda (2006) for the Japanese economy.

Finally, we start simulating our economy from 1987 and set the initial capital stock in

our economy to the same value as its counterpart in Japanese data in 1987.

3.3 Calibration of Shocks

We use Japanese data to derive sequences of innovations to technology, government pur-
chases, and capital and labour taxes. However, we calibrate the innovations to the prefer-
ence discount factor, consumption tax and monetary policy to reproduce particular targets.
We next describe how this was done.

We started out by simulating our economy using the parameterization described above
setting the shocks on the consumption tax, the preference discount rate and monetary policy
to zero in all periods. That specification preformed reasonably well in terms of its implica-
tions for most real variables. However, the model did not produce a large secular decline
in labor input after 1987. Between 1987 and 1991, there were some important institutional
changes in labor market arrangements in Japan. The number of national holidays were
increased and the length of the work week was reduced. However, labor input continues
to decline throughout the 1990s. Miyazawa (2010) shows that the secular decline in labor
input during the 1990s can partially be attributed to a change in the composition of jobs
from full-time to part-time work. We do not explicitly model these factors here and instead
treat them as altering the labor wedge as in e.g. Kobayashi and Inaba (2006).°

Simulation results for this parameterization are reported in Figure 1. Inspection of Figure
1 indicates that the model does a reasonable job of reproducing some of the basic secular
movements in the real side of the Japanese economy. It captures the capital deepening
that occurred between 1990 and 2007. The model also captures the decline in output and
consumption relative to their trends during the 1990s. However, it does not reproduce the

secular decline in labor input after 1991. In addition, the decline in the nominal interest rate

8When log-linearized, introducing nominal rigidities via Rotemberg price adjustment costs produces a
New Keynesian Phillips curve identical to the one obtained from a Calvo model of nominal rigidities. The

Calvo parameter of price stickiness associated with our parameterization is 0.75.
9We accomplished this by altering 7¢,+ in the years 1987 to 1991 to reproduce movements in Japanese

labor input during this sub-sample. 7. also affects the intertemporal first order condition. However, in our

experience this effect is quantitatively very small.
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and inflation rate is counterfactually small during the 1990s. The model, most importantly,
does not predict a period of zero nominal interest rates.

Shocks to the preference discount rate play an important role in getting the interest
rate to fall to zero in the work of Eggertsson and Woodford (2003), Taehun, Teranishi and
Watanabe (2005) and Christiano Eichenbaum and Rebelo (2010). We follow their approach
and introduce shocks to the preference discount factor as follows: for 1993 to 1995, 2%, 1%,
and 1%, respectively and for 1999, 2%. This final shock makes the zero lower bound bind
in 1999. The value of the log discount rate in 1999 implied by the above shocks is 0.044.

Introducing shocks to d; gets the nominal interest rate to hit its lower bound of zero
but these shocks also result in a deterioration in the fit for output and labour input. To
counteract the stimulative effect that shocks to the preference discount rate have on these
variables, we introduced simultaneous variations in the labor wedge by shocking 7. ;. With
some experimentation we found that using a fixed factor of 5 works well.

Preference discount rate shocks produce counterfactually low inflation in the second
half of the 1990s too. To counteract the deflationary pressure due to these shocks, we
introduced negative monetary policy shocks in the late 1990s. In our economy, a negative
shock to monetary policy lowers the nominal interest rate and increases the inflation rate.
In other research Sugo and Ueda (2006) have found that negative monetary policy shocks
are important for understanding the Japanese economy during this period. The shocks to
monetary policy are -0.5% in the years 1993, 1996 and 1998 and -1% in 1997.

These shocks bring the nominal interest rate and the inflation rate down in the 1990s and
in particular get the nominal interest rate to hit its lower bound of zero in 1999. However,
once the nominal interest rate is zero we were left with a question of how to choose these
shocks during the period of zero nominal interest rates. In our baseline specification, we
assume that in each period between 1999 to 2005 households expect that the nominal interest
rate will be zero for two years. This assumption is based on evidence reported in Ichiue and
Ueno (2007). They find using an affine model of the yield curve that the maximum expected
duration of zero nominal interest rates during this period was 2.3 years. In 2006, the nominal
rate is zero in the current period but agents expect positive nominal interest rates for 2007
and beyond. Then in 2007 the nominal interest rate turns positive.

Results for the baseline simulation are reported in Figure 2. A comparison of Figure 2
with Figure 1 reveals that the shocks we have added after 1991 achieve the desired goal of
bringing inflation and the nominal rate down during the second half of the 1990s. Moreover,
the level of inflation during the period of zero nominal interest rates is about of the same
level as we observe in Japanese data. Relative to Figure 1, there is some deterioration in
the fit of the model for real allocations. The baseline economy understates consumption
and overstates the extent of capital deepening. The reason for these changes in the fit of

the model for real variables is the preference shock. On the one hand, a d; shock brings the

11



nominal rate down but it also stimulates current labor input and output. We compensate
for these effects using a shock to 7.;. This improves the fit for these variables but also
induces households to consume less and save more.

Overall, the baseline model captures some of the principal features of Japan’s experience
between 1990 and 2007. It provides us with a quantitatively relevant NK framework for
analyzing the effects of changes in technology, the labor tax rate and government purchases

on output both before and during Japan’s episode with zero interest rates.

4 Results

4.1 Dynamic Responses of the Baseline Specification

This section contains one of the principal results in this paper. Previous research has found
that the dynamic properties of the NK model are very different when the nominal interest
rate is zero. We now show that a quantitatively relevant specification calibrated to the
Japanese economy exhibits orthodox responses to labor tax and technology shocks both
when the nominal rate is positive and also when it is zero. Moreover, the government
purchase output multiplier is always less than one.

Table 2 reports impulse responses for the baseline specification. The first row shows the
year in which the shocks are perturbed. The second row reports the number of years that
agents expect the nominal interest rate to be zero. The third row reports the resource costs
of price adjustment as a percent of output. The remaining rows report impact responses of
output and the markup to various shocks. Results are reported for permanent and transitory
shocks to technology, shocks to the labor tax rate and shocks to government purchases. In
all instances, the sign of the shock is positive.

The upper panel of Table 2 reports the percentage change in output to a 1% impulse in
the variable that is shocked for the first three shocks. For the shock to government purchases
though the results are expressed as government purchase multipliers which are defined as
the ratio of the change in output to the change in government purchases. The first column
of results is for shocks that arrive in 1995, which is representative of years in which the
current nominal interest rate is positive and expected nominal interest rates are positive in
all future years. We also report impulse responses for shocks that arrive in 1999 and 2004.
These are both years in which the nominal interest rate is zero. In 1999 agents continue to
expect the nominal interest to be zero for two periods after each of the shocks arrives. In
2004, in contrast, three of the shocks reduce the expected number of periods of zero nominal
interest rates by one period.

Inspection of Table 2 reveals a surprising fact. Output exhibits orthodox responses to
technology shocks and labor tax shocks both in 1995, a year when the nominal rate is

positive but also in 1999 and 2004, years when the nominal rate is zero. Output increases
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when technology improves and output falls when the labor tax is increased. Moreover, the
government purchase output multiplier is less than one in all periods. In 1995 it is 0.65. It
increases to 0.87 in 1999 but never rises above 0.9 in any period. Although not reported in
Table 2 we wish to point out that private consumption falls when government purchases are
increased in 1995, 1999 or 2004.

The most significant difference between the results for 1995 and the results for 1999 and
2004 relates to the markup response. The markup response to each of the shocks is about
three times larger in the years where the nominal interest rate is zero.

What is the economic mechanism responsible for the approximately threefold increase in
markup volatility? It is known from previous work by e.g. Khan, King and Wolman (2002)
that optimal government policy in a model with imperfectly competitive intermediate goods
markets is to smooth the dynamic response of the markup to shocks. Schmitt-Grohe and
Uribe (2007) find that a monetary policy that stabilizes the price level is an effective way
to achieve this objective. In the New Keynesian model prices have a close link to the value
of the markup via the New Keynesian Philips curve and stabilizing prices acts to limit the
size of the response of the markup to shocks to government purchases and other exogenous
variables. In practice, a simple Taylor (1993) rule with a large inflation elasticity also
works very well. Once the nominal interest rate is zero though, the Taylor rule is no longer
operative and monetary policy ceases to stabilize the response of the markup to shocks.
This is the mechanism triggering the larger markup responses in Table 2. However, what
is noteworthy about our results is that the level of markup variability prior to 1999 is very
small. Thus, increasing its variability by a factor of three only has small quantitative effects
on the dynamic response of the economy to shocks.

On the one hand, the results reported in Table 2 for the period of zero interest rates are
reassuring. They imply that we don’t have to change the way we think about the world
when the nominal interest rate is constrained by its lower bound of zero. On the other hand,
our results are surprising in light of the previous literature. The value of the government
purchase output multiplier reported in Table 2 is less than one. Christiano, Eichenbaum
and Rebelo (2010) and Woodford (2010), in contrast, find that the government purchases
multiplier is much larger than one when the nominal interest rates is zero. In addition, the
sign of the output response to either type of technology shock is positive in Table 2. Braun
and Waki (2006) and Christiano, Eichenbaum and Rebelo (2010) find that it is negative
when the nominal interest rate is zero. Finally, we find that output (and hours) fall when
the labor tax is increased during the period of zero nominal interest rates. Eggertsson
(2010) finds that hours increase in this situation. We turn now to present some variants of

our model that produce these types of unorthodox responses.
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4.2 Unorthodox Responses

The most important reason why the baseline calibration produces orthodox responses is
that the shocks to d; are calibrated to deliver an expected duration of zero interest rates
of two years in each year between 1999-2005. If we increase the expected duration of zero
interest rates enough the model yields specifications that have unorthodox properties. In
practice, there are two patterns of unorthodox results that emerge. Some specifications
exhibit a government purchase output multiplier that is much larger than one but the
response of output to shocks to technology and the labor tax are orthodox. A second
type of specification has the property that the government purchase multiplier is larger than
one and the responses of output to technology and labor tax shocks are also unorthodox.

We consider two general strategies for increasing the expected duration of zero interest
rates. The first increases the serial correlation coefficient in the law of motion for the
preference discount factor shifter (d;) while holding the shocks fixed at their baseline values.
The second strategy varies the pattern and size of shocks while holding fixed the serial
correlation coefficient pg.

Before discussing the results in Table 3 we wish to emphasize the distinction in our model
between production which we denote by y and output. Let output in the model be denoted
by GDP.!? GDP is defined as:

GDP, =ci+ gt + 2 = ye(1 — %(Wt —W)Q)

The distinction between production and GDP plays an important role in the subsequent
analysis. Any shock that increases the difference between current and steady state inflation
also raises the resource costs of price adjustment. This, in turn, increases the gap between
production and GDP.

The scenario considered in Table 3 corresponds to the 1999 scenario reported in Table
2. Column 1 restates impulse responses for the baseline specification and also reports the
responses of production. The results reported in columns 2 and 3 under the heading High
serial correlation discount factor increase the serial correlation coefficient from the baseline
value of 0.9 to respectively 0.94 and 0.95. Consider the results reported in the top panel of
column 2 under the heading impact response of output. Recall that output is defined as the
sum of consumption, investment and government purchases as in the NIPA accounts. The
government purchases multiplier is 1.55. Increasing the serial correlation of the discount
factor from 0.9 to 0.94 nearly doubles the size of the government purchase multiplier.'!

Notice that this magnification of the government purchase output multiplier is due to a

10We use the term GDP because most national accounts data used in economic research in recent years is
based on GDP. Formally, though the measure of output in our dataset is based on the Hayashi and Prescott

(2002) methodology and they use GNP as their measure of output.
HMost of the increase occurs as the discount factor is increased from 0.93 to 0.94. For instance, if we

simulate the model setting pg = 0.93 instead, the government purchase multiplier is just above one.
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longer expected duration of zero interest rates. From row 2 of Table 3 we see that increasing
pq from 0.9 to 0.94 increases the expected duration of zero interest rates from two to six years.
A longer expected duration of zero interest rates produces a larger drop in the markup. The
decline in the markup with p = 0.94 is more than twice as large as the baseline. When the
Taylor feedback rule is active it acts to smooth the price and thereby the markup response.
However, when the nominal interest rate is zero an increase in the expected duration of zero
rates means that this mechanism is absent longer and both prices and the markup respond
by more.

Interestingly, the response of production to an increase in government purchases is much
smaller and only about one. Why is the output multiplier so much larger than the production
multiplier?

To provide some intuition for this difference in the response of production and output we
totally differentiate the resource constraint with respect to a change in government purchases

to get:

dGDP oy O

T TR

(30)

where ¥ denotes the resource costs of price adjustment and where we have suppressed
time subscripts for ease of exposition. Equation (30) decomposes the GDP response to a
government purchase shock into two terms.'? The first term consists of the response of
production to a government purchases shock weighted by one minus the resource costs of
price adjustment, (1 — ¥). The second term is the response of the price adjustment costs to
a government purchases shock weighted by production, y.

Table 4 reports this decomposition for the various specifications of the model. The most
important factor is the response of the resource costs to a change in government purchases. A
shock to government purchases puts upward pressure on prices. When individuals anticipate
a longer period of zero interest rates, the price increase is larger and this produces a bigger
saving in resources. With less production taken up by price adjustment more is available for
consumption and investment which implies in turn a larger response of GDP. This effect is
so pronounced that consumption now increases with the increase in government purchases.

Returning to Table 3 we see that the results reported in column 2 have a second notable
feature. The response of both output and production to shocks in either type of technology
or the labor tax are orthodox. An improvement in technology increases production and
output and a higher labor tax lowers both production and output. However, there is also a
distinction between the production and output response for these variables. The reasoning
works in an analogous way to the case of a government purchase shock. Suppose that the

labor tax is increased. This shock acts to reduce the costs of price adjustment. When the

12Strictly speaking, the GDP response to a transitory government purchase shock, 9GDP/dg has a third

second order term too. However, for small changes the infinitesimals in (30) are a valid approximation.
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shock to the discount factor is more persistent the price level is also lower and the associated
savings in price adjustment costs are larger.

Given the mechanisms we have identified it is not surprising then that increasing pq
further changes the sign of the response of output to a shock in the labor tax. The results
reported in column 3 of Table 3, which set pg = 0.95, illustrate this point. Now households
expect the interest rate to be zero for seven years when hit with the baseline model shocks.
The government purchase output multiplier is now nearly two. The response of output to a
labor tax shock or a transitory technology shock is unorthodox. output increases when the
labor tax is increased and output falls when the transitory technology shock is increased.'3 If
one, however, considers the response of production instead to these same shocks its properties
are orthdodox. Production increases by less than one to a one unit increase in government
purchases, production increases when technology improves and production falls when the
labor tax is increased.

A second way to increase the expected duration of zero interest rates is to hold fixed the
model parameters and instead to increase the size of the shocks. We now show that when
the shocks to d; are sufficiently large, the model also produces unorthodox results.

The persistent expectations specification sets the sequence of preference shocks hitting
the economy between 1999 and 2007 so that agents expect zero nominal rates for 5 years
as new information arrives in each year between 1999 to 2003. All parameters of the model
are held fixed. After 2003, the shocks are adjusted so that agents expect that the nominal
rate will become positive sooner in a way that is consistent with Japan’s experience. The
nominal rate becomes positive in 2007. To implement this scenario, a shock to the preference
discount rate of size 3% hits the economy in 1999. From 2000 to 2007, the size of preference
discount rate shocks ranges between 0.6% and -0.6%.

Results for the persistent expectations specification are reported in column 4 of Table
3. For this specification there is a 3% shock to d; and a simultaneous 15% shock to 7., in
1999. Consider the results reported in column 3. Even though the particular strategy used
to increase the expected duration of zero interest rates is different, the message from these
results is qualitatively quite similar to the results reported in column 2.

This choice of shocks induces a much larger response in the markup as compared to the
baseline specification. Notice also that the resource costs are much larger here (2.51% as
compared to 0.59% for the baseline). The government purchase GDP multiplier increases
to 1.33. However, the government purchase multiplier for production is only moderately

larger and less than one.'® Finally, note that the output responses to a positive transitory

13We do not report the consumption responses here due to space considerations but we wish to mention
that for all simulations we performed consumption moved in the same direction as output when technology

or labor taxes were shocked.
14One way to see the key role played by expectations about the duration of zero interest rates is to compute

the multiplier for another year. In the year 2000 there are no new shocks to d; yet, the government purchase
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technology shock or a high labor tax rate shock are also smaller in absolute value than the
production responses but still have the conventional signs.

For the large preference shock specification, we assume that the preference discount shock
arriving in 1999 is equal to 3.5% and that the shock to 7 is 0.175. These shocks lead agents
to expect that nominal rates will be zero in each year between 1999 and 2006. After 1999,
no other shocks to d; or 7. arrive. In this specification the equilibrium value of the nominal
interest rate becomes positive in 2007.

We will report two sets of simulations for this specification. The shocks in 1999 are
dy = 0.035 and 7.; = 0.175 under each scenario. However, they differ in the treatment of
the resource costs of price adjustment in the aggregate resource constraint. In column 6 they
are included in the resource constraint, in column 7 they are omitted. When the resource
costs of price adjustment are reflected in the budget constraint we find that the government
purchase output multiplier is 1.70. The government purchase production multiplier though
is less than one. This specification also produces anomalous output responses to an increase
in the labor tax and an temporary improvement in technology shock. But the response of
output is very muted.

Finally, consider the results in column 7. This scenario provides the reader with an
indication of how the answer changes if one solves the model using a log-linearized solution,
centered at a steady state with price stability and thereby abstracts from the resource costs
of price adjustment. Omitting this term from the aggregate resource constraint acts to
magnifies all of the responses. The response of the markup to any shock is now many orders
of magnitude larger than the baseline. This results in a government purchase multiplier of
2 and large and anomalous responses of output to shocks in the labor tax and transitory
technology shocks. Using the equilibrium prices one can compute the “implied” resource

costs of price adjustment. They are implausibly large and exceed 18% of output.

4.3 Assessing the Plausibility of Orthodox and Unorthodox Re-

sponses

We have seen that by varying the expected duration of zero interest rates it is possible to
produce specifications that have very different dynamic properties. We now and propose
and implement a strategy for assessing which of these specifications is most relevant for
understanding Japan’s experience with zero interest rates.

One of the messages from Table 3 is that as the expected duration of zero interest rates
is increased, the response of the markup to a variety of shocks increases. Each of the
specifications we have considered has distinct implications for the volatility of the markup,

prices, GDP and other aggregate variables. What is interesting about Japan is that the

output multiplier is 1.35 which is about the same as its value of 1.33 in 1999.
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period of zero interests was associated with a sharp decline in real and nominal volatility.

Table 5 reports relative volatility statistics for Japanese data and alternative specifica-
tions of the model. For each variable we report the standard deviation from 1988 to 1998
relative to the same variable’s standard deviation between 1999 and 2006. A relative volatil-
ity statistic of less than one means that the respective variable was less volatile during the
period of zero nominal interest rates.

The first row of Table 5 reports relative volatility statistics for Japanese data.'® The
volatility of GDP and real marginal costs both fall by about half. The declines in the
volatility of consumption and inflation are even larger. Consumption volatility falls be over
70% and both measures of inflation volatility (CPI and Consumption deflator) fall by 65%.
one. Labor input is the only variable for which volatility actually increases during the
1999-2007 sample period.

The baseline specification successfully predicts the qualitative pattern of declines in nom-
inal and relative volatility observed in Japanese data. It predicts declines in output, con-
sumption, real marginal costs and inflation. The baseline specification also, counterfactually,
predicts a decline in labor input volatility. Some of the magnitudes are off but, overall it is
our view that this parsimonious model of the Japanese economy does a surprisingly good
job of reproducing the evidence of tranquility in Japanese data.

For purposes of comparison we also report volatility statistics for some other specifica-
tions that have orthodox properties. The moderate price adjustment cost model uses a value
of v = 10.'6 This specification also successfully reproduces the evidence of tranquility. With
lower adjustment costs, the relative volatility of inflation increases to 0.27 which brings it
closer to the data value of 0.35. The flexible price specification, reported in row two of
Table 5 does about as well as the moderate price adjustment cost specification for the real
variables but produces too much volatility in the price level.

Consider next the results reported in rows below the baseline specification. These speci-
fications all produce unorthodox results. Both specifications with higher serial correlation in
dy predict that volatility in consumption, real marginal cost and inflation increased during
the period of zero interest rates. This occurs even though these two specifications have lower
variability in the preference discount shock than the baseline specification between 1999 and
2006 and the same sequences of all other shocks as the baseline specification (see column
6 in Table 5). The match between the model and Japanese data is particularly poor when
pa = 0.95. Recall that this specification has the property that the response of output to

labor tax and transient technology shocks is unorthodox. Here output volatility increases

15We measure real marginal costs in Japanese data using a labor share measure that accounts for employees
in self-employed firms. Following Muto (2009), we calculate real marginal costs as éCompensation of
employees/(National income - households’ operating surplus). We would like to thank Ichiro Muto from the

Bank of Japan for his helpful comments on the measurement of real marginal costs.
16The associated figure under Calvo price adjustment is 0.45
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and the volatility of real marginal cost more than doubles between 1999 and 2006.

The persistent expectations and large preference shock specifications also predict that the
period of zero interest rates in Japan should have been a period of high economic volatility.
The increase in volatility is particularly dramatic in the final row of Table 5, which omits the
resource costs of price adjustment from the aggregate resource constraint. Output volatility
nearly triples and labor input volatility goes up by a factor of over 5.

There is other evidence in favor of the specifications that produce low government pur-
chase multipliers and orthodox responses of output to labor tax and productivity shocks.
Ichiue and Ueno (2007) find that the maximum expected duration of zero interest rates
between 1999 and 2007 was not more than 2.3 years. The specifications that produce un-
orthodox results all require households to expect zero interest rates for a much longer period
of time.

A final reason in favor of the baseline specification is that all of the specifications that
exhibit unorthodox responses also have quite large resource costs of price adjustment. As
reported in Table 3, they range from 1.53% of output for the high serial correlation discount
rate specification with pg = 0.93 to a massive 18.7% of output for the specification where
the resource costs are omitted from the aggregate resource constraint. In this final case
the resource costs of price adjustment are “imputed” using the equilibrium value of the
price level. The baseline specification exhibits much more moderate resource costs of price
adjustment. The value of 0.6% lies in the range of estimates that emerge from analyzing
the costs of adjusting prices from firms. Levy et al. (1997) find that menu costs constitute

0.7% of revenues in supermarket chains.

4.4 Robustness

In this section, we briefly describe the robustness of our conclusions. As regards the choice of
the shock processes, we wish to first mention that our assumption that technology follows a
unit root process does have an impact on some of our results. Under our current assumption
that shocks to technology are permanent agents best guess of tomorrow’s state of technology
is today’s state of technology plus drift. The past is of no help in forming expectations about
the future. Technology shocks play an important role in the dynamics of the model and under
the assumption of a unit root process in technology agents never expect the zero lower bound
to bind in advance of 1999. If instead technological progress is deterministic and shocks to
technology are serially correlated agents start to predict zero nominal interest rates several
years before the nominal interest rate falls to zero and this acts to change the dynamics of
the model before the nominal interest rate is zero. The dynamics start to change as soon as
agents expect zero nominal rates in the future. This finding is significant in the sense that
it is not necessary for the nominal interest rate to be zero in order for the dynamics of the

model to start to shift. All that is necessary is that agents expect the nominal interest rate
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to be zero at some point in the future.

We have chosen to model quadratic price adjustment costs and not Calvo style price
adjustment. Braun and Waki (2010) compare Calvo and Rotemberg models of price ad-
justment. They find that the increase in marginal costs associated with a given change
in government purchases is larger under Calvo price adjustment. This results in a larger
government purchase multiplier under Calvo price setting. On the basis of this result it is
our conjecture specifications with Calvo price setting will exhibit even more excess volatility
as compared to the Rotemberg specification we have considered here.

We have also performed other experiments in which we reduced the relative persistence
of the shock to government purchases or the shock to the labor tax rate by lowering the
serial correlation coefficient. Changing the parameters in this way reduced the size of the
government purchase multiplier and yielded output responses to the labor tax that were
always orthodox.

We have also conducted simulations in which we kept the tax rate on consumption con-
stant.!” This leads to a deterioration in the fit of the model for GDP and labor input.
However, the magnitudes of the GDP impulse responses and the government purchase mul-
tiplier are very close to those reported for our baseline specification.

Finally, the qualitative nature of our results is robust to the parameterization of the
Taylor rule. We have obtained qualitatively similar results using Taylor rules that set the
coefficient on the lagged value of the nominal rate to zero, use a different coefficient on

inflation or include output growth.

5 Concluding Remarks

In this paper we have conducted a quantitative investigation aimed at assessing the dynamics
of the New Keynesian model in a low interest rate environment.

We produced a baseline specification that does a reasonable job of reproducing some
basic stylized facts from the Japanese economy between 1988 and 2007. An investigation of
the dynamic properties of that specification implies that the response of output to a range
of shocks is consistent with standard theory. Moreover, the size of the government purchase
output multiplier is less than one.

We also considered specifications of the model that have larger government purchase
multipliers and some which also exhibit unorthodox predictions for the response of output
to labor tax and technology shocks. We found that these specifications are difficult to square
with the fact that the period of zero interest rates in Japan between 1999 and 2006 was a

period of low economic volatility. All of the specifications predict the opposite should have

17Under this assumption a 3% shock to the discount factor is needed to induce a binding zero nominal

1999 that agents expect to last for two years.

20



occurred. The specifications with unorthodox properties also have other problems. They
predict large resource costs of price adjustment which are difficult to reconcile with empirical
evidence that menu costs are small and they require that households expect the period of

zero interest rates to be counterfactually long.
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Table 1: Model Parameterization

Symbol ‘ Value ‘

Description

Q@ 0.362 Capital share
1) 0.085 Depreciation rate
0] 4 Adjustment costs on capital
B 0.995 Discount factor
v 0.27 Preference consumption share
o 2 Preference curvature
y 80 Adjustment costs on prices
6/(6—-1) | 1.15 Steady state gross markup
R 0.029 Steady state nominal rate
PR 0.4 Elasticity of the nominal rate with respect to the lagged nominal rate
Pr 1.7 Elasticity of the nominal rate with respect to inflation
1A 1.02 Steady state growth rate of technology
G/Y 0.19 Steady state government share
Tw 0.27 Steady state labor income tax
Tk 0.41 Steady state capital tax
Te 0.05 Steady state consumption tax
PA 0.92 Autocorrelation coeflicient of transient technology shocks
Jole 0.89 Autocorrelation coefficient of government spending
Puw 0.9 Autocorrelation coefficient of labor income tax
Ok 0.9 Autocorrelation coefficient of capital income tax
Pe 0.9 Autocorrelation coefficient of consumption tax
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Table 2
Impact responses of output and markup baseline specification

Year 1995 1999 2004
Years expected nominal rate is zero none 1999-2000  2004-2005
Resource costs of price adjustment** 0.22 0.59 0.54
Impact response of output (GDP) to a positive shock in:
Neutral technology (transitory) 0.64 0.57 0.59
Neutral technology (permanent) 0.62 0.68 0.71*
Labor tax -0.62 -0.56 -0.57*
Government purchases 0.65 0.87 0.87*
Impact response of the markup to a positive shock in:
Neutral technology (transitory) 0.06 0.21 0.19
Neutral technology (permanent) -0.03 -0.14 -0.17*
Labor tax -0.06 -0.23 -0.21*
Government purchases -0.20 -0.64 -0.57*

*For this shock the zero bound constraint applies only in 2004
**Resource costs of price adjustment are reported in percentage terms of output

25



‘pariodal ale S1s00 824n0sal paljduil ‘JuUresISu0d 991N0Sal ay) Ul $1S09 Juswisnipe ao1id Inoyim uoledi4dads ayy 104
‘ndino Jo swi.a) abejuaalad ul payiodal ase uswisnipe ao1id JO S1IS02 92IN0SAY

99'v- 8G'T- GE'T- 10°¢- 6L'T- ¥9'0- saseyaInd JUsLUIBA0D

S6°¢C- 98°0- €9°0- GeT- 96°0- €20- Xe} oge]

00'¢- 19°0- Zvo- 68°0- 09°0- v1°0- (yusuewuad) ABojouyos) [ennsN

8LC 6L°0 850 €T ¥6°0 120 (Rioysuen) AGojouyosy [esnaN
Ul o0ys aAsod e 0 dnysew jo asuodsad 1oedu|

20°¢ 190 180 /80 €07 8.0 saseyoINd JUBLIUIBA0D

4740 85°0- 050~ 9¢°0- 9¢°0- 65°0- Xe) logeT]

A TL0 €L°0 6.0 6.0 99'0 (3usuewuad) ABojouyda) [eanaN

6€°0- 090 250 o 6€°0 090 (A1onsuen) ABojouydal esnaN
:u1o0ys aAsod e 0] uononpoad Jo asuodsal Joedw|

20°¢ 0L7T €eT 26T GST 180 saseyond JUSWIUIBA0D

[A740) S0°0 8¢'0- €0 80°0- 990~ Xe) Joqe]

't STT 880 12T 160 890 (usuewuad) ABojouyda) |esnsN

6€°0- v0'0- 62°0 8€0- 800 1S0 (A1onsuen) ABojouyosy |esnaN
U1 %o0ys aAsod e 0} (d@o) indino Jo asuodsal Joedw|
0,°8T 80°L 15¢ 29°¢ €S'T 650 xuswisnipe 8o11d 40 SIS0 80IN0SAY
9002-666T 9002-666T| £002-666T 5002-666T ¥002-666T 0002-666T 0197 S| aJel [eUIIOU pajoadXa SIeax

JUIRIISUOD 82IN0S8I (60 (¥6°0) X20Us
3y ul 1509 3o0ys suonEioadyg 390U 81eJ JUNOJSIP  J0JIB) JUNOISIP
jusunsnipe aoud  9ouaisyald Ul UoIe|a4109 uone|aLI09 auljaseg
INOYIIM XI0Us abue Juaisisiad Jewiss ybiy Jewiss ybiy
doualayaid abire ‘SHO0US auljaseg  ‘s)o0ys auljaseq

|9pOW 8y} JO SUOITRIILIIMS BAITRUIBYE 10} BEGT Ul SALLIR Jey) SY00ys 01 sasuodsal asindwi]

€9l0eL

26



Table 4
Decomposition of the GDP response to a government purchases shock

JdGDP/dg =W-y)dyldg -y (9¥Idg)

Specification
Baseline 0.87 =(1-0.006)x0.78 -1.02x (-0.09)
Higher discount factor serial correlation (0.94) 1.55 =(1-0.015)x1.03 -1.03x(-0.52)
Higher discount factor serial correlation (0.95) 1.92 =(1-0.036)x0.87 -1.03x(-1.05)
Persistent expectations 1.33 =(1-0.025)x0.87 -1.00x (-0.46)
Large preference shock 1.70 =(1-0.071) x0.67 -0.99 x (-1.03)
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Capital—output ratio Detrended real output
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Figure 1: Baseline economy if neither preference nor monetary policy shocks arrive
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Figure 2: Baseline
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