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1 Introduction

This appendix describes : the Smets and Wouters (2007) model (Section 2); its cali-
bration (Section 4); the data (Section 3); the empirical results (Section 5) including
Bayesian estimation results (estimated means, standard errors, and highest pos-
terior density intervals) in Section 5.1, estimated shocks in Section 5.2, impulse
response functions in Section 5.3, and variance decompositions in Section 5.4.

2 The Smets and Wouters model

This section develops the sticky-price and flexible-price economies of the linearized
Smets and Wouters (2007) model. We use the same notation about variables and
parameters as in their seminal paper.

2.1 Sticky-price economy

2.1.1 Consumption

The consumption equation is given by

ct =
h

1+ h
ct−1 +

1
1+ h

Et [ct+1]−
1− h

σc (1+ h)

(
rt − Et [πt+1] + εb

t

)
+
(σc − 1)

σc (1+ h)
Wh
∗ L∗
C∗

(lt − Et [lt+1]) (1)

where ct is the aggregate private consumption, rt the central bank (nominal) in-
terest rate, πt the inflation rate, lt household’s hours worked, and εb

t a wedge
between the interest rate controlled by the central bank and the return on as-
sets held by households (i.e. risk premium shock). h = λ/γ is the modified
household’s consumption habits parameter, λ the external habit formation, γt the
labour-augmenting deterministic growth rate in the economy, σc the inverse of
the elasticity of intertemporal substitution, Wh

∗ the steady-state aggregate nomi-
nal wage rate, L∗ the steady-state composite labour input, and C∗ the steady-state
household’s consumption. All the variables in lowercase letters are in log devia-
tion from the nonstochastic steady-state.

Notice that worked hours by the representative household enter the consump-
tion equation mainly because Smets and Wouters (2007) assumed non-separability
between consumption and labor in households’ preferences,1 whereas it is not the

1Smets and Wouters (2007) use the following non-separable households’ period-utility function

Ut =
1

1− σc
(Ct − λCt−1)

1−σc exp
(

σc − 1
1− σl

L1−σl
t

)
(2)
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case in Smets and Wouters (2003).

2.1.2 Investment

The investment equation is

it =
1

1+ βγ1−σc
it−1 +

βγ1−σc

1+ βγ1−σc
Et [it+1] +

1
ϕγ2 (1+ βγ1−σc)

qt + εi
t (3)

where it is the aggregate investment, qt the real value of the existing capital stock,
and εi

t an investment-specific technology shock. β is the deterministic discount
factor applied by households, ϕ the steady-state elasticity of the capital adjustment
cost function.

Modeling the capital adjustment costs as a function of the change in invest-
ment rather than the change in its level introduces additional dynamics in the
investment equation, a useful means to capture the hump-shaped response of in-
vestment to various shocks, including monetary policy shocks.

2.1.3 Production

The aggregate production function is such as

yt = φp (αks
t + (1− α) lt + εa

t ) (4)

where output yt is produced using capital, ks
t , and labor services, lt, and εa

t is a
technology shock (total factor productivity, TFP). φp reflects the presence of fixed
costs in production, and α measures decreasing returns and the share of capital in
production.

2.1.4 Capital

The value of capital equation is

qt =
1− δ

1− δ+ Rk∗
Et [qt+1] +

Rk
∗

1− δ+ Rk∗
Et

[
rk

t+1

]
−
(

rt − Et [πt+1] + εb
t

)
(5)

where qt is the current value of the capital stock, δ its depreciation rate, rk
t the real

rental rate on capital, and Rk
∗ = β−1γσc − 1− δ its steady-state value.

where Ct and Lt are respectively the aggregate consumption and worked hours, and σl is the
elasticity of labor supply with respect to the real wage. See, for instance, Benchimol (2016) for a
comparison between standard (without money) and nonseparable (with money) utility functions.
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The capital accumulation equation is written as

kt =
1− δ

γ
kt−1 +

γ+ δ− 1
γ

it + (γ− 1+ δ)
(

1+ βγ1−σc
)

γϕεi
t (6)

where kt is the installed capital.
The rental rate of capital is

rk
t = − (kt − lt) + wt (7)

where rk
t is the real rental rate of capital, and wt wages (Eq. 12).

Current capital services used in production, ks
t , is a function of capital installed

in the previous period, kt−1 and the degree of capital utilization, zt, such as

ks
t = kt−1 + zt (8)

where the degree of capital utilization zt is a positive function of the rental rate of
capital such as

zt =
1− ψ

ψ
rk

t (9)

where ψ is a positive function of the elasticity of the capital utilization adjustment
cost function with respect to utilization (normalized to be between zero and one).

2.1.5 Prices

The inflation equation is given by

πt =
βγ1−σc

1+ βιpγ1−σc
Et [πt+1] +

ιp

1+ βιpγ1−σc
πt−1

− 1
1+ βιpγ1−σc

(
1− βγ1−σc ξ p

) (
1− ξ p

)
ξ p

(
1+

(
φp − 1

)
εp

) µ
p
t + ε

p
t (10)

where ιp is the degree of indexation to past inflation, ξ p the degree of price stick-
iness, εp the curvature of the Kimball (1995) goods market aggregator, φp − 1 the
steady-state price mark-up, ε

p
t the price mark-up shock and µ

p
t the price mark-up

defined as

µ
p
t = α (ks

t − lt)− wt + εa
t (11)

= −
[
(1− α)wt + αrk

t − εa
t

]
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2.1.6 Wages

The real wage is such that

wt =
βγ1−σc

1+ βγ1−σc
Et [wt+1] +

1
1+ βγ1−σc

wt−1

βγ1−σc

1+ βγ1−σc
Et [πt+1]−

1+ βιwγ1−σc

1+ βγ1−σc
πt +

ιw
1+ βγ1−σc

πt−1

− 1
1+ βγ1−σc

(
1− βγ1−σc ξw

)
(1− ξw)

ξw (1+ (φw − 1) εw)
µw

t + εw
t (12)

where wt is the real wage, ιw the degree of indexation to past wages, ξw the degree
of wage stickiness, εw the curvature of the Kimball (1995) labor market aggregator,
φw − 1 the steady-state labor mark-up, εw

t the wage mark-up shock and µw
t the

wage mark-up defined as

µw
t = wt −

(
σl lt +

1
1− h

(ct − hct−1)

)
(13)

where σl is the elasticity of labor supply with respect to the real wage.

2.1.7 Equilibrium

The goods market equilibrium condition can be written as

yt = cyct + iyit + zyzt + ε
g
t (14)

where cy is the steady-state share of consumption in output (equals to 1− gy− iy);
gy and iy = (γ− 1+ δ) ky are respectively the steady-state exogenous spending-
output ratio and investment-output ratio, and zy = Rk

∗ky, where ky is the steady-
state capital-output ratio.

2.2 Flexible-price economy

2.2.1 Flexible-price consumption

Flexible-price consumption is defined as

cp
t =

h
1+ h

cp
t−1 +

1
1+ h

Et
[
cp

t+1

]
− 1− h

σc (1+ h)

(
rp

t + εb
t

)
+
(σc − 1)

σc (1+ h)
Wh
∗ L∗
C∗

(
lp
t − Et

[
lp
t+1

])
(15)
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where cp
t is flexible-price consumption, rp

t the natural interest rate (i.e. flexible-
price interest rate), and lp

t flexible-price worked hours.

2.2.2 Flexible-price investment

Flexible-price investment is

ip
t =

1
1+ βγ1−σc

ip
t−1 +

βγ1−σc

1+ βγ1−σc
Et
[
ip
t+1

]
+

1
ϕγ2 (1+ βγ1−σc)

qp
t + εi

t (16)

where ip
t is flexible-price investment, and qp

t the flexible-price real value of the
existing capital stock.

2.2.3 Flexible-price production

The flexible-price aggregate production function is equal to

yp
t = φp

(
αksp

t + (1− α) lp
t + εa

t
)

(17)

where flexible-price output, yp
t , is a function of flexible-price capital services, ksp

t ,
and flexible-price labor services, lp

t .

2.2.4 Flexible-price capital

The flexible-price capital stock is

qp
t =

1− δ

1− δ+ Rk∗
Et
[
qp

t+1

]
+

Rk
∗

1− δ+ Rk∗
Et

[
rkp

t+1

]
−
(

rp
t + εb

t

)
(18)

where rkp
t is the flexible-price real rental rate on capital.

The flexible-price capital accumulation equation is written as

kp
t =

1− δ

γ
kp

t−1 +
γ+ δ− 1

γ
ip
t + (γ− 1+ δ)

(
1+ βγ1−σc

)
γϕεi

t (19)

where kp
t is the flexible-price installed capital.

The flexible-price rental rate of capital is given by

rkp
t = −

(
kp

t − lp
t
)
+ wp

t (20)

where wp
t represents flexible-price wages.

Current flexible-price capital services used in production, ksp
t , is a function

of flexible-price capital installed in the previous period, kp
t−1, and the degree of
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flexible-price capital utilization, zp
t , such as

ksp
t = kp

t−1 + zp
t (21)

where the flexible-price degree of capital utilization zp
t is a positive function of the

rental rate of capital

zp
t =

1− ψ

ψ
rkp

t (22)

2.2.5 Flexible-price marginal cost

By definition, there is no marginal cost in the flexible-price economy. Then, Eq. 11
leads to

εa
t = αrkp

t + (1− α)wp
t (23)

2.2.6 Flexible-price wages

The flexible-price real wage is equal to

wp
t = σl l

p
t +

1
1− h

(
cp

t − hcp
t−1

)
(24)

2.2.7 Flexible-price equilibrium

The flexible-price goods market equilibrium condition can be written as

yp
t = cycp

t + iyip
t + zyzp

t + ε
g
t (25)

2.3 Stochastic structure

2.3.1 AR(1) shocks

The total factor productivity (TFP) shock, εa
t , the investment-specific technology

shock, εi
t, the risk premium shock, εb

t , and the monetary policy shock, εr
t , are as-

sumed to follow a first-order autoregressive functional form such as, ∀k ∈ {a, i, b, r},

εk
t = ρkεk

t−1 + ηk
t (26)

where ρk ∈ [0, 1[ is the first-order autoregressive parameter of the shock k, and the
innovation ηk

t is an i.i.d.-normal error term.
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2.3.2 ARMA(1,1) shocks

The price and wage markup shocks, ε
p
t and εw

t respectively, are assumed to follow
a first-order autoregressive moving-average functional form such as, ∀k ∈ {p, w},

εk
t = ρkεk

t−1 + ηk
t − µkηk

t−1 (27)

where ρk ∈ [0, 1[ is the first-order autoregressive parameter of the shock k, µk
the moving average term, and the innovation ηk

t an i.i.d.-normal error term. This
shock process is designed to capture high-frequency fluctuations in inflation and
wage markups.

2.3.3 Government spending shock

The government spending shock, ε
g
t , is assumed to follow a first-order autoregres-

sive process impacted by technology shocks such as

ε
g
t = ρgε

g
t−1 + η

g
t + ρgaηa

t (28)

where ρg ∈ [0, 1[ is the first-order autoregressive parameter, ρga represents do-
mestic productivity developments, and the innovation η

g
t is an i.i.d.-normal error

term.

3 Data

This section describes the measurement equations (Section 3.1), the data sources
(Section 3.2) and the data transformations (Section 3.3).

3.1 Measurement equations

The measurement equations and data transformations we use are exactly the same
as in Smets and Wouters (2007). ln and ∆ ln stand for log and log difference, re-
spectively.

The observed real output is measured as

GDPt = yt − yt−1 + γ̄ (29)

where GDPt represents the real output data and γ̄ = 100 (γ− 1) the common
quarterly trend growth rate to real GDP.

The observed real consumption is measured as

CONSt = ct − ct−1 + γ̄ (30)

8



where CONSt represents the real consumption data.
The observed investment is measured as

INVt = it − it−1 + γ̄ (31)

where INVt represents the investment data.
The observed wage inflation is measured as

WAGEt = wt − wt−1 + γ̄ (32)

where WAGEt represents the wage inflation data.
The observed worked hours are measured as

HOURSt = lt − lt−1 + l̄ (33)

where HOURSt represents the worked hours data and l̄ the steady-state hours
worked, which is normalized to be equal to zero.

The observed inflation is measured as

INFt = πt + π̄ (34)

where INFt represents the inflation data and π̄ = 100 (Π∗ − 1) the quarterly
steady-state inflation rate.

The observed nominal interest rate is measured as

RATEt = rt + r̄ (35)

where RATEt represents the (nominal) interest rate data and r̄ = 100
(

β−1γσc Π∗ − 1
)

the quarterly steady-state interest rate.

3.2 Data sources

The identifier of the corresponding series is mentioned in parenthesis.
The U.S. Bureau of Economic Analysis is the source for GDP (Real Gross Do-

mestic Product, GDPC1), inflation (GDP Implicit Price Deflator, GDPDEF), con-
sumption (Personal Consumption Expenditures, PCEC), and investment (Fixed
Private Investment, FPI) data.

The U.S. Bureau of Labor Statistics is the source for employment (Civilian
Employment Level, CE16OV), population (Civilian Noninstitutional Population,
CNP16OV), worked hours (Average Weekly Hours in the Nonfarm Business Sec-
tor, PRS85006023), and hourly wages (Compensation Per Hour in the Nonfarm
Business Sector, COMPNFB) data.
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The U.S. Board of Governors of the Federal Reserve System is the source for
interest rate (Effective Federal Funds Rate, FEDFUNDS) data except between July
2009 to November 2015 where we use the shadow rate data from Wu and Xia
(2016).

All these data are collected from FRED, Federal Reserve Bank of St. Louis.

3.3 Data transformations

According to Smets and Wouters (2007), measurement equations and statistical
data match through the following data transformations.

GDPt = 100 ln
(

GDPC1t

CNP16OVt

)
(36)

CONSt = 100 ln
((

PCECt

GDPDEFt

)
CNP16OV−1

t

)
(37)

INVt = 100 ln
((

FPIt

GDPDEFt

)
CNP16OV−1

t

)
(38)

WAGEt = 100 ln
(

COMPNFBt

GDPDEFt

)
(39)

HOURSt = 100 ln
(

PRS85006023t

(
CE16OVt

100

)
CNP16OV−1

t

)
(40)

INFt = 100 ln
(

GDPDEFt

GDPDEFt−1

)
(41)

RATEt =
FEDFUNDSt

4
(42)

where CE16OVt and CNP16OVt are transformed in indexes of the same base.

4 Calibration

Table 1 defines all the estimated parameters of the models.
Table 2 presents calibration of models’ parameters, as Smets and Wouters (2007),

for each model and period.

5 Results

5.1 Estimated parameters

Tables 3 to 10 present estimation results for each model and period.
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α Share of capital in production
λ External habit formation
σc Inverse of the elasticity of intertemporal substitution
σl Elasticity of labor supply with respect to the real wage
ξ p Degree of price stickiness
ξw Degree of wage stickiness
ιp Degree of indexation to past prices
ιw Degree of indexation to past wages
ψ Function of the elasticity of the capital utilization adjustment cost
φp Share of fixed costs in production
ρ Interest rate smoothing
rπ Inflation weight in the monetary policy rule
ry Real output gap weight in the monetary policy rule

r∆y Real output gap growth weight in the monetary policy rule
rn Nominal output (growth or level) weight in the monetary policy rule

100
(

β−1 − 1
)

Transformed household’s subjective discount factor
ϕ Steady-state elasticity of the capital adjustment cost function
π̄ Steady-state inflation rate
l̄ Steady-state hours worked
γ̄ Common trend growth rate to output, consumption, investment and wages
ρa Autoregressive parameter of the technology shock
ρb Autoregressive parameter of the risk premium shock
ρg Autoregressive parameter of the government spending shock
ρi Autoregressive parameter of investment-specific technology shock
ρr Autoregressive parameter of the monetary policy shock
ρp Autoregressive parameter of the price markup shock
ρw Autoregressive parameter of the wage markup shock
ρga Productivity developments in the government spending shock
µp Moving average parameter of the price markup shock
µw Moving average parameter of the wage markup shock
σa Standard error of the technology shock
σb Standard error of the risk premium shock
σg Standard error of the government spending shock
σi Standard error of investment-specific technology shock
σr Standard error of the monetary policy shock
σp Standard error of the price markup shock
σw Standard error of the wage markup shock

Table 1: Definition of estimated models’ parameters.
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Distr. Mean Std. Distr. Mean Std.
α Normal 0.30 0.05 ρa Beta 0.50 0.20
λ Beta 0.70 0.10 ρb Beta 0.50 0.20
σc Normal 1.50 0.37 ρg Beta 0.50 0.20
σl Normal 2.00 0.75 ρi Beta 0.50 0.20
ξ p Beta 0.50 0.10 ρr Beta 0.50 0.20
ξw Beta 0.50 0.10 ρp Beta 0.50 0.20
ιp Beta 0.50 0.15 ρw Beta 0.50 0.20
ιw Beta 0.50 0.15 ρga Normal 0.50 0.25
ψ Beta 0.50 0.15 µp Beta 0.50 0.20
φp Normal 1.25 0.12 µw Beta 0.50 0.20
ρ Beta 0.75 0.10 σa Inv-gamma 0.10 2.00
rπ Normal 1.50 0.25 σb Inv-gamma 0.10 2.00
ry Normal 0.125 0.05 σg Inv-gamma 0.10 2.00

r∆y Normal 0.125 0.05 σi Inv-gamma 0.10 2.00
rn Normal 1.5(∗)/0.5(∗∗) 0.25 σr Inv-gamma 0.10 2.00

100
(

β−1 − 1
)

Gamma 0.25 0.10 σp Inv-gamma 0.10 2.00
ϕ Normal 4.00 1.50 σw Inv-gamma 0.10 2.00
π̄ Gamma 0.625 0.10
l̄ Normal 0.00 2.00
γ̄ Normal 0.40 0.10

Table 2: Calibration of models’ parameters. (∗) stands for NGDP growth target-
ing (rules 5 to 8) and (∗∗) for NGDP level targeting (rules 9 to 12). Distr. and
Std. stand for the distribution and the standard error of the estimated parameter,
respectively.
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5.2 Estimated shocks

Fig. 1 to Fig. 4 present estimated shocks, for each model and sample.
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Figure 1: Estimated shocks between 1955 and 2017 (rules 1 to 12).
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Figure 2: Estimated shocks between 2007 and 2017 (rules 1 to 12).
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Figure 3: Estimated shocks between 1985 and 2007 (rules 1 to 12).
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Figure 4: Estimated shocks between 1955 and 1985 (rules 1 to 12).

The estimates of the innovation component of each structural shock appears to
respect i.i.d properties and are centered around zero (as assumed in Section 2.3).
These results suggest that the estimated models are statistically not misspecified.

5.3 Impulse response functions

Fig. 5 to Fig. 8 show the responses of inflation, output, interest rate, wages and
investment to all shocks and with respect to all periods.

The impact of a monetary policy shock on inflation is strongest under rule 3
during all the periods. Rule 11 performs similarly in a manner similar to rule 3,
with the highest on-impact response of inflation to monetary policy shocks during
the GFC/ZLB period.

A technology shock has a greater negative impact on inflation during the 1955-
1985 period than during any other period. The lowest impact occurred during
the GFC/ZLB. Different rules over different periods lead to the lowest inflation
decrease following a technology shock. However, rule 3 reaches the steady-state
the fastest, except during the GFC/ZLB, leading to the lowest inflation decrease
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as time elapses.
The impact of a risk premium shock on inflation is heterogeneous, depending

on the rule. Following a risk premium shock, rules 3, 7 and 11 lead to an increase in
inflation during the GFC/ZLB while other rules lead to a decrease. This phenom-
enon is present over almost all sample periods. Having the natural interest rate
included in the policy rules seems to soften the impact of risk premium shocks.

The response of inflation to a government expenditure shock is weaker over
the GFC/ZLB and GM periods, whereas it is stronger over the 1955-1985 period.

Regarding the short-run impact of the monetary policy shock on output, rules
3 and 11 (negatively) dominate the others during the GFC/ZLB period, and rule 3
dominates during the GM and 1955-1985 periods.

When considering the technology shock, the on-impact response of output is
the highest under rule 7 in all periods (yet very close to rules 3 and 11).

The impact of a risk premium shock on output is always lower under rules 3
and 11 than under any other rule, whatever the sample period. Interestingly, the
impact of such shock on output was generally stronger during the GFC/ZLB and
the GM periods than during the 1955-1985 or the overall periods.

The short-run impact of the government expenditure shock on output does
not substantially vary across rules or periods, in terms of lasting through time, at
least when it relates to the GFC/ZLB and the GM periods. Its on-impact value is
greater, however, over the 1955-1985 period and the full sample period. Note that
a comparison of the GM and the GFC/ZLB periods reveals a significantly longer
lasting impact of government expenditure shock on output for the former period,
regardless of the rule applied. Government expenditures have lower long-term
impact during the GFC/ZLB than during the GM or the 1955-1985 periods.

When considering the on-impact of monetary policy shocks on investment,
rules 3 and 11 lead to the highest (negatively) reaction during the GFC/ZLB pe-
riod, but rule 3 does so over the GM and 1955-1985 periods. Rule 3 and 11 also
(negative) dominate over the full sample (on-impact).

Interestingly, NGDP Level rules lead to the highest impact on investment fol-
lowing a price markup shock over all the periods.

Concerning the impact of the technology shock on investment, rules 8 and 12
lead to the strongest negative impact over all the periods while the other rules pro-
duce positive reactions. The GFC/ZLB period is characterized by a high (positive)
impact of rules 3, 7, and 11. The GM period is also characterized by a high impact
from rules 3, 7, and 11, but several other rules produce results that are nearly
as good. Before 1985 and over the full sample period, the results are somewhat
mixed.
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Figure 5: Response of inflation, output, interest rate, wage and investment to a 1%
deviation shock between 1955 and 2017 (rules 1 to 12).
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Figure 6: Response of inflation, output, interest rate, wage and investment to a 1%
deviation shock between 2007 and 2017 (rules 1 to 12).
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Figure 7: Response of inflation, output, interest rate, wage and investment to a 1%
deviation shock between 1985 and 2007 (rules 1 to 12).
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Figure 8: Response of inflation, output, interest rate, wage and investment to a 1%
deviation shock between 1955 and 1985 (rules 1 to 12).
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5.4 Variance decompositions

Fig. 9 to Fig. 12 show the variance decompositions of inflation and output with
respect to all shocks, in the short and long runs.

A comparison between the GFC/ZLB and the GM periods is interesting. In
the short and the long run, inflation is explained almost entirely by the mark-up
shock. Output variance is impacted by the three shocks we focus on (monetary
policy, technology, government spending) but also by the risk premium shock.
The impact of each shock depends on the monetary rule. The impact of the mon-
etary shock is generally greater during the period of 2007-2017 than between 1985
and 2007. It is significant for both periods but more so during the GFC/ZLB than
the GM period. Specifically, during the former period, and under rules 3, 7 and 11,
the monetary policy shock explains about 50% of the output variance in the short
run and 70% in the long run, whereas it is significantly lower when applying the
other rules (except rule 1 that also explain a significant share of long run output
dynamics). But, in both periods, the technology and the government expenditure
shocks (as well as the risk premium shock) have their role to play. Note further
that whatever the shock, it is always rules 3, 7 and 11 that lead to the highest vari-
ance decomposition for output during the GFC/ZLB period, other than following
a risk premium shock.

Note also that the government expenditure shock has a relatively lower impact
during the GFC/ZLB period than during the GM period.

Output in the long run is also substantially impacted by the technology shock
in the 1955-1985 period and over the full sample period. These impacts are more
or less significant depending on the monetary rule being applied.
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Figure 9: Variance decompositions of inflation and output between 1955 and 2017
(rules 1 to 12).
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Figure 10: Variance decompositions of inflation and output between 2007 and 2017
(rules 1 to 12).
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Figure 11: Variance decompositions of inflation and output between 1985 and 2007
(rules 1 to 12).
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Figure 12: Variance decompositions of inflation and output between 1955 and 1985
(rules 1 to 12).
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