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Assessing the Impacts of Non-Ricardian Households
in an Estimated New Keynesian DSGE Model

RicArRDO MARTO?

JEL-Classification: C11, E12, E37, E52, E62
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1. Introduction

Since the appeal of MankIw (2000) for the inclusion of rule-of-thumb consum-
ers in macroeconomic models, several papers have attempted to do so. Most have
calibrated their proportion, others have estimated it, but very few have attempted
to analyze the impacts of different specifications on the overall model predic-
tions. GaLf, LOPEZ-SALIDO, and VALLES (2004) assess the impact of different
calibrated shares of rule-of-thumb consumers on the interest rate rule equilibrium
properties and GALf, LOPEZ-SALIDO, and VALLEs (2007) extends this analysis
by studying equilibrium dynamics when the level of price stickiness varies. The
latter also provides a partial analysis of the impact of different shares of rule-of-
thumb consumers. This paper builds on these findings.

The paper presents and estimates a standard New Keynesian (NK) dynamic
stochastic general equilibrium (DSGE) model of the Portuguese economy
allowing for two types of households like in GaLf, LéPEZ-SaLIDO, and VALLES
(2007): Ricardian (or optimizing) households and non-Ricardian (or liquidity-
constrained or rule-of-thumb) households. The former maximize their expected
lifetime utility over consumption and leisure and they have complete access to
capital markets in order to smooth consumption over time. The latter are con-
strained to choose a combination of consumption and leisure maximizing their
per period utility subject to their disposable income per period. The model adds

a  Inter-American Development Bank (IDB). E-mail address: rmarto@iadb.org. I am grateful
to Toru Kitagawa, Vincent Sterk, Riccardo Constantini, and Hector Conroy for their valu-
able inputs. Useful insights from the lectures of Paul Levine and Bo Yang given at the NIPE’s
9th summer school are duly acknowledged. The views expressed in this paper are mine and
should not be interpreted as reflecting the views of the IDB. Any errors or shortcomings are
my responsibility.
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354 Ricarpo MarTO

several frictions and shocks to Gatf, Lérez-SaLipo, and VaLLEs (2007), namely:
a consumption habit to Ricardian households and price indexation to the inter-
mediate goods firms not allowed to reoptimize prices in a Carvo (1983) price
setting scheme." It also adds five other shocks: an investment efficiency shock and
a consumption preference shock on Ricardian households; a labor-augmenting
productivity shock on intermediate goods firms technology and a price markup
shock on their costs; and, a monetary policy shock in the Taylor-type interest
rate rule.

The choice of a NK model is relevant because it adds nominal rigidities, imper-
fections and other frictions to the standard Real Business Cycle (RBC) model
with the aim of reproducing some important stylized facts these fail to consider:
monetary policy is given a pertinent role in influencing short-run real varia-
bles with the introduction of price stickiness in the form of staggered prices 4
la Carvo (1983) or 4 la TayLor (1980) and economic stabilization policies are
made relevant to counteract cyclical fluctuations generated by imperfections and
frictions. These standard flexible-price models are unable to explain the sluggish
adjustment of prices and to capture the large and persistent response of output,
as well as the increase in labor productivity after a monetary policy shock. Yun
(1996) and CuristiaNo, ElcHENBAUM, and Evans (2005) introduced indexa-
tion that has successfully captured inflation persistence and the delayed peak
response of inflation to a monetary policy shock. In addition, the response of
private consumption to a government spending shock is estimated to be nega-
tive in the standard RBC model, although several papers using vector autogres-
sions (VAR) have pointed to a positive (PEROTTI, 2004) or at best insignificant
(MounTrorD and UHLIG, 2004) response of private consumption — the bulk of
papers tends to favor the Keynesian hypothesis that in normal times consump-
tion responds positively to a rise in government spending.”

The inclusion of rule-of-thumb consumers is meant to capture the impact of
fiscal policy shocks on private consumption by introducing heterogeneity in con-
sumers. This is motivated by the failure of the permanent income hypothesis,
showing that private consumption depends heavily on current income.” GaLf,

1 Consumption habits were added, as in ABEL (1990), to capture the persistence in output and
consumption present in the data. Other features include wage stickiness as in Erceg, HEN-
DERSON, and LEVIN (2000) and investment costs as in BERNANKE, GERTLER, and GILCHRIST
(1999) or SmMETS and WouTERs (2003).

2 Note, however, that PErRoTTI (1999) provides evidence of a negative response to government
spending in periods of large fiscal consolidations.

3 Galf, LorEZ-SALIDO, and VALLES (2004) find that an interest rate rule that satisfies the Taylor
principle (i.e. the short-term nominal interest rate must respond more than proportionally to
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L6rez-SaLipo, and VALLEs (2007) extended the standard sticky-price model
with deficit financing by incorporating optimizing and rule-of-thumb consumers.
They show that their calibrated model can account for the government spending
shock impact on private consumption. As opposed to Gali et al., COENEN and
StrAUB (2005) estimate the fraction of non-Ricardian households in the Smets
and Wouters model and consider a more complete fiscal policy framework. They
point to a relatively small share of liquidity-constrained households in the euro
area and to a slight response of consumption to a government spending shock
with a distortion of Ricardian households intertemporal consumption decision —
their willingness to smooth consumption over time decreased.* At odds with the
empirical literature is what Aronso and Sousa (2011) found after estimating a
Bayesian Structural VAR using data for Portugal, reporting that a government
spending shock has a crowding out effect on private consumption.

Lastly, this paper intends to add to the existing literature a comprehensive
assessment of the effect of non-Ricardian households in a DSGE model. It sheds
light on the impact of different fractions of non-Ricardian households on the
computation of posterior distributions of parameters, impulse response functions,
variance and historical decompositions. Hence, this paper clarifies the impor-
tance of choosing appropriately the share of rule-of-thumb consumers by show-
ing that different specifications may significantly alter overall results and con-
clusions. Furthermore, it should be regarded as an attempt to define the share of
non-Ricardian households in the Portuguese economy. To the best of my knowl-
edge, this is the first study that estimates it

The remainder of the paper is organized as follows: Section 2 describes the
model economy; Section 3 presents the calibrated parameters and priors defined
for the Portuguese economy; and for alternative specifications of non-Ricard-
ian households Section 4 analyzes posterior estimates, the responses of output
growth, inflation, and short-term nominal interest rate to structural shocks, as
well as their sources of fluctuations. Section 5 concludes the paper.

a change in inflation) for a given proportion of rule-of-thumb consumers is not sufficient to
ensure the unique equilibrium of the interest rate rule.

4 ForNI, MONTEFORTE, and SEssa (2009) add non-Ricardian households to CHRISTIANO,
Ercuensaum, and Evans (2005) and conclude that fiscal policy has a mild effect on private
consumption.

5 ALMEIDA, CASTRO, and FELIX (2010) present a dynamic general equilibrium model with cali-
brated non-Ricardian consumers (at 40 %) to assess the effects of increasing competition in
the labor market and in the non-tradable goods sector.
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2. The Model Economy

Based on GaLif, L6PEZ-SALIDO, and VaLLEs (2007), this New Keynesian model
incorporates two different types of households: Ricardian and non-Ricardian.
The model economy also features three other types of agents: final goods (or
retail) firms and intermediate goods (or wholesale) firms; and a monetary author-
ity, represented by the central bank, which is independent of the fiscal author-
ity, the government.

In order to derive a system of non-linear stochastic difference equations defin-
ing the DSGE model, agents preferences, the economy’s technological constraints,
and the exogenous shocks affecting the economy need to be specified. Agents
decision rules are derived from the first-order conditions of their (dynamic) opti-
mization problem. Assuming that markets clear and aggregating over agents, the
model is then written in a log-linearized form.®

2.1 Households

The economy is populated by a continuum of infinitely-lived households, which
may be of two types: a proportion (1 — A) is a Ricardian household, which max-
imizes its expected lifetime ucility over consumption and leisure and which has
complete access to capital markets in order to smooth consumption over time; on
the other hand, a fraction A is a non-Ricardian household constrained to consume
its disposable income each period. However, I allow the non-Ricardian consum-
ers to optimally choose a combination of consumption and leisure per period.

Both types of households are assumed to consume non-differentiated con-
sumption goods and to supply non-differentiated labor to firms. Total con-
sumption is given by C,= (1 — \)C, ,+ AC, , and total labor supplied defined as
N,=(1—NN,,+ AN, ,, where C; ,and N, , are aggregate consumption and labor
supply of Ricardian households, and C,, and /V, , aggregate consumption and
labor supply of liquidity-constrained consumers, respectively.

2.1.1 Ricardian Households

Preferences
A representative Ricardian household, indexed by 7€ [0,1 — \), maximizes its
expected lifetime utility over consumption and leisure as

6 Derivations and log-linearized equations are provided in the Appendix.

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)
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Et iBSU(CI,H—: (Z)’ Nl,t+: (l))

In particular, at time 7 it derives utility from consuming goods C|, net of an
external consumption habit /7, and from leisure L, , defined as L, ,=1— 1NV, ;

o |epet((CL0— ) a- N, @p) -1
E, Zﬂt ( ( ) ) , (1)

1—o,

where 3 € (0.1) is the household’s rate of time preference, o, is the inverse of the
intertemporal elasticity of substitution and p is a preference parameter over con-
sumption and leisure. The external consumption habit is defined as a propor-
tion of lagged aggregate Ricardian households consumption A, = xC,,_,, with x
measuring the degree of habit persistence. »” is a consumption preference shock
defined by the AR(1) process o’ = p v, + ¢, where &/ ~ N(0,07).

Budget Constraint
Ricardian houscholds face the following intertemporal real budget constraint:

C.@)+1,0)< V; N, @)+ RK,,(&)—T,,(i)+ D, @), @)

where on the left-hand side we have the household’s expenditures and on the
right-hand side the household’s disposable resources. /, , denotes the investment
made by the household in period 7in real terms , W, is the nominal wage from a
perfectly competitive labor market, P, the price index and R, the real interest rate
on capital. 7, denotes lump-sum taxes and D, , are dividends from monopolistic
firms owned by Ricardian households, both expressed in real terms.

The accumulation of capital by the Ricardian household evolves according to:

1— 5[—11” @ ”[l’[(i), 3)

K, .G)= (1—6)Kl’[(i)+exp(z/;) T 0

where K, is the capital stock owned by Ricardian households at the begin-
ning of period #+ 1 (or end-of-period 7 capital stock), equivalent to the capital

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)



358 RicARDO MARTO

stock net of a time-invariant depreciation rate 0 € [0,1] at the beginning of period
t and the investment made during this period net of a non-negative adjust-
ment cost. Following SMETs and WouTERrs (2007), the adjustment cost func-
tion satisfies S(1) = S’(1) =0 and S’,S”" >0, and has the convenient property
that investment costs disappear in the long-run. Its functional form is given
by S(X,) = ¢, (X, —1)*, where ¢, is an adjustment cost parameter. Moreover,
investment is subject to an eff1c1ency shock »/, which follows an AR(1) pro-
cess v = pu.  +e, where € ~N(0,07).

Optimality Conditions

Solving the household’s maximization problem leads to the following first-order
conditions:

(i) the consumption Euler equation (i.e. the intertemporal consumption/savings
decision)

)

UCU(Z‘)QU(Z) PE,|U, ( z+1+QIt+1 i)(1— ))

Clrtt

(i) the labor supply equation (i.e. the intratemporal consumption/leisure decision)

L )

and, (iii) the Ricardian household’s investment decision

N R SO R R ACAR RO
QIJ(Z)CXP(U,) ! 5[11,;1(i)] S [ lt I(Z)J lt I(ZJ—’_
g 1@ ) 1,0 ’
1[“ 7 i I 141 z Lll =
PE, Q) A, G) exp(t},,)S [ I,,(7) ][ 1,,(7) }

U (z) and U, (z) are the Ricardian household’s marginal utilities of consump-
tion and labor in period # respectively

p(1— o,

U, () =expe)1=p)(C,, ()~ xC,, ) " (1= N, 0) @)
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and
Uy, ()= —exp)p(C, )~ xC,) " (1= N, @) ®)

Q, (i) is the Tobin’s Q, defined as the ratio of the Lagrange multipliers over the
capital accumulation equation and over the budget constraint,
i, ()

Q. (0)= m ©)

2.1.2 Liquidity-Constrained Households

Preferences

Non-Ricardian households, indexed by / € [1 — A,1], do not face an external con-
sumption habit, which sustains the fact that liquidity-constrained households do
not bother to “catch up with the Joneses”, nor a consumption preference shock,
in the sense that they are not exposed to fashion trends. Unlike Ricardian con-
sumers, their preferences are separable in consumption and leisure:

C hlfs' N h1+<,9
(G0, () = (10

where ¢ is the inverse of the intertemporal elasticity of substitution and ¢ the
inverse of the Frisch elasticity.

Budget Constraint
A non-Ricardian household only receives wage income, which it spends on con-
sumption goods:

RC,, (h) SWN,, (h). )

Optimality Conditions
The liquidity-constrained household’s optimal decision rules are characterized
by the labor supply equation, which must satisfy:

N, by C,, (b :% 12)

t

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)



360 RIcARDO MARTO

and by the binding (real) budget constraint,

W
P

12

C,,(h)=—-N,,(h).

2.2 Firms

There are two types of firms in this economy: final goods firms and intermedi-
ate goods firms. Acting in a perfectly competitive market, retail firms buy dif-
ferentiated intermediate goods Y/(;) from monopolistically competitive wholesale
firms, which they combine to supply the economy with a single final good Y.

2.2.1 Final Goods Sector: Retail Firms

Dixit-Stiglitz Aggregate Demand and Prices
Final goods firms use differentiated intermediate goods as input to produce Y,
according to:

Yt:

o
JrGy< 4| . (13)

where ( is the elasticity of substitution between intermediate goods. Retail firms
choose Y(j) at price P(j) to minimize their total cost of production

1

[ 26

0

subject to the constant returns technology function (13). The first-order condi-
tion yields a set of aggregate demands for each differentiated good j as a function
of their relative price P,(j) in terms of the aggregate price index P

Y,

Pl

P_@] 09

P

Y,(j)= [
where ¥, and P, are the Dixit and SticLirz (1977) aggregates. From the zero-
profit condition, the aggregate price index can be written in terms of the price
of differentiated goods as:

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)
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1

! I3
p=[ R(j)”dj] . (1s)

2.2.2. Intermediate Goods Sector: Wholesale Firms

Production Technology

There is a continuum of monopolistically competitive firms, indexed by j € (0,1),
each producing a single differentiated good using labor and capital as inputs.
Wholesale firms technology is represented by a standard Cobb-Douglas produc-
tion function with a labor-augmenting productivity shock:

Y,(j) = max{[exp(s )N, ()" K, () *,0}, (16)

where Y(7) denotes the differentiated output of the wholesale firm, N ;) the
hours of labor demanded and K(j) the demand for capital. ! is a labor-aug-
menting productivity shock, common to all intermediate goods producers, fol-
lowing an AR(1) process v = p,v’, +¢&’, with €’ ~ N(0,572).

Factor Demands

Wholesale firms solve a two-stage problem. In the first stage, they solve their cost
minimization problem by optimally choosing the quantity of labor and capital
they need (from perfectly competitive factor markets). The first-order conditions
yield the relative factor demand:

13

N.(7) a R

t t

K(j) 1-aWZP

(17)
and the real marginal cost
R, (18)

MC, = exp(vf) “a *(1—a) " [_,

Note that the marginal cost does not depend on firm j and therefore firms are
effectively subject to the same technology shock.

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)
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Pricing Decision

In the second stage, firms choose the price P, /) that maximizes their expected
sum of discounted profits in a CarLvo (1983)-style staggered price setting with
indexation. They are allowed to reoptimize prices with probability (1 — &) every
period. In this case, P’(;) denotes the optimal price all firms would set if they
were allowed to adjust it. Note that (1 — &) also represents the fraction of firms
able to reset their prices and 1 /(1 — &) the average duration for which prices are
left unchanged. With probability £ a firm does not receive the permission to
adjust its price but it is allowed to partially index it to lagged inflation accord-
ing to

L(H =1L (19)

where y€ [0,1] is the degree of price indexation to lagged inflation. Firms allowed
to reset prices in period # maximize the discounted sum of expected nominal
profits subject to the Dixit-Stiglitz production technology (13):

maX E Zg tt+s HHH—T IP (] MCH—; CXP(T/ZH) Yz+x(j)’

where D, = 3'(\,,,/\,) is the stochastic discount factor (which assumes
the same valuation as Ricardian households, where A, | is the Lagrange multi-
plier on their budget constraint) over the interval [+ 5], MC, and P, are the
real marginal cost and the aggregate price index in period #, respectively. v/ is
a price mark-up shock, common to all intermediate goods producers, described
by v/ = p,v!, +e!, with &/ ~N(0,07).

The optimal price-setting first-order condition for a firm j choosing the opti-
mal price P°(j) in period ¢ is then given by:

Ht/+7' 1 [3'0 <])
E Zg t,t+s [H HtJrT [)t
¢ (P
_;[H 1| M ep(eh) Y =0 (20)
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where the optimal price is found by weighting marginal profits by sales in dif-
ferent periods. If prices were fully flexible ({=0), the price charged by firm j
would be a mark-up over real marginal costs 2’(j) = <5 LMC, exp(v/), where
( is the price elasticity of demand. On the other hand, if {=1, the firm would
charge constant prices. Finally, the evolution of the price index is determined by:

PC=¢(IT) ) P+ (1= 6P 21

New Keynesian Phillips Curve

Combining the optimal pricing decision of the firm with the law of motion for
aggregate prices, we obtain the log-linearized New Keynesian Phillips curve
which introduces forward-looking expectations. Hence, current inflation is
related to current real marginal costs and the price mark-up shock, lagged infla-
tion and the expected future inflation rate:

T, =, (me, + o))+ p B, 4w, 22)
where

gl
1+ 0y

_1-9H0-59) s

=gt M T Ty =

Note that introducing indexation leads inflation to be persistent. Rewriting the
equation in first differences and iterating it forwards, we find that the variation
in the current inflation rate is solely determined by current and future expected
marginal costs and price mark-up shocks:

_0-90-89)

5 mc, + ytP) + ﬂ(Etﬂ-tH -, )’

T, = VT,
which can be rewritten as:

7Tt - 777,,1 = N’m(l + ﬁ’y)Et 265 (mcﬂrs + ytp)
5=0

As before, if prices were flexible, £ — 0, then p1, — 00 and variations in the
real marginal cost would have a one-for-one impact on the first difference of
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the inflation rate. Moreover, if {¢— 1, then pr, — 0 and the Phillips curve would
become horizontal since the first difference of the inflation rate would tend to zero.

2.3. Fiscal Policy

Government expenditures are financed through lump-sum taxes on Ricardian
consumers and the budget is assumed to balance every period. Hence, in nomi-
nal terms we have:

PG, =(1-NPT, (23)

T 1t

Furthermore, government spending in log-deviations from the steady-state evolves
exogenously according to:

gt = pggt—l + 65’ (24)

with £f ~N(0,07).

2.4 Monetary Policy

In this closed-economy setup, I assume monetary policy to be controlled by a
central bank that sets the nominal interest rate according to a Taylor-type rule
and whose reaction function responds optimally to the shocks of the model econ-
omy. The linearized version reads:

7n,t—1 t

:prlog +€:’

l Rﬂt
oo B
&R

n

I1
+(1—p)|0. log[E’J—i-Hy log

i<

n

or

7;1,1 = prrn,z—l + (1 - pr )(eﬂ'ﬂ-z + 9

J

Y +el, (25)

the output gap”. R, and II

are the steady-state values of the nominal interest rate and inflation, respectively,

t

where 7, , denotes the nominal interest rate and y**

7 35 was first computed as the log-deviation from the flexible-price output as in SMETs and

WouTkeRs (2003). However, for the initial calibration the solution was locally indeterminate
as suggested in GALf, LOPEZ-SALIDO, and VALLEs (2004) who report that an interest rate rule
satisfying the Taylor principle is not sufficient to ensure the existence of a unique equilibrium.
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and ¥, represents the output long-term trend. &/ is an exogenous and non-sys-
tematic monetary policy shock defined as & ~ N(0,07).

2.5 Shocks

The model incorporates six exogenous stochastic disturbances’, independent and
identically distributed among them, namely: on the Ricardian household’s con-
sumption behavior, Etd, and investment decision, ef; on the intermediate goods
firms production technology, €, and pricing strategy, €/; on the government’s
expenditure pattern, €¢; and on the monetary authority Taylor-type rule, €.

2.6 Market Clearing

Goods market clearing requires the aggregate output to be equal to aggregate
demand, i.e. to the sum of Ricardian and non-Ricardian households private con-
sumption, investment and of government expenditure:

Y;:Ct+[z+Gt’ (26)
where

1-A
1= 1,0

The labor market is in equilibrium when the labor demanded by intermediate
goods firms is satisfied by the labor supplied by Ricardian and non-Ricardian
households at the market wage rate:

[N @i+ [N, 0= [N ()= N,. 27)

The market clearing condition for capital is satisfied when Ricardian consumers
supply of capital equals the demand for capital by wholesale firms at the market
rental rate:

8 Note that to avoid stochastic singularity when evaluating the likelihood function, Dynare
requires at least as many shocks or measurement errors as observable variables such that the
covariance matrix of endogenous variables is non-singular.

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)
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1-A 1
j; K, (i)di = fo K()di=K,. (28)

Furthermore, note that in a symmetric equilibrium all intermediate goods pro-
ducers set the same price. Therefore, the aggregate price index is equal to the
intermediate goods price, £, = P (), and the aggregate output equals the inter-
mediate goods firms output, ¥, =Y,(), for all ;.

3. Estimating the Model for Portugal:
Data, Calibration, and Priors

The linear rational expectations solution of the model is estimated using Bayesian
maximum likelihood.” From calibration to the Generalized Method of Moments,
Classical to Bayesian maximum likelihood, several methods have been employed
to estimate DSGE models. Introduced in the estimation of DSGE models by
DEjong, INGrRAM, and WHITEMAN (2000), ScHORFHEIDE (2000), and OTROK
(2001), Bayesian estimation has been widely used in the recent literature given its
advantages in estimating rational expectation models. It allows the use of prior
information to identify key structural parameters, to compare nested models,
and can avoid the posterior distribution to peak in strange regions of the param-
eter space from, for example, a misspecified model (known as the “dilemma of
absurd parameter estimates”). Bayesian estimation and model comparison are
still consistent when the model is misspecified (FERNANDEZ-VILLAVERDE and
RuB10-RAMIREZ, 2004).

9  Bayesian methods are used to estimate the model’s parameters by combining prior informa-
tion and assumptions about parameters with information extracted from data — the likeli-
hood function. One obtains the posterior kernel — a function proportional to the posterior
density function. Monte Carlo Markov Chain simulation methods and sampling algorithms
like Metropolis-Hastings or Gibbs (the former is the most used in the literature) provide the
numerical background to compute posterior probability density distributions (GEWEKE, 1999).
DEJong and Dave (2007), Canova (2007), and AN and SCHORFHEIDE (2007) provide a com-
prehensive analysis on Bayesian macroeconometric methods used in the estimation of these
models. Appendix B presents a summary explanation of the method followed throughout the

paper.
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Data
The model is estimated using quarterly data covering the period 1995Q1 through
2012Q1 for real GDP, GDP deflator and the short-term nominal interest rate.
Portuguese data was taken from the OECD in June 2012. Note that in the model
state space, output is measured in deviations from a constant steady-state. Hence,
as in SMETs and WouUTERs (2007), I took the log first difference of real GDP and
of the GDP price deflator times 100. The nominal interest rate is taken as it is,
in percentage terms and expressed in quarters.10 All series are seasonally adjusted.
Measurement equations for the observable variables and their model’s coun-
terparts are given by:

Y, Y
Real GDP growth, log 7’] - log[ 7”1 ] + trend growth
t t—1
. I
Inflation, =|log| == |+ constant; ,
11
N R,
Nominal interest rate,| |log| —~|+ constant,
R n

where the trend growth is given by log(¥,)—log(Y, ;). For inflation and the
interest rate, measurement errors are given by constant;; and constant, , respec-
n

tively. ¥,, I and R, were defined above.

Calibration

Four parameters are fixed ex-ante and throughout the estimation procedure: the
Ricardian households discount factor 3 and preference parameter over consump-
tion and leisure p; the rate of capital depreciation § and the steady-state govern-
ment spending-to-output ratio, g = G/Y. The discount factor is set to 0.99, which
corresponds to a steady-state real gross interest rate of 4 % per annum. From the
equilibrium labor supply equation of Ricardian households in steady-state,

e 1-N
1+[%“—X>_
(6%

, (29)
I

10 Tt corresponds to the three month interbank rate for Portugal prior from joining the euro and
thereafter to the European Interbank Offered Rate.
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and imposing the steady-state aggregate level of hours worked, 2V, to correspond
to 10 hours spent at work per day (i.e., circa 42 % of the households’ time is spent
supplying labor to firms), p can be calibrated to 0.833. ¢,=C/Y, the aggregate
consumption—to-out}?ut Irlatiof is found by solving 6= 1—i —g, from the aggre-
gate resource constraint. As in ALMEIDA (2009), g, is set to 0.14 and steady-state
investment-to-output ratio, 7, is found by using the labor income share in total
output, «, the rate of capital depreciation and the steady-state real interest rate:

. (1=

= (30)
0is 0.025 per quarter, which corresponds to a 10 % annual depreciation rate, and
v represents 70.5% of total output to ensure an investment-output ratio close
to observed data (7,=0.21.) The quarterly constant and non-cyclical term of the
interest rate is set to zero such that the model variable is well mapped by the data.

Table 1: Calibrated Parameters and Implied Steady-State Values

Parameters Value

Calibrated parameters

0.99
0.833
0.025
0.14

> @

&

Implied steady-state

0.42
0.65
0.21
0.035
0.50

a

> S 2

Priors

The standard errors of the innovations are assumed to follow inverse gamma dis-
tributions with mean 0.1 and standard deviation 2, except for the government
spending for which the mean is 0.5 and standard deviation 2.75. These relatively

11 The steady-state consumption and hours worked are assumed to be the same among both types
of households so that, for a steady-state share of liquidity-constrained households of one half,
they are equal to their aggregate counterparts.
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loose and harmonized priors account for the fact that the data is often very
informative about the standard deviation of shocks. The persistence parameters
of shock processes are assumed to follow a beta distribution with mean 0.6 and
standard deviation 0.2. The quarterly trend growth is assumed to be normally
distributed around 0.25 with standard deviation 0.1. The quarterly steady-state
inflation non-cyclical component is gamma distributed with prior mean 0.625
and standard deviation 0.1.

Concerning the utility functions, Ricardian and non-Ricardian households
intertemporal elasticities of substitution are normally distributed with mean 1.5
and 1.25, and standard deviations 0.375 and 0.35, respectively. The inverse of
the Frisch elasticity of non-Ricardian households follows a normal distribution
centered on 2 with standard deviation 0.75. Ricardian households habit persis-
tence parameter follows a beta distribution with prior mean 0.7 and standard
deviation 0.1. The investment adjustment cost parameter is normally distributed
with mean 2 and standard deviation 1.5.

The Calvo probability of price setting and indexation parameters are assumed
to follow beta distributions centered around 0.75 and 0.5 respectively, suggesting
prices are updated four times per year. Standard deviations are 0.1 for the former
and 0.15 for the latter. The labor income share in total output follows a beta dis-
tribution, as well, with mean 0.7 and standard deviation 0.05.

Regarding the Taylor rule describing the monetary policy, the persistence
parameter is beta distributed with mean 0.75 and standard deviation 0.1 and the
long-run coefficient on inflation and output gap are normally distributed. As
noted in GaLf, LOPEZ-SALIDO, and VALLES (2004), to ensure local determinacy,
the nominal interest rate response to a change in inflation must be significantly
above unity. Hence, I consider the monetary authority to be tough nosed: the
inflation response parameter is assumed to have prior mean 4.5 and the coeffi-
cient on output gap 0.825. Standard deviations are 0.75 and 0.25, respectively.

Regarding the fraction of non-Ricardian households, six specifications were

tested:

— Specification a: In a first stage, A is estimated from a prior beta distribution
with mean 0.5 and standard deviation 0.1 as in CoeENEN and STrAUB (2005).
After initial estimations, the model proved to be indeterminate for values of
A greater than 0.64 as reported in Section 4.1 below. Therefore, a truncated
version of the beta distribution with an upper bound was considered for the
remainder of the paper;

— Specification b.1: X is fixed at 0, so that the model does not incorporate rule-
of-thumb consumers;
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— Specification b.2: \is fixed at 0.25, so that 25 % of consumers are non-Ricardian;

— Specification b.3: X is fixed at 0.5, so that the model incorporates half of both
types of consumers;

— Specification b.4: \ is fixed at 0.75, so that 75 % of households are non-Ricardian;

— Specification b.5: X is fixed at 1, so that the model economy is represented by
liquidity-constrained households.

Table 2: Prior Distributions

Parameters Distrib. Mean Std. dev.
Households
A Beta 0.50 0.10
o, Normal 1.50 0.375
X Beta 0.70 0.10
IS Normal 1.25 0.35
¢ Normal 2.00 0.75
Oy Normal 2.00 1.50
Firms
« Beta 0.70 0.05
13 Beta 0.75 0.10
¥ Beta 0.50 0.15
Taylor rule
o, Beta 0.75 0.10
0. Normal 4.50 0.25
0, Normal 0.825 0.05
Shocks

P P Py Py Py Beta 0.60 0.20
0p0,0,0,0, Inv. Gamma 0.10 2.00
o Inv. Gamma 0.50 2.75

&

Measurement errors

trend growth Normal 0.25 0.10
constanty Gamma 0.625 0.10
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4. Results

4.1 Indeterminacy under N\=0.75 and A\=1

GaLf, LorEZ-SaLIDO, and VALLES (2004) report that the introduction of rule-
of-thumb consumers can alter the model’s equilibrium dynamics even when
the interest rate rule satisfies the Taylor principle. Furthermore, GaLf, LopEZ-
SALIDO, and VaLLEs (2007) argue that indeterminacy may be the result of a
combination of a large weight of non-Ricardian households and a high degree
of price stickiness.

The baseline price stickiness parameter £ is calibrated to 0.75 like in GaLf,
LoprEz-SaLIDO, and VALLES (2007) and ceteris paribus under the different speci-
fications tested, the BLaNcHARD and KauN (1980) conditions are not satisfied
when A=0.75 and A= 1. And therefore no stable solution is found for the inter-
est rate and the model’s equilibrium is indeterminate. The indeterminacy region
in this model starts when the baseline proportion of liquidity-constrained house-
holds A > 0.64, a lower value than GaLi, LopEz-SaLipo, and VaLLEs (2007)
reported for their model.

4.2 Non-Ricardian Households Driving Posterior Distributions

The parameters posterior distributions are presented in Tables 4 to 7, where the
mode, mean, standard deviations, and the corresponding 5 and 95 percentiles
of the posterior distributions are included. The value of the marginal likelihood
is reported for both the Laplace approximation around the posterior mode and
the Modified Harmonic Mean Estimator. Figures 7 to 10 show the prior and
posterior distributions depicted in gray and black, respectively, and the poste-
rior mode in green.”

Table 3 below summarizes the means of the posterior distributions for the alter-
native specifications of A. The first interesting result is regarding the estimated
fraction of non-Ricardian households (specification ). The posterior mean of
A is 57.8%. This result is considerably higher than what CoENEN and STRAUB
(2005) and FOrRNI, MONTEFORTE, and Sessa (2009) found for the euro area
(25-37 % and 34-37 %, respectively) but in line with the 50 % CampBELL and
Mankrw (1989) report for the pre-1990 in the United States. Also, when the non-
truncated beta distribution is used as a prior, A assumes a slightly greater value
(close to 0.6). The posterior appears to be highly driven by the prior distribution.

12 They are available as supplementary material related to this article on the website of the Swiss
Journal of Economics and Statistics (http://www.sjes.ch).
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Regarding the parameters influencing households optimal decision rules, the
posterior distribution of the inverse of the intertemporal elasticity of substitution
of Ricardian households is very much influenced by the share of rule-of-thumb
consumers. For the specifications of A estimated and A calibrated to 0.5, the
obtained estimates are relatively similar to SMETS and WouTEers (2003) for the
euro area. However, when A is set at 0 or 0.25, values for o, are much lower than
what is found in the literature and, surprisingly, much lower than one. In the case
of liquidity-constrained consumers, the inverse of the intertemporal elasticity of
substitution and of the Frisch elasticity seem to be more influenced by the prior.
However, note that the posterior mean when A is estimated slightly differs from
the case of A calibrated to 0.5. Considering the habit persistence of Ricardian
households, the different specifications do not seem to influence the estimated
values of A. Although these values are lower than the one reported by ALMEIDA
(2009) for Portugal, they match the findings of SMETS and WouTERs (2003)
well. The investment adjustment cost parameter is estimated to be around 4.5
for specifications # and 4.3 and around 3.3 for A calibrated to 0 and 0.25. These
values are higher than the assumed prior but are still considerably lower than
the values reported, for example, in ADOLFSON et al. (2007) for the euro area.

Concerning the parameters on firms optimal behavior, the estimates of the
Calvo price stickiness parameter differ greatly depending on the value of A. In
the model without liquidity-constrained households, the average duration of
price contracts is approximately one year and relatively close to other studies. On
the other hand, when the fraction of non-Ricardian households is calibrated to
0.5 or estimated, prices become less sticky and are reoptimized every quarter on
average. This may be at odds with the reality of the Portuguese economy where
prices do not point to such a high degree of flexibility. The estimated degree of
indexation follows the main results of ADOLFsON et al. (2007) who suggest that
prices are weakly related to past inflation and that the Phillips curve is mostly
forward-looking. However, these values appear relatively low for the case where
A is calibrated to 0 or to 0.25.

The estimates of the interest rate smoothing parameter from the central bank’s
Taylor rule are close to SMETS and WouTEeRrs (2003) when no or 25 % of liquid-
ity-constrained households are assumed: posterior means are 0.95 and 0.922,
respectively. When a higher fraction of rule-of-thumb consumers is considered,
the estimates of p, are lower but closer to SMETS and WouTeRs (2007) for the
US economy. The inflation response parameter appears to be more influenced
by the though-nosed prior when these two specifications are considered. How-
ever, for A calibrated to 0 or to 0.25, the estimates still point to a value around
4. On the other hand, the estimates of the output response parameter are very
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Table 3: Estimates under the Alternative Specifications of A
Parameters Prior Posterior Mean

Distrib. Mean | \estimated ~ A=0 A=025 =05

Households
A Beta 0.50 0.578 - - -
o, Normal 1.50 1.223 0.350 0.172 1.568
X Beta 0.70 0.612 0.596 0.574 0.596
S Normal 1.25 1.405 - 1.296 1.235
[} Normal 2.00 1.870 - 1.994 1.999
Oy Normal 2.00 4.585 3.510 3.128 4.482
Firms
« Beta 0.70 0.684 0.691 0.694 0.629
13 Beta 0.75 0.235 0.735 0.530 0.190
¥ Beta 0.50 0.336 0.181 0.234 0.365
Taylor rule
P, Beta 0.75 0.830 0.950 0.922 0.861
0, Normal 4.50 4.598 4.012 3.993 4.448
9}, Normal 0.825 0.334 0.244 0.055 0.354
Shocks
Pu Beta 0.60 0.948 0.843 0.873 0.955
P, Beta 0.60 0.695 0.741 0.971 0.688
P; Beta 0.60 0.606 0.603 0.597 0.601
P, Beta 0.60 0.781 0.598 0.606 0.758
Py Beta 0.60 0.699 0.597 0.595 0.694
o, Inv. Gam. 0.10 1.259 3.346 1.952 1.494
o, Inv. Gam. 0.10 0.055 8.070 3.598 0.056
o, Inv. Gam. 0.10 0.090 0.081 0.081 0.084
o, Inv. Gam. 0.10 4.378 0.119 0.081 4.515
o, Inv. Gam. 0.50 0.277 0.445 0.461 0.276
o, Inv. Gam. 0.10 0.367 0.137 0.167 0.291
Measurement errors

trend growth ~ Normal 0.25 0.357 0.270 0.186 0.358
constanty Gamma 0.625 0.691 0.705 0.717 0.691
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distinct from the assumed priors for any of the specifications tested. The poste-
rior mean when A is 0.25 appears to be closer to values reported in the literature
even for such a high prior mean. For the other specifications, 6, is still consid-
erably high, assuming a value of 0.24 for the model with only Ricardian house-
holds and values around 0.34 for the other cases.

Turning to the persistence of structural shocks, the estimates of the Ricardian
households consumption preference shock are slightly distinct from the assumed
priors. For the cases where A is calibrated to 0.5 or A is estimated, the shock is
extremely persistent which could indicate the presence of a unit root. For the
model considering no rule-of-thumb consumers, the posterior mean 0.843 fol-
lows the result of SMETS and WouTers (2003), while for A calibrated to 0.25
the estimate is closer to ADOLESON et al. (2007). The productivity shock appears
to be highly persistent for the specification 4.2. Instead, in the other cases, the
persistence parameter is estimated to lie between 0.69 and 0.74. Regarding the
autoregressive parameter of the investment efficiency shock, the estimates are
greatly influenced by the prior under any of the specifications considered and
are relatively lower than what other papers reported. The same conclusion can be
drawn in the cases of the price markup and government spending shocks when
A is calibrated to 0 or to 0.25, for which the posterior mean fluctuates around
0.6. A seems to influence their persistence when the fraction of rule-of-thumb
consumers is estimated or calibrated to 0.5.

The volatility of shocks is also strongly influenced by the level of A. The con-
sumption preference and technology shocks are the most volatile when the frac-
tion of liquidity-constrained households is set to zero, whereas in the case of the
price markup shock the process is highly volatile when A is estimated or calibrated
to 0.5. The estimates of the standard deviations of the investment, government
spending and monetary policy shocks seem not to be significantly different under
the alternative specifications of \.

Sensitivity to priors

Tables 8 and 9 present the estimates of the mode by changing prior distributions
of several parameters for the alternative specifications of A. In a first attempt, the
parameters prior distributions were readjusted relative to the benchmark model
(10 % increase in means and standard deviations). Overall, the estimated modes
have changed for most parameters but not substantially. Some exceptions are
worth mentioning: when A is estimated or calibrated to 0.5, the estimated modes
of the investment adjustment cost parameter are well below their counterparts
from the benchmark model; under specifications z and 4.1, the estimates of the
inverse of the intertemporal elasticity of substitution of Ricardian households
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have increased with the change of priors. A higher value of the output response
parameter from the Taylor rule is reported for A calibrated to 0.25. Furthermore,
for all specifications, persistence and standard deviations estimates are quite dis-
tinct from the posterior modes computed under the benchmark model.

In case 2, the prior mean of the investment adjustment cost parameter is set to
0.1. As a resulg, its posterior mode is zero for any of the four different specifica-
tions of A. Furthermore, the Calvo price stickiness decreases when A is calibrated
to 0 or to 0.25, being compensated by an increase in the price indexation. Under
these specifications, the Taylor rule output response also increases. In case 3, the
Calvo price stickiness prior mean is set to 0.1. For the different specifications of
A, the Calvo pricing probability is nearly 0 and the price indexation estimates
fluctuates above 0.5. Surprisingly, the estimates of the investment adjustment
cost parameter are 0 for A calibrated to 0 or 0.25 but fluctuates around 2, the
prior mean, when A is estimated or calibrated to 0.5. The obtained estimates of
the standard deviations of shocks are slightly lower than the results found in the
benchmark model. Although these results indicate some sensibility to priors for
certain parameters, the qualitative results are quite satisfactory.
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4.3 Impulse Response to Shocks Differs Depending on A

Further light is shed on the effect of the alternative specifications of the share of
non-Ricardian households by analyzing dynamic responses of output growth,
inflation and the nominal interest rate to a one standard deviation shock.

The Effect of a Consumption Preference Shock

Figure 1 presents the IRFs to a Ricardian houscholds consumption preference
shock. As revealed in the upper left panel, output responses are more pronounced
in the case where A calibrated to 0 or to 0.25. In any of the alternatives, output
growth returns to the steady-state value after seven quarters. The upper right
panel presents a very similar positive response of inflation. In the lower left panel,
the bell-shaped response of the interest rate disappears in the case where A is esti-
mated or calibrated to 0.5. Also, the shock is persistent under all specifications.

Figure 1: Orthogonalised IRFs to a Consumption Preference Shock
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The Effect of a Productivity Shock

Figure 2 depicts the IRFs to a labor-augmenting productivity shock. In the case
where A is estimated or calibrated to 0.5, output growth, inflation and interest
rate responses are negligible. Under the other specifications, the positive response
of output growth to the shock is extremely high. Inflation and the interest rate
respond negatively to the shock but when A is calibrated to 0 the readjustment
to steady-state is more sluggish. Moreover, the model predicts that the nominal
interest rate does not readjust to steady-state until at least 20 quarters after the

shock.
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Figure 2: Orthogonalized IRFs to a Productivity Shock
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The Effect of an Investment Efficiency Shock

Figure 3 presents the IRFs to a Ricardian households investment efficiency shock.
The effect of the shock on output growth and inflation are very similar under
the different specifications of A\. However, the interest rate response when A is
estimated or calibrated to 0.5 is more pronounced than in the other cases. Note
that the magnitude of the shock is extremely high for all variables.

Figure 3: Orthogonalized IRFs to an Investment Efficiency Shock
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The Effect of a Price Markup Shock

The model predicts a very insignificant response of output growth, inflation and
the interest rate when A is calibrated to 0 or 0.25, as shown in Figure 4. Under the
other specifications, a steep decrease of output growth is predicted after a price
markup shock, returning to steady-state after ten quarters. The impact multipli-
ers in inflation and the interest rate are considerably small.
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Figure 4: Orthogonalized IRFs to a Price Markup Shock
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The Effect of a Government Spending Shock

The government spending shock has a very slight impact on output growth, infla-
tion and the interest rate in magnitude, as shown in Figure 5. A more pronounced
response of inflation and the interest rate can be perceived when A is estimated
or calibrated to 0.5 but for both cases the impact multiplier is below 0.04.

Figure 5: Orthogonalized IRFs to a Government Spending Shock
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The Effect of a Monetary Policy Shock

The output growth and inflation responses are very similar for different levels of
A. However, in the lower left panel of Figure 6, the model predicts opposite sce-
narios: when A is calibrated to 0 or 0.25, the nominal interest rate responds pos-
itively to the shock; however, when A is estimated or calibrated to 0.5, the effect
of the shock is nearly insignificant but curiously there is still a small decrease
upon the impact of the shock. This may indicate that the presence of liquidity-
constrained consumers has an indirect influence on financial markets by making
them bear the costs of the increase in the central bank’s interest rate.

Figure 6: Orthogonalized IRFs to a Monetary Policy Shock
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4.4 Main Sources of Fluctuations in Endogenous Variables Conditional on \

Variance Decomposition

Tables 10 to 13 report the contribution of each structural shock to fluctuations
in output growth, inflation and the nominal interest rate at different horizons:
1-4 quarters, defined as the short run; 10 quarters, the medium run; and 20
quarters, the long run. The forecast-error variance decomposition is computed
at the posterior mode and conditional on period’s 7 information.

From the short to the long run, fluctuations in output drastically differ among
the different specifications. When A is calibrated to 0 or 0.25, the productivity
shock accounts for more than 97 % of the movements, whereas when A is esti-
mated or calibrated to 0.5 most fluctuations are driven by the price markup shock
(on average 98 %). Under specifications # and 4.3, developments in inflation are
primarily driven by the monetary policy shock, accounting for more than 80 %
when ) is estimated and around 75 % when A is calibrated to 0.5. The consump-
tion preference shock gains some importance over the quarters accounting for
14 % in specification 2 and 20 % in 4.3. It is also one of the main drivers of vari-
ations in the inflation rate when A is calibrated to 0 and to 0.25: 35 and 37 % in
the short run, respectively. The productivity shock explains great part of inflation
movements under these specifications: from 41 in the first quarter to 46 % in the
long run; and from 23 to 24 %, respectively. Also, the contributions of monetary
policy shocks are 25 and 40 % under specifications 4.1 and 6.2.

The consumption preference shock seems to be the most relevant in explaining
movements in the interest rate across the four different specifications. It accounts
for more than 90 % when A is estimated or calibrated to 0.5. For A calibrated to
0.25, it accounts for 42 % in the short run and almost 73 in quarter 20. When A
is calibrated to 0, the consumption preference shock accounts for 35 % in quarter
1 and 42 in the long run, which together with the productivity shock account for
more than 96 % of the interest rate fluctuations in the long run. Furthermore,
in the short run, the monetary policy shock accounts for 30 % of the variations,
either under specifications .1 or 6.2. Surprisingly, in any of the specifications, the
investment-specific technology and the government spending shocks seem to be
irrelevant in explaining output growth, inflation and interest rate developments.
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Historical Decomposition

Figures 11 to 22 show the historical contribution of each shock to output growth,
inflation and the nominal interest rate over the sample period.” While under
specifications @ and 4.3 cyclical peaks and troughs of output growth are mainly
driven by price markup shocks, historical fluctuations when A is assumed to be 0
or 0.25 are driven by productivity shocks. The main sources of shifts in inflation
over 1996 to 2011 are considered to be monetary policy and consumption prefer-
ence shocks when A is estimated or calibrated to 0.5. When A is calibrated to 0 or
0.25, productivity shocks are another important source of inflation fluctuations.
The variations in the interest rate are to a large extent explained by consumption
preference shocks when A is estimated or calibrated to 0.5. Price markup shocks
played a relevant role, as well, from the early 2003s to 2008. Considering the
model without rule-of-thumb consumers, productivity and consumption pref-
erence shocks account for most of the variations. Productivity shocks lose their
importance in explaining interest rate fluctuations when A is calibrated to 0.25.

5. Conclusion

In chis paper, I have shown that the choice of the share of non-Ricardian house-
holds in a New Keynesian DSGE model, be it estimated or calibrated, is far
from trivial. Different specifications lead to very different results. First and fore-
most, the proportion of rule-of-thumb consumers is estimated to be quite high
(58 %), which is in line with CampBELL and MaNkIw (1989) for the pre-1990
in the US. This value may seem plausible for the Portuguese economy, where a
significant part of the population is unable to save and therefore has no means
to smooth consumption over time. Secondly, posterior distributions of struc-
tural parameters differ among the four alternative specifications of the share of
liquidity-constrained households. In particular, for the following parameters:
(i) the inverse of the intertemporal elasticity of substitution of Ricardian house-
holds; (ii) the investment adjustment cost parameter; (iii) the degree of price
stickiness and the price indexation parameter; (iv) the output response coeffi-
cient from the central bank Taylor-type rule; and (v) the persistence and volatil-
ity of shocks are quite distinct under the alternative specifications of A. In addi-
tion, when the fraction of liquidity-constrained households is calibrated to values
greater than 64 %, the solution of the system of difference equations describing

13 They are available as supplementary material related to this article on the website of the Swiss
Journal of Economics and Statistics (http://www.sjes.ch).
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the log-linearized model’s equilibria is not unique. This result supports the find-
ings of GaLf, LOPEZ-SALIDO, and VALLES (2004) and GaLf, LOPEZ-SALIDO, and
VALLES (2007) who report that even if the Taylor principle is satisfied a combi-
nation of a high degree of price stickiness with a large weight of non-Ricardian
houscholds may render the interest rate rule locally indeterminate.

Ergo, responses to shocks also depend on the fraction of rule-of-thumb con-
sumers. The model with no or 25 % of liquidity-constrained households predicts
a greater variation of output growth and a more persistent response of the short-
term nominal interest rate to a Ricardian households consumption preference
shock. Responses to a productivity shock are almost nonexistent for high weights
of non-Ricardian consumers, whereas an investment efficiency shock under these
specifications causes a greater impact multiplier in the nominal interest rate
response. The effect of a price markup shock on output growth and inflation is
greater for higher values of \.

Fluctuations in output growth, inflation and the nominal interest rate may be
driven by different structural shocks depending on the fraction of rule-of-thumb
consumers. For lower shares (0 or 25 %), fluctuations in output growth are mainly
driven by productivity shocks, while fluctuations in inflation and the nominal
interest rate are driven by consumption preference, productivity and monetary
policy shocks. For higher values of A, fluctuations in output growth are essen-
tially driven by price markup shocks, while monetary policy shocks account for
most of the variations in inflation, and consumption preference shocks drive
short-term nominal interest rate movements.

Of course, some caveats must be mentioned. Primarily, the fiscal policy set
up is rather simple, which translates into a relatively weak role for government
intervention. Moreover, the closed-economy model should be made open in order
to better describe data dynamics and to account for external shocks propaga-
tion. Finally, it will be interesting to explore the model performance using the
DSGE-VAR approach suggested by DEL NEGRO and SCHORFHEIDE (2004) and
DEeL NEGRo et al. (2007) and to perform quantitative policy prediction in this
Bayesian framework and assess the model’s forecast performance. One could
also extend the model to assume agents with cognitive limitations, who update
their expectations like econometricians do by using a statistical forecasting rule
(Evans and HoNkaPOH]JA, 2001). As suggested by MILaNT (2007), it could be
an alternative to rigidities and frictions assumed in the standard DSGE model.
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Appendix

A Log-linearized equations

Using a first-order Taylor expansion of the form F(X,,Y)) ~ F(X,Y) + F,(X,— X)
+ F(Y,—Y), the model’s equations are log-linearized around the steady-state.
This has a useful interpretation, variables are expressed as deviations from their
long-run trend or their steady-state value if they do not have a trend (X and V'
above). Denoting x, = log X, —log X, we have:

Ricardian Households Optimality Conditions

Consumption Euler equation:

u, +q, =B |u,  +B(R, +1-8)g,.) (A.1)
where
u, =o' +[1-p)1- ac)—l]L(cl, —x¢,)—pl—0)——n .
b Gl=x) ~ , 1-N,
Labor supply equation:
Ty =W P (A.2)
where
C N,
__ 4 _ _ 1 _ _ _ _ 1
u”l,p =7 +(@1 p)(l U[)CI(I_X) (Cl,t Xfl,z—l) [p(l U¢-) l]l—Nl -
Investment decision equation:
. . . q,, + vf
i,(1+ B)= byt PE,., + 15//(1) : (A.3)
Capital accumulation equation:
by = A=k, + 066G, +0). (A.4)
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Non-Ricardian households optimality conditions
Consumption equation:

Gy =W, — p, + 1y,
Labor supply equation:

wn,, + CCZ,t =w, — p,-.

Intermediate goods firms first-order conditions

Aggregate output function:

y,=a@ +n)+1—ak,.

Capital-labor ratio:

Real marginal cost:
mc} :wl _Pl +nl_.y['

Pricing decision:

(A5)

(A.6)

(A7)

(A.8)

jz 7ht = (1755)(;%5: +yz]>)+ﬂ£Ez(7rt+l -, +jt+1 7ht+1)'

The Law of Motion for Prices

New Keynesian Phillips curve

_(1=-90d-p9)

T =———(me, —|—1/,”)—|—L

t 0+ 67) 1+ By

E t7rt + 7T17
+1 1 + ,6’}/

1°
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The Real Government Balanced Budget Constraint
& =T, (A.10)
The Central Bank Taylor-Type Rule
te =Pt + A= p )0, +0, 577) + . (A.11)
The Fisher Equation
n=r,, —, (A.12)
The Goods Market Clearing Condition
Vi ch, +§z’, +ggt (A.13)
c=10=Ne, +Ac,, (A.14)
n,=1—=MNn, +n,, (A.15)
ko =k, (A.16)
i, =1, (A.17)

B Estimation Method

Likelihood Function

The model is mapped to the data using a measurement equation of the form

P d . . .
9= Cx,+ Du,, where y'" denotes the vector of observable time series, C is a
matrix mapping the model’s endogenous variables, x,, to the observed data. D is

a matrix of coefficients and the vector of measurement errors #, follows a white
noise process #, ~ N(0,X,) and E(w,#,_) = 0 for # = 7. The log-likelihood func-
tion of y™“ conditional on the vector of parameters 6 € © is then given by:

,
L(y™|0)= f%anWf%Zln‘Z
=1

data
Jy

1 T
- E el 3 e
2 -1 yd‘”",t\t—l tle—1

t=1

te—1

(B.1)

Swiss Journal of Economics and Statistics, 2014, Vol. 150 (4)



388 RicaARDO MaRTO

where
Zydam,t | r—1

is a predictor of the variance-covariance matrix of the one-step-ahead forecast

€Irors,
data

__ jdaa
€r|t—1 = .yt|t—1

a vector of the one-step-ahead forecast errors from using parameters 6 to predict
sample variables yflm, and the number of observable variables is 7. The log-like-
lihood is evaluated using the Kalman Filter.

Prior Distributions

The specification of a prior density p(6) is central to the Bayesian estimation pro-
cess. It represents the beliefs of the researcher on model parameters and an addi-
tional source of information in the computation of the posterior which can be
independent from the data. Priors can be non-informative, or invariant to para-
metrization, when we want to minimize the prior’s influence on the posterior.
Classical Maximum likelihood estimators can be viewed as Bayesian estimators
with uniform priors. Or on the other hand, priors can be informative and be a
close representation of the data (predictive density of the data). The choice of
appropriate priors lies normally between these two extrema.

In spite of each parameter’s singularities: the beta distribution was used for
fractions or probabilities; inverse gamma distribution for shocks’ standard devi-
ations, bounded to be positive; and the normal distribution for non-bounded
parameters and when more informative priors seem necessary. Following SMETS
and WouTERs (2007, 2008), the gamma distribution, with support [0,00), is used
for the measurement error of the observable variable defining inflation. The defi-
nition of prior means and standard deviations is mainly based on empirical evi-
dence from other papers and on their implications for macroeconomic dynamics.
For the remaining cases, weakly informative priors with relatively large supports
were considered.

Posterior Computation
The posterior distribution of the model’s parameters, p(0|y
Bayes theorem:

dm

, is obtained by

dusy _ L(y™|6) p(9)

pt9 fL a’am'e
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where L(y*“|0) is the likelihood function of the sample y*“€ Y and p(f) the
prior density of the parameter vector 6.

f@ L(y“| 0) p(0)d0

denotes the marginal sample density. Note that the marginal density of the data
is a constant term. Therefore, the posterior density proportionally corresponds to
the sample density multiplied by the prior density, or simply the posterior kernel:

PO y™) o< Ly™ |0) p(0) = K0 | y*). (B.3)
In logs, we have the log-posterior kernel expressed as:
log KC(0 | y““) = L(y™* | ) + log p(6), (B.4)

where £( yd"’” | 0) is the log-likelihood function defined above. The mode of the
posterior distribution, as well as the Hessian at this point, are estimated using
Sim’s algorithm csminwel, which maximizes (B.4) with respect to .

Markov Chain Monte Carlo (MCMC) Metropolis-Hastings (MH) Algorithm

A closed-form analytical solution is normally very difficult to reach, making
the use of numerical methods necessary. Markov Chain Monte Carlo (MCMC)
simulation methods are used to obtain the posterior distribution by sampling
from a given target probability distribution. Specifying a transition kernel for the
Markov chain and starting from some initial values and iterating a large number
of times, we find the target distribution. It corresponds to the limiting distribu-
tion of the Markov chain, which (should) converges in distribution to the sta-
tionary distribution of the posterior.

The Metropolis-Hastings algorithm is the sampling method used to generate
draws from the posterior distribution. The algorithm samples from the region
of the target distribution with highest probability but visits, as well, the entire
parameter space as much as possible. It starts from an arbitrary candidate den-
sity to generate the next value of the Markov chain, then applies an acceptance/
rejection rule to decide whether this draw can be accepted as a draw of the pos-
terior distribution. As discussed by AN and ScHORFHEIDE (2007), the posterior
mode and the Hessian evaluated at the posterior mode are used as starting values

14 For more details, see www.princeton.edu/sims/.
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to generate draws from the posterior distribution and, in particular, to define the
mean and variance of 6.
The simulation strategy of the MCMC-MH algorithm is the following:

1. Consider an arbitrary candidate (or jumping) distribution
S0, )~ N, ,c2,)

where 6, | is the last accepted draw, c is a scale factor used to obtain an effi-
cient algorithm and ,= H(6,, | )" is the inverse of the Hessian evaluated
at the posterior mode 0 ;

2. Draw 0" from the candidate distribution;

3. Compute the acceptance rate r defined as the ratio of posterior kernels evalu-
ated at the new draw and at the last accepted draw, respectively:

K(e* | ydam) '
K@ 1y |

7 = min

4. For each draw 7, accept the new proposal 8° with probability 7 and maintain
the last accepted draw 0, | otherwise:

_|0°  with probability 7

. 5
! 0., otherwise

i

()

. Update the mean of the distribution with the new draw 6 ;
6. Iterate on steps 25 a large number of times and build a histogram of retained
draws. This will eventually be the posterior distribution of 6.

This acceptance rule allows to not reject too frequently the candidate draw,
avoiding draws to be centered around a local maximum, and allows each move
to travel a reasonable distance in the parameter space, eventually towards the
global maximum. The acceptance rate, which is commonly set to lie between
20-309%, depends on the scale factor ¢ of the candidate distribution’s variance.
The greater is ¢ the lower will be the acceptance rate which may cause Markov
chains to concentrate too much on the tails of the posterior distribution. And
the inverse is also true, the lower is ¢ the greater will be the acceptance rate and
chains will likely get stuck around a local maximum.
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Markov Chain Diagnostics
The GeLMAN and RuBiN (1992) and Brooks and GELMAN (1998) statistics,
for the univariate and multivariate cases, are used to assess the convergence of
Markov chains. These test whether parallel chains converge to the same poste-
rior distribution by comparing within-chain and between-chain variances. Large
differences between variances may mean that chains have not converged yet
and therefore a longer chain must be run, or that the posterior distribution has
multiple modes and chains have converged to different modes. Different initial
values for parallel chains ensure that they explore different parts of the distribu-
tion and so do not get stuck in local maxima before converging to the station-
ary distribution.

Using the estimated variance of the posterior distribution, defined as a
weighted average of between-chain B and within-chain W variances of  chains
of length 7,

1
W+m+
n nm

Var(0) = B, (B.5)

we can compute the potential scale reduction factor R as:

. Var(0) .
R = ,|———=, for the univariate case;
or
s n—1 m+1 ..
R= + A,» for the multivariate case; B.6
n nm

where A, is the largest eigenvalue of the symmetric and positive definite matrix
W'B. If R is large, longer simulations should be run to improve convergence
because between-chain variance is substantially greater than within-chain vari-
ance. When R is close to one, it indicates that each chain m has stabilized and
converged to its stationary distribution since the estimated variance of the pos-
terior distribution is close to the within-chain variance.

Model Comparisons

AN and ScHORFHEIDE (2007) provide a comprehensive survey on approaches to
assess model’s performance. Following SMETS and WouTeRrs (2003, 2007) and
RaBaNaL and RuBro-Ramirez (2005), I assess the in-sample fit of the model
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by comparing different specifications based on their marginal likelihood. From
marginal likelihoods of two competing models 72, and 7, we can compute the
ratio of posterior model probabilities or the posterior odds ratio:

0. — P, UZ) _ L(y:’t” | ) p(m,) _ BF. plm) (B.7)
T plmy | ™) Ly my) p(m) 7 plm,)

where the prior odds ratio is given by p(,)/p(m,), the relative probability of
model 72, being true with respect to m;, a priori, and

BE . = L(yd’m |ml.)/L(yd’"“ |m])

is the Bayes factor, the relative data density of model , with respect to 7, inde-
pendently of the parameters. The Laplace approximation or the Modified Har-
monic Mean Estimator is used to compute the marginal likelihood.” Note that:

L(ydata | mi) _ j;)L(ydata | e’ml_ )p(@ | m, )d@, (BS)

where p(6|m,) the prior density for model 7,. Rearranging (B.6) and consider-
ing the prior odds ratio to be one, we can compute the posterior model prob-
abilities as:

plm | y“) = BE,  p(m; | y*).

Using model 1 to be the denominator of the posterior model probabilities, we
can rewrite the Bayes factor as

BE, = exp[L(y™ | m) = L(y™ |m)]

for 7 being each of the four models from the alternative specifications of \ tested.
Hence, we have:

15 See for example GEWEKE (1999).
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1

N fOI’ l :1
plm, | y*y =12 BE,, (B.9)
1

BE, p(m, |yd’””) otherwise.

Note that this methodology has limitations because it depends on the & priori
beliefs the researcher has on each competing model and it is only valid to assess
nested models. Thus, the outperforming model can still badly capture data
dynamics and still be potentially misspecified."

Impulse Response Functions (IRFs)

Impulse response functions are the expected response of endogenous variables
to a one-time structural shock of one standard deviation in period ;. Following
FERNANDEZ-VILLAVERDE, RUBIO-RAMIREZ, and SARGENT (2005), the model can
be summarized by the following state space system: (i) the transition equation
from the minimum state variable solution,

X, = Ex, + Fu,; (B.10)

and, (ii) the measurement equation mapping the state variables to their observ-
able counterparts,

y, =Cx, + Du,; (B.11)

where x, is the vector of unobserved model’s state variables, y, the vector of the
observed variables and #, the vector of economic shocks and measurement errors.
Cand D were defined above, and E and F are matrices of coefficients. For the case
D is full-rank so that D™ exists and as long as the eigenvalues of (E— FD™'C)

are inside the unit-circle, x,,, can be rewritten as:

16 To evaluate the absolute performance of the model, DeL NEGRO and ScHORFHEIDE (2004) and
DeL NEeGRro et al. (2007) introduce the DSGE-VAR benchmark. They use the VAR implied by
the estimated DSGE model and the respective set of cross-coefficient restrictions to construct
a prior distribution for the VAR parameters. The marginal likelihood of the hyperparameter
defining the prior tightness provides an overall assessment of the VAR approximation of the
DSGE model. The DSGE model misspecification can be assessed by comparing the IRFs of
the DSGE model and the DSGE-VAR benchmark.
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IZZ[E—FD“C]jFD‘]yH.. (B.12)

=0

xt+

Rearranging, we obtain an infinite order VAR representation of y;:

y,=CY |[E—FD'CYFD 'y, + Du,.

j=0

Hence, impulse response functions from shocks #, to observables y, can be writ-
ten as a moving average (MA) representation given by:

y,=dLu, =Y dlUu, (B.13)
=0
where
B D forj=0
7 |CETF forj > 0.

Variance and Historical Decomposition

Using the MA representation above, the vector of observables in period 74 4 can
be decomposed into the historical time series due to innovations in periods £+ 1
to £+ 4 (the h-step ahead forecast error) and into the base forecast of y,,, given
the information available at time #:

h—1 00
Yivn = Zdjuz+l;—j + Edj”pr;,,j- (B.14)
=0 =0

Or expressing in terms of the forecast error at horizon 7+ 4

Coimp = Ve = Vetsp+

The cumulative contribution of any innovation is determined by the difference
between the actual time series and the base forecast since period z On the other
hand, the forecast error variance decomposition (FEVD) allows to assess the
importance of each shock as a source of variation to each endogenous variable at
different horizons. The fraction of the forecast error variance at horizon /4 attrib-
utable to u, of the i-th element of ¢, L it
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h—1
2 2
g; Zdi]:/e
k=0

n h—1 ’
2 2
POLABT
k=0

m=1

(B.15)

Varij,/: =

where

n 2 h=1 .
Zm:] [Um Zk=0dim,/€ }
is the sum of variances of the i-th elements of ¢, , ,, for each economic shock 7.

Estimation Options

Due to computational challenges, posterior estimates are based on 100,000 draws
from five parallel Markov chains (without major repercussions for chains conver-
gence). | increased the fraction of draws to be discarded from 20 to 40 %. The
scale used for the jumping distribution in the MH algorithm is set to 0.35, imply-
ing acceptance rates around 20 to 30 %. A 40 % initial burn-in period is consid-
ered such that any dependence on chains’ starting values is removed.
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SUMMARY

A New Keynesian DSGE model with non-Ricardian households is estimated for
the Portuguese economy and the stability of the model’s prediction (posterior
distributions, impulse responses, and sources of fluctuations in endogenous var-
iables) tested under different assumptions on non-Ricardian households. Their
share is estimated to be relatively high (58 %). Furthermore, estimates of sev-
eral parameters as well as the magnitude and persistence of shocks are particu-
larly sensitive to the share of non-Ricardian households. Impulse responses to
consumption preference and productivity shocks are amplified for lower shares;
for greater proportions, the model predicts more noticeable responses to price
markup and government spending shocks. Fluctuations in output growth are
mainly driven by productivity shocks for a lower share and by price markup
shocks in the opposite scenario. A high proportion of these households together
with a high degree of price stickiness lead the Taylor-type interest rate rule solu-
tion to be locally indeterminate.
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