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XMAS: An extended model for analysis and simulations  

 

 

Abstract 

 

The Extended Model for Analysis and Simulations (XMAS) is the Central Bank of Chile's newest 

dynamic stochastic general equilibrium (DSGE) model for macroeconomic projections and monetary 

policy analysis. Building on Medina and Soto (2007), the model includes several new features, in 

line with recent developments in the modeling of small open economies, particularly commodity-

exporting emerging economies such as Chile. The extensions over the base model include the 

modeling of non-core inflation dynamics, a commodity sector with endogenous production and 

investment, a labor market with search and matching frictions that allows for labor variation on both 

the intensive and extensive margins, an augmented fiscal block, as well as additional shocks and 

other real and nominal frictions. These features allow for a more granular analysis and more 

comprehensive forecasts of the Chilean economy, improving the fit of the model to macroeconomic 

data in several dimensions. 

 

 

Resumen 

 

Basado en el trabajo de Medina y Soto (2007), el XMAS es el modelo dinámico-estocástico de 

equilibrio general (DSGE) más reciente del Banco Central de Chile. Es usado para proyecciones 

macroeconómicas y análisis de política monetaria. En línea con los nuevos desarrollos en la 

modelación de economías pequeñas y abiertas, en particular, de países emergentes y exportadores de 

commodities como Chile, el modelo considera varias características adicionales. Estas extensiones 

incluyen la modelación de dinámicas inflacionarias no-subyacentes, un sector de commodity con 

inversión y producción endógena, un mercado laboral con fricciones de búsqueda que posibilita 

variaciones del factor trabajo tanto en sus márgenes intensivo como extensivo, un bloque fiscal 

extendido, además de shocks adicionales y otras fricciones nominales y reales. Estas características 

posibilitan un análisis más granular y proyecciones más completas de la economía chilena, 

mejorando el ajuste del modelo a los datos en varias dimensiones. 
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1 Introduction

This paper presents the Central Bank of Chile’s Extended Model for Analysis and Simulations (Xmas), a dynamic

stochastic general equilibrium (DSGE) model of the Chilean economy for monetary policy analysis and macroeconomic

forecasting purposes. The model incorporates a range of new features, motivated by advances of the literature and

the experience of commodity-exporting emerging economies such as Chile over the past several years.

The Central Bank of Chile has been using dynamic stochastic general equilibrium (DSGE) models for regular

policy analysis and medium-term projections for its Monetary Policy Report since the late 2000s. The first DSGE

model used at the Central Bank was the Model for Analysis and Simulations (MAS), developed by Medina and

Soto (2007), “base model” hereafter. This is a quantitative New Keynesian small open economy model with several

features to describe the Chilean economy, including a commodity sector and a structural balance rule for fiscal

policy. The model also includes a number of other non-standard elements, such as non-Ricardian households as well

as oil imports as an intermediate input for consumption and production. Otherwise, the base model incorporates all

the typical elements (sticky prices and wages, habit formation in consumption, physical capital with adjustments

costs in investment, etc.) of second-generation New Keynesian DSGE models à la Christiano et al. (2005) and Smets

and Wouters (2007) and small open economy features (including a simple financial friction, a debt-elastic country

premium) similar to Adolfson et al. (2007).

Since the late 2000s, the macroeconomic literature has advanced in a number of directions that could be

considered for the next generation of DSGE models for policy analysis and forecasting at central banks in emerging

market economies such as Chile. Xmas considers several extensions that are closely linked to the experience of

commodity-exporting emerging economies in general, and Chile in particular, over the past decade. Through these

extensions, the model allows a more detailed analysis and more comprehensive forecasts of the Chilean economy. In

this paper, we describe each extension in detail and discuss its relevance for monetary policy analysis and forecasting

purposes.

A first major extension of Xmas is a commodity sector with endogenous production. In the base model,

commodity exports are modeled as a stochastic endowment. In Xmas, production in the commodity sector is

conducted through sector-specific capital, subject to adjustment costs and time-to-build frictions in investment.

This extension allows to capture the important role of commodity price changes for investment fluctuations in

commodity-exporting economies (see Fornero et al., 2015; Fornero and Kirchner, 2018). Adjustment costs and time

to build reflect the difficulty of adjusting commodity-specific capital in the short run.

A second main extension is an augmented fiscal block including additional structure on both the spending side

and the income side of the government budget. The base model includes government consumption as the only item

on the spending side, and non-distortionary lump-sum taxes (in addition to one-period debt) on the income side. In
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Xmas, the government investment and transfers are added on the spending side, while on the income side a set of

distortionary taxes on consumption as well as labor and capital income is included. This extension allows to capture

the importance of all of these fiscal instruments for government income and spending in Chile, where spending items

are determined jointly under the structural balance rule.1 A related extension is government smoothing of oil prices,

which is introduced to capture the administrated character of oil prices in Chile.

A third main extension is the incorporation of search and matching frictions with endogenous separation and

involuntary unemployment in the labor market. This extension is thought to resolve a major potential weakness in

the base model, which is that all fluctuations in labor supply originate from the intensive margin (hours per worker)

but there is no variation in the extensive margin (number of employed workers). This stands in stark contrast to

actual data for Chile which shows that a significant fraction of the variation in total hours is explained by the

extensive margin (see Guerra-Salas et al., 2018). Thus, unlike the base model, this extension also allows to match

employment series in the estimation and condition the model’s forecasts for output, wages, inflation etc. on the

evolution of those variables.

Finally, Xmas incorporates some other features from the literature, including variable capacity utilization and

delayed pass-through of global prices and productivity, as well as several additional shocks.

As we show in detail in the following, despite the significantly added complexity of Xmas, its empirical fit and

out-of-sample forecast accuracy is comparable or better compared to the base model. The main dimensions where

Xmas outperforms the base model are consumption, nominal interest rates, and labor intensity.

Overall, our results may be relevant for economic modellers at central banks, especially from commodity-exporting

emerging economies.

The rest of the paper is structured as follows. Section 2 presents a comprehensive description of the extended

model. Section 3 describes the estimation strategy. Section 4 describes the main additional channels with respect

to Medina and Soto (2007) and shows some forecasting exercises. Section 5 concludes, highlighting a number of

directions for future work.

2 The Model

Following Medina and Soto (2007), Garćıa-Cicco et al. (2015), and Guerra-Salas et al. (2018), we present a small

open economy model with nominal and real rigidities, Ricardian and non-Ricardian households, search and matching

frictions with endogenous separation in the labor market and involuntary unemployment. Domestic goods are

produced with capital and labor, there is habit formation in consumption, there are adjustment costs in investment,

firms face a Calvo-pricing problem with partial indexation, and there is imperfect exchange rate pass-through into

1For related studies for Chile, see Kumhof and Laxton (2010) and Medina and Soto (2016). Other related studies include Coenen
et al. (2012) and Leeper et al. (2010).
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import prices in the short run due to local currency price stickiness. The economy also exports a commodity good.

The economy is subject to shocks to preferences, labor market, technology (for the home, commodity and investment

production sectors), government expenditures on consumption, investment and transfers, monetary policy, foreign

GDP, foreign inflation, foreign interest rates and the international price of the import basket, oil and the commodity

good.

2.1 Households

There is a continuum of infinitely lived households of two types: non-Ricardian and Ricardian, with mass ω and 1−ω

respectively. Each type of household has identical asset endowments and identical preferences. Instantaneous utility

in period t = {0, 1, 2, . . .} depends on consumption (Ĉt) and the number of hours worked (ht) by the household’s

employed members (nt). As in Merz (1995), there is full risk-sharing within each household, so that consumption is

equal among its members, independent of employment status.

Similar to Coenen et al. (2013), but with habits in private consumption instead of the aggregate consumption

bundle, the consumption for households of type j = {R,NR} is specified as a constant elasticity of substitution

(CES) aggregate of the households’ purchases for consumption purposes (Cjt ) and government consumption (CGt ):

Ĉjt ≡ Ĉ
(
Cjt − ςČ

j
t−1, C

G
t

)
=

[(
1− oĈ

) 1
η
Ĉ

(
Cjt − ςČ

j
t−1

) ηĈ−1

η
Ĉ + o

1
η
Ĉ

Ĉ

(
CGt
) ηĈ−1

η
Ĉ

] η
Ĉ

η
Ĉ

−1

Where and Čjt denotes average consumption across households of type j (with Cjt = Čjt in equilibrium), and

1 ≥ ς ≥ 0.2

Expected discounted utility of a representative household3 of type j ∈ {R,NR} is given by4

Et

∞∑
s=0

βs%t+s

[
1

1− σ

(
Ĉjt+s

)1−σ
− nt+s`jt+s

]
, j ∈ {R,NR} (1)

Where `jt = Θj
tκt
(
AHt−1

)1−σ h1+φ
t

1+φ is the disutility of work of an employed household member5, %t is an exogenous

preference shock, κt is an exogenous disutility shock (common to all households), β ∈ (0, 1), σ > 0, κ > 0, and φ ≥ 0.

2Throughout, uppercase letters denote nominal variables containing a unit root in equilibrium (either due to technology or to long-run
inflation) while lowercase letters indicate variables with no unit root. Real variables are constructed using the domestic consumption
good as the numeraire. In the appendix we describe how each variable is transformed to achieve stationarity in equilibrium. Variables
without time subscript denote non-stochastic steady state values in the stationary model.

3The household instantaneous utility is defined as the sum of every member i’s utility:Ujt =
∫
Ujt (i) di.

4The variable AHt (with aHt ≡ AHt /AHt−1) is a non-stationary technology disturbance in home goods, and At (with at ≡ At/At−1) is
its global counterpart, see below.

5By assumption, unemployed members do not derive any labor related disutility.
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As in Gaĺı et al. (2012) we introduce the variable Θj
t as an endogenous preference shifter that satisfies6

Θj
t = χ̃jt

(
AHt−1

)σ (
Ĉ
(
Čjt − ςČ

j
t−1, C

G
t

))−σ
, χ̃jt+s =

(
χ̃jt−1

)1−ν (
AHt−1

)−σν (
Ĉ
(
Čjt − ςČ

j
t−1, C

G
t

))σν
, ν ∈ [0, 1]

The employed members of the representative household earn a total real wage of Wthtnt, where Wt denote the

hourly wage of employed members. Each one of the unemployed members earn UBt = At−1ub of unemployment

benefits which are paid out by an unemployment funds administrator (UFA). Households also derive income from

lump sum transfers from the government amounting TRj
t .

Households pay lump sum taxes in amount of T jt , a tax rate of τCt over the purchase of consumption goods, and

a tax rate of τLt on their labor income. The labor tax is composed by a general wage tax and a forced contribution

to an unemployment insurance fund (i.e τLt ≡ τWt + τUFA
t ). The first component is collected by the government

while the second goes to the UFA.

2.1.1 Ricardian Households

Only Ricardian households can save and borrow by purchasing domestic currency denominated government bonds

(BRt ) and by trading foreign currency bonds (BR∗t ) with foreign agents, both being non-state contingent assets. They

also purchase an investment good, (IRt ) which determines their physical capital stock for next period (KR
t ), and

receive dividends
(
DR
t

)
from the ownership of domestic firms as well as rents

(
RENR∗

t

)
due to ownership of firms

abroad (the latter are assumed to evolve stochastically according to renR∗t = renR∗ξrent , where renR∗ ≥ 0 and ξrent

is an exogenous process). They pay a tax rate of τDt on dividends and τKt on capital income.

Let rt, r
∗
t and rKt denote the gross real returns on BRt−1, BR∗t−1 and KS,R

t respectively, and let rert be the real

exchange rate (i.e. the price of foreign consumption goods in terms of domestic consumption goods). We allow for

the distinction between capital services (denoted as KS,R
t ) used in the production of goods, and physical units of

capital (KR
t ), owned by the households, with a law of motion governed by the investment and depreciation rates.

The former is defined as the productive potential of the available physical capital stock for a given utilization rate ūt

chosen by the households, where

KS,R
t = ūtK

R
t−1 (2)

We follow Christiano et al. (2011) by introducing φū (ūt)Kt−1, the investment goods used for private capital

maintenance, as a part of the total private investment, alongside with the investment goods used for increasing the

households physical capital. By assumption, these maintenance costs are deducted from capital taxation, and follow

6In order to avoid unintended fluctuations in the labor supply due to shifts in the government consumption path, the consumption
measure that enters the preference shifter is defined as the average consumption bundle across households of type j if government
consumption were at its long term level.
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the same structure as in Garćıa-Cicco et al. (2015):

φū (ūt) =
rk

Φū

(
eΦū(ūt−1) − 1

)
(3)

Where the parameter Φū ≡ φ′′ū(1)/φ′ū(1) > 0 governs the importance of these utilization costs. The physical capital

stock evolves according to the law of motion:

KR
t = (1− δ)KR

t−1 +

[
1− φI

(
IRt
IRt−1

)]
$tI

R
t , (4)

With depreciation rate δ ∈ (0, 1], where $t is an investment shock that captures changes in the efficiency of the

investment process (see Justiniano et al., 2011), IRt denotes capital augmenting investment expenditures, and

φI
(
IRt /I

R
t−1

)
≡ (ΦI/2)

(
IRt /I

R
t−1 − a

)2
are convex investment adjustment costs with elasticity ΦI = φ′′I (a) ≥ 0.

The period-by-period budget constraint of the representative Ricardian household is then given by

(
BRt + rertB

R∗
t

)
−
(
BRt−1 + rertB

R∗
t−1

)
= rertRENR∗

t + TRR
t + (1− τLt )Wthtnt + (1− nt)UBt

+ (rt − 1)BRt−1 + (r∗t − 1) rertB
R∗
t−1 + (1− τDt )DR

t

+KR
t−1

[
rKt ūt

(
1− τKt

)
+ τKt p

I
t (δ + φū (ūt))

]
−(1 + τCt )CRt − pIt

(
IRt +KR

t−1φū (ūt)
)
− TRt (5)

The household chooses CRt , IRt , KR
t , BRt , BR∗t , and ūt to maximize (1) subject to (2)-(5), taking rt, r

∗
t , rKt , rert,

TRt , RENR∗
t , TRRt , DR

t and ČRt as given. This intertemporal decision problem is associated with the following

Lagrangian:

LRt = Et

∞∑
s=0

βs%t+s



1
1−σ

(
ĈRt+s

)1−σ
−ΘR

t+sκt+s
1

1+φ

(
AHt+s−1

)1−σ
h1+φ
t+s

+ΛRt+s



rert+sRENR∗
t+s + TRR

t+s + (1− τLt+s)Wt+sht+snt+s + (1− nt+s)UBt+s

+KR
t+s−1

[
rKt+sūt+s

(
1− τKt+s

)
+ τKt+sp

I
t+s (δ + φū (ūt+s))

]
+(1− τDt+s)DR

t+s + rert+sr
∗
t+sB

R∗
t+s−1 + rt+sB

R
t+s−1 −BRt+s − rert+sBR∗t+s

−(1 + τCt+s)C
R
t+s − pIt+s

(
IRt+s +KR

t+s−1φū (ūt+s)
)
− TRt+s


+ΛRt+sqt+s

[
(1− δ)KR

t+s−1 +
(
1− φI

(
IRt+s/I

R
t+s−1

))
$t+sI

R
t+s −KR

t+s

]


Where ΛRt denotes the Lagrange multiplier associated with the budget constraint and ΛRt qt denotes the multiplier
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associated with the law of motion for capital. The corresponding first-order optimality conditions are:

CRt : ΛRt =
1

(1 + τCt )

(
ĈRt

)−σ ((1− oĈ) ĈRt
CRt − ςČRt−1

) 1
η
Ĉ

, (6)

BRt : ΛRt = βEt

{
%t+1

%t
ΛRt+1rt+1

}
, (7)

BR∗t : ΛRt = βEt

{
%t+1

%t
ΛRt+1

rert+1

rert
r∗t+1

}
, (8)

KR
t : ΛRt qt = βEt

%t+1

%t
ΛRt+1

 rKt+1ūt+1

(
1− τKt+1

)
+ qt+1(1− δ)

+pIt+1

[
τKt+1δ − φū (ūt+1)

(
1− τKt+1

)]

 , (9)

IRt :
pIt
qt

=

{
1− φI

(
IRt
IRt−1

)
− φ′I

(
IRt
IRt−1

)
IRt
IRt−1

}
$t (10)

+ βEt

{
%t+1

%t

Λt+1

Λt

qt+1

qt
φ′I

(
IRt+1

IRt

)(
IRt+1

IRt

)2

$t+1

}
(11)

ut : rKt = pItφ
′
ū (ūt) (12)

Notice that from (3) and (12), we can express the optimal utilization rate as a function with a standard deviation

inversely proportional to Φū:

ūt = 1 +
log
(
rKt
rK

)
− log

(
pIt
)

Φū
(13)

The nominal interest rates are implicitly defined as

rt = Rt−1 (πt)
−1
,

πt =

(
Pt
Pt−1

)
1 + τCt

1 + τCt−1

r∗t = R∗t−1ξt−1 (π∗t )
−1
,

π∗t =
P ∗t
P ∗t−1

Where πt and π∗t denote the gross inflation rates of the domestic and foreign consumption-based price indices, after

tax in the domestic case. A debt elastic country premium (ξt) is given by :

ξt = ξ̄ exp

[
−ψ

(
rertB

∗
t

pYt Yt
− rerb∗

pY y

)
+
ζOt − ζO

ζO
+
ζUt − ζU

ζU

]
, ψ > 0, ξ̄ ≥ 1,

Where ζOt and ζUt are respectively observed and unobserved exogenous shocks to the country premium, and ψ

denotes the elasticity of the premium to the country’s net asset position(see Adolfson et al., 2008; Schmitt-Grohé and

Uribe, 2003). The foreign nominal interest rate R∗t evolves exogenously, whereas the domestic central bank sets Rt.

The country net asset position(B∗t ), is composed of private
(
BPr∗t

)
and government

(
BG∗t

)
net foreign asset holdings:
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B∗t = BPr∗t +BG∗t

2.1.2 Non-Ricardian Households

The subset of households that don’t have access to asset markets face the following budget constraint:

(1 + τCt )CNR
t = (1− τLt )Wthtnt + (1− nt)UBt + TRNR

t − TNR
t (14)

Thus they solve a much simpler period by period problem associated with the following Lagrangian and optimality

condition:

LNR = 1
1−σ

(
ĈNR
t

)1−σ
−ΘNR

t κt
1

1+φ

(
AHt−1

)1−σ
h1+φ
t + ΛNR

t

 (1− τLt )Wthtnt + (1− nt)UBt + TRNR
t

−TNR
t − (1 + τCt )CNR

t



ΛNRt =
1

(1 + τCt )

(
ĈNRt

)−σ ((1− oĈ) ĈNRt
CNRt − ςČNRt−1

) 1
η
Ĉ

2.2 Labor Market

Similar to Kirchner and Tranamil (2016); Guerra-Salas et al. (2018), the labor market is modeled with search and

matching frictions as in Mortensen and Pissarides (1994), allowing for both exogenous and endogenous separations,

as in Cooley and Quadrini (1999) and den Haan et al. (2000).

By assumption, Ricardian and non-Ricardian workers have the same productivity. Additionally, as in Boscá et al.

(2011), a labor union negotiates a unique labor contract for both types of households. This implies that firms are

indifferent between different kind of workers, and thus all workers have the same wages, work the same number

of hours and have the same probability of being employed. The matching function, Mt = mtv
1−µ
t uµt , gives the

number of new employment relationships which are productive in period t+ 1. The variable ut is the number of

unemployed workers searching for a job, vt is the number of vacancies posted by the firms, and mt is the stochastic

match efficiency at time t. µ is the match elasticity parameter. At the beginning of each period, a fraction ρxt of

employment relationships is assumed to terminate exogenously. After this and before production starts, the surviving

workers may separate endogenously at rate ρnt . This occurs if the worker´s operating cost c̃t is greater than an

endogenously determined threshold ct. The operating cost is assumed to be a random variable which is i.i.d across

workers and time with c.d.f. F , which implies that ρnt = P (c̃t > ct) = 1− F (ct). The evolution of employment is

given by nt = (1− ρt) [nt−1 +Mt-1] where ρt is the total separation rate which is given by ρt = ρxt + (1− ρxt )ρnt .
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Normalizing the total population of workers to 1, we have that nt = 1− ut. The probability that a searching worker

is matched to a new job at the end of period t is st = Mt/ut, and the probability that a firm fills a vacancy is

et =Mt/vt. The number of vacancies posted, as well as the job termination threshold ct is optimally determined by

profit maximizing firms. The wage earned by employed members, as well as their labor effort (hours worked), is the

outcome of a bargaining process between firms and a union that represent the households interests.

2.3 Production and Pricing

The supply side of the economy is composed by 5 different types of firms: First, there is a perfectly competitive

representative firm producing homogeneous home wholesale goods (Y H̃t ), with oil and a core wholesale good (Y Z̃t )

(which is produced by the same firm with labor and capital). Second, two sets of monopolistically competitive

firms turn home wholesale goods into differentiated varieties of the home and exportable goods (Y Ht (j)Y H∗t (j))

and a third set turns imported goods into the differentiated varieties of the foreign good (Y Ft (j)) in the same

fashion. Third, there are three perfectly competitive aggregators packing the different varieties of the home,

exportable and foreign goods into corresponding composite goods (Y Ht ,Y H∗t ,Y Ft ). The fourth type consists of two

more competitive aggregators: one that bundles the composite home and foreign goods to create different types

of goods for consumption (core, agricultural and government, CZt ,CAt ,CGt ) and investment (private, government

and commodity, Ift ,IGt ,ICo,ft ), and another that bundles the core and agricultural goods with oil to produce a final

consumption good for the households (Ct). And finally, a competitive representative firm produces commodity

goods for export (Y Cot ) using only sector-specific capital. The different types of final goods are purchased by the

households (Ct, I
f
t ), the government (CGt , I

G
t ) and the commodity exporting firm (ICo,ft ). All firms are owned by

the Ricardian households, with the exception of the commodity-exporting firm that is owned by the government and

foreign agents.
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Capital Stock
If → K ; IG → KG

ICof → KCo

Home Wholesale Good
{
n× h,K,KG

}
→ Y Z̃ ;

{
XZ̃ , XO

}
→ Y H̃

Differentiated Varieties XH̃ →
{

Y H(j)
Y H∗(j)

; M∗ → Y F (j)

;

Composite Goods

∫
XH(j)dj → Y H ;

∫
XF (j)dj → Y F∫

XH*(j)dj → Y H* ;

Final Goods and Services
{
XH , XF

}
→



CZ

CA

CG

If

IG

ICo,f

;
{
CZ , CO, CA

}
→ C

Commodity Good KCo → Y Co

Figure 1: Input/Output characterization of the model’s real economy

2.3.1 Final Goods

For the final consumption good, a representative final goods firm combines a core consumption good with an

agricultural good and oil. Another representative final goods firm demands composite home and foreign goods in

the amounts XJ,H
t and XJ,F

t , in order to produce core (CZt ), agricultural (CAt ) and government (CGt ) consumption

goods, and private (Ift ≡ It + φū (ūt)Kt−1), commodity (ICo,ft ≡ ICot + φCoū
(
ūCot

)
KCo
t−1), and government (IGt )

investment goods, where J ∈
{
CZ , CG, If , ICo,f , IG

}
. The respective CES technologies are given by:

Ct =

[
(1− κO − κA)

1
ηC

(
CZt
) ηC−1

ηC + κ
1
ηC

O

(
COt
) ηC−1

ηC + κ
1
ηC

A

(
CAt
) ηC−1

ηC

] ηC
ηC−1

(15)

Jt =

[
(1− oJ)

1
ηJ

(
XJ,H
t

) ηJ−1

ηJ + o
1
ηJ

J

(
XJ,F
t

) ηJ−1

ηJ

] ηJ
ηJ−1

(16)

With κO, κA, oJ ∈ [0, 1], κO + κA ≤ 1 and ηC , ηJ > 0. Let pJt ,pOt , pHt and pFt denote respectively the relative

prices of the good J , oil, and the composite home and foreign goods with respect to the final consumption

good (with pCt = 1). Subject to the technology constraints (15), (16), and (24), the firms maximize their profits

ΠC
t = Ct−pZt CZt −pOt COt −pAt CAt and ΠJ

t = pJt Jt−pHt X
J,H
t −pFt X

J,F
t over the input demands taking the respective

prices as given. That is, the firms solve the following optimization problems:

max
CZt ,C

O
t ,C

A
t


[
(1− κO − κA)

1
ηC

(
CZt
) ηC−1

ηC + κ
1
ηC

O

(
COt
) ηC−1

ηC + κ
1
ηC

A

(
CAt
) ηC−1

ηC

] ηC
ηC−1

−pZt CZt − pOt COt − pAt CAt
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max
XJ,Ht ,XJ,Ft

pJt
[

(1− oJ)
1
ηJ

(
XJ,H
t

) ηJ−1

ηJ + o
1
ηJ

J

(
XJ,F
t

) ηJ−1

ηJ

] ηJ
ηJ−1

− pHt X
J,H
t − pFt X

J,F
t


The first-order conditions determining the optimal input demands are

CZt = (1− κO − κA)
(
pZt
)−ηC

Ct (17)

COt = κO
(
pOt
)−ηC

Ct (18)

CAt = κA
(
pAt
)−ηC

Ct (19)

XJ,H
t = (1− oJ)

(
pHt
pJt

)−ηJ
Jt (20)

XJ,F
t = oJ

(
pFt
pJt

)−ηJ
Jt (21)

Substituting (17)-(21) into (15)-(16) yields the following relations:

1 = (1− κO − κA)
(
pZt
)1−ηC

+ κO
(
pOt
)1−ηC

+ κA
(
pAt
)1−ηC

(22)

pJt =
[
(1− oJ)

(
pHt
)1−ηJ

+ oJ
(
pFt
)1−ηJ ] 1

1−ηJ (23)

Showing that the firm earns zero profits in each period:

ΠC
t = Ct − pZt CZt − pOt COt − pAt CAt

= Ct

[
1− (1− κO − κA)

(
pZt
)1−ηC − κO (pOt )1−ηC − κA (pAt )1−ηC]

= 0

ΠJ
t = pJt Jt − pHt X

J,H
t − pFt X

J,F
t

= Jt
(
pJt
)ηJ [(

pJt
)1−ηJ − (1− oJ)

(
pHt
)1−ηJ − oJ (pFt )1−ηJ ]

= 0

Similar to Medina and Soto (2007), the technology for the agricultural consumption good has an additional stochastic

disturbance zAt in order to model the higher volatility of the sector that is observed in the data. Accordingly, the

sector’s technology, factor demand and prices are given by:

CAt = zAt

[
(1− oA)

1
ηA

(
XA,H
t

) ηA−1

ηA + o
1
ηA

A

(
XA,F
t

) ηA−1

ηA

] ηA
ηA−1

(24)
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XA,H
t =

(
zAt
)ηA−1

(1− oA)

(
pHt
pAt

)−ηA
CAt (25)

XA,F
t =

(
zAt
)ηA−1

oA

(
pFt
pAt

)−ηA
CAt (26)

pAt =
1

zAt

[
(1− oA)

(
pHt
)1−ηA

+ oA
(
pFt
)1−ηA] 1

1−ηA (27)

2.3.2 Composite Goods

Three groups of competitive packing firms demand all varieties j ∈ [0, 1] of foreign, home, and exportable goods in

amounts XF (j), XH(j) and XH*(j), and combines them in order to produce composite foreign
(
Y Ft
)
, composite

home
(
Y Ht
)
, and exportable

(
Y H*
t

)
goods. With J = {F,H,H∗} the CES technologies that transform inputs XJ

t (j)

into the respective outputs Y Jt are given by:

Y Jt =

[∫ 1

0

XJ
t (j)

εJ−1

εJ dj

] εJ
εJ−1

, εJ > 0. (28)

Let P Jt (j) denote the price of the good of variety j. Subject to the technology constraint (28), the firm maximizes

its profits ΠJ
t = P Jt Y

J
t −

∫ 1

0
P Jt (j)XJ

t (j)dj over the input demands taking the relative prices as given. That is, the

firm solves the following optimization problem:

max
XJt (j)

P Jt
[∫ 1

0

XJ
t (j)

εJ−1

εJ dj

] εJ
εJ−1

−
∫ 1

0

P Jt (j)XJ
t (j)dj

 , for all j.

The first-order conditions determining the optimal input demands for each variety are

XJ
t (j) =

(
P Jt (j)

P Jt

)−εJ
Y Jt , for all j. (29)

Substituting (29) into (28) yields

(
Y Jt
) εJ−1

εJ =

∫ 1

0

(
XJ
t (j)

) εJ−1

εJ dj =
(
Y Jt
) εJ−1

εJ

∫ 1

0

(
P Jt (j)

P Jt

)1−εJ
dj,

Or

1 =

∫ 1

0

(
P Jt (j)

P Jt

)1−εJ
dj, (30)
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Showing that the firm earns zero profits in each period:

ΠJ
t = P Jt Y

J
t −

∫ 1

0

P Jt (j)XJ
t (j)dj = P Jt Y

J
t

[
1−

∫ 1

0

(
P Jt (j)

P Jt

)1−εJ
dj

]
= 0.

According to (30) the price level P Jt satisfies

P Jt =

[∫ 1

0

P Jt (j)1−εJdj

] 1
1−εJ

. (31)

2.3.3 Differentiated Varieties

Two sets of monopolistically competitive firms demand home wholesale goods in quantities XH̃
t and XH̃∗

t , respectively,

and differentiate them into domestically sold (home) and exportable varieties, Y Ht (j) and Y H∗t (j). It takes one

unit of the input good to produce one unit of variety j, such that
∫ 1

0
Y Ht (j)dj = XH̃

t and
∫ 1

0
Y H∗t (j)dj = XH̃∗

t .

Another set of monopolistically competitive importing firms demands a quantity M∗t of an imported good at the

price PM∗t and differentiates it into varieties Y Ft (j) that are sold domestically, such that
∫ 1

0
Y Ft (j)dj = M∗t . The

firm producing variety j of the respective good satisfies the demand given by (29) but it has monopoly power for

its variety. Domestically sold varieties (Y Ft (j) and Y Ht (j)) are invoiced in local currency, while exported varieties

(Y H∗t (j)), following Adolfson et al. (2007), Medina and Soto (2007) and others, are priced in foreign currency and

indexed to foreign inflation.

Domestically sold varieties For varieties priced in local currency, with JX = {M∗, H̃} and JY = {F,H}, the

nominal marginal cost in terms of the associated composite good price is P J
Y

t mcJ
Y

t (j). As every firm buys their inputs

from the same market of homogeneous goods, they all face the same marginal cost: P J
Y

t mcJ
Y

t (j) = P J
Y

t mcJ
Y

t = P J
X

t

for all j.7 In the case of imported goods, PMt ≡ StPM∗t where St is the nominal exchange rate, implicitly defined by

rert = StP
∗
t /Pt. Given marginal costs, the firm producing variety j chooses its price P J

Y

t (j) to maximize profits.

In setting prices, the firm faces a Calvo-type problem, whereby each period it can change its price optimally with

probability 1− θJY , and if it cannot optimally change its price, it indexes its previous price according to a weighted

product of past and steady state inflation with weights ϑJY ∈ [0, 1] and 1−ϑJY . A firm reoptimizing in period t will

choose the price P̃ J
Y

t (j) that maximizes the current market value of the profits generated until it can reoptimize. As

the firms are owned by the Ricardian households, they discount profits by their stochastic discount factor for nominal

payoffs: χt,t+s ≡ βs(%t+s/%t)(ΛRt+s/ΛRt )
(
Pt(1 + τCt )/Pt+s(1 + τCt+s)

)
, for s ≥ 0. A reoptimizing firm producing JY

7Therefore mcJ
Y

t = PJ
X

t /PJ
Y

t is the real marginal cost of these firms, in terms of the associated composite goods.
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with inputs JX therefore solves

max
P̃J

Y
t (j)

Et

∞∑
s=0

θsJY χt,t+s

(
P̃ J

Y

t (j)ΓJ
Y

t,s − P J
X

t+s

)
Y J

Y

t+s(j),

s.t. Y J
Y

t+s(j) =

(
P̃ J

Y

t (j)ΓJ
Y

t,s

P J
Y

t+s

)−εJY
Y J

Y

t+s ,

P J
X

t = P J
Y

t mcJ
Y

t ,

where ΓJ
Y

t,s =

[(
Pt+s−1(1+τCt+s−1)

Pt−1(1+τCt−1)

)ϑπ (PZt+s−1(1+τCt+s−1)

PZt−1(1+τCt−1)

)1−ϑπ
]ϑJY

π(1−ϑJY )s is an indexation variable defined as a

weighted average between past CPI, past core, and steady state inflation that satisfies ΓJ
Y

t,0 = 1, ΓJ
Y

t,s = ΓJ
Y

t,s−1g
ΓJ
Y

t+s−1

and ΓJ
Y

t,s+1 = gΓJ
Y

t ΓJ
Y

t+1,s. Here gΓJ
Y

t+s ≡
[
(πt+s)

ϑπ
(
πZt+s

)1−ϑπ]ϑJY
π1−ϑJY for s ≥ 1 is the gross growth rate of the

indexation variable. Substituting out the demand constraint in the objective function yields

max
P̃J

Y
t (j)

Et

∞∑
s=0

θsJY χt,t+s

[
P̃ J

Y

t (j)1−εJY
(

ΓJ
Y

t,s

)1−εJY − P̃ J
Y

t (j)−εJY
(

ΓJ
Y

t,s

)−εJY
P J

Y

t+smc
JY

t+s

](
P J

Y

t+s

)εJY
Y J

Y

t+s .

The first-order condition determining the optimal price is given by8

Et

∞∑
s=0

θsJY χt,t+s (−εJY )
(
P̃ J

Y

t

)−εJY −1 (
ΓJ

Y

t,s

)−εJY
P J

Y

t+smc
JY

t+s

(
P J

Y

t+s

)εJY
Y J

Y

t+s

= Et

∞∑
s=0

θsJY χt,t+s(1− εJY )
(
P̃ J

Y

t

)−εJY (
ΓJ

Y

t,s

)1−εJY (
P J

Y

t+s

)εJY
Y J

Y

t+s ,

or, multiplying by P̃ J
Y

t /P J
Y

t and dividing by −εJY on both sides:

Et

∞∑
s=0

θsJY χt,t+s

(
P̃ J

Y

t

)−εJY (
ΓJ

Y

t,s

)−εJY (
P J

Y

t

)−1

P J
Y

t+smc
JY

t+s

(
P J

Y

t+s

)εJY
Y J

Y

t+s

= Et

∞∑
s=0

θsJY χt,t+s

(
P̃ J

Y

t

)1−εJY (
ΓJ

Y

t,s

)1−εJY (
P J

Y

t

)−1 (
P J

Y

t+s

)εJY
Y J

Y

t+s

(
εJY − 1

εJY

)
.

Letting p̃J
Y

t ≡ P̃ JYt /P J
Y

t denote the optimal price in terms of the corresponding composite good price and defining

also pJ
Y

t ≡ P JYt /Pt, the first-order condition can be re-written in recursive form as follows:

F J
Y 1

t = F J
Y 2

t = F J
Y

t ,

8By symmetry, the optimal price is identical across firms, i.e., P̃J
Y

t (j) = P̃J
Y

t for all j.
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where

F J
Y 1

t = Et

∞∑
s=0

(βθJY )s
%t+s
%t

ΛRt+s
ΛRt

Pt(1 + τCt )

Pt+s(1 + τCt+s)
P̃ J

Y

t (j)−εJY
(

ΓJ
Y

t,s

)−εJY (
P J

Y

t

)−1

P J
Y

t+smc
JY

t+s

(
P J

Y

t+s

)εJY
Y J

Y

t+s ,

=

(
P̃ J

Y

t

P J
Y

t

)−εJY
mcJ

Y

t Y J
Y

t + βθJY Et

%t+1

%t

ΛRt+1

ΛRt

(1 + τCt )

(1 + τCt+1)

Pt
Pt+1

(
gΓJ

Y

t

P̃ J
Y

t

P̃ J
Y

t+1

)−εJY (
P J

Y

t

P J
Y

t+1

)−1

F J
Y 1

t+1

 ,

=
(
p̃J

Y

t

)−εJY
mcJ

Y

t Y J
Y

t + βθJY Et

%t+1

%t

ΛRt+1

ΛRt

(
gΓJ

Y

t

πt+1

p̃J
Y

t

p̃J
Y

t+1

)−εJY (
pJ

Y

t

pJ
Y

t+1

(
1 + τCt+1

)(
1 + τCt

) )−1−εJY

F J
Y 1

t+1

 ,

and

F J
Y 2

t = Et

∞∑
s=0

(βθJY )s
%t+s
%t

ΛRt+s
ΛRt

Pt(1 + τCt )

Pt+s(1 + τCt+s)

(
P̃ J

Y

t

)1−εJY (
ΓJ

Y

t,s

)1−εJY (
P J

Y

t

)−1 (
P J

Y

t+s

)εJY
Y J

Y

t+s

(
εJY − 1

εJY

)
,

=

(
P̃ J

Y

t

P J
Y

t

)1−εJY

Y J
Y

t

(
εJY − 1

εJY

)
+ βθJY Et

%t+1

%t

ΛRt+1

ΛRt

(1 + τCt )

(1 + τCt+1)

Pt
Pt+1

(
gΓJ

Y

t

P̃ J
Y

t

P̃ J
Y

t+1

)1−εJY (
P J

Y

t

P J
Y

t+1

)−1

F J
Y 2

t+1

 ,

=
(
p̃J

Y

t

)1−εJY
Y J

Y

t

(
εJY − 1

εJY

)
+ βθJY Et

%t+1

%t

ΛRt+1

ΛRt

(
gΓJ

Y

t

πt+1

p̃J
Y

t

p̃J
Y

t+1

)1−εJY (
pJ

Y

t

pJ
Y

t+1

(
1 + τCt+1

)(
1 + τCt

) )−εJY F JY 2
t+1

 .

Further, let ΨJY (t) denote the set of firms that cannot optimally choose their price in period t. By (31), the price

level P J
Y

t evolves as follows:

(
P J

Y

t

)1−εJY
=

∫ 1

0

P J
Y

t (j)1−εJY dj = (1− θJY )
(
P̃ J

Y

t

)1−εJY
+

∫
ΨJY (t)

(
gΓJ

Y

t−1 P
JY

t−1(j)

)1−εJY
dj,

= (1− θJY )
(
P̃ J

Y

t

)1−εJY
+ θJY

(
gΓJ

Y

t−1 P
JY

t−1

)1−εJY
.

Dividing both sides by
(
P J

Y

t

)1−εJY
yields

1 = (1− θJY )
(
p̃J

Y

t

)1−εJY
+ θJY

pJYt−1

pJ
Y

t

gΓJ
Y

t−1

πt

(
1 + τCt

)(
1 + τCt−1

)
1−εJY

.

The second equality above follows from the fact that the distribution of prices among firms not reoptimizing in

period t corresponds to the distribution of effective prices in period t− 1, though with total mass reduced to θJY .

Exported varieties For exported varieties, priced in foreign currency, the setup is equivalent. The only differences

are that both the nominal rigidities and the relevant stochastic discount factor are defined in terms of the foreign

currency. The nominal marginal cost of exporter j in terms of the exportable composite good price is StP
H∗
t mcH∗t (j).

As every firm buys their inputs from the same market of homogeneous goods, they all face the same marginal
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costs: StP
H∗
t mcH∗t (j) = StP

H∗
t mcH∗t = P H̃t for all j. Given marginal costs, the firm producing variety j chooses

its price PH∗t (j) to maximize profits. In setting prices, the firm faces a Calvo-type problem, whereby each

period it can change its price optimally with probability 1 − θH∗, and if it cannot optimally change its price,

it indexes its previous price according to a weighted product of past and steady state inflation with weights

ϑH∗ ∈ [0, 1] and 1 − ϑH∗. A firm reoptimizing in period t will choose the price P̃H∗t (j) that maximizes the

current market value of the profits generated until it can reoptimize. As the firms are owned by the Ricardian

households, they discount profits by their stochastic discount factor for nominal payoffs in foreign currency:

χ∗t,t+s ≡ βs(%t+s/%t)(Λ
R
t+s/Λ

R
t )
(
Pt(1 + τCt )/Pt+s(1 + τCt+s)

)
(St+s/St), for s ≥ 0. A reoptimizing firm therefore

solves

max
P̃H∗
t (j)

Et

∞∑
s=0

θsH∗χ
∗
t,t+s

(
P̃H∗t (j)ΓH∗t,s −

P H̃t+s
St+s

)
Y H∗t+s(j),

s.t. Y H∗t+s(j) =

(
P̃H∗t (j)ΓH∗t,s

PH∗t+s

)−εH∗

Y H∗t+s ,

P H̃t = StP
H∗
t mcH∗t ,

where ΓH∗t,s =
(
P∗
t+s−1

P∗
t−1

)ϑH∗
(π∗)

(1−ϑH∗)s
is an indexation variable that satisfies ΓH∗t,0 = 1 and ΓH∗t,s = ΓH∗t,s−1g

ΓH∗

t+s−1

with gΓH∗

t+s ≡
(
π∗t+s

)ϑH∗
(π∗)

1−ϑH∗ for s ≥ 1. Substituting out the demand constraint in the objective function yields

max
P̃H∗
t (j)

Et

∞∑
s=0

θsH∗χ
∗
t,t+s

[
P̃H∗t (j)1−εH∗

(
ΓH∗t,s

)1−εH∗ − P̃H∗t (j)−εH∗
(
ΓH∗t,s

)−εH∗
PH∗t+smc

H∗
t+s

] (
PH∗t+s

)εH∗
Y H∗t+s .

The first-order condition determining the optimal price is given by9

Et

∞∑
s=0

θsH∗χ
∗
t,t+s (−εH∗)

(
P̃H∗t

)−εH∗−1 (
ΓH∗t,s

)−εH∗
PH∗t+smc

H∗
t+s

(
PH∗t+s

)εH∗
Y H∗t+s

= Et

∞∑
s=0

θsH∗χ
∗
t,t+s(1− εH∗)

(
P̃H∗t

)−εH∗ (
ΓH∗t,s

)1−εH∗ (
PH∗t+s

)εH∗
Y H∗t+s ,

or, multiplying by P̃H∗t /PH∗t and dividing by −εH∗ on both sides:

Et

∞∑
s=0

θsH∗χ
∗
t,t+s

(
P̃H∗t

)−εH∗ (
ΓH∗t,s

)−εH∗ (
PH∗t

)−1
PH∗t+smc

H∗
t+s

(
PH∗t+s

)εH∗
Y H∗t+s

= Et

∞∑
s=0

θsH∗χ
∗
t,t+s

(
P̃H∗t

)1−εH∗ (
ΓH∗t,s

)1−εH∗ (
PH∗t

)−1 (
PH∗t+s

)εH∗
Y H∗t+s

(
εH∗ − 1

εH∗

)
.

9By symmetry, the optimal price is identical across firms, i.e., P̃H∗
t (j) = P̃H∗

t for all j.
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Letting p̃H∗t ≡ P̃H∗t /PH∗t denote the optimal price in terms of the corresponding composite good price and defining

also pH∗t ≡ PH∗t /P ∗t , the first-order condition can be re-written in recursive form as follows:

FH∗1t+1 = FH∗2t+1 = FH∗t+1,

where

FH∗1t = Et

∞∑
s=0

(θH∗β)
s %t+s
%t

ΛRt+s
ΛRt

Pt(1 + τCt )

Pt+s(1 + τCt+s)

St+s
St

(
P̃H∗t

)−εH∗ (
ΓH∗t,s

)−εH∗ (
PH∗t

)−1
PH∗t+smc

H∗
t+s

(
PH∗t+s

)εH∗
Y H∗t+s ,

=

(
P̃H∗t
PH∗t

)−εH∗

mcH∗t Y H∗t + βθH∗Et

%t+1

%t

ΛRt+1

ΛRt

Pt(1 + τCt )

Pt+1(1 + τCt+1)

St+1

St

(
gΓH∗

t

P̃H∗t
P̃H∗t+1

)−εH∗ (
PH∗t
PH∗t+1

)−1

FH∗1t+1

 ,

=
(
p̃H∗t

)−εH∗
mcH∗t Y H∗t + βθH∗Et

%t+1

%t

ΛRt+1

ΛRt

rert+1

rert

(
gΓH∗

t

π∗t+1

p̃H∗t
p̃H∗t+1

)−εH∗ (
pH∗t
pH∗t+1

)−1−εH∗

FH∗1t+1

 ,

and

FH∗2t = Et

∞∑
s=0

(θH∗β)
s %t+s
%t

ΛRt+s
ΛRt

Pt(1 + τCt )

Pt+s(1 + τCt+s)

St+s
St

(
P̃H∗t

)1−εH∗ (
ΓH∗t,s

)1−εH∗ (
PH∗t

)−1 (
PH∗t+s

)εH∗
Y H∗t+s

(
εH∗ − 1

εH∗

)
,

=

(
P̃H∗t
PH∗t

)1−εH∗

Y H∗t+s

(
εH∗ − 1

εH∗

)
+ θH∗βEt

%t+1

%t

ΛRt+1

ΛRt

Pt(1 + τCt )

Pt+1(1 + τCt+1)

St+1

St

(
gΓH∗

t

P̃H∗t
P̃H∗t+1

)1−εH∗ (
PH∗t
PH∗t+1

)−1

FH∗2t+1

 ,

=
(
p̃H∗t

)1−εH∗
Y H∗t

(
εH∗ − 1

εH∗

)
+ θH∗βEt

%t+1

%t

ΛRt+1

ΛRt

rert+1

rert

(
gΓH∗

t

π∗t+1

p̃H∗t
p̃H∗t+1

)1−εH∗ (
pH∗t
pH∗t+1

)−εH∗

FH∗2t+1

 .

Further, let ΨH∗(t) denote the set of firms that cannot optimally choose their price in period t. By (31), the price

level PH∗t evolves as follows:

(
PH∗t

)1−εH∗
=

∫ 1

0

PH∗t (j)1−εH∗dj = (1− θH∗)
(
P̃H∗t

)1−εH∗
+

∫
ΨH∗(t)

(
gΓH∗

t−1 P
H∗
t−1(j)

)1−εH∗
dj,

= (1− θH∗)
(
P̃H∗t

)1−εH∗
+ θH∗

(
gΓH∗

t−1 P
H∗
t−1

)1−εH∗
.

Dividing both sides by
(
PH∗t

)1−εH∗
yields

1 = (1− θH∗)
(
p̃H∗t

)1−εH∗
+ θH∗

(
pH∗t−1

pH∗t

gΓH∗

t−1

π∗t

)1−εH∗

.

The second equality above follows from the fact that the distribution of prices among firms not reoptimizing in

period t corresponds to the distribution of effective prices in period t− 1, though with total mass reduced to θH∗.
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2.3.4 Wholesale Domestic Goods

The technology of the representative firm producing the homogeneous home good requires the utilization of imported

oil as a complementary input, together with capital and labor.

Y H̃t = zt

[
(1− oO)

1
ηO

(
XZ̃
t

) ηO−1

ηO + oO
1
ηO

(
XO
t

) ηO−1

ηO

] ηO
ηO−1

, oO ∈ (0, 1), ηO > 0 (32)

Where zt is an exogenous stationary shock, XO
t is the amount of oil used as an intermediate input, and XZ̃

t is the

demand for the core (non-oil) productive input Y Z̃t , a composite of labor and capital produced using a Cobb-Douglas

technology:

Y Z̃t =
(
K̃t

)α (
AHt ntht

)1−α
, α ∈ (0, 1), (33)

Where AHt (with aHt ≡ AHt /AHt−1 ) is a non-stationary labor-augmenting technology disturbance. Similar to Coenen

et al. (2012, 2013), K̃t, the capital good used in the production of the homogeneous good, is a CES composite

between private and public capital:

K̃t =

[
(1− oKG)

1
ηKG

(
KS
t

) ηKG−1

ηKG + oKG

1
ηKG

(
KG
t−1

) ηKG−1

ηKG

] ηKG
ηKG−1

, oKG ∈ (0, 1), ηKG > 0 (34)

Denote c̃it as worker i’s operating cost for the firm. Recall that when this cost is too high (c̃t ≥ ct), production

does not take place. Then, the average operating cost per worker is given by HC
t = AHt−1

∫ ct
0
c̃t
dF (c̃t)
F (ct)

. The threshold

value ct is optimally decided by the firm in each period. There is a posting cost per vacancy identical for all

firms with the form Ωt = AHt−1Ωv, where Ωv is a constant. We allow HC
t and Ωt to grow proportionately with the

productivity trend AHt−1 in order to maintain a balanced steady-state growth path. As in Christiano et al. (2011),

these costs are assumed to be paid in terms of composite home goods. The firm’s workforce evolves over time as

nt = (1− ρt)(nt−1 + et−1vt−1) (35)

Since today’s choice of vt affects tomorrow’s workforce, the firm faces an inter-temporal decision problem to maximize

expected discounted profits. As firms are owned by Ricardian households, the firm’s stochastic discount factor

for real payoffs satisfies ΞRt,t+s ≡ βs(%t+s/%t)(Λ
R
t+s/Λ

R
t ), for s ≥ 0. The wholesale firm chooses how much capital

services and oil to use (KS
t , XO

t ) , and how much labor to hire and fire (vt, nt, ct) subject to (32), (33), (34) and
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(35). Hence, the firm’s problem is

max
KS
t ,X

O
t ,vt,nt,c̄t

Et

∞∑
s=0

ΞRt,t+s

 pH̃t+sY
H̃
t+s −Wt+snt+sht+s − pHt+sHC

t+snt+s

−pHt+sΩt+svt+s − rKt+sKS
t+s − pOt+sXO

t+s


s.t. Y H̃t = zt

[
(1− oO)

1
ηO

(
XZ̃
t

) ηO−1

ηO + oO
1
ηO

(
XO
t

) ηO−1

ηO

] ηO
ηO−1

XZ̃
t = Y Z̃t =

(
K̃t

)α (
AHt ntht

)1−α
K̃t =

[
(1− oKG)

1
ηKG

(
KS
t

) ηKG−1

ηKG + oKG

1
ηKG

(
KG
t−1

) ηKG−1

ηKG

] ηKG
ηKG−1

nt = (1− ρt)(nt−1 + et−1vt−1)

Where pH̃t and pOt are the prices of Y H̃t and XO
t in terms of the final consumption good, respectively. The second

constraint follows from the fact that as the only use of Y Z̃t is to satisfy the demand from (32), the market clearing

condition requires XZ̃
t = Y Z̃t .

Given the constraints outlined above, the problem for the firm can be separated in two parts: the cost minimizing

production of Y Z̃t (choosing nt, vt, c̄t and KS
t ) and the profit maximizing production of Y H̃t (choosing Y Z̃t and XO

t ).

In the first stage, the firm wants to minimize the expected discounted cost of production of Y Z̃t by solving

min
KS
t ,vt,nt,c̄t

Et

∞∑
s=0

ΞRt,t+s
[
Wt+snt+sht+s + pHt+sH

C
t+snt+s + pHt+sΩt+svt+s + rKt+sK

S
t+s

]
s.t. Y Z̃t =

(
K̃t

)α (
AHt ntht

)1−α
nt = (1− ρt)(nt−1 + et−1vt−1)

The Lagrangian for this minimization problem is

LY
Z̃

t = Et

∞∑
s=0

ΞRt,t+s


Wt+snt+sht+s + pHt+sH

C
t+snt+s + pHt+sΩt+svt+s + rKt+sK

S
t+s

+mcZ̃t+s

(
Y Z̃t+s −

(
K̃t+s

)α (
AHt+snt+sht+s

)1−α)
+Υt+s (nt+s − (1− ρt+s)(nt+s−1 + et+s−1vt+s−1))



Where mcZ̃t denotes the multiplier on the technology constraint (i.e. real marginal cost of Y Z̃t in terms of the final
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good), and Υt denotes the multiplier on firm’s workforce. The first-order conditions are

KS
t : K̃t = α

(
rK̃t

mcZ̃t

)−1

Y Z̃t (36)

vt :
pHt Ωt

et
= EtΞ

R
t,t+1(1− ρt+1) Υt+1 (37)

nt : Υt = mcZ̃t (1− α)
Y Z̃t
nt
−Wtht − pHt HC

t + EtΞ
R
t,t+1(1− ρt+1) Υt+1 (38)

ct :
Υt

1− ρt
∂ρt
∂ct

= −ht
∂Wt

∂ct
− ∂HC

t

∂ct
pHt (39)

Where rK̃t , the cost of acquiring an additional unit of K̃t, is defined as

rK̃t = rKt

(
∂K̃t

∂KS
t

)−1

= rKt

(
KS
t

(1− oKG) K̃t

) 1
ηKG

Combining (37) and (38) yields the job creation condition:

pHt Ωt

et
= EtΞ

R
t,t+1 (1− ρt+1)

mcZ̃t+1 (1− α)
Y Z̃t+1

nt+1
−Wt+1ht+1 − pHt+1H

C
t+1 +

pHt+1Ωt+1

et+1


Firms post vacancies to expand employment until the effective cost of posting an additional vacancy (pHt Ωt/et)

equals the expected marginal product of an additional worker (mcZ̃t+1 (1− α)Y Z̃t+1/nt+1) minus the wage payment

to that worker (Wt+1ht+1) minus the average operating cost of the firm (pHt+1H
C
t+1) plus its expected return of next

periods reduction of vacancy posting costs (pHt+1Ωt+1/et+1), conditional on the worker surviving job destruction in

period t+ 1 with probability 1− ρt+1.

Combining (37), (38), (39), and using the fact that (1− ρxt ) / (1− ρt) = 1/F (ct), we can get the job destruction

condition:10

pHt A
H
t−1c̄t = mcZ̃t (1− α)

Y Z̃t
nt
−Wtht +

pHt Ωt

et

This expression defines the critical threshold ct above which jobs are separated.

In the second stage, firms maximize the profits from producing Y H̃t as if Y Z̃t was produced by a vertically

integrated subsidiary selling it at marginal cost. Note that there are no intertemporal decisions in this stage. The

firm’s problem is:

10Derivatives ∂Wt
∂ct

= 0, ∂ρt
∂ct

= −(1 − ρxt )f(ct) and
∂HCt
∂ct

= AHt−1

(
ct −

HCt
AHt−1

)
f(ct)
F (ct)

were calculated using the Leibniz’s rule for

differentiation under the integral sign.
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max
XZ̃t ,X

O
t

pH̃t zt

[
(1− oO)

1
ηO

(
XZ̃
t

) ηO−1

ηO + oO
1
ηO

(
XO
t

) ηO−1

ηO

] ηO
ηO−1

− pOt XO
t −mcZ̃t XZ̃

t

The optimal demands for XZ̃
t and XO

t are then given by

XZ̃
t = (zt)

ηO−1
(1− oO)

(
mcZ̃t

pH̃t

)−ηO
Y H̃t (40)

XO
t = (zt)

ηO−1
oO

(
pOt

pH̃t

)−ηO
Y H̃t (41)

Substituting (40) and (41) into (32) yields the following expression for the price of Y H̃t in terms of the final

consumption good:

pH̃t =
1

zt

[
(1− αO)

(
mcZ̃t

)1−ηO
+ αO

(
pOt
)1−ηO] 1

1−ηO
(42)

2.3.5 Wages and Hours

The wages and hours bargaining process between the union and the representative firm begin after the endogenous

separation process has finished. At the time the bargaining takes place, both the number of workers (nt) and the

operating cost associated with each one of those workers
(
c̃it
)

is known. With a unique contract to be bargained for

all workers, both the firm and the union consider an aggregate weighted surplus across all households.

As in Gertler et al. (2008) we assume the union and the firms agree to an efficient allocation of hours where

the marginal value product of a worker-hour equals the marginal cost of work (in terms of consumption goods and

adjusted by taxes) for an employed household member.

(
1− ωU

) ∂`Rt /∂h
R
t

ΛRt
(
1− τLt

) + ωU
∂`NRt /∂hNRt

ΛNRt
(
1− τLt

) = mcZ̃t
∂2Y Z̃t
∂ht∂nt

⇒ ht =

 mcZ̃t (1− α)
2 Y Z̃t
nt

ΨUt κt
(1−τLt )

(
AHt−1

)1−σ


1
1+φ

Where ΨU
t =

(
1− ωU

) ΘRt
ΛRt

+ ωU
ΘNRt
ΛNRt

and ωU is the weight given to the non Ricardian members by the union.

To get to the expression to the right we use the fact that Ricardian and not Ricardian workers are indistinguishable

to the firm and therefore demand the same labor intensity from Ricardian and non Ricardian workers.

Given the amount of hours per worker defined above, a notional contract specifying hourly wages (Wn
t ) is

negotiated through Nash bargaining. The outcome of the bargaining process is a wage that maximizes a weighted

average between the firm’s and union’s surpluses:

max
Wn
t

[
ϕU logSUt +

(
1− ϕU

)
logSFt

]
where SUt is the union’s surplus, SFt is the firm’s surplus, and ϕU ∈ (0, 1) is the union’s relative bargaining power.
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The first-order condition are

Wn
t : ϕUSFt

∂SUt
∂Wn

t

= −
(
1− ϕU

)
SUt

∂SFt
∂Wn

t

(43)

On the union side, the union’s surplus is a weighted average surplus of Ricardian and non-Ricardian households

SUt =
(
1− ωU

)
SR,Ut + ωUSNR,Ut

For a member of type-i household, with i = {R,NR}, the union’s surplus
(
Si,Ut

)
is defined as the difference between

the value of being employed (Vi,Et ) and the value of being unemployed (Vi,Ut ). The value of being employed is equal

to the current-period benefit from the job (after tax wage income minus disutility of work), plus the discounted

continuation value of remaining employed next period plus the discounted continuation value of being separated:

Vi,Et =(1− τLt )Wn
t ht −

Θi
tκt
(
AHt−1

)1−σ (ht)
1+φ

1+φ

Λit
+ EtΞ

i
t,t+1

[
(1− ρt+1)Vi,Et+1 + ρt+1Vi,Ut+1

]

The value of being unemployed is equal to the current unemployed benefit which is paid out by the UFA, plus the

discounted continuation value of being employed with probability st (1− ρt+1) plus the discounted continuation

value of remaining unemployed:

Vi,Ut =UBt + EtΞ
i
t,t+1

[
st (1− ρt+1)Vi,Et+1 + (1− st (1− ρt+1))Vi,Ut+1

]

Hence, the type-i household’s surplus is

Si,Ut = Vi,Et − Vi,Ut

= (1− τLt )Wn
t h

n
t −

Θitκt(A
H
t−1)

1−σ
(hnt )1+φ

Λit(1+φ)
− UBt + (1− st)EtΞit,t+1 (1− ρt+1)

[
Vi,Et+1 − V

i,U
t+1

]

Finally, the union’s surplus is given by

SUt =
(
1− ωU

)
SR,Ut + ωUSNR,Ut

=

(
1− ωU

)(
(1− τLt )Wn

t ht −
ΘRt κt(A

H
t−1)

1−σ
(hnt )1+φ

ΛRt (1+φ)
− UBt + (1− st)EtΞRt,t+1 (1− ρt+1)

[
VR,Et+1 − V

R,U
t+1

])
+ωU

(
(1− τLt )Wn

t ht −
ΘNRt κt(AHt−1)

1−σ
(hnt )1+φ

ΛNRt (1+φ)
− UBt + (1− st)EtΞNRt,t+1 (1− ρt+1)

[
VNR,Et+1 − VNR,Ut+1

])
= (1− τLt )Wn

t ht −ΨU
t κt

(
AHt−1

)1−σ (hnt )1+φ

1+φ − UBt + (1− st)EtΞUt,t+1 (1− ρt+1)SUt+1
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Where ΞNRt,t+s ≡ βs(%t+s/%t)(ΛNRt+s/ΛNRt ) and the union’s discount factor ΞUt,t+1 is implicitly defined by

ΣUt = EtΞ
U
t,t+1 (1− ρt+1)SUt+1 =

(
1− ωU

)
EtΞ

R
t,t+1 (1− ρt+1)

[
VR,Et+1 − V

R,U
t+1

]
+ ωUEtΞ

NR
t,t+1 (1− ρt+1)

[
VNR,Et+1 − VNR,Ut+1

]
.

Where ΣUt = At−1σ
U
t corresponds to the union’s expected surplus adjusted by the stochastic discount factor and the

match continuation probability.

In the firm side, the firm’s surplus is defined as the difference between the expected average value functions of a

vacancy posting (VVt ) and a filled job (VJt ). The value of a filled job by a worker with known operational costs of c̃t

is equal to the current-period firm’s profit from one worker (productivity of labor minus operational cost plus wage

payment), plus the discounted continuation value of the job next period and losing the existing job:

VJt (c̃t) =mcZ̃t (1− α)
Y Z̃t
nt
−Wn

t ht − pHt AHt−1c̃t + EtΞ
R
t,t+1

[
(1− ρt+1)VJt+1 + ρt+1VVt+1

]
Integrating over the density function of c̃t over the relevant interval we obtain the average value of a filled job VJt

VJt =

∫ ct

0

VJt (c̃t)
dF (c̃t)

F (ct)
=mcZ̃t (1− α)

Y Z̃t
nt
−Wn

t ht − pHt AHt−1

∫ ct

0

c̃t
dF (c̃t)

F (ct)
+ EtΞ

R
t,t+1

[
(1− ρt+1)VJt+1 + ρt+1VVt+1

]
VJt =

∫ ct

0

VJt (c̃t)
dF (c̃t)

F (ct)
=mcZ̃t (1− α)

Y Z̃t
nt
−Wn

t ht − pHt HC
t + EtΞ

R
t,t+1

[
(1− ρt+1)VJt+1 + ρt+1VVt+1

]
= VJt

(
HC
t

)
The value of a vacancy posting is given by the current vacancy posting cost, plus the discounted continuation

value of a filled job next period with probability et (1− ρt+1) and an open vacancy next period:

VVt =− pHt Ωt + EtΞ
R
t,t+1

[
et (1− ρt+1)VJt+1 + (1− et (1− ρt+1))VVt+1

]
A free entry condition implies for firms that VVt = 0 for all t, and thus the value of a vacancy posting produces

pHt Ωt
et

=EtΞ
R
t,t+1 (1− ρt+1)VJt+1

And the value of a filled job becomes

VJt =mcZ̃t (1− α)
Y Z̃t
nt
−Wn

t h
n
t − pHt HC

t +
pHt Ωt
et
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Hence, the firm’s surplus is given by

SFt = VJt − VVt = VJt = mcZ̃t (1− α)
Y Z̃t
nt
−Wn

t ht − pHt HC
t +

pHt Ωt
et

The first order condition (43) implies that

ϕUSFt
∂SUt
∂Wn

t

= −
(
1− ϕU

)
SUt

∂SFt
∂Wn

t

=⇒ SUt
(1− τLt )

=
ϕU

1− ϕU
SFt

Replacing the union’s surplus and the firm’s surplus in the previous relation and rearranging terms, yields the

notional wage

Wn
t h

n
t = ϕU

(
mcZ̃t (1− α)

Y Z̃t
nt
− pHt HC

t +
pHt Ωt
et

)
(44)

+

(
1− ϕU

)
(1− τLt )

(
ΨU
t κt

(
AHt−1

)1−σ (hnt )1+φ

1+φ + UBt − (1− st) ΣUt

)

As in Hall (2005), we introduce wage stickiness by assuming the nominal wage paid to the individual worker(PtWt)

is a weighted average between the notional nominal wage(PtW
n
t ) and the indexed nominal wage norm

(
ΓWt−1Pt−1Wt−1

)
:

PtWt = κWΓWt−1Pt−1Wt−1 + (1− κW )PtW
n
t , κW ∈ (0, 1)

where ΓWt is a wage indexation variable that satisfies ΓWt =
(
aHt
)αW

(a)
1−αW

[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑW

π1−ϑW . Param-

eters αW , ϑW ∈ (0, 1) define the indexation process: the former determines the relative influence of steady state

and current productivity growth, and the latter between steady state and current inflation, both headline(πt) and

core
(
πZt
)
.

2.3.6 Commodity sector investment and output

Production in the commodity sector follows the framework described in Fornero and Kirchner (2018). As in Medina

and Soto (2007), there is a representative firm in the commodity sector that produces an homogeneous commodity

good. The entire production is exported. A fraction χCo of the the firm’s assets are owned by the government. The

rest is owned by foreign investors. The cash flows generated in the commodity sector are shared accordingly, but the

government also levies taxes on the profits that accrue to foreign investors.

The commodity firm’s production function uses capital specific to the commodity sector, KCo
t , at intensity ūCot ,

and a fixed production factor, L̄. The latter, which is thought to represent the mineral content of land, is subject to
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a long-run technology trend denoted by ACot :

Y Cot = zCot
(
ūCot KCo

t−1

)αCo (
ACot L̄

)1−αCo
(45)

where zCot is a stationary technology shock specific to commodity production.11 Capital utilization is subject to

maintenance costs. These are paid in terms of investment goods, in amount φCoū
(
ūCot

)
per unit of installed capital,

with

φCoū
(
ūCot

)
≡ rK,Co

ΦCoū

(
eΦCoū (ūCot −1) − 1

)
where ΦCoū = φCo′′ū (1) /φCo′ū (1) > 0 and rK,Co denotes the steady state gross real return on mining capital services.

The commodity sector’s capital stock accumulates according to the following law of motion:

KCo
t = (1− δCo)KCo

t−1 +

(
1− φCoI

(
IACo
t−NCo+1

IACo
t−NCo

))
IACo
t−NCo+1$

Co
t−NCo+1

Where IACo
t−NCo+1 are sector’s investment projects authorized in period t − NCo + 1, NCo denotes the number

of periods it takes until these projects become productive and augment the capital stock, φCoI
(
IACot /IACot−1

)
≡(

ΦCoI /2
) (
IACot /IACot−1 − a

)2
are convex investment adjustment costs with elasticity ΦCo

I = φCo′′I (a) ≥ 0, and $Co
t

captures changes in the efficiency of the investment projects. The sector’s total effective investment (not including

maintenance costs) is distributed between new and old authorized projects according to

ICot =

NCo−1∑
j=0

ϕCoj IACo
t−j , (46)

Where ϕCoj – the fraction of projects authorized in period t− j that is outlaid in period t– satisfy
∑NCo−1
j=0 ϕCoj = 1

and ϕCoj = ρϕCoϕCoj−1.

Total spending in investment goods, including maintenance costs, is given by

ICo,ft ≡ ICot + φCoū
(
ūCot

)
KCo
t−1

Gross profits and before-tax cash flows of the firm, in units of final consumption goods, are respectively given by:

ΠCo
t = rertp

Co∗
t Y Cot

CFCot = ΠCo
t − pICot ICo,ft (47)

11Given the small labor share in the Chilean mining sector, our specification considers a capital-driven commodity production and
neglects labor inputs.
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Where pCo∗t is the international price of the commodity in terms of the foreign consumption good. The firm

maximizes its cash flow subject to the tax τCot on a fraction 1−χCo of its gross profits, and by assumption discounts

real cash flows at the same rate as the households ΞRt,t+s.
12 The commodity producer’s problem is then given by

LCot = Et

∞∑
s=0

ΞRt,t+s


[
1− τCot

(
1− χCo

)]
rert+sp

Co∗
t+s Y

Co
t+s − pICot+s

(
ICot+s + φCoū

(
ūCot+s

)
KCo
t+s−1

)
+λCot+s

[
zCot+s

(
ūCot+sK

Co
t+s−1

)αCo (
ACot+sL̄

)1−αCo − Y Cot+s

]
+qCot+s

[
(1− δCo)KCo

t+s−1 +
(
1− φCoI

(
IACot+s−NCo+1/I

ACo
t+s−NCo

))
IACo
t+s−NCo+1$

Co
t+s−NCo+1 −KCo

t+s

]


Where λCot and qCot denote the Lagrange multipliers associated with the technology constraint and the capital’s law

of motion.

The corresponding first order optimality conditions are

Y Cot : λCot =
[
1− τCot

(
1− χCo

)]
rertp

Co∗
t

KCo
t : qCot = Et

{
ΞRt,t+1

[
λCot+1α

Co Y
Co
t+1

KCo
t

+ qCot+1(1− δCo)− pICot+1φ
Co
ū

(
ūCot+1

)]}
IACo
t : 0 = Et

{∑NCo−1
j=0 ΞRt,t+jϕ

Co
j pICot+j

ΞRt,t+NCo−1q
Co
t+NCo−1

}

−
[(

1− φCoI
(
IACot

IACot−1

))
− ΦCoI

(
IACo
t

IACo
t−1

− a
)
IACo
t

IACo
t−1

]
$Co
t

− Et

{
ΞRt,t+NCo

ΞRt,t+NCo−1

qCot+NCo
qCot+NCo−1

ΦCoI

(
IACo
t+1

IACo
t

− a
)(

IACo
t+1

IACo
t

)2

$Co
t+1

}

ūCot : rK,Cot = pICot φCo′ū

(
ūCot

)
Where rK,Cot denotes the marginal return on utilized capital:

rK,Cot ≡
[
1− τCo

(
1− χCo

)]
rertp

Co∗
t αCo

Y Cot

ūCot KCo
t−1

.

The optimal utilization rate is therefore given by

ūCot = 1 +
log
(
rK,Cot

rK,Co

)
− log

(
pICot

)
ΦCoū

.

12The stochastic discount factor for domestic currency payoffs of foreign investors is identical to the one of the Ricardian households if
foreign investors have unrestricted access to domestic currency bonds.
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2.4 Fiscal Policy

The government spends a stream of resources Gt, levies lump-sum and distortionary taxes, issues one-period

bonds and receives a share of the income generated in the commodity sector. Aggregate spending is allocated to

consumption of final goods
(
CGt
)
, investment in public goods

(
IG
)
, transfers to households

(
TRG

t

)
, and to finance a

policy of domestic oil price stabilization
(
GO
)
.

Gt = pCG
t CGt + pIGt IGt + TRG

t +GOt

2.4.1 Taxes

Part of the government spending is financed with time varying distortionary taxes, where τCt , τWt , τKt , τDt and

τCot denote respectively the tax rates on consumption, labor income, capital income, dividend income and private

commodity profits. Additionally, we assume lump-sum taxes to be a constant share of nominal GDP:13 Tt = αT pYt Yt.

Total tax revenue is then Πτ
t ≡ τtAt−1 = τCt Ct + τWt Wtntht + τKt

[
rKt ut − pIt (δ + φū (ūt))

]
Kt−1 + τDt Dt + τCot (1−

χCo)ΠCo
t + Tt . Lump-sum taxes are levied from non-Ricardian and Ricardian households with shares given

respectively by ωG and 1− ωG. The taxes that each type of household has to pay to government therefore satisfy

ωTNR
t = ωGTt and (1− ω) TRt =

(
1− ωG

)
Tt .

2.4.2 Government debt

In addition to issuing domestic currency denominated bonds, the government finances a share αD of its debt in foreign

currency. The government asset position is determined by the budget constraint and the rule for the government

asset’s currency diversification:

BGt + rertB
G∗

t = r∗t rertB
G∗

t−1 + rtB
G
t−1 + Πτ

t + χCoCFCot −Gt (48)

rertB
G∗

t = αD
(
rertB

G∗

t +BGt

)
(49)

Where BGt and BG∗t are the government’s net asset position in domestic and foreign currency.

13When government spending doesn’t follow a structural balance rule (i.e Irule = 0, see below), lump sum taxes are defined as

Tt
pYt Yt

= αT + εT

(
At−1

(
rer bG

∗
+bG

)
−rertBG

∗
t −BGt

pYt Yt

)
, where εT is a small constant that prevents indeterminacy of the steady state

government debt level.
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2.4.3 Spending Rule

The desired amount of government spending
(
G̃t

)
follows either a structural balance rule

(
G̃rulet

)
or an exogenous

random path
(
G̃exot

)
:

G̃t =
(
G̃rulet

)Irule (
G̃exot

)1−Irule

Where Irule is and indicator function with value 1 if the government follows a rule and 0 otherwise.

The exogenous process for the desired level of government spending G̃exot evolves with a law of motion given by

G̃exot = Gtξ
G
t (50)

Where ξGt is an exogenous process with unconditional mean equal to one that captures deviations of desired

government expenditure from the long term balanced growth path spending Gt ≡ At−1g.

On the other hand, G̃rulet is determined through a structural balance fiscal rule, which is a simplified version

of the rule described in Marcel et al. (2001) and Marcel et al. (2003), and similar to Medina and Soto (2007) and

Kumhof and Laxton (2010) . Let B̃Gt + rertB̃
G∗
t be the government asset position associated to the desired spending:

B̃Gt + rertB̃
G∗
t = r∗t rertB

G∗

t−1 + rtB
G
t−1 + Πτ

t + χCoCFCot − G̃rulet (51)

According to the rule, the deviation of the desired government surplus as a ratio of GDP from a structural balance

target(s̄B), depends on the deviation of tax revenue from potential and the deviation of government income from

the commodity sector from a long-run reference value:

B̃Gt + rertB̃
G∗
t −BGt−1π

−1
t − rertBG∗t−1 (π∗t )

−1

pYt Yt
− s̄B =

γD
[(

Πτ
t − Π̃τ

t

)
+ χCo(CFCot − C̃F

Co

t )
]

pYt Yt
(52)

Where Π̃τ
t denotes tax revenue at potential, i.e. current tax rates multiplied by the tax base in steady state: Π̃τ

t =

τ̃tAt−1 =
[
τCt c+ τWt wnh+ τKt

(
rKu− pI (δ + φū (ū))

)
k/a+ τDt d+ (1− χCo)τCot (cfCo + pICoiCo,f ) + t

]
At−1. Fur-

ther, C̃F
Co

t = rertp̃
Co∗
t Y Cot −pICot ICo,ft denotes the commodity sector cash flows that would prevail with the long-run

reference price p̃Co∗t = E
[∏40

j=1 p
Co∗
t+j

] 1
40

, which is calculated as the forecast of the effective commodity price averaged

over a 10 years horizon. The parameter γD governs the elasticity of the desired surplus to the cyclical part of

government income. If γD < 1, the government spending (inclusive of interest payments) follows a procyclical

pattern of higher spending in economic booms. A parameter equal to one is representative of a spending path that

remains unaffected by cyclical fluctuations, while γD > 1 corresponds to a government that actively tries to offset

the economic fluctuations.14

14The exogenous stochastic process from (50) is equivalent to an acyclical path for the government spending excluding interest payments
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Substituting out B̃Gt + rertB̃
G∗
t in (52) using (51) yields the rule for the desired government spending that follows

a structural balance rule.

G̃rulet

pYt Yt
=

(Rt−1 − 1)

πt

BGt−1

pYt Yt
+

(
R∗t−1ξt−1 − 1

)
π∗t

rertB
G∗
t−1

pYt Yt
+

Πτ
t − γDΠ̆τ

t

pYt Yt
+ χCo

CFCot − γDC̆F
Co

t

pYt Yt
− s̄B (53)

Where Π̆τ
t = Πτ

t − Π̃τ
t and C̆F

Co

t = CFCot − C̃F
Co

t are respectively the cyclical fluctuation of the tax base and the

commodity sector’s cash flows.

2.4.4 Spending components

The individual expenditure components are assumed to be time-varying fractions of total desired expenditure,

where αCG, αIG, and 1 − αCG − αIG denote respectively the long term shares for consumption, investment and

transfers15. The terms ξCG
t , ξIGt and ξTR

t are shocks meant to capture deviations from such shares. Additionally,

to avoid excesive volatility due to relative price variation, when modeling the budgetary planning for individual

spending components we consider a price index constructed as a weighted average of current and steady state prices:

p̃Jt = (1− αG) pJt + αGp
J , with J ∈

{
CG, IG

}
.

Consumption and transfers are given by

p̃CG
t CGt = αCGG̃tξ

CG
t

TRG
t = (1− αCG − αIG − αUFA)G̃tξ

TR
t + TRUFAt

TRUFAt are transfers from the government to the unemployment funds administrator (see below). In the long run,

these transfers amount to a share αUFA of the total spending. The remainder transfers are received by non-Ricardian

and Ricardian households with shares given by ωG and 1−ωG. The transfers that each type of household receive from

the government therefore satisfy ωTRNR
t = ωG

(
TRG

t − TRUFAt

)
and (1− ω) TRR

t =
(
1− ωG

) (
TRG

t − TRUFAt

)
.

Regarding the government investment, we follow Kydland and Prescott (1982) and Leeper et al. (2010), where

the stock of public capital accumulates according to the following law of motion:

KG
t = (1− δG)KG

t−1 + IAG
t−NG+1, δG ∈ (0, 1], (54)

Where IAG
t−NG+1 are government investment projects authorized in period t−NG + 1, and NG denotes the number

of periods it takes until these projects become productive and augment the public capital stock. The production of

government investment goods is done by a representative firm as described in section (2.3.1), and bought by the

15Oil price stabilization policy is neutral to the the long term budget (GO = 0).
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government at price pIGt . The investment goods acquired by the government are then distributed between new and

old authorized projects according to

IGt =

NG−1∑
j=0

ϕjI
AG
t−j , (55)

Where ϕj – the fraction of projects authorized in period t− j that is outlaid in period t– satisfy
∑NG−1
j=0 ϕj = 1 and

ϕj = ρϕϕj−1.

The budget for government spending in public goods is set in terms of authorizations of new projects, taking the

expenditure on previously authorized projects as given:

Et

NG−1∑
j=0

ϕj p̃
IG
t+j

 IAG
t = αIGEt

NG−1∑
j=0

ϕjG̃t+j

 ξIGt (56)

The price stabilization program, modeled as a simplified version of the MEPCO program16, forces firms and

consumers to buy oil through the government. The engagement in the program then imposes a quarterly net

government spending of

GOt = Ot
(
rertp

O∗
t − pOt

)
where Ot are total oil imports, and pOt = POt /Pt and pO

∗

t = PO
∗

t /P ∗t are domestic and foreign real oil prices.

The domestic price is set according to the following rule

pOt =
((
pO
)1−αO (

pOt−1

)αO)ρO (
rertp

O∗

t

)1−ρO
ξOt

Where αO and ρO are smoothing parameters, andξOt is an exogenous process with unconditional mean equal to

one that captures deviations of the domestic oil price from the rule.

2.5 Monetary Policy

Monetary policy is carried out according to a Taylor rule of the form

Rt = (Rt−1)
ρR

[
Rt

(
π̃t
π̄t

)απ (Y Dt /Y Dt−1

at−1

)αy]1−ρR

eRt , ρR ∈ (0, 1), απ > 1, αy ≥ 0, π̄ ≥ 1,

Where Y Dt ≡ Yt −XL
t − φū (ūt)Kt−1 − φCoū

(
ūCot

)
KCo
t−1 is GDP as measured by demand, which does not include

operation, vacancy, and capital utilization costs,17 eRt is an AR(1) exogenous process that captures deviations from

16The MEPCO program is a Chilean fiscal fund that acts as a buffer against the short term volatility of the foreign oil price.
17This is done as in as in Christiano et al. (2011, 2016), as typical GDP series analyzed by central banks are constructed by expenditure,

which do not include this kind of costs.
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the rule, and π̃t is the inflation rate monitored by the central bank, an average between the present and expected

total and core inflation rates:

π̃t =
[(
πZt
)απZ

(πt)
1−απZ

]1−απE [(
Etπ

Z
t+4

)απZ
(Etπt+4)

1−απZ
]απE

Where πZt =
PZt
PZt−1

(
1+τCt

1+τCt−1

)
is the after tax core inflation rate.

Following Del Negro et al. (2015), the inflation targeted by the bank and the corresponding target nominal

interest rate (πt and Rt) can potentially depart in the short run from their steady state values:

log (πt/π) = ρπ log (πt−1/π) + επt

log
(
Rt/R

)
= ρπ log

(
Rt−1/R

)
+ επt

Where επt is a normally distributed i.i.d shock with zero mean and standard deviation equal to σπ that affect the

central bank’s targets for the inflation level and the nominal interest rate.

2.6 Unemployment Funds Administrator

The unemployment funds administrator manages a domestic currency denominated fund. The UFA collects resources

from employed households and pays to households currently unemployed. Besides, a lump sum transfer of TRUFA
t is

received each period from the government18. The UFA budget constraint is then given by

BUFA
t −BUFA

t−1 = τUFA
t Wthtnt − (1− nt)UBt + (rt − 1)BUFA

t−1 + TRUFA
t

2.7 The Rest of the World

Foreign agents demand home composite goods and buy the domestic commodity production. There are no transaction

costs or other barriers to trade. The structure of the foreign economy is identical to the domestic economy, but the

domestic economy is assumed to be small relative to the foreign economy. We also have the relation

rert
rert−1

=
πSt π

∗
t

πt
,

18Lump sum transfers are given by TRUFA
t = At−1tr

UFA
+ εUFA

(
At−1bUFA −BUFA

t

)
, where εUFA is a small constant that prevents

indeterminacy of the steady state UFA net asset position, and tr
UFA

is a constant transfer from the government, calibrated to attain a

long run balanced operational budget: tr
UFA

= (1− n)ub− τUFAwhn.
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Where πSt = St/St−1. Further, foreign demand for the exportable composite good XH∗
t is given by the reduced form

schedule

XH∗
t =

[
at−1X

H∗
t−1

]ρXH∗

[
o∗
(
PH∗t
P ∗t

)−η∗
Y ∗t

]1−ρXH∗

ξXH∗t , o∗ ∈ (0, 1), η∗ > 0,

Where ρXH∗ reflects some habit persistence in the foreign demand for domestic goods, ξXH∗t is an i.i.d. shock with

mean one, and Y ∗t denotes foreign aggregate demand or GDP and is given by:

Y ∗t = Atz
∗
t (57)

Where z∗t follows an AR(1) process. Similar to Schmitt-Grohé and Uribe (2012), AJt for J ∈ {H,Co} (with

aJt ≡ AJt /AJt−1) cointegrate with the global productivity At according to:

AJt =
(
aAJt−1

)1−ΓJ

(At)
ΓJ
,

Where the parameters ΓJ ∈ [0, 1] govern the speed of convergence towards the global productivity level. Defining

∇Jt ≡ AJt /At as the wedges with respect to the global productivity levels, we obtain the following relation:

∇Jt =

(
a

at
∇Jt−1

)1−ΓJ

.

AJt
AJt−1

≡ aJt =
∇Jt
∇Jt−1

at

This setup nests the common specification with AHt = ACot = At when ΓH = ΓCo = 1.

Furthermore, as in Garćıa-Schmidt and Garćıa-Cicco (2017), the international price levels for exported com-

modities, oil, the home import basket, and the foreign CPI are allowed to co-integrate with a common trend F ∗t

according to

P Jt =
(
π∗P Jt−1

)1−ΓJ

(F ∗t )
ΓJ
ξJt ,

for J ∈ {Co∗,M∗, O∗, ∗}, where P Jt (with πJt ≡ P Jt /P
J
t−1) are the respective non-stationary price levels, the

parameters ΓJ ∈ (0, 1] govern the speed of convergence towards the common trend, and the ξJt are exogenous

processes. The growth rate of the common trend πF∗t ≡ F ∗t /F ∗t−1 also evolves exogenously. Defining f∗t ≡ F ∗t /P ∗t

and the relative prices with respect to the foreign CPI pJt ≡ P Jt /P ∗t (such that p∗t = 1), we can re-write the above

equations in terms of stationary variables:

pJt =

(
π∗

π∗t
pJt−1

)1−ΓJ

(f∗t )
ΓJ
ξJt ,
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with πF∗t =
(
f∗t /f

∗
t−1

)
π∗t . This setup nests the common specification where F ∗t = P ∗t and where pCo∗t , pM∗t , pO∗t and

π∗t evolve as independent exogenous processes when ΓCo∗ = ΓM∗ = ΓO∗ = Γ∗ = ξ∗ = 1 and var(ξ∗t ) = 0.

2.8 Aggregation and Market Clearing

2.8.1 Aggregation across households

Aggregate variables add up the per-capita amounts from non-Ricardian and Ricardian households considering their

respective demographic mass ω and 1− ω:

Ct = ωCNR
t + (1− ω)CRt (58)

TRG
t − TRUFA

t = ωTRNR
t + (1− ω) TRR

t (59)

Tt = ωTNR
t + (1− ω)TRt (60)

Kt = (1− ω)KR
t (61)

KS
t = (1− ω)KS,R

t (62)

It = (1− ω) IRt (63)

BPrt = (1− ω)BRt (64)

BPr∗t = (1− ω)BR∗t (65)

Dt = (1− ω)DR
t (66)

2.8.2 Goods market clearing

Defining labor costs in terms of home goods XL
t ≡ HC

t nt + Ωtvt, the market clearing conditions for the different

composite goods varieties are

Y Ht = XH
t = XZ,H

t +XA,H
t +XCG,H

t +XI,H
t +XICo,H

t +XIG,H
t +XL

t (67)

Y Ft = XF
t = XZ,F

t +XA,F
t +XCG,F

t +XI,F
t +XICo,F

t +XIG,F
t (68)

Y H*
t = XH*

t (69)

And for the corresponding varieties:

Y Ht (j) = XH
t (j), Y Ft (j) = XF

t (j), Y H∗t (j) = XH∗
t (j).
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The market clearing condition for oil is

Ot = COt +XO
t . (70)

Aggregate output of home wholesale goods is then given by

Y H̃t = XH̃
t +XH̃∗

t =

∫ 1

0

Y Ht (j)dj +

∫ 1

0

Y H∗t (j)dj =

∫ 1

0

XH
t (j)dj +

∫ 1

0

XH∗
t (j)dj

= Y Ht

∫ 1

0

(
PHt (j)

PHt

)−εH
dj + Y H∗t

∫ 1

0

(
PH∗t (j)

PH∗t

)−εH∗

dj = Y Ht ∆H
t + Y H∗t ∆H∗

t ,

while for imported goods we have

M∗t =

∫ 1

0

Y Ft (j)dj =

∫ 1

0

XF
t (j)dj = Y Ft

∫ 1

0

(
PFt (j)

PFt

)−εF
dj = Y Ft ∆F

t ,

where ∆H
t , ∆H∗

t and ∆F
t are price dispersion terms satisfying

∆H
t =

∫ 1

0

(
PHt (j)

PHt

)−εH
dj = (1− θH)

(
p̃Ht
)−εH

+ θH

(
pHt−1

pHt

gΓH

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))−εH ∆H
t−1,

∆H∗
t =

∫ 1

0

(
PH∗t (j)

PH∗t

)−εH∗

dj = (1− θH∗)
(
p̃H∗t

)−εH∗
+ θH∗

(
pH∗t−1

pH∗t

gΓH∗

t−1

π∗t

)−εH∗

∆H∗
t−1,

∆F
t =

∫ 1

0

(
PFt (j)

PFt

)−εF
dj = (1− θF )

(
p̃Ft
)−εF

+ θF

(
pFt−1

pFt

gΓF

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))−εF ∆F
t−1.

2.8.3 Aggregate demand

Aggregate demand or GDP is defined as the sum of domestic absorption
(
Y Ct
)

and the trade balance(TBt) . In units

of the final consumption good, those components are given by

Y Ct = Ct + pCG
t CGt + pIt I

f
t + pICo

t ICo,ft + pIGt IGt + pHt X
L
t , (71)

TBt = rert

(
pH*
t Y H∗t + pCo∗t Y Cot − pM∗t M∗t − pO∗Ot

)
. (72)

We define real GDP as follows:

Yt ≡ Ct + CGt + Ift + ICo,ft + IGt +XL
t + Y H∗t + Y Cot −M∗t −Ot.
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Then, the GDP deflator (pYt , expressed as a relative price in terms of the final consumption good) is implicitly

defined as

pYt Yt = Y Ct + TBt. (73)

2.8.4 Aggregate profits

Aggregate profits of the household owned firms(ΠHHOF
t ), in units of final goods, are given by

ΠHHOF
t = Y Ct − pHt XH

t − pFt XF
t − pOt COt︸ ︷︷ ︸

ΠCt +ΠZt +ΠAt +ΠCGt +ΠIt+ΠIGt +ΠICot

+pHt Y
H
t −

∫ 1

0

XH
t (j)

[
pHt p

H
t (j)

]
dj︸ ︷︷ ︸

ΠHt

+

∫ 1

0

Y Ht (j)
[
pHt p

H
t (j)− pH̃t

]
dj︸ ︷︷ ︸∫ 1

0
ΠHt (j)dj

+pFt Y
F
t −

∫ 1

0

XF
t (j)

[
pFt p

F
t (j)

]
dj︸ ︷︷ ︸

ΠFt

+

∫ 1

0

Y Ft (j)
[
pFt p

F
t (j)− rertpM∗t

]
dj︸ ︷︷ ︸∫ 1

0
ΠFt (j)dj

+rertp
H*
t Y H*

t −
∫ 1

0

rertX
H*
t (j)

[
pH*
t pH*

t (j)
]
dj︸ ︷︷ ︸

ΠH*
t

+

∫ 1

0

Y H*
t (j)

[
rertp

H*
t pH*

t (j)− pH̃t
]
dj︸ ︷︷ ︸∫ 1

0
ΠH*
t (j)dj

+pH̃t Y
H̃
t − rKt KS

t −Wthtnt − pHt XL
t − pOt XO

t︸ ︷︷ ︸
ΠH̃t

= Y Ct + rertp
H*
t Y H*

t − rertp
M∗
t M∗t − pOt Ot − rKt KS

t −Wthtnt − pHt XL
t

= pYt Yt − rertpCo∗t Y Cot +
(
rertp

O∗
t − pOt

)
Ot − rKt KS

t −Wthtnt − pHt XL
t (74)

At the end of each period, all profits are returned to the Ricardian households in the form of dividends:

Dt = ΠHHOF
t .

2.8.5 Domestic bonds

Participating agents in the domestic bond market are the Ricardian households, the government, and the UFA.

Their aggregate net holdings are in zero net supply:

BPrt +BGt +BUFA
t = 0
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2.8.6 Foreign asset position

Summing over the Ricardian and non-Ricardian households budgets from (5) and (14) by using the aggregation

conditions (58)-(66) yields the aggregate household budget:

(1 + τCt )Ct + pIt I
f
t +BPrt + rertB

Pr∗
t + Tt = rert (1− ω) RENR∗

t + (1− τWt )Wthtnt + (1− nt)UBt

+Kt−1

[
rKt ūt

(
1− τKt

)
+ τKt p

I
t (δ + φū (ūt))

]
(75)

+ (1− τDt )Dt +
(
TRG

t − TRUFA
t

)
+ rtB

Pr
t−1 + r∗t rertB

Pr∗
t−1

Combined with the commodity profits, the government asset position, the UFA budget, and the private firms

profits given by (47), (48) and (74), the current account, or the change in the net foreign asset position, can be

expressed as the sum of the net asset transfers from the rest of the world due to interest on debt, trade of goods,

and rents:

rert

(
B∗t −

B∗t−1

π∗t

)
= rert

B∗t−1

π∗t

(
R∗t−1ξt−1 − 1

)
+ TBt + rertREN∗t

Where REN∗t = (1− ω) RENR∗
t −

(
1− χCo

) CFCot −τCot (ΠCot )
rert

are the aggregate net rents denominated in foreign

currency.

3 Parameterization strategy and estimation results

Most of the model parameters are calibrated and estimated. Some other parameters are endogenously determined

in order to match some exogenous steady state moment. The calibrated parameters include those characterizing

exogenous processes for which we have a data counterpart, those that are drawn from related studies for Chile or

other countries, and those that are chosen to match sample averages or long-run ratios for the Chilean economy.

The estimated parameters are obtained by means of Bayesian techniques as discussed below. We now describe the

details of data sources and values of the calibrated and estimated parameters.

3.1 Calibrated parameters

Table 1 presents the values of those parameters that are either chosen to match observed statistics and available

evidence for Chile, or following related studies for other countries. The parameters σ, ω, δ, α, oCG, oO, εH , εF

and εH∗ are set as in Medina and Soto (2007). We assume capital depreciates at the same rate in all three sectors

(δG = δCo = δ). Mining sector parameters NCo, ϕCoj , and oCo are set as in Fornero and Kirchner (2018). Fiscal

parameters oĈ and oKG are set as in Coenen et al. (2013) to equalize the marginal utility between public and

households investment and consumption levels. Nash bargaining power ϕU is set to 0.5 as in Mortensen and
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Pissarides (1994) and most of the search and matching literature. We assume the central bank gives equal weight to

present and expected inflation, then απE = 0.5. We also assume the government spending does not react to cyclical

fluctuations, then γD = 1, and that the government considers steady state prices when determining component

expenditure. As in Medina and Soto (2007), the government debt is financed totally in foreign currency (αD = 1).

The shares of foreign goods in core consumption, oZ , and investment in the domestic goods sector, oI , are set

to 21% and 33%, respectively, based on input-output tables from national accounts between 2008 and 2016. We

assume complete home bias in government consumption and investment (oCG = oI = 0), and the same home bias in

agricultural goods as in core consumption (oA = 0.21). The share of agricultural goods and energy consumption in

the household’s consumption basket, κA and κO, are chosen to match their weight in the Chilean CPI. For simplicity

we assume that the shares ωU , ωG are equal to the relative size of Non-Ricardian households, calibrated at 50%

(ω = 0.5). In the same spirit, wage indexation depends purely on steady state (instead of current) productivity, as in

αW = 0, and there is no habit persistence in the foreign demand for domestic goods, ρXH∗ = 0. Finally, we assume

one period time-to-build for public capital, then NG is set to one.

Table 1: Calibrated deep parameters.

Parameter Description Value Source

σ Inverse elasticity of intertemporal substitution 1 Medina and Soto (2007)

ω Share of non-Ricardian households 0.5 Medina and Soto (2007)

ωU , ωG Weights of non-Ricardians in union and government’s decisions 0.5 Equal to ω

δ Quarterly depreciation rate 0.01 Adolfson et al. (2007)

δG Quarterly depreciation rate of public and comm. capital 0.01 Equal to δ

α Share of labor in wholesale domestic goods 0.34 Medina and Soto (2007)

απE Taylor rule expected inflation weight 0.5 Normalization

γD Gov. spending reaction to cyclical fluctuations 1 Normalization

αD Share of gov. debt in foreign currency 1 Normalization

αW Wage indexation to current productivity 0 Normalization

αG Share of SS prices in fiscal component expenditure 1 Normalization

ρXH∗ Persistence in foreign demand for domestic goods 0 Normalization

ϕU Nash bargaining power of union 0.5 Mortensen and Pissarides (1994)

NG Time to build (quarters), public sector 1 Normalization

NCo Time to build (quarters), commodity sector 6 Fornero and Kirchner (2018)

ϕCoj Financing profile of comm. invest. projects 1/6 Fornero and Kirchner (2018)

oZ Share of foreign goods in core consumption 0.21 Average (2008-2016)

oI Share of foreign goods in investment 0.33 Average (2008-2016)

oCG Share of foreign goods in gov. consumption 0 Medina and Soto (2007)

oIG Share of foreign goods in gov. investment 0 Coenen et al. (2013)

oCo Share of foreign goods in comm. investment 0.41 Fornero and Kirchner (2018)

oA Share of foreign goods in agricultural goods 0.21 Equal to oZ

oO Share of oil in home good production 0.01 Medina and Soto (2007)

κA Share of agricultural goods in consumption 0.19 CPI: 2013 weighting factor

o
Ĉ

Share of gov. consumption in Ĉ 0.34 Coenen et al. (2013)

oKG Share of public capital in k̃t 0.16 Coenen et al. (2013)

εH Elast. of substitution among domestic varieties 11 Medina and Soto (2007)

εF Elast. of substitution among imported varieties 11 Medina and Soto (2007)

εH∗ Elast. of substitution among exported varieties 11 Medina and Soto (2007)
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Table 2 shows the parameters that are chosen to match some long-run trend data in the Chilean economy. We

assume a steady state labor productivity growth rate, a, of 1.49% on an annual basis.19 The steady state inflation

target, π, is set to the central bank’s CPI inflation target of 3% since 2001. From den Haan et al. (2000), we draw e

and sρx , while ρ = pE,U/
(
1− pU,E

)
is estimated by Jones and Naudon (2009). The household’s subjective discount

factor, β, is equal to 0.99997 to match a steady state real interest rate of 1.5%, in line with existing estimates of the

neutral real interest rate for Chile from Ceballos et al. (2017). The steady state nominal exchange rate is assumed

constant, in line with CLP/USD dynamics during the sample period. The steady state values of L̄, pH , pO and pCo

are normalized to one, while h is set to 0.3 as its common in the literature. We shut down capital utilization in

the commodity sector by setting ΦCoū = (10)
5
, in order to better match the response of commodity production to

its price. The share of oil to total consumption, sOC , is drawn from the 2013 CPI weighting factor for fuel items.

The share of physical capital to quarterly output in the commodity sector, sk
Co,yCo , is set to 12 as in Fornero and

Kirchner (2018). We restrict the frictional labor market costs to be a small fraction of GDP. In particular, we

calibrate the share sHc so that the ratio of administrative costs to GDP is 0.1% on steady state. The government

share in the commodity sector, χCo, is set to 0.33, consistent with the average share of production of the state-owned

copper mining company (Codelco) relative to total copper production since 2001 to 2016. The fiscal-deficit-to-GDP

ratio, sdef is set to 0, consistent with a structural balance of fiscal accounts. The unemployment rate(u), country

premium(ξ) and steady state shares with respect to nominal GDP for trade balance(stb), government spending in

investment(siG), consumption(scG) and transfers(str), and commodity investment(siCo) and output(sCo) are set

to match the corresponding data averages between 2001 and 2016. The current account-to-GDP ratio, sCA, is set

to -0.5% in order to match a steady state net foreign asset position of 14% of annual GDP, the average between

2003-2016. The tax rate on consumption, τC , is set to 19%.20 The tax rates on capital and dividends, τK and τD,

are set to 20%.21 The government tax rate on wages, τW , is set to 7%, while the UFA tax rate on wages, τUFA, is

set to 3%.22 Finally, the tax rate on the foreign mining profits, τCo, is set to 35% as in Fornero and Kirchner (2018).

3.2 Estimation, prior distributions and posterior estimates

The model is solved by a linear approximation around the non-stochastic steady state. The model is then estimated

by Bayesian methods, as described in An and Schorfheide (2007). We now briefly describe the estimation strategy

before discussing the details of the data, prior distributions, and posterior results.

The whole set of the linearized equations of the model forms a linear rational expectation system whose solution

19This is consistent with an observed long run GDP growth of approximately 3.3% and labor force growth growth of around 1.8% for
Chile.

20See http://www.oecd.org/tax/tax-policy/Table-4.1-VAT-GST-Rates-June-2014.xlsx.
21See http://www.oecd.org/tax/tax-policy/tax-database.htm#C_CorporateCaptial.
22See http://www.oecd.org/ctp/tax-policy/taxing-wages-tax-burden-trends-latest-year.htm and https://www.afc.cl/

empleadores-afiliacion/cotizaciones/ respectively.
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Table 2: Targeted steady state values.

Parameter Description Value

(a)4 Annual balanced growth path 1.015

(π)4 Annual inflation target 1.03

u Unemployment rate 0.08

e Quarterly vacancy filling probability 0.8

ρ Quarterly job destruction probability 0.04

β Quarterly subjective discount factor 0.999

πS Nominal exchange rate depreciation 1

ξ Country premium, annual base 1.015

L̄ Commodity fixed factor 1

ΦCoū Commodity capital utilization parameter (10)5

pH Home good price 1

pO Domestic oil price 1

pCo Domestic commodity price 1

h Hours per worker 0.3

χCo Government share in mining sector 0.33

sdef Fiscal deficit to GDP 0

stb Trade balance to GDP 0.05

sCA Current account to GDP -0.005

siG Government investment to GDP 0.04

str Government transfers to GDP 0.11

scG Government consumption to GDP 0.12

sCo Commodity GDP to GDP 0.12

siCo Commodity investment to GDP 0.04

sHc Workers administrative costs to GDP 0.001

sρx Exogenous separations to total 0.667

sOC Oil to total consumption 0.06

sk
Co,yCo Mining capital to Mining GDP 12

τC Tax rate on consumption 0.19

τK , τD Tax rate on capital and dividends 0.20

τW Tax rate on wages, government 0.07

τUFA Tax rate on wages, UFA 0.03

τCo Tax rate on foreign foreign profits 0.35

can be expressed as

xt = A(θ)xt−1 +B(θ)εt, εt ∼ N(0,Σε), (76)

where xt contains the model’s variables, θ collects the structural parameters of the model to be estimated, and εt

contains white noise innovations to the exogenous shocks of the model. The state matrix A and the input matrix B

are non-linear functions of θ. Equation (76) is called the transition equation. Let xobst be a vector of several time

series to estimate the model, which are referred to as observable variables23. This vector is related to the model’s

variables through as

xobst = Hxt + ut, ut ∼ N(0,Σu), (77)

23Adequately transformed to map them to the model.
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where H is called the output matrix that selects elements from xt, and ut are measurement errors which are included

to avoid stochastic singularity. Equation (77) is called the measurement equation. Note that the state equation (76)

and observation equation (77) constitute a linear state-space representation for the dynamic of xobst . Let P (θ) a

prior density on the structural parameters and L(Y T |θ) the conditional likelihood function for the observed data

Y T = [xobs1 , . . . , xobsT ]′. Using Bayes theorem, the joint posterior distribution, P (θ|Y T ), is defined as

P (θ|Y T ) =
L(Y T |θ)× P (θ)∫
L(Y T |θ)× P (θ)dθ

. (78)

We use central tendency measures (in particular the mean) of the distribution function given by (78) as estimates of

θ. We now describe the details of Y T and P (θ).

Our data Y T consists of 23 macroeconomic variables covering the period between 2001Q3 and 2017Q2.24 We

choose the following Chilean and foreign quarterly data: mining and non mining GDP, an indicator of export-weighted

real GDP of Chile’s main trading partners as a proxy for foreign aggregate demand , private and government

consumption, aggregate, government and commodity related investment , government transfers, total employment

as a fraction of the labor force, total hours per employee, nominal wages, core, food , and energy components

of CPI, an external price index, price of West Texas Intermediate crude oil in dollars per barrel, London Metal

Exchange price of refined copper in dollars per metric pound, the imports deflator, short-term central bank target

rate, London Interbank Offered Rate as a proxy for the foreign interest rate , real exchange rate (rert), J.P. Morgan

Emerging Market Bond Index Global (EMBIG) spread for Chile as a proxy for the country premium, and the trade

balance to total GDP (tbt/yt). With the exception of the interest rates the risk spread, the real exchange rate and

trade balance, all variables are log-differentiated with respect to the previous quarter. All variables are demeaned.

Our estimation strategy also includes i.i.d. measurement errors for all local observables with the exception of the

interest rate. Additionally we incorporate observed news shocks on the tax reform of 201425. The variance of the

measurement errors is calibrated to be 10% of the variance of the corresponding observable.

The posterior estimates are obtained from a random walk Metropolis–Hasting chain with 500,000 draws after a

burn-in of another 500,000 draws. As in Christiano et al. (2011), we scale the parameters, in particular the shocks

standard deviations, to have similar order of magnitude to facilitate optimization.

For the prior selection, we follow the endogenous prior strategy used in Christiano et al. (2011) and Coenen

et al. (2013), where the joint prior distribution of the estimated parameters P (θ) is computed as the product of the

initial prior distribution and the likelihood that the model generated standard deviations match the volatility of the

observed variables. For the choice of the initial priors P (θini), we specify independent univariate prior distributions

24The starting point of our sample is set at the time the Chilean Central Bank started conducting monetary policy by using a nominal
reference interest rate.

25The reform was approved on September, 2014, and specified a time-table for a staggered rise of the corporate tax to be completed
over 4 years.
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for θini = θS ∪ θexo with θS containing the structural parameters of the model and θexo the parameter governing the

law of motion of the exogenous processes. The prior distributions are documented in column 3 of Tables 3 and 4.

The types of the priors are chosen according to the support on which the individual parameters are defined, while

the means and standard deviations of the priors are selected according to our beliefs on plausible regions for the

parameters or were set to match the priors of related papers for the Chilean economy and international literature.

These values are presented in columns 4 and 5 of Tables 3 and 4.
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Table 3: Prior and posterior distributions. Structural parameters, θS .

Parameter Description Initial Prior Posterior

distr. mean s.d. mean pct. 5 pct. 95

ς Habit formation B 0.75 0.1 0.61 0.51 0.72

ν Preferences endogenous shifter B 0.5 0.2 0.06 0.02 0.12

φ Inverse Frisch elasticity G 5.0 1.0 1.51 1.05 2.15

µ Match elasticity parameter B 0.5 0.2 0.91 0.85 0.96

σ
C̃

Worker’s adm. costs dispersion IG 0.25 Inf 5.80 4.93 6.96

100ψ Country premium debt elast. IG 1.0 Inf 0.24 0.18 0.30

ρR Taylor rule smoothing parameter B 0.85 0.025 0.74 0.71 0.77

απ Taylor rule response to total inflation N 1.7 0.1 1.95 1.81 2.09

αY Taylor rule response to GDP growth N 0.125 0.05 0.13 0.06 0.20

απz Taylor rule response to core inflation B 0.75 0.1 0.71 0.55 0.86

ηZ Elast. of subst. H/F in core cons. G 1.5 0.25 1.76 1.35 2.21

η∗ Elasticity of foreign demand G 0.25 0.05 0.34 0.24 0.45

ηA Elast. of subst. H/F in agriculture G 1.0 0.25 1.07 0.67 1.54

ηO Elast. of subst. Z,O in H prod. G 0.5 0.25 0.54 0.17 1.02

ηC Elast. of subst. CZ,O,A goods G 1.0 0.25 0.66 0.42 0.94

ηI Elast. of subst. H/F in investment G 1.0 0.25 1.18 0.76 1.68

ηCo Elast. of subst. H/F in comm. inv. G 1.0 0.25 1.03 0.64 1.50

ηKG Elast. of subst. priv. and pub. capital G 1.0 0.5 0.60 0.26 1.11

ηĈ Elast. of subst. priv. and pub. cons. G 1.0 0.5 2.24 1.37 3.30

ρO Oil price smoothing param. 1 B 0.5 0.2 0.70 0.66 0.74

αO Oil price smoothing param. 2 B 0.5 0.2 0.43 0.24 0.62

ϑW Indexation wages B 0.25 0.075 0.31 0.19 0.45

κW Wage Smoothing B 0.75 0.025 0.83 0.79 0.87

θH Calvo probability domestic prices B 0.75 0.025 0.82 0.80 0.85

ϑH Indexation domestic prices B 0.25 0.075 0.21 0.12 0.30

θF Calvo probability import prices B 0.75 0.05 0.73 0.70 0.77

ϑF Indexation import prices B 0.25 0.075 0.25 0.13 0.38

θH∗ Calvo probability export prices B 0.75 0.05 0.73 0.64 0.81

ϑH∗ Indexation export prices B 0.25 0.075 0.26 0.14 0.39

ϑπ Indexation CPI over core B 0.25 0.075 0.27 0.14 0.41

Φū Capital utilization cost, non-mining G 1.5 0.25 1.07 0.76 1.43

ΦI Inv. adjustment cost elast. G 5.0 1.0 3.09 1.97 4.50

ΦICo Inv. adjustment cost elast., mining G 0.5 0.25 0.49 0.28 0.79

ΓCo Global pass through, mining prod. B 0.5 0.2 0.50 0.17 0.83

ΓH Global pass through, home prod. B 0.5 0.2 0.57 0.28 0.84

ΓCo∗ Global pass through, copper price. B 0.5 0.2 0.52 0.33 0.70

ΓO∗ Global pass through, oil price. B 0.5 0.2 0.77 0.54 0.93

Γ∗ Global pass through, foreign prices. B 0.5 0.2 0.75 0.64 0.88

ΓM∗ Global pass through, imports prices. B 0.5 0.2 0.34 0.25 0.44

Note: The prior distributions are: beta distribution (B) on the open interval (0, 1), inverse gamma distribution (IG) on R+, gamma

distribution (G) on R+
0 , normal distribution (N) on R.
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Table 4: Prior and posterior distributions. Exogenous processes parameters, θexo.

Parameter Description Initial Prior Posterior

distribution mean s.d. mean pct. 5 pct. 95

AR(1) coefficient

ρ% Preference shock B 0.5 0.2 0.81 0.67 0.91

ρ$ Inv. tech. shock, non-mining B 0.75 0.075 0.45 0.35 0.55

ρ$Co Inv. tech. shock, mining B 0.5 0.2 0.11 0.03 0.22

ρz Transitory tech. shock, non-mining B 0.85 0.075 0.73 0.60 0.87

ρzCo Transitory tech. shock, mining B 0.85 0.075 0.78 0.64 0.89

ρz∗ Transitory tech. shock, foreign B 0.85 0.075 0.89 0.81 0.96

ρzA Transitory tech. shock, agriculture B 0.75 0.075 0.90 0.85 0.94

ρa Global unit root tech. shock B 0.5 0.2 0.57 0.32 0.78

ρζo Obs. country premium shock B 0.75 0.075 0.74 0.67 0.81

ρζu Unobs. country premium shock B 0.75 0.075 0.71 0.62 0.80

ρξCG Public consumption shock B 0.75 0.075 0.77 0.66 0.87

ρξTR Public transfer shock B 0.75 0.075 0.79 0.68 0.88

ρξIG Public investment shock B 0.5 0.2 0.22 0.06 0.41

ρκ Labor supply shock B 0.5 0.2 0.73 0.45 0.93

ρρx Job separation shock B 0.75 0.075 0.71 0.61 0.81

ρξO Domestic oil price shock B 0.75 0.075 0.72 0.57 0.84

ρeR Monetary policy shock B 0.5 0.2 0.27 0.14 0.40

ρπf Price global factor shock B 0.5 0.2 0.17 0.06 0.28

ρξCo∗ Copper price shock B 0.5 0.2 0.71 0.57 0.80

ρξO∗ Oil price shock B 0.5 0.2 0.66 0.40 0.85

ρξM∗ Imports price shock B 0.5 0.2 0.84 0.76 0.91

ρξ∗ Foreign economy price shock B 0.5 0.2 0.51 0.17 0.83

ρR∗ Foreign interest rate shock B 0.5 0.2 0.88 0.84 0.91

Innovation s.d.

100σ% Preference shock IG 0.5 Inf 2.52 2.04 3.10

100σ$ Inv. tech. shock, non-mining IG 0.5 Inf 8.14 4.81 12.49

100σ$Co Inv. tech. shock, mining IG 0.5 Inf 11.51 6.44 18.38

100σz Transitory tech. shock, non-mining IG 0.5 Inf 0.62 0.54 0.71

100σzCo Transitory tech. shock, mining IG 0.5 Inf 2.81 2.41 3.22

100σz∗ Transitory tech. shock, foreign IG 0.5 Inf 0.51 0.43 0.59

100σzA Transitory tech. shock, agriculture IG 0.5 Inf 1.28 1.09 1.47

100σa Global unit root tech. shock IG 0.5 Inf 0.24 0.15 0.33

100σζo Obs. country premium shock IG 0.5 Inf 0.08 0.07 0.09

100σζu Unobs. country premium shock IG 0.5 Inf 0.60 0.38 0.84

100σξCG Public consumption shock IG 0.5 Inf 1.09 0.97 1.21

100σξTR Public transfer shock IG 0.5 Inf 3.16 2.72 3.63

100σξIG Public investment shock IG 0.5 Inf 10.07 8.91 11.30

100σκ Labor supply shock IG 0.5 Inf 2.35 1.56 3.42

100σρx Job separation shock IG 0.5 Inf 0.28 0.24 0.31

100σξO Domestic oil price shock IG 0.5 Inf 2.03 1.43 2.65

100σeR Monetary policy shock IG 0.5 Inf 0.14 0.12 0.16

100σπf Price global factor shock IG 5 Inf 3.31 2.78 3.86

100σξCo∗ Copper price shock IG 0.25 Inf 11.46 10.14 12.81

100σξO∗ Oil price shock IG 0.25 Inf 13.58 12.15 14.98

100σξM∗ Imports price shock IG 0.25 Inf 1.52 1.17 1.90

100σξ∗ Foreign economy price shock IG 0.25 Inf 0.19 0.08 0.40

100σR∗ Foreign interest rate shock IG 0.5 Inf 0.12 0.10 0.14

Note: The prior distributions are: beta distribution (B) on the open interval (0, 1), inverse gamma distribution (IG) on R+, gamma distribution

(G) on R+
0 , normal distribution (N) on R. Exogenous processes not mentioned in this table are calibrated to have zero variance.
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Table (5) reports the standard deviations, the correlation with non-commodity GDP and the first-order auto-

correlation coefficients of selected domestic variables implied by the posterior mean of the parameters, and compares

these statistics with the corresponding empirical moments. The model does a good job matching the unconditional

volatility of most variables, but overestimate the observed volatility of nominal wages and individual hours. In terms

of the business cycle correlations, the table shows that the model captures most of the cyclicalities observed in the

data. The variables auto-correlations are mostly well matched, with the exception of non-mining output which shows

lower auto-correlation than the data, even if individual demand components seems to be well matched. Overall, we

find that the model performs reasonable well in terms of fitting second moments of the data.

Table 5: Second Moments.

s.d. (%) Corr. with ∆ log Y NCo AC order 1

Description data Xmas data Xmas data Xmas

∆ log Y GDP growth∗ 0.98 0.96 0.92 0.92 0.31 0.00

∆ log Y NCo Non-Mining GDP growth 1.07 0.99 1.00 1.00 0.29 0.02

∆ log Y Co Mining GDP growth 3.04 3.03 -0.05 0.07 -0.14 -0.08

∆ logC Private consumption growth 1.11 1.17 0.74 0.62 0.41 0.26

∆ logCG Gov. consumption growth 1.35 1.45 -0.12 0.16 -0.19 -0.00

∆ log TRG Gov. real transfers growth 3.17 3.15 -0.08 0.13 -0.43 -0.09

∆ log I Total investment growth 3.75 3.71 0.55 0.82 0.36 0.27

∆ log IG Gov. investment growth 13.6 12.95 -0.18 0.63 -0.46 -0.39

∆ log ICo Mining investment growth 8.80 8.60 0.22 0.13 0.42 0.81

TB/Y Nom. trade balance/GDP 5.17 3.32 0.37 -0.06 0.78 0.88

∆ logN Employment growth 0.42 0.37 0.46 0.41 0.25 0.35

∆ logH Hours per employee growth 1.35 1.68 0.34 0.76 -0.63 -0.13

∆ logHN Total Hours growth∗ 1.37 1.81 0.47 0.80 -0.56 -0.07

∆ logWN Nominal wage growth 0.38 0.76 -0.11 0.27 0.52 0.67

∆ logW Real wage growth∗ 0.63 0.59 -0.08 0.25 0.43 0.36

π Headline inflation∗ 0.67 0.73 -0.19 0.07 0.59 0.53

πZ Core inflation 0.49 0.57 -0.19 0.13 0.59 0.77

πA Food inflation 1.39 1.44 -0.24 -0.07 0.53 0.09

πO Fuel inflation 5.37 5.49 0.32 0.05 0.08 0.24

R Nominal interest rate 0.40 0.45 -0.26 -0.09 0.88 0.91

rer Real exchange rate 5.01 5.85 -0.22 0.02 0.75 0.85

πS Nominal depreciation∗ 5.12 4.94 -0.27 0.07 0.22 -0.03

Note: The model moments are the theoretical moments at the posterior mean.
∗: Not observed in Xmas

4 Xmas as an extended version of Medina and Soto (2007)

In this section we describe some of the channels that are present in the Xmas model but not in Medina and Soto

(2007). They allow for added flexibility in several dimensions: the interaction between the external sector, the
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commodity sector and the rest of the economy; the interaction between fiscal and private spending in consumption

and investment goods; the response of capital use intensity to economic shocks; the relationship between the extensive

and intensive margins of the labor sector and the rest of the economy; the relationship between domestic and foreign

oil prices; the relationship between domestic, commodity and foreign technology disturbances; and the relationship

between the foreign, imports, oil and commodity prices.26

Subsections 4.1 to 4.5 describe the individual channels. In subsection 4.6 we present a forecasting comparison

between the baseline specification and one analogous to Medina and Soto (2007), which we will refer as the MAS

model.

4.1 Endogenous commodity sector

The mining sector is an important part of the Chilean economy. Mining production accounts for roughly 10% of GDP

and copper for 40% of exports. Besides, close to 20% of total investment corresponds to mining specific projects.

Following Fornero and Kirchner (2018), we endogenize the mining investment decision by making mining output

depend on the amount of sector specific capital, in a time to built investment framework that reflects the dependence

of the sector on large scale projects. Modeling an endogenous mining sector allows for additional channels trough

which domestic and foreign shocks (in particular shocks to the price of copper) may affect the economy. Under the

proposed framework, a shock to the international price of the commodity affects the sector’s optimal investment

decision. This has implications not only for future mining production; it also affects the rest of the economy by

increasing the demand for the input factors needed to produce the investment goods. In a different dimension, by

introducing time to build in the mining sector, we increase the importance of persistent shocks over temporary

fluctuations. Finally, the introduction of royalties, specific taxes to the profits of the foreign owned mining firms,

further increase the impact of commodity prices in the economy. By easing the fiscal budget, they allow for higher

government spending. Figure 2, shows the effects of a 50% shock to the price of the exported commodity, both in the

baseline specification and in 3 counterfactuals: one with a simpler commodity sector, akin to MAS (αCo = sICo = 0

and ΦICo = 105), a second one with no time to build in the commodity sector (NCO = 1 instead of 6), and a third

with no sector specific taxes on the commodity profits (τCo = 0). The introduction of time to build has first order

effect on the simulated dynamics. The specification without the mechanism shows a reaction of investment an

order of magnitude bigger than the baseline specification. The added investment also affect the rest of the economy

through greater investment input demand. The introduction of a tax on foreign profits, on the other hand, generates

a bigger domestic impact as it increases the shocks influence on the government budget.

Compared with a model with homogeneous investment, a framework with endogenous commodity production

26The impulse response functions shown in this section measure the percent deviation from steady state of the specified variable
responding to a given shock. In the case of inflation variables, the nominal interest rate R, and the unemployment rate, these are level
deviations from steady state, measured in percent. Inflation and interest rates are annualized quarter over quarter variations.
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Figure 2: Commodity price shock.

allows for greater insight over observed aggregate investment fluctuations, as the propagation mechanisms of mining

and non mining investment are not equal. Compared with the non-mining sector, the mining sector has lower labor

participation, and its ownership is shared between the government and foreign investors, not households. In figure 3

we compare shocks for the mining and non mining investment of similar magnitude.
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Figure 3: Effects of a non-commodity private investment shock, and a commodity investment shock

Even with a similar impact on aggregate investment, due to the mining sector’s low labor intensity, a shock in

commodity investment has weaker effects on hours worked, unemployment and wages. The propagation to the rest

of the economy is then reduced, with smaller effects on inflation, interest rates and wages.

46



4.2 Augmented Fiscal Policy

Government spending on consumption goods accounts for only 46% of total spending. More than half of the

aggregate spending goes to investment and direct transfers. In addition, theoretical and empirical literature find

that different spending components have different effects and transmission mechanism (see, for example, Ilzetzki

et al. 2013, Leeper et al. 2010, and Giambattista and Pennings 2017). Following Coenen et al. (2012, 2013), we

introduce valuable government consumption and investment plus direct government transfers. We find that the

source of the fiscal spending matters, both for output and for inflation dynamics, and that a correct assessment of

the specific fiscal shock has important implications for the prescribed monetary policy response.

The introduction of valuable government consumption allows for more flexibility when modeling the co-movement

between government and private consumption by directly influencing the level of crowding out(in) following a

change on government consumption spending. The degree of influence that government consumption can have on

private consumption is given by ηĈ , the elasticity of substitution between private and government consumption

in the final consumption good bundle. When private and government consumption are complements, everything

else equal, higher government consumption increases the household’s willingness to spend in private consumption

goods. On the other hand, if they are substitutes, an increase in government consumption decreases the desire

to consume. The change in the households willingness to consume has material implications only for Ricardian

households. Consumption of non-Ricardians is only affected by the government spending general equilibrium effects

on prices, employment and wages.
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Figure 4: Government consumption shock.

Figure 4 shows the effects of a transitory 10% increase in government consumption spending. The model estimated

elasticity of 2.2 suggest that the average fiscal spending in consumption goods tend to act as a substitute to private

consumption, decreasing the overall effect on GDP that were to be present if both goods acted as complements

(the dotted line, where the parameter ηĈ is set as the inverse of the estimated value). After the shock, disregarding
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the elasticity of substitution, Non-Ricardian households always increase their consumption, as the additional fiscal

stimulus eases their budget constraint. On the other hand, the response of Ricardian households depends crucially on

the elasticity of substitution. In the case where government consumption is not valued, Ricardian households do not

respond to the shock and the overall consumption response will only reflect the spending effect on the non-Ricardian

budget constraints. But if consumption is valued, the effect of a shock to government consumption will depend if

the goods are considered complements or substitutes. In the first case Ricardian private consumption will increase.

If goods are found to be substitutes, the shock will induce a drop in their consumption.

We now turn to the relationship between public and private investment dynamics. Similar to the consumption

case, the model framework allows for different degrees of substitutability between public and private capital in

the production of the wholesale domestic goods. Figure 4 compares the propagation of private and government

investment shocks for the baseline specification. Both shocks are calibrated to increase total investment by 1% on

impact.
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Figure 5: Private vs government investment shock.

Private and public capital are estimated to be complements, with ηKG < 1. However, an exogenous increase

in government investment does not trigger a significant increase in private investment. The increase in private

capital services comes mainly through the intensive margin, with a higher rate of capital utilization. The labor

market also adjust mainly through the intensive margin(hours), with relatively small changes in the extensive

margin(employement). Forward looking variables like wages and inflation show modest fluctuations.

On the other hand, a similar shock, but to the marginal productivity of private investment, has markedly different

effects than the government shock. The relatively higher estimated persistence of the private investment shock

generates larger responses from almost all variables, with an emphasis on the extensive(capital stock accumulation
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and employment) rather than the intensive(capital utilization and hours per worker) margins.

Figure 4 show the response to a government investment shock both in the baseline parameterization and three

additional cases: first assuming assuming these shocks are just as persistent as the estimated government consumption

shocks. A second case assumes higher substitutability, with ηKG set as the inverse of the estimated value. The third

case combine the previous modifications.

The marginal effect of the private/public capital elasticity of substitution ηKG is similar to the consumption case.

Facing a government investment shock, a parameterization with low elasticity results in higher private investment

than the alternative with a high degree of substitutability. However, even in parameterizations where both kind of

capital stocks are complements, higher government investment lead to a decrease in the short term private investment

rate. The explanation comes from the monetary policy reaction. Higher government investment lead to higher

domestic demand and higher inflation. The central bank then raises interest rates, lowering the present value of

new investment projects. The interest rate effect dominates the capital complementarity channel, particularly in

the cases where the investment shock is expected to last longer, with higher inflationary pressures and stronger

monetary responses.
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Figure 6: Government investment shock.

Finally, the decomposition of government expenditure into consumption, investment and transfers is useful in

itself to better understand the impact of expenditure changes. Figure 7 shows the effects of similar expenditure

shocks, arising from each of the three components.
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Figure 7: Government expenditure shocks.

The size of all three shocks is calibrated to produce the same effect on aggregate government expenditure on

impact, although we allow for heterogeneity in the persistence of the shocks as derived from the model estimation.

Direct transfers have the smaller impact on GDP, as a significant part of such transfers are saved and not spent

by the Ricardian households, dampening the aggregate demand effect. Investment spending has the higher GDP

effect, as the higher capital stock increases the production capacity of the economy. Consumption spending generate

more inflation due to an increased domestic demand that is not accompanied by higher production capacity, pushing

marginal costs. Overall, facing similar spending shocks, the model prescribes the stronger monetary policy response

when facing government consumption shocks. The weaker response is prescribed after a change in government

transfers.

4.3 Real and Nominal rigidities

4.3.1 Variable capital utilization

As noted by Christiano et al. (2005), by allowing the capital services to respond contemporaneously to shocks, the

introduction of variable capital utilization reduce the volatility of the rental rate of capital. As their argument goes,

the implications for monetary policy are straight-forward. After a monetary shock, by allowing the services of capital

to react, the introduction of this mechanism dampen the large rise in the rental rate of capital that would otherwise

occur. The effects on marginal costs, and therefore inflation, are then predicted to be smaller.
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Figure 8: Monetary shock with variable capital utilization.

As figure 8 shows, similar dynamics occur in the Xmas model. After a monetary shock, a parameterization that

doesn’t allow for variable capital utilization generates smaller responses in capital, and greater fluctuations in the

rental rate of capital, marginal costs and inflation.

4.3.2 Non core inflation

The model introduces both agricultural goods and oil related goods as part of the consumption bundle. Empirically,

they exhibit significantly different price behavior than the rest of the consumption basket. In particular, agricultural

and oil prices are highly dependent on the specific supply and demand conditions in their spot markets. A significant

share of their volatility is unrelated to the domestic business cycle.

In the model, the agricultural sector is exposed to idiosyncratic productivity shocks, uncorrelated to the domestic

economic conditions. The shocks create a wedge between the sector’s marginal costs (and prices) and the marginal

costs (and prices) of the rest of the home produced goods.

The determination of fuel prices, on the other hand, depends on the international price of oil, the exchange rate,

and a government smoothing policy. The last component is introduced in order to match the volatility differential

between the domestic fuel price and the international oil price in domestic currency (the latter being much more

volatile than the former). Its implementation mimics the MEPCO program, a Chilean fiscal fund that acts as a buffer

against the short term volatility of the foreign oil price. The introduction of this channel reduces the unconditional

standard deviation of the core inflation rate from 0.58% to 0.57% , and for the total inflation rate from 1.14% to

0.73%, closer to their empirical moments of 0.51% and 0.69%.
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Figure 9: International oil price shock.

As shown in figure 9, the implementation of the government smoothing policy has relevant implications on

the domestic propagation of oil price shocks, not only to inflation, but also to real variables. With the policy,

consumption and inflation, and therefore monetary policy, exhibit smaller responses.

Table 6: Annual inflation variance decomposition

Agricultural Shock (zA) Oil Shocks (ξO,ξO∗) Other Shocks

Pt/Pt−4 6.37% 14.61% 79.02%
E [Pt+1/Pt−3] 5.14% 13.20% 81.66%
E [Pt+2/Pt−2] 4.08% 10.74% 85.18%
E [Pt+4/Pt] 1.09% 7.55% 91.36%

Table 6 presents the contribution of non-core price shocks to aggregate inflation volatility. In the estimated

model, given the assumed structure for the agricultural and oil sectors, the importance of non-core shocks as drivers

of inflation volatility is relevant in the short term, but decreasing over time. While they account for more than 20%

of the short term volatility, less than 10% of the variation of the one year ahead expected annual inflation can be

attributed to those shocks.

4.4 Delayed pass through of foreign price and productivity shocks

We introduce a potentially delayed pass through from a global price factor to foreign currency denominated prices (oil,

copper, imports, and foreign CPI) and from global technology towards domestic mining and non-mining productivity.

While maintaining a long term cointegration process, we avoid excessive propagation of short term foreign volatility

into the domestic economy. By estimating the idiosyncratic pass-through for each process, we can account, in a

reduced form specification, for a variety of non-modeled frictions that may exist in the real economy.
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Figure 10: Global productivity shock.
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Figure 11: Global price shock.

Figures 10 and 11 show the effect of shocks to global productivity and to the global price factor. We compare

the baseline parameterization with two alternative parameterizations. One with instantaneous pass-through

(ΓH = ΓCo = ΓpCo = ΓpM = ΓpO = Γ∗ = 1) and a second with an increased delay (with ΓH ,ΓCo,ΓpCo,ΓpM ,ΓpO

and Γ∗ set to half their posterior estimates). For the case of productivity shocks, the estimated delayed pass-through

doesn’t appear to have first order effects, specially for the non-mining sector. On the other hand, the introduction of

the delayed pass-through mechanism for foreign prices does change the inflationary consequences of global price

shocks in a significant manner. In the estimated model, the effect comes mainly by dampening the global price

factor influence on copper and non-oil imports price dynamics.

4.5 Labor market with search and matching

The introduction of search and matching in the labor market is a significant departure from Medina and Soto (2007).

The specification enables the analysis of the extensive margin of work (unemployment vs employment) as well as the
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intensive margin (hours worked). This is shown to be important as the extensive margin accounts for a significant

part of the aggregate labor supply volatility. Furthermore, as shown in figure 12 and table 7, they don’t seem to

follow the same trajectories across the business cycle: the extensive margin follows output and inflation more closely

than the intensive one. For this reason, observing the evolution of employment can give a less noisy signal about the

state of the economy than total worked hours.
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Note: Level deviation (%) from a log linear trend for GDP, hours and employment. Inflation is the CPI demeaned quarterly log-variation.
All variables are smoothed with a four period moving average, and normalized with respect to their sample standard deviation.

Figure 12: Labor market and the business cycle

Table 7: Correlation between labor variables and business cycle variables

Real GDP Inflation

Hours worked -0.170 -0.081
Employment 0.822 0.365

Note: Level deviation (%) from a log linear trend for GDP, hours and employment. Inflation is the CPI demeaned quarterly log-variation.

We compare the baseline specification with one with Calvo-type frictions in the labor market. In the alternative

specification, the extensive margin is assumed to be absent, with every household actively participating in the

production of goods (nt = n = 1). In this case, the aggregate labor supply is entirely driven by fluctuation of the

intensive margin.27 In table 8we compare, for both specifications, the model’s theoretical second moments for hours

worked and employment with their data counterparts28.

Table 8: Volatility of intensive and extensive margins

Data Baseline Model Calvo Wages

σlog(h) 1.12 2.43 4.37
σlog(n) 0.85 0.83 0
σlog(h×n) 1.32 2.83 4.37

27A complete description of the model with Calvo type wages is given in the appendix A. For the following exercises, we calibrate
the parameter θW to the posterior estimate of κW = 0.83 in order to generate comparable wage inertia across both specifications.
Following Medina and Soto (2007) the elasticity of substitution among labor varieties is set as εW = εH = εF = εH∗ = 11 . Finally, we
set ωU = ω = 0.5 assuming unbiased unions.

28The empirical moments are computed in terms of log-deviations from a linear trend.
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The introduction of search and matching significantly closes the gap between the model and the data second

moments, particularly for the extensive margin. It also allows for additional insights on the mechanisms at play in

the relationship between the labor market and the rest of the economy. We simulate the response to demand shocks

for both the baseline specification, and an alternative with a centralized labor market and Calvo wage contracts.

The baseline scenario, due to the additional frictions, shows a weaker adjustment of output, and a stronger response

of wages and inflation. In the Calvo wages case, real wages fall in some cases due to prices adjusting faster than

nominal wages.
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Note: The figure displays the response of the corresponding variables to three different demand shocks: investment efficiency ($), monetary

policy (eR), and government consumption (ηCG). The size of each shock is calibrated to achieve a one percent increase in total GDP in the
baseline specification.

Figure 13: Demand shocks and the labor market

4.6 Model Forecast

We now compare the baseline model with the MAS specification in terms of forecast accuracy. We do in-sample

forecasting, where all the variables are dynamically forecasted at different horizons, but always utilizing the full

sample posterior parameters.29 Figures 14 and 16 show respectively the models forecasts and forecast errors for

the endogenous variables that both specifications observe. Despite the significantly added complexity of the Xmas

specification, its forecast accuracy is fairly comparable to the simpler specification, even outperforming the MAS

specification in some dimensions. In particular, Xmas does a much better job projecting total hours worked, thanks

to the introduction of a search and matching framework. In addition, as shown in figures 15 and 17, the structure of

29Given our relatively short available data, a full out of sample forecast comparison with meaningful number of forecast evaluations
would require the use of short samples for the initial estimations. Given the size of the model and the number of parameters to be
estimated, the use of shorter samples would require increasingly tight priors in order to guarantee sensible results. The issue is even
greater with the utilization of the endogenous priors approach, due to the mid-sample fluctuations in overall volatility generated in the
aftermath of the 2008 financial crisis. For those reasons, we abstain to attempt full recursive estimation of the models.
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Xmas allows for an assessment over individual components of investment, inflation, and labor market variables. It is

reassuring that the increased granularity of the model does not come at the expense of a decrease in the precision of

its forecasts.
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Figure 14: Model forecasts of variables present on both Xmas and MAS specifications.
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Figure 15: Model forecasts of variables only present on Xmas specification..
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Figure 16: Root mean square error 1 to 8 periods ahead for variables observed on both Xmas and MAS specifications.
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Figure 17: Root mean square error 1 to 8 periods ahead for variables observed only on the Xmas specification.

5 Concluding Remarks

We present Xmas, a DSGE model for monetary policy analysis and macroeconomic projections that, building on

Medina and Soto (2007), incorporates a range of new features, motivated by recent advances in the literature and the

experience of commodity-exporting emerging economies in general, and Chile in particular. The improvements over

the base model include a commodity sector with endogenous production and investment, a labor market with search

and matching frictions that allows for labor variation on both the intensive and extensive margins, an augmented

fiscal block, as well as additional shocks and other real and nominal frictions. We show that despite the significantly

added complexity of Xmas, its empirical fit and forecast accuracy is comparable or better compared to the base
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model. The main dimensions where Xmas outperforms the base model are consumption, nominal interest rates, and

labor intensity.

Directions for future work include the introduction of an endogenous productivity fluctuation channel through

on the job search and inter-firm labor transitions, the inclusion of an optimal monetary policy framework instead

of the Taylor rule approach currently in place, the addition of financial frictions and a banking sector30, and the

exploration of different expectational frameworks that may permit the modeling of anticipated monetary shocks

with realistic outcomes, minimizing the forward guidance puzzle effect as described by Del Negro et al. (2015).

30After the global financial crisis, models with extended financial-real connections or financial frictions have been developed (for a
review, see Taylor and Uhlig, 2016). However, most of these models, such as Christiano et al. (2015), have been developed for economically
and financially advanced economies. It is therefore not obvious that the financial frictions embedded in those models are also useful in
the context of emerging economies with significant amounts of funding from abroad, for instance, to better understand the transmission
of foreign shocks (see Garćıa-Cicco et al., 2015).
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Appendix

A Calvo wages in the Xmas

In a standard New Keynesian model with Calvo wages, since the extensive margin is non-existent, nt = 1 and ut = 0 at

all times. Since there is no unemployment, there is no role for the UFA, therefore we set BUFAt = TRUFAt = τUFAt = 0.

Finally, there is no matching function, no exogenous or endogenous separations, and no vacancy postings, allowing

us to dispense of vacancy and operating costs, setting XL
t = 0.

Wages and hours are not determined by Nash bargaining. Instead both Ricardian and non-Ricardian households

supply differentiated labor services to a continuum of unions which act as wage setters on behalf of the households

in monopolistically competitive markets. The unions pool the wage income of all households and then distribute the

aggregate wage income in equal proportions among the latter.31 Once wages are set, the unions satisfy all labor

demand at that wage.

Labor demand is given by the wholesale goods firm’s cost minimization problem, which becomes much simpler:

min
h̃dt ,K

S
t

LY
Z̃

t = Wth̃
d
t + rKt K

S
t +mcZ̃t

[
Y Z̃
t −

(
K̃t

)α (
AHt h̃

d
t

)1−α
]

(79)

Where h̃dt denotes the demand for units of composite labor. The optimal labor demand is given by

h̃dt = (1− α)

(
Wt

mcZ̃t

)−1

Y Z̃t (80)

This demand is satisfied by perfectly competitive packing firms which demand all varieties j ∈ [0, 1] of labor

services in amounts hd(j) and combines them in order to produce composite labor services (h), much like the firms

in 2.3.2, with the production function, variety j demand, and aggregate nominal wage respectively given by:

h̃t =

[∫ 1

0

hdt (j)
εW−1

εW dj

] εW
εW−1

, εW > 0. (81)

hdt (j) =

(
Wn
t (j)

Wn
t

)−εW
h̃t (82)

Wn
t =

[∫ 1

0

Wn
t (j)1−εW dj

] 1
1−εW

. (83)

Regarding the supply of differentiated labor, following Erceg et al. (2000) and closely following the structure of

the firms in 2.3.3 there is a continuum of monopolistically competitive unions indexed by i ∈ [0, 1], which act as

31Hence, households are insured against variations in household-specific wage income.
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wage setters for the differentiated labor services supplied by households. The union supplying variety j satisfies the

demand given by (82) but it has monopoly power for its variety. Wage setting is subject to a Calvo-type problem,

whereby each period a union can set its nominal wage optimally with probability 1− θW , and if it cannot optimally

change its wage, it indexes its past wage according to a weighted product of past and steady state inflation with

weights ϑW ∈ [0, 1] and 1− ϑW .32 A union reoptimizing in period t is assumed to choose the wage W̃n
t (equal for

Ricardian and non Ricardian households) that maximizes the households lifetime utility until it can reoptimize.33

All considered, taking the aggregate nominal wage as given, the union’s i maximization problem can be expressed as

max
W̃n
t (i)

Et

∞∑
s=0

(βθW )
s
%t+s

 ωU
(

ΛNR
t+s(1− τWt+s)

W̃n
t ΓWt,s
Pt+s

ht+s(i)−ΘNR
t+sκt+s

(
AHt+s−1

)1−σ h1+φ
t+s (i)

1+φ

)
+
(
1− ωU

)(
ΛRt+s(1− τWt+s)

W̃n
t ΓWt,s
Pt+s

ht+s(i)−ΘR
t+sκt+s

(
AHt+s−1

)1−σ h1+φ
t+s (i)

1+φ

)
 ,

s.t. ht+s(i) =

(
W̃n
t ΓWt,s
Wn
t+s

)−εW
h̃t+s,

A similar derivation than the one presented in section (2.3.3) yields 34

fWt = mcWt w̃
−εW (1+φ)
t h̃t + βθWEt

%t+1

%t

ΛUt+1

ΛUt

(1− τWt+1)

(1− τWt )

πWt+1

πt+1

(
gΓW

t

πWt+1

)−εW (1+φ)(
w̃t
w̃t+1

)−εW (1+φ)

fWt+1



fWt = w̃1−εW
t h̃t

(
εW − 1

εW

)
+ βθWEt

%t+1

%t

ΛUt+1

ΛUt

(1− τWt+1)

(1− τWt )

(
πWt+1

πt+1

)εw (
gΓW

t

πt+1

)1−εW (
w̃t
w̃t+1

)1−εW
fWt+1

 ,

and

1 = (1− θW )w̃1−εW
t + θW

(
gΓW

t−1

πWt

)1−εW

.

Finally, the clearing condition for the labor market is

ht =

∫ 1

0

ht(j)dj =

∫ 1

0

hdt (j)dj = h̃t

∫ 1

0

wt(j)
−εF dj = h̃t∆

W
t = h̃dt∆

W
t ,

32As in section 2.3.3, gΓW

t ≡
[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑW π1−ϑW is the gross growth rate of the indexation variable.

33The union weights the benefits of wage income by considering the agents’ marginal utility of consumption – which will usually differ
between Ricardian and non-Ricardian households – and a subjective weight on their welfare. The unions take into account the fact that
firms allocate their labor demand uniformly across different kind of workers, and therefore hRt (i) = hNR

t (i) = ht (i) ∀ i, t.
34Where ΛUt+s ≡ ωUΛNR

t+s +
(
1− ωU

)
ΛRt+s is the weighted marginal utility of consumption relevant for the union’s decision, w̃t =

W̃n
t /W

n
t denotes the optimal nominal wage relative to the aggregate nominal wage index, πWt = Wn

t /W
n
t−1 is the wage inflation,

and mcWt =
−UH/UC

(1−τWt )Wn
t /Pt

=
ΘUt κt(A

H
t−1)1−σ

(ht)
φ/ΛUt

(1−τWt )Wt
denotes the gap with the efficient allocation when wages are flexible. ΘUt+s ≡

ωUΘNR
t+s +

(
1− ωU

)
ΘRt+s is the weighted endogenous shifter.
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Where ∆W
t is a wage dispersion term that satisfies

∆W
t = (1− θW )w̃

−ε
W

t + θ
W

(
gΓW

t−1

πWt

)−εW
∆W
t−1,

B Equilibrium and Steady State equations

B.1 Equilibrium Conditions

The variables in uppercase that are not prices contain a unit root in equilibrium due to the presence of the

non-stationary productivity shock At. We need to transform these variables to have a stationary version of the

model. To do this, with the exceptions we enumerate below, lowercase variables denote the uppercase variable

divided by At−1 (e.g. ct ≡ Ct
At−1

). There are two exceptions: first is the Lagrange multiplier Λt that is multiplied by

Aσt−1 (i.e. λt ≡ ΛtA
σ
t−1), for it decreases along the balanced growth path. Second, we need to define the parameter

ψUt = ΨU
t /A

σ
t−1 in order to define a stationary equilibrium in the labor market.

The rational expectations equilibrium of the stationary version of the model is the set of sequences for the

endogenous variables such that for given initial values and exogenous variables and assuming

c̃t ∼ logN
(
µc̃, σ

2
c̃

)
the following conditions are satisfied:

from Households (2.1):

ĉRt =

[(
1− oĈ

) 1
η
Ĉ

(
cRt − ςcRt−1/at−1

) ηĈ−1

η
Ĉ + oĈ

1
η
Ĉ (cGt )

η
Ĉ

−1

η
Ĉ

] η
Ĉ

η
Ĉ

−1

(EE.1)

ĉNRt =

[(
1− oĈ

) 1
η
Ĉ

(
cNRt − ςcNRt−1/at−1

) ηĈ−1

η
Ĉ + oĈ

1
η
Ĉ (cGt )

η
Ĉ

−1

η
Ĉ

] η
Ĉ

η
Ĉ

−1

(EE.2)

τLt = τUFAt + τWt (EE.3)

kS,Rt = ūt
kRt−1

at−1
(EE.4)

φū(ūt) =
rk

Φū

(
eΦū(ūt−1) − 1

)
(EE.5)

kRt = (1− δ)
kRt−1

at−1
+

(
1− ΦI

2

(
iRt
iRt−1

at−1 − a
)2
)
$ti

R
t (EE.6)
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(
1 + τCt

)
λRt =

(
ĉRt
)−σ ( (

1− oĈ
)
ĉRt

cRt − ςcRt−1/at−1

) 1
η
Ĉ

(EE.7)

λRt =
β

aσt
RtEt

{
%t+1

%t

λRt+1

πt+1

}
(EE.8)

λRt =
β

aσt
R∗t ξtEt

{
%t+1

%t

πSt+1λ
R
t+1

πt+1

}
(EE.9)

qt =
β

aσt
Et


%t+1

%t

λRt+1

λRt


rKt+1ūt+1

(
1− τKt+1

)
+ qt+1(1− δ)

+pIt+1

[
τKt+1δ − φū(ūt+1)

(
1− τKt+1

)]




(EE.10)

pIt
qt

=

[(
1− ΦI

2

(
iRt
iRt−1

at−1 − a
)2
)
− ΦI

(
iRt
iRt−1

at−1 − a
)

iRt
iRt−1

at−1

]
$t

+
β

aσt
Et

{
%t+1

%t

λRt+1

λRt

qt+1

qt
ΦI

(
iRt+1

iRt
at − a

)(
iRt+1

iRt
at

)2

$t+1

}
(EE.11)

ūt = 1 +
log
(
rKt /rK

)
− log

(
pIt
)

Φū
(EE.12)

ξt = ξ̄ exp

[
−ψ

(
rertb

∗
t

pYt yt
− rer b∗

pY y

)
+
ζOt − ζO

ζO
+
ζUt − ζU

ζU

]
(EE.13)

b∗t = bPr
∗

t + bG
∗

t (EE.14)

(
1 + τCt

)
λNRt =

(
ĉNRt

)−σ ( (
1− oĈ

)
ĉNRt

cNRt − ςcNRt−1/at−1

) 1
η
Ĉ

(EE.15)

(
1 + τCt

)
cNRt =

(
1− τLt

)
wtntht + utub+ trNRt − tNRt (EE.16)

ΘR
t = χ̃Rt

(
∇Ht−1

)σ (
ĉ
(
cRt − ςcRt−1/at−1, c

G
))−σ

(EE.17)

ΘNR
t = χ̃NRt

(
∇Ht−1

)σ (
ĉ
(
cNRt − ςcNRt−1/at−1, c

G
))−σ

(EE.18)

χ̃Rt =
(
χ̃Rt−1

)1−ν (∇Ht−1

)−σν (
ĉ
(
cRt − ςcRt−1/at−1, c

G
))σν

(EE.19)

χ̃NRt =
(
χ̃NRt−1

)1−ν (∇Ht−1

)−σν (
ĉ
(
cNRt − ςcNRt−1/at−1, c

G
))σν

(EE.20)

from Labor Market (2.2):

nt = (1− ρt)
(
nt−1 +mt−1v

1−µ
t−1 u

µ
t−1

)
(EE.21)

ut = 1− nt (EE.22)
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st = mt

(
vt
ut

)1−µ

(EE.23)

et = mt

(
vt
ut

)−µ
(EE.24)

ρt = ρxt + (1− ρxt ) ρnt (EE.25)

ρnt = 1− F (ct) = 1− Φ

(
ln ct − µc̃

σc̃

)
(EE.26)

where Φ is the standard normal c.d.f.

from Final Goods (2.3.1):

ct =

[
(1− κO − κA)

1
η
C

(
cZt
) ηC−1

η
C + κO

1
η
C

(
cOt
) ηC−1

η
C + κA

1
η
C

(
cAt
) ηC−1

η
C

] η
C

η
C

−1

(EE.27)

cZt = (1− κO − κA)
(
pZt
)−ηC

ct (EE.28)

cOt = κO
(
pOt
)−ηC

ct (EE.29)

cAt = κA
(
pAt
)−ηC

ct (EE.30)

cZt =

[
(1− oZ)

1
ηZ

(
xZ,Ht

) ηZ−1

ηZ + o
1
ηZ

Z

(
xZ,Ft

) ηZ−1

ηZ

] ηZ
ηZ−1

(EE.31)

xZ,Ft = oZ
(
pFt /p

Z
t

)−ηZ
cZt (EE.32)

xZ,Ht = (1− oZ)
(
pHt /p

Z
t

)−ηZ
cZt (EE.33)

cAt = zAt

[
(1− oA)

1
ηA

(
xA,Ht

) ηA−1

ηA + o
1
ηA

A

(
xA,Ft

) ηA−1

ηA

] ηA
ηA−1

(EE.34)

xA,Ft =
(
zAt
)ηA−1

oA
(
pFt /p

A
t

)−ηA
cAt (EE.35)

xA,Ht =
(
zAt
)ηA−1

(1− oA)
(
pHt /p

A
t

)−ηA
cAt (EE.36)

cGt =

[
(1− oCG)

1
ηCG

(
xCG,Ht

) ηCG−1

ηCG + o
1

ηCG

CG

(
xCG,Ft

) ηCG−1

ηCG

] ηCG
ηCG−1

(EE.37)

xCG,Ft = oCG
(
pFt /p

CG
t

)−ηCG
cGt (EE.38)

xCG,Ht = (1− oCG)
(
pHt /p

CG
t

)−ηCG
cGt (EE.39)

ift =

[
(1− oI)

1
ηI

(
xI,Ht

) ηI−1

ηI + o
1
ηI

I

(
xI,Ft

) ηI−1

ηI

] ηI
ηI−1

(EE.40)
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xI,Ft = oI
(
pFt /p

I
t

)−ηI
ift (EE.41)

xI,Ht = (1− oI)
(
pHt /p

I
t

)−ηI
ift (EE.42)

ift = it + φū (ūt)
kt−1

at−1
(EE.43)

iCo,ft =

[
(1− oCo)

1
ηCo

(
xCo,Ht

) ηCo−1

ηCo + o
1

ηCo

Co

(
xCo,Ft

) ηCo−1

ηCo

] ηCo
ηCo−1

(EE.44)

xCo,Ft = oCo
(
pFt /p

ICo
t

)−ηCo
iCo,ft (EE.45)

xCo,Ht = (1− oCo)
(
pHt /p

ICo
t

)−ηCo
iCo,ft (EE.46)

iGt =

[
(1− oIG)

1
ηIG

(
xIG,Ht

) ηIG−1

ηIG + o
1

ηIG

IG

(
xIG,Ft

) ηIG−1

ηIG

] ηIG
ηIG−1

(EE.47)

xIG,Ft = oIG
(
pFt /p

IG
t

)−ηIG
iGt (EE.48)

xIG,Ht = (1− oIG)
(
pHt /p

IG
t

)−ηIG
iGt (EE.49)

from Differentiated Varieties (2.3.3):

fHt =
(
p̃Ht
)−εH

yHt mc
H
t +

β

aσ−1
t

θH

×Et

%t+1

%t

λRt+1

λRt

(
gΓH

t

πt+1

p̃Ht
p̃Ht+1

)−εH (
pHt
pHt+1

(
1 + τCt+1

)(
1 + τCt

) )−1−εH

fHt+1

 (EE.50)

fHt =
(
p̃Ht
)1−εH

yHt

(
εH − 1

εH

)
+

β

aσ−1
t

θH

×Et

%t+1

%t

λRt+1

λRt

(
gΓH

t

πt+1

p̃Ht
p̃Ht+1

)1−εH (
pHt
pHt+1

(
1 + τCt+1

)(
1 + τCt

) )−εH fHt+1

 (EE.51)

1 = (1− θH)
(
p̃Ht
)1−εH

+ θH

(
pHt−1

pHt

gΓH

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))1−εH

(EE.52)

mcHt =
pH̃t
pHt

(EE.53)

gΓH

t =
[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑH

π1−ϑH (EE.54)
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fFt =
(
p̃Ft
)−εF

yFt mc
F
t +

β

aσ−1
t

θF

×Et

%t+1

%t

λRt+1

λRt

(
gΓF

t

πt+1

p̃Ft
p̃Ft+1

)−εF (
pFt
pFt+1

(
1 + τCt+1

)(
1 + τCt

) )−1−εF

fFt+1

 (EE.55)

fFt =
(
p̃Ft
)1−εF

yFt

(
εF − 1

εF

)
+

β

aσ−1
t

θF

×Et

%t+1

%t

λRt+1

λRt

(
gΓF

t

πt+1

p̃Ft
p̃Ft+1

)1−εF (
pFt
pFt+1

(
1 + τCt+1

)(
1 + τCt

) )−εF fFt+1

 (EE.56)

1 = (1− θF )
(
p̃Ft
)1−εF

+ θF

(
pFt−1

pFt

gΓF

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))1−εF

(EE.57)

mcFt =
pM∗rert
pFt

(EE.58)

gΓF

t =
[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑF

π1−ϑF (EE.59)

fH∗t =
(
p̃H∗t

)−εH∗
yH∗t mcH∗t +

β

aσ−1
t

θH∗

×Et

%t+1

%t

λRt+1

λRt

rert+1

rert

(
gΓH∗

t

π∗t+1

p̃H∗t
p̃H∗t+1

)−εH∗ (
pH∗t
pH∗t+1

)−1−εH∗

fH∗t+1

 (EE.60)

fH∗t =
(
p̃H∗t

)1−εH∗
yH∗t

(
εH∗ − 1

εH∗

)
+

β

aσ−1
t

θH∗

×Et

%t+1

%t

λRt+1

λRt

rert+1

rert

(
gΓH∗

t

π∗t+1

p̃H∗t
p̃H∗t+1

)1−εH∗ (
pH∗t
pH∗t+1

)−εH∗

fH∗t+1

 (EE.61)

1 = (1− θH∗)
(
p̃H∗t

)1−εH∗
+ θH∗

(
pH∗t−1

pH∗t

gΓH∗

t−1

π∗t

)1−εH∗

(EE.62)

mcH∗t =
pH̃t

rertpH∗t
(EE.63)

gΓH∗

t = (π∗t )
ϑH∗ (π∗)

1−ϑH∗ (EE.64)

from Wholesale Domestic Goods (2.3.4):

yH̃t = zt

[
(1− oO)

1
ηO

(
xZ̃t

) ηO−1

ηO + oO
1
ηO

(
xOt
) ηO−1

ηO

] ηO
ηO−1

(EE.65)
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xZ̃t = (zt)
ηO−1

(1− oO)

(
mcZ̃t

pH̃t

)−ηO
yH̃t (EE.66)

xOt = (zt)
ηO−1

oO

(
pOt

pH̃t

)−ηO
yH̃t (EE.67)

yZ̃t =
(
k̃t

)α (
at∇Ht ntht

)1−α
(EE.68)

k̃t = α

(
rK̃t

mcZ̃t

)−1

yZ̃t (EE.69)

k̃t =

(1− oKG)
1

ηKG

(
kSt
) ηKG−1

ηKG + oKG

1
ηKG

(
kGt−1

at−1

) ηKG−1

ηKG


ηKG
ηKG−1

(EE.70)

kSt = (1− oKG)

(
rKt

rK̃t

)−ηKG
k̃t (EE.71)
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H
t Ωv
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β

aσ−1
t

Et
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λRt+1

λRt
(1− ρt+1)
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−pHt+1h
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(EE.72)

∇Ht−1p
H
t ct = mcZ̃t (1− α)

yZ̃t
nt
− wtht +

∇Ht−1p
H
t Ωv

et
(EE.73)

hCt = ∇Ht−1

exp
(
µc̃ +

σ2
c̃

2

)
Φ
(

ln ct−µc̃−σ2
c̃

σc̃

)
1− ρnt

(EE.74)

from Wages and Hours (2.3.5):

ht =

 mcZ̃t (1− α)
2 yZ̃t
nt

ψUt κt
(1−τLt )

(
∇Ht−1

)1−σ


1
1+φ

(EE.75)

wnt ht = ϕU

[
mcZ̃t (1− α)

yZ̃t
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− pHt hCt +∇Ht−1

pHt Ωv
et

]
(EE.76)

+

(
1− ϕU

)
(1− τLt )

[
ub+ ψUt κt

(
∇Ht−1

)1−σ h1+φ
t

1 + φ
− (1− st)σUt

]

σUt =
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Et
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λRt+1
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{
β
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(1− ρt+1) sNR,Ut+1
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(EE.77)

sR,Ut = (1− τLt )wnt ht −
ΘRt κt(∇

H
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1−σ h1+φ
t
1+φ

λRt
− ub+ (1− st)Et
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β
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%t

λRt+1

λRt
(1− ρt+1) sR,Ut+1

}
(EE.78)
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sNR,Ut = (1− τLt )wnt ht −
ΘNRt κt(∇Ht−1)

1−σ h1+φ
t
1+φ

λNRt
− ub+ (1− st)Et

{
β
aσt

%t+1

%t

λNRt+1

λNRt
(1− ρt+1) sNR,Ut+1

}
(EE.79)

πtwt = κWΓWt−1

wt−1

at−1

(1 + τCt )

(1 + τCt−1)
+ (1− κW )πtw

n
t (EE.80)

ΓWt =

(
at
∇Ht
∇Ht−1

)αW
(a)

1−αW
[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑW

π1−ϑW (EE.81)

ψUt =
(
1− ωU

) ΘR
t

λRt
+ ωU

ΘNR
t

λNRt
(EE.82)

from Commodity sector investment and output (2.3.6):

yCot = zCot

(
ūCot

kCot−1

at−1

)αCo (
at∇Cot L

)1−αCo
(EE.83)

kCot = (1− δCo)
kCot−1

at−1
+

1− ΦCoI

2

(
iACot−NCo+1

iACot−NCo
at−NCo − a

)2
 iACot−NCo+1at∏NCo

i=1 at+1−i
$Co
t−NCo+1 (EE.84)

iCot = ϕCo0 iACot +
ϕCo1 iACot−1

at−1
+
ϕCo2 iACot−2

at−1at−2
+ . . .+

ϕCoNCo−1i
ACo
t−NCo+1

at−1at−2 . . . at−NCo+1
(EE.85)

φCoū
(
ūCot

)
≡ rK,Co

ΦCoū

(
eΦCoū (ūCot −1) − 1

)
(EE.86)

iCo,ft = iCot + φCoū
(
ūCot

) kCot−1

at−1
(EE.87)

cfCot = rertp
Co∗
t yCot − pICot iCo.ft (EE.88)

λCot =
[
1− τCot

(
1− χCo

)]
rertp

Co∗
t (EE.89)

qCot = Et

{
β

aσt

%t+1

%t

λRt+1

λRt

[
λCot+1α

Co y
Co
t+1

kCot
at + qCot+1(1− δCo)− pICot+1φ

Co
ū

(
ūCot+1

)]}
(EE.90)

0 =Et


∑NCo−1
j=0 βj

%t+j
%t

λRt+j
λRt

(
at−1∏j

i=0 at+i−1

)σ
ϕCoj pICot+j(

βNCo−1
) %t+NCo−1

%t

λR
t+NCo−1

λRt

(
at−1∏NCo−1

i=0 at+i−1

)σ
qCo
t+NCo−1

 (EE.91)

−

[(
1− ΦCoI

2

(
iACot

iACot−1

at−1 − a
)2
)
− ΦCoI

(
iACot

iACot−1

at−1 − a
)
iACot

iACot−1

at−1

]
$Co
t

− Et


β

%t+NCo

%t+NCo−1

λR
t+NCo

aσ
t+NCo

λR
t+NCo−1

qCo
t+NCo

qCo
t+NCo−1

×ΦCoI

(
iACot+1

iACot
at − a

)(
iACot+1

iACot
at

)2

$Co
t+1
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rK,Cot = λCot αCo
yCot

ūCot kCot−1

at−1 (EE.92)

ūCot = 1 +
log
(
rK,Cot /rK,Co

)
− log

(
pICot

)
ΦCoū

(EE.93)

from Fiscal Policy (2.4):

gt = pCGt cGt + pIGt iGt + trGt +
(
rertp

O∗
t − pO

)
ot (EE.94)

tt = αT pYt y + (1− Irule) εT
(
rertb

G∗
+ bG − rertbG

∗

t − bGt
)

(EE.95)

ωtNRt = ωGtt (EE.96)

(1− ω) tRt = (1− ωG) tt (EE.97)

τt =τCt ct + τWt wtntht + τKt
[
rKt ūt − pIt (δ + φū (ūt))

] kt−1

at−1
(EE.98)

+ τDt dt + (1− χCo)τCot (cfCot + pICot iCo,ft ) + tt

bGt + rertb
G∗

t = Rt−1
bGt−1

πtat−1
+R∗t−1ξt−1

rertb
G∗
t−1

π∗t at−1
+ τt + χCocfCot − gt (EE.99)

rertb
G∗

t = αD
(
rertb

G∗

t + bGt

)
(EE.100)

g̃t =
(
g̃rulet

)Irule
(g̃exot )

1−Irule (EE.101)

g̃exot = gξGt (EE.102)

g̃rulet =
(Rt−1 − 1)bGt−1

πtat−1
+

(R∗t−1ξt−1 − 1)rertb
G∗
t−1

π∗t at−1
+ τt (EE.103)

− γD τ̆t + χCo
(
cfCot − γD c̆f

Co

t

)
− s̄BpYt yt

τ̆t = τt − τ̃t (EE.104)

τ̃t =τCt c+ τWt wnh+ τKt
(
rKu− pI (δ + φū (ū))

)
k/a (EE.105)

+ τDt d+ (1− χCo)τCot (cfCo + pICoiCo,f ) + t

c̆f
Co

t = cfCot − c̃f
Co

t (EE.106)

c̃f
Co

t = rertp̃
Co∗
t yCot − pICot iCo,ft (EE.107)
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log
(
p̃Co∗t

)
=

1

40
Et

40∑
i=1

log
(
pCo∗t+i

)
(EE.108)

[
(1− αG) pCG

t + αGp
CG
]

= αCGg̃tξ
CG
t (EE.109)

trGt =

(
1− αCG − αIG −

trUFA

g

)
g̃tξ

TR
t + trUFAt (EE.110)

ωtrNRt = ωG
(
trGt − trUFAt

)
(EE.111)

(1− ω) trRt = (1− ωG)
(
trGt − trUFAt

)
(EE.112)

kGt = (1− δG)
kGt−1

at−1
+

iAGt−NG+1at∏NG

i=1 at+1−i
(EE.113)

iGt = ϕ0i
AG
t +

ϕ1i
AG
t−1

at−1
+

ϕ2i
AG
t−2

at−1at−2
+ . . .+

ϕNG−1i
AG
t−NG+1

at−1at−2 . . . at−NG+1

(EE.114)

(1− αG)Et

NG−1∑
j=0

ϕjp
IG
t+j

+ αGp
IG

 iAGt = αIGEt

NG−1∑
j=0

ϕj
g̃t+j

∏j
i=0 at+i−1

at−1

 ξIGt (EE.115)

pOt =
((
pO
)1−αO (

pOt−1

)αO)ρO (
rertp

O∗

t

)1−ρO
ξOt (EE.116)

from Monetary Policy (2.5):

Rt = (Rt−1)
ρR

[
Rt

(
π̃t
πt

)απ ( yDt
yDt−1

)αy]1−ρR

eRt (EE.117)

π̃t =
[(
πZt
)απZ

(πt)
1−απZ

]1−απE [(
Etπ

Z
t+4

)απZ
(Etπt+4)

1−απZ
]απE

(EE.118)

yDt = yt − xLt − φū (ūt)
kt−1

at−1
− φCoū

(
ūCot

) kCot−1

at−1
(EE.119)

πZt =
pZt
pZt−1

πt (EE.120)

from Unemployment Funds Administrator (2.6):

bUFA
t = τUFA

t wthtnt − (1− nt)ub+ trUFA
t +Rt−1

bUFAt−1

πtat−1
(EE.121)

trUFA
t = tr

UFA
+ εUFA

(
bUFA − bUFA

t

)
(EE.122)

from The Rest of the World (2.7):

rert
rert−1

=
πSt π

∗
t

πt
, (EE.123)

xH∗t =
[
xH∗t−1

]ρXH∗
[
o∗
(
pH∗t

)−η∗
y∗t

]1−ρXH∗
ξXH∗t (EE.124)
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y∗t = atz
∗
t (EE.125)

∇Ht =

(
a

at
∇Ht−1

)1−ΓH

(EE.126)

∇Cot =

(
a

at
∇Cot−1

)1−ΓCo

(EE.127)

πF∗t =
f∗t
f∗t−1

π∗t (EE.128)

1 =

(
π∗

π∗t

)1−Γ∗

(f∗t )
Γ∗
ξ∗t (EE.129)

pCo∗t =

(
π∗

π∗t
pCo∗t−1

)1−ΓCo∗

(f∗t )
ΓCo∗

ξCo∗t (EE.130)

pO∗t =

(
π∗

π∗t
pO∗t−1

)1−ΓO∗

(f∗t )
ΓO∗

ξO∗t (EE.131)

pM∗t =

(
π∗

π∗t
pM∗t−1

)1−ΓM∗

(f∗t )
ΓM∗

ξM∗t (EE.132)

πCo∗t =
pCo∗t

pCo∗t−1

π∗t (EE.133)

πO∗t =
pO∗t
pO∗t−1

π∗t (EE.134)

πM∗t =
pM∗t
pM∗t−1

π∗t (EE.135)

from Aggregation and Market Clearing (2.8):

ct = ωcNR
t + (1− ω) cRt (EE.136)

kt = (1− ω) kRt (EE.137)

kSt = (1− ω) kS,Rt (EE.138)

it = (1− ω) iRt (EE.139)

bPrt = (1− ω) bRt (EE.140)

bPr∗t = (1− ω) bR∗t (EE.141)

dt = (1− ω) dRt (EE.142)
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yHt = xHt (EE.143)

xHt = xZ,Ht + xA,Ht + xCG,Ht + xI,Ht + xICo,Ht + xIG,Ht + xLt , (EE.144)

yFt = xFt (EE.145)

xFt = xZ,Ft + xA,Ft + xCG,Ft + xI,Ft + xICo,Ft + xIG,Ft , (EE.146)

yH∗t = xH∗t (EE.147)

xLt = hCt nt +∇Ht−1Ωvvt (EE.148)

yH̃t = yHt ∆H
t + yH∗t ∆H∗

t (EE.149)

m∗t = yFt ∆F
t (EE.150)

∆H
t = (1− θH)

(
p̃Ht
)−εH

+ θH

(
pHt−1

pHt

gΓH

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))−εH ∆H
t−1 (EE.151)

∆F
t = (1− θF )

(
p̃Ft
)−εF

+ θF

(
pFt−1

pFt

gΓF

t−1

πt

(
1 + τCt

)(
1 + τCt−1

))−εF ∆F
t−1 (EE.152)

∆H∗
t = (1− θH∗)

(
p̃H∗t

)−εH∗
+ θH∗

(
pH∗t−1

pH∗t

gΓH∗

t−1

π∗t

)−εH∗

∆H∗
t−1 (EE.153)

ot = cOt + xOt (EE.154)

yCt = ct + pCG
t cGt + pIt i

f
t + pICot iCo,ft + pIGt iGt + pHt x

L
t (EE.155)

tbt = rert
(
pH∗t yH∗t + pCo∗t yCot − pM∗t m∗t − pO∗ot

)
(EE.156)

yt = ct + cGt + ift + iGt + iCo,ft + xLt + yH∗t + yCot −m∗t − ot (EE.157)

pYt yt = yCt + tbt (EE.158)

dt = pYt yt − rertpCo∗t yCot + ot
(
rertp

O∗
t − pOt

)
− rKt kSt − wtntht − pHt xLt (EE.159)

rert

(
b∗t −

b∗t−1

π∗t at−1

)
= rert

b∗t−1

π∗t at−1

(
R∗t−1ξt−1 − 1

)
+ tbt + rertren

∗
t (EE.160)

ren∗t = (1− ω) renR∗t −
(
1− χCo

) cfCot − τCot (cfCot + pICot iCo,ft )

rert
(EE.161)

renR∗t = renR∗ξrent (EE.162)

bPrt + bGt + bUFA
t = 0 (EE.163)
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The exogenous processes for

Xt =
{
at, R

∗
t , $t, %t, ξ

G
t , ξ

CG
t , $Co

t , ξIGt , ξOt , ξ
∗
t , ξ

Co∗
t , ξM∗t , ξO∗t , πF∗t , ξTRt , ξRENt , ξXH∗t , zt, z

A
t , z

Co
t , ζOt , ζ

U
t , z

∗
t , κt,mt, e

R
t , π̄t

}
are log

(
Xt/X̄

)
= ρX log

(
Xt−1/X̄

)
+ εXt , where the εXt are i.i.d. shocks, ρX ∈ (0, 1) and X̄ > 0. The exogenous

process for ρx follows ρxt − ρ̄x = ρρx
(
ρxt−1 − ρ̄x

)
+ ερ

x

t

In the specification with Calvo wages, we replace equations EE.21, EE.23, EE.24, EE.25, EE.26, EE.72, EE.73,

EE.74, EE.75, EE.76, EE.77, EE.78, EE.79, EE.80, EE.81, EE.82, EE.121 and EE.122 with:

nt = 1

mcWt =
ΘU
t κt∇Ht−1

(
hdt
)φ(

1− τWt
)
wtλUt

hdt = (1− α)

(
wt

mcZ̃t

)−1

yZ̃t

fWt = mcWt w̃
−εW (1+φ)
t hdt +

β

aσ−1
t

θW

×Et

{
%t+1

%t

λUt+1

λUt

(
gΓw

t

πt+1

w̃t
w̃t+1

)−εW (1+φ)(
wt
wt+1

)−1−εW (1+φ)

fWt+1

}

fWt = w̃1−εW
t hdt

(
εW − 1

εW

)
+

β

aσ−1
t

θW

×Et

{
%t+1

%t

λUt+1

λUt

(
gΓw

t

πt+1

w̃t
w̃t+1

)1−εW (
wt
wt+1

)−εW
fWt+1

}

1 = (1− θW )w̃1−εW
t + θW

(
wt−1

wt

gΓw

t−1

πt

)1−εW

gΓw

t =
[
(πt)

ϑπ
(
πZt
)1−ϑπ]ϑW

π1−ϑW

ht = hdt∆
W
t

∆W
t = (1− θW )w̃

−ε
W

t + θ
W

(
gΓW

t−1

πWt

)−εW
∆W
t−1

λUt = ωUλNR
t +

(
1− ωU

)
λRt

ΘU
t ≡ ωUΘNR

t +
(
1− ωU

)
ΘR
t
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xLt = 0

bUFAt = 0

trUFAt = 0

B.2 Steady State

We show how to compute the steady state for given values of h,πS ,pO,pCo,pH , sOC = pOcO/c ,sk
CoyCo =

qCokCo

rer×pCo∗yCo ,siCo = pICoiCo/
(
pY y

)
,sCo = rer × pCo∗yCo/

(
pY y

)
,scg = pCGcG/

(
pY y

)
,sig = pIGiG/

(
pY y

)
,strG =

trG/
(
pY y

)
, stb = tb/

(
pY y

)
, sdef = −s̄B , sCA = rer× b∗

(
1− 1

aπ∗

)
/
(
pY y

)
, u, ρ, sρx = ρx/ρ, sHc = pHhCn/

(
pY y

)
and e and with the parameters R

∗
,π∗,χpO∗,χpCo∗,κ,κO,ub,oKG,zCo,αCo,δCo,αCG,αIG,αT ,o∗,oĈ ,tr

UFA
,renR∗ , ρ,

ρx, v, µC̃ and Ωv determined endogenously, while the values of the remaining parameters are taken as given.

From the exogenous processes for

Xt =
{
at, R

∗
t , $t, %t, ξ

G
t , ξ

CG
t , $Co

t , ξIGt , ξOt , ξ
∗
t , ξ

Co∗
t , ξM∗t , ξO∗t , πF∗t , ξTRt , ξRENt , ξXH∗t , zt, z

A
t , z

Co
t , ζOt , ζ

U
t , z

∗
t , κt,mt, e

R
t , π̄t

}
we have that X = X.

The steady state for the remaining endogenous variables is defined as the set of values for which all equations

below hold. The system of equations is solved numerically. Starting from arbitrary values for utCo, yH∗V A(both defined

below), kG, hC , kS , rK̃ , cO, and xO, we iterate repeatedly through the set of equations until finding a fixed point.35

τL = τW + τUFA (SS.1)

aCo = a (SS.2)

aH = a (SS.3)

∇Co = 1 (SS.4)

∇H = 1 (SS.5)

ΘR
t = 1 (SS.6)

ΘNR
t = 1 (SS.7)

35This is a rather fast process, usually converging after around 25 iterations for a tolerance of 10−8 on the root of the sum squared
differences.
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p̃H = 1 (SS.8)

p̃F = 1 (SS.9)

∆H = (p̃H)−εH (SS.10)

∆F = (p̃H)−εF (SS.11)

mcH =
εH − 1

εH
p̃H (SS.12)

mcF =
εF − 1

εF
p̃F (SS.13)

pH̃ = mcHpH (SS.14)

mcZ̃ =


(
z × pH̃

)1−ηO
− oO

(
pO
)1−ηO

1− oO


1

1−ηO

(SS.15)

π = π̄. (SS.16)

gΓH = π. (SS.17)

gΓF = π. (SS.18)

R = aσπ/β. (SS.19)

p̃H∗ = 1 (SS.20)

∆H∗ =
(
p̃H∗

)−εH∗
(SS.21)

mcH∗ =
εH∗ − 1

εH∗
p̃H∗ (SS.22)

κO = sOC
(
pO
)−ηC

(SS.23)

pA is then obtained numerically from:

1 = (1− κO − κA)

(1− oZ)
(
pH
)1−ηZ

+ oZ

[(
pA
)1−ηA − (1− oA)

(
pH
)1−ηA

oA

] 1−ηZ
1−ηA


1−ηC
1−ηZ

(SS.24)

+ κO
(
pO
)1−ηC

+ κA
(
pA
)1−ηC

pF =

[(
pA
)1−ηA − (1− oA)

(
pH
)1−ηA

oA

] 1
1−ηA

(SS.25)
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pZ =
(

(1− oZ)
(
pH
)1−ηZ

+ oZ
(
pF
)1−ηZ) 1

1−ηZ (SS.26)

rer = mcF pF (SS.27)

pH∗ =
pHmcH

rer ×mcH∗
(SS.28)

pI =
[
(1− oI)

(
pH
)1−ηI

+ oI
(
pF
)1−ηI] 1

1−ηI (SS.29)

pCG =
[
(1− oCG)

(
pH
)1−ηCG

+ oCG
(
pF
)1−ηCG] 1

1−ηCG (SS.30)

pIG =
[
(1− oIG)

(
pH
)1−ηIG

+ oIG
(
pF
)1−ηIG] 1

1−ηIG (SS.31)

pICo =
[
(1− oCo)

(
pH
)1−ηCo

+ oCo
(
pF
)1−ηCo] 1

1−ηCo (SS.32)

f∗ =

(
1

ξ∗

) 1
Γ∗

(SS.33)

pO∗ =
pO

rer

(
ξO
) 1

1−ρO (SS.34)

pCo∗ =
pCo

rer
(SS.35)

ξCo∗ =

(
pCo

∗

f∗

)ΓCo∗

(SS.36)

ξO∗ =

(
pO∗

f∗

)ΓO∗

(SS.37)

λCo =
(
1− τCo

(
1− χCo

))
rer × pCo∗ (SS.38)

u = 1−
log
(
pI
)

Φū
(SS.39)

q =
pI

$
(SS.40)

rK =
q
(
aσ

β − 1 + δ
)
− pIτKδ

(1− τK)
(
ū− pI

Φū
[exp (Φū (ū− 1))− 1]

) (SS.41)

φu =
rK

Φū
[exp (Φū (ū− 1))− 1] (SS.42)

R∗ = aσπ/(βπSξ). (SS.43)

π∗ = π/πS (SS.44)
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πF∗ = π∗ (SS.45)

πCo∗ = π∗ (SS.46)

πO∗ = π∗ (SS.47)

πM∗ = π∗ (SS.48)

pM∗ =
(
ξM∗

) 1

ΓM∗ f∗ (SS.49)

n = 1− u (SS.50)

ρx = sρxρ (SS.51)

ρn =
ρ− ρx

1− ρx
(SS.52)

µc̃ = log

[
hC (1− ρn)

Φ (Φ−1 (1− ρn)− σc̃)∇H

]
− σ2

c̃

2
(SS.53)

c = exp
(
σc̃Φ

−1 (1− ρn) + µc̃
)

(SS.54)

v =
nρ

e (1− ρ)
(SS.55)

m = e
( v
u

)µ
(SS.56)

s = m
( v
u

)1−µ
(SS.57)

oKG =
kG

kS + kG
(SS.58)

k̃ =

[
(1− oKG)

1
ηKG

(
kS
) ηKG−1

ηKG + oKG

1
ηKG

(
kG/a

) ηKG−1

ηKG

] ηKG
ηKG−1

(SS.59)

k =
kSa

u
(SS.60)

i = k

(
1− (1− δ)/a

$

)
(SS.61)

yZ̃ =
(
k̃
)α (

a∇Hnh
)1−α

(SS.62)

yH̃ = z

[
(1− oO)

1
ηO

(
yZ̃
) ηO−1

ηO + oO
1
ηO

(
xO
) ηO−1

ηO

] ηO
ηO−1

(SS.63)

γW = aπ (SS.64)
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w =
1

h

a1−σβ(1− ρ) pH
(
∇Hc− hC

)
+mcZ̃ (1− α) y

Z̃

n
− pH∇Hc

 (SS.65)

wn = w (SS.66)

Ωv
=

e

∇HpH

[
wh+∇HpHc−mcZ̃ (1− α)

yZ̃

n

]
(SS.67)

xL = hCn+∇HΩvv (SS.68)

ΨUκ =
mcZ̃ (1− α)

2 yZ̃

n

h
1

1+φ

(1−τL)
(∇H)

1−σ
(SS.69)

ub = (1−τL)
(1−ϕU )

[
wnh− ϕU

(
mcZ̃ (1− α) y
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Ĉ

−1

η
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) 1
η
Ĉ
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1
η
Ĉ
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Ĉ

−1

(SS.160)

λR =

(
ĉR
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ĉR

cR − ς cRa

) 1
η
Ĉ
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ĉR
)σ

(SS.163)

χ̃NR =
(
∇H

)−σ (
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