DOCUMENTOS DE TRABAJO

XMas: An extended model for analysis and
simulations

Benjamin Garcia
Sebastian Guarda
Markus Kirchner
Rodrigo Tranamil

N° 833 Mayo 2019

BANCO CENTRAL DE CHILE




BANCO CENTRAL DE CHILE

CENTRAL BANK OF CHILE

La serie Documentos de Trabajo es una publicacion del Banco Central de Chile que divulga
los trabajos de investigacion econdmica realizados por profesionales de esta institucion o
encargados por ella a terceros. El objetivo de la serie es aportar al debate temas relevantes y
presentar nuevos enfoques en el analisis de los mismos. La difusion de los Documentos de
Trabajo sélo intenta facilitar el intercambio de ideas y dar a conocer investigaciones, con
caracter preliminar, para su discusion y comentarios.

La publicacion de los Documentos de Trabajo no est4 sujeta a la aprobacion previa de los
miembros del Consejo del Banco Central de Chile. Tanto el contenido de los Documentos
de Trabajo como también los analisis y conclusiones que de ellos se deriven, son de
exclusiva responsabilidad de su o sus autores y no reflejan necesariamente la opinion del
Banco Central de Chile o de sus Consejeros.

The Working Papers series of the Central Bank of Chile disseminates economic research
conducted by Central Bank staff or third parties under the sponsorship of the Bank. The
purpose of the series is to contribute to the discussion of relevant issues and develop new
analytical or empirical approaches in their analyses. The only aim of the Working Papers is
to disseminate preliminary research for its discussion and comments.

Publication of Working Papers is not subject to previous approval by the members of the
Board of the Central Bank. The views and conclusions presented in the papers are
exclusively those of the author(s) and do not necessarily reflect the position of the Central
Bank of Chile or of the Board members.

Documentos de Trabajo del Banco Central de Chile
Working Papers of the Central Bank of Chile
Agustinas 1180, Santiago, Chile
Teléfono: (56-2) 3882475; Fax: (56-2) 3882231



Documento de Trabajo Working Paper
N° 833 N° 833

XMAS: An extended model for analysis and simulations *

Benjamin Garcia Sebastian Guarda Markus Kirchner Rodrigo Tranamil
Central Bank of Chile  Central Bank of Chile Central Bank of Chile  Universitat Pompeu Fabra

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 dindmico-estocastico de
equilibrio general (DSGE) mas reciente del Banco Central de Chile. Es usado para proyecciones
macroeconémicas y analisis de politica monetaria. En linea con los nuevos desarrollos en la
modelacion de economias pequefias y abiertas, en particular, de paises emergentes y exportadores de
commodities como Chile, el modelo considera varias caracteristicas adicionales. Estas extensiones
incluyen la modelacion de dinamicas inflacionarias no-subyacentes, un sector de commodity con
inversion y produccion enddégena, un mercado laboral con fricciones de busqueda que posibilita
variaciones del factor trabajo tanto en sus margenes intensivo como extensivo, un blogue fiscal
extendido, ademas de shocks adicionales y otras fricciones nominales y reales. Estas caracteristicas
posibilitan un andlisis mas granular y proyecciones mas completas de la economia 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 & 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



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.! 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), Garcia-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

IFor 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).



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 w and 1 —w
respectively. Each type of household has identical asset endowments and identical preferences. Instantaneous utility
in period t = {0,1,2,...} depends on consumption (a) and the number of hours worked (h;) by the household’s
employed members (n;). 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 (C7) and government consumption (CS):
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Where and C'g denotes average consumption across households of type j (with C’g = C'g in equilibrium), and
1>¢>02

Expected discounted utility of a representative household® of type j € {R, NR} is given by*

S g L o(ai \'7° j :
By Bouts L_U (¢..) - nt+sét+s} . Jc{RNR) (1)
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Where ¢ = Ok, (AtH_ 1)1 i s the disutility of work of an employed household member®, g, is an exogenous

1+¢

preference shock, k; is an exogenous disutility shock (common to all households), 8 € (0,1), ¢ > 0, & > 0, and ¢ > 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:Ug =/ Ut] (%) di.

4The variable AT (with aff = A7 /AH |) is a non-stationary technology disturbance in home goods, and A¢ (with ay = A;/A¢—1) is
its global counterpart, see below.

5By assumption, unemployed members do not derive any labor related disutility.



As in Gali et al. (2012) we introduce the variable ©] as an endogenous preference shifter that satisfies®
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The employed members of the representative household earn a total real wage of Wihin;, where W; denote the
hourly wage of employed members. Each one of the unemployed members earn UB; = A;_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 7" R{.
Households pay lump sum taxes in amount of th , a tax rate of 7¥ over the purchase of consumption goods, and
a tax rate of 7% on their labor income. The labor tax is composed by a general wage tax and a forced contribution
L —

to an unemployment insurance fund (i.e 7% = 7V + 7,V). 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
(BE) and by trading foreign currency bonds (BF*) with foreign agents, both being non-state contingent assets. They
also purchase an investment good, (IF) which determines their physical capital stock for next period (K/[), and
receive dividends(D/?) from the ownership of domestic firms as well as rents(REN{"*) due to ownership of firms
abroad (the latter are assumed to evolve stochastically according to renf** = Fen®*¢r*" where ren’™ > 0 and £"
is an exogenous process). They pay a tax rate of 7 on dividends and 7/ on capital income.

Let ¢, rf and rX denote the gross real returns on Bf* |, B[*, and Kts H respectively, and let rery 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 KtS ’R) used in the production of goods, and physical units of
capital (KF), 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 u;
chosen by the households, where

KPP = K[ (2)

We follow Christiano et al. (2011) by introducing ¢y (@) K;—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.



the same structure as in Garcia-Cicco et al. (2015):
bq (U) = — (e%(m—l) - 1) (3)

Where the parameter ®; = ¢ (1)/¢5(1) > 0 governs the importance of these utilization costs. The physical capital

stock evolves according to the law of motion:
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With depreciation rate ¢ € (0,1], where w; is an investment shock that captures changes in the efficiency of the

investment process (see Justiniano et al., 2011), ItR denotes capital augmenting investment expenditures, and
R R — R R 2 . . . . . 1/

or (IF/1E ) = (®1/2) (If /I, — a) are convex investment adjustment costs with elasticity ®; = ¢7(a) > 0.

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

(BE +rer,Bf*) — (B, +reryBf")) = reryREN[™ + TR} + (1 — t1YWihyny + (1 — ny) UB,
+(re —1) B + (rf =) rery B + (1 — 7°)Df?
+K 2 [rfa (L=75) + 7/5pf (6 + éa (wy))]

—(L+7)CF —pf (If + K[ ¢ (wy)) — T (5)

The household chooses CF, IF, KE BE BE* and i; to maximize (1) subject to (2)-(5), taking r¢, 7}, rX | rery,
TE, RENf”*7 TRE, DI and CF as given. This intertemporal decision problem is associated with the following

Lagrangian:
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Where A denotes the Lagrange multiplier associated with the budget constraint and Af*q; denotes the multiplier



associated with the law of motion for capital. The corresponding first-order optimality conditions are:
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Notice that from (3) and (12), we can express the optimal utilization rate as a function with a standard deviation

inversely proportional to ®;:
K
log 2k ) — log (pf)

i (13)

U =1+

The nominal interest rates are implicitly defined as

ry = Ry (7715)717

o P\ 1+7f
b (Ptl) 1+72,
rio= Ri&ea(m)
T Pt*
! Pt*fl

Where 7; and 7} 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 (&) is given by :

LAl
Y
i_‘

Y >0,

B B* b* CO _ CO CU _ CU
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Where Qto and ¢ are respectively observed and unobserved exogenous shocks to the country premium, and
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} evolves exogenously, whereas the domestic central bank sets R;.

The country net asset position(Bj), is composed of private(BtP T*) and government (BtG *) net foreign asset holdings:



2.1.2 Non-Ricardian Households

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

(1 +79)CNE = (1 — 7FYWhyny + (1 — ny) UB, + TRN? — TNE (14)

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

(1 — 7F)Wihyny + (1 — ng) UB, + TR

-~ 1—0o s
LR = L (CR) T - O ik (AFL)' TR 4 ANE
I (14 70O

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 Bosca 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

Hul!, gives the

of hours and have the same probability of being employed. The matching function, M; = mtvtl -
number of new employment relationships which are productive in period ¢ 4+ 1. The variable u; is the number of
unemployed workers searching for a job, v; is the number of vacancies posted by the firms, and m; is the stochastic
match efficiency at time ¢. p is the match elasticity parameter. At the beginning of each period, a fraction pf of
employment relationships is assumed to terminate exogenously. After this and before production starts, the surviving
workers may separate endogenously at rate p;’. This occurs if the worker “s operating cost ¢, is greater than an
endogenously determined threshold ¢;. 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 p}! = P(¢; > ¢) =1 — F(¢;). The evolution of employment is

given by ns = (1 — pt) [ne—1 + My.1] where p; is the total separation rate which is given by p: = pf + (1 — pf)p}.



Normalizing the total population of workers to 1, we have that n; = 1 — u;. The probability that a searching worker
is matched to a new job at the end of period ¢ is s; = M;/uy, and the probability that a firm fills a vacancy is
et = My /v;. The number of vacancies posted, as well as the job termination threshold ¢ 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}/ﬁ ), with oil and a core wholesale good (Ytz )
(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 (Y7 (5)Y,/7*(4))
and a third set turns imported goods into the differentiated varieties of the foreign good (Y;¥(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,7,Y,7* YV,F"). 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, C#,C;*,CY) and investment (private, government
and commodity, Itf JIE ,ItC o ), and another that bundles the core and agricultural goods with oil to produce a final
consumption good for the households (C). And finally, a competitive representative firm produces commodity
goods for export (Y,“°) using only sector-specific capital. The different types of final goods are purchased by the

1°°7). All firms are owned by

houscholds (Cy, I} ), the government (C¢, I€) and the commodity exporting firm (
the Ricardian households, with the exception of the commodity-exporting firm that is owned by the government and

foreign agents.
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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 X,;I - and XtJ  in order to produce core (C#), agricultural (C{!) and government (C) consumption
goods, and private (I/ = I, + ¢q (i) K;—1), commodity (IC°F = 10 4 ¢Co (af®) K£9), and government (I7)

investment goods, where J € {C’Z, CY, 17, 1601, IG}. The respective CES technologies are given by:
nc

1,( 1 ng—1 1 77(1—1:| no—1

Cy = {(1 — Ko — Ka)TC (c7) e (CO) +ry (CF) e

(15)

- 1T
J, = [(1_0”% (XJH) fu w (XJF) {ull 7 (16)

With ko,ka,05 € [0,1], ko +ka < 1 and nc,ny > 0. Let p/ p®, pF and p!f” 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 p{ = 1). Subject to the technology constraints (15), (16), and (24), the firms maximize their profits
IIC = C, —pZCZ —pPCP —pACH and 1T = pl J, — pE X — pF X ¥ over the input demands taking the respective

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

o
c—1 -1 ,,C 17 7o—1

(1-ko-— KA)"C (C’Z) ic + li"c (C'O) i (CA)

7 a5 oA
Cr.Cr.Ci —p CZ —p CO —p CA
t t t
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The first-order conditions determining the optimal input demands are

C?f = (1—kro—ra)(?) " C (17)
c? = ko) "C (18)
ct o= ka(p) " (19)
pH —NnJ
XM = (1-oy) (t,) Ji (20)
Dy
pF —NnJ
XM = o (3) J; (21)
P

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

1= (1—ro—ra) (P7) " 450 (02) " +ra ()" (22)

ol = [(L=o0n) (1) + 01 ()] 23)

Showing that the firm earns zero profits in each period:

Iy = G, —pf Cf —pf CY —piiCi
=G, [1 — (1 —ro—ra) (7)) " = ko (00) " = ka (Pf)linc}
=0

1/ =plJ, — /' XM — p X
=7 0!)" ()T = (= 0) ()T =0 (0F) 7]

=0

Similar to Medina and Soto (2007), the technology for the agricultural consumption good has an additional stochastic
disturbance z{* 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:

n4
ng—1 1 ¢,A1‘| na—1

i =t - ot () 5T o ()

11
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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 X' (5), X (j) and X*"(j), and combines them in order to produce composite foreign (Y;"), composite
home(Y;), and exportable(YtH*) goods. With J = {F, H, H+} the CES technologies that transform inputs X (j)

into the respective outputs Y,” are given by:

v [ wata] T e (29)
0

Let P/ (j) denote the price of the good of variety j. Subject to the technology constraint (28), the firm maximizes
its profits I/ = P/Y,” — fol P/ (5)X/(j)dj over the input demands taking the relative prices as given. That is, the

firm solves the following optimization problem:

w477 | [ xt 5 0] - [ oG dora
X7 () 0 0

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

PJ . —€J
X/ () = (;ff)) Y, for all j. (29)
t

Substituting (29) into (28) yields

ej—1

05 = [T a- 0 [ (D) g

Or

()
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Showing that the firm earns zero profits in each period:

1
= ply - /O B ()X} ()dj = P/,

1—/01 <Pi)tgj)>lq dj] = 0.

According to (30) the price level P} satisfies

J

P’ = [/01 Pt"(j)lwdj] o (31)

2.3.3 Differentiated Varieties

Two sets of monopolistically competitive firms demand home wholesale goods in quantities X tH and Xﬁ *_ respectively,
and differentiate them into domestically sold (home) and exportable varieties, Y, (j) and Y,/I* (j). It takes one
unit of the input good to produce one unit of variety j, such that fol YH(j)dj = XE and fol YH*(j)dj = XF*.
Another set of monopolistically competitive importing firms demands a quantity M;" of an imported good at the
price PM* and differentiates it into varieties Y,I" (j) that are sold domestically, such that fol Y,F(j)dj = M. 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 (V" (j) and Y, (j)) are invoiced in local currency, while exported varieties
(Y,H* (4)), 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*, H }and JY = {F, H}, the
nominal marginal cost in terms of the associated composite good price is P,/ v mef N (7). As every firm buys their inputs
from the same market of homogeneous goods, they all face the same marginal cost: P; ymci’ v () =P/ v me] = P/ *
for all 5.7 In the case of imported goods, PM = S, PM* where S; is the nominal exchange rate, implicitly defined by
rer; = Sy P}/ P;. Given marginal costs, the firm producing variety j chooses its price P/ v (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 — 6 ;v , 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 ¢ ;v € [0,1] and 1 — ¥ v. A firm reoptimizing in period ¢ will
choose the price }557 v (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: x¢.¢4s = 6S(gt+s/gt)(Af+s/Af) (Pt(l + 7)Y/ Pras(1 + TtCJrs)), for s > 0. A reoptimizing firm producing J

Y X Y
"Therefore mci’ = Pt‘] / Pt‘] is the real marginal cost of these firms, in terms of the associated composite goods.
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with inputs JX therefore solves

s ) ~ Y Y X Y .
Pf?}?«z{‘) Ey Z 0%y Xt t+s (PtJ (])FtJ,s - Pt{%s) Y;:is (),
t J s=0

PJY( ,)FJY —€5y7

Y t,s Y

s.t. Y{J]rs( ) = (PJY }/tis’
t+s

JxX _ pJ¥, J¥Y
P/ =P mc;

o In , pz c 1-9,79Y
where Fi]; = |:<Pt+s—1(1+7't+s—1)> (Pf+< 1(1+'r,1_*_s_1)) :|

(1,19‘])/)3 . . . .
P+ ) PZ (470 ) T is an indexation variable defined as a

weighted average between past CPI, past core, and steady state inflation that satisfies FJ o0 =1 FJ Y= Ft e 10r j:s 1

Y sy —0 .
and F;{S+1 =gr’ Fi]+1,s- Here g7, = [(Wt“)ﬂ” (7rtz+s)1 ”} 7l=%v for s > 1 is the gross growth rate of the

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

l—e,y - €;
max Et ZGJYXt t+s [ <j>1_6JY <F2],}s/> T— PtJy (j)_eJY (Fi}s/) Pt{ksmct+5:| (Pti);) Y;ELJ]r);

The first-order condition determining the optimal price is given by®
o s 57\ Y T L\ T JY JY
Ey Z 0%y Xt t+s (—€gv) (Pt ) (Ft,s ) Pt+5mct+s (Pt+é) Yits
s=0

> ~ Y\ €Y v\ 1l-€;v Y Y
= E Y 0 xurs(1—epv) (PtJ ) ’ (FZ{S) ’ (Pt{‘rs’) "y
s=0

or, multiplying by ]55] v /P’ " and dividing by —e ;v on both sides:

&)
~ Y\ T&5Y Y\ €Y v\ —1 Y Y Y\ €Y Y
Et Z 93"’ Xt,t+s (PtJ ) (Fg,s ) (PtJ ) Ptismcg%»s (Pti»s> Y—t{rs

s=0

ad s ~ Y l1—e;v gy l—e;v gy -1 gy €Y gy €Ejy — 1
= E; Zejyxt,t+s (Pt ) (Ft,s> (Pt ) (PtJrs) Yt+s T :

s=0

Letting py Y= ]5{] v /P " denote the optimal price in terms of the corresponding composite good price and defining

also py Y= P/ v /P, the first-order condition can be re-written in recursive form as follows:

JY1 _ pJ¥2 _ pJY
Ft _Ft _Ft ’

8By symmetry, the optimal price is identical across firms, i.e., P{JY () = thY for all j.
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s AR P, (1 + TC) ~ Y Y\ T€5Y v\ 1 Y Y Y\ €57 Y
t tZ( Jv) o AF Pt+3(1+7-tc—;-s) y () t, t t+ t+ t+ t+

~ v\ —€;Y ~ v\ —€;Y v\ —1
_(H ’ mel Y+ 80,y By 2 Afy, +7) P ngY Z?tJ (P FI1
Ptjy t t J o Afi (1 I th_;_]_) Pt+l t Pt{:/l t+1 )

5 v\ TY Y C —lmey
N e vty pi_(1+7) B
— D; ; fi JY Ly 0 AR T ~JY JY (1+ C) t+1 )
t t t+1 Py Pia Tt

i AR P, (1 + TC) ~ov\ =€,y v\ 1l=€;v v\ —1 v €Y vy [€5v — 1
FJY2 — E 0 s Ot+s its t t (PJ ) (FJ ) (PJ (PJ ) YJ ( J ) ,
t t Z(ﬁ Jv) or AR Po,(+70y) t t,s t ) t+s t+s <

~ l1—e,vy ~ v\ l—€;v v\ —1
PJY 7 Y GJY*]. Qt_;,_lAR (1+7’C) Pt gy PJ 7 PJ Y
() () [t (5 ()

€J A (T+754) Pin Pt{FYI Pl

1—e

JY ;v JY Y —€;Y
(e v (e = 1 0.5 12t Ay (g B p! (1+751) ! a2
= |\pt t + B0,y E, NG — v v T O\ t+1
€jy Ot t ﬂ-t-‘rl pt+1 pt+1 (1 + Tt )

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

level P/ ¥ evolves as follows:

Y\ 1Ty ! JY (Nl—€ v 1: AR 7Y Y ;
(Pt ) = PGy rdj = (1—0,v) (Pt ) + o (0 9i—1 Pi—1(7) dj,
0 Y (¢

B 1—e Sy 176Jy
= (1-0,) (PtJy) " +6v (97{—]1 PtJ—Y1> .

o e qe . JY 176JY .
Dividing both sides by (Pt ) yields

'Y lfﬁlly
Pi]fl 9{7]1 (1+ th)
PZIY Tt (1 + th—l)

L= =) (37) 7 o

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 ¢ — 1, though with total mass reduced to 6 v.

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 S; PH*mcH* (7).

As every firm buys their inputs from the same market of homogeneous goods, they all face the same marginal
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costs: Sy PH*mcH*(j) = S PH*mcl* = PtH for all j. Given marginal costs, the firm producing variety j chooses
its price PH*(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 — 0y, 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
Yps € [0,1] and 1 — 9. A firm reoptimizing in period ¢ will choose the price P/7*(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:

Xiits = B(0ets/00) (AL /AT (Pe(1 + 7))/ Prys (1 + 75.,)) (Stq5/St), for s > 0. A reoptimizing firm therefore

solves
= SH H Ptli H
max E; Y 03.x; Prr(HTy s — S 1Y),
PtH*(j) ; HxAtt+s t ( ) t,s St+s t+s( )
ZSH*(]-)FH* TEH=
H . t t,s H
st YL() = <PH* Y,
t+s
PH = 8, PH*mel,
Hx __ Pt*+s—1 Ve \(1—=H«)s - . . : . Hx __ Hx _ 1 Hx rH=*
where I';'S = ( 5= () is an indexation variable that satisfies I';’f = 1 and I';’) = '/’ 195, 4
’ t—1 ’ s 5

. * 0 H « — . . e c . . .
with g%fs = (w;‘ H) " (77*)1 Vi for s > 1. Substituting out the demand constraint in the objective function yields

)

* DHx/ \1— s\ L —€Hx DHx -\ — x\ T E€H=* * * * * *
PIE?();)Et E O Xt e+ [PtH (j)'—en (Ffs) A — Pl (j)—en- (FES) H Pgsmcﬁs} (Pﬁs)EH Y;Iis
(Y s=0

The first-order condition determining the optimal price is given by®

o0
~ —egx—1 _
s * Hx Hx\ ~¢H* pHx Hx* Hx\€H* v, Hx*
E; Z 9H*Xt,t+s (—€ms) (Pt ) (Ft,s ) Prsmel’ (Pt+s) Y
s=0

- D TEHx TEH=x *| CH* *
= FE; ZQE*X;Hs(l — €Hx) (PtH*) (ng*)l " (Ptjj»s) " Ytilsv
s=0

or, multiplying by ptH */PH* and dividing by —eg. on both sides:
oo
3 * HH x TCH= Hx\ —€H=x Hx\ 1 pHx Hx Hx\€H=* Hx
B, Za;{*xt,t+8 (Pt ) (Ft,s) " (Pt ) Prsme (PtJrs) " Yiis
s=0

oo ~ l1—€emgx S *\ — %\ €H = % *—1
— B O, (B) () ey (el v (),
s=0 *

9By symmetry, the optimal price is identical across firms, i.e., ﬁtH*(j) = PtH* for all j.
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Letting pii* = PtH */PH* denote the optimal price in terms of the corresponding composite good price and defining
also pf* = PH* /Py, the first-order condition can be re-written in recursive form as follows:
H=x1 H 2 H
Fiv =FQ :FH:;’
where
i AR P, (1 =+ TC) S, ~ TCH=x —€ -1 €
FHs1L _ g 0 s Ot+s Nits t t t+s (PH*) [H*\"H (pHx PHr et (pH* )=y Hx
t t ;)( H+3) oo AR P (1+ Tﬁs) S, t ( t,s) ( t ) t+sMCt4s ( t+s) t+s
= H % —€Hx = H % —€Hx —1
_ PtH mcH*yH* + ﬁeH Et Ot+1 Aﬁ-l Pt(]- + TtC) St+1 gFH* PtH (PtH*> FHail
= * t Ty * t SHr " t+ )
pH o A Pi(1+ th-;-l) Sy PtlL PtIL
R DH* S\ TH o Hao\ T loens
~Hx\ —€H= Hsy,Hx* Ot41 At+1 rervi1 [ 9 Pt by Hxl
= (p me, 'Y, 4 B0y By e < » ) F, ,
( ' ) b ' or Aff rer Ty pg-l Pfil o
and
oo R C 1—e¢ —
* Ot+s At+s Pt(1+Tt ) St+8 > H * Hx Hx\1—€mx Hx\ 1 Hx\€Hx v Hx [ €Hx* 1
FI2 — B, S (04.8)° (P ) r P P yHe (ST 1)
t t;( H*B) o0t A? Pt+s(1 +7-tc_;.s) St t ( t,s ) ( t ) ( t+s) t+s €I

~ l—€m« ~ l—€m« 1
PH* . (€me—1 AR, PO+1E) S . PH* PH* .
( t > Ytlj-s ( H > 4 0. 8E, Ot+1 41 i ( ) t+1 g{ t ( t > Fti{lz

PtH* €M« 0t A? Pt+1(1+7-tc_;.1) St Pﬁr’i Pt}ili-ﬂ]i

1—€m« _
R = g H €H *
_ (sHw\ e o [(€Hx — 1 o Afreri (g0 BT P Hx2
— () Y; + 0. BE R P T i
€Hx or A rery Tiy1 Praa1

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

level PT* evolves as follows:

Hy1—€mx ! H( N\l—exu 1 ~ 1—€mx TH* “Hu . l—ems
(Pt ) = ) P() “dj = (1—0n) (Pt ) + FHe(1) (gt—l Pt—l(])) dj,
*(t

l—€emx«

~ 1—€mx *
= (1-—0g.) (PtH*> + 0. (gtF—Hl Pfﬁ)

Dividing both sides by (PH*)'™"" yields

pH* gFH* l—emg«
~H* l—emy« _ —
1=(1-0g.) (p) ”+0H*<tHj “) .

%
Y2 Ty

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

period ¢ corresponds to the distribution of effective prices in period ¢ — 1, though with total mass reduced to ..
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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.

n0
no—1 no—1 | 701

Y =2, [(1 —00)70 (XtZ) "0 4 ogTe (XO) 70 L 00 € (0,1), 7o >0 (32)

Where z; is an exogenous stationary shock, XtO is the amount of oil used as an intermediate input, and XtZ is the
demand for the core (non-oil) productive input Y;Z , a composite of labor and capital produced using a Cobb-Douglas

technology:

vZ = (f@" (Afn,n))' ™, ae(0,1), (33)

Where Af (with aff = A’/ | ) is a non-stationary labor-augmenting technology disturbance. Similar to Coenen
et al. (2012, 2013), INQ, the capital good used in the production of the homogeneous good, is a CES composite

between private and public capital:

nKG
ngg=1 nkG=1 | ngg—1

o — _ o S\ Tnka T G nKG
K; = |(1 — ogg)"xa (Kt ) + o KG (Kt—l) , oka € (0,1), nkag >0 (34)

Denote ¢i as worker i’s operating cost for the firm. Recall that when this cost is too high (¢; > &), production

does not take place. Then, the average operating cost per worker is given by HS = A | OE t e dgg‘)). The threshold

value ¢; is optimally decided by the firm in each period. There is a posting cost per vacancy identical for all
firms with the form Q, = A® Q,, where Q, is a constant. We allow Htc and €); to grow proportionately with the
productivity trend AL 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

ng = (1= pe)(ne—1 +er—1v4-1) (35)

Since today’s choice of v; 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 Zf% |, = 8°(0e4s/0¢) (AfL,/A]), for s > 0. The wholesale firm chooses how much capital

services and oil to use (K7, X?) , and how much labor to hire and fire (vs, n¢, ;) subject to (32), (33), (34) and

18



(35). Hence, the firm’s problem is

H yH H 77C
= —R pt—‘,—s}/t-i-s - Wt—&-snt-i-sht-',-s - pt-‘,—sHt-‘,-snt-i-s
KS.XO o my B2 Sties H K 708 0 yoO
s sVt Mt ,Ct —
X 5=0 P s Qs Vs — T Kids — P Xids
"0

i AN Loyt |7
s.t. Y," =2z [(1—00p)70 (Xt ) + o0pm0 (Xt ) 70

xf =v? = (K" (Affnen)' ™"

nKG
ngg—1 1 ngg—1 ] MKG—1

R = |(1= o) (K2) 5 + oo (168,) %7

ne = (1 — pe)(ne—1 +er—1v4-1)

Where pr and p¢ are the prices of Y;ﬁ and X? in terms of the final consumption good, respectively. The second
constraint follows from the fact that as the only use of YtZ is to satisfy the demand from (32), the market clearing
condition requires XtZ = YtZ .

Given the constraints outlined above, the problem for the firm can be separated in two parts: the cost minimizing
production of YtZ (choosing n¢,vs, & and K;%) and the profit maximizing production of Ytﬁ (choosing YtZ and X©).

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

o0
: =R H 15C H K 18
Ksmm ) E, E Eiits [Wt+5nt+sht+s + iy s Hyy gMers + Dy o QiqsVegs + rt—i—sKt—i-s]
£ Ut Nt,Ct s=0

st YE = (K (Affnh) '

ng = (1—pe)(ne—1 +er—1vi-1)
The Lagrangian for this minimization problem is

H 17C H K 78
Witsneyshits + piy o Hig snits + Do svirs + 13 K
o0

yZ =R 5 ~ @ 1-a
Ly = E Z Sttts +mCtZ+s (Yti - (Kt+5) (Atf{ks”tﬂhtﬂ) )
s=0

+Tt+s (ntJrs - (1 - pt+s)(nt+sfl + et+sflvt+871))

Where mth denotes the multiplier on the technology constraint (i.e. real marginal cost of Y;Z in terms of the final
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good), and T, denotes the multiplier on firm’s workforce. The first-order conditions are

=\ -1

. rK ~
K? :Kt:a< tz> \ 44 (36)

mc;

i a

Ve i = EZr (1= peg1) Yoy (37)
Z YtZ H rC R
g Tt = mcy (1 — Oé) Tt - Wtht — Dt Ht + EtE‘t,t-i-l(l — Pt+1) Tt+1 (38)
_ Tt 8pt 8Wt aHtC H
: — =—h — 39

“ 1-— Pt 8@ ¢ 6Et %t bt ( )

Where rtf{ , the cost of acquiring an additional unit of f(t, is defined as

~ N\ —1 L
’[“tl? _ rt]( aKt _ rt]( K{SS _ KG
0K} (1—-oke) K,

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

H
Py pr Qi1

_ =R 7z vZ H e}
= Et“t,tJrl (1= piy1) meiyq (1—a) = = Wiihep *pt+1Ht+1 + Cert

et N1
Firms post vacancies to expand employment until the effective cost of posting an additional vacancy (pf € /e;)
equals the expected marginal product of an additional worker (mthJr1 (1-a) Ytil /Mt41) minus the wage payment
to that worker (Wi41hs41) minus the average operating cost of the firm (pfl | HS, ;) plus its expected return of next

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

period t + 1 with probability 1 — py41.

Combining (37), (38), (39), and using the fact that (1 — p¥) /(1 — pt) = 1/F(¢;), we can get the job destruction

condition:?

5 H

_ vZ P S

prAfl_lét = mth (1 — Oé) o Wtht + —
Ty €t

This expression defines the critical threshold ¢; above which jobs are separated.
In the second stage, firms maximize the profits from producing Ytﬁ as if Y;Z 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:

12}

c c _
oWy a}éi = A (Et Ay ) f(Ct) were calculated using the Leibniz’s rule for

10Derivatives Gt = 0, 922 = —(1 — pf)f(e) and

differentiation under the integral sign.

—at ) 7@
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o
no—1 np—1] 101

max pfz [(1 — oo)"% (th) "o +Oo’%0 (X?) "o ] - p X7 _mCtZXt
X7 X9

\\l}

The optimal demands for X7 and X© are then given by

) meZ\ 0
x7 =<zt>"°1<1—oo>< ,;) v/ (40)
2
o —no B
X9 = ()" 00 (;) v (41)
t

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

consumption good:
1
1-npo

I th [(1 — o) (mctz)l_no +ao (Pto)l_no] (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 (n;) and the
operating cost associated with each one of those workers (Eft) 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.

5 2 12 ™5

(1= vy QLN o BTN g 0¥ et (- a)’
U, —0o
AR (1 —7f) ANE(1—7F) OhsOny (?ifg) (Aﬁl)l
Where UV = (1 - wU) %}i + wU—i)gj: and wY is the weight given to the non Ricardian members by the union.
t t

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 (W;*) 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 [ng log SY + (1-— gaU) logStF]
t
where SY is the union’s surplus, S} is the firm’s surplus, and ¢V € (0, 1) is the union’s relative bargaining power.
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The first-order condition are

oSV
oWy

F
:_(1_SOU)SUaSt

th :SOUStF t OwWn
t

(43)

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

S =(1-w") 8 + VSN

For a member of type-i household, with ¢ = {R, NR}, the union’s surplus (St’ ’U) is defined as the difference between
the value of being employed (th E) and the value of being unemployed (VZ ’U). 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:

1—0 (h)1t?

i E g CHE (Af—l) 1+¢ —i i E iU
Vit =1 =7 )Why — Al + ErZy g [(1 —per1) Vi + /)t+1Vt+1]
i

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 s; (1 — ps+1) plus the discounted continuation

value of remaining unemployed:
iU i i, E iU
Vi" =UBi+ EEq e (1= peg) Vi + (1= 50 (1= peya)) Vt+1:|
Hence, the type-i household’s surplus is

iU _ B iU
St - Vt - Vt

_ non  Oike(AfL) T () e — i\ E iU
= (1- TtL)Wt hi — ( A§1()1+</>) —UB: + (1 —s1) Et‘:‘t,t-H (1= pry1) {thi-l - Vt—,i-l}

Finally, the union’s surplus is given by

S = (1-w") 8P +ulsY

n OF K, (AF V' 77 (Rt - R.E R,U
(1-w") <(1 — ) Wihy — ( Agl()1+¢) —UB;+ (1= s¢) BiEfY 41 (1= pesr) {VtJrl —Vith }
- pp ON PR (AIL)' () -
+wV ((1 —TEYWr Ry — (sz'Rl()Haﬁ) S —UB,+(1—s) EENEL (1~ pir) [v{i’f’E - v{i’f’UD
— 1—o (RB™)1t¢ _
= (1 — TtL)thht — \D?K,t (Aﬁl) ( il(]ﬁ — UBt + (1 — St) Et:‘gt#»l (1 — pt+1) 81‘/[{%1
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Where E/t = 3%(014s/0¢) (AN /ANT) and the union’s discount factor Y, is implicitly defined by

_ — R,E R,U
E? = Et:gwl (1= pts1) Stqu = (1 - WU) Et:5t+1 (1= piy1) [VtJrl - Vt+1 }

U =NR NR,E NR,U
+tw Et“t,t-ﬁ—l (1= pey1) |:Vt+1 Vit } .

Where ¥ = A; 107 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 (V) and a filled job (V). The value of a filled job by a worker with known operational costs of ¢
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:

Z

~ . Y, . o
Vi (@) =mef (1 - a) #t = Withe = pit AfLy @+ BE o [(1 = pern) Vi + pera Vi)

Integrating over the density function of ¢; over the relevant interval we obtain the average value of a filled job V;/

. dF(G 5 v/Z “ _dF(G _
vli=1[ V@) Et) =me; (1—a) == - W/h; — Pf{Aﬁ1/ Ct Et) + EEL 0 (1= prp) Vi + pe V]
0 F(e) ny o F(@)

e —~ dF(Et) A YZ n —_
v/ :/O Vi (@) =mc; (1 — o) # —Wihe — pf HE + EEF, 1 [(1 = prs1) Vi + pea V] =V (HY)

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 e; (1 — p;41) and an open vacancy next period:
V' == p Q%+ EEl 0 [ee (1= pea) Vi + (1= e (1= peg1)) Vigd]

A free entry condition implies for firms that V) = 0 for all ¢, and thus the value of a vacancy posting produces

H
Py =
tcT =EE 1 (1= per1) Vi
And the value of a filled job becomes
7 YZ HQ
V! =mef (1= a) = = Wy = pf HE + P22
¢ t
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Hence, the firm’s surplus is given by

F _yJ V _yJ _ .2 Y;Z n e PO

S, =V, =V, =V =mc; (1—a)n——Wtht—pth+ c

¢ t

The first order condition (43) implies that
oS/ oS} SV oV

UcF 99¢ Uy oU 99% ¢ F

S = (1— S = = S,

v owy ( v ) ! owy (1 *TtL) 1—V K

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

notional wage

Withy = @Y < mCtZ (1-a) %Z —pHHE + LI;Q‘ > (44)
(1 - SOU) 1—0 (R)i+e
R <\I/?mt(AfI_1) O+ UB, — (1—s) %Y

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

is a weighted average between the notional nominal wage( P, W;") and the indexed nominal wage norm(I'}Vy P,_1 W;_1):

PWy = sew TV P aWisy + (1 —sew ) BWY,  saw € (0,1)

. . . . . _ —9, 19w
where T}V is a wage indexation variable that satisfies T}V = (aff)™" (a)' =" [(77,5)19” (rf )1 } 7l1=9w Param-
eters aw,Yw € (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(m;) and

core (7rtZ ) .

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 x“° 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, K, at intensity a$°,

and a fixed production factor, L. 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 AY°:
tho — tho (,L—LtCngol)aco (Atcoz/)lfaCO (45)
where 2 is a stationary technology shock specific to commodity production.!? Capital utilization is subject to

maintenance costs. These are paid in terms of investment goods, in amount ¢<° (atCO) per unit of installed capital,

with
K,Co

e

05° (uf”) =

where ®5° = ¢C" (1) /¢S (1) > 0 and r:C° 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:

IACo
Co __ Co Co t—Nco+1 ACo Co
Kt = (1 - 6CO)Kt71 + (1 —9r (IACO It*NCo*i’lwthCo*‘rl
t_NCo

Where Iﬁ%‘f% 41 are sector’s investment projects authorized in period ¢ — Ng, + 1, N¢, denotes the number
of periods it takes until these projects become productive and augment the capital stock, QS?O (It“‘CO/ItAf{O) =
(@F°/2) (I7C° /1A9° — a)2 are convex investment adjustment costs with elasticity ®¢° = ¢¢°" (a) > 0, and w°
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

Ncgo—1
ICO? \ COIACO 46
t = Z Pj At—j (46)
=0

Where ¢¢° — the fraction of projects authorized in period t — j that is outlaid in period t— satisfy N:C"_l pfo =1
J Jj=0 J

and cpjco = p“"cowf_"l.

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

199 = 1+ 65 (a7) KE

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

HtCo — ,,,e,rtptCo*nCo

CFtCo _ HtCo _ ngOItCOVf (47)

1 Given the small labor share in the Chilean mining sector, our specification considers a capital-driven commodity production and
neglects labor inputs.

25



Where p¢°* is the international price of the commodity in terms of the foreign consumption good. The firm

Co

maximizes its cash flow subject to the tax 7C° on a fraction 1 — x©° of its gross profits, and by assumption discounts

real cash flows at the same rate as the households Efft +s-'2 The commodity producer’s problem is then given by

[1 - TtCO (1 - Xco)] 7"67“t+spt+s Ytﬁg Ptjf; ( 4 T ¢’CO (ﬁt+s) Kt+s 1)
LY = E, Z~t t4s FALES {Zt-&-s (e K0, )" (AGe, L) — t+s}

Jrqt‘+s [(1 - 500)[(5_03_1 + (1 - (ZS?O (Iréigo NCO+1/It+C;(iNco)) Itf-ll—g(iNco-i-lwtC-i?S—NcO-f-l Kt+$}

Where A¢° and ¢¢° denote the Lagrange multipliers associated with the technology constraint and the capital’s law
of motion.

The corresponding first order optimality conditions are

}/tCo . AtCo _ [1 _ tho (1 _ XCO)] T@Ttptco*
c c Ytg—cl’ c ICo .C e}
Ky q;° = Ey {‘:'t,t—l-l |:)‘t+1a KCO + %4—01(1 —0¢o) *Pt-s-f(f’ao (ut-&?l):| }

Nco—1=R Co,ICo
Z] -0 ‘—‘tt+j<p] Piyj

=R
=t t+NcO—1qt+Nc,,—1

IAC IACo IACo
ACo ACo ACo t
It—l It—l It—l
=R Co IACO IACO 2
_ g ) StttNeo  Qi4Ne, oo (Zitl 1 ) _Co
tY =R Co I JACo JACo t+1
Stt4+Neo—1 Y4 Noo—1 t t

17 0=FE,

—Co . K,C ICo ,C C
uto. Tt O—pt o¢ o/( o)

Where rtK '“? denotes the marginal return on utilized capital:

Co
Y

K,Co _ _ Co _ Co Clox
T f[l T (1 X )]rertpt acOrCOKtCiol.

The optimal utilization rate is therefore given by

log( ii) log (p{°)
$Co '

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.

o =1+
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2.4 Fiscal Policy

The government spends a stream of resources Gy, 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 (Cf), investment in public goods (I¢), transfers to households (TR{’), and to finance a

policy of domestic oil price stabilization (GO).
Gy = pPeof 4+ pl°If + TRY + GY

2.4.1 Taxes

Part of the government spending is financed with time varying distortionary taxes, where 7&, 7V, 7/ 7P and
th ¢ 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:*? T} = oTp}Y;.
Total tax revenue is then II] = 73 Ay = 78Cy + 7V Winghy + 75 [rtKﬂt —pl (6 + ¢q (at))] Ky +7PDy+7L°(1 —
XCO)I¢° + T, . Lump-sum taxes are levied from non-Ricardian and Ricardian households with shares given
respectively by w® and 1 —w®. The taxes that each type of household has to pay to government therefore satisfy

WwTNF = WG Ty and (1 —w) TR = (1-w) T, .

2.4.2 Government debt

In addition to issuing domestic currency denominated bonds, the government finances a share a” 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:
BE +reryBE = rireryBS | +1BE | + 117 + xC°CFL° — G, (48)

reryBS = ol (rertBtG* + BtG) (49)

Where BE and B&* are the government’s net asset position in domestic and foreign currency.

I3When government spending doesn’t follow a structural balance rule (i.e I,,;. = 0, see below), lump sum taxes are defined as
T, T " T At,l(rer bG*—O—bG)—reTtBtG* —BtG
L = €
py Yy pY Yy

>, where €7 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 (ét) follows either a structural balance rule (é{“le) Or an exogenous
random path(é?f"”") :

~ ~rul Trule /~ 1—Trute
_ rule exo
Gi= (@) ™ (Gi)

Where I, 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 éte“’ evolves with a law of motion given by

G =Gty (50)

Where £ 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 G; = A4;_1g.

On the other hand, é;'“le 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 BS +rer, BS* be the government asset position associated to the desired spending:
Bf +rer BY* = rirer BY, +rBY, + 117 + x“°CFF — Gy (51)

According to the rule, the deviation of the desired government surplus as a ratio of GDP from a structural balance
target(sp), 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:

~ ——Co
2 ({5 - 1) 4 onicrge - G
Y,

- - o .
BE +rery BE* — B (' — rery BE*, (7))
g
P Vi

— 5 =

(52)

Where ﬁ[ denotes tax revenue at potential, i.e. current tax rates multiplied by the tax base in steady state: ﬁ[ =
A1 = [rEc+ 7V wnh + 75 (rFu — p! 0+ ¢a (0))) k/a+ 7Pd + (1 — x°)1°(cfO0 + p!P0i€T) + t] A;_1. Fur-
ther, CF tco = rerpyo* Y, —pl C"Itc I denotes the commodity sector cash flows that would prevail with the long-run
reference price ﬁtc"* =F {H?Oﬂ p&ﬂ ﬁ, which is calculated as the forecast of the effective commodity price averaged
over a 10 years horizon. The parameter v” governs the elasticity of the desired surplus to the cyclical part of
government income. If v < 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 v > 1 corresponds to a government that actively tries to offset

the economic fluctuations.™

1 The exogenous stochastic process from (50) is equivalent to an acyclical path for the government spending excluding interest payments
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Substituting out BE +rer; BS* in (52) using (51) yields the rule for the desired government spending that follows

a structural balance rule.

~ o v_Co

Gye  (Ry—q — 1) BE, n (Rf_1&—1— 1) rery B " 17 — yP1I7 410 CEf° —+PCF, 3 (53)
- . — 3B

Y ™ pY: m Y P Y Y

o ~ v Co —C
Where II] =117 —II7 and CF, = CF‘°~CF, * 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 acg, ajg, and 1 — acg — ajg denote respectively the long term shares for consumption, investment and
transfers!®. The terms ¢°C¢, ¢/¢ and ¢TF 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:
p{ = (1 —ag)p] +agp’, with J € {C%, 1¢}.

Consumption and transfers are given by

~CGG ~ +CG
Py Oy = accGié,

TR? = (1 —o0oqg — o1G — OéUFA)étEtTR + TRgFA

TRYFA are transfers from the government to the unemployment funds administrator (see below). In the long run,
these transfers amount to a share a.yga of the total spending. The remainder transfers are received by non-Ricardian
and Ricardian households with shares given by w® and 1 —w®. The transfers that each type of household receive from
the government therefore satisfy w TRN? = w& (TRtG — TRYT4) and (1 —w) TR = (1—w®) (TRtG — TRYFA)
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:
KE=(1-0c)KZ +I2%61,  dc€(0,1], (54)

Where I tAf];VG 41 are government investment projects authorized in period ¢ — N ¢ +1, and N 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

1501l price stabilization policy is neutral to the the long term budget (GO =0).
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government at price p/¢. The investment goods acquired by the government are then distributed between new and

old authorized projects according to
NE-1

If = > @IS, (55)
j=0

G
Where ¢; — the fraction of projects authorized in period ¢ — j that is outlaid in period ¢ satisfy Zjvzo_l p; =1 and
;= pPpj-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:

NE-1 NP1
E, 015 | 119 = araEy Z 0;Gryj | &€ (56)
=0 =0

The price stabilization program, modeled as a simplified version of the MEPCO program'®, forces firms and
consumers to buy oil through the government. The engagement in the program then imposes a quarterly net

government spending of

G = Oy (reryp?™ — pf)

where O, are total oil imports, and p¢ = PP /P, and p?* = Pto* /Py are domestic and foreign real oil prices.

The domestic price is set according to the following rule

_ p A\ 1—p
Py = ((po)1 “o (pto_1)ao) ¢ (rertpto ) Oito

Where ap and po are smoothing parameters, and¢? 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

PR

1—
- =\ /yD/yD Qy
Ry (,/Tt) (t/t_l> 657 PR € (071)7 Qr > 17 a, > 07
T at—1

Ry = (Ry—1)"

=l
Y%
l—‘

Where Y,° =Y, — XF — ¢g (0;) K;—1 — ¢S° (ﬁtco) KE° is GDP as measured by demand, which does not include

operation, vacancy, and capital utilization costs,'” e 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 7; is the inflation rate monitored by the central bank, an average between the present and expected

total and core inflation rates:

rE

l—a,p
i = [(”tz)aﬂz (Wt)liarz} [(Etﬂtzﬂ)%z (Eympq)' 0"

PZ 147\ . . .
Where 7 = 5 (1::5 ) is the after tax core inflation rate.
t—1 t—1

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

interest rate (7; and R;) can potentially depart in the short run from their steady state values:
log (7, /7) = prlog (T—1/T) + &7

log (Ri/R) = prlog (Ri—1/R) +&f

Where ¢7 is a normally distributed i.i.d shock with zero mean and standard deviation equal to o5 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 TR is

received each period from the government!'®. The UFA budget constraint is then given by

BtUFA — BtU_FlA = TtUFAWthtTLt — (1 — Tlt) UBt + (Tt - 1) Bt[{FiA + TRtUFA

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

rery oive
reri_1 T

18 Lump sum transfers are given by TRtUFA = AtflﬁUFA +eUFA (At,lbUFA — BtUFA), where eV F4 is a small constant that prevents
indeterminacy of the steady state UFA net asset position, and VT4 is a constant transfer from the government, calibrated to attain a

long run balanced operational budget: wlEA = (1 —n)ub — 7V whn.
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Where 77 = S;/S;_1. Further, foreign demand for the exportable composite good X/* is given by the reduced form

y PH* _"7* .
()

Where px g, reflects some habit persistence in the foreign demand for domestic goods, &

schedule
1—pxH«

X = [ap X4 XHx o* € (0,1), n* >0,

XH* is an i.i.d. shock with

mean one, and Y;* denotes foreign aggregate demand or GDP and is given by:

Where z; follows an AR(1) process. Similar to Schmitt-Grohé and Uribe (2012), A/ for J € {H,Co} (with

af = A]JA] ) cointegrate with the global productivity 4; according to:

)1—FJ

J
Al = (ad) ) (A,

Where the parameters I'/ € [0, 1] govern the speed of convergence towards the global productivity level. Defining

V] = A/ /A; as the wedges with respect to the global productivity levels, we obtain the following relation:

a 1-17
J_ [ 8wy

J J
Aj = = Vi
J -t J

Ai_y Vi1

Qg

This setup nests the common specification with A = AY° = A; when I'# =T°° = 1.

Furthermore, as in Garcia-Schmidt and Garcia-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 Fy*
according to
_rJ

* 1 N
PtJ:(ﬂ'PtJ—l) (F¥) gtJ,

for J € {Cox, M*,Ox,%}, where P/ (with 7y = P//P/ ) are the respective non-stationary price levels, the
parameters I'/ € (0, 1] govern the speed of convergence towards the common trend, and the &/ are exogenous
processes. The growth rate of the common trend 7f* = F/F} ; also evolves exogenously. Defining f; = F/P}
and the relative prices with respect to the foreign CPI p/ = P/ /P; (such that pj = 1), we can re-write the above

equations in terms of stationary variables:

o 1-17 §

J J o\I7 g

by = (*ptl) (f5) &,
T
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with ©f™* = (f;/f;_1) m;. This setup nests the common specification where F;* = P; and where p{°*, pM*, p@* and

7} evolve as independent exogenous processes when ['C%* = I'M* = TO* = I'* = ¢* = 1 and var(¢}) = 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 w and 1 — w:

Oy =wCM + (1 -w)Cf (58)

TRE — TRVF4 = WTRM + (1 — w) TRE (59)
T, =wTN 4+ (1 —w)TF (60)
Ki=(1—-w K[ (61)

K =(1-w) K" (62)
L=01-w)If (63)

BI" = (1 —w)Bf (64)

B =(1-w) B (65)

D; = (1 —-w)DE (66)

2.8.2 Goods market clearing

Defining labor costs in terms of home goods X/ = HEn; + Q;v;, the market clearing conditions for the different

composite goods varieties are

v = xH=xP" o xPH o xCOH p xPE 4 x[Oo!  x[9OH 4 x ] (67)
AP D S AR D D P (68)
v = x[ (69)

And for the corresponding varieties:

YA =x1G), YO =X10G),  YTG) = X)),
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The market clearing condition for oil is

0, =CP + XP. (70)

Aggregate output of home wholesale goods is then given by

- ~ 1 1 1 1
vi = xP oy xf = / Y () dj + / Y (j)dj = / X2 (j)dj + / XH* () dj
0 0 0 0

1 H; —€H 1 Hx/ - —€Hx
P, P,
0 Pt 0 Pt

while for imported goods we have

* ! Fy - . ! Fy - . F ! PtF(j) o . FAF
MtZ/Yt(J)dJ=/Xt(J)dJ=Yt / PF dj =Y, Ay,
0 0 0 t

where AH AH* and Al are price dispersion terms satisfying

1 Hy - —€H H rf C —eH
P(5) , _H\—€n pigion (L+1)
AH_/(t ) dj=(1—0) (") +0 AL,
! 0 pH =1 ) (77 " pi o (1+72) o
1 Houf -\ \ —EH= H+ IH= CHx
* P . ~Hx\ " €Hx* p — g — *
s = [(BEOY T g () o (BREL) A,
0 P; D U

LPEG) T - gy (476) )
AF _ / t di=(1-20 ~F F 0 t—1 Jt—1 t AF )
t o ( PF lj = ( F) (pt) +0F P (1+T£1) t—1

2.8.3 Aggregate demand

Aggregate demand or GDP is defined as the sum of domestic absorption(Y,”) and the trade balance(T'B;) . In units

of the final consumption good, those components are given by

o 1Co,
VE = Cy+pfCCE +plIf + picery ) + plCIf + pf XE, (71)

TB; = rery (pf Y4 pf Y — pMr My — pO*Ot) . (72)

We define real GDP as follows:

Y, =Cyi+CC + 1] + 1697 + 1€ + XF + v 4+ v,C° — Mj — O,
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Then, the GDP deflator (p), expressed as a relative price in terms of the final consumption good) is implicitly
defined as

pYY, =Y  + TB,. (73)
2.8.4 Aggregate profits

Aggregate profits of the household owned firms(ITZ7#OF) in units of final goods, are given by

nfHor = v@ —pfXH —pf X[ —pPcp

¢ +7 +TA+TIEC +TT] 117 G +117 € °

+p Y - /XH ) [p'pi( dj+/YH ptpt() pﬂdj

Jo TUE (5)dj

+pfvE — / XF ) [pfpf( dj+/ Y () [pf ol (§) — rerpt™] dj

(7)dj

JnE
1 -
+rergpy VT — / rery X} *(j)[ dJ+ / v (j rertpfl pi () — it | dj
0

I Jo T (5)dj

+pi YH - T KS Wihgng —pf]XL — Dt XO

ity

= th + rertpfl*Y - Te?“tpt *M* — Py Ot — Ty KS Wihgng — P{{XtL

= prt - rertptco*YtCO + (rertpto* — p?) O; — rtKKtS — Wihing — prXtL (74)

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

__ TTHHOF
D, = 11! .

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:

Bf"+Bf + B/™ =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:

(14 7)Cy + pl Il + B + rery BP™ + Ty = rery (1 — w) RENY + (1 — 7V YWihyny + (1 — ny)UB,
+ Kt,1 [’I"tKﬂt (1 — TtK> + Tth{ (6 + ¢a (at))] (75)

+(1=7")Di + (TRtG - TREFA) +reBET, 4 rirer BETY

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:

B B
rer: (Bt* — ;*1> = Tem% (R;Zl&,l — 1) + TB; + rer; REN;
t t

CFFo—r7°(17°)

p are the aggregate net rents denominated in foreign

Where REN; = (1 —w) REN;™ — (1 —x°°)

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 o, w, J, a, ocg, 00, €H, €F
and ey, are set as in Medina and Soto (2007). We assume capital depreciates at the same rate in all three sectors
(0g = 6¢co = 6). Mining sector parameters N, <ij0, and o¢, are set as in Fornero and Kirchner (2018). Fiscal
parameters os and ox¢ are set as in Coenen et al. (2013) to equalize the marginal utility between public and

U

households investment and consumption levels. Nash bargaining power ¢“ 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 a,g = 0.5. We also assume the government spending does not react to cyclical
fluctuations, then 4” = 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 (a” = 1).
The shares of foreign goods in core consumption, oz, and investment in the domestic goods sector, oy, 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 (oce = oy = 0), and the same home bias in
agricultural goods as in core consumption (04 = 0.21). The share of agricultural goods and energy consumption in
the household’s consumption basket, k4 and ko, are chosen to match their weight in the Chilean CPI. For simplicity
we assume that the shares wY, w® are equal to the relative size of Non-Ricardian households, calibrated at 50%
(w=0.5). In the same spirit, wage indexation depends purely on steady state (instead of current) productivity, as in

a' =0, and there is no habit persistence in the foreign demand for domestic goods, px . = 0. Finally, we assume

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

Table 1: Calibrated deep parameters.

Parameter Description Value Source
o Inverse elasticity of intertemporal substitution 1 Medina and Soto (2007)
w Share of non-Ricardian households 0.5 Medina and Soto (2007)
wY, Wb Weights of non-Ricardians in union and government’s decisions 0.5 Equal to w
1) Quarterly depreciation rate 0.01 Adolfson et al. (2007)
el Quarterly depreciation rate of public and comm. capital 0.01 Equal to §
a Share of labor in wholesale domestic goods 0.34 Medina and Soto (2007)
arE Taylor rule expected inflation weight 0.5 Normalization
~P Gov. spending reaction to cyclical fluctuations 1 Normalization
oP Share of gov. debt in foreign currency 1 Normalization
w Wage indexation to current productivity 0 Normalization
ag Share of SS prices in fiscal component expenditure 1 Normalization
PX Hx* Persistence in foreign demand for domestic goods 0 Normalization
oY Nash bargaining power of union 0.5 Mortensen and Pissarides (1994)
NG Time to build (quarters), public sector 1 Normalization
NCe Time to build (quarters), commodity sector 6 Fornero and Kirchner (2018)
4,0?" Financing profile of comm. invest. projects 1/6 Fornero and Kirchner (2018)
oy Share of foreign goods in core consumption 0.21 Average (2008-2016)
oy Share of foreign goods in investment 0.33 Average (2008-2016)
oca Share of foreign goods in gov. consumption 0 Medina and Soto (2007)
org Share of foreign goods in gov. investment 0 Coenen et al. (2013)
0Co 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
00 Share of oil in home good production 0.01 Medina and Soto (2007)
KA Share of agricultural goods in consumption 0.19 CPI: 2013 weighting factor
o0& Share of gov. consumption in ¢ 0.34 Coenen et al. (2013)
oKG Share of public capital in k¢ 0.16 Coenen et al. (2013)
€H Elast. of substitution among domestic varieties 11 Medina and Soto (2007)
€F Elast. of substitution among imported varieties 11 Medina and Soto (2007)
€M 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.'® The steady state inflation
target, m, is set to the central bank’s CPI inflation target of 3% since 2001. From den Haan et al. (2000), we draw e
and s+, while p = p#Y/ (1 — pU’E) is estimated by Jones and Naudon (2009). The household’s subjective discount
factor, 3, 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 L, p¥, p© and p©°
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 ®¢° = (10)57 in order to better match the response of commodity production to
its price. The share of oil to total consumption, s?C, is drawn from the 2013 CPI weighting factor for fuel items.
The share of physical capital to quarterly output in the commodity sector, s"”‘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 s7¢ so that the ratio of administrative costs to GDP is 0.1% on steady state. The government
share in the commodity sector, x©°, 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, s%/ is set to 0, consistent with a structural balance of fiscal accounts. The unemployment rate(u), country

premium(¢) and steady state shares with respect to nominal GDP for trade balance(s'), government spending in

investment(s'“), consumption(s°?) and transfers(s*"), and commodity investment(s°“°) and output(s©°) are set

CA

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

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

c

2003-2016. The tax rate on consumption, 7¢, is set to 19%.2° The tax rates on capital and dividends, 7% and 77,

w

FA’ is

are set to 20%.2! The government tax rate on wages, 7", is set to 7%, while the UFA tax rate on wages, 7V

set to 3%.22 Finally, the tax rate on the foreign mining profits, 7¢°, 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.x1sx.

21See http://www.oecd.org/tax/tax-policy/tax-database.htm#C_CorporateCaptial.

228ee  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)* Annual balanced growth path 1.015
(7r)4 Annual inflation target 1.03

u Unemployment rate 0.08

e Quarterly vacancy filling probability 0.8

P Quarterly job destruction probability 0.04

B Quarterly subjective discount factor 0.999
S Nominal exchange rate depreciation 1

I3 Country premium, annual base 1.015

L Commodity fixed factor 1
oLo Commodity capital utilization parameter (10)°
pH Home good price 1
p° Domestic oil price 1
pCo Domestic commodity price 1

h Hours per worker 0.3
x€e Government share in mining sector 0.33
sdef Fiscal deficit to GDP 0
stP Trade balance to GDP 0.05
sCA Current account to GDP -0.005
s'G Government investment to GDP 0.04
str Government transfers to GDP 0.11
s¢CG Government consumption to GDP 0.12
sCo Commodity GDP to GDP 0.12
siCo Commodity investment to GDP 0.04
ste Workers administrative costs to GDP 0.001
sP Exogenous separations to total 0.667
s0¢ Oil to total consumption 0.06

sk Mining capital to Mining GDP 12

7€ Tax rate on consumption 0.19
K 7D Tax rate on capital and dividends 0.20
™ Tax rate on wages, government 0.07
TUFA Tax rate on wages, UFA 0.03
7Co Tax rate on foreign foreign profits 0.35
can be expressed as
xy = A(0)zi—1 + B(0)ey, er ~ N(0,%,), (76)

where x; contains the model’s variables, 6 collects the structural parameters of the model to be estimated, and &;
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 6. Equation (76) is called the transition equation. Let x?*® be a vector of several time
series to estimate the model, which are referred to as observable variables2®. This vector is related to the model’s

variables through as

2% = Hay 4w, ug ~ N(0,%,), (77)

23 Adequately transformed to map them to the model.
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where H is called the output matrix that selects elements from x;, and u; 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 x2. Let P(f) a
prior density on the structural parameters and L(YT|¢) the conditional likelihood function for the observed data
YT = [2b*, ..., 29%%]’. Using Bayes theorem, the joint posterior distribution, P(6|Y'T), is defined as

L(YT|9) x P(9)

PEIY") = TLYT|0) x P(0)do (78)

We use central tendency measures (in particular the mean) of the distribution function given by (78) as estimates of
6. We now describe the details of Y7 and P(9).

Our data YT 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 (rer;), 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 (tb:/y:). 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(6) 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(0"), 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 6 = §5 U #°° with 6° containing the structural parameters of the model and §°*° 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, 6°.

Parameter  Description Initial Prior Posterior
distr. mean s.d. mean pct. 5 pct. 95

S Habit formation B 0.75 0.1 0.61 0.51 0.72
v Preferences endogenous shifter B 0.5 0.2 0.06 0.02 0.12
¢ Inverse Frisch elasticity G 5.0 1.0 1.51 1.05 2.15
o Match elasticity parameter B 0.5 0.2 0.91 0.85 0.96
o5 Worker’s adm. costs dispersion 1G 0.25 Inf 5.80 4.93 6.96
100y Country premium debt elast. 1G 1.0 Inf 0.24 0.18 0.30
PR Taylor rule smoothing parameter B 0.85 0.025 0.74 0.71 0.77
Qr Taylor rule response to total inflation N 1.7 0.1 1.95 1.81 2.09
ay Taylor rule response to GDP growth N 0.125 0.05 0.13 0.06 0.20
Q= Taylor rule response to core inflation B 0.75 0.1 0.71 0.55 0.86
Nz Elast. of subst. H/F in core cons. G 1.5 0.25 1.76 1.35 2.21
n* Elasticity of foreign demand G 0.25 0.05 0.34 0.24 0.45
nA Elast. of subst. H/F in agriculture G 1.0 0.25 1.07 0.67 1.54
no Elast. of subst. Z,0 in H prod. G 0.5 0.25 0.54 0.17 1.02
ne Elast. of subst. CZ,0,A goods G 1.0 0.25 0.66 0.42 0.94
nr Elast. of subst. H/F in investment G 1.0 0.25 1.18 0.76 1.68
NCo Elast. of subst. H/F in comm. inv. G 1.0 0.25 1.03 0.64 1.50
NKG Elast. of subst. priv. and pub. capital G 1.0 0.5 0.60 0.26 1.11
ne Elast. of subst. priv. and pub. cons. G 1.0 0.5 2.24 1.37 3.30
PO Oil price smoothing param. 1 B 0.5 0.2 0.70 0.66 0.74
[e%5) Oil price smoothing param. 2 B 0.5 0.2 0.43 0.24 0.62
Pw Indexation wages B 0.25 0.075 0.31 0.19 0.45
W Wage Smoothing B 0.75 0.025 0.83 0.79 0.87
(4 Calvo probability domestic prices B 0.75 0.025 0.82 0.80 0.85
Vi Indexation domestic prices B 0.25 0.075 0.21 0.12 0.30
O Calvo probability import prices B 0.75 0.05 0.73 0.70 0.77
[y Indexation import prices B 0.25 0.075 0.25 0.13 0.38
05+ Calvo probability export prices B 0.75 0.05 0.73 0.64 0.81
D« Indexation export prices B 0.25 0.075 0.26 0.14 0.39
I Indexation CPI over core B 0.25 0.075 0.27 0.14 0.41
(o3 Capital utilization cost, non-mining G 1.5 0.25 1.07 0.76 1.43
Py Inv. adjustment cost elast. G 5.0 1.0 3.09 1.97 4.50
Prco Inv. adjustment cost elast., mining G 0.5 0.25 0.49 0.28 0.79
rce Global pass through, mining prod. B 0.5 0.2 0.50 0.17 0.83
r# Global pass through, home prod. B 0.5 0.2 0.57 0.28 0.84
[Co* Global pass through, copper price. B 0.5 0.2 0.52 0.33 0.70
rox Global pass through, oil price. B 0.5 0.2 0.77 0.54 0.93
T Global pass through, foreign prices. B 0.5 0.2 0.75 0.64 0.88
M= 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 RT, gamma

distribution (G) on Rar, normal distribution (N) on R.
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Table 4: Prior and posterior distributions. Exogenous processes parameters, §¢%°.

Parameter Description Initial Prior Posterior

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

AR(1) coefficient

Po Preference shock B 0.5 0.2 0.81 0.67 0.91
Poo Inv. tech. shock, non-mining B 0.75 0.075 0.45 0.35 0.55
PuCo Inv. tech. shock, mining B 0.5 0.2 0.11 0.03 0.22
Pz Transitory tech. shock, non-mining B 0.85 0.075 0.73 0.60 0.87
p,Co Transitory tech. shock, mining B 0.85 0.075 0.78 0.64 0.89
Pa* Transitory tech. shock, foreign B 0.85 0.075 0.89 0.81 0.96
p,A Transitory tech. shock, agriculture B 0.75 0.075 0.90 0.85 0.94
Pa Global unit root tech. shock B 0.5 0.2 0.57 0.32 0.78
peo Obs. country premium shock B 0.75 0.075 0.74 0.67 0.81
peu Unobs. country premium shock B 0.75 0.075 0.71 0.62 0.80
peca Public consumption shock B 0.75 0.075 0.77 0.66 0.87
PeTR Public transfer shock B 0.75 0.075 0.79 0.68 0.88
peic Public investment shock B 0.5 0.2 0.22 0.06 0.41
Pr Labor supply shock B 0.5 0.2 0.73 0.45 0.93
Ppu Job separation shock B 0.75 0.075 0.71 0.61 0.81
peo Domestic oil price shock B 0.75 0.075 0.72 0.57 0.84
PeR Monetary policy shock B 0.5 0.2 0.27 0.14 0.40
Pt Price global factor shock B 0.5 0.2 0.17 0.06 0.28
PeCox Copper price shock B 0.5 0.2 0.71 0.57 0.80
peox Oil price shock B 0.5 0.2 0.66 0.40 0.85
PeMx Imports price shock B 0.5 0.2 0.84 0.76 0.91
Pex Foreign economy price shock B 0.5 0.2 0.51 0.17 0.83
PR* Foreign interest rate shock B 0.5 0.2 0.88 0.84 0.91
Innovation s.d.
1000, Preference shock IG 0.5 Inf 2.52 2.04 3.10
1000 & Inv. tech. shock, non-mining 1G 0.5 Inf 8.14 4.81 12.49
1000 co Inv. tech. shock, mining 1G 0.5 Inf 11.51 6.44 18.38
1000 Transitory tech. shock, non-mining 1G 0.5 Inf 0.62 0.54 0.71
1000 ,co Transitory tech. shock, mining IG 0.5 Inf 2.81 2.41 3.22
1000 , Transitory tech. shock, foreign 1G 0.5 Inf 0.51 0.43 0.59
1000, 4 Transitory tech. shock, agriculture 1G 0.5 Inf 1.28 1.09 1.47
1000, Global unit root tech. shock 1G 0.5 Inf 0.24 0.15 0.33
1000 ¢o Obs. country premium shock 1G 0.5 Inf 0.08 0.07 0.09
1000 ¢u Unobs. country premium shock 1G 0.5 Inf 0.60 0.38 0.84
1000¢ca Public consumption shock 1G 0.5 Inf 1.09 0.97 1.21
1000,rr Public transfer shock 1G 0.5 Inf 3.16 2.72 3.63
100016 Public investment shock 1G 0.5 Inf 10.07 8.91 11.30
1000 Labor supply shock 1G 0.5 Inf 2.35 1.56 3.42
1000y, Job separation shock 1G 0.5 Inf 0.28 0.24 0.31
10050 Domestic oil price shock 1G 0.5 Inf 2.03 1.43 2.65
1000, r Monetary policy shock 1G 0.5 Inf 0.14 0.12 0.16
1000 ¢ Price global factor shock 1G 5 Inf 3.31 2.78 3.86
1000 cox Copper price shock 1G 0.25 Inf 11.46 10.14 12.81
100050* Oil price shock 1G 0.25 Inf 13.58 12.15 14.98
100051\/1* Imports price shock 1G 0.25 Inf 1.52 1.17 1.90
1000+ Foreign economy price shock 1G 0.25 Inf 0.19 0.08 0.40
1000 = Foreign interest rate shock 1G 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(J)r, 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 AlogYNCe AC order 1

Description data XMAS data XMAS data XMAS
AlogY GDP growth* 0.98 0.96 0.92 0.92 0.31 0.00
AlogYNCo Non-Mining GDP growth 1.07 0.99 1.00 1.00 0.29 0.02
AlogY©e Mining GDP growth 3.04 3.03 -0.05 0.07 -0.14  -0.08
AlogC Private consumption growth 1.11 1.17 0.74 0.62 0.41 0.26
Alog CC¢ Gov. consumption growth 1.35 1.45 -0.12 0.16 -0.19 -0.00
AlogTRC Gov. real transfers growth 3.17 3.15 -0.08 0.13 -0.43  -0.09
AlogI Total investment growth 3.75 3.71 0.55 0.82 0.36 0.27
Alog IC Gov. investment growth 13.6 12.95 -0.18 0.63 -0.46 -0.39
AlogIC° 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
Alog N Employment growth 0.42 0.37 0.46 0.41 0.25 0.35
Alog H Hours per employee growth 1.35 1.68 0.34 0.76 -0.63 -0.13
Alog HN Total Hours growth* 1.37 1.81 0.47 0.80 -0.56  -0.07
Alog WN Nominal wage growth 0.38 0.76 -0.11 0.27 0.52 0.67
Alog W Real wage growth* 0.63 0.59 -0.08 0.25 0.43 0.36
s Headline inflation* 0.67 0.73 -0.19 0.07 0.59 0.53
w2 Core inflation 0.49 0.57 -0.19 0.13 0.59 0.77
oA Food inflation 1.39 1.44 -0.24 -0.07 0.53 0.09
70 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
i 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 XMmaAs

4 XwMmaAs 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 (ac, = s7co =0
and ®;. = 10°), 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 (7, = 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.
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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 75, 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.

£%° = Total Private Cons. £°° = Non-Ricardian Cons. ¢°” = Ricardian Cons.
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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 75 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 nxs < 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 nxc 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 nk¢ 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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Note: The figure displays the response of the corresponding variables to three different government expenditure shocks. The size of each
shock &°, with ¢ € {CG, IG, TR}, is calibrated to achieve a one percent increase in total government expenditure.

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 (z4)  Oil Shocks (€9,69*)  Other Shocks

P,/Py_y4 6.37% 14.61% 79.02%
E[Pij1/P_3) 5.14% 13.20% 81.66%
E [Piyo/Pi_2] 4.08% 10.74% 85.18%
E[Pi14/P] 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.

F* = Headline Inflation (4r) F* = Change Int. Imports Price (47") F* = Change Int. Oil Price (479")
O™ — o 15 15
05 / 104
s 5K
1 , , , , ol
5 10 15 20 5 10 15 20 15 20
F* = Change Int. Copper Price (47¢°") F* = Foreign Inflation (47*)
15 15
101\
\ 2
5 \'\
NN,
o= e 0
5 10 15 20 10 15 20 5 10 15 20
Baseline XMAS =« —-— No Delay in Cointegration ««««+««- High Delay in Cointegration

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
(I'l =% =1rCe = 1PM = TPO = '* = 1) and a second with an increased delay (with T'# "¢ rCo »M TvO
and I'* 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 (n; = n = 1). In this case, the aggregate labor supply is entirely driven by fluctuation of the
intensive margin.?” In table 8we compare, for both specifications, the model’s theoretical second moments for hours

worked and employment with their data counterparts®.

Table 8: Volatility of intensive and extensive margins

Data  Baseline Model Calvo Wages

Olog(ny 112 2.43 4.37
Tlog(n) ~ 0.85 0.83 0
Tlog(hxn) 1.32 2.83 4.37

27 A complete description of the model with Calvo type wages is given in the appendix A. For the following exercises, we calibrate
the parameter 6y to the posterior estimate of sy = 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 ey = eg = €p = €y« = 11 . Finally, we
set wV = w = 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.

w = GDP w = Headline Inflation (47) w = Real Wages w = Total Hours (H x N)
2 N
o=~ X 4 .
y s, 0.4 5
1 . 0.2
~.. -
- 0 —
0 ~. =t 0
5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
ef = GDP e = Headline Inflation (4r) ef = Real Wages ef = Total Hours (H x N)
RS 4 06 e
2L . g .
y N\, 0.4 3y N
N, 0.2 2 N
1 Soo 2 0 — N,
el 0.2 T 1 ~...
0 -0.4N - 0 ==
5 10 15 20 5 10 15 20 5 10 15 20
£°° = Headline Inflation (47) £°° = Real Wages £°° = Total Hours (H x N)
! 2
1
0
15 20 20 15 20
Baseline XMAS =« =+ = Calvo Wages

Note: The figure displays the response of the corresponding variables to three different demand shocks: investment efficiency (zo), monetary
policy (eR)7 and government consumption (ncc). 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.?? 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..

56



Core annual Inflation Non min. GDP annual growth Min. GDP annual growth Tot. investment annual growth

e == 6
’ [
v, z -
0
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
4Priv. cons. annual growth 3G.ov. cons. annual growth 3Total hours annual growth Nom. wage annual inflation
T PP - 1Y
Z - - -——— - -~ ~
2f = -7 T 2y o= — == - 2 ge==== b -
=T e p T 1 o6
0 1 1 C 04
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
Nominal interest rate Real exchange rate Trade balance/GDP Risk premia
2 .-~ = 6 - N - - 6 _ - - _ -
ol , 4 -— ezt 0.2 -~
, o ---- bt - 015kt .
1p _-- 4 / 4 = ——-—- 2 e mm - —
v - - --- - 0l ---
O - -
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
—— XMAS RMSE MAS RMSE weeeesesenenas Obs. variable std. dev.(2003Q1-2017Q2)

Note: Dashed lines denote the 95% confidence interval of the XMAS root mean square errors computed with bootstrapping methods.

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 sector3’, 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).

30 After 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 Garcia-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, ny = 1 and u; = 0 at
all times. Since there is no unemployment, there is no role for the UFA, therefore we set BYF4 = TRVFA = 7UFA —
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 X} = 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.>! 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:
_ - ~ ~ _\ ~ 11—«
i 1Y = WIS el |2 - (R (alf5) )
hi, KP

Where Ef denotes the demand for units of composite labor. The optimal labor demand is given by

= (1-a) ( W‘;)_ v (50)

meg

This demand is satisfied by perfectly competitive packing firms which demand all varieties j € [0, 1] of labor
services in amounts h%(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:

he = [ /O 1 hi(G) W 1dg} e . ew >0 (81)
W) = (WW@)W i (82)
we=| [ 1 W)l o (53)

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 ¢ € [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 — 6y, 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 Jy € [0,1] and 1 — ¥y.32 A union reoptimizing in period ¢ is assumed to choose the wage W*(equal for
33

Ricardian and non Ricardian households) that maximizes the households lifetime utility until it can reoptimize.

All considered, taking the aggregate nominal wage as given, the union’s 7 maximization problem can be expressed as

wrTW, . 1—o by {7 (i)
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A similar derivation than the one presented in section (2.3.3) yields 34
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Finally, the clearing condition for the labor market is

1 1 1
he = / ha(j)dj = / WG dj = T / W) F dj = AV = AW,
0 0 0

w — Iw
32 As in section 2.3.3, g{ = [(m)197r (wtz)l 19"] 71=9W 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 hf (i) = AT (i) = hy (i) Vi, t.
~34Where A%_S = wUAi’\f‘_RS + (1 - wU) Af_‘_s is the weighted marginal utility of consumption relevant for the union’s decision, w; =
W[ /W denotes the optimal nominal wage relative to the aggregate nominal wage index, WXV = W{*/W/ | is the wage inflation,
_ __ —Up/Uc  _ O¥m(AlL, L (ha)? /Y
A= Vywp /P, (1= )Wy

wUQﬁrRS + (1 -wY) GEFS is the weighted endogenous shifter.

and chV denotes the gap with the efficient allocation when wages are flexible. @?Jrs =
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Where A}V is a wage dispersion term that satisfies

gFW —EW
AV = (1—ew>wt€W+6W<t;;> AV,

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 A;. 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 A;—1 (e.g. ¢; = Af’: ). There are two exceptions: first is the Lagrange multiplier A; that is multiplied by

A7 (ie. \e = AyAY ), for it decreases along the balanced growth path. Second, we need to define the parameter
YV = WY /A7 | 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

¢t ~ log N (ug,ag)

the following conditions are satisfied:
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from Labor Market (2.2):
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where ® is the standard normal c.d.f.
from Final Goods (2.3.1):
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The exogenous processes for
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are log (X;/X) = px log (X;—1/X) + €, where the £ are i.i.d. shocks, px € (0,1) and X > 0. The exogenous

process for p* follows pf — p* = ppe (pﬁ1 — p_””) + 5?1

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:
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B.2 Steady State

We show how to compute the steady state for given values of h,rS pO pCopH, sOC = pOc0/c k77 =
CoyCo ) ) ; , ]
rerqxpCO*yCO?SZCO — pICoZCO/ (pr)7sCo = rer X pCo yCo/ (pr)7scg — pCGcG/ (pr),Szg — plGZG/ (pr),StrG —

tr&/ (pyy), st =tb/ (pr), st = —55, s4 = rer x b* (1 - mlr*) / (pr), U, p, Spe = p®/p, s11¢ = pHhn/ (pr)

and e and with the parameters R 7 XPO* xPeor A

_ —_C —U R
aﬁ7’i07Uba0KG7Z OaaC076COaaCG7aIG7aT70*7057tT ;TN * y Ps
p*, v, pe and €2, determined endogenously, while the values of the remaining parameters are taken as given.

From the exogenous processes for
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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, yg;';(both defined

below), k&, hC, kS, 7K O, and 20, we iterate repeatedly through the set of equations until finding a fixed point.3?

L W 4 JUFA (S8S.1)
Co_, (55.2)
o =4 (SS.3)
vl — 1 (SS.4)
vH — (SS.5)
ef =1 (SS.6)
ONE -1 (SS.7)

35This is a rather fast process, usually converging after around 25 iterations for a tolerance of 10~% on the root of the sum squared
differences.
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pr=1 (8S.9)
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Z _
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= (SS.18)
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P =1 (SS.20)
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p? is then obtained numerically from:
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