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Abstract

In this paper we derive a microfounded macro New Keynesian model for open economies, be them large
or small. We consider habit formation in consumption, sectoral linkages for tradable and non-tradable goods,
capital stock investments with variable capital utilization, domestic and foreign governments, imperfect (exchange
rate) pass-through in import prices and incomplete international financial markets. Sticky nominal prices and
wages are modeled in Calvo and Taylor staggered ways. The model economy is composed of a continuum
of infinitely-lived consumers and producers of final and intermediate goods. We provide a very general log-
linearization method, from which we can easily obtain various special cases, as trend inflation or steady-state
log-linearizations.

Numerical simulations of the two-country sectoral model are provided for a relatively large number of struc-
tural shocks as domestic and foreign productivity shocks in final tradables and non-tradables, money demand
shocks and a shock in the exchange rate. Such a model is well suited for monetary policy analysis at the
international level and risk analysis.

Keywords: New Keynesian open economy model, tradable and non-tradable sectors, final and intermediate
goods, log-linearization.

JEL codes: E31, D21, F41, P24.

1 Introduction

During the recent years the theoretical and empirical research in New Keynesian (NK) macroeconomics has been
extended steadily and produced a whole new series of results and insights about the workings of the macroeconomy.
Essential starting point of the NK approach is the explicit derivation of macroeconomic relations by their micro-
economic foundations, in particular the inclusion of optimizing consumers and producers. It shares this principle
with New Classical macroeconomics, although it differs from the latter by considering various imperfections in the
goods and labor markets that contain an amount of flexibility, especially in the short run.

Recently, much interest is also directed at the modeling and testing of the effects and interactions produced by
the foreign sector, e.g. rigidities of import and export pricing may be of significant importance to an open economy.
Moreover, fluctuations in import prices of important intermediate goods such as oil and steel will have strong effects
on domestic firms of an open economy. In that perspective, the exchange rate will play an important role in the
transmission of such price fluctuations to the domestic economy. NK models with a worked out foreign sector are
often referred to as New Open Economy Macroeconomics (NOEM) models.

This paper derives a microfounded macroeconomic NK model for open economies, which tries to extend the
NK/NOEM literature in several respects. We provide a detailed modeling of the consumers’ and producers’ deci-
sions. In particular, firms in this model produce two types of goods: final and intermediate goods. Final goods
can be consumption and capital (investment) goods. Moreover, both types of goods can be either tradable or
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non-tradable depending on whether they can be traded internationally.! Firms in every sector are assumed to be
characterized by nested CES production functions whose arguments are technology, labor force, domestic tradable
and non-tradable capital goods and intermediate goods and imported foreign capital goods and intermediate goods.
It is assumed that intermediate goods producers do not use other intermediate goods as their inputs, but notice that
capital goods producers may use all kinds of inputs. Each firm is assumed to possess some price-setting power on
relevant markets, reflecting monopolistic competition. Consumers are assumed to purchase a bundle of domestically
produced tradable and non-tradable final goods and imported final goods and are assumed to act as monopolistic
suppliers of labor services (with sticky wages). Moreover, consumers own capital that is rented out to firms and the
consumer budget constraint is subject to variable capital utilization costs. Consumption allocation is assumed to
be shaped by habit formation. Financial markets are assumed to be complete domestically and incomplete interna-
tionally (see Benigno (2001)).2 Domestic consumers’ and firms’ decisions, and financial markets build the model of
the home economy. Altogether, we distinguish 21 (final and intermediate) goods markets with which domestic firms
are confronted. The foreign economy is modeled in a parallel manner so that import/export prices and quantities
and other relevant variables are endogenized in our approach. In particular, it makes the model more flexible since
both small and large economy settings can be studied in this framework.

Such an extensive modeling of intermediate goods sectors is important especially in the context of exchange rate
policies. Dellas (2005) points out that the presence of intermediate goods has vital consequences for the ability of
monetary authorities to manipulate nominal exchange rates. When there is no production interdependence between
countries (i.e. only consumption goods are traded) changes in a nominal exchange rate do not affect production
costs. However, when there is trade in intermediate and capital goods as in the real world, an exchange rate
depreciation /appreciation has adverse direct effects on the cost of domestic production. Consequently, it makes the
exchange rate instrument less useful.?

An important feature of the model is the method of log-linearization. Almost the complete existing NOEM
literature approximates the model by log-linearization around steady state values of variables. These studies usually
assume that the long-run anchor for inflation expectation is zero, which is a very convenient but counterfactual
assumption. Long-run inflation expectations should converge to the natural inflation of monetary policy, where
there are no restrictions. This natural inflation is a (relatively small) positive rate in most modern industrialized
economies, but typically time-varying. Consequently, some recent studies departure from the zero steady state
inflation rate, e.g. Ascari (2004), who considers trend inflation, and Kozicki and Tinsley (2002) and Bakhshi et
al. (2003), who also provide derivations of an NK Philips curve with a non-zero steady state inflation rate. We
propose a more general approach of log-linearization around time-dependent paths of economic variables. Starting
from this general formulation, we introduce several restrictions in increasing order of limitation. First, we assume
that time-dependent variables around which we log-linearize satisfy the first order conditions, where there are no
restrictions or rigidities on the variables. Such time-dependent variables are called natural (or flexible) values.
Second, we restrict that all variables in natural values fluctuate at the same time-dependent rate. Such paths of
variables are called (time-)varying rate paths. Third, we further restrict our attention to constant rate paths, i.e.
to (constant) trend paths of (natural) variables (see, for example, Ascari’s (2004) constant trend inflation). Finally,
the conventional steady state is the simplest special case of all the above log-linearizations, where the constancy
of natural values is assumed. Moreover, if also the equilibrium conditions are satisfied, time-dependent paths of
variables are called time-dependent equilibrium paths. In this paper we log-linearize around time-dependent paths
of variables and derive the above mentioned special cases from them. The log-linearization is performed in detail
in the appendix.

In this paper we focus on nominal price and wage rigidities in all relevant markets.* Given adequate inter-

IThe distinction between tradable and non-tradable goods in macroenomic models is still controversial. On the one hand, Chari et
al. (2002) find that only 2% of the variance of real exchange rates is due to fluctuations in the relative prices of non-traded to traded
goods using data for the United States and an aggregate of Europe. Consequently, they ignore the non-tradable sector in their model.
On the other hand, our approach hinges upon the explicit introduction of non-tradable goods and incomplete markets with a stationary
net foreign assets position. Betts and Kehoe (2005) and Burstein et al. (2005) stress that the variance of the real exchange rates
explained by (that of) the relative prices of non-traded to traded goods is not 2% but about one third of the total variance (see also
Selaive and Tuesta (2006), pp. 1 and 2). Hence, a modeling with a separate treatment of non-tradable goods seems to be important.

2The assumption that international financial markets are incomplete originates from the fact that a risk premium on external
borrowing exists and is related to net foreign assets. Hence, the (exchange rate) pass-through is assumed to be incomplete due to
underlying nominal rigidity in the buyer’s currency position (see e.g. Adjémian et al. (2004)). The proposed specification in this paper
is flexible enough to discriminate between the polar cases of Producer Currency Pricing (PCP), where the law of one price holds and
there is perfect pass-through, and Local Currency Pricing (LCP), where the pass-through is zero in the short run.

3The relevance of intermediate goods in the production processes is nicely illustrated by the annual input-output tables of (for
instance) the Dutch economy, where they account for up to more than 50% of all inputs in several industries.

4 Real rigidities occur when relative prices react only slowly to changes in relative demand, implying that reallocation of (factors of)
production is slow. There are numerous possible sources of real rigidities. A selection includes efficiency wages, wage indexation, hys-



pretation, sticky wages on labor markets can be modeled in a similar way as sticky prices on product markets.
This way of modeling prices and wages is now widely used in empirical Dynamic Stochastic General Equilibrium
(DSGE) models; see, for example, Altig et al. (2002), Amato and Laubach (2003), Smets and Wouters (2003, 2004),
Adjémian et al. (2004) and Christiano et al. (2005).

Modeling nominal price and wage rigidities can generally be subdivided according to three main hypotheses (see
also Klein (2002)):

(i) Grossman (1974), introduced the model of price adjustment, which was named the “P-bar” model by Mc-
Callum (1994). The idea is that the degree of disequilibrium in prices indicates inflationary pressure in a “sticky”
price world and prices are set before trading; hence, price setters can only adjust at time ¢ to the movements
in equilibrium prices expected at ¢ — 1. This specification was used by Barro and Grossman (1976), McCallum
(1979,1994), Mussa (1981a,1981b,1982), Obstfeld and Rogoff (1984), Flood and Hodrick (1986), and Chadha and
Prasad (1993).

(i) Taylor’s (1980) staggered price (wage) setting model is a second well known tractable model of slow price
(wage) adjustment. It is based on the theory of price and wage contracting, where periodically such contracts are
renegotiated.

(iii)The Calvo-type staggered price setting (see Rotemberg (1982) and Calvo (1983)) allows a subset of firms
to choose their own product price randomly with a constant probability. From this partial adjustment behavior
price dispersion emerges. Calvo’s price adjustment model is extremely tractable and also very popular in DSGE
models such as Rotemberg (1987), Hairault and Portier (1993), Kimball (1995), King and Watson (1996), King and
Wolman (1996), Rotemberg (1996), Yun (1996), Ireland (1997), Woodford (1998) and Kim (2000). A Calvo-type
staggered wage setting by consumers can also be studied similarly; see e.g. Erceg et al. (2000) who present a Calvo
model for both price and wage settings.

Interrelationships of these three price adjustment models can be found in Kiley (2002). In this paper we
concentrate on the last two nominal price and wage adjustment models. In this respect, some recent studies have
pointed out deficiencies of the Calvo (1983) approach and have challenged it. For example, when using the Calvo
price setting model, it is typically assumed that steady state inflation is zero, which is a very restrictive assumption
per sé as mentioned above. Moreover, Bakhshi et al. (2003) argue that firms in a low inflation environment behave
in different ways than firms in a high inflation environment; consequently, inflation dynamics driven in the Calvo-
type model by a constant probability of resetting prices should not be considered as constant. They show that for
standard calibrations, the Calvo price setting model with constant probability of resetting prices can be used only
when annual trend inflation is lower than 5.5%, a condition that is not met for inflation time-series data of several
OECD countries over the last 25 years.

This paper is organized as follows. In Section 2 the domestic households’ problem is defined, where habit
formation in consumption is assumed and domestic households’ consumption demands and investment supplies are
derived in Subsections 2.1 and 2.2, respectively. The foreign households’ consumption demands and investment
supplies are analyzed in Appendices A.1 and A.2, respectively. Section 3 introduces a domestic government, while
the foreign government’s demands are summarized in Appendix A.3. The firms’ supply linkages in production,
distinguishing intermediate goods from final goods and tradable from non—tradable goods, are shortly discussed in
Section 4. The domestic households’ and firms’ optimization problems are explicitly solved in Section 5. Equilibrium
conditions for the home economy are derived in Section 6. In Section 7, the net foreign assets position of the aggregate
domestic economy is derived. Regarding price and wage formation, we consider stickiness with Calvo and Taylor
staggered price and wage settings in Section 8. Monetary policy rules are discussed in Section 9. Some numerical
simulations demonstrating the functioning of the model will be discussed in Section 10. Finally, concluding remarks
are in Section 11.

2 Domestic households

Household 4 is assumed to enjoy an expected level of intertemporal utility represented by a concave, differentiable
and strongly separable function, which positively depends on present and past consumption (the latter due to habit

teresis, insider-outsider workers and other labor market institutions, distortionary taxation and other forms of government intervention
and regulation. In a reduced form, real rigidities imply amongst others a low parameter in the price adjustment function of the real
variables, principally output. In other words, the output supply function is flatter, i.e. shifts in demand lead to adjustment in output
rather than in prices (see Blanchard and Fisher (1989)). Similarly, wages would not react much to unemployment. In addition, real
rigidities may imply that long-run equilibrium is achieved at below-equilibrium full employment output. In the presence of (nominal
and) real rigidities, the economy may therefore reach a steady state that is marked by both positive long-run inflation (“core” inflation)
and divergences between long-run equilibrium real output and employment and potential output and employment.



formation), leisure and real money balances. Hence, household 4’s utility can be written as:®

Zﬂt |:U1 (Ct(i), Cr—1(i)) — Ua(Le (7)) + U3(Af)ig—25)i))]] ) (1)

t=0

Eq

where Ey denotes the conditional expectations’ operator depending on the information available at period 0; (3 is
the household’s discount factor satisfying 0 < § < 1.

The first (utility) felicity U; (.) represents utility from consumption C(i) of both domestic and foreign goods.
We assume that household i is interested not only in current consumption but also in past values of it because of
habit formation (see Abel (1990, 1999), Caputo (2003), Choi and Jung (2003), and Lindé et al. (2004)). The idea is
that, if a household’s consumption increases today owing to a shock, this household will experience a higher utility
from an additional unit of consumption tomorrow. Intuitively, under habit formation, a consumer gets ‘used’ to
a higher level of consumption and the marginal utility of consumption gets 'renormalized’ at this higher reference
level.

The second (utility) felicity Us (.) in (1) reflects a domestic consumer i’s disutility derived from supplying labor
services L¢(i) to the (domestic) firms remunerated at the rate W;(4); hence, period ¢ utility is a negative function of
labor effort L;(i).5 This labor effort can be subdivided across four different sectors that produce tradable final goods
(LET(4)), non-tradable final goods (LN (7)), tradable intermediate goods (L} T (7)) and non-tradable intermediate
goods (LYN(4)),” or

Ly(i) = Ly T () + LYY (1) + Ly (6) + LYY (i), (2)

and corresponding nominal wages in each sector are W7 (i), WEN (i), WY 7T (i) and WYV (i), respectively. Hence,
household 4’s gross nominal labor income equals,

Wi(i)Le(i) = Z Wit (0) Ly (), (3)

m=FT,FN,VT,VN

so that Wy (i) is consumer 4’s weighted aggregate wage rate.

The third (utility) felicity Us (.) in (1) reflects utility from holding real money balances by consumer ¢ at the
e
of period t 4+ 1 and consumer #’s prices at (the end of) period ¢, respectively.

For sector m = FT,FN,VT,V N, let us assume that consumer ¢ owns physical capital, K]"(¢), which is rented
out to firms, and decides on its utilization rates, Z{™(i). Consequently, capital services (or rental services from

capital) supplied by consumer i to sector m at period t are:®

, with My (i) and PE (i) consumer i’s nominal money balances at the beginning

beginning of period ¢ + 1,

K (i) = Z{" (1) K" (i) (4)
The total supply of real investment goods by domestic consumer i is defined as:

L(i) = > I (i), (5)

m=FT,FN,VT,VN

where sector m’s physical capital at the beginning of period ¢t 4+ 1 is subject to the following laws of capital
accumulation (see e.g. Smets and Wouters (2003, p. 1128) and Coenen and Straub (2005, p. 13)):
(i
(1) = (L —d"(2)) K" (1) + (1 -7 ( 7’; ((Z))>) I"(i) form=FT,FN, VT, VN, (6)

t—1\t

5The infinite time horizon implied by utility function (1) is a simplication. It can be rationalized as if there are dynasties of individual
consumers who are concerned about the future of their children.

6Thus, leisure 1 — L (i) is the residual of the individual’s time endowment (with a normalized value of 1 for total time endowment).

"This sectoral split is motivated from Natalucci and Ravenna (2005) and Ortega and Rebei (2006). As pointed out in the Introduction,
a modeling with a separate treatment of non-tradable goods seems to be very relevant.

8Even though the installed capital in sector m is utilized at a variable rate, it is costly to modify the utilization rate in the short run.
Moreover, to expand the capital available in sector m, investors must face sector-specific installation costs. The implied asymmetric
treatment of inputs, namely labor and capital in terms of their underemployment, hinges on the fact that we assume that labor can
move freely among sectors, whereas capital stock is fixed once it is allocated in a sector (see Natalucci and Ravenna (2005)). For a
model that introduces labor unemployment in the equilibrium integrating search and matching with NK models (by considering real
frictions in the labor market), see Blanchard and Gali (2006).



where di" (i) is consumer #’s depreciation rate (in perunages) for sector m, I"(i) is the investment expenditure
in sector m by consumer 4 at period ¢ and the function Y(.) captures the (adjustment) costs due to changes in
investment rates and acts as a proxy to installation costs of investment.’

Each household i is assumed to face a (nominal) consumer budget constraint (CBC) in home currency units:'°

PE(i)Cy (i) + P} () 14(i) + Qn.t.e+1 Bn,e1(i) + SeQ .41 Br 41 (8) + Mypa (i)

+P/ (i) > U2 @) (@) | < (1= 7") Wi(@) L (i) + Ti(2)

+(1-7) > R ()K" (@) | + Bh,e(i) + SeBya (i) + Me(i) + Be (1), (7)
m=FT,FN,VT,VN

where consumer 7’s outlays of resources are on the left hand side, while her disposable resources are on the right
hand side; moreover, P (i) and P/(i) indicate aggregate consumption and investment goods prices, respectively.!!

Among the outlays we include nominal consumption, nominal investment, the portfolio of assets (bonds and
stocks) and money holdings and the nominal cost of the underutilization of sectoral physical capital, which is given by
the function W(Z/™(i)) and is zero when capacity is fully utilized.!? Regarding assets, according to Woodford (2003)
and Ambler et al. (2003, 2004), Qnt.¢+1 = (1 +7¢441) " and Qppe1 = (1477 ,4,) " are the domestic consumer’s
one-period ahead discount factors for (nominal) domestic and foreign asset payoffs, respectively.'® Following Benigno
(2001) financial markets are assumed to be complete domestically and incomplete internationally. Hence, a risk
premium exists only on foreign assets so that the discount factor for foreign asset payoffs is stochastic and the
expected (nominal) market price at date ¢ of an asset portfolio, held at the beginning of period ¢t + 1, is given by

Qh,t,t+1Bn+1(1) + Ey Sth,t7t+1Bf,t+1(i)}, where By, 141(i) (Bf,t+1(7)) are consumer ¢’s domestic (foreign) asset

holdings denominated in local currency.'*

Concerning the net resources, 7/ and 7} are proportional tax rates applied on nominal labor and capital incomes,
respectively, R}"(¢) is consumer #’s rental rate on capital services supplied to sector m, T;(7) is consumer 4’s nominal
lump-sum transfer from the government and B;(i) are consumer 4’s net benefits from firms’ ownerships.

Summarizing, households’ behavior consists in an intertemporal smoothing of consumption, a supply of rental
services from capital and a monopolistic supply of labor services under a staggered wage setting. This behavior will
be analyzed in the following (sub)sections.

2.1 Domestic households’ consumption demands

Reminding that subscript h(f) denotes the home (foreign) economy and that, if necessary, the country of origin is
indicated as a lower index and the country of destination (usage) as an upper index, the total domestic households’
expenditure on consumption can be written as:

PCC, = / / (2,4 Cht z,0 dzdz—l—/ / (2,4 Cht(z i dzdz—l—/ / Pft z Z)Cft(z i) dzdi, (8)

where PthT (2,1), Phciv (z,4) and PfCtT (z,14) are the prices of the home produced tradable and non-tradable consump-
tion goods and foreign produced tradable consumption goods purchased by domestic household i, which consumes
domestically produced and imported goods z at quantities C{t(z,i), C’}]Xt(z,i) and C}jt (z,1), respectively. Con-
sumer prices are assumed to be expressed in the home currency (‘pricing to market’ or LCP with zero (exchange
rate) pass-through as opposed to PCP with perfect (exchange rate) pass-through). As suggested by Dixit and
Stiglitz (1977), these consumption quantities can be aggregated through CES (constant elasticity of substitution)

9Smets and Wouters (2003) and Christiano et al. (2005) assume that Y(.) = Y’/(.) = 0 in the steady state (no fixed adjustment
costs). In addition, they assume that Y”(.) is non-negative then.

10Notice that the nominal exchange rate (the price of one unit of foreign currency in home currency) S is used to translate asset
returns both at the beginning and at the end of period ¢ so that, de facto, it represents the average exchange rate during period ¢; see
also equation (20) in Selaive and Tuesta (2006). Therefore, St is used to change both By ;11 and By, into the home currency.

1See Smets and Wouters (2003, p. 1128) for the consideration of the (real) terms containing capital stocks and depreciation rates.

1201, ¥(1) = 0; see Christiano et al. (2005).

13 Alternatively, these discount factors can also be considered as prices of one (home and foreign) asset paid by the domestic consumer
(owner of assets) at time ¢ + 1.

14Gee Section 7 in this paper for an exact definition of the stochastic effective interest rate it



aggregators over a continuum [0, 1] of differentiated goods:

0l1)
ol _q %(z) 1
Cl

Cl (i) = /0 1 CL o (z,0) *¢ dz for (k,1) = (h,T), (h,N) and (f,T), (9)

with household i’s intratemporal elasticity of substitution between two different goods given by (9 ;> 1 15

Consumer i takes the differentiated consumption goods prices as given and minimizes purchaseb of differentiated
goods Cj, ,(z, 1) over [0, 1] for each consumption category (k, 1); the solutions to this minimization of total expenditure
costs (8) subject to (9) are provided by the minimands:

0()

(i)
1 o] at(’Jl) b

1 -
we  min / PEHE)CL (2, )z + 204 6) | CLLG) — | | Cha(zi) e d2 . (0
C’kyt(z,i) 0

where the Lagrange multiplier )\kClt(z) is household 4’s cost-minimizing (shadow) price of one unit of consumption
goods in each particular category (k,l). Solving for the Lagrange parameters, we obtain consumer i’s aggregate
consumption price index for each consumption category (k,!) expressed in domestic currency:

Ag,g@):p,gg(i):( / (P, i) Gmdz) 6 for (k1) = (. T). (0, N), (f,T)}. (1)

Hence, household i’s expenditure minimizing demands for each differentiated good z and each consumption
category (k,l) are:

RO)
_e(i) g(i)_l 9(1) _9(1)

PCI(Z) Cl 1 - Cl PCZ(Z) Cl
Ol (2,4) = | =2t 2 / Cl (2,4) € dz S il A Cl (i 12
k:,t( ) (Pkc:é@) 0 k:,t( ) Pkc:g(l) k,t( ) ( )

for i,z € [0,1] and (k,1) = (h,T), (h, N) and (f,T).
Defining household i’s aggregate consumption basket (index) of tradable and non-tradable goods as a nested
CES specification (Dixit-Stiglitz aggregator of indices of traded and non-traded goods):

20 4 2 1 %
- ) \ 0T [ AN | T
Cili) = (aé”T) (CT@) e+ (1=alh) e (C0) "o : (13)

where C7'(i) is household i’s aggregate consumption basket of tradable domestic and imported goods bundles,
()

(1) (1‘) 1 (1) 1

] (1) (i ) — th—(i) Ch
defined as CI'(i) = (a(cf) ) e (C’hTt(z)) non (1 - a(z) ) neh (CT (i )) e , with n(l) and 770;1 being

domestic consumer ¢’s intratemporal elasticities of substitution between (the bundle of) tradable consumption
goods and (the bundle of) domestic non-tradable consumption goods and between domestic and imported tradable
consumption goods, respectively (77821 > 7]8%“ >0 ); agT and a are domestic consumer 4’s shares of tradable
goods in her total domestic consumption and of domestically produced tradable goods in her total domestic tradable
goods consumption, respectively.'®

15The elasticity of substitution is larger than one to ensure that firms’ markup factors are always positive.

16Hence, o‘g)T is household i’s tradable goods bias in its total consumption, whereas a(ci,;b is its home bias in tradable consumption.



By using the definition of household #’s total domestic consumption (13), we get the aggregate demand relation-
ships of the optimal intratemporal consumption allocations (12):

PCT 16 , PCT(; 1
Ciai) = o, (PtCTED @) . ChG) = (1-af}) (PJ;TED cf (i),

77](1) Q)]
) PCN (; cT . CT (; Ner
i) = (1-al)) ( hi | )> Ci(i) and CT(3) = o), <Pt_()> Ci(i), (14)

PtC(Z) PtC(Z)

where PC (i) is household i’s aggregate consumption price index and PE7T (i) (PN (i)) is household i’s aggregate
consumption price index of tradable (non-tradable) goods. These price indices can be directly derived by minimizing
the cost of purchasing one unit of the aggregate nested consumption bundle by household i and are dual equations
to CES specifications (13):

1
0! , OR PO
Ptc(z):[ Cr (PET() T+ (1= o) (PEN @) ”CT} e and (15)
_p() (i) K3
PET(i) = [a(g; (PET @) " + (1 - ) (PTG "C’L} =8 (16)

2.2 Domestic households’ investment supplies

Similarly to (8) for the total domestic households’ consumption, the total domestic households’ expenditure on
investment can be written as:

P, = // zz]htzzdzdz—i—// zz]htzzdzdz—&—// zzlft(zz)dzdz (17)

where I} ,(z,1), I}Y,(z,i) and I], (z,1), and corresponding prices P} (2,4), Pi} (2,7) and P{} (z,%) are the quanti-
ties and prices of the home produced tradable and non-tradable investment goods, and tradable foreign investment
goods purchased by domestic household i, respectively.

Considering CES aggregators for individual investment quantities as for consumption quantities in (9) as con-
straints, the solutions of minimizing (17) over the interval [0, 1], with household 4’s intratemporal elasticity of
substitution between two different investment goods given by 0%) > 1, involve Lagrange multipliers )\ilt(z) (similar

o (11)).
Defining consumer i’s aggregate investment basket of tradable and non-tradable investment goods similarly to
(13) as

1G) = [(af2) 7 (17 @) T+ (1= afd) W (1,6) 7 (18)

with household i’s aggregate investment basket of tradable domestic and imported investment goods bundles,

Q)
Ih

ROW W1

IT (i) = (a?ﬁ) i (I;;F,(z)) + (1 - a%) i (IT (i )) ol , with 7\2 and 7" being consumer i’s

intratemporal elasticities of substitution between tradable and non-tradable investment goods, and between domestic
and imported tradable investment goods, respectively (77%3 > 7752% >0); a% and a% are domestic consumer ¢’s
shares of tradable goods in her total domestic investment and of domestically produced tradable goods in her total
domestic tradable goods investment, respectively.'”

Proceeding in a way similar to the previous subsection, the aggregate optimal intratemporal investment demands

17Parallel to the previous footnote, a(li,l), is household i’s tradable goods bias in its total investment, whereas oagi,z

tradable investment.

is its home bias in



are:

(1)
, PV (i S ; IT (; —n§ .
1Y,6) = (1-af) ( ;;,éf) I,(i) and I{'(i) = ajy (i;é))) 1,(i), (19)

where P/ (i) is household i’s aggregate investment price index and P/(i) (P/¥(i)) is household i’s aggregate
investment price index of tradable (non-tradable) goods. These price indices can be directly derived by minimizing

the cost of purchasing one unit of the investment bundle I;(i) by household ¢ as (these are the dual equations to
the CES definitions (18)):

PO = [ (PT@) T o+ (1= off) (A G)' } 7 and 20)

(1)

_ () . _ (@)
PTG = [alf) (PLEG)"™ -+ (1= f) (PfTG) | 1)

The foreign consumers solve similar consumption and investment problems as the domestic consumers do. These
problems are developed in detail in Appendices A.1 and A.2, respectively.

3 Domestic government

The expenditure of the domestic government usually comprises public consumption and public investment goods.
According to the literature about DSGE models, the government only purchases consumption goods (see e.g. Smets
and Wouters (2003)). Following Leith and Malley (2003), the domestic government considers the same differentiated
consumption goods prices as the domestic private consumers do. Hence, it minimizes for each consumption category
(k,1) purchases Gi,t(z) of a differentiated good at a price Pkcf(z) over the interval [0, 1]. The solution to this total
budget minimization subject to a CES aggregator similar to (9) results in minimands and Lagrange multipliers
similar to (10) and (11), respectively. Thus, we get for z € [0,1] (in the sense of (12)):

_ (&

PEI(z) et
l _ k,t l _
kat(z) = (P,CCZ(G)> Gk,t for (k,1) = (h,T),(h,N) and (f,T) (22)

with Ogl) > 1 the relevant elasticity of substitution and

PEYG) = (/< (e, G)) O ds )—( (23)

the domestic government consumption price index.

In order to get the domestic government’s aggregate demand, we propose CES aggregators, similar to equations
(13) with n(G) and n(G) and a(CC? and Oé(Ch) having similar interpretations as in Subsection 2.1; hence, the domestic
government demand is:

@)
N L
G = (A FECT (AT (O (@) @ | T
o= | () (@) (1) () , 1)

where G is the aggregate domestic government demand of tradable home and imported goods bundles, defined as
(@)

_"Ch
RIS B (e
Acp —— | ngp —1

(e)

206y

o7 = | (o) (61) "+ (1- i)

1




Similarly to (14), the optimal demand equations for domestic government expenditure are:

C -n C Nch
6t = o) (BN Tt o, — (1-0lf) (Z0D) e
PCT(G) PCT(G)
(G)

@n (PN T r_ e (PET@)) T
Gh t = (1 - aCT) W Gt and Gt = aCT <W) Gt; (25)

where PC(G) is the domestic government’s aggregate consumption price index and PCT(G) (PEN(G)) is the
domestic government’s aggregate consumption price index of tradable (non-tradable) goods, derived as:

_ (9 (9) lg

PE(G) = [ag;, (PET(@) " 4 (1-at)) (PN (@) ] ¢ and (26)
_ (9 (9) 17:](‘&])

PET(G) = [a%’), (PEF(@) " + (1= o)) (PET (@) ] (27)

The domestic government is confronted with the government budget constraint (GBC), i.e. the total amount
of taxes plus the net variation of the outstanding debt must equalize the total purchases in any period ¢, which is
implied by (24) and (26). Formally, the GBC is given by:

1
T / W) L™ (i) di | + 7F / R™(0)K™ (i) di
m= FTFN VT,VN m=FT,FN,VT,VN 0

1 1 1
b [ Ma i) = M0 i+ Quisis [ Brena(di— [ Bt
0 0 0

1 1 1
Qs / By (i)di - / By (i)di > / T, (i)di + PC(G)G,. (28)

Equation (28) includes on the left hand side labor and capital tax revenues, money creation and net domestic
and foreign borrowing, while on the right hand side outlays of government revenues (transfers and goods purchases)
are considered.

Similarly, the foreign government has a set of demands, which are considered in Appendix A.3, leading to a
foreign GBC similar to (28).

4 Firms

Following Gali and Monacelli (2002), Smets and Wouters (2003), Choi and Jung (2003), Jung (2004) and Lindé et
al. (2004), it is assumed that suppliers of inputs are price setters under profit maximization and demanders for
inputs are price takers under cost minimization. All goods markets are characterized by monopolistic competition
and profit maximization in the output markets. An alternative interpretation is that the firms’ problem in open
economies can be disentangled in two stages: one for final goods (being consumption and investment goods) and
one for intermediate goods. The inspiration for an intermediate goods versus final goods situation can be found in
Clarida et al. (2002), Smets and Wouters (2003) and Plasmans et al. (2004).'® We assume that intermediate and
final goods and tradable and non-tradable goods are produced in a sectoral framework.

Home goods are assumed to be produced in each sector by a continuum of monopolistically competitive firms,
indexed by j € [0,1], while imported final and intermediate goods are bought (at marginal cost) in the foreign
market by importing firms in import sectors M F and MV, respectively, and are repacked or rebranded and sold in
the domestic market, also under monopolistic competition. Hence, firms in the monopolistically competitive import
goods sectors turn the foreign goods, bought at their given world price marginal cost, into differentiated final and
intermediate import goods.

Each domestic firm j is assumed to produce one differentiated final or intermediate good which can be either
tradable or non-tradable. Six main sectors are distinguished: 1. the tradable final goods (F'T') sector; 2. the non-
tradable final goods (F'N) sector; 3. the tradable intermediate goods (VT sector; 4. the non-tradable intermediate

18Non-tradable intermediate goods include intermediate goods which are relatively too expensive to be transported, e.g. sand, water,
various kinds of services.



goods (V' N) sector; 5. the sector of imported (tradable) final goods (M F') and 6. the sector of imported (tradable)
intermediate goods (MV). The latter two sectors are characterized by firms that import, repack or rebrand the
imported good, adapting it for the home market.

In the final goods production sectors m = FT, FN, we assume variable returns to scale and a nested CES
production technology with labor, L}*(j), capital services, Z;(¢)K}"(j), and intermediate goods, V;™(j), as inputs

and symmetric production function parameters for all firms within the same sector:'?
% Lm(j xm—1 ’Y; ZmEm(y ym—1 ’Y::lnil “m
. . v Ym v Ym
Y7 () = Qs 27 (5) 7™ = { Qs o (L3(5)) + Ki( t t (]))71 ] , (29)
+ (1 = vkm — vrm) ™ (Vi"(5))

where

em—1 em1:| P

my % Tmy - eTrgl % Nmy . em 1 Tm, . em
KG) = [rot (Ka @) ™ + s (KA G) ™+ (1= ki = km2) ™7 (KF())
and

Xm—1 Xm—1 1 Xm—1

L 1 1 ) o~ Xm —1
‘/tm(]) = |:V7>:;f (Vhiz;;m(j)) X + U;:lgl (Vh]?[gm(])) x + (1 — VUm1 — l/m2)Xm (ijj{m(])) X :| , (31)

for j € [0, 1], where 7y, €, and X, are the (home country) intratemporal elasticities of substitution between the
final goods inputs, different capital goods inputs and different intermediate goods inputs, respectively.

In (29-31), v, and v, are the shares of labor and capital stock inputs in total input, k1 and k.2 are the
shares of domestically produced tradable and non-tradable capital stocks in total capital stock input of a domestic
firm, while v,,; and v,,,2 are the shares of domestically produced tradable and non-tradable intermediate goods in
total intermediate goods input of that firm in sector m; 2, ; is a domestic technology shock in period ¢, which,
according to learning characteristics, is assumed to satisfy an AR(1) process: InQy, 1 = Wit = PrmwWm,t—1 T Emw.t
with —1 < ppw < 1 and &, 4+ an independently and identically distributed (iid) error term; in addition, w,, is
the returns to scale parameter of the production function in sector m in the home country.

Moreover, the aggregate quantities L} (j), K}Z:’Zn(j), Kﬁ;m(j), Kz’tm(j), V}fgm(j), thﬁ’m(j) and VfT,t’m(j) are
defined, using appropriate Dixit-Stiglitz CES aggregators similar to (9), as bundles over all labor, capital stock and
intermediate goods types (varieties), respectively:

0(9) Q(J)
j = ) b
1 _L_m_g(J) - g(lfgn*l 1 eKim " Q(Igg,m71
. ) . Ly Lmy - [O)
() = / LP(G,i) Pn di LK) = / KL (j,2) n da (32)
and
ggl)ﬂl
, Whm=t \ WL
€]
V;fjl” (J) = / V,fjl”(j,z) Vim dz for (k,1) = (h,T), (h, N) and (f,T), (33)
0

where for any category of final goods, m = FT, FN, Q(Lj)n, Q(IQ m and ggﬁl) m are the intratemporal elasticities of
substitution, which should be larger than one to assure positive markups, L"(j,¢) is company j’s demand for the
labor supplied by household 7 at period ¢, K,lc;n (4, 2) is company j’s demand for capital stock produced by company

z in regime (k,l) at time ¢ or before and Vkl;n (4,2) is company j’s demand for intermediate goods produced by
company z in regime (k,[) at period t.

Intermediate good firms in production sectors m = V1,V N combine capital stock and labor according to
the production function with symmetric parameters for all firms within the same sector:

nmu)z(szm,tzm))%={Qm,t [_m <Lr<j>>”~"—ﬁ+<1—uLm>#<K:“<j>>T}"”‘1} L3

19Notice that this assumed symmetry of production function parameters (for firms within the same sector) is similar to the usually
assumed symmetry of preferential parameters in the household’s optimization problem (cf. ultra).
Moreover, it is noted that the rate of utilization Z}™is not a firm j’s choice variable so that it is independent of j.

10



where v, is the intratemporal elasticity of substitution between capital and labor and where L*(j) and K™ (j) are
defined as in (32) and (30), respectively, with c,, being the returns to scale parameter in the production function
for intermediate goods in sector m.

For simplicity, we assume no explicit production function for importers of final and intermediate goods because
they are assumed to only rebrand and repack the same goods.

5 Optimization

5.1 The domestic households’ optimization

Plugging household i’s aggregate consumption demand functions (14) into its CBC (7), the constrained maximization
of domestic household i’s expected utility (1) leads to an Euler equation for consumption that is unsolvable.?’
Therefore, following, e.g. Ambler et al. (2004), we specify household 4’s period utility function in (1) as:?!

Ui (Ci(2), Ci1(2) = Uz(Le(8)) + Us(

My (i), 1 (( ctu)))n)”(Lt(i))”q‘) (Aﬁgzg))l_;, (35)

Ptc(i))_l—a Ci1(i 1+¢ +xm (17%)

where o > 0 is a parameter of constant relative risk aversion of domestic households in the home country being
equal to the inverse of the intertemporal elasticity of substitution in consumption, « is the home consumers’ habit
persistence parameter,?? and ¢ is the inverse of the elasticity of labor supply with respect to the real wage, Aifé}f; )
is household i’s real money balances at the beginning of period ¢+ 1, xas is a preferential constant for (real) mtoney
balances and x is the elasticity of substitution of real money balances in the home country.

We maximize the expected discounted sum of household 4’s utility flows (35) subject to its CBC (7) and the law of
motion (6) of its sectoral capital. In the domestic CBC we used definition (5) for consumer i’s aggregate investment
supply and expression (3) for consumer i’s gross nominal labor income. The resulting first order conditions (FOCs)
for Ct() m(Z) It ( ) Bh t+1( ) Bf t+1( ) Mt—l—l( ) Kﬂ_l(l) and m_l(l) for m = FT, }7‘]\[7 VT, V N are derived
in Appendix B as follows: 2

PN /=0 R (©/10) N (Cea ()7

MOTRO T R o e e T ”*”]’ o
—ELI (i) = To(i) (1 = ) Wi (), (37)
OLm

Lt ORI - N (I ()
Pl (i)L,(i)-Q" (i), (i) [M(»-T() tml(ﬂ = BE; [Qm(z)%(z) [T O )T H (38)

E;T4(4)Qn,t,e+1 — fle41(4)] = 0, (39)

E, [Ft(i)Qf,t,tHSt - 5Ft+1(i)5t+1} =0, (40)

B [”ﬁéz()’)] = L0 + B e (1), (1)

QP (i)T, (i) = BEy [Ty (i) ((1-di 1 (4) Qpty (8) + (L7 ) Ry () 274, (0)-PL (D)W (2714,(2)))] (42)
(1 Tt+1) t+1(i) = Pt+1(i)‘l’/ (Zt"h(z)) ) (43)

20Beyer and Farmer (2004) discuss the general lack of identification in linear rational expectations models and apply this to NK
models.

21 This is a Constant Rate of Risk Aversion (CRRA) utility function that allows for habit formation as in Kozicki and Tinsley (2002).
Moreover, notice that following the international literature about DSGE models, we assume that the parameters in this utility function
are equal over consumers.

22Instead of using an ad hoc rule of thumb as e.g. in Amato and Laubach (2003 and 2004), we propose a completely microfounded
aggregate demand equation, based on the hypothesis of habit formation. Recent micro-level studies report mixed evidence of the
impact of habit formation in consumption (see Ravina (2005)), while studies conducted with aggregate data find substantial evidence,
e.g. Christiano et al. (2005) emphasize the role of habit persistence in the explanation of the hump-shaped behavior of aggregate
consumption in response to a monetary policy shock. Notice that habit formation in consumption vanishes and consumption is as the
usual CRRA ulitily if K = 0.

23 Any consumer can own homogeneous capital and can rent it out to firms in domestic industries. Capital services can be increased
either by new capital or by augmenting the utilization rate of existing capital.
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where the Lagrange multipliers T';(¢) and Q7*(i)T'4(2) for m = FT, FN, VT,V N, are the marginal utility of household
i’s wealth and sector m’s shadow prices of physical capital installed, respectively. Moreover, or,, > 1 is the in-
tratemporal elasticity of substitution for different types of labor demanded by firms in sector m = FT, FN, VT,V N.
Equation (36) implies that the marginal utility of a particular household’s consumption good equals the marginal
utility of its wealth. Equation (37) relates the household 4’s marginal utility of leisure to its marginal utility of the
nominal wage in every sector. Equation (38) refers to household ¢’s investment decisions in sector m, which depend
on the adjustment costs of investment growth in present and future periods; equations (39) and (40) refer to the
household #’s intertemporal decision involving the allocation of home and foreign financial assets and equation (41)
is the optimal real money balances demand. Equation (42) states that the value of installed capital depends on its
expected future value net of the depreciation rate and the expected rental rate multiplied by the utilization rate of
capital. Finally, equation (43) equalizes the marginal adjustment cost of the utilization of capital to the (after tax)
rental rate of capital.?*

Combining FOCs (36) and (39), we may obtain a stochastic consumption Euler equation, which we may also
derive by appropriate log-linearization. The complete log-linearization of FOCs (36) - (43) is worked out in Appendix
D.

Each foreign consumer solves a similar problem as presented above, with the only difference providing an asterisk
for the variables to denote foreign variables; foreign consumers must satisfy a set of FOCs analogous to (36 - 43).

5.2 The domestic firms’ optimization: optimal demands for inputs
5.2.1 Final goods producers’ input demands

Since demanders for inputs are price takers under minimization of costs, defined as TC/"(j) = W/™(5)L{(4)
+RM(H)ZMK™(5)+ PV )V (5), company j’s derived demands for labor, capital stock and intermediate goods,
given production function (29) subject to (30) and (31), satisfy (see Appendix E):

, wrG) \ e G)E
Li"(4) = vim (ﬁ) %a (44)
K" (5) = vim (Lgﬁ:";% )> " Q(i)]tm_ and (45)
Vimy - —Ym m (. #
V;Em(j) = (1 —ULm — UKm) (itz)mg;> [Yt Q(jz>1]5 ’ (46)

where price function PtZ’m(j)7 dual to production function (29), satisfies for final goods sector m = FT,FN at
period t:

1
1=

PE™G) = ot (WP G)! ™+ v (ZPRPG) ™ (1= v = i) (PU7(0)) (a7)

and W™ (j) is the wage per unit of labor paid by company j and derived as equation (102) in Appendix B.2
as an intermediary step for deriving FOC (37). Similarly, the rental rate of one unit of capital stock for firm
Jj, used as a measure for the user cost of one unit of capital stock demanded by firm j, is derived as R}*(j) =

N —1 -
(folRl" (J, 1)1_9% di) =2 and, finally, PY"™(j) is the intermediate good unit price for firm j. Both prices are
derived as dual functions of the CES aggregators (30) and (31):

R = ko (RE ) s (B) 4 0 =) (7 GD) 7| ana

1—Xm 1—Xm

Pt"""<j>=[um1 (BEmG) " e (BEY@) T+ (0= vt = vima) (P}f?%))“‘”}l—"”‘. (48)

241n the interpretation of Smets and Wouters (2003) for instance, a higher rental rate of capital induces a higher utilization rate of it
up to the point where the extra gains equalize the extra input costs.
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From (30) and (31), the company j’s optimal aggregate demands for tradable and non-tradable domestic capital
and intermediate goods and imported foreign capital and intermediate goods are:

K02 = st (D) e ) and V) = s (B (49
k.t m, R?L (]) t k.t m, Ptv’m(j) t

for (k,1) = (h,T), (h,N) and (f,T), and where £ ki (Um ki) = Em1(Um1)s Em2Um2), (1 = Em1 — Em2) [(1 = Vm1 — vm2)],

respectively. The corresponding cost-minimizing demands based on (32) and (33) for capital and intermediate goods

produced by firm z are given by (similar to (12)):

— o)

— ot Vim e
e m Ly Pey () T
Ky () and Viy" (4, 2) = | =y Vir (9)s (50)
Pk,t (J)

Ry (2)
Ry (5)

Lm g
Kk,Ttn (-7’ Z) = (
where, e.g., P,:/tlm(z) is the price of the intermediate goods sold to sector m by a producer z in sector V1.

5.3 Intermediate goods producers’ input demands

From production function (34) the optimal demands for labor and capital stock inputs in the intermediate goods
producing sectors m = VT, VN are derived as (see also Appendix E):

L7 () = v ( ;?fj(?)) LAT L (51)

(52)

K"(j) = (1~ vim) <w> @)=

PtZ’m(j) Qng

where PtZ’m(j) is the aggregate input price derived as the dual price of the intermedate good production function
(34):

P/ () = [vim (W () + (1= vim) (ZRE ()] (53)

6 Equilibrium conditions

Since sectoral firms are able to exert monopolistic power, they are also able to charge different prices according
to the market they serve. First, domestic producers of tradable final goods sell their output to 5 domestic and
to 2 foreign markets (foreign consumption and foreign investment goods). According to the destination of the
tradable goods, we distinguish domestic markets of home tradable consumption and capital goods and foreign
(wholesale) markets of home consumption and capital goods. The capital (stock) goods are bought by a domestic
sector m = FT,FN, VT , VN and by a foreign import sector. Since each buyer of final goods is characterized by
an appropriate demand function, the domestic producer of Ctradable final goods may charge 7 monopolistic prices.
. N . T,X - IT,FT IT,FN ITVT,: IT,VN .
We group these prices in the vector Pf?(]) = [Phczf(y), Py () Py () Py 0D Py () By (),
prtX 7)), where perX 7) and prtX j) are the export prices of domestic tradable consumption and investment
h.t h.t ht
goods, respectively. Second, a domestic producer of non-tradable final goods sells her products only to domestic
sectors m = FT,FN,VT,VN and to domestic consumers; hence, she is confronted with 5 prices assembled in
the vector sztv(j) = [PhC:tN(j), P}f’];/’FT(j), P,{ft\”FN(j), P,{ft\”VT(j), P,fft\”VN(j)]’. Third, an intermediate tradable
goods company sells its output to 4 markets (two domestic and two foreign final goods markets), charging the
following set of prices P}{f(]) = [PX;F’FT(j), PX;F’FN(j), PXtT’X’FT(j), PXtT’X’FN(j)]’. Fourth, an intermedi-
ate non-tradable goods company sells its output only to the two domestic final goods markets; thus, Pﬂv (j) =
[P}‘: NET (), P,Y) NEN(§)). Finally, a firm in the domestic import sector of final tradable goods charges PMF (j) =
[PftT(j), P;?FT (j),P]{I’FN(j), P;f’VT(j), P]{I’VN (7)] and a firm in the domestic import sector of intermediate
tradable goods charges PMV (j5) = [P}/ tT T, PX tT FN ()], For notational convenience, we redefine all home price
. N N pCT, XN pIT,FT -\ pIT,FN; N pIT, VT pIT,VN . pIT,X

vectors in home currency: Sff(]) = [PhC:tT(j), P () By G) By T G)s Py () By () Py ()]

N _ pVT,FT( pVT,FN - pVT,X,FT . pVT,X,FN/ . N - N . N
SKTG)=[Pyy ™ (), By " 7 (0), Pyy (4), Py; D) SEY () =Pry (), SEY () =Py Y (), SMF () =
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T X (. X : X, : X, : X, : :
[StP;tTX(])a Stp}kéTX FT(J), StP;iTX FN(J), StP;iTX VT(]), StP;iTX VN(J)] and SMV(5)
VT,X,FN:
Stp;:t (J)]

Moreover, we require market clearing equilibrium conditions for all firms. The demand for the tradable final good
produced by company j is the sum of domestic and foreign consumption, investment and government demands for
this good. The demand for the non-tradable final good is equal to the sum of the domestic consumption, investment
and government demands for this good. The demand for the tradable intermediate good is the sum of the domestic
and foreign demands for this good in the domestic and foreign final goods sectors and the demand for the non-
tradable intermediate good is the sum of the domestic demands for this good in the domestic final goods production
sectors.

The domestic aggregate demand for tradable goods produced by domestic company j is the sum of con-
sumption, investment, government purchases and the respective exports, where these aggregate components are

. 1 N T N Nl SN e TN LT s pkTim
Cr.(9) = Jo CuiGyi)di, 1,7 () = [y 1,7 G i)di, GEL(5) = [y G ,(G,0)di, Ci% () = [y Cr(5,0)di, I ™ (5) =
fol IZ?;’m(j,i)di and G}’ (j) = fol G (j,1)di, where m = FT, FN, VT, VN. The non-tradable domestic ag-
gregate demand can be similarly derived. Hence, we can define the vector of relevant demands for the products

.. ) ) . «T( - . T,FT,;. T, FN - 7T,VT,:
of company j in sector FT as Dgf(]) = [C{t(j) + Gﬁt (), Chg(]) + G;ﬂ (1), I (), I N, I (N,
TVN N 14T N . N\ yN,FT - yN,FN . tN,VT/. 7N, VN . N
Ly " (3), 14 ()] Analogously, Dy () = [CR (1) +GRy () Ly (): Ly ™ (), Iy (G)s Ly (D), DY T () =
T,FT . T,FN «T,FT . «T,FN (- N _ i/ NFT N,FN N . :
[Vh,t (4); Vit (4); Vit (7); Vit e DX,?(J) = [Vh,t (), Vh,t ] D}I\L/,ItF<J) = [C}:t(]) + G;F,t (7)
T,FT ;.\ 7T.FN/.~ 7T,VT; 7T,VN/ N _ T FT T,FN [ T,m
Iy 2 (), Ly 7 () Ly~ (G), Ipy 7 (5)) and D%V(j) = [V (), Vi (4], where, for example, Vi, i"(4) rep-
resents the (domestic) demand for tradable intermediate goods produced by company j demanded by firms in
production sector m.

Consequently, the equilibrium or market clearing conditions can be written as (see also Natalucci and Ravenna

(2005)):25

[SePre " G),

VG) = D ()] L (54)
YiING) = DEY ()], (55)
YVEG) = DYTG)] V7, (56)
YY) = DYV 6] N, (57)
YMP () = [DYF ()] M and (58)
YMY(5) = DAY ()] MY (59)

where (™ is the unity vector containing an appropriate number of ones being equal to the number of mar-
kets in sector m. Furthermore, we disaggregate the total output of company j in every domestic sector as
N N CT,X (N \IT,FT N \AT,EN N ITVT (o ATVN (N ITX .
Yf:?(J) = [Yh(?tTU)a Yy (7, Yy 4 (), Y4 (), Yy, 4 (), Yyt (7), Yyt (7)]'; and, analogously, Y}fiv ()
_ . IN,FT IN,FN . INVT . IN,VN [ /. N _ VT, FT /. VT,FN . VT «FT .
= NG Vi T @) Yy TG Vi G0 Vi T @ YETG) = Wy @) Yay U U G) Y ()

VT «FN (- N\ _ v/ VNFT,; N VN,FN. N . IT,FT . IT,FN ITVT,: IT,VN .
YO YN = TG Y O YR G) = [Yf,ctT(J)a Vi), Y TG, Y0, YU
and YV (j) = [Y;XT’FT(j), Y;XT’FN(j)]’. In the equilibrium we assume that Y} 7 (j) = D7 (j), YiY()) =
DY (), Yy () =Dy (), Yy X (5) =Dy Y (5), Y () = Dl (5) and YV (5) = DtV ().

Analogous equilibrium conditions for the equality between foreign supplies and demands hold.

7 Net Foreign Assets

In Section 2 we introduced home and foreign stochastic discount factors and we linked them to ry,y; and 7441,
respectively. In particular, the interest rate effectively paid by domestic consumers for foreign assets can be defined
as:

“ —1
(Qroant] = (047000 = Frn ()1 477,00, (60)

where the factor of proportionality [ ;41(.) is a function which, according to Benigno (2001), depends on the real
holdings of the corresponding domestic consumer i’s foreign assets; this means that domestic households take this

25Some authors assume that producers do not know beforehand whether their goods will be used as a final good or as an input in
production chain (see for example Leith and Malley (2002)). However, we follow the spirit of the General Equilibrium models a la
Debreu where market clearing is defined for each (sub)market.
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function as given when deciding on the optimal position in foreign assets. Benigno (2001) notes that this function
is subject to the following two restrictions: Ey [F+11(0)] = 1 and takes the value 1 only if By ;,1(¢) = 0. Moreover,
Ft+1(.) is a differentiable, decreasing function in the neighborhood of zero. Benigno (2001, p. 5) argues that function
Ft41(.) can be described in two ways. First, it captures the (intermediation) costs, for the domestic households
of undertaking positions in the international bonds (assets) market. As borrowers, they will be charged a (risk)
premium on the foreign interest rate; as lenders, they will receive a remuneration lower than the foreign interest
rate. Second, an alternative way to describe this cost is to assume the existence of intermediaries in the foreign
bonds (assets) market (which are owned by the foreign households), who can borrow from and lend to foreign
households at rate 14 r},,,, but can borrow from and lend to domestic households at rate /1 (.)(1+ 77, ,).2°

There are many functions F ¢(.) that satisfy the above requirements. In the spirit of Ambler et al. (2003, 2004),
household #’s risk premium depends on its real foreign assets position as follows:2’

= s on (S50 520510 )

where P;(i) is consumer i’s price index similarly derived as (15) and (20) and which is a CES aggregator of
consumption and investment goods prices:?®

(1)

+ (1) (rra) ]’ = (62)

Si—1By.4(i) is household 4’s nominal foreign assets position at the beginning of period ¢ with SB¢(i) being its
steady-state value and v; is an iid process centered in a certain parameter value §. Therefore, once we allow either
for perfect capital mobility or for a foreign assets position equal to zero, the familiar uncovered interest rate parity
(UIP) hypothesis holds with purely temporary deviations. Notice that the implied arbitrage condition is operating
for the returns of all foreign assets. In particular, substituting I';(¢) in (40) by its value from (39) and dividing both
sides by ST't+1(¢), we obtain the UIP hypothesis between both countries, taking account of equation (60):

Qraant] _ [l OO+ 7]
Qht.t+1 ! (47 pq1) "t '

Pt@)—[ O (P ()"

By [Si41] _
St

(63)

To relate the current account balance to the trade balance, we assume that the home government follows a
balanced budget policy so that we can replace the equilibrium GBC from (28) into the active consumers’ CBC from
(7). The aggregate active CBC over all domestic consumers can be written as:2

1 1 1
/Ptc(i) dZ-l-/P )14 (i dl-l-/ tht+1Bht+1( )i + S:Q 4,041 Bv1(7) dH—/MtJrl )di
0 0 0

1 1

+ZP{(¢) m_FT,FN,VT,VN\I’(Z?(i))Kﬁ(i>] di— (1— 1) { W, (i) Lo ()i — { T,(i)di
-G Ttk)Z [m_FT,FZN,VT,VN AV /: /;Bft( Jdi - / /;Bt =0 (&)

26 The property that in (60) only the factor of proportionality f ¢+1(.) (and not 7y t+1) 18 consumer i-dependent is argued from this
interpretation.

2"TTwo alternative formulations of f ¢(.) can be found in Schmitt-Grohé and Uribe (2003) and Malik (2005) on the one side and Erceg
et al. (2005) on the other side.

28The aggretate price is the Lagrange multiplier from the total expenditure minimization (sum of consump-

tion and investment) given that consumer 4 purchases a consumption-investment bundle. The problem is to
ON 0y ng)—l
o R Om

min PE (3)C (i) + PL(i)1:(3) s.t. (ag)> ne) Ct(i)—I—(l—oe(é)) ng) I (%) , where 77() is consumer i’s elas-
{Ce(),1: (9}

(9

ticity of substitution between aggregate consumption and investment goods, while a
terms of the consumption and investment bundles (in other words, Oc(é) is the consumption bias in consumer i’s aggregate final goods
expenditures). Hence, price function (62) is the dual function of this CES consumption-investment bundle.

29Recall that stock variables are measured at the beginning of a period, so that M;1(i) and By 11(i) are decision variables at the
end of period ¢t and are represented without conditional expectation operators.

is consumer ¢’s weight of consumption in
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so that subtracting the balanced budget (binding) version of GBC (28) from (64), we obtain the following NFAs
equation:

OZOfPtC(i)Ct(i)diJrOfPtI(i)It(i)dierfPtI(i) m=rT FNvTVN Y (2" (i ))K;”(i)difth(i)Lt(i)di

1 1
- <Zm_FT,FN,VT,VNfRLT‘n(i)K:;n(i)dz) +f {Stht ++1By, t41(4 } dz_fStht i)di
0

— (] [ e B 0] di= [ 31,00 ) — [Biras + LG, (65)

0 0
where f [Sth,t7t+1Bf 41 (1 } dszStht i)di— <f [thtHBh (@ } di— tht dz) is the net variation of the
0
home country s assets position. Let us introduce aggregates to rewrite (65) taking account of incomplete foreign
financial markets, as, :

0=P’Cy+PI,+ P! {Zm:FT,FN,VT,VN\I/(Ztm)Ktm} - Wil — {Zm:FﬂFN,VT,VNR;nK?

+ S/ E; [Qf,t,tHBf,tH] =SBy — (Et {Qz,t,t+lB}t,t+1} —Bi,t> — B+ PF(G)Gy, (66)

where e.g. the aggregate nominal consumption is defined as P C; = fo 1)di, and so on (see e.g. Galf and
Monacelli (2004)).
Assuming that the conditional expectations of the stochastic discount factors are mutually pairwise equal between

countries, i.e. F; [Qf,t,tJrl} = E}; |:QA;kL7t,t+1:| ;30 we ultimately obtain the NFAs equation, using (3):

0=PCy+ P/I, + P! > Y(ZME| - > WLy
m=FT,FN,VT,VN m=FT,FN,VT,VN
- > RY'KY | + SeEy [Qﬁt,ﬂrle*,tJrl} — 8:Bfui — By + P (GG, (67)

m=FT,FN,VT,VN

where By, 111 = By i11 — S{lB,iH_l are the foreign assets held by domestic consumers at the beginning of period
t + 1 and total benefits B; are defined in equation (140) in Appendix F. Substituting these equations in (67), this
equation results in the final NFAs equation:

SiEy Qf,t,t—i—le*,t-&-l} SiBpt+ NXyp ! + NXT, (68)

where N X ,f f and NX }‘L/ 'f are the net domestic exports of the final and intermediate tradable goods. Note that the
home producer can either sell the good in the home market or export it abroad. In both situations a markup is
applied. Concentrating on the latter situation (the export case), it is important to notice that the export variables
are measured at the border so that the relevant prices matter. At the border, goods are shipped abroad and the
foreign importer could take the home importer’s price as the relevant marginal cost and further applies a markup that
fully exploits the elasticity of the foreign country demand. In that case, the foreign importer has an informational
advantage over the home importer to set the appropriate price. It follows that two markups would been applied
then. The mechanism is identical no matter the goods are final (investment or consumption) or intermediate.?!

According to the LCP of the final goods as assumed for consumption goods in (8) and for investment goods in
(17) and according to equilibrium condition (54), we can define the net exports for final tradable goods as:3?

NXFT =Pt (G + G + PRt LY St( ! (C}.+G7t,) +PiiIT,) (69)

30This equality means that foreign investor i obtains the same return by buying a home issued asset as the return that is obtained
by the home investor from buying a foreign bond. Since the risk premium captures country-specific risks, the underlying interest rates
can differ.

31See the first section of the internet appendix for the calculation of the importer price.

32Gee Plasmans et al. (2006b) for an example of an NFAs equation for a three-country setting and proper definitions of corresponding
net exports.
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and

NXh T = PVT X FTV*T FT PXtT,X,FNV;;r,FN s (P;\t/T,X,FTVT FT n Pf \t/T X FNVT FN) 7 (70)

respectively.
Expression (68) (with definitions (69) and (70)) is log-linearized in Appendix G.

8 Price and wage settings

This section is motivated from the stickiness observed both in prices and wages. Empirical evidence surveyed by
Taylor (1998) stresses that even though casual observation might suggest that wages are more sticky than prices,
detailed studies suggest that price and wage changes have about the same average frequency of 1 year with highly
non-synchronized timings. It is also found that there is a great deal of heterogeneity in wage and price changes and
that the overall duration depends on the average rate of inflation.

8.1 Sticky prices with staggered price setting

In order to generate price stickiness, let us assume that each domestic firm j sets its own product price according
to Calvo’s rule (see Calvo (1983)) or by adopting Taylor contracts (Taylor (1980)). We analyse this price stickiness
in the following subsections.

8.1.1 Calvo staggered price setting

Following Calvo (1983), we assume that domestic firms (suppliers) adjust their price infrequently and in such an
event, they reset prices according to “price signals”, which follow an exogenous iid Poisson process with constant
probability, independently of past history. For instance, for the first entry in the F'T" market this probability is

1— 90(@]*%’ meaning that firm j in domestic sector m = FT will not be able to adjust its price on its market CT" with

probability gp(j ).. This probability is the so-called Calvo price parameter.??

Suppose that there is a continuum of independent firms indexed in the (0,1) interval, so that the law of large
numbers can be applied and, consequently, we can drop the Calvo price parameter’s upper index j. Conditional on
the fact that firm j does not receive a price signal and keeps prices constant in the future, each firm solves:

e B {gamwm)a 185 Yia() = TCE () ([Yiera )] o) } : (71)

subject to appropriate demand functions, e.g., under equilibrium, the aggregate optimal demand for a domestic
tradable consumption good n = j becomes, similarly to (12),

O (PEE@N T
Yh t+a( ) = PT Yh Jt+a (72)
h,t+a

taking into account equilibrium conditions in Section 6. The solution is a vector of domestic optimal prices for each
producer j in sector m (see Ascari (2004)).

The shareholders-households’ nominal discount factor, consistent with the profit-maximizing objective of the
monopolistically competitive firm, is equal to Ay 414(7) = 8° B Il:ta‘; @l iy (71).3* Hence, Ay 444(i) represents the
(nominal) discount factor from ¢ to ¢t 4+ a applied by firm j to the stream of future profits, ht (j) is defined in
Section 6 for sector m and TCJ},(j)(.) is (nominal) total cost of production at period ¢t + a of firm j in domestic
sector m, which is a function of firm j’s total output during period ¢. Moreover, ™ is the unity vector consisting
of an appropriate number of ones which equals the number of markets and (pm)® is a vector of probabilities that

33Hence, the average duration between two subsequent price adjustments can be computed as - (J) , since 0 <<p(J) < 1. For example,
Yor

a Calvo price parameter equal to 0.75 implies an average duration of 4 periods.

34This relationship comes from FOC (39) for home assets. Indeed, it can be claimed that from that FOC
(T4 ree4a(d) ¢ :ﬁ“%&‘;m]. Note that this formulation does not include price indexation. This can be introduced by multi-

plying prices by the relevant sectoral inflation. Then, (71) remains the same, but inflation must correct prices Il 4(j)’ [Smt(j)] and
PET ()

also demands (72). For instance, the first entry of the inflation vector II () is then 7T (5) = TGy
’ h,t—1
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price vector Sp, (j) remains unchanged for producer j in domestic sector m. Entries of this vector correspond to
elements of relevant price vectors Pf:{(j), Pﬂv(j), P/T(), PYY (), PAE(4) and P%tv(j). For instance, ppr =

X FT _FN , VI VN X1V — [ LFT
[CPCT; Yors Prr > PiT > PIT > PIT > QOIT] and pyN = [SDVNa

PiN-

135

Solving (71) subject to demands (as e.g. (72)), we obtain the following optimality condition (see Appendix I):

oo
B (018) e (MO (Y a D)) (P ya) " Vi v
01 a=0
(91_1) &9 ’
o
EtZ(%ﬁ)“ ?;ﬁ(;) {Y;},Ha(Pﬁ,Ha)el}
a=0
Py (4,1) = (73)
oo
BeY (pnon ) S (MO, (Vs 0) (P ) 7 Vi
Onr, a=0
(gnm _1) e r i
B (o B S22 [V (Pr)
L a=0 d

where firm j’s prices P}, (7, ¢) in domestic sector m are aggregated over consumers as it is done for wages in equation
;

(102) in Appendix B.2, resulting in vectors f’}l"t ().
Since any domestic price at period ¢, Py, (j) (n = 1,...,ny), is assumed to be a CES aggregator (see e.g. (15))

of the predetermined price {Pﬁt_l(j)} and the newly set price pgt(j) according to Calvo in (73), this domestic

price index for a typical domestic company j in sector m operating on market n (n =1, ...,n,,) can be written as:

1
=0,

PR = [on (PReaG)' ™" + 0= 0 (Bat@)) | (71)

Equation (74) is log-linearized in Appendix I.

8.1.2 Taylor staggered price setting

Following the Chari et al. (2000) notation for a Taylor staggered price setting model, we assume that in each sector
m=FT,FN, VT, VN, MF, MV firms set new prices for N periods. Taylor’s (1980) staggered price setting assumes
that the average fraction of resetting prices is NLm with an equal fraction of firms distributed in each renegotiation
period. Hence, the first fraction of producers or importers j in each sector m are indexed, j € [0,1/N,,], and set
new prices in periods 0, N,,,, 2N,,, ..., and producers or importers, indexed as j € [1/N,,,2/N,,], set new prices in
1, Npm + 1, 2N, + 1, ... Altogether, there are N,, cohorts. Given the specification for A;¢14(%) from the previous
subsection, the vector of domestic prices is derived from the solution of the expected profit maximization problem:

e 7 { o0 L ([0 () W) - TORG) (Vi) ) )

P,() e (i)
s.t. relevant demand functions as e.g. (72). The constrained maximization leads to an optimal price vector similar
to (73); however, it differs in the fact that ¢, = 1 (n = 1,2,...,n,,) and the upper limit of the summation being
t + N,, — 1 instead of oo:

t+Np,—1 i .
91 EtZa:t " ﬁartrl*t;(&()l) [Mctrj—a(Yizr,bt+a(3))(Pl},t+a)91 Y}zl,,t+a:|

(01-1)

Py (5,1) =

t+N,,—1 r i
E‘Za:t ga t4a(?)

T (4)

1
{}fh,tﬁ»a

(

‘] i
1 1
Ph,t+a) ]

t+Nm—1 o Tyya(i) . On ,
Eid gy B TR (MO, (VD) (PR Y

t+Npm—1 o Ltt (i) n
Etza:t B I‘t((li) [Yh,?—l%—a(

Onypy

(Onm—1)

nm

0
Ph,t+a) nm,]

35The vector of probabilities has the same dimension as the number of markets that firm j supplies. For example, if firm j produces
a final tradable good, then 7 different Calvo price probabilities are theoretically possible, e.g. the entry wfj? is the fraction of final-

tradable-goods-producing firms that are not resetting their prices on the domestic market of tradable investment goods.

The other four vectors of Calvo price parameters are opn = [¢ON, gofﬁ,<prN,<p}/]\7;,go}/J<,V}’, Yy = [<p€%:, <p€¥,<pf$T,<pf‘J,VT "
PMF = [cpf/_[q;n Wf]?a‘P*FI]%MPXI?MPYI]}C]' and ppy = [cp*FJT, gof‘ﬁVT]’. The last two vectors contain importers’ Calvo price parameters

for all markets they serve.
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where, similarly to the previous subsection, we have to aggregate optimal Taylor prices over all consumers. The
Taylor aggregate price indices are then given by:

—0.,

n 1 _ 1-6, | !
Piai) = |- Zat™ ™ (Pema() : (77)

which are log-linearized in Appendix J.

Comparing the Calvo and Taylor prices (74) and (77), we conclude that the pricing rule assumed has important
consequences for the persistence of CPI inflation. The key difference in those forms of pricing is that in Calvo
pricing, the event of not being allowed to reset prices for a large number of periods has a non-zero probability.
Therefore, Calvo contracts pick up the randomness of price changes. The Taylor pricing rule leads to a price index
that is an average of all the optimal prices allowed in the contemporaneous contracts.

8.2 Sticky wages with staggered wage setting
8.2.1 Calvo staggered wage setting

Given the monopolistically competitive structure of the labor market, forward-looking households set nominal wages
in staggered contracts that are analogous to the price contracts described above. More specifically, the fraction of
wages that are kept sticky is ! . Hence, in any period in which household i is able to reset its wage contract,
it maximizes the expected utility (1) with period utility function (35) with respect to wage rates W™ (i), subject
to household i’s total supply of labor (103) from Appendix B.2 and CBC (7). According to Appendix K, this
maximization leads to:

By (Bl ) | (Wika) ™" Liya (Lesa(0))”)]
th(i) _ QLm a=0 ) (78)

(oLm — ” .
Etz B )a [(Wita) ™ Liftq (1 — 1) T4 (9)]

Since any (domestic) wage at period t, W;™ ( ), is assumed to be determined by the CES aggregator (as in
formula (15)) of the predetermined wage thl( ) and the newly set wage, W/ (i), according to Calvo a wage index
for sector m is:

WD) = B (@) T (- ) ()] . (79)

which is log-linearized in Appendix K.

8.2.2 Taylor staggered wage setting

Similarly to Subsection 8.1.2, we assume that in each producing sector m = FT,FN,VT,V N a fraction NLW of
workers set new wages for NV periods. Workers in each sector m are indexed by j € [0,1/N] and set new wages
in periods 0, NW 2NW . and so forth, similarly to Subsection 8.1.2. The optimal wage in sector m is derived
from the solution of the expected utility maximization problem:

N1-1
t+NW 1 1—o 1+¢ Mitata (1) x
" 1 Ct+a ) (L?},—a( )) ( Ptcjr
max F @ = -+ - £ , 80
PR, (9) ! Z ﬁ l-0o ((CtJral) 1+¢ . (17§> ( )

s.t. relevant demand functions for labor where the Taylor assumption is applied and subject to CBC (7) This
constrained maximization leads to the optimal wages:

Wm() o EtZHN 716a [(Wma)mm Lﬁ-aLt—ka} &)
t) = .
t (QLm - ) Etzt+N —1ﬁa [(WtT-rll-a)ng L?}l_a ( . Ttw) Pt(Z)]

The Taylor aggregate wage indices are obtained analogously to Subsection 8.1.2:

W) = | (V)T ek (Wﬁa@))””‘] o (s2)

which is log-linearized in Appendix L. As in the previous subsection, a similar interpretation can be done; however,
the idea of Taylor contracting seems to be more realistic.
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9 Monetary policy rules

Designing monetary policy rules concerns the choice of (a) the monetary policy instruments, (b) the variables which
are targeted and (c) their targeted values. In the literature, the most important variables that are targeted by
a central bank (CB) are: (1) real output (gap), (2) (changes in) prices, (3) (changes in) wages, (4) (changes in)
exchange rates, (5) (changes in) interest rates, (6) a combination of real output and prices in the form of nominal
GDP.

Kydland and Prescott (1977) claim that monetary policy effectiveness depends not only on policy actions under-
taken but also on the public perception about these actions and its expectations about future actions. Consequently,
policy is more effective when future actions are predictable so that a monetary authority can commit itself to a
certain course of policies. As Atoian et al. (2004) argue, commitment permits the CB to distribute ‘policy medi-
cine’ over time. For example, when the CB wishes to offset inflation that will result from a supply shock, under
commitment, it can raise interest rates moderately provided that it maintains higher rates for a period of time. In
contrast, in the case of lack of commitment, a higher initial rate increase will be necessary because of the public
doubts that the CB will sustain this interest rate increase. Atoian et al. (2004) also argue that optimal commitment
does not need to take the form of a reaction function with fixed coefficients. In general, an optimal commitment
rule has the form of a state-contingent plan that presents the instrument setting as a function of the history of
exogenous shocks. However, optimal commitment is not practical because, first, as noted by Woodford (2003), it
is not feasible to provide an advance listing of all relevant contingencies and, second, it is difficult for the public
to distinguish between discretion and a complicated contingency rule. Both problems are avoided when the CB
commits to a rule with fixed coefficients.

Which form should such a rule with fixed coefficients take? Most CBs use the short-term nominal interest rate
as their control variable, depending on economic conditions. The most famous and widely used examples of interest
rate rules are those proposed by John Taylor. The log-linearized standard Taylor rule (see Taylor (1993)) relates
the interest rate to inflation and (logarithmic) output gap:

Tei41 = Vo + N 7he + JoYn e + €4, (83)

where 7, ¢ and yp,+ are annualized inflation and (logarithmic) deviations of output w.r.t its steady state value, which
are assumed to be the target variables of a monetary authority. Taylor (1993) assigns coefficient values consistent
with an accurate description of Federal Reserve policy for quarterly data and domestic annualized inflation (so
instead of, 7y, we use 7r,(:2 = Z?:o”ht*j) as ¥y = 1.5 and ¥ = 0.5. The intuition for the value of the former
reaction parameter is that the CB must raise the interest rate by more than any increase in inflation in order to
raise the real rate of interest, cool the economy, and move inflation back toward its target.

We can study two institutional arrangements concerning the degree of integration of monetary authorities: (i)
each CB is autonomous and follows its own monetary policy rule or (ii) an institutional setting in which the home
country and the foreign country already agreed in a common monetary policy rule. Therefore, the common CB is
going to set the nominal interest rate taking weighted aggregates into account (as, for instance, in the Maastricht
Treaty). Define nj;, as the share of the home country in the world GDP and the counterpart 1 — ny, as the share
of the foreign country in the world GDP. In any of the institutional arrangements, given the two-level production
functions (29)-(31) and (34) of our model, it is assumed that the CB targets only the final goods deviations from
the steady state production. Since a CB is in general primarily interested in targeting CPI inflation, which is close
to targeting inflation of final goods, we do not consider outputs of intermediate goods in the proposed monetary
policy rules (although these intermediate goods are important for the whole economy as the before-mentioned Dutch
example illustrates).

Therefore, we consider the following monetary policy rules:®

(I) The Henderson-McKibbin and Taylor (HMT) rule for the monetary union, which is a direct
extension of the standard Taylor rule (83) for a setup with weighted tradable and non-tradable outputs (see Collard
and Dellas (2004)):

Ttt+1 = 196 + 19{”;(32 + #éyij;,t + ﬁéy}JL\{t + €14, (84)
where y;{ and y;]LV are the logarithmic deviations of domestic outputs of tradable and non-tradable final goods from
their steady state values. Since only final goods are considered, it is expected that the sum of the values 91 and ¥4
is (much) smaller than 0.5 (as found by Taylor (1993))

36 These monetary policy rules can be easily extended to an institutional setting with a monetary union. See Plasmans et al. (2006b)
for an application with three countries, where two of them are members of a monetary union.
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(IT) Taylor (1999) suggests another alternative for the standard Taylor rule (83) that allows for interest-rate
smoothing:
regsr = 05 + 01 nlt) + 0l YT, + 0XyN, + 9l ry + e, (85)

where 91 > 0 is a smoothing parameter.
Finally, we are also interested in (III) a Taylor-type rule with wage inflation:

II1 111,_(4) I11,_W(4) II1, T 111, N 111
Tear1 =00+ Ty 0y s 08 Y 00 Yk 05 o1 + ey (86)
where m), 7 = 3 j=0Th.t—; is the domestic annualized wage inflation.

The foreign country CB is committed to similar Taylor-type rules as specified in (84), (85) and (86) with the
instrument being r} depending on its country variables such as (price) inflation, wage inflation and tradable and
non-tradable output gaps.

Mc Callum (1997) argues that the policymakers’ reaction is more accurate if it is based on lagged and not on
current values of output and inflation. In response, Taylor (1999) suggests an alternative form of his rules where
lagged values of output and inflation replace the current values in (85). In contrast, Clarida et al. (1998) and
others argue that rules in which the CB reacts to forward-looking variables are optimal in the case of a quadratic
objective function for the monetary authorities, which will be also utilized in this paper. The difference between
backward-looking, contemporaneous and forward-looking monetary rules relates primarily to the information set at
the disposal of the monetary policymakers. For instance, in the case of a contemporaneous rule the actual inflation
rate, on which the CB is assumed to have adequate information, is targeted.

10 Numerical simulations

Given the large number of parameters involved in our DSGE model, it might not be trivial to know a priori the
set of coefficients that assure the rank condition for the solution of forward-looking (jump) variables (see Blanchard
and Kahn (1980)).>® To assure a unique solution we parameterize the model following the recent literature. The
model is transformed into the state space form in order to make the following numerical (stochastic) simulation
experiment, where some of the endogenous variables are considered as unobserved. The model is estimated using
(observable) variables from national accounts, though these resulting econometric estimations are beyond the scope
of this paper.?® Our computations are performed using the DYNARE toolbox for Matlab (see Juillard (2005)).

1. In Table 1 in Appendix M, we inform about priors of ‘deep’ structural parameters, AR coefficients of auto-
correlated shocks and standard deviations of these shocks used in the stochastic simulation experiment. The
CB targets aggregate zero inflation and final output deviations from the steady state and it is assumed that
both CBs in a two-country setting are fully committed to rule II (equation (85)). In addition, price and wage
settings are assumed & la Calvo. In order to check the accuracy of the specification, we simulate the full
model and two reduced versions, namely, (i) a specification without capital goods and (ii) a specification that
disregards capital and intermediate goods. These alternative specifications give rise to different responses in
the form of impulse response functions (IRFs) that are denoted by dotted black lines for the full model, green
full lines for the model without capital and blue full lines for the model without capital and intermediate
goods. In the following subsections we analyze these key model variables’ responses (expressed in logarithmic
deviations from the corresponding steady state) when the home economy is hit by: (i) a productivity shock
in the production of tradable and non-tradable goods, (ii) a shock on home money demand that increases the
domestic interest rate and (iii) a shock in the exchange rate.

10.1 Technological improvement in the tradable and non-tradable goods production

Figures 1 and 2 in Appendix N depict the IRFs of a productivity improvement in the domestic tradable goods
production technology. As a result, marginal costs of tradable goods go down and prices of domestic tradable
consumption and investment goods as well (deflation, but temporary for the full model specification). Thus, the

37The reader could wonder why the CB would target also wage inflation if it already targets inflation. Concern about wage inflation
could result for various reasons, among which: (i) wage inflation could lead to a wage-price spiral and (ii) it could target real wages,
e.g. to secure competitiveness and constrain demand-pull inflation it could try to keep real wages low.

38Ratto et al. (2005, p.14) check systematically for all parameters and determine which of them are more likely to lead to indeterminacy.

39FEconometric model estimations for a three-country model, including maximum likelihood and Bayesian ones, are included in
Plasmans et al. (2006b).
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domestic demand for consumption goods increases. Sectoral unemployment increases in all specifications, but
whereas total unemployment goes up in the full model, the opposite is the case in the model without capital and
intermediate goods. In the foreign country, aggregate consumption goes up, while aggregate inflation goes down.
The exchange rate appreciates and the positive domestic net exports accumulate into a positive domestic NFAs
position that is quite persistent. The home interest rate is shifted down by the domestic CB as a reaction to the
deflation that is present in the home economy and also the foreign CB decreases the foreign interest rate, leaving
room for possible monetary policy coordination. This is because the domestic deflation gives rise to foreign deflation
due to the tradability of the good.

A remarkable characteristic that shows up across all graphs in Figures 1 and 2 is that the full model variables
react in a proportionally more active way. This is rather important in the case of the NFAs because the exports of
tradable investment goods benefit from technological improvement (a larger domestic NFAs position).

Some other variables are not reported, but are worth mentioning. Consumption of tradable goods goes up, while
that of non-tradable goods goes down since the new relative price favors the former goods. Concerning capital,
after the shock, capacity utilization and demand for capital in the production of final and intermediate tradable
goods go down. However, the capacity utilization and the capital demand in the production of non-tradable goods
go up. In addition, the technology shock makes it more attractive to invest in the non-tradable goods sector since a
higher demand for these goods is expected. Moreover, disinvestment is verified in the aggregate domestic economy
and in the intermediate goods sectors. Aggregate investment increases in the foreign economy.

Real wages and real rental rates of non-tradable capital goods are unambiguously higher, while rental rates of
tradable capital goods are lower. The nominal wage increases in the tradable goods production, while it decreases
in the non-tradable goods production.

In Figures 3 and 4 in Appendix N, we illustrate the effects on key variables derived from a domestic shock in
the productivity of the non-tradable final goods sector. In that instance, domestic consumption goes up and foreign
consumption goes down. Deflation is present in the home country but inflation appears in the foreign country. The
tradable final goods production decreases in both countries, while the non-tradable final goods production increases
domestically, resulting in higher employment on the aggregate level. Final goods production in the foreign country
goes down. The domestic NFA position is positive and substantially large in the case of the full model specification
(with capital goods). In addition, the home country becomes less competitive since the exchange rate depreciates.
Regarding the instrument of the CBs, it is optimal to reduce the domestic interest rate given the deflation of prices.
In the foreign country the interest rate is in the very short run lower, but this interest rate is adjusted upward to
decrease foreign inflation. Exports of the domestic country decrease less than imports.

10.2 Money demand shock

When a money demand shock hits the home economy as in Figures 5 and 6 of Appendix N, the first effect is a
relative scarcity of money that increases the interest rates of the domestic and foreign economies due to motives
not explained by the Taylor rule. This nominal shock has consequences for the real variables of the model because
of rigidities assumed to be operating in the model. The money demand shock results in a consumption and a
domestic production decrease in the short run, while the foreign production increases. Un(der)employment of labor
is generated in the short run. The domestic CB raises the interest rates to mitigate the effects of the shock. Also
the foreign CB raises the interest rate in the short run. Since agents are forward-looking, negative savings and a
negative NFA position emerge. In addition the exchange rate appreciates and domestic exports decrease.

10.3 Exchange rate shock (UIP shock)

Consider the effect of an exchange rate shock (expected depreciation) in Figures 7 and 8 of Appendix N. We observe
a positive impact in domestic consumption and the opposite effect in the foreign country, because the depreciation
produces an alteration of relative prices and, consequently, an expenditure switching effect that benefits the home
country. Notice that since more complex relationships are captured by the fully-specified model, the expenditure-
switching effect is mitigated because the depreciation magnifies marginal costs of intermediate imported goods in
the home economy. Extra inflation is appearing in the home country and deflation in the foreign country. The home
country exports less and the NFA position becomes negative. Because of the inflationary pressure, the domestic
CB adjusts the interest rate downwards (and the foreign CB adjusts upwards).
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10.4 Sensitivity analysis

In this section we do sensitivity analysis and compare the responses of key models’ variables. First, we briefly
examine how different monetary policy rules, i.e. Rules I, IT and III, discussed in Section 9, affect the response of
the interest rate provided that the CB is fully committed to the assumed rule. Second, we briefly analyze the impact
of the Taylor contracts in the wage setting in the IRF's of consumption, inflation, tradable and non-tradable output
and home aggregate employment.Jorge or Tomasz, can you give more information about the sensitivity results??

10.4.1 Monetary policy rules

We examine how the interest rate is adjusted by both fully committed domestic and foreign CBs. To do so, we
compute IRFs, which are illustrated in Figures 17 to 28 in Appendix ?7?.40

From the simulation of all the model specifications and all shocks we conclude that its evolution is similar in all
the specifications, though in some special cases the interest rate is evolving in an upper or lower level. In particular,
in the model that explicitly accounts for intermediate and capital goods rule III (equation (86)) is responsible for
interest rate responses that are more stable and close to the zero line. The previous result is not maintained in
simpler model versions: sometimes rule II performs better than rule III in specifications without capital goods
and in specifications without capital and intermediate goods. In addition, magnitudes are in accordance with the
common wisdom, e.g. given a technological shock in the domestic tradable final goods sector, the foreign CB must
decrease the interest rate more in the full model specification (because of higher trade flows in intermediate and
capital goods).

10.4.2 Pricing strategies

In Figures 29 to 36 in Appendix ??,*! we introduce in the model without intermediates and capital goods alternative
price and wage setting assumptions to find out possible differences in the evolution of key endogenous variables.

We simulate three alternative specifications: (i) price and wage settings according to the Calvo rule, (ii) price
setting a la Calvo but wages set by yearly contracts (N} =4 for m = FT, FN,VT,VN,MF, MV) and (iii) price
and wage settings regulated through Taylor contracts (N,, = NV =4 for m = FT,FN,VT,VN,MF,MV).

As expected, Taylor contracts in prices and wages tend to produce more fluctuations with a periodicity of around
4 quarters. Given a technological shock in the F'T sector, higher fluctuations are remarkably found in domestic
and foreign interest rates and imported inflation at home. Moreover, we find higher fluctuations (recession) in
domestic tradable output in the case of Taylor price and wages (because of the incidence of yearly contracts).
Higher fluctuations are found when the technological shock is in the F'N sector; however we do not find notorious
differences in responses in the case of monetary and exchange rate shocks. Responses are quite comparable.

11 Concluding remarks

In this paper, a New-Keynesian open economy model was constructed with a detailed treatment of demand and
supply relationships. For households the emphasis was put on the presence of habit formation and their supply
of capital goods with variable capital utilization to firms, whereas in the production part we focused on different
sectors in the economy and linkages between them. In particular, we distinguished between intermediate goods and
final goods and between tradable and non-tradable goods (like services). We introduced two models of staggered
price and wage setting, Calvo (1983) and Taylor (1980), into our framework. Whereas the theoretical discussion
and comparison of these models can be found in Kiley (2002), we also compared them numerically in our setting.
The foreign economy is modeled in a parallel manner; consequently, import/export prices and quantities and other
relevant variables are endogenized in our approach. In particular, this makes the model more flexible since both
small and large economy settings can be studied in this framework.

Responses of alternative monetary policy rules on major model variables were mutually compared. Which simple
rule stabilizes most the interest rate? From the stochastic simulation of all the model specifications and all shocks
we conclude that interest rate evolution is quite similar, though in some special cases the interest rate is evolving
in an upper or lower level.

(to improve)As expected, Taylor contracts in prices and wages tend to produce more fluctuations with a pe-
riodicity of around 4 quarters. Given a technological shock in the domestic tradable final goods sector, higher

40 Available on http://www.ua.ac.be/download.aspx?c=joseph.plasmans&n=13825&ct=009362&e=117058.
41 Available on http://www.ua.ac.be/download.aspx?c=joseph.plasmans&n=13825&ct=009362&e=117058.
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fluctuations are remarkably found in domestic and foreign interest rates and imported inflation in the home coun-
try. Moreover, we find higher fluctuations (recession) in home tradable output in the case of Taylor price and wages
(because of the incidence of yearly contracts). Higher fluctuations are found when the technological shock is in
domestic non-tradable final goods sector; however, we do not find notorious differences in responses in the case of
monetary and exchange rate shocks. Responses are quite comparable.
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Appendix

A The foreign households and government

A.1 Foreign households’ consumption demands

The foreign households are assumed to face a problem similar to the one sketched in Section 2. The only (possible)
extension exists in the fact that the home country may be a small open economy, so that a somewhat negligible
weight is assigned to consumption goods produced in that small economy; then, oz*c(}) ~ 1 in the foreign consumer
©’s aggregate consumption function (see (13)):

n*(%'Ll e 7]*(1%'),1 *(%)71
Cr()= | (at)EF (C7@) ST + (- apr@) R (CIY @) "o : (87)
n*c(i>
L ng“)_—l L n*(”_—l -
where T (i) = | (1 — 2@ 5y CiT(i ney + o oy L (5 5y ~ C%T(3), the latter when
t cf ht Ccf t fit

the home country is a small open economy.

Total cost-minimizing foreign household i’s demands for differentiated goods, their foreign aggregates and be-
longing foreign prices can be derived in a way similar to (12), (14), (15) and (16), respectively. Hence, minimizing
the total forelgn consumption expenditure as in )

P*CC* *CT C (2,4) dzdi + *CN C (z,4) dzdi + *CT z,1) dzdi
fit fit

9*(Li)
ox(1) aé(li)_l

* (1

with respect to C’}f (z,4), C’}]X (z,4) and C’,’ij; (2,1), subject to Cyl, (i) = fol Cili(z,1) * 0 dz for (k,1) =

(f,T), (f,N) and (h,T), with 02(;) > 1 being the foreign household ¢’s intratemporal elasticity of substitution
among consumption goods, straightforwardly yields foreign consumer i’s consumption demands for differentiated
goods (see (14)):

#(5) o)
P*CT(Z) Moy , P*CT(i) Moy
«T oy o *(1) «T'( *T (0 _ *(2) h,t #T'(
Cf,t( ) Cf (W Ct (Z) ’ Ch,t (Z> = (1 — Ckc} ) W Ct (Z)v
N (@) P??N(Z) e T (4) PrT) e
* . *(1 1 /- «T /- *(1 3 /-
Chi(8) = (1 - O‘CT) (W) Cy (i) and C;f~ (i) = app (W) Cy (@) (88)
with aggregate price indices derived as (see also (15) and (16)):
. =(i) (i) *(z)
PrO(i) = |:a*c(;) (PrOT(@)" " + (1-agy) (PN (@) } and (89)
(i) O] T
Pt*CT(i) _ |: *(1) (P*CT( ))1 ner 4 (1 B ac(z)> (P*CT( >)1 Ny :| 1-ngy (90)

with PFCT (i) ~ P*CT( ;) when the home country is a small open economy.

A.2 Foreign households’ investment supplies

The total foreign households’ expenditure on investment can be written as (see (17))

P*II*—/ / P (2,4 dzdz+/ / PN ( (2,4 dzdz—l—/ / PrIT( wE(z,4) dzdi,  (91)
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which is minimized w.r.t. quantities I3} (2,4), I3} (2,7) and I} (2, 1) and where P;{T (2), P;i™ (z) and P;i" (2) are
the corresponding prices of foreign produced tradable and non-tradable 1nvestment goods, and imported tradable
investment goods by foreign household ¢, respectively.
Foreign consumer i’s aggregate investment baskets are defined as nested CES specifications (see (18)):
10

O 2 =&
N\ ‘Lo *(1) *(1) N W "
1) = | ()5 (TE) i+ (1 ap?) i (1Y @) : (92)
with foreign tradable investment, I;7(i), by foreign consumer i’s as:
@
. , 1y
n(/Ll *() 1 n;}i)_l

% (1) i % (i)
@) = | (a6f) 7 (@) T+ (1= ai) Y (135 6)

with n}kg) and 77;?) being foreign consumer ¢’s intratemporal elasticities of substitution between tradable and non-

tradable investment goods, and between foreign and imported investment goods, respectively (77150) > 77153) > 0);

algw) and 041() are foreign household i’s shares of tradable goods in its total foreign investment and of foreign

produced tradable goods in her total foreign investment goods, respectively.
Similar to household #’s optimal intratemporal aggregate investment supplies, we get from the minimization of
(91):

(3) (4)
P*IT(i) iy P*IT(’L) iy
*«T *(1) £t *T [ *T (N *(4) *T [+
If,t( i) = O‘IfZ (Pt*IT(i) L) Ih,t (i) = (1 - OﬁrfZ ) Pt*IT(z) I (4),

,n}%Ti) I0)
P «IT Mrr
I}k,];[(z) = (1 0‘;5")) ( ;*I(())> I:(Z) and I*T( ) a;gﬁ) <%(g))) I:(i), (93)

where P;I(i) is foreign household i’s aggregate investment price index and P! (i) (P;IV(i)) is foreign household
i’s aggregate investment price index of tradable (non-tradable) goods. These prices are derived by minimizing the
cost of purchasing one unit of the investment bundle I;7 (i) as:

. # (1) s (1) (1
P = i) (T a) T (1= ) (P ) ] " and (99)
1
(i) (D) T2
P;IT@) _ ﬁf) (P*IT( ))1 e + (1 a;g;)) (P*IT( ))1 e ] ”If ) (95)

A.3 Foreign government

Following Leith and Malley (2003), the foreign government solves a cost-minimization problem similar to the
domestic one (see Section 3), leading to demand equations for z € [0, 1]:

pte)
P*CZ(Z> _eg(lG 0 -1 <(G) _y #ﬁ P*Cl(z> _eg(lG)
Gl (2)= kit / G *C<,G> dz - kit Gt (k,)=(f,T),(f,N) and(h,T),
ARE© Pi1(G) z
(96)
*(G) x(G) *(G) (@)

with similar interpretations for 1oy, Ney's acr and O‘Z and similar CES aggregators as in Section 3, the
foreign aggregate government demands have similar expressions as in (25):

* —nef” " —nel)
o _ @ (LR @ T e (1 B a*(c)) Pt @\
Ht = Qcy Pt*CT(G) t o h,t cf Pt*CT(G> t o
*(G) (@)
p*CN (G) —Necr P*CT(G) —Ncr
*(G) It * *T *(G) *
Gft = (1 — Qorp ) <7Pt*C(G) G and G Qor <W) Gt (97)
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with foreign aggregate prices similar to expressions (26) and (27).

B Domestic consumers’ constrained maximization

The following Lagrangian, belonging to the constrained maximization of (1) with (35) as period utility function
subject to CBC (7) and sectoral law of motion (6) of capital,

1 ( C;(4) )1_” B (Zm:FT,FN,VTyN L?(i))lﬂs
)"

Lo(i)= EO;/@t 1 ol 170 + XM ( _1>

— O

PE(i)C, (i) + Py (i) (Zm:FT,FN,VT,VN Itm(i)) +Qh,t,t4+1Bh,t+1()

(2 (1) K™ (4)
m=FT,FN,VT,VN

~ (7) (Cprpnyrys WO OLE @) - (1-7F) [ X RPGKEG)

_Tt(i) - Bh,t(i) - Sth,t(i) - Mt(i)_Bt(i)

+8:Q 1041 By i1 (1) F M1 (i) + P,{ (7)

+EOZ/3t L' (3)
t=0

S Yeerene [kno - a-awxre - (-1 (EL) ) el oy

m=FT,FN,VT,VNt=0

has to be differentiated with respect to C:(3), L (%), I;"(¢), household #’s nominal domestic and foreign assets
(consisting of bonds and stocks) at the beginning of period ¢ + 1, i.e. Bp¢11(i) and By;11(4), Myy1(3), Kt (i),
ZM (i), Ty(i) and Q7*(i)['¢(i) and the resulting 26 equations have to be equalized to zero (FOCs). To do this,
consider that two subsequent elements of Lagrangian (98) sum up to:

m(; 1+¢ M (@ 17%
L) = F Bt 1 ( Cy (1) )1_0 (Zm:FT,FN,VT,VN Ly (Z)) N ( ptg(i()))
i) = - _
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X
_ m o\ Mya(i) \ 7%
+ BBt 1 ( Ciy1(1) )1 7 B (Zm:FT,FN,VT,VN Lt+1(2)> o ( PC. (%) )
1—o \(Ci(2)" 1+¢ (1,%)
PE(i)Cy(i) + P (4) (Zm:FT,FN,VT,VN Itm(ﬁ)) + Qn,t,t41Bn,s41(4)
+81Q 4,441 B41(8) + Mg (i) + PL() > (2 (i) K ()
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B.1 Consumption
Equation (99) can be rewritten as a function of consumption as (omitting irrelevant terms and letting K;(i) =

Ci (i) ):
(Ce—a(1))7 7

£3.0) = B |8 (i)™ | B |37 2 (8o )| 4 B [T PE QOG0 + o (10

Differentiating (100) w.r.t. the current level of household 7’s consumption C4(7) and setting equal to 0 yields,

taking account of the property that ggt((z)) Ct(l) K;(7) and agé:r(li()i) = —om Ki1(d):

et = B {3 (K@) G i) + TP+ 7 s (i 07 i) | = 0
which can be simplified to:
o { | g ()" s (e ()7 | + TP} =0

and which is, after substitution of K(i), FOC (36) in the main text.

B.2 Labor

It is assumed that each household is a monopolistic supplier of its own labor. Thus, the demand for labor i by
company j in sector m = FT, FN, VT,V N is L}*(j,4). This demand results from cost minimization of the nominal

wage bill paid by firm j, i.e. by W/™(5)L7(j) = fol W (4,4) L7 (4,4)di. The optimization of this wage bill subject
to equation (32) yields an expression compatible to (12):
e

1) = () G, (101)

where for any category of final goods, ngrzl > 1 is the intratemporal elasticity of substitution for different types
of labor demanded by firm j in sector m. Moreover, firm j’s wage index W/™(j) of all demanded labor inputs is
derived in analogy to (11) as the minimum cost of one unit of the labor bundle Li*(j,1):

1 1= Q(LJ)
(/ W™ (4,1) @Lmdz) . (102)

Taking account of the assumptions of continuity and (perfect) competition among firms for workers (workers
are assumed to supply labor monopolistically) in sector m = FT, FN, VT,V N, i.e. W/™(j) = W™ and Q(Lj;l = 0Lm
(constant rate of labor substitution within an industry), total household #’s supply of labor to sector m is:

= [ 1= (52) ™ [ L) = (552) "o (10)

QE'ZH
Lm ~

where L = fol L (j)dj = [fol L7 (7) s dz} (see also (9)).

Using (103) we may rewrite household ¢’s gross nominal labor income (3) as:

WL = Y wrome= Y Wt<>[
m=FT,FN,VT,VN m=FT,FN,VT,VN

— Z [Wt ( )}1 oLm (Wm)QLm Lm
m=FT,FN,VT,VN

W, —0@Lm "
S

Rewriting (103) as W/ (i) = (%&”) e W™ and substituting this expression in (99) differentiating w.r.t.

_ Ly (i .
household 4’s current labor supply Li*(i), so that for A = — [Zm_FT’FN’l‘fg’VN ( )} and B = T4(i) (1 — )

ql——L1
L;S):| eLm thLln

[ FTEN VT VN [ 7 ,42 we compute —aﬁrf(i) = — [Lt(i)]¢ and
m= b 9 b

42Notice that the tax rate 7’on labor income is assumed to be time-dependent but exogenous.
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g =Tu(i) (1 71") {(1 - ) [%}77 th] =) (1= 7) [ (1 = 52 ) Wi ()] Hence,
Srng = —[Le(@)* — 1@ (1= 7) [ (1= 55 ) Win(®)] =0 o
( QLm ) [Ly (z)] =T(4) (1 — 72*) W/ (), which is equation (37) in the main text.

1—orm

B.3 Investment

The FOC of domestic consumer i’s supply of investment goods is derived from (99) as

9L, (1)
oI (i)

1" (1)
124(0)

= L)y (3)-Qm ()T (1) + Q7 (i
=0 PN (0-QP (i) + O (T () [ TO+T'() )

} , (104)

] -BE; {Qﬁﬂ@ﬂﬂ(ﬂ T/()M] } =

1" (4)
14 (0)

for m = FT,FN,VT,V N, which is equal to FOC expression (38) in the main text.

/ ( t+1(z )2
O e

& Pl (0)T4(i)-Qp ()T (i) [1-T<.>-T’<.> } — 8E, {Qm AT (1)

B.4 Capital

The FOC of domestic consumer 3’s supply of domestic capital stock at the beginning of period ¢+ 1 is derived from
(99), taking account of definition (4):

0L, (i . ) m (s

D) — 0 e BB (T (VP (08(0) ~ Tia) (1 - ) U (V2004 (0)
t+1(Z)

+ Q7' ()T4(i) — BE { Q1 ()Te4 () (1 — djt, () } = 0
& O (i)T4(i) = BE: { Q%1 ()Tera (4) (1 — dffy 1 (i) — Tepa (8) Py ()0 ()
+T41 (i) (1 — 78 R, () 2754 (3)} for m= FT,FN,VT,VN, (105)

which is FOC (42) that appears in the main text.

B.5 Capital utilization rate
Finally, FOC (43) for the utilization rate of physical capital stock is derived from (99) as

aﬁ%@ =05 By [Topa ()Pl ()W ()KL () = Trpa (i) (1= 700) RE ()KL ()] =0
0Zt+1(1)

& Pl ()Y (271,(1) = (L= 7F) R, (4) for m = FT,FN,VT,VN. (106)

C Methods of log-linearization

C.1 Log-linearization around time-dependent paths

Let X; be any strictly positive variable (e.g. output) and X; its time-dependent value (e.g. natural value or natural
output in the absence of nominal rigidities) around which we would like to log-linearize. Then, z; is defined as
the logarithmic deviation from this time-dependent value (e.g. the natural output gap) so that a first order Taylor
approximation at this time-dependent value yields:

_ X _ > _ _ _ _
X=Xy <X—t> = Xtel“(Xt/Xt) = X" ~ X;e® + X (z — 0) = Xo (1 + 2y).
t

Hence, log-linearization around a time-dependent value satisfies X; ~ X;(1+z¢), X;Y; ~ XY (1+2¢ +yi +2ey1)
with xuy; ~ 0 since @y _and yr are numbe_rs close to zero, and_ B B B
F (X)) = F(X)+f (Xp) (Xe=Xo)=F (Xe)+f (Xp) Xo(Xy/Xe—1) = [ (Xe)+f (Xe) me (Mo — D)=F (X)) (L+mee),
oufs(x)]

where 7, = (%)
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For instance, applying these properties on a consumption Euler equation of the simple type F [Rt-uﬁ (Cii1/Cy)~°
= 1 and assuming that this Euler equation also holds for time-dependent paths, we get:

1~ FE; [Rt-i-lﬁ (Crs1/Ch) _a} (14 B¢ [re41] — 0 (Bt [es1] — ct))
or 0 ~ Et ['I"t+1] — 0 (Et [Ct+1] - Ct) .
A more general log-linearization procedure for a function of (at least) two variables, utilized in most places of

this paper, is the following. The equation
[(Xe, Y1) = g (Z¢) (107)

of strictly positive variables X;,Y; and Z; can be rewritten in logarithmic form as:
In[f (X, Yy)] = In [f(e™ X, e Y)] = In [g(e™ #)] = n[g (Z))]. (108)

‘Taking a first order Taylor approximation at the logarithms of the variables’ time-dependent paths, i.e. at
In X;,InY; and In Z;, the two parts of equation (108) become:

In [f(e™ X, e™Y)] ~ In [f(X;, V3)] "‘m [fx, (X6, V) X (In(X3) — In(Xy)) +fy, (X, V1) Y2 (In(Y2) — In(Y7)) ]
(109)

and
In [g(elnzt)] ~In[g(Z)] + @ 92, (Z:) Z: (In(Zy) — n(Zy))] (110)

where fg,(X;,Y;) stands for the partial derivative of f(X;,Y;) w.r.t. X; (and similarly for fg, and gz, ).
Equating (109) to (110) and using the fact that (107) also holds for the time-dependent paths considered, i.e.
f(Xy,Y) =g (Zt) , we obtain in terms of the logarithmic deviations of the three variables:
Iz, (X, Vo) Xowy + fy,(Xe, Vo) Yoy ~ g7, (Z4) Zs2. (111)

This result can be generalized for functions of more than two variables. In general, the log-linearization of
FEO X X)) = g (VL ) s

n (1 (2 o (n)\ (2 i m (1) (2 T (m)\x- (2 7
S o (X, X2 X)X D) o S o (RO, V2, Vv Oy 0. (112)

C.2 Log-linearization around (time-)varying rate paths

Assuming that a time-dependent value X; fluctuates at a period to period (growth) rate \;, we may write this value
as Xy = X; 1\ = XOHZ:V\k- By assuming a (time-)varying trend we will assume that at each period ¢ all time-
dependent values in the model fluctuate at the same rate A;. Since log-linearization around such values is a special
case of log-linearization around time-dependent values we can substitute Xt(l) = X(gl)]_[zzl)\k, Xt(2) = Xéz)nzzl)\k,
ey X = X A Vi = YOOI e, V) = YOI A oy Y™ = VTTE_ A into formula (112),
which yields the desired approximation around (time-)varying rate paths.

C.3 Log-linearization around a constant trend

Such a log-linearization is a special case of that in Subsection C.2. Assuming a constant trend Ay = A we may
rewrite each time-dependent value as X; = XoA! and substitute it into (112).

C.4 Log-linearization around the steady state

Such a log-linearization is a special case of that in Subsection C.3. Assuming that A = 1 we may rewrite each
time-dependent value as X; = X and substitute it into (112).
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D Log-linearization of the consumers’ FOCs (36)-(43)
D.1 FOC (36) of consumption

D.1.1 Log-linearization around time-dependent paths

The partial derivatives needed to log-linearize FOC (36) according to equation (112) are:

fr-s(Com ). Cui). Cuna (1), B, PE@) = =1 (1 = 0) Tk,

Feutoy(Coms(8), Coli), Cran (i), Tu(i), PE(0)) = —oC "4 (1~ o) + 1] B [%} ,

(Ciea(®)
o0 Cor (0. Chl0), Cran 0. T, PE @) = ~n (1 = 0) Be | ol |
Fr,0/(Co1(0), Culi), Cora (), Ta(i), PE ) = PEG) and
e 0(Corr 0, Coli), Cora (9 (i), PE () = i)

Log-linearizing (36) around the time-dependent (equilibrium) paths using equation (112), we obtain:

= . . S ~ . = . . ~C,. .
foo @y OC 1 (e () + Fe, i) ()C (e () + oy iy (OC 1 Doy 06 OL (07 () + f pe ) () Py (Z)ptc(l) ~ 0,
(113)
or substituting the partial derivatives:

(1= 0) E T s+ | ol 1 o1 - 0) 4 1wk | ol | Cutiati

; [ﬁm o) E, [(C(f))%ﬂ Crar(@ersa (i) + PEGT) [1(i) + 0 (0)] ~ 0.

Rearranging, we get the log-linearized form of the FOC w.r.t. consumption:

(Col) (Cenn(®)° (Cold)"*
E, T Ga) T +s(1-0)+1] Bk (Ct(;) wlgm}] e~ ["” (1-0) W} Ci-1
(Con (@) (Cu(i) 7 (Con ()"
—E; |Br(1—0) (Ct(i;)[”(l )+1]] Cri1+ By (Coa ()7 - K(Ct(z;)[““ o’)+1]‘| [7e(@) +pf ()] =~ 0. (114)

D.1.2 Varying rate

Assuming that all domestic consumer i’s time-dependent values fluctuate at the same time-varying (growth) rate

Agi), we may write
Ci1(3) = Co@DITi A, Coli) = Co@Tem A and Crpr () = Co()TeEIAY.

(C‘O(i)H Am) 7
DR

[—a (Agﬂ)““"” 4 k(L — o)+ 1] BRE, {(Agfgl)”ﬂ c(i) — {H (1-0) (Agﬂ)“(”)} 0

—LE, [ﬁfi(l —0) ()\21)170 Ct+1(i)} + Ey {()\E )) e Bk ()‘1221)16} [ve(d) + pf (4)] ~ 0. (115)

Substitution into (114) and then dividing both sides by

If targeted growth rates are equal across consumers, or )\gi) = M¢, expression (115) can be simplified such that
only the log-linearized deviations of consumption, the Lagrange multiplier and the aggregate consumption price
index vary over individual consumers.
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D.1.3 Constant trend
Assuming )\gi) = A% and substituting into (115) we get

[—a (A@))“(H) +ln(1—0) +1] 85 (AO) 1”} cii) — {H (1—-0) (w)““ G)} e (i)
B HBH (1-0) (Au))l“’} Cm(i)} N {(Am)““_”) Bk (A@)H} (i) + pC (3)] ~ 0, (116)

which is the log-linearized form of (36) around the steady state.

D.1.4 Steady state
Assuming A(¥) = X\ = 1 and substituting into (116) we get:
[0+ [k (1 —0) + 1] Br] i (i) — [ (1 = 0)] c4—1(8) — [Br (1 = )] By [eopa ()] + [1 = B] [ () +pf ()] ~ 0. (117)
Note that simplifying and rewriting (117), we obtain for the logarithmic deviations from the steady state:

K [(o —1)] [k (0 —1)] [1 — B]
o+ [k(oc—1)—1]BK] [0+ [k(oc—1)—1]BK] [+ [k (c—1)— 1] BK]
k[(oc—1)

: - — [1—BK]
so that, defining a; = m and ay = TRt —T5A"
rewritten as:

Y (),

E [Ct+1(i)] -

ci—1(t) +

(i) ~ i

this log-linearized consumption equation can be

(i) =~ arci—1 (i) + Barcia (i) — azve(i), (118)
which is the log-linearized FOC (36) around the steady state.

D.2 FOC (37) of labor

To log-linearize the implicit form of FOC (37) of labor supply around time-dependent paths using formula (112),
the following partial derivatives are needed:

—

Frato (@), To0), W' () = —EE2 [L0)]
fm(tz ) Fu@ W 0) = (1 — ) W76 and
Firma (Ll Vin(@) = = (1= 7) D),

so that [z, ;) Le()le(4) — fr, @) Te(@)ye(d) — fwtm(i)WF(i)w?l(i) ~ 0, or

QL((—:T 1¢ [I’t(l)](ZS (i) — (1 —7) th(i)ft(i)%(i) — (1 =7 T ()W (D)wi* (i) ~ 0. (119)

Using the fact that equations (37) are also true for time-dependent paths as natural values, or QQ“” [Lt( )Tb

= Ty(d) (1 — 7) W™ (i), we can further rewrite equation (119) as:
OL (i) (L — ") W ()0 (6) — (1 — ") W™ ()T (i) e (6) — (1 — ) Te () W™ (d)wyi” (4) == 0.
Dividing all terms by Ty () (1 — 71*) W™ (i) we obtain:
li (i) — wi" (i) — 7(i) =0, (120)

where condition (120) implies that the logarithmic deviations of nominal wages are equal across sectors. Any of
the proposed methods of log-linearization as varying rate, constant trend and steady state will produce the same
results.

43Recall that tax rate 7/ on labor income is assumed to be time-dependent and exogenous.
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D.3 FOC (38) of home investment

Since FOC (38) is also true for time-dependent paths as natural values, or:

o 6-arate 1 (E6)w (£5) ) -

QY1 (1)L (4)

- (%(')) (fgim'))zH |

1 (2)

for m = FT,FN,VT, VN, so that we get according to log-linearization formula (112):
Ny . I,. S m Ir
Do) Py (0) [1(0) + 2 ()] — Q@) [1 =T (¢ l)) T (4 ‘é,»>) o3 (8)} a5 (i) + ()]

—Qp@NiG) [-21" (75485 ) 7555 | i) - o [ 705) G i )f]' v
—Q?(Z)ft(l) [2T/ ([an(z)) ;{fég)} (%) Q ) |:’I‘” ({m O II:(? ] (s 1
n

= N . moG m o (i))?
~ SE, {Qﬁ1(@)Ft+1(l) {T' ( f}fé))) ﬁ] a7 () + 4 (0 }}

T
L {Qﬁl(i)ftH(i) [TH ( I;’%”l((i;)) ((51—1(1;)))?} + 971 ()T 11(4) {QT’ ( t“((z))) ﬁ((ml(.i))z]
)

t " It’"(z)) } Etiﬁl(z)
R A . @)Y (77, @) - ) @\ (I @) oy
+85 { -0 (i) [T” ( ,—,né)’) (O] — o ) 21 () HR i,

Simphfymg, we get - o o

L) PL) [0 +{(0)] - QPR [L =T (755) - T (7855) 75 lar ) + 20
+O ()T (i) [207 (75 (3.)),{” %] [i7(6) — i, ()] + O (DT 4(0) [r“ Zfz’g)—éﬁ:f@jﬁJ [i7(0) — i1 (3]
:ﬁEt{QtH )i (i [ % 30 ][qﬁl(i)—&-%ﬂ(i)}}
]

(I (»))*
+85 { O )Fua) |17 () SO [0 - o]}
#8E { O )Fua) 20 () HRSE fip) — )}

Replacing (121) into the above expression and grouping common terms, we get:

o @r OPT(M(@) T/(ll"znlg)) Im(&)“ (0)=a" ()]

Fm (s I (i 2
£ () [0 (H) FE] (i) — i i)] + O OT ) |17 () S22 ) — i, 0]
L)) I L) (Itnll(l))
2
= 65 { 0T | 1 () TR )+ 3000 = 2,0 - 1100 |
ym I, () t1(9) . R
+8E { O ()T ) |1 ) Tt IGROREAO
Am ! t+1 (@) (jﬂl(i))z mo (s m (s
+BE; Qt+1()rt+1() 27 70) W [%H(l)_lt (1)} .
T/ Im(l)
Im Q
Finally, defining the elasticity of cost adjustment of investment as ©:(:) = Imz:) , we isolate sectoral
v (—;12" w))
investment, so that:**
L) RO
- _ 1" ti—l) m(@)? T'( o) ) (I, ()
1 OIS B O (T (0) | @) gk SO o PO L G R R e
T T 50r ()P0 s () (O () Ur0)

it AR I
L@ ) I, ()

IO s
== [1 %;-?1(?2(]@ - % [ptf(z)—q{"(z)] + {1+ ®t2(l) o (8) i"4(1)
S

T/(Z&ﬂ”) (I_ (i) 2
= N . I (i) (i . . . I,.
—F B O ()T (6 T [mz+ v =) — Z}
QQm(z)Ft(z)I—Iw‘% t+1( ) t+1( ) . 7%) (Itm(i))z qt+1( ) 7t+1( ) 'Yt( ) pt( )
w
44Dividi : Am (AT, (5 (I I (i
Dividing both sides by Q7*(4)T'¢ (%) {ZT (ﬁ) ﬁ}
t—1 t—1
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_ _ T“(I;j;ll(ii)) (I’m (’L))3 T/<7§”1(i7);)> (Im (Z))2

- —Tgmr m ) F ) (—) ,t E+1 2 —t i+1 il )

207 (I (0) Tt t{Qt“(Z) t“(z)[ o )T“<%—T“?) @)’ () (o) T
1 k2

D.3.1 Steady state

In the steady steady state, equation (121) becomes,

PI()T(5) — Q™(OT() [1-T (1) -1 (1)] = Q™ (HT(H)Y' (1), (122)
so that, applying the basic log-linearization rule (112) w.r.t. this steady state, we obtain:*
PLGTG) [pF6) +7,(D)] = Qm(T () [a"(0) +7,()] + Q(@T() [2T" (1) 7y + 77 (1 ]fm

+Qm<i>f<z‘>[fzr'(>,m@ =T (1) e | T @i ) = 5@’”()<)[T/<>][qm1<>+vt+l<z>]

+BQ (TG [T (1) 7 + 2T (1) 25| TP () Bt () = BQ TG [ 17 (1) 72y + 277 (1) 25| T (@it (0)-
_ Simplifying, we get: B B B
PI@T@) [pf (@) +,(0)] — Q™)) g7 (6) + (1)) + Q™ (OT (1) Y (1) [¢(i) — i1 (5)]
~ O™ ()T (@)Y (1) [Erifis (1) — i7" (3)] -
B Co_nsider again (122), or PI( )F( )=
PI@)L() [py (i) +7,(1)] — () (i) [a" (i) + 7, ()] + PTET (@)Y (1) [67(0) — i1 (0)]
~ P ()L (i)Y (1) [Eyi, (i) — i7" (i)]
or dividing both sides by P!(i)['(i):
pi(8) = qp (8) + 0" (1) [i7 () — 521 (8)] = BY” (1) [Biflh (3) — i (3)] -
In other words, grouping terms in logarithmic investment deviations:
P — g (i) — T ()i, (i) ~ BT (1) Eyiyiq (i) — (14 8) X7 (1) 47" (4),

or expressing explicitly for current logarithmic investment deviations:

Q™ (i)['(3), so that:

1

i70) = gy L0 — PO+ T )i 6+ B (1) B (i ()] (123)

D.4 FOC (39) of home portfolio

FOC (39) can be rearranged as:
Ey [T4(i) = B+ re,4:0)Te41(8)] = 0, (124)

where (1 + ri441) = [Qh7t7t+1}_1. Log-linearizing (124) around time-dependent paths as natural values yields
according to formula (112):

By (BT (1) (1 + T p1)7t 41 4 BTe1 () (14 7o p41) 7641 ()] = Te(@)7(9).
Using the fact that (124) holds for any time-dependent path, or E} [f‘t(i) — BRt7t+1f‘t+1(i)] =0, we get:
Bt [BTe1(0) (1 + Frop1)re o1 + BLea () (1 + Fe o) ve1(8)] o By [B(1+ 7 p41)Doqa (0)72(4)] -
Dividing both sides by B(1 + 7¢4+1)++1(i), we obtain:
Ve(9) = B [re g1 + 41 (4)] - (125)

D.5 FOC (40) of foreign portfolio
FOC (40) can be rearranged as:

Ly [Pt( )St = BT (0)(1 + 7 t+1)St+1} =0, (126)

45Gince there are no costs of investment adjustment in the steady state, the assumed cost hypothesis in Christiano et al. (2005)
implies that Y (1) =0, Y’ (1) = 0 and Y” (1) > 0. (which are the properties of a quadratic adjustment cost function through the origin).
See also footnote 9.
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. -1
where (1417} ,,1) = {Q f’t’t+1:| . Log-linearizing (126) around time-dependent paths yields according to formula
(112):

SiTe(i)ye (i) = B+ 77 14 1) St T (D641 (2) ] ~ 0. (127)

E = N o SN = . =\ &
' [ =Ble1 () Sea (L + 774 )y i1 + De(0)Sese — Bl (0)(1 4 774 41) Seqr8e41

Given that (126) holds for time-dependent variables as natural values and substituting in (127), we obtain:

B [ ) BT () (L4775 1)Se17e(8) = B+ 77 411) Sea Dot (4) 7241 (0) ) } ~0.
=BLe1 (D) Sep1 (L4 77 1)7E en + BLega () (1 + 77 1) Seqase — BLapa () (14 75 1) Se18e41

We get (after dividing both sides by B(1+ 77, ;)Str1le41(4)):

(i) = By [1] 140 + Asepr + 7e41(3)] - (128)

Both relations (125) and (128) can conveniently be rewritten (using the transversality condition Avy;;o(7) = 0),
by solving forwardly, as:*6

Ye(8) 2 3T Ty = D geg (Thegy + Aserg) - (129)
D.6 FOC (41) for real money balances
D.6.1 Log-linearization around time-dependent paths
Rewriting FOC (41) for time-dependent paths as natural values:

1=x

v 7l 7 . 1 . 1- .
f() =XM (Mt+1(7/)) X (Ptc(l)) x 4 Ft(l) — 5Et [Ft+1(1)] =0. (130)
Log-linearizing (41) around natural value paths, we find according to log-linearization formula (112):

_imt-‘rl(i) + 1—x)

1—x

X T(i)ve (i) = BEy [Toqa (i)ye41 ()] ~ 0.

py (4) XM( t+1(’5)) ( t (Z))
Rearranging this log-linearized form and using (130), we get:

%hmﬂawwl—wpﬂouﬂuwwﬂ%Ewﬂm)+ﬂummw—ﬁ&ﬁlu@mﬂuﬂ:a

Finally, we obtain:
Lo(i)7(0) = BE: [Coa ()71 (0)]
(T4(i) = BE: [T (9)])

FOCs for the foreign households’ problem can be log-linearized in a similar way as above leading to a log-
linearized foreign Euler equation analogous to (114) and to a log-linearized foreign labor supply curve analogous to
(120).

e (i) — (1= ) p{ ()] + ~ 0. (131)

el

D.6.2 Varying, constant trend and steady state

Since Ty(i) = f‘o(i)szl)\,(:) and Ty11(i) = To(3) ?:11)\,8) = f‘t(i))\gl, we can reformulate (131) cancelling out
[:(7), to get:

7e(8) = BA) 7e11(3)
(1=i)

46 Substituting (129) into the log-linearized domestic consumption equation (118), it can be shown that this consumption equation is
similar to Caputo (2003) and, moreover, in the absence of habit formation, i.e. kK = 0, equation (118) collapses to c¢(3) ~ 7%% ~ ¢,
which is similar to the forward-looking expression for consumption in Galf and Monacelli (2002).The (slight) difference originates from
the different log-linearization procedure in Caputo (2003) and Gali and Monacelli (2002), where a constant discount factor S remains
in the log-linearized expression (129).

i [meg1(i) — (1= x) pf ()] + E

~ (),
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which under the assumption of constant trend can be rewritten as:

Ve (8) — BA(i)’Yt-H(i) ~
(1 — ﬂ)\(i)) ] ~ (. (132)

[mes1 () — (1= x) pf ()] + B

x|~

In the steady state A(¥) = 1 for all 7 so that (132) reduces to:

= e i) = (=0 0] + i [T (133)

D.7 FOC (42) of home capital

Rewritting the FOC w.r.t. the home physical capital evaluated at the natural values, as:*”

O ()T (i) = BE: {Pm(i) [ (1= dft (D) Q7L (1) + (1 — 7 )R (1) 2774 (0) H for m=FT, FN,VT,VN.

—PLa () (2]1,)
(134)
Te(1) Q7" (4) [g" (D) +7()] 2 BE {Te 11 (i) 7041 () [(1-dfy (1) Q741 (D)+(1-mfy ) REL L (6) 2774 (6) — Py (1) W (271,))] }
YBE {1" 1(4) { (_1 (i )_)Q?h( )Qtﬂ( i)+ (1— Ttkﬂ)ztﬂ( ) ?«LHQZ T Z)_ }}
U + [(1 - Ttk+1)R;11(i) - PtIJrl(i)\Iﬂ (Zﬂl(@))] Zt+1< )z (i) — (Zﬂl(z)) PtIH(i)p{H(i) ’
Considering (134), the last expression can be rewritten as:

Ty (1) Q3 (i) a7 (2) + 7e(1)] ~ QF ()T (i) By (i)

Using formula (112) and gathering variables in terms of log-deviations, we get:

(S — B {(1 = 7o) R ()20 () — Pa ()Y (2 0))}] Bapa )]
+ {Mt(rim (1= di (1) Q% () — Pl ()W (271, (6 ))] riia (@)
+BET 141(7) + {5_1% (1= diy (1) Q% + (1 — 7y )R, (4) 274 (@))} Piia (i)
[ SEE (1 g () Q1 () — Pl (i) (zm1<‘>))} 2741 (0)
+ [g—}%‘% = (1= df () Q% — (1= iy )Ry (1) 27 (4 } ﬂ% HBOLANO) |

Grouping common terms and dividing both sides by T';(i) Q" (i), we obtain
q;" (i) +7e(i) ~ Eyesa(9) i i i i
|1~ SR B [(1 - ) REA ()28 6) — PLA () (2746)] | Braria ()
+ + 1= B E, [((1 - 4 () Q7 () = PLa()¥ (Z7,0))]| B [ 6) + 2031(6)]
1 - BB B, (1~ i ()@ + (L~ ) B ()37 ()] B [m@ + Sl 2, (e >]
Since progressing further yields only marginal simplifications, we will derive the log-linearized FOC (42) around
its steady state:*8 ~ -
Q™ (i) = B[(1 —d™(@)Q™(5) + (1 = T")R™(i)] . (135)
_ Using log-linearization rule (112), we get:
Q™ (i)L'(4) [ (4) + ¢ (4)] = BT (4) [(1 — d™(i))Q k(l)jr (1= 7F)R™(4)] Epyesr(d)
s | *dm(i))Q (1) Evqi’y (i) + (_1 — )R (i) Eyri’y (i)
] RTHHE r a r )Et3211+(') |
Dividing both bldes by I'(i) we get:
Q™ (i) [q7" (i) + 72(4)] ~ ﬁ[(l—dm())Qm() (1- (1)] Beye(7)
8 [ (L —dm(i ))Qm( 0B (1) + ( 2R (¢ )Etrt—&-l( i) ] _
+(1 = TF)R™(0) Byt (i) — P1(0)W (1)) Byefty (i)
Using (135) and replacing it in the previous expression, we get:
[qi" (i )+’Yt( )] Q7(i) =~ Q™ (1) Bryer1 (4) + B(1 — d™(4)) Q™ (1) Ergp’t 1 (1) +
5(1 = T R™ (i) Eyri (i) + Q™ (i) [1 = B(L — d™ (1)) Erzf (4) — BPT (i)W (1)) Erzft (4),
or dividing both sides by Q™ (7):

4"Notice that 7 and d7"(3) are assumed to be time-dependent and exogenous.
48Recall that the steady state Z™(i) = 1 and that ¥(1) = 0 (see footnote 12). Notice that in the steady state the depreciation rate
and the capital tax rate are assumed to be constant and exogenous parameters.
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qi" (1) + e (i) = Evyeq1 (i) + B(1 —d™ (i ))thtJrl( i)

1= B(1 - dm(@))) B (i) - A O POV O g (i),

)
Operating algebraically and given that (1 — 7%)R™, (i) = P’(i)¥’ (1)) from the FOC (43) in the steady state,
we obtain:
q;" (1) + 72 (2) = Eryea (0) + S(1 = d™(6) Ergiya () + [1 = B(1 = d™(0))] Eerit, (0)
Finally, taking (125) into account, we get:

q;" (i) ~ =Eyry 1 + B(1 = d™ () Eegi’y (6) + [1 = B(1 — d™ (i) Byri, (4), (136)

which is similar to equation (51) in Adjémian et al. (2004) with the only difference being that inflation does not
show up since our CBC (7) is in nominal terms.

D.8 FOC (43) of home capital utilization
The FOC w.r.t. the utilization rate of physical capital, evaluated at time-dependent paths as natural values is:

(1—7F )R, (6) = PLy(0)V (2714(i)) for m=FT,FN,VT,VN (137)
and using formula (112), we obtain:

(1- Tthrl)RtJrl( B)rifa (i) = v (Zm © )) PtIJrl( )pt+1( i)+ " ( _tyil(l)) Pl( )Zt+1( )21 (4),

using expression (137) that holds in the natural path equilibrium, after some algebraic operations, we get:
v (2130)
W (2714(1))

In the steady state the capital is fully utilized, Zﬂl(i) = 1 and the cost function is ¥(1) = 0 with slope
T’'(1) < 0, then:

T (1) ptl+1(i) + Zt’ff_l( )z, (i) for m = FT,FN,VT,VN.

v (1
L0 = )+ 2 (0) form = FT.FN, VIV,

where \\1;,’/’_((11)) is the elasticity of the capital utilization cost function.

D.9 Log-linearization of the law of motion of capital

Consider the log-linearized law of motion of capital, originating from equation (6), around the steady state:
Em(i) = ((} SIEVET ) + (1= () 1) or
K™(i) = OB Im(i).
Using the log-linearization formula (112), we get:

K™ i)kt (1) = (1= d™ (0)) K™ @)k () + (1= T (1)) I ()i (6) — T'(1) Fm(" (i) + T (1) ol 7 ()i ().

Simplyfing, given that Y'(1) = 0: B )
K™(i)kity (6) = (1= d" (@) K™ @k () + (1= T (1) I"(@)i (i),
St SR I )k, (6) = (1 — dm () S G2 T )k () + (1= T (1) T (3)i i),
B (6) = (1= d™(0)k"(5) + d™ (0)if (i), (138)

D.10 Modigliani-Miller theorem

The rental rate can be approximated from Plasmans (1975) as
Ry (i) 2 P/ (i) [d™ (i) + 4]
which in the steady state turns out to be after using (112):
R™(i) = PL™(3) [d™(i) + 7] and B = 1+T =7 = Eﬁ; then: R™ (i) = PLm™(q) {dm( )+ TB] .
Log-linearizing around the steady state, we get:
R @) (@) = PLm(i)pl ™ 6) a7 6) + 7] + PEm (i) (452 ) e




and replacing R™ (i) by P1™(4) [dm(z) + M} we obtain:

Prm(i) [dm(i) + 52| v (i) = PEm(iypl ™) [am ) + 552 + PRy (552
Finally, we get:

[dm(i) + %] P (i) = ph™ (3) {dm(i) + 1 ﬂ + (1 — 5) re. (139)

E Derived demand functions

Given production function (29), we derive the optimal demands for each input such that firm j in the final goods

producing sector m = F'T', FN minimizes total costs TC}"(5)(.) subject to Y, (j) = (e Z" ()%™
Constructing the Lagrangian at period ¢:

£7(7) = Wi ()L () + B (DK () + P (V" () — A () (et 28 (7)) = Y™ (7)),

yields the following FOCs from the unconstrained minimization of this Lagrangian:

arin) = 0 Wi () = AT (1)@ (Qm o 2" (7)™ 5Tt =0,

oL () DL ()
e e o
v () y " (7) = A ()@ (L, 217 (7)) thﬁ =0 and
Srmd =0 (e 20 ()" =Y (§) = 0.
Considering the partial derivatives of Z}"(j) w.r.t. all inputs and deﬁnling Vym =1 — Ugm — Unm, we get:
g~ [m (L) 5 + v, (K () 5 + v, (V) Wﬂ " o (L) 22 and 2200)

are analogously derived.
Substitution of these partial derivatives in the above FOCs leads to the following input price expressions:

-1 1 Ym—1 1 Ym—1

Win(§) = AP () wm {Qm,t [vz;;; (L ()5 + v, (K (G) 5 + o, (Vi () 5 }m}

1 Ym~—1 1 o am—1 % N Ym—1 | Ym—-1 _1_ m 1
|:ULm (L (7)) + v, (K)o +ogy, (Vi) } vim (L{(5) 7,

Ym—1 1 Ym =1 m71 ’Y:n"il
ZMRy(5) = AP () wm {Q’” [“Lm (L) 5 + o (K () S + o, (Vi) ] }
ym—1 1 o dm=1 1 . m—1 # 1 L
[vg;;; Ly () o (K () % +v&%<vtm<3>>l‘"—~m} T (K ()
and

me s m( Ym m am—1 "Ml'n m( s am—1 "Ml'n m(; am=l | =
1:)tv7 (]):At (])wm {Qmﬂf |:ULm (L ( )) om +UKm (lct (.7)) m +UVm (‘/t (])) T :| }

[vLm L) + o (K G) 5 + o (V) } T (Vi (§)
so that v
Wrw) _ EEG) _ ATG)
T (LEG) g (KPG) T v (V)
Hence,

Ly () = e (Ztm Ri'() ) " K ) amd v (j) = 2 (ZF it ‘?) K G).

UKm th(]) UKm Ptv’m(j

so that, replacing these expressions for labor and intermediate goods into the production function constraint (29),
we get:

1 zr R (H\ ™ — - 1m=1 et )
o (e (FEEOY " cp()) T 4o (KR ()
Y () = { Qg | e LG g

Lm ZMmR™ (i Ym 3 ~Ym
i 32 (558) 170
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=
Jm—1

1 ZW‘LRWZ(]’) Ym l%’m; 1 ZWLRTIL(<) TYm e Ym —1 .
= e v (e (BRFER) ™) ool (i (BR) ) K G)

We obtain the (optimal) demand for capital stock by firm j as:

K (d) =
N —L
- 1 (Y™ ()] =
Im=1 Im=17 Tt Qi
# v Wm( ) —Tm Tm 1 PV,m(,-) —Ym Ym ’
[ULm (;f:f‘: (ZZ"R?‘J(J')) o + v o\ o (ZZ”R:?L@')')
77’:"71 ’Ymnil
Errr) ™)) .
_ Q Y [y ()] =
- Y —1 Im =1 wlnil Qm t
L v th, . —TYm Tm 1 1 Vm PtV,m . —Ym Ym A 1= ’
( vim (Km (2l ) ) U TV, (ﬁ (ZFmrt) ) (BB () )
] - —Im m . 1
_ (ZrRP () ¥ ()]
| L — l%;l L 1— L V, —TYm 7%;1_ W:Lnll vat
T (3 7)) o (e G o, (s (PV) )
_ (2" Ry (5) Y ()=
- Y
[ A 1- 1% e\ R\ T Qe
v (2 7)) o @ RGO v (2 (PE0) )
) _ N 1
_ (Z R (G) ™" v ¥ ()=
1 1—vm Ym —1 Qm,t
(Jom V20" 4 w03 ()5 (2R v (PE70)) ] )
Finally, we obtain:
_1
. Uk (ZPRI(5)) vm ()7
K"(j) = — e R

2 (o W D' o (0 RP G 4 ovn (PE7 )] )T

which is, taking account of the dual price function (47) of the inputs, the derived demand for capital (45) in the

main text.
Proceeding in the same way (replacing the relevant marginal conditions) it is straightforward to show that the

other (optimal) input demands are:

L) = vim (W) ™ _ mmﬂonw*m
([erm 3G eren R ) e (P ) )T
and
V(i) = VVim (Pvm(j)) " _ [YmQ(m)E - |

(|:ULm W) ™ +okm (ZmR(G) ™ +ovm (Pvm(j)>1vm})wm_1

so that equations (44), (45) and (46) in the main text are verified.

The cost minimizing input demands for the intermediate goods producing sectors m = VT,V N. is derived
analogously from minimizing total costs in labor and capital costs subject to production function (34) yielding
derived demand equations (51) and (52) in the main text.
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F Total consumers’ benefits
Total consumers’ benefits from the firms’ ownership are defined as follows:

By =BT+ BN + BT+ BN + BT+ BMY, (140)

where specific sectoral benefits are:*?

Bit =PI (CF, +GE ) +S Py (CrF + Gil) +P LI+ S Py N 1Y
WL YV R 2 TR P (KT (141)

where the total revenue from serving domestic is defined as:
IT1T — plT,FT {T,FT IT,FN ;T,FN ITVT ;T VT IT,VN ;T,VN
Pyily =Py 1y Py )y A By Ly T+ By Ly and

_ pCN FN FN FN
BiY= Pyt (O +Giy) + PRy I = WiV LN =Py N VIEN — R T ZEN KN 4+ Pl (2 K, (142)
where the total revenue from serving non-tradable investment markets can be defined as:

INTN — pIN,FT N,FT IN,FN yN,FN IN,VT yN,VT IN,VN yN,VN
Ph,t Ih,t = Pht Ih,t +Pht Iht +Pht Ihr +Ph,t Iht )

VT _ pVT,FTy,T,FT VT,X,FT1,+T,FT | pVT,FNy,T,FN VT, X,FN1+T,FN 11;VT VT _pVT 2VT -VT
By =P, ;" "V, +SB, Vi P, Vi Sty V, W) L -R, " Z K,

h,t
+Plw (2 KT, (143)
BYN=py VTN py NNy NNy N YN _RYN ZVNRYN 4 Plu(2) N K, (144)
B = PST (CT+GT,) +P I e Pl N TN e Y T T PE YN T YN 8, PERX CT -8, P I,
(145)
and (146)
Bib\{tvEPXE,FTV}J’;,FT_FP}’/;T,FNVEt,FN_Stp}fg“,X,FTszjFT_StP}f’tT,X,FNVféFN. (147)

G Net Foreign Assets log-linearization

Log-linearizing equation (63) in the main text with respect to an expected zero depreciation of the exchange rate,
we get:
Ey[Asppa] =reps1 — i — B [Fega ()], (148)

where In Ey [F ¢+41(.)] is the (logarithmic) expectation of risk premium (61).
In order to evaluate In Fy [F4+1(.)] in (148), we derive from (61) that:

el nl=Etnn oo (T =) 1 =0 o () 1) 0w

where consumer i’s aggregate price index Py(7) is given by (62).
Aggregating over households as in Section 7 and rewriting NFAs equation (68) in real terms, i.e. deflating it
with (62), as:

(Sth,tH - Bi,t+1) (BZ,t - Sth,t> 1
+ =
Py Py Py

Ei |Qsait] (NXET + NXUD), (150)
which can be log-linearized by considering the behavior of domestic and foreign assets in the steady state. To this
end, we rewrite the aggregated versions of first order conditions (39-40) for home and foreign assets in the steady
state, taking account of the risk premium definition (61), as:

rp*s
S5
r (%)
49Recall that the foreign importers of final goods have as costs the amount S 1 Pf;ITI;Y; =

1 ( pX,FT +T,FT | pX,FN +T,FN | pX,VT +T,VT | pX,VN +T,VN
Sy (Ph,IT,tIh ¢ A Poire s TP ln s T A P dny ) .

— prS =0.
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Defining the real asset value and B! t) = S‘}.%fgf‘ and considering that g* = W and the assumption that the

intertemporal discount rates are equal over the world in the steady state, i.e. § = * = j, it follows that (61) in
the steady state are one, or:

r(BY) =1 (151)

The assumptions concerning the risk function and £ (.) imply that B](CR) = 0, or foreign assets owned by domestic
consumers are zero in the steady state. Similarly for foreign households. Hence, the steady state of the real NFAs
equation (150) is:

0=NX, +NX, . (152)

Applying the log-linearization rules from Appendix C, Where the term between square brackets in the aggregate
version of equation (149) is approximated by bf fe1 ==L —In (%), so that (148) becomes the familiar
UIP condition:

By [Aspir] = repgr — gy — 0050, (153)

Equation (150) can be log-linearized around its steady state (152), taking account of 5 = 8*, as:

——FT —VT
R «(R R «(R NX NX
B (bg‘,t)ﬂ bhEthl) - (bgﬂt) - bhft )) = ph (”xf? —pes1) + Ph (m?XtT Pe+1) (154)

where from definitions (69) and (70) of final and intermediate goods net exports, we get the following log-linearized
net export terms:*’

——FT —CT.X ~IT, X
NX P OT, X P, =T ( [7,X | .
Ph (nm,‘?f —Pry1)= cir (Pht + C?f; —pt+1) + I, (Ph P 175 - Pt+1>
SP*CTX SP*ITX
CT,X )
-t (St +Pp, T+l *Pt+1) -—LT1 (St +ppg T ify *Pt+1)
(155)
and
V7T SVT,X,FT
NX Pt o FT ( VTLX,FT |, «T,FT
= (nw,‘ftT —Dr41) = hTVh ' (ph,t7 B —pt+1)
PVT.X.FN
~+T,FN ( VT,X,FN T, FN
+ Vi (ph,t + UZt —pt+1)
SP*VT,X,FT
f VT,FT *VT,X,FT T,FT
S 5t Ppy TUR TP
SP*VT,X,FN
=T ,FN «VT,X,FN |, T,FN
_ fva (s t+Dpy + ) pt+1) . (156)

Notice again that we defined total (private and pubhc) consumption home exports as C;1 = C;T + G;T, while

consumption home imports were defined as C = CT + GT Total consumption exports and imports dev1ations

were defined as c,*f; =oxcil +(1—¢x) gt and c? = (ch? +(1—oum) g?, respectively. The shares ¢x and ¢y

are estimated using long-run data.
PCT,X@*T PVTX FTV*T FT .
In (155-156), all the steady state terms, as e.g. —L 7—— and , must be expressed in terms of

P
model parameters. These steady state terms are derived in a separate Internet Appendix available on
http://www.ua.ac.be/joseph.plasmans (click "documents" and "files").

H Marginal costs

Final tradable and non-tradable goods marginal costs, or M C’,Tt(j) for m = FT,FN, can be derived from the

inversion of the production function (29) taking into account the price PZ™(j) from (48). Analogously, the
marginal costs for domestic intermediate goods, comes from the inversion of the intermediate goods production

50This analysis is done irrespective of government expenditure. Hence, according to (69), consumption stands for the sum of private
consumption and government expenditure here.
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function (34) taking into account the price PtZ’m(j) from (48) for m = VT,V N. Consequently, firm j’s sectoral
marginal cost is:

v ()=t
(Qm,t)wm

We derive the log-linearized version of (157). To do so, we rewrite (157) at time-dependent equilibrium paths
as natural values as an implicit function f;(j) =0, or

1
MGy (4) = =—P7™(j) , for m = FT,FN,VT,VN. (157)

[ ()] =

wQO,t

f1(4) = MCy L () — P2 () =0. (158)

We consider derivatives: fm:t(j)(.), fPtz,m(j)(.), fym()() and fq () and use formula (112) to obtain:

l—wm l—wm _ l—wom
Y/ (5) m my - my - — T myo. ()| =m . my oY) Fm
MCh ¢(J )mch () | wisllm,t PtZ (])PtZ (J)— 1wm PtZ (J) ir 7@15]2"1 yi" (J )+PtZ (])7[ wig]jm’t Wit 0.

Taking (158) into account to eliminate variables in natural values, we get log-linear forms of marginal costs of
final and intermediate goods:

1- m .
mep'y (7)) ~ PZ™(4) + ww y" (j) — W, for m = FT, FN and (159)
m o/ - Zmy . 1- Wm m -
mey' () ~ PE™(g) + p— (4) — Wi, for m = VT, VN. (160)

I Optimality condition in Calvo-price setting

FOC of maximization problem (71) s.t. the relevant demand function on an arbitrary market n (n = 1,...,n,),

o\ =0,
egs.t. Yy () = (?Eii”) Y, q 18 derived as follows:

O—Etz (n/B) Ft-}-a() (1_9n)( ’

—0n Tf n T,n J +%Y£t+a
(Z) L (P’?’t+a> (Pf?t+a>
S ar a } Yﬂ a n 1 Yn a
- Etzazo(SOnﬁ) ?7(()2) (1 a an) L + 0 MCt+a (Yh t+a( )) 0 v}:tJr,
AU (P;Ll,t-&-a) (P’?t-i- ) Ph,t(])
F a 3 n n
= B30 (0nB)” ”(Z()) [(1 —0,) Y0 (Plisa)” }

+ L BT (puB) FH“()

m n On ~rm
Pf?,t(]) ( ) [9 MCH‘G (Yh t+a( )) (Ph,t-i-a) Yh7t+a:| .

Rearranging, we obtain:

Ft+a m n n 0"
0, EtZa o(‘Pnﬁ) pt(z) MCt+a (Yh t+a( )) Yh,t+a (Ph,,t+a)

151?75(.7) = ’
’ 977, - ]- a n n fn
( ) Ey 0 o(enfB)? FH z(z) |:Yh t+a (Ph,t+a) }

so that optimality condition (73) in the main text is derived. The log-linearization of equation (74), in deviations

from natural values is: Lo
—Un

Do) = @n (0501 ()" (1= 0n) (5,()) (161)

5INote that, since marginal cost is (only) sector-specific, it considers sector-superscript m, while prices and (sub)outputs are denoted
with market-superscript n.
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I.1 Time-dependent equilibrium paths as natural values

Rewriting (73) in natural paths yields for a typical component If’,?t(j)

on = aFt a DN nyn
Ph t\J Z )) [Y;L t+a (Ph t+a)9n} = <9n_1)EtZ(<pn6) FJ:(]()) {Mct—&-a (Yh t—l—a( )) (Ph,t+a)0 Yh,t+a] .
= (162)
Defining;:
LIS of (162) f(7) = PGB 2 [17 . (Prc) ).
a=0 t ¢

o0

RHS of (162): g:(j) = ﬁ Z( . B)" Fm(%)

Ly (i)
and applying log-linearization rules from Appendix C, we obtain the following formulas for (sums of) derivatives:

6
Tital(i 5 n
fP" j (J)ph () = Dh, +(9) B ht Et§ ,‘Pnﬁ )¢ rt(l ) [Yh t+a (Pi?,wa) ]

|:MCt+a (Yh t+a( )) (pf’;l,tnta)en Yh7t+ai| )

0
F a 7 " Tn n
EtE ,f e ht—l—ayh t+a — Pht EtE , (nB)® t+ ( [(Ph t+a) }/Iz,t+ayh,t+a:|

°° 0
aF al? " 7
EtE f Pl yra By t+aph t+a = Ph () By E (onf) thr 1( 0 Yh tta Ph t+a Pht+ta
+ . (7)
a=

0 = . .
D " Tega(@)yitald
Et§ jfma ICeva(i) (i) = PPy EtEjsanﬁ [+ (Preva) ]%

B> (OT0) = Py EtZ eu)" (~55282) 20 | (Prera)

o0 o0

_ _ (229
By w5y MO o (VT G meft o ()= B (o) el [Yh’fw (Prera) IO u (Vo ))mcm()}

aO a=

0
°© 0
On Degali "y
Etzg Vi ra Y, t+ayh t+a — (gn_l)EtZ(SﬁnB )? pt(z( |:M0t+a(Yhmt+a( ) (P}?t+a) YI:ftJrayzl-&-a]
a=0

0
pn n aF +a " pn " on
EtE gl’sﬁt_*_aph,t-i-aph,t—l—a ©, ,1)Et§ (‘Pnﬁ) ;t(z [9 MCtJra(Yh f+a( ))Yh,t+a (Ph,t+a) pt+a:|
a=0

a=0
o0 o0 9
T ] Cita all DN " n
EtE gft+a(i)rt+a(l)7t+a(> (0 —1)EtE (@nﬁ) tlt,(z))ﬁt,:a 2 |:Mct+a(yh t+a( )) (Ph,t+a) Yh,t+a:|
a=0 a=0
o0

O
= ([ . Liva(D)ve(d) | 77™ . D
Etzgft(i)rt(l)%(l) = . _1)Etz ©nf) aJ}t—(l)V( {MC’HG(Y]:"HG( ) (Pf?,tm) YI—:lt+a:|
a=0
Hence, using forrnula (112), We get

0, 0
aFt al? n DN n aFt a m " n
ph ()P t J)E § (¢nf) + z( {Yh t+a (Ph,t+a) } + Ph +(7) B § , (¢nB) Ft(z)) [(Ph t+a) Yh,t+ayh,t+a]

e 0, 0
pn (g aFj:a n pn (7 a |yn Dn " Fj:a all
+Plz,t(J)Et E (enB) }t(Z [9 74 t+a (Ph t+a> ph,t—i—a:l + Ph,t<J)Et E (¢nB) |:Yh,t+a (Ph,t+a) } - (F3&3+ -
a=0 =0

> 0 - .

PN (4 a—Litta " altta

+Ph,t(J)EtZ(‘PnB) pf(z)(l)%( i) |:Yh t+a (Ph t+a) ] = 0 _1)EtZ(<Pn5) FT;;)
a=0

_ _ 0n
{Y}Zt-m (Plﬁt-i-a) Mct+a(Yh t-',-a( ))mct+a( )]

o0

0

aF a ? pn " vn n

Py B ) Lt [ TTOT (7 ) (Plesa) Fsathc
a=0

0o B 0

I'ipa(d Evraik Y% N\ B, n

+(9_5ET)EtZ(§0n/8)af‘+TZ()) |:0nMCt+a(Yh73+a(]>)Yhyft+a (PITLl,tJra) p?+a:|
a=0
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o0

0
aF a a pn " VN
+ﬁEtZ(¢nﬁ) % [Mct+a(yh trald ) (Ph,t+a> Yh,t+a:|
= Cean® [F7E™ (3 s "y
+(9 =y EtZ(Wnﬁ)a% |:Mct+a(YhT,nt+a(j)) (P}?,t+a> YhTft+a:|
a=0
Dividing both sides by Ph .(7) and using (162), we obtain:

7
Ft+a(l) Y P " M—Cm Ym 3 «
EY oz o(pnB)® T (@) ’”+a( ht+a> t+a(Yia(F))

(enp?+a + yt+a + mctJra (Y}m-t,-a(])) + Yt+a (’L) - Mt (Z)>

0
Ft a Ve Dn "
Etza o(‘Pnﬁ) 1‘+l Mct+a( ht+a(3))3h,t+a Ph,t+a
(1)

ﬁﬁ,t(j) =

_ _ On
Ey oo O(SOn/B)ar”—“l(l) [Y;{fﬂ_a (P,ﬁt_i_a) (enPZ,Ha + Yhita T Yeta (i) — 'Yt(Z))}
- i (163)

0
Tita 5 "
EtZa o(éﬁnﬁ) t+ 2(1) |:Yl:Lt+a (Pl?,t+a> }

I.2 Varying rate

Assuming a varying trend A; for all variables we can rewrite variables in natural equilibrium values as follows (for
a>0):

Yh t+a — Yh tHk 1Ak MC’h t—l—a( )= MCZ,t(-)HZ:1>‘kv pl?,ura = P}ZtHZ:lAk and 1j‘t+a(i) = ft(i)szlAk
Hence, we rewrite (163) as

Y, AT a 5 a On
Eti(so B)a (T Tz1 ] {YIZ:&HZ:M/C} [Mch,t(ylztlt—i-a(j))nkzl)‘k} [Pﬁtnkd)‘k} X
on ( ) a=0 enp?-i-a + y:ﬁl—i—a + mcﬁa(Yh@Jra (.7)) + Vt+a (Z) - ryt(z))
Pni\J) = oo _ On
ey (en)* Mo [T o] (MO (Vi s O)TTioa A [PrTTi i
a=0
o) _ B “ 6, )
By (0nf)" TTiei ] [[Yﬁtnz_lxk] [PrTTicie] " (0uh o+ U o+ Yeral0) = %u))]
o L (164)
_ _ On
EtZ(SDnﬁ)a [HZ:l/\k] [Yh’ftHZ:Mk] [Pf?,tHZ:Mk]
a=0
Simplifying:
ey (o) T M) | [THo M| (80Pt + 9 + Ml a (Vi) + () = 3(0)) |
ﬁz,t (.]) = =0 =)
B (puB)" ol [T 2]
a=0
By (en)® TTioa el { [T | (0nR e + 90 + el = 1) ) }
_ _a=0 _ . (165)
By (puB)e Mo Me] [TToiAl ]
a=0

1.3 Constant trend

Assuming constant trend A\; = A we can rewrite variables in time-dependent paths as follows:

Ve = YA, MCLyo() = MCy (N, Pryya() = PP and Typa(d) = Ty()A°
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Approximation (165) becomes:

]Bn (]) ~ Etz(jio(@nﬁ)\en+3)a [an?-i,-a + y?-i-a + mcm—a(') =+ 7t+a(i) - Vt(i)]
T By o o(pnBAInt3)a

EtZa 0((pnﬁ/\9n+2)a {enph t+a T Yn tta T Virald) — 'Yt(i)]

166
I SN R (160
Finally:
Prs(7) = (L= @nBAF2) By 302 o (nBA )% [0 0 + Yla + eVl (5)) + Yera (i) — 7(0)]
— (1= @nBA" T2 B30 (0 BA ) (00D} 0 + Ul tha T+ Vetra (i) — 1 (9)] - (167)
I.4 Steady state
To obtain log-linearization around steady state, we substitute A = 1 into (167), which yields:
ph t( ) ( wﬂﬂ Etz Sﬂnﬁ ﬂpgzra+y?+a+mcﬁa(y}:nt+a( ))} (1 @nﬁ) EtZ((pnﬁ)a [e’ﬂpz,ﬂra—"_yg,ﬂra] (168)
a=0 a=0
and simplifying;:
(i) = (1= onB) Eey (0aB) [mefta (V)] - (169)
a=0
J Log-linearization of Taylor-pricing formula
The aggregated domestic price index in period ¢, i.e. equation (77), can be log-linearized around 6, = 1 for
(n=1,2,..n,) as:
lnplﬁt(j)ZZHN lnPht o(J), (170)

which also holds in natural values, so that subtracting this natural value expression from (170), we obtain the
log-linearization of (77) in deviations from their natural values (see, for instance, Collard and Dellas (2003)):

Pra(i) = S T (). (171)

)

K Optimality condition in Calvo-wage setting

Taking Calvo-assumptions into account and maximizing (1) with (35) as the period utility function, w.r.t. wage

m; —0Lm
rates W™ (i), s.t. the relevant aggregate supply for labor (103), L}, (i) = (%—,ﬁ) - L}, (see Appendix B.2),

t+a

CBC (7) and the law of motion of capital (6) for every sector m = FT, FN, VT,V N, we get a Lagrangian similar to
(98) with the only difference that it is weighted by the probability ¢ . We differentiate it w.r.t. wage rate W;™(i)
and setting equal to 0, we obtain the following FOC:

0 v . orm—1 —Q@Lm
. Wi (@ m W (i m
By 0> (Bem ) | 0om (Lisa(i))” (I/I;—m()> Wm = Lot era (@) (1) (0Lm-1) ( Wm( )> Liya| ¢ =0.
a=0 t+a t+a t+a

Rearranging and dividing by (o, — 1):

a=0

> v\ 11a(i))°
£33 (56" (—VKV,_{)> Lm[(gjj”i G +rt+a<z‘><1—nw>] -0,

and further dividing both sides by [th(z)} e yields:

— Wha (1irm \eLm 1m orm  (Lisa(i)? - m \OLm rm
Etazz[:)(ﬁ@m) (Wt—l—a) Lt—l—a (orm — 1) th(i) + Et(;)(mﬁm) (Wt+a) Lt+art+a( ) (1 —7)=0.
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Expressing for consumer 4’s optimal Calvo-wage we obtain equation (78) in the main text. We log-linearize the
wage index (79) around ~,, = 1 as:

In W™ (i) ~ W In W™ (i) + (1 — ol ) In W™ (i), (172)

which also holds in natural values, so that subtracting this natural value expression from (172) we obtain the
log-linearization of (79) in deviations from natural values:

wi" (i) = o w1 (0) + (1= ) 03" (0). (173)

K.1 Natural equilibrium paths
Rewriting (78) in natural (equilibrium) paths yields:

th(wEtZ(ﬁ(prI/rIL/)a [(Wma)ghn Lﬁart+a(i)] — (QL _QII)M(LI — T#)Etz(ﬁwxj>a [(Wt’ria)ng L?}FawaLa . (174)
a=0 m a=0
Defining;:
LHS of (174) : f1(4) = W () Ery_(Bem ) [(Wita) ™™ Li%aTea(i)]
a=0
. o o OLm - a rm \CLm FTm T
RHS of (174) : g:(j) = (otm — D) (1 T#)Et;(ﬁwg) [(Wt—l—a) Lt—i—aLt—&-a}

and applying log-linearization rules from Appendix C we obtain the following formulas for (sums of) derivatives:

Wi (3) _t )Wy t m t+a grm t+a't tt+a '
f W (i)wi (i) = i)E ﬁcp Wm ) L T (z)}

wam Wit gl = ngthu)EtZ(MX ) (W) Lt Trva(i)wi o)
a=0

ZfLm Lt+a t+a — th(i)EtZ(ﬂ<sz/)a [(th—ll—a)ng Lﬁ—art-l-a(i)lﬁ—a]

a=0

fo‘t+a(i)ft+a(i)'7t+a( ) = Wm )E; Z ﬁ‘%’m Wtyﬁa)gldm Lﬁart-s-a( 0)Ye4al(i )]
a=0 a=0

oo
T m T OLm
D s, Wikt = 0om G 2ty B (B0 (W) ™" DLttt
a 0 a=0

o0

ng Ll = ity Z(ﬁ%n) [(Wt’ia)gm Lﬁ-aif—&-alﬁ—a}

Zgit+a<i Levalira = $ T 25t Etz Bem )" {Wﬁﬁa)gm Lﬁa_t+alt+a]
a=0
Hence, using log—hnearlzatlon formula (112) we get:

Wm m Etz B‘pm thia)ng L?—l&-art"r@( + Wt Etz ﬂ@m Wg-'ll-a)ng Lt-l—art-i-ll( )QL’meLi-a]

HW @ EY (Bl (W)™ Lo Tera D] + W@ EY (Bl [(Wita) ™ Lo Tera(i)yera(i)] =
a=0 a=0
~ sty By (Bl (W)™ L Lf aomwiha| + ity By (Bl ) | (Wika) ™" Ly u Ll
a= O a=0

+(~9Lm 1) 1 "'w)EtZ B@m [ ng’fa)'QLm L%r-l‘raLera(blt-i-a]
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Using (174) and rearranging, we get:

EtZi(](ﬁanZ)a [(Wt’ria)gllm L?}kaLtJra (Qme;n}Hl + lma + ¢lt+a)j|
EtZ(iO:O (ﬁgorvr[{)a [(nga)QLm L?—l&-aLf—l-a}

B EtZZio(ﬁ‘PrvrIL/)a [(Wtir}fa)ng Lﬁ-art-i-a(i) (Qfmw?-a + Z?—L&-a + 'Yt-‘ra(i))]
Etzzoz() (6(pm ) [(Wt:nla) aLm LﬁartvLa(i)}

wy (i) ~

(175)

K.2 Varying rate

Assuming a varying trend \; for all variables and all consumers we can rewrite the following variables in natural
(equilibrium) values as follows (for a > 0):

Wtinka = thHZ:1)\ka I_ﬁ?‘/ia = E?HZ:MM I_’t+a(-) = EtHZ:1)‘k and ft+a(i) = ft(i)HZ:Mk

Hence, we rewrite (175) as

EtZEio(ﬁwm) {(Wmnk 1)‘k)QLm LmHk 1>‘/€Lt Hk 1 (Qmetwia +121a +¢lt+a)}

wi" (i) = - P 5
Eyy oo (Bem ) {( [Tei M) ™ LT T ML Tl M }
B Ey o o(Ben)” [(W’"Hk 1/\k)ng Ly Tl ML (D) Ty Me (ngszHl + s +7t+a(i))] (176)
Etza o(Bel)® [(W Hk 1)‘k)ng LmHk 1)‘krt( )HZ:lAk]
Simplifying:
Um( EtZZO:O(B%Vr[{)a {szl/\llc+¢+QL7n (Qmet+a + l;—i—a + ¢lt+a)}
wt Y= oo a
o o(BeW) [TTio o]
By oz (Beom )" {HZ:M?QW (ermwitq +Ua + 7t+a(i))} am
By (Bl [ITie e
K.3 Constant trend
Assuming constant trend A\; = A we can rewrite approximation (177) as
W} (i) = (1= B ATFHerm) B 570 (B AT eem) [opwilt, + 1, + Glival
— (L= Bp AFFeem) B30 (Biog A2HeEm) [opmuwilt + e + Yera(9)] - (178)
K.4 Steady state
To obtain log-linearization around steady state we substitute A = 1 into (178) which yields:
Y\ w [ee} Wha
wy" (1) = (1 = Beom ) Erd_aro(Bom ) |ormwit, + e + Slita |
——
=Yt+a (%)
and simplifying:
ﬁ?,t(]) ~ (1 — pnb) Efza O(SDVL ) [Blira — Verali)] . (179)

L Optimality condition in Taylor-wage setting
Taking into account Taylor assumptions and maximizing (35) with respect to wage rates W™, s.t. relevant demand

for labor (103) and budget constraint (7) for every sector m = FT, FN,VT,V N, is derived in the similar manner
as for Calvo-wage setting in Appendix K, but again with two differences. First, ¢, = 1 in every expression, and
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second, instead of infinite sum ).~ ; in every expression we have )

t+ Ny, —
a=t

derivation of (78) yields formula (81) in the main text.
The log-linearized version of the wage index of equation (82) around 6,,, = 1 we obtain:

In W (i) ~ SN i (4),

L Changing these two elements in the

(180)

which also holds in natural values, so that subtracting this natural value expression from (180) we obtain the
log-linearization of (82) in deviations from their natural values (see, for instance, Collard and Dellas (2003)):

M Calibration

w
w (i) e SN Tl ().

a=t t—a

Table 1

Calibrated parameters and proposed densities from the literature

Parameters

QacT; G, gy, a*Cf
B, "
X X
XFN> XFN,f
XFr XFT,f
Xng XgN,fv XgTv XgT,f
XIT?N7 XFN,f XET? XFT,f
ner, 772”1”7
nrs Nir
TCh, n*Cfa
Nih, 77§f
VYEN,YEN: VET: VET

VWNYVN VT VYT
K, K*

¢, 0"

o,0*

PANT PA%,

PAr, pA}

PAvNyPAz
PAvT,PAL,

Pis p;k

Py, %

V2,95

I3, 05

Vg,

U5, U5

VLFT, VL pr
VLFN,VLpN

Prprs Prpr

Prpns QOZFN

Pryrs SDZVT

Py Pryy

Prwr> @:LWT

Prwns Prwy

WFT, W WEN, TEN
YT, Wy Wy N Wy N
WFT, WEr, WEN, WEN
Wy, Wy, Wy N, Wi N

Our prior

Type[bounds]
B [0.45;0.55]

N [0.15;0.8]
B [0.16;0.6]
N [1.4;3]

B [0.70;0.99]
B [0.70;0.99]
B [0.70;0.99]
B [0.70;0.99]
B [0.6;0.9]
IG [0.02;2.5]
B [0.02;0.3]
B [0.02;0.3]
B [0.02;0.3]
B [0.02;0.3]

B [0.35;0.8]
B [0.35;0.8]
B [0.15;0.8]
B [0.15;0.8]
B [0.35;0.8]
B [0.35;0.8]

IG [0.001;2]
IG [0.001;2]

Levin et al.

(2005)
Mean(SD) Based on  Type;Mean(SD)
0.5(0.05)  O&R06
0.99 L06
2/3
7 AD&M
7 AD&M
5
5
3
5
5
5
0.5(0.125)
0.3(0.1)  Mo00 N; 1.2(0.5)
2(0.5) O&LRO6  N; 2(0.5)
0.85(0.1)  O&RO6  B; 0.5(0.25)
0.85(0.1)  O&RO6  B; 0.5(0.25)
0.85(0.1)  O&RO06
0.85(0.1)  O&RO06
0.75(0.05)  Mo00 N; 1(0.15)
1.5(0.1)  T93
0.25(0.1)  T93
0.25(0.1)  T93
0.25(0.1)  T93
0.25(0.1)  T93
0.36 O&RO6
0.36 O&RO06
0.5(0.2)
0.5(0.2)
0.375(0.1)
0.375(0.1)
0.5(0.2)
0.5(0.2)
1
1
0.02(2) RO5 1G; 0.6(0.6)
0.02(2) RO5
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Ortega&

Rebei(2006)
Type;Mean(SD)

B; 0.5(0.05)

B; 0.85(0.1)
B; 0.85(0.1)

B; 0.85
IG; 1.5
N; 0.2(

)

—
o o
—_ N =

1

o

B; 0.36(0.05)
B; 0.34(0.05)
B; 0.67(0.05)
B; 0.67(0.05)

B; 0.67(0.05)
B; 0.67(0.05)

IG; 1.5(2)

(181)

Ratto et al
(2005b)

Type;Mean(SD)

B; 0.45(0.18)



Note: O&RO06 refers to Ortega and Rebei (2006), LO6 to Levin et al. (2006), D05 to Dellas (2005), T93 to Taylor
(1993), RO5 to Ratto et al. (2005b), and Mo00 to Monacelli (2000). The probability density types beta, normal
and inverted gamma are abbreviated as B, N and IG, respectively.

The calibration used by Erceg et al. (2005) assumes an annualized interest rate of 3%, a risk aversion parameter
of 2, a habit formation parameter # = 0.7 but measured in the form C; — 6C;_1, the Frisch elasticity of labor of
1/5.°2 Wage and price markups are calibrated at 0.2, a Calvo probability parameter of 0.75, and an implied annual
inflation of 4 %.

N Impulse response functions
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Figure 1. Technology shock in home tradable final goods sector
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Figure 2. Technology shock in home tradable final goods sector (continuation).

521t is defined as the elasticity of the labor supply with respect to wage, leaving the marginal utility of consumption constant.
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Figure 3. Technology shock in home non-tradable final goods sector.
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Figure 4. Technology shock in home non-tradable final goods sector (continuation).
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Figure 5.
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Figure 6. Shock in home money demand sector (continuation).
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Figure 8. Shock in exchange rate (EUR/$)(continuation).
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Figure 9. Shock idem to Figure 1 and no interest rate smoothing (Rule I).
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Figure 10. Shock idem to Figure 1 and no interest rate smoothing (Rule I) (continuation).
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Figure 11. Shock idem to Figure 3 and no interest rate smoothing (Rule I).
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Figure 12. Shock idem to Figure 3 and no interest rate smoothing (Rule I) (continuation).
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Figure 14. Shock idem to Figure 5 and no interest rate smoothing (Rule I) (continuation).
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Figure 15. Shock idem to Figure 7 and no interest rate smoothing (Rule I).
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Figure 16. Shock idem to Figure 7 and no interest rate smoothing (Rule I) (continuation).
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