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Abstract

We analyze how production networks transmit foreign price shocks and reshape
monetary policy trade-offs in an open-economy New Keynesian model with domestic and
international input—output linkages. Analytically, we show that closing the output gap does
not generally stabilize domestic inflation, as sector-level terms-of-trade movements and
trade imbalances become additional drivers of inflation dynamics. Quantitatively, we study
an international energy price shock in a model calibrated to major euro area countries and
their trade partners. We find that production networks significantly amplify the cumulative
headline inflation response and substantially worsen monetary policy trade-offs, as
measured by the sacrifice ratio.

Keywords: open economy, production networks, New Keynesian, monetary policy.

JEL classification: E31, E32, E52, E70.



Resumen

En este documento analizamos cémo las redes de produccién transmiten shocks
de precios externos y reconfiguran los trade-offs de politica monetaria en un modelo
neokeynesiano de economia abierta con encadenamientos input-output nacionales
e internacionales. Desde el punto de vista analitico, mostramos que cerrar la brecha
de producto no estabiliza, en general, la inflacién interna, ya que los movimientos de
los términos de intercambio a escala sectorial y los desequilibrios comerciales pasan
a ser determinantes adicionales de la dindmica inflacionaria. Desde el punto de vista
cuantitativo, estudiamos un shock de precios internacionales de la energia en un
modelo calibrado a los principales paises del area del euro y a sus socios comerciales.
Encontramos que las redes de produccion amplifican de forma significativa la respuesta
acumulada de la inflacién general y empeoran sustancialmente los trade-offs de politica
monetaria, medidos mediante el ratio de sacrificio.

Palabras clave: economia abierta, redes de produccion, neokeynesiano, politica monetaria.

Codigos JEL: E31, E32, E52, E70.



1. Introduction

In recent years, the global economy has experienced supply-side shocks that have significantly
affected inflation dynamics and macroeconomic stability. Prominent examples include energy
price shocks, often triggered by geopolitical events, and increased production costs from
supply-chain disruptions. Despite differing causes, these shocks share a key characteristic:
they originate in specific sectors but quickly propagate through complex production networks
and international supply chains, ultimately affecting the entire economy. Consequently,
understanding how these shocks are transmitted through input-output (I0) linkages and spill
over across countries and sectors has become a central focus of macroeconomic research.

In this context, this paper examines how production networks shape the transmission of
foreign price shocks and the associated implications for monetary policy. Our first contri-
bution is to derive analytical results in a New Keynesian small open-economy model with
domestic and international IO linkages, showing how outcomes differ relative to one-sector
open economies (Gali and Monacelli 2005; Corsetti et al. 2010) and to closed economies with
production networks (La’0 and Tahbaz-Salehi 2022; Rubbo 2023). We find that (i) production
networks introduce a novel monetary policy trade-off arising from inefficient movements
in sectoral terms-of-trade (ToT), which feed into domestic inflation both directly through
marginal costs and indirectly through sectoral trade imbalances; and (ii) in contrast to the
one-sector counterpart, international production networks steepen the Phillips curve relative
to a closed economy. Our second contribution is to assess the quantitative importance of pro-
duction networks in a larger model calibrated to the main euro area (EA) countries and their
trading partners. Focusing on shocks to imported energy prices, we find first that production
networks nearly double the cumulative response of inflation over time, with roughly half
of this amplification accounted for by international production networks alone. Second, 10
linkages worsen the trade-off faced by monetary policy, implying a larger sacrifice ratio.

More in detail, we first consider an analytically tractable small open-economy model with
production networks in which fluctuations originate from shocks to the prices of imported
goods.! Under logarithmic utility and a unit elasticity of substitution across goods—assumptions
that we relax in the quantitative analysis—we derive the vector of domestic New Keynesian
Phillips curves in terms of deviations from efficient allocations. We use these results to ana-
lyze how production networks shape shock transmission and the implications for monetary
policy.

We show that production networks play a pivotal role in shaping transmission and generate
monetary policy trade-offs absent in one-sector models.

IThese shocks capture, for example, increases in the international price of energy or higher importing costs
due to supply-side bottlenecks, which are exogenous from the perspective of a small open economy.
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First, we document that international IO linkages steepen the slope of the Phillips curve
relative to a closed economy. In a one-sector economy with unit elasticities of substitution
and log utility, the degree of openness has no implications for the elasticity of domestic
inflation with respect to movements in the output gap. By contrast, with IO linkages and
multiple sectors, movements in the output gap induce shifts in sector-level net exports. As a
result, part of the increase in domestic activity leaks abroad, requiring a larger increase in
domestic real wages to sustain a given increase in employment and output. Consequently,
marginal costs and domestic inflation rise further, increasing the elasticity of domestic prices
with respect to output-gap movements.

Second, we show that inefficient movements in sectoral ToT propagate to domestic in-
flation over and above movements in the output gap. Consequently, and in contrast to the
one-sector benchmark, domestic inflation can deviate from target even when the output gap
is closed.? This occurs through the channels described below, which are naturally absent in
closed economies with production networks.

On the one hand, movements in the ToT directly affect sectoral prices depending on a
sector’s exposure to the foreign economy. The resulting increase in the domestic price of
imported production inputs further raises marginal costs. This occurs both directly, through
a sector’s use of intermediate goods, and indirectly through the production network, as the
costs of the sector’s suppliers also increase. That is, this channel would be present in a multi-
sector economy with heterogeneous sectors even in the absence of cross-sector input-output
linkages, but it is further reinforced by production-network linkages.

On the other hand, inefficient movements in ToT generate sectoral trade imbalances
that transmit to domestic inflation through labor supply and real-wage adjustments. Two
countervailing forces are at play. First, a deterioration in the ToT induces an expenditure-
switching effect toward domestic goods, raising net exports. Second, offsetting this effect, the
resulting increase in domestic demand feeds back into sectoral employment and increases
the demand for imported goods. We show that, absent cross-sector production linkages, these
forces exactly cancel, implying no effect on inflation. With production networks, however,
this result breaks down because the sector experiencing the ToT deterioration also benefits
from higher demand from other domestic sectors, generating sector-level movements in net
exports that affect marginal costs through labor supply and wages. Hence, this channel fully
relies on cross-sector relationships within the production network; absent these relationships,
it would be absent.

A final component of the sectoral Phillips curve is the gap between lagged domestic prices

2In one-sector economies, ToT movements may also generate monetary-policy trade-offs in the presence of,
for example, incomplete financial markets (Corsetti et al. 2010). Instead, in our framework, these trade-offs
arise from the multi-sector structure with IO linkages.
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and their efficient level, which captures the direct effect of international price shocks on
inflation. This term is analogous to that derived in Rubbo (2023) for a closed economy with
TFP shocks, which we extend to an open-economy setting with international price shocks. It
incorporates the direct effect of the international price shock on domestic prices, mediated
by sector-level exposure to foreign industries.

Lastly, we document that the international dimension of the economy further amplifies
the persistence that production networks impart to shock propagation in closed-economy
settings (Huang and Liu 2004; Pasten et al. 2020; Ghassibe 2021). Specifically, sectoral ToT
introduce an additional source of price inertia and persistence, as producers inherit the price
stickiness of their suppliers through marginal costs

In the second part of the paper, we consider a quantitative version of the model that
allows for a more general parameterization of elasticities of substitution and country size.>
We calibrate the model to 44 sectors per country and 6 regions: the four largest EA countries
(Germany, France, Italy, and Spain), the rest of the EA, and the rest of the world. The model
replicates observed trade flows across sectors and countries using IO tables from the OECD
and Eurostat. We also use micro-level CPI data from Gautier et al. (2024) to calibrate hetero-
geneous sector- and country-specific price-adjustment probabilities, allowing the model to
match the variation in price rigidity observed in the data.

Motivated by the recent energy price crisis, we study the transmission of an exogenous
increase in the international price of energy and focus on the responses of EA variables.

First, we find that the presence of 10 linkages matters quantitatively for the transmission
of an increase in imported energy prices. We quantify and isolate the role that production
networks play through a series of counterfactuals where we sequentially turn off domestic,
international, and national and international production networks. We find that without
national and international production networks, cumulative headline inflation would be
roughly up to 60% of our baseline, which includes a fully fledged production network structure.
In particular, we find that despite headline inflation rising similarly on impact—driven by
the rise of energy prices—it stabilizes and dies out much faster when production networks
are absent, in line with the intuition provided above.

Second, we then quantify how production networks shape monetary policy trade-offs, as
measured by the sacrifice ratio. This measures the required change in the output gap required
to bring inflation one percentage point down. We find that under a one-sector economy,
the sacrifice ratio would be 20% smaller than in our fully-fledged economy with production
networks. Therefore, ignoring this dimension would underestimate the cost of strict inflation
in an open economy in the face of foreign shocks.

3In addition, we incorporate other quantitatively relevant dimensions, including incomplete financial
markets, nominal wage rigidities, and domestic-currency pricing (Devereux and Engel 2003).
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Related literature. Our paper contributes to several strands of the literature, at the intersec-
tion of the macroeconomic effects of production networks, the propagation of international
macroeconomic shocks, and their monetary policy implications.

The seminal works of Acemoglu et al. (2012) and Baqgaee and Farhi (2019) study the propa-
gation of granular shocks in production networks under flexible prices, abstracting from their
inflationary effects. Building on these contributions, Pasten et al. (2020), Ghassibe (2021),
La’0 and Tahbaz-Salehi (2022), Rubbo (2023), or Hoynck (2025), incorporate input-output
linkages into frameworks with nominal rigidities.* Our work incorporates several of the
insights considered in this previous literature, and it extends them by considering how the
international dimension of production networks additionally affects shock transmission and
monetary policy trade-offs.

Our paper also contributes to the growing literature that incorporates input-output link-
ages into open-economy models. Bagaee and Farhi (2024) study shock propagation in an
open-economy model with production networks, but with a limited role for nominal price
rigidities and monetary policy. Comin et al. (2023) develop a more tractable small open-
economy model with nominal rigidities, but focus on potentially binding capacity constraints,
and Andrade et al. (2023) develop a three-sector small open-economy model a la Gali and
Monacelli (2005) to study the propagation of productivity shocks. More recently, Kalemli-
Ozcan et al. (2025) study the propagation of tariffs in an open-economy framework with
production networks, and Qiu et al. (2025) study optimal monetary policy in a static small
open economy under the assumption of balanced trade. Relative to these papers, our work pro-
vides an analytical characterization of the transmission of more general foreign price shocks
in a dynamic setting and their implications for monetary policy, while on the quantitative
side focusing on international energy price shocks.

More generally, our work contributes to the ample literature studying monetary policy in
open economies. In addition to the papers mentioned earlier, most of this work has focused
on optimal monetary policy in one-sector models, like for example Corsetti and Pesenti (2005),
Gali and Monacelli (2005), De Paoli (2009), Corsetti et al. (2010), and Egorov and Mukhin (2023).
Our paper complements this earlier research by showing that accounting for input-output
linkages in open-economy models can significantly affect the conduct of monetary policy.

Finally, we also contribute to the literature exploring the transmission of energy shocks.
An earlier contribution is Bodenstein et al. (2008), which studied optimal monetary policy in a
closed-economy model with an energy sector. Gagliardone and Gertler (2023) explore the ori-
gins of the inflation surge in the US using a closed-economy New Keynesian framework with
oil. Auclert et al. (2023), Chan et al. (2024), and Bayer et al. (2023) explore the consequences

“For earlier work incorporating intermediate goods in frameworks with nominal rigidities see, for example,
Basu (1995), Huang and Liu (2004), and Nakamura and Steinsson (2010).
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of the recent energy crisis in open economy models with household heterogeneity.

Roadmap. The paper proceeds as follows. Section 2 presents the international input-output
New Keynesian framework. In Section 3, we analytically inspect the transmission mechanism
of foreign price shocks and the monetary policy implications. Later, in Section 4, we consider
a quantitative version of the model and assess the macroeconomic consequences of shocks
to the international price of energy in a networked economy, and quantify the implications
for monetary policy. A final section concludes.

2. General Model

We consider a world economy composed of K countries, indexed by k. The core of our
model is a production structure characterized by national and international production
networks through IO linkages. Namely, each country is comprised of I production sectors,
possibly heterogeneous within and between countries. Within each sector, there is a unit
mass of monopolistically competitive firms indexed by f € (0, 1) that produce using labor
and intermediate goods produced by other domestic and foreign sectors. In addition, we
allow for heterogeneous nominal price rigidities at the sectoral and country levels.

2.1. Households

There is a representative household in each country k that derives utility from consumption
and disutility from labor according to the following per-period utility function:

(1) Ur = U(Cp) — Ny P/(1+ @),

where Ny ; is aggregate labor supplied by the household, U(Cy ;) is a constant-relative-risk-
aversion utility function over aggregate consumption, C; ;, and ¢ denotes the inverse of the
Frisch elasticity. We allow for nominal wage rigidities a la Erceg et al. (2000), which if present
give rise to the New Keynesian Wage Phillips Curve derived in Appendix B.4.

Aggregate consumption is defined as a constant-returns-to-scale (CRS) composite of sec-
toral consumption, each of which is itself a CRS aggregation of country-specific consumption
goods. This nested structure is summarized by

—_ 1 _ K
2) Cr,t = Cx ({Cki,t}i=1) and  Cy; ;= Cy; ({Ckz i,t}z=1> ,

where Cy; ; is consumption of sector i at time ¢, and Cy;; ; is country’s k household’s consump-
tion of good produced by industry i in country [. Finally, we let Cy;; ; be a Dixit and Stiglitz
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(1977) aggregator over differentiated goods produced by firms in sector i in country [:

PP
1 el (e =1)

(eX—1)/ef

3) Criit = (/0 C]d];f, i df) )

where e]fi denotes the sectoral constant elasticity of substitution between good varieties.
The household faces the following per-period budget constraint:

4
B
C k,t
Py iCret

h h
1+, Skt ke D QtBkt< Wi iNige + €5 D Qt+D )Bkt 1P Bri—1 t s — Tt

heX heH

where W} ; is the nominal wage received by the household, IT; ; = Zl -1 1Tki,; are the profits
of domestic firms, and Ty ; is a lump-sum tax or transfer. Pk, . denotes the consumer price
index in country k, implied by the consumption aggregators (2).

There are two sets of assets in the economy. The first of them, By ;, is a one-period nominal
bond only traded domestically that pays a gross nominal interest rate 1+i;, set by the monetary
authority. The second one is a set H of bonds traded internationally at price Q?, with dividend
payouts Dh ®> These bonds are denominated in the currency of country K, and hence Ek . 1s
the bilateral nominal exchange rate between country k and country K.

Under the previous notation, we have the following allocation of consumption across
sectors, countries, and differentiated goods:

p
C k —€
) s Phr  ocy | WrTidPY, nd Cor = Paift lC
.. pC”’ . C ’ klif,t = k kli,ts
OChit Py, 0Chiye Py P

where P]fi , denotes the consumer price index of sector i faced by the household in country k,

P /(b 1) .
and Pklz = (fo KLif, ;) ekl_l /ekzdf) WK where P _ is the price of a good produced

klit
in sector i and country I, purchased by country k, invoiced in the currency of country m.°
The term T; ; is an exogenous price wedge between the price set by industry i in country

. k . . . ¥ 7
I exporting to country k, Py, i and the gross price paid by domestic agents, (1+ Ty;; +)Py; it

SThis specification follows Egorov and Mukhin (2023). Note if 8 is the set of possible states of nature, we have
that financial markets are complete if 7 = 8. On the other hand, by setting H = 1 we have the usual specification
of incomplete financial markets with a single bond traded mternatlonally

6Under the CRS assumptions, we have that P,‘;",tck,t = { 1Py tCkl s and sz Cri = Zl LA+ Ty t)Pkll Crtir

“These theoretical price wedges are similar to import tariffs, since both elements distort international good
prices faced by domestic agents. However, a key difference is that while the domestic government typically
collects tariff revenues, and hence do not suppose a direct wealth transfer across countries, we assume that
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Our motivation for these price wedges is to have a source of exogenous movements in import
prices that are not necessarily triggered by changes in the economic activity of the exporting
country. These are reminiscent of, for example, energy price shocks arising as a consequence
of geopolitical tensions, or even supply-chain disruptions as the ones witnessed after the
COVID-19 pandemic. More generally, one can think of these wedges as part of the transmission
mechanism of any foreign shock that leads to changes in international goods’ prices.

Finally, the first-order condition for households’ savings in domestic bonds results in
the following Euler equation, U’ (Ck,t) =BE; (U’ (Ck’tﬂ)(l +1)/(1+ 7'[%} ; +1)} , Where 1+ 7'(5) 1 =
PIE, ; +1/PI§, , is the gross consumer price inflation in country k, and § denotes the discount
factor.

2.2. Firms

There are I industries in each economy, indexed by i € {1, 2, ..., I}, and within each industry
there is a unit mass of firms, indexed by f € (0, 1).

Production. Each firm f, in sector i and country k, produces a differentiated good Y; ¢ ;
using a CRS production function Fy; using labor Nj; ¢ ; and a basket of intermediate goods
Xyif ¢ as inputs:

(6) Yiige = Fri (Nki £, Xki f,t> -

The bundle of intermediate goods Xj; ¢ ; is defined similar to the household’s consumption
basket, given by a CRS aggregator of sectoral intermediate goods, which are themselves
defined as a CRS aggregator of country-specific intermediate goods:

I K
@) Xpif,t = Xy <{injf,t}]-:l> and  Xpiir ¢ = X ({sz ijf,t}l=1> )

where Xy ¢ , is firm’s f demand in sector i of country k for goods produced in sector j, and
Xiqijf,¢ is firm’s f demand in sector i of country k for goods produced in sector j in country
L. Xyqij¢,¢ 1s itself a Dixit-Stiglitz aggregator over differentiated goods produced by firms in
p 1)

1 (elf.—l)/e,f- 615-/("3](1'—
sector j in country l: Xy, ijif,t= 1o Xkl i;ff’ " 'df'

wedge payments accrue to the exporting producer firms: for a shipment from [ to k, the exporter receives the
gross-of-wedge revenue (1+7y; /)Py ; ; per unit. Hence, T generates a direct international transfer through firm
profits. In this case the price wedges generate a direct wealth loss for the importing country and a wealth gain
for the exporting country (see equations 15 and 17).
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Cost minimization by firms delivers the following first-order conditions for labor and
kl] t MCkthaFki/anijf)t, and
the allocation of intermediate goods demand across sectors and countries:

intermediate goods demands, Wy ; = MCy; ;0F;/0Ny; ¢ ; and pX

p
X _\pk k €
® 0Xy P 0N TP X RN X
. DX L X ’ klijf,t — k kij,t+
Xpijt  Pryp OXnaije P 1 Praj e

Above, PX ; denotes the price index of the intermediate input bundle Xj; ¢ ; faced by firms

in sector i in country k, and P¥. . is the price index of the sectoral intermediate input Xyiif t

faced by firms in sector i in ]:]ofmtry k. As in the case of households, the prices faced by
domestic industries are subject to price wedges Tyy; ;.

Nominal marginal costs in sector i of country k are denoted by MCy; ;. Under CRS, all
firms in a given sector choose the same combination of inputs, and MCy; ; is common across

firms and given by:

I K
9) MCy; ;= min = Wy Ny, + Z Z L+ T4 sz] +XKklij, -
Ny 1sXk14j,¢ 1 1=

Price Setting. Firms set prices in a staggered manner (Calvo 1983). Specifically, firms in
sector 1 of country k can reset their price with probability 1 — GIZ. each period. We allow for a
country- and sector-specific probability of price adjustment.

We entertain two possibilities for the pricing decisions to foreign markets: producer
currency pricing (PCP) or local currency pricing (LCP). Under PCP, the firm sets its export
price in the domestic currency, and hence the selling price to the domestic and foreign
markets coincide,

_ cl
(10) Pﬁd,t = Em,tPri ¢

A firm that is resetting its price chooses its optimal selling price to the domestic market, Fki,t)
by solving the following problem:

K
(11) max £ Z SDFy t4+5(01.)° [Z ( (L+ T1 4, p5) Phiyp — (1 — TIZ)MCki,Hs) Dy ki,t+s] ;
kit s=0 I=1

where SDF t+5 = 3° U’ (Ck,t+s)/ U’ (Ck,t) is the stochastic discount factor between periods ¢
and t +s, and Djy; 145 denotes the demand for the firm’s good from domestic agents given
in equations (5) and (8). We further allow for having a country-sector specific production
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subsidy /.8
Under LCP, the firm sets its export price to country [ in the currency of country [, denoted
by Py 15

l
(12) Pl = €m,tPiki o

solving the problem maxp, .. Et > 5=o SDFt,1+5(0F )[ kt+s(1 + ki) Prrie — 1 —

T]Z‘)Mcki,ﬁs}@lki,ﬁs’ where D ki,t+s is the demand from agents from country [ for the
firm’s production.

Profits in sector i of country k are given by export- and domestic-market revenues net
of costs, y; ; = Zf( 1+ Ty 7f)Pﬁa., Dixir — MCy; Yy 1, and aggregate profits rebated to
households are T ; = Zl_ Mg ¢

2.3. Government

The government is composed of a fiscal authority and a central bank. The fiscal authority
issues domestic debt By ;, provides production subsidies to firms, and collects lump-sum

By,
taxes T} ; from the household in order to balance its budget constraint, ;- 0T Tyt =Bri1t

I
i=1 kl

The central bank sets the nominal interest rate, i; ;. The specific monetary policy rule is

Mckz,tYkz t» where Y}; , denotes the production of sector i in country k.

inconsequential for our analytical results in Section 3 as long as it ensures determinacy; we
therefore defer its definition to Section 4.
2.4. Market Clearing and GDP

Market clearing in the goods market requires that the quantity produced of each good matches
the quantity demanded at home and abroad, either for direct consumption or intermediate
use. That is,

(13) Yklt chk1t+ZZXlk}1t

=1 j=1

Market clearing in the labor market requires that the aggregate labor supplied matches

8Production subsidies will be useful to derive our analytical results in section 3, as they allow us to eliminate
steady-state distortions arising from monopolistic competition (Gali 2015).
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the sum of labor demand across sectors, for each country. That is,

I
(14) Nit=> Ny
i=1

Finally, the aggregate resource constraint of the economy requires that the net foreign
position of country k equals its trade balance:

K hph K hy phyph  —pEXP IMP
(15) kit Z Qr Byt — Exe Z (QF +Dy)By ;g =Pry EXPr; — Py IMPy
heX heX

where the first term in the right-hand side of (15) is the total nominal exports of country k,

K I I
EXP _ k k
(16) Py EXPr; = Z Z I+ T, )P Clkye * Z(l ki, ) Pl 1 Xikiiyt | -
1k =1 i1

where Pj}.  denotes the price of a good from sector i, originating in country k, sold in country
[, and invoiced in the currency of country m. The second term in (15) is the total nominal

imports,’
K I
IMP _ k k
7) Py IMPi =3 > | (T )Py Craie D0+ T P X
Ik iel j=1

Nominal GDP is defined as the sum of total household consumption and nominal net
exports,

(18) Yrt :P,f)tck,t + P,E)EPEXP,(J — PE)Vt[PIMPk’t.

Defining the GDP deflator, Pry 1, as the ratio between nominal GDP measured using time-¢
prices and nominal GDP measured using steady-state prices

C EXP IMP
, PC.Ce+ PEXPEXP , — PMPIMPY
bt pCcy , + PPXPEXP, , — PIMPIMP, |’

9Because wedge payments accrue to exporting producer firms, valuing trade flows at the gross price (1+ T)P
in (16) and (17) matches micro-level receipts and payments, and the resulting movements in net foreign assets
correspond to actual international transfers.
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we have that real GDP is given by:1°

3. Analytical Insights

To derive the intuition behind the transmission of foreign shocks in an open economy with
production networks, and the associated implications for monetary policy, we consider a
simplified version of the model outlined in Section 2. The following assumptions not only
render the model analytically tractable but also allow us to nest familiar cases in the litera-
ture in a transparent way, providing useful benchmarks to highlight the novel mechanisms
presented in this paper.

Assumptions. First, we assume that there are only two countries K = 2, with the home
country being small relative to the foreign country. To ease notation, we will denote foreign
variables with an asterisk, *. Under the small open economy assumption, aggregate variables
in the foreign economy are held constant at their steady-state values. Furthermore, we focus
on the case where the preferences and the technology are symmetric across countries.

Second, we make the following functional assumptions about preferences, wage rigidi-
ties, and technology. Regarding preferences, we assume that utility (1) is logarithmic in
consumption:

(20) U(Ct) = IOg Ct.
We further assume that wages are fully flexible, so that the labor supply condition is given by
(21) NE, = U'(Cr ) Wi /P -

In addition, we assume that the functional form of all consumption (2) and intermediate

) — 17! Bl _

(7) goods aggregators are Cobb and Douglas (1928): G({Ci)t}le) =[x C , C: ({C{Jt, CF }) =
(ST AL

(22) (XG5, H o and Xyt xE ) = )k )Y,

ij,? it ij,t

and that the elasticity of substitution between labor and intermediate goods in the production

10Agoregate gross value added and real GDP coincide, up to first order, in the absence of time-varying taxes.
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function (6) is unitary:

a0 Sleog
(23) Yife = Nig e Xige -
Third, we assume that international financial markets are complete. Together with log
utility (20), this implies the following risk-sharing condition:

(24) Ct = Q:Cf,
where Q; is the real exchange rate, defined as

_ o pCx/pC
(25) Q= 8tPt /Py .

Finally, regarding pricing, we make the following assumptions. First, we assume PCP, so
that the law of one price holds and (10) becomes

F o _ *
(26) Pi,t - gtPi,t

where Pf . is the price of sectoral good i produced in the Foreign, denominated in domestic
currency, and P, is the price of the same good denominated in the foreign currency. Second,

we also assume that a set of production sectoral subsidies T = 1/ef is in place.!!

3.1. Log-linearized Equilibrium Conditions

Under the previous set of assumptions, we derive a log-linear approximation of the model
around a symmetric steady state with zero inflation.!? In what follows, we focus on the set
of equilibrium conditions of the domestic economy that underpin our discussion of the
transmission of foreign shocks and the associated implications for monetary policy. We first
derive the key equilibrium conditions under sticky prices and then consider the case of
flexible prices, which helps us to illustrate the effects of nominal rigidities on the transmis-
sion of foreign shocks and the trade-offs faced by monetary policy. Regarding notation, we
use lowercase letters to denote deviations of a variable from its steady state. For example,
y; = (Yt — Y)/Y denotes the deviation of domestic real GDP from its steady-state level Y.
Furthermore, we use boldface letters and symbols (e.g., x, Q) to denote vectors and matrices
throughout the text.

We first obtain the set of sectoral Phillips curves in the domestic economy by log-

UThese sectoral subsidies remove steady-state distortions arising from monopolistic competition and ensure
that the flexible-price allocation is efficient.
12We relegate the derivation to Appendix A.
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linearizing the first-order conditions associated with (11):

(27) nil = k(me; — pH) + pEmIL,

where n{l

= [tht, ce nft]T = p{l — p{{_l is an I x 1 vector containing the domestic sec-
toral inflation rates, pf = [ pft, o pft]T is an I x 1 vector of domestic sectoral prices,
mc; = [mcyy, ..., mcr¢]T is an I x 1 vector of sectoral nominal marginal costs, and k =
diag (kq, ..., ky) is an I x I diagonal matrix containing the slopes of the sectoral Phillips
curves, with k; = (1 — 36;)(1 — 6,)/6;.

The heterogeneous frequencies of price adjustment imply sector-specific Phillips curve
slopes, collected in k, which in turn generally give rise to sector-specific prices, p}, and
inflation rates, Tt%q . Moreover, note that differences in production structures across sectors,
and in particular IO linkages, do not affect directly (27). However, these features are key
determinants of nominal marginal costs across sectors, mc;. To see this, we log-linearize
the solution to the cost-minimization problem (9) and obtain the following expression for
sectoral nominal marginal costs:

(28) me; = awy + Qp pfl + Qp (T + pf) = awe + Qpfl + Qps,

where = [«, ..., x7]T denotes the vector of sectoral labor shares, with «; = WN,/(P;Y;); Qg
(Qp) is the domestic (foreign) I x I I0 matrix,

H ,.H 2§ F F F

wll w12 .« e wlI wll w12 « . . wlI
H . H H F F F

Qy = .21 .22 .21 Qr .21 ‘22 .21
H ,.H H F F F

|11 Y wir | | P wir

with elements w{j = P]'XI-I]_-I/(PiYi) =(1- O(i)\/i]'(l — Cl]) ((UZ = Png/(PiYi) =(1- “i)VijCij) that
denote the domestic (foreign) IO shares; pf = pi freees p{ T isthe I x 1 vector of foreign
sectoral prices in domestic currency, with elements pf et piyand T = [Ty, ., TrelT
is the vector of price wedges faced by the domestic agents.!® Furthermore, Q = Qp + Qp

denotes the total I0 matrix, and s = [s1¢, ..., s¢]T is an I x 1vector containing the sectoral
_ F : .
ToT, s;; =T, + Pit— pft, given by:

(29) se=1+ pt — pl.

13The expression for Pri ; follows from log-linearizing the law of one price condition (26).
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The expression for marginal costs in (28) helps to build intuition about how foreign
price shocks propagate through the production network. When the price of imported input
increases due to a price wedge T; ;, its impact on domestic sectors depends on their direct
usage of that input, which is captured by the i-th column of the input-output matrix Qp.

This initial shock then triggers additional general-equilibrium effects. First, domestic
firms adjust their prices pi! in response to higher costs, affecting other domestic producers
through IO linkages captured by Q. Second, the exchange rate e; responds to the shock,
influencing the domestic-currency prices of all foreign goods pf and creating an additional
cost pressure on firms that use imported inputs. Third, changes in economic activity will
also affect marginal costs through movements in wages, wy.

Let us now build intuition on how wages, and hence marginal costs, are affected. We start
by considering the log-linearized version of the labor supply condition (21):

(30) Wt — Ptc =cttoeni=ctt ey,

where the second equality uses that aggregate hours worked, n;, equal aggregate real value
added, y;. Next, to obtain an expression for consumption, c;, we rely on a log-linear approxi-
mation of GDP (19):

(31) yi =1+ @ATQpD) ! [cr + (BT + ATQp)s; — ATdiag (Qp1) n¢]

where ny = [ny4,...,n7¢]7 is an I x 1 vector of sectoral employment levels, B =
T .
[Pfo/(PCC), ey Pfo/(PCC)] = [B1{4, .-, B1¢7]T denotes the I x 1 vector of foreign con-

sumption shares, A = {PlHYi/(PYY), Cey P}-{YI/(PYY)} " denotes the I x 1 vector of Domar
weights and satisfies AT = BT (I — Q)1 ATQp1 = le ZJI':1 PiXﬁ /(PYY) denotes the share
of imported intermediate goods over GDP, and the diagonal matrix diag (€2z1) collects,
for each sector j, the total cost share of imported intermediate inputs. The consumption
share vector 3 = [[31 Bo ... BI]T = By + Br contains elements 3; = P,;C;/(PcC), and

By = {PFCI.H/(PCC), ey P?C?/(PCC)} T [[31(1 — (1), -, P11 — CI)}T denotes the I x 1 vector
of domestic consumption shares.

The above equation shows that real GDP is affected by three components: aggregate
consumption, sectoral ToT, and sectoral employment levels. The last two terms in (31) capture
movements in the domestic trade balance, arising from the aggregation of sector-specific
trade imbalances.

First, movements in the sectoral ToT, s;, generate expenditure-switching effects. For
example, an increase in T; ; that makes foreign goods in sector i relatively more expensive will

generally reduce demand for foreign goods and increase demand for domestically produced
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goods. Importantly, because agents are differentially exposed to changes in sectoral prices,
trade imbalances may differ across industries. This is evident from the coefficient on s; in
(31), which is given by the vector of foreign consumption shares, 3z, and the input-output
matrix relative to foreign producers, Qp, appropriately aggregated using the vector of Domar
weights, A. Second, shocks may lead to changes in sectoral labor demand, n;, thereby also
affecting demand for overall intermediate goods, x; ;, and hence sectors’ demand for imports.

Finally, the coefficient (1+ @ATQp1) "1 is a general-equilibrium multiplier that captures
second-round effects. Trade imbalances that induce wealth effects on labor supply (and hence
on aggregate GDP) generate changes in wages, which in turn feed back into the demand for
consumption and for imported intermediate goods.

Equation (31) can be further simplified. As shown in Appendix A.2, using the goods
market-clearing conditions (13) we obtain the following expression for the vector of sectoral
employment:

(32) n: =Nsst — Nt + (Ny — Doy,

where N; = (I - A_lﬂIEA)_l(I —Qp)and Ny = (I- A_lﬂITI/\)_l(I — Q) are I x I matrices
that summarize the elasticity of sectoral employment to sectoral ToT and to the price-wedge
shocks, with A = diag(A), while Ny = (I — A_lﬂg/\)_loc isal x 1vector,andlisal x 1
vector of ones.

The terms in (32) reflect that expenditure switching toward domestic goods, induced
by changes in the ToT, tends to increase labor demand across sectors, whereas the price
wedge shock itself tends to reduce labor demand by depressing overall domestic demand.
The term involving aggregate GDP in (32) captures the general-equilibrium effect of economy-
wide labor supply on sectoral employment through the labor-supply condition. An increase
in aggregate output raises the marginal disutility of labor and therefore tends to increase
real wages, as implied by (30). The resulting effect on sectoral employment depends on the
properties of Ny. In the absence of domestic input-output linkages (g = 0), N'y = ocand this
channel reduces sectoral employment. With production networks, the sign and magnitude of
the effect are ambiguous and reflect how aggregate output propagates through the network
structure.

Introducing (32) into (31) we obtain:

(33)
¥ = (1+ @ATdiag (Qp1) Ny)_1 {ct+ [BE + AT (Qp — diag (Qp1) Ns)] st — ATdiag (Qp1) N1y} .

Finally, equation (33) features the general-equilibrium multiplier (1+ @ATdiag (Qr1) N y)_l,
which captures the feedback from aggregate GDP to labor supply and import demand through
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the network structure. The term ATdiag (1) N governs the direct contribution of sectoral
ToT shocks 7 to aggregate output. The overall effect of T; on y; is thus given by the product
of this coefficient and the general-equilibrium multiplier.

Flexible-price equilibrium. We next consider the natural allocation, that is, the allocation that
would prevail in the absence of nominal rigidities. We focus here on the main results and
relegate the derivations to Appendix A.2. There, we also show that the natural equilibrium
coincides with the solution to the social planner’s problem. Therefore, the flexible-price equi-
librium is efficient. In terms of notation, we denote variables associated with this equilibrium
by a superscript n.

In the flexible-price equilibrium, where prices equal nominal marginal costs ( pfgn =
mc; ;) and nominal wages remain constant, the domestic prices adjust as follows:

H _
(34) p." =1 - Q) 1 Qpry

Equation (34) shows how, in a flexible-price equilibrium, domestic prices adjust in response
to the price-wedge shocks ;. First, there is a direct effect of the shock on domestic prices,
mediated by the direct exposure of domestic industries to foreign sectors, Q. Second, there
is a general-equilibrium effect captured by the Leontief inverse with respect to domestic
producers, (I — Q) 1. This term captures the fact that, as domestic producers adjust their
prices, these adjustments feed back into marginal costs through the production network,
leading to a further increase in domestic prices. Hence, the presence of input-output linkages
in the production network amplifies the impact of the shock on domestic prices.

Once the response of domestic prices in the natural equilibrium (34) has been derived, it
is straightforward to see that the response of the ToT is given by s = [I —I-Qp) 1Oz 1.

Finally, Appendix A.2 also shows that, under these efficient price adjustments, GDP in the
flexible-price equilibrium remains unaffected by international price-wedge shocks:

(35) yE=0.

3.2. Sectoral Phillips Curves

In this section, we examine the implications and relevance of domestic and foreign production
networks for the transmission of foreign price-wedge shocks to domestic inflation in a small

open economy.

One-Sector Small Open Economy. To more transparently identify the contribution of produc-
tion networks to the transmission of foreign shocks, we first consider the New Keynesian

BANCODEESPANA 22  DOCUMENTO DE TRABAJO N.° 2607



Phillips curve in a one-sector economy in which production uses intermediate inputs. In
Appendix A.2, we show that in this case the Phillips curve is given by:

(36) i = k(1+ @)1 — wy) 7, + BE,,

where y; denotes the output gap—computed as the log-deviation from the natural output
prevailing under price flexibility— and wy denotes the share of domestically produced
intermediate goods used in Home’s production in this one-sector economy.

Equation (36) is analogous to the expression derived in Gali and Monacelli (2005) for a
one-sector small open economy, but extended to allow for intermediate goods. Three features
stand out. First, closing the output gap stabilizes domestic price inflation; that is, the so-
called divine coincidence holds, and therefore the monetary authority does not face a trade-off.
Second, the presence of intermediate goods (wy > 0) reduces the slope of the Phillips curve
in (36), in line with the results of Christiano (2016) and Rubbo (2023) for closed economies.
Third, the slope of the Phillips curve is independent of the degree of openness of the economy:
the slope in the open economy is the same as the slope that would arise in a one-sector closed
economy with intermediate inputs.

The previous set of results, as shown in Gali and Monacelli (2005), relies on the assump-
tion of unitary elasticities of substitution between domestic and foreign goods and on the
assumption of log utility. Although these assumptions may seem strong—and indeed we relax
them in Section 4 for our quantitative application— they provide a useful benchmark for
analyzing the impact of production networks, to which we now turn.

Multi-sector Small Open Economy. In our baseline small open economy with production
networks and multiple sectors, combining equations (27), (28), (30), and (33), the domestic

sectoral Phillips curves can be written as*
(37) i =B (1+ ¢ + ATdiag (Qp1) N y) J, + W8 — Vx; + B — V)Eenll),
- _ T -
where n; = [nl’t nI’t} denotes the vector of sectoral employment gaps, s;
T
[El,t . "s}’t} denotes the vector of sectoral ToT gaps, and the vector x; = pf_ 1 — T -

Q) 1Qpt; denotes the wedge between lagged domestic prices, pf_ 1» and the efficient
response of domestic prices to the shocks, as given by equation (34).

The derivations of the matrices B = A(I — QA) 1a/[1 — BTAUT — QA) 1lx] and V =
{AUI - QA)™1 — BIAT — BTA(I — QA)~ 1]} (I — Q) are equivalent to those in the closed-
economy version of the model in Rubbo (2023), with A = (I + k) k. Finally, ¥ = A(I —

4We relegate the derivation to Appendix A.2.
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QA IQp+BRTAI—-QA)LQp+BAT (diag (Qr1) N5 — QF) denotes the slope of the Phillips
curve with respect to the ToT gaps.

The vector of sectoral Phillips curves in (37) shows that production networks can play a
key role in shaping both the transmission of international price shocks to domestic prices
and the trade-offs faced by the monetary authority.

More precisely, and in contrast to the one-sector economy, it is apparent from (37) that
closing the output gap, ¥,, does not in general stabilize inflation across domestic sectors, 7},
because of sectoral wedges contained in x; and inefficient movements in the sectoral ToT, s;.
We next describe how each of these elements transmits into domestic sectoral inflation and,
consequently, how it shapes the trade-offs faced by the monetary authority.

We first focus on the slope of domestic sectoral inflation with respect to the output gap,
given by B (1 + @ + eATdiag (Qpl) N y) . The first component, B (1+ ¢), is analogous to the
slope in a closed economy with production networks, after appropriately recalibrating con-
sumption and input-output shares. The intuition for this coefficient follows Rubbo (2023).
In such a closed economy, 1+ ¢ is the slope of labor supply, determining how an increase
in employment translates into real wages. This increase in real wages feeds into marginal
costs and inflation through two channels captured by B. The first channel, A(I — QA) 1«,
captures the increase in nominal wages via the direct effect mediated by the labor share «,
and via the indirect effect operating through the production network, A(I — QA)~L. The
latter term governs pass-through into prices by incorporating price stickiness, via A, and the
indirect effect of higher prices of domestic suppliers through the rigidity-adjusted Leontief
inverse, (I — QA)~L. The resulting increase in prices due to higher nominal wages raises
the consumer price level, thereby partially offsetting the initial increase in real wages. This
is captured by the the second component present in B, 1/[1 — BTA(I — QA)'«], which
uses consumption shares, BT, to aggregate the increase in sectoral prices induced by higher
nominal wages, A(I — QA) L, into the consumer price level.

The second term of the slope, @ BATdiag (2r1) Ny, is shaped by the open economy di-
mension. In contrast to the one-sector economy, the closed- and open-economy slopes no
longer coincide:

PROPOSITION 1. The slope of the Phillips curve (37) with respect to the output gap is strictly steeper
than its closed-economy counterpart.

PROOF. See Appendix A. ]

Proposition 1 shows that international production networks steepen the Phillips curve
relative to a closed economy. Importantly, this result does not arise because firms’ pricing
decisions are intrinsically more sensitive to demand. Rather, it reflects a general-equilibrium
mechanism whereby producing a given increase in domestic output requires a larger increase
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in domestic labor input once imported intermediate goods and sectoral trade imbalances are
taken into account.

To see this, consider an increase in the output gap. In an economy with international
production networks, higher domestic production mechanically raises the demand for im-
ported intermediate inputs. As shown in equation (33), aggregate output therefore increases
by more than domestic absorption, generating a wedge between output and consumption
that is proportional to AT diag(Qp1) N y. This term captures the fact that part of domestic
production “leaks abroad” through imported intermediates, so that domestic consumption
does not keep pace with output.

The presence of this output-consumption wedge has direct implications for labor supply.
Because consumption rises by less than output, households must supply additional labor
without a commensurate increase in consumption. Through the labor-supply condition,
this raises the marginal rate of substitution between consumption and leisure, requiring a
larger increase in real wages to induce the necessary expansion in labor input. In this sense,
international production networks amplify the labor response associated with a given output
gap.

Higher real wages feed directly into firms’ marginal costs. As a result, for a given increase
in the output gap, marginal costs rise by more in the presence of international production
networks. This amplification is made explicit in equation (37), where the slope of the Phillips
curve depends on the additional term @ATdiag (€2r1) N y, which reflects the network-induced
amplification of the labor-supply channel: because imported inputs complement domestic
production, higher output requires more domestic labor rather than allowing production to
be shifted abroad.

We next focus on the coefficient governing the transmission of sectoral ToT gaps into
domestic prices, ¥, which is also absent in the one-sector framework. This transmission
operates through the following main channels.

First, there is a direct effect on marginal costs. This effect is given by the direct exposure
to sectoral ToT gaps, captured by QF, and multiplied by the component A(I — QA) L of W. As
in the case of the slope with respect to the output gap, the latter term captures the direct effect
on prices, A, and the indirect effect through the production network, via the rigidity-adjusted
Leontief inverse (I — QA) . That is, this channel would be present in a multi-sector economy
with heterogeneous sectors even in the absence of cross-sector input-output linkages—where
Qp would be diagonal—but is further reinforced by the production network linkages.

Second, sectoral ToT gaps also affect marginal costs indirectly through wages, via their
impact on the aggregate consumer price level. In particular, a vector of ToT gaps s; induces
an increase in domestic prices given by A(I — QA)~1Qps;, which raises the CPI. Holding real
wages fixed therefore requires an increase in the nominal wage. This scalar wage adjustment
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feeds back into sectoral marginal costs and prices according to the coefficient B ' A(I —
QA)~1Qp, which constitutes the second term of W. Hence, this term should be interpreted
as the matrix of coefficients translating the common nominal-wage response induced by ToT
movements into sectoral inflation dynamics.

The following result states that a deterioration in the ToT, such as the one caused by a
price-wedge shock, tends to increase domestic prices through the two channels discussed
above.

REMARK 1. TheelementsinV related to the first and second transmission channels, A(I-QA) 10,
and BRTA(I — QA)1Qy, respectively, are entrywise non-negative. Moreover, any entry corre-
sponding to a domestic sector that is directly or indirectly exposed to foreign sectors through Qp is
strictly positive. In particular, strict positivity holds entrywise under the additional assumption that
the relevant network is sufficiently connected and that the associated IO shares are strictly positive.

The third and final channel is captured by the last term of ¥, BAT (diag (QQrl) Ny — Qp),
which summarizes how inefficient movements in sectoral ToT generate sectoral trade im-
balances that affect labor supply and wages, and thereby feed into sectoral inflation. Two
opposing forces are at play. On the one hand, the associated scalar real-wage response to
ToT-induced expenditure switching reflects a decline in imports, which is mapped into sec-
toral marginal costs through the coefficient BAT Q. On the other hand, in a counteracting
effect, this same expenditure switching toward domestic goods raises sectoral employment,
with elasticity N, and thereby increases demand for imported intermediate goods, pushing
up real wages and marginal costs. The following proposition also clarifies why this term is

absent in a one-sector economy, even when intermediate goods are present:

PROPOSITION 2. The matrix diag (QQrl) N — QF is hollow (the elements on the diagonal are all
zero).

PROOF. See Appendix A. O

The previous proposition illustrates that what matters are production linkages across
sectors. That is, since the diagonal elements of diag (Qrl) Ny — Qp are zero, the term
BAT (diag (Qfr1) N — Qp) would be absent not only in one-sector economies, but also in
multi-sector frameworks with heterogeneous sectors and no cross-sector relationships in the
production network—where both Qr and Qpy are diagonal matrices.

The intuition is as follows. Consider the one-sector economy with intermediate goods
characterized by the Phillips curve (36). In that case, a 1% increase in the ToT translates one-
to-one into higher demand for the domestic intermediate good, given the unitary elasticity of
substitution. The associated increase in the demand for imports arising from higher sectoral
employment exactly offsets this effect, given the Cobb-Douglas production function, thereby
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leaving net exports—and hence wages—unchanged. With cross-sector linkages, however,
other domestic sectors also reallocate demand toward the now cheaper domestic sector,
further increasing overall demand and generating trade imbalances that distort real wages
and inflation.

Finally, the term x; = pr_ 1 — I — Q) 1Qpt; extends the result in Rubbo (2023) for
domestic TFP shocks to our open economy with international price-wedge shocks. It incor-
porates the direct effect of the international price shock into domestic prices. This effect
depends on the sectoral exposure to international prices, measured by Qp, as well as on the
exposure to the induced increase in domestic prices, captured by the multiplier (I — Q) L.
These price changes feed into inflation through two offsetting channels summarized by V:
directly, through higher marginal costs, as captured in the term A(I — QA)~1, and indirectly,
through lower real wages, as captured by B[AT — BTA(I — QA) 1.

The above discussion shows that accounting for both domestic and international pro-
duction networks is crucial for understanding the propagation of international price-wedge
shocks. In our quantitative exercise in Section 4, we also document that production networks
are not only key for transmission, but also increase the persistence of price dynamics, leading
to a more prolonged inflationary episode in response to a given shock. To see why this is the
case, we iterate backwards on (37) to find pH = B (1+ ¢ + ATdiag (Qp1) Ny) Zizo Vit
W S =V o xek FBU V)Y Ep k“ﬁl_ 1» Which shows the dependence of cur-
rent sectoral prices on past inflation expectations, the output gap, and past sectoral prices
through the ToT and the wedges x;. As discussed, for example, in Ghassibe (2021), Pasten
et al. (2020), and Huang and Liu (2004), production networks introduce an additional source
of price inertia and persistence, as producers inherit the price stickiness of their suppliers
via marginal costs. The above equation shows that the international dimension of our model
additionally shapes this persistence, through the sectoral ToT.

The Divine Coincidence Inflation Index. As we have argued, multi-sectoral frameworks gener-
ate a fundamental trade-off between stabilizing inflation and closing the aggregate output
gap. Rubbo (2023) derives a Divine Coincidence Inflation (DCI) index, which weights sectoral
inflation by sales shares and by the inverse of sectoral price flexibility, proving that it is the
unique aggregate price index whose Phillips curve contains no inefficient-price residual. This
occurs because the DCI is exactly aligned with the sales-weighted markup dynamics that
determine the output gap. Consequently, the DCI yields a Phillips curve with a slope driven
solely by the output gap and expected DCI inflation. In such a case, closing the output gap
simultaneously closes the DCI index.

The following proposition states that this closed-economy result does not hold in the open
economy:
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PROPOSITION 3. There does not exist any constant-weight linear inflation index of the form 7y =
Zle winft/ ( ][:1 wj), withw € RL and w 70, whose Phillips curve contains no inefficient-price
residual (in the sense of Rubbo 2023) and that achieves the Divine Coincidence in the open economy
(i.e., closing the aggregate output gap implies 7ty = 0 for all t), unless ATdiag(€2r1) Ns = OT.

The DCI index considered by Rubbo (2023) in the closed-economy framework, Tt]t)C =
[ {:10‘1'/ Ki)ﬂ?t] / ( ]I_:1 A;/ Kj) , weights sectoral inflation by sales shares and by the inverse of
sectoral price flexibility. Under such index, the sectoral Phillips curves (27) can be aggregated

to a single, economy-wide Phillips curve:
DC _ (yT,.-1 -1 T,.-1 -1 T ~ DC
(38) = (7\ K 1) eyt (7\ K 1) AT — Qpg)st + BEsmsT.

Similarly to the closed-economy framework, the sales-and-rigidity-adjusted inflation in-
dex eliminates the inefficient-price residual that production networks generate, Vx; in (37).
However, in an open economy, this DCI index is not sufficient in order to eliminate the
inefficient-price movements that arise from the ToT gap, unless ATdiag (Qp1) N5 = 07.1° In
the open-economy framework, the output gap is proportional to a combination of sectoral
ToT:

_ BT+AT(Qp — diag (Qp1) Ny)~
(39) Vi~ 1+ @ATdiag (Qp1) Ny St

and closing the output gap does not necessarily close all ToT gaps simultaneously. For instance,
setting y; = 0 and using the equilibrium relation (39) jointly imply that the DCI Phillips curve
(38) is given by mPC = (ATk11) - ATdiag (Qpl) Ngs; + BEnDS, which does not necessarily
imply T[?C =0 Vt.

To summarize, we find that in an open economy the trade-off faced by the monetary
authority is worsened, and no inflation index achieves the Divine Coincidence.

4. Quantitative Analysis

A key determinant of the recent inflation surge in the EA has been the increasing energy
prices (Arce et al. 2024). Motivated by this, we next use our model to explore the aggregate
effects of a shock to the price of imported energy paid by European firms. For this purpose,
we extend the analytical framework presented in Section 3 on several dimensions.

LIntuitively, the term measures how changes in foreign input prices—transformed into ToT gaps—ripple
through the domestic input-output network and affect aggregate inflation, weighted by the macroeconomic
importance of each sector.
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4.1. Quantitative Model

After having derived intuition for the main transmission mechanisms and implications of
foreign shocks in the previous simplified framework, we now turn to a quantitative analysis
introducing features commonly present in workhorse New Keynesian open economy models.
Motivated by the recent energy crisis, we focus on the effects of international energy price
shocks. We highlight next the main differences relative to the simpler environment discussed
in Section 3, and relegate to Appendix B the full characterization of the equilibrium equations
of the quantitative model.

4.1.1. Assumptions

First, as specified in the general environment in Section 2, we consider a K > 2 number of
countries, which are potentially different in their preferences and technologies. More in par-
ticular, we no longer restrict utility (1) to be logarithmic: U(Ck,t) = C1 ‘7/(1 — 0). Furthermore,
we allow for nominal wage rigidities (Erceg et al. 2000), heterogeneous across countries but
homogeneous across sectors.

We consider more general CES production function (6), without imposing a unitary elas-
ticity of substitution:

1 w—l 1}) lbl]) %
(40) Yiif,e = |0 Nigp o+ 0 X0

Similarly, we assume a CES structure for the consumption (2) and intermediate (7) good
aggregators. Given the quantitative focus on energy shocks, we introduce an additional layer
to distinguish between energy and non-energy goods,©

(41)

b
¢—1 ~ 1 ¢-1

b1 1 b1
H- BT )T

N
1 1 v
Crt = [B;Z(Cf,t)yyl (1 - Bk) T M)le] » Xk = Bkl (sz D¢

where Ck and C . denote the consumption of energy and non-energy goods, respectively,

and lefi, ,and X ki, ; sector i intermediate goods’ demand for energy and non-energy goods,

16This specification allows us to introduce a specific elasticity of substitution of the energy consumption that
does not necessarily need to be equal to the elasticity of substitution between the rest of goods and services.
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respectively. These are given by:

— ﬂ% 1 11 LTLl
E n n M _ Sttt
(42) Cre= Z ViiCri ¢ ) Coe= | D2 O%Cite |
_lGIE _iGIM
X &
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(43) th t Z Ia] kz], ) Xkl t Z kl] kl], ’
_]EIE _]EIM

where I and Ij; denote the sets of sectors producing energy and non-energy goods, respec-
tively. The aggregation over sectoral goods produced in different countries is given by CES
aggregators:

5
5—1 | o1 u—l

m
1 -
(44) Cuit = | D CR1iCitit and  Xjj; ;= Z Ckl Xkl t

Second, we consider the case of incomplete financial markets, where only one interna-
tional bond is traded, denominated in country K’s currency. This means that an analogous
risk-sharing condition of the type (24) no longer holds.

Third, regarding the price-setting structure we implement the following features. We
dispense with the assumption on production sectoral subsidies T,fi, allowing for positive
profits at steady state. In addition, we adopt the LCP paradigm (Devereux and Engel 2003),
meaning that a law of one price similar to (26) no longer holds.

We assume that the (log-)price wedge, introduced in (5), follows an AR(2) process:

(45) Tlkjt = Pl kLK1 T 92 1k Tk, -2 Elk],t’

where E}kj, ~N (0, (G’lfk]-)2>.

4.1.2. Monetary Authority

There is a monetary authority in each country k € K. In terms of the monetary stance, we
differentiate between those countries that belong to a monetary union and those countries
that are member states of currency unions.

Non-members of Currency Unions. Each central bank follows a Taylor rule:

(46) it = O+ (1 0F) (OFl, + 07 Tie) + <,
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where the coefficients are allowed to vary by country; p; denotes the degree of interest rate
smoothing in the monetary instrument, coefficients {¢p7, cbi/ } modulate the elasticity of the
policy rate with respect to changes in a given inflation index 712 .» and output E’k,t) measured
as the log-deviation from its steady-state value. The Taylor rule features a monetary policy
shock, which follows slr() L~ N(0, (0h,)?).

Furthermore, we allow the monetary authority to choose the particular inflation mea-

sure (CPI, PCE, PPI, GDP deflator, etc.) that they aim to stabilize, T[i , = OTm, =

Zle E{zl $11i7t 1,0 Where Zle E{zl ¢y;; = 1. For example, when ¢y;; is equal to the con-
sumption share of sector i in the country k, then the central bank targets headline inflation.

Members of Currency Unions. Suppose that a subset KMU ¢ K of countries belongs to a
monetary union. Without loss of generality, we assume that the central bank of a country
kMU ¢ KMU gets the nominal interest rate to stabilize the union-wide price inflation index

and output deviations, 7[?4 Uand WU, 17

(47) iMu,¢ = PMuiMu,t—1+ (1 — Pvy) (¢71\T/IU7T1(5[U,t + d’ﬁ/AUj’MU,t) + eMu, b

where nMUt ZKMU d)MU Tt and y y = ZfNiU d)k J’k ; are defined as the GDP-weighted

MU .
sum of member states’ price inflation and output deviations, where d)i/[U =Y/ Zﬁl Y, is
the measure of the (steady-state) relative size of country k in the monetary union in terms of
nominal GDP.

kMU

The central banks in the rest of countries [ 7 that belong to the monetary union

adopt a peg vis-a-vis the country kMU that sets the monetary stance:

kM U

(48) ek, =ek" vke kMU,

MU , . : .
where 8’; is the bilateral nominal exchange rate in steady state.

4.2, Model Calibration

We calibrate the model economy presented in Section 4.1 at the quarterly frequency to K = 6
countries: Spain, France, Italy, Germany, the Rest of the EA (REA), and the Rest of the World
(ROW). The production structure within each country contains I = 44 sectors.!® We next
discuss the calibration strategy and collect in Table 1 the main parameter values and the
corresponding targets or sources.

UThe specific location of the union-wide central bank is innocuous as long as it targets union-wide variables.
187 detailed list of the sectors included in the analysis can be found on Table D.1, in Appendix D.
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Parameter Description Value Target/Source

Households

B Discount factor 099 R=4.5% p.a.

o Inv. Intertemp. Elast. Subs. 1 Standard Value

0 Inv. Frisch Elasticity 1 Chetty etal. (2011)

Y Elast. Subst. E and M 0.4 Bohringer and Rivers
(2021)

| Elast. Subst. E 0.9 Atalay (2017)

L Elast. Subst. M 0.9 Atalay (2017)

d Trade Elasticity 1 Standard value

B Viir Okiy Carit Quasi-shares consumption ICIO tables (OECD)

Che Calvo wage prob. 0.75 Christoffel et al.
(2008)

Firms

) Elast. Subst. N and X 0.5 Atalay (2017)

¢ Elast. Subst. E and M 0.4 Bohringer and Rivers
(2021)

X Elast. Subst. E 0.2 Atalay (2017)

& Elast. Subst. M 0.2 Atalay (2017)

w Trade Elasticity 1 Standard value

(&, Okis Bris Viijs Vkijs Zkij} Quasi-shares production ICIO tables (OECD)

My, Markups Labor shares (Euro-
stat)

0 ]fl Calvo price prob. Gautier et al. (2024)

Monetary Policy

Pk,r Interest Rate Smoothing 0.7 Standard Value

Prn Reaction to Inflation 1.5 Gali (2015)

br,y Reaction to real GDP 0.125 Gali (2015)

Exogenous Shock Process

pi i Persistence price wedge shock 1.17 Brent crude oil

p'zf) i Persistence price wedge shock -0.2 Brent crude oil

oL Std. Dev. price wedge shock 1 Standard Value

o Std. Dev. monetary shock 1 Standard Value

Notes: List of calibrated parameters. See the main text for a discussion on targets, values, and data used.

Households.

TABLE 1. Calibration

We set the household’s discount factor {3 to 0.99, to target an annual real interest

rate of 4.5%. The intertemporal elasticity of substitution o is set to 1, a common value in the
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literature. The inverse of the Frisch elasticity ¢ is set to 1, in line with the estimates presented
in Chetty et al. (2011). Households’ borrowing premium v is set to 0.001 so that the evolution
of net foreign assets has only a small impact on the exchange rate and trade in the short run
while guaranteeing that the net foreign asset position is stabilized at zero in the long run
(Schmitt-Grohe and Uribe 2003).

The elasticity of substitution in consumption between energy and non-energy goods v is
set to 0.4 following Bohringer and Rivers (2021). The elasticity of substitution in consumption
between energy sources 1 and between non-energy sectors t is set to 0.9 following Atalay
(2017). Household’s trade elasticity & is set to 1.1

To calibrate the quasi-consumption shares {31, V1;, Uy;, (x7;} We rely on the linearized
model to target the respective consumption sectoral consumption shares in each coun-
try. More precisely, in Appendix B we show that once the model has been linearized, it is
possible to read directly consumption shares from the data as long as we have as many
quasi-consumption shares parameters as data targets. Implementing this strategy, we obtain
consumption shares by country from Inter-country Input Output (ICIO) tables produced by
the OECD, using 2019 as our baseline period. Figure D.1A in Appendix D reports a heatmap of
the consumption share ;; = Py;Cy;i/ (P]ka), where each element denotes the consumption
share of sector i of country [ in households’ basket of country k.

Regarding wage rigidities, ECB (2009) report limited cross-sectoral heterogeneity in wage
frequency adjustments for EA countries. Therefore, we fix the Calvo frequency wage adjust-
ment probability 6;:’ to 0.75 for all countries, in line with the evidence presented in Christoffel
et al. (2008) for the EA.

Production. The elasticity of substitution in production between labor and intermediate
inputs is set to 0.5 (Atalay 2017). The elasticity of substitution in production between energy
and non-energy goods ¢ is set to 0.4 (Bohringer and Rivers 2021). The elasticity of substitution
in production between energy sectors x and between non-energy sectors § is set to 0.2,
following the estimates of Atalay (2017). Finally, as with households, we set the trade elasticity
for firms y, equal to one.

We follow the same strategy as with households to calibrate the quasi-shares in production
(&, Briy v kij» Vkijy Zkij}- Namely, using the linearized model around the steady-state we directly
read from the data shares in of each intermediate good in production as well as the shares of
labor and production in total costs. Our data source here again is the 2019 ICIO tables from the
OECD. Figure D.1C reports a heatmap of the home IO matrix of the EA, wjy; = PyiXpi/ (P Vi),

197 growing body of literature has estimated the value of these elasticities for different time horizons, finding
that the values of trade elasticities are significantly greater than one in the long term but not in the short term,
with values around 1 for horizons of up to two years (Boehm et al. 2023). Given that the focus of our work is
closer to a cyclical analysis rather than long-term, we choose the value of 1.
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where each element denotes the input share of sector j for output sector i, both sectors
inside the EA. Similarly, figure D.1D reports a heatmap of the foreign 10 matrix of the EA,
Wi = PyjXy i/ (Py;Yy) for | 7 k, where each element denotes the input share of sector j from
ROW for output sector i inside EA. We report in Appendix D the equivalent graphs for each
country separately (Figure D.2).

We complement the ICIO tables with the Figaro database by Eurostat to calibrate the
labor share of each industry. Namely, once the quasi-shares in production have been used,
we calibrate the sector-specific markups M;; to target the wage-bill-over-sales observed in
the data. Figure D.1B reports a heatmap of the labor share «;; = W Ny;/(Py;Y;;), where each
element denotes the labor share of sector i in country k.

Sectoral price rigidities are obtained from Gautier et al. (2024). Using CPI micro-data
from several EA countries, the authors report the frequency of price adjustment by COICOP
categories for each country separately, and from the aggregate EA. Using the COICOP-to-
NACE correspondence tables (Kouvavas et al. 2021), we compute the frequency of price
adjustment by each NACE category in each country, and obtain the heterogeneous price
rigidities 0 Ifi for Spain, France, Italy, Germany and REA. Finally, we assume that the ROW
price rigidities coincide with the aggregate REA price rigidities.

A drawback of the evidence presented in Gautier et al. (2024) is that it does not contain
consistent price adjustment frequency data on energy goods. Therefore, we complement this
with the evidence presented in Dhyne et al. (2006) on price adjustments for energy goods for
EA countries. In line with the data presented there, and not surprisingly, energy sectors in
the model have the steepest price Phillips Curves, with nearly fully flexible prices. Figure
D.1E reports a heatmap of the pricing rigidities 0 IZ:i’ where each element denotes nominal
price-setting rigidity of sector i in country k.

Monetary Policy. All Taylor rule parameters are set to standard values, and are homogeneous
across countries. The interest-rate smoothing coefficient pj is set to 0.7. The coefficients for
inflation and output, ¢7 and ¢ i’ , are set to their standard values of 1.5 and 0.125, respectively.
Furthermore, we assume that central banks target the headline inflation index.

Exogenous Processes. We fit the persistence coefficients of the energy price shock to the
time-series data of the Brent crude oil. The variance of the innovation is set to 1. Lastly, the
variance of the monetary policy shock is also set to 1.20

20getting the innovation variances to one is a normalization choice. The quantitative experiments in the
next section are defined directly in terms of a 10% increase in the energy price wedge Ty, so the scale of the
stochastic innovations does not affect the impulse responses reported there.
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4.3. Results

In this section, we first analyze the dynamics of EA variables, with a focus on how these
dynamics are shaped by IO linkages. Second, we analyze the contribution of production
networks to inflation dynamics through a series of counterfactuals. Third, we explore how
the trade-off between the output gap and inflation stabilization is affected by the presence of
the international IO production networks.

The energy price shock we analyze is structured as follows. In both the model and the
data, the energy mining sector of the ROW extracts the main energy products.?! These energy
goods are then sold to EA firms that primarily belong to the energy sectors Coke and refined
petroleum and Electricity.?? After being processed by these sectors, energy goods are then
supplied to households as consumption goods, and to the remaining sectors of the economy
as energy intermediate goods used in the production process.

In line with the previous reasoning, we consider a 10% increase in the price wedge 1, j
between the price charged by the energy mining sector located ROW and the price paid by
EA firms. Formally, we set k = {ES,DE FR,IT,REA}, | = ROW and j = energy mining.

4.3.1. The Macroeconomic Effects of Rising International Energy Prices

Figure 1 shows the IRFs of EA GDP (Panel 1B), real consumption (Panel 1C), headline inflation
(Panel 1D), core inflation (Panel 1E), wage inflation (Panel 1F), net exports (Panel 1G), MU
central bank policy rate (Panel 1H), and the nominal exchange rate with respect to the ROW
(Panel 1I) . The increase in the price of imported energy paid by EA firms is shown in Panel
1A.

The increase of production costs for EA firms induces them to decrease labor demand
and hence production, with value-added (real GDP) falling. In addition, the increase in
international energy prices means a negative wealth shock for households, reducing their
demand for domestic goods. Overall, we obtain a fall in real consumption larger than the fall in
real GDP. Both imports and exports fall, with net exports increasing, due to the relative larger
increase in the price of imported goods compared to exported goods. The systematic monetary
policy stance of the central bank of the monetary union reacts by increasing the policy rate to
control inflation. As a result, the currency of the monetary union appreciates, which—under
our convention—corresponds to a decline in the nominal exchange rate (domestic currency
per unit of foreign currency) and therefore to an increase in its reciprocal, as shown in Panel
1I.

21In the data, this corresponds with the Mining and quarrying of energy products sectors, which accounts for
sections B.5 and B.6 in the ISIC, Rev.4 classification.
221n the data, these correspond with sections C.19 and D.35 in the ISIC, Rev.4 , classification respectively.
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FIGURE 1. Effects of an International Energy Price Shock on EA Variables

Notes: IRFs of EA macroeconomic variables: import energy prices (Panel 1A), real GDP (Panel 1B), real consump-
tion (Panel 1C), headline inflation (Panel 1D), core inflation (Panel 1E), wage inflation (Panel 1F), net exports
(Panel 1G), nominal interest rate (Panel 1H), and nominal exchange rate vs. Rest of the World (Panel 1I) to a 10%
peak increase in imported energy prices.

Headline inflation responds immediately and sharply, reflecting the high price flexibility
of energy sectors in the model and the non-negligible share of energy goods in households’
consumption basket. The inflationary spike is followed by a more persistent rise in core
inflation, which remains elevated long after the initial shock, contributing to the persistent
increase of headline inflation.?? Intuitively, the increase in energy prices energy induces
production costs for firms to increase. As a result, firms respond by increasing the prices of
their products. Therefore, through the IO linkages, the costs of imported and domestically

230n impact, the pass-through of headline to core inflation is significant, amounting to roughly 20%, in line
with the empirical evidence presented in Adolfsen et al. (2024).

BANCODEESPANA 36  DOCUMENTO DE TRABAJO N.° 2607



produced goods for firms further increase, leading to an additional rise in prices. This
feedback between increasing selling prices and rising production costs results in a generalized
increase in core and headline inflation. Finally, we obtain a remarkably persistent and hump-
shaped response of wage inflation, which contributes to the persistent rise in core inflation.

4.3.2. Dissecting the Role of Production Networks

We next assess the role played by national and international production networks. Toward
this end, we consider a series of counterfactual economies in which we selectively shut
down non-energy input-output linkages, while always preserving the role of energy as both a
consumption good and a production input for firms.

We first consider an economy without non-energy production networks, where all non-
energy intermediate-input coefficients are set to zero, wy; ij =0 VklI, i,j € Iy, while
intermediate inputs from energy sectors (j € Ig) are kept at their baseline values. We next
consider an economy without domestic non-energy production networks, setting wy;;; =
0 Vk=1,1,j € Ip;, while preserving international non-energy linkages and all energy inputs.
Finally, we consider an economy without international non-energy production networks,
setting wy;; =0 Vk 7 1,1i,j € Ip, while preserving domestic non-energy linkages and all
energy inputs.

Figure 2 shows the CIRFs of headline (Panel 2A) and core inflation (Panel 2B) for our
baseline calibration and for each of the three counterfactual economies. The dashed red
lines represent our counterfactual economy with national and international IO links removed
altogether. On impact, headline inflation increases roughly by the same amount as in the
baseline calibration (solid blue lines). This is a consequence of headline inflation being driven
initially by the rise of international energy prices, which is common across counterfactuals.

However, the presence of 10 linkages is key in explaining inflation dynamics beyond
impact. When we conduct our first counterfactual by turning off the production networks,
cumulative inflation increases only 60% of our baseline at the end of the simulation horizon
(compare the blue and red lines). On the one hand, this is a consequence of the smaller
increase in core inflation (Panel 2B). Without IO links, the feedback loop between increasing
selling prices and rising production costs is absent, significantly dampening the increase in
core inflation. On the other hand, inflation shows less persistence, dying out substantially
quicker than in our baseline. More precisely, in our baseline simulation, inflation continues to
rise steadily throughout the entire simulation horizon, whereas in the absence of production
networks it stabilizes much earlier. This finding formalizes the intuition provided in section
3, whereby the presence of intermediate goods in the marginal costs of firms in interaction
with IO linkages leads to more persistent inflation dynamics.
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FIGURE 2. Inflation Dynamics and Production Networks

Notes: Cumulative IRF of EA headline (Panel 2A) and core (Panel 2B) inflation for the baseline and turning off
the full, international, or national IO structure. When turning off the IO structure, we always keep the use of
energy as an intermediate input.

The next two counterfactuals dissect the contribution of national (dotted purple line)
and international (dashed yellow line) production networks. We find that the international
IO network is a key factor that adds significant persistence on headline and core inflation.
Given the upstream position of the energy within production chains, the shock propagates
particularly strongly to other productive sectors. Consequently, due to the high level of
integration between industrial sectors across European economies, there are significant
spillovers from the effects of the shock through the cross-country links captured in the IO
tables. This finding highlights the quantitative relevance of the multi-country dimension to
account for international spillover effects, which explain around 20% of the overall response
of headline inflation, and would be underestimated in the simpler small open economy
framework in Section 3.%*

The analytical framework in section 3 formalized the notion that national and interna-
tional IO networks induce persistent in inflation dynamics, and the analysis in this section
shows the quantitative relevance of our contribution. In other words, it is crucial to account
for both the national and international dimensions of production networks simultaneously.
Intuitively, higher domestic inflation leads to increased export prices, which contribute to
higher inflation abroad. In turn, rising inflation abroad translates into higher import prices,
feeding back into domestic inflation. This interaction between national and international

24Interestingly, national and international production networks interact with each other. Without IO link-
ages, cumulative inflation increases by 0.32 percentage points (p.p.), while with only national or international
production networks, it increases by roughly 0.37 p.p. In other words, the “marginal effect” of each of them
is approximately 0.05 p.p., and adding those to the counterfactual without IO explains only 85% of the total
cumulative response in the baseline.
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production networks amplifies the inflationary episode, resulting in a larger impact than if

these dimensions were considered in isolation.

4.3.3. Additional Results

In this section we summarize additional quantitative results, which are discussed in greater
detail in the Appendix.

The Role of Nominal Price Rigidities. What if the foreign shock originates in a rigid-price
sector? In Appendix C, we compare the energy price wedge shock with an equally-sized
wedge in the foreign semiconductors sector, in order to disentangle the role of sectoral price
rigidities from that of production networks. Although the EA is more directly exposed to
semiconductors than to energy in terms of both final demand and input use, the semiconduc-
tor shock generates a much smaller but more persistent increase in headline inflation. To
rationalize this pattern, we construct two rigidity-adjusted measures of sectoral importance.
First, a downstream flexibility index, which averages the price flexibility of sectors that buy
inputs from a given sector, shows that downstream users of energy are about 3.6 times more
flexible than downstream users of semiconductors. Second, a rigidity-adjusted network mul-
tiplier, which weights the Leontief inverse by sectoral Domar weights and Calvo parameters,
reveals that the multiplier associated with energy is roughly 65 percent larger than that of
semiconductors. The combination of almost fully flexible prices in the energy sector and
relatively flexible downstream buyers makes energy shocks intrinsically more inflationary
than shocks in a stickier but less rigidity-central upstream sector such as semiconductors.

Cross-country Heterogeneity. In Appendix C we show that the EA aggregate masks substan-
tial cross-country heterogeneity in the transmission of the common energy price shock,
attributable to differences in production structures and consumption baskets, with nominal
rigidity differences playing a secondary but non-negligible role. Spain exhibits the largest
impact response of headline inflation but relatively fast stabilization, reflecting the high
weight of energy in its consumption basket and a more downstream, less complex production
structure. Germany, by contrast, displays a much smaller impact effect but markedly more
persistent headline and core inflation, consistent with its longer and more upstream produc-
tion chains and stronger industry exposure to energy inputs. Counterfactuals that equalize,
first, the I0 matrices and, second, both IO matrices and consumption shares across countries
progressively compress the dispersion in inflation dynamics, leaving residual differences
that can be traced back to heterogeneous price rigidities.
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Sectoral Decomposition. Following an energy-price shock, we find that the initial spike in EA
headline inflation is driven entirely by energy; as energy prices revert, non-energy sectors
take over—upstream contributions stabilize after 30 quarters, while downstream sectors
account for an increasingly persistent share via IO pass-through with nominal rigidities.?

Full details are relegated to Appendix C.

Systematic Monetary Policy and Production Networks. In Appendix C we study the interaction
between systematic policy and network amplification in the context of foreign energy price
shocks by varying the inflation coefficient in the Taylor rule. Weakening the systematic
response to inflation raises inflation volatility more than twice as much for core than for
headline inflation, and this effect is considerably stronger when production networks are
present. This reflects the combination of stickier prices and higher import intensities in
core CPI sectors, together with the amplification of energy shocks along IO chains. As a
result, even though IO links muted the direct impact of monetary policy shocks on inflation
(Nakamura and Steinsson 2010; Rubbo 2023), they make the stance of systematic monetary
policy more consequential for inflation volatility in the face of supply-side disturbances.

4.4. Production Networks and Monetary Policy Trade-offs

Our previous findings indicate that IO links play a central role in explaining the inflation-
ary effects and cross-country propagation of international energy price shocks. Next, we
investigate the implications of these findings for monetary policy.

In the context of rising foreign energy prices that exert upward pressure on domestic
inflation, the monetary authority faces a trade-off: pursuing strict inflation targeting may
succeed in stabilizing inflation, but at the cost of inducing a decline in the output gap. In this
section, we quantify this trade-off—analyzed analytically in Section 3—and examine how it is
shaped by the multi-sectoral structure of the economy, which constitutes our main departure
from the one-sector framework in Gali and Monacelli (2005), as well as by the open-economy
dimension, which extends the closed-economy setting of Rubbo (2023).

We consider two counterfactual monetary regimes that differ in the systematic component
of the Taylor rule. In the Looking-Through (LT) regime, central banks set the policy rate
according to equations (46) and (47) with coefficients {¢7, cl)i/ } = {1.5, 0} Vk. We interpret this
as standard monetary policy in the face of supply-side disturbances, and we treat it as our
baseline scenario. In contrast, the Leaning Against the Wind (LATW) regime corresponds to
strict inflation targeting, modeled as {¢7, cl)f(/ } = {10, 0} Vk, representing a more aggressive

stance against inflation deviations.

25We classify the 44 sectors into energy (mining, refined petroleum, electricity) and non-energy groups,
splitting the latter into upstream vs. downstream using the Antras et al. (2012) upstreamness measure.
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FIGURE 3. Monetary Policy Trade-Offs

Notes: IRFs of EA headline inflation (panel 3A) and output gap (panel 3D) after an increase in imported energy
prices (10%) under Looking-through monetary policy {${7y, d)I\J;[U} = {1.5, 0} (blue and solid line) and Leaning

Against the Wind {¢{}y;, d)ﬁ'w} = {10, 0} (red and dashed line) monetary policy. Panels 3B and 3E reproduce the
analysis with common parameters across sectors and countries (the one-sector-economy limit). Panels 3C and
3F reproduce the analysis without the foreign I0 network and consumption shares (the closed-economy limit).

Under both regimes, we examine the dynamics of the headline inflation and the output
gap in the EA, in response to the energy price shock discussed in Section 4.3. Figure 3 presents
the IRFs of headline inflation (panel 3A) and the output gap (panel 3D) for both monetary
policy rules.

Under the LT regime (blue solid line), cumulative headline inflation increases by approx-
imately 0.4 p.p. after the shock. The output gap initially turns negative, but then becomes
positive as the energy price starts declining, and eventually returns to baseline. (Recall that
the energy shock includes a deflationary phase after the fourth period, see Figure 1A.) In
contrast, the LATW regime (red dashed line) achieves significantly lower and less persis-
tent inflation, at the cost of a much sharper and prolonged decline in the output gap. This
illustrates a clear policy trade-off: stricter inflation stabilization entails a substantially larger
output gap contraction. To evaluate how this trade-off is shaped by production networks and
international linkages, we conduct two counterfactual exercises.

First, we eliminate the multi-sectoral dimension by imposing full symmetry across sec-
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tors and countries.?® These assumptions collapse the multi-sector model into a one-sector
economy, akin to the small open economy setup in Gali and Monacelli (2005) discussed
analytically in Section 3.2. Panels 3B and 3E show the IRFs of headline inflation and the
output gap, in this one-sector economy, to foreign prices. The trade-off between inflation and
output stabilization is noticeably milder. With the amplification effect of production networks
removed, stabilizing inflation becomes less costly in terms of the output gap. Quantitatively,
the magnitude of the trade-off is reduced by roughly three-fourths relative to the baseline.

Second, we eliminate the international dimension.2’ This environment resembles the
closed-economy setup of Rubbo (2023) discussed analytically in Section 3.2, extended to
include foreign price shocks. Crucially, this framework lacks the international spillovers that
amplify the domestic response to foreign shocks. Panels 3C and 3F display the corresponding
IRFs. As in the one-sector case, the trade-off between inflation and output stabilization
becomes less severe. With international amplification shut down, the contraction of the
output gap under LATW policy is considerably smaller, and the difference with the LT regime
narrows. Overall, the trade-off is reduced by about one-third compared to the baseline.

We next combine the results presented in Figures 3A-3F to uncover the sacrifice ratios.
In particular, we are interested in the differential sacrifice ratio between the two monetary
policy stances. Following the logic behind the Phillips multiplier in Barnichon and Mesters
(2021), we compute the differential sacrifice ratio P; as

_ 3 5=0(05/dT0)/(s + 1)‘
Sk (dms/0To) /(s + 1)‘

- Sho@FOT/ s+ )|

~ Sho@mT s+ )|

( 49) {Pt LATW

LATW

where "% (3x5/070)/(s + 1) denotes a time-weighted aggregation of impulse responses that
places relatively more weight on early horizons. This object summarizes both the magnitude
and the timing of the response of variable x to an exogenous unit change in the energy price
wedge 1y. The numerator in the expression (49) measures the difference in the dynamics of
the output gap, after an energy price shock, caused by the LATW and the LT monetary stances.
For instance, a negative numerator indicates that the LATW monetary stance generates a
larger fall in the output gap, compared to the LT stance. Similarly, the denominator measures
the difference in the dynamics of headline inflation, after an energy price shock, caused by
the LATW and the LT monetary stances. A negative denominator indicates that the LATW

26Specifically, we assume homogeneous production networks, consumption shares, labor shares, and nominal
rigidities: wy;; =W, Py = B, o = &, and Gfi =0% forall k, 1, i, j, where the bar denotes the average value in
the baseline calibration.

27In the closed-economy counterfactual, the restrictions wy; ij = 0and By; = 0 for I 7 k apply only to non-
energy goods. Energy continues to be traded internationally and enters both consumption and production as in
the baseline economy, so that the energy price wedge directly affects domestic costs and prices.
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stance induces lower inflation, compared to the LT stance.

The differential sacrifice ratio P; should be interpreted as the relative output cost per unit
of inflation reduction, accounting for both the size and the timing of the responses under
each policy regime. Compared to the baseline, we find that the sacrifice ratio in the one-
sector economy is 21.31% lower, and 7.30% lower in the closed-economy—in order to stabilize
inflation after an energy price perturbation, output gap losses are 21.31% (7.30%) lower in the
one-sector (closed) economy. The analytical framework in section 3 formalized the notion that
both the national and international IO networks worsen the trade-off faced by the monetary
authority, and this analysis shows the quantitative relevance of our contribution.

Taken together, these findings highlight the importance of modeling production struc-
tures and cross-border linkages in detail. On the one hand, for a given increase in inflation
after an energy price shock, the presence of sectoral heterogeneity and international 10
spillovers worsens the policy trade-off faced by the central bank. On the other hand, since
these external shocks generate a significantly larger increase in inflation in the I0 economy—
as discussed in Section 4.3.2—the presence of sectoral heterogeneity and international 10
spillovers significantly amplifies the macroeconomic effects of external shocks and exac-
erbates the policy trade-off overall.?® Ignoring these dimensions would underestimate the

costs of strict inflation stabilization in an open and interconnected economy.

5. Conclusions

This paper highlights the critical role of production networks in shaping the transmission of
international price shocks and the trade-offs faced by monetary policy. We show analytically
that production networks—particularly their international dimension— introduce a novel
monetary policy trade-off through sector-level trade imbalances and ToT movements that
propagate to domestic inflation. Quantitatively, we study the transmission of an increase
in the international price of imported energy in a multi-country model with production
networks calibrated to the main EA countries and their trading partners. We find that pro-
duction networks significantly amplify the cumulative response of inflation over time, while
simultaneously increasing the sacrifice ratio faced by the central bank.

More generally, our framework is well suited to analyze the effects of trade policies, such
as tariffs, on inflation dynamics. In this context, it could be extended to incorporate the
international dimension of investment IO networks (vom Lehn and Winberry 2021; Quintana
2024), in addition to the trade in intermediate goods that we currently consider. We view
these extensions as fruitful avenues for future research.

28Intuitively, the only difference is the dynamics of the nominal interest rate. Since production networks
augment the degree of non-neutrality (see Appendix C.4), it is more costly to reduce each excess unit of inflation.
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Appendix
Appendix A. Inspecting the Mechanisms

In this section, we derive the equilibrium conditions under the simplified version of the
model.

A.l. Production Networks and Inflation

Starting from a general Phillips curve, where 7;

_ H H . :
= pi, — pi’ 1 denotes the inflation rate

of a good in sector i in country H, 7 it = Ki (mci}t — pflt> + B[EtT[th .1~ The nominal marginal
cost faced by sector i are given by

(A1) me; ; = Wt +(1— O(i) pl?,{t'

where «; is the steady-state ratio of labor costs to sales in sector i, and 1 — «; = PlXXi/(PiYi)
denotes the steady-state ratio of input costs to sales in sector i. The price index of intermediate
goods faced by sector i is given by:

I
(A.2) pzt ZVU{ Cl] p]t+Czj(]t+p]t]:ZV (p]t+cl] )

J=1

where v;; = P;;X; /(PXX ') denotes the purchases of sector i from sector j as a share of total

1ntermed1ate goods purchases of sector i, and 1 — Gij = P]Xf]q /(Psz]) denotes the purchases of

sector i from Home’s sector j over total intermediate goods’ purchases of sector i from sector
j.

Introducing condition (A.2) into the marginal cost equation (A.1), and stacking over sectors,
we obtain:
(A.3) mc; = OCWt+QHp£_I+QF(Tt+ pf) = 0(Wt+Qp%{+QFSt.

We now seek to obtain the Phillips curve in price terms. We can write the previous Phillips
curve in matrix form,

Tt%q =K (mct - pfl) + {S[Etnﬁl =K [mct - (nltq+ pfl_lﬂ + [S[Etngl
= (I+x) 1k (mct . p{f_l) + (I + k) BEmL,
= A [awe+ Qpif+ Qps; — pfL, | + (1 - D)pEnt,

=A _ocwt+QFst+Qn{{+Qp£1 — p{{l} +(I — A)BEmiL

(A4) (- A = A aw+ Qps — ([~ Q) pi | + U - B)BEl)
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where we have introduced nominal marginal costs (A.3), and the different objects are defined
in section 3.2.

A.2. Production Networks and Monetary Policy

We now seek to write the sectoral Phillips curves in gaps from the flexible-price equilibrium.
Under no nominal wage rigidities, the labor supply condition is given by:

(A.5) Wt — ptc =ctt+ ong

where ptC is the consumption price index given by:

I

(A.6) }:B [ ﬂt+C(lt+;{9}=§:Bi(ﬁi+5§w)=ﬁTP§+B}W

i=1

where f; = P,C;/(P°C) denotes the consumption share of households in H, and 1 — ¢; =
(Pin{ )/(P;C;) denotes the consumption from sector i in H over total consumption of sector
i, BT = [B1,...,B]T is the vector of steady-state sectoral consumption shares, and ISIT; =
[B1C1, - - -, B1¢r]T denotes the vector of steady-state sectoral foreign consumption shares.

The risk-sharing condition (under complete markets and constant ROW variables, i.e.
c; = 0) is given by:

(A7) Ct=qr+cf =er — pf.

Furthermore, the definition of nominal GDP is given by:

I I 1
Yv — pC F ~F F +F
(8.8) PIYi=PfCi+ Y (PRCE" — (v pplicl,) + 33 (PEX — (v 0P xE )
i=1 =1 j=1

where P}’ is the GDP deflator, Cflt’* and X;I’t* denote Home’s sectoral exports to households

and firms in ROW, and Cf ,and Xg . are Home’s sectoral imports from households and firms.

We start by finding an expression for real GDP. In order to do so, we first linearize the
definition of nominal GDP (A.8):

I
Y - H  H, F F
(A9) py+ye=pf et Z BiCi (Pi,t + Ci)t* ~ Tt~ Pir— Ci,t)
i=1

I 1
+Y > Al-«) C]l(plt ]I;It_Tit pl, ﬁ,)

=1 j=1
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Next, note that we have the following expression for the GDP deflator:

I I I
(810) pf = pf+ > Bic; (P — w0 — PL) + D D A - )i (pf — i — pE)
i=1 i=1 j=1
+Z B; chA Wiidi | (PR —Tie = PLy) = PE — (BE+ATQp)s:

and hence we have that real GDP is given by:

I I 1
_ H,* F H}* F
(A.11) ye=cet Y Bil; (Ci,t - Ci,t) £ 2 Al = )G (xji,t - xji,t) '
=1

i=1 j=1

Consider first the term Z{zl B;¢; <CH’* - t) Note that we have ¢

=e+ pf — pH +cr =
1,t 1,t ~ et pl pl,t Cz

C,x
et+p;'k_ p§t+(et+pt’ )_(et*'PZt)*'C? = _Pijt*'(et"'Pt Vrer—qr = —pi’t+ptc+ct, where we

have made use of the risk-sharing condition (A.7), the relation pf‘ + cik = ptc’* + ¢}, and the

logarithmic transformation of (25). In addition, note that we have Cf' L= pg p =T~ pli”: (TG =

picj p =T~ pi, T pt - Py t) +cp = pt o= Ty — pf: .- Therefore, we have that:

I I
Hyx F —QaT

(A.12) > Bid; (Ci,t — 6 t) > BiC; (Tl tt pz t pft) = Bpst:

=1 =1

. H,x oF Hyx _
Next, we work with the term Xip X g First, note that we have x] L= pft ]l =
H X Cox
e+ p; — Pj t+(et+ p;* ) — (et pp)+xi = —pi,t+et+ P +(wt pt ")+ ]*t = —pi,ﬁ pEtgrt
C - H
ci +oni+ ] ; —pft+ prtartce—qrtong +n].*,t =Pt pS + ct, where we have made use
of the first-order conditions of the firms for labor demand and intermediate goods’ demand,
x]* + pX’* = n]* . +wi, and of the fact that foreign variables are constant, in addition to the risk-
) )

]l ; p t ] . the logarithmic transformation of
F H .=

(25), and the labor supply condition (A. 5) Next, note that we have x Xit= Py Tt Py t+x

_ C
piP,It_Ti,t_pi,tJr(p])‘,(t_pi,t gy = —Ti)t—pi)t+pt Cor(we— pS )= =T = p£t+pt tertQnetn; ,.
Therefore, we have that:

sharing condition (A.7), the relation p

(A.13)
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I I
= Z Z Avi(l— o) ( s ( — pn — n; ) ATQps: — ATdiag (Qpl) ny — wx @ Yy

In addition, we have made use of the fact that aggregate GDP equals the sales-weighted sum
of sectoral value-added, and hence aggregate employment (using the labor market clearing
I
condition n; = Zl_ Ao 1)y Vi = Zl 1 Ain; ¢ = . Furthermore, wy = 21—1 Z] . AVl
O(]) C]l
Next, plugging in (A.12) and (A.13) into (A.11) we obtain:

(A.14) 1+ Qwx)y; = ¢+ (BL + ATQp)s; — ATdiag (Qpl) ny.

Natural Equilibrium. In the natural allocation with flexible prices (denoted by superscript
n) where prices equal marginal costs and nominal wages remain constant (Rubbo 2023), we
have that pf’n = awl + Q pfl My Qps}. Therefore, we can write:

H — — F
(A.15) Pt = - ) Qps = (- Q) Op (et p0")

That is, in response to an increase in import prices, domestic prices adjust through a direct
effect via its exposure to foreign markets (measured by Qp) and an indirect effect via I0
linkages mediated by the domestic Leontief inverse (I — Q) 1.

Note also that making use of this results and of the relationship between consumption
shares and Domar weights in steady state, AT = BT (I — Q) !, we have that the consumer
price level in the flexible price equilibrium is given by:

(A.16)
"= T+ Blst = [BE AT - )T Qp| st = [BEHATU - Q) U - Q) Qp| o]
= (BL+ATQp)st.
Next, writing the expression for real GDP (A.14) in natural terms and using (A.16) we obtain
(I+owx)y} =i+ ptc’n —ATdiag (€2F1) n}. In addition, make use of the labor supply condition

with flexible prices and constant nominal wages, together with y!' = n!’ and —@ y} = c}} + ptc’n
to obtain:

(A.17) [1+ @(wx +1)] ¥} = —ATdiag (Qp1) n}
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Phillips Curve in Gaps from Natural Equilibrium. First, we start by writing the labor supply
condition (A.5), using y; = n; together with (A.14) to substitute out ¢;:

(A.18) Wy — pg = [1+ @(wx +1)] y; — ([5} +ATQp) s¢ + ATdiag (Qp1) ng

Next, we substract ptc’n from both sides and use (A.16) to obtain w; — }3? = [1 +@(wy + 1)} Vi—
(BL+ATQp)s; + ATdiag (Qpl) ny, where tildes denote deviations from the flexible price
equilibrium: x; = x; — xJ' for a variable x. Finally, make use of (A.17) and add and subtract
[1+ @(wx +1)] ¥ on the right-hand side to obtain:

(A.19) Wt — ?tc = [1 +@(wy + 1)] j/t — ([?);. + ATQF) st + ATdiag (Qpl1) ny

We next work with the stacked sectoral Phillips curves (A.4). Next, we subtract Ax pf on
both sides, and use (A.6) to write p¢ = T pt + BLs; = BTmil + BT pil | + Bls;, obtaining:
(A.20)

(I—AQ—AocBT)Ttltq =A {oc(wt — ptc) —(I-Q- ocBT)p%LI_1 +(Qp + ocBIT;)st] +{5(I—A)[Et7tﬁ1

Adding and subtracting ptc’” on the right-hand side, using (A.16), we obtain (I — AQ —
- H
Aapnril = Ala(we— ) — (1 - Q — aBT) piL | +(Qp + aB])s; — aBTpr " — aBfs?| +

B(I — A)EmIl.. Next, adding and subtracting (I — Q) pf’n on the right-hand

t+1°
side and using the fact that (I — Q) p?’n = Qps} to obtain I — AQ -
~ H _
Al = Aalw - BE) - (T Q- aBD(pP - PP+ (Qr+aBDE| ¢
BI — A)[Etnﬁl. Finally, using (A.15) we obtain (I — AQ - A(XBT)T(‘? =

- _ F ~
A {(X(Wt —PY) — (I - Q — apT) [P?_1 —(I—Qp) ' Qp(t; + Pt’n)} +(Qp + “B}:)St} +
A — A)[Eﬂtﬁl. Next, plugging in the expression for the real wage gap (A.19) into (A.20) to

obtain:

~ _ F
(I - AQ — AapT)m =Aa [1+ @(wx +1)] 7, — AT — Q — aBT) [pﬁ_l —(I—Qp) " Qp(ty + pt)”)]
(A.21) + AaATdiag (Qpl) ns + A(I — cAT) Qs + (I — A)[Etﬂf,_l
Social Planner’s Problem. We now seek to obtain the natural equilibrium variables as a

function of exogenous variables. To do so, we first solve the social planner problem. The
planner faces the following problem:

00 I e
max E; Y B'SlogCP— (Z Ngjt) /(1+ @)
i=1

H,TL FJn n HJn an n n I
{Ci,t ’Ci,t )Ni,tJin,t ’in,t :Et )Dt+1}i=1,j=1 t=0
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subject to the set of market clearing conditions and the aggregate resource constraint:

(A.22)
SnPF)*;n I gnPF;*)n

NG /T \1— o H,n 1,t *,71 1ot *,1 H,n .
(Ni,t) I(Xi,t) b2 Ci,t + C EnPHJ*;TlCl t + Z C]lgnPH,*,nX]l t +in,t vielt
71

(A23)
S”PF’*’" c*’” 1+ cF“+ 1+1 )XP™M) | > E DL, — D! vV
Z G ( T, t) Z C]l ]lt —( Ti,t) ji,t tQt t+H1-t+1 t t
] =1

together with definitions of the consumption and intermediate goods’ aggregators.
Let &;; and & denote the lagrange multipliers on the constraints (A.22)
and (A 23), respectively The first-order conditions of the planner’s problem for

{Cltn, it ,Nl”t, X]l s ]1 ;1}1 1,j=1 318 respectively, given by:
I ¢ Ynt
1')
(A.24) S N =g L
j:]_ l,t
(A.25) 1 oct aCZf _
: — =gy
CTL aCTlt aC 1
1 acn aC Fox,n
(A.26) )gnp ’%
Cn acn it
acl ;
Yn aX]” aX]’Zt
A.27 (1 — o) 2 ’ =&.
( ) E’]:t( (X)Xl;l aXnt aX El,t
Ynt aXJn aX]’;‘ P
(A.28) E,]-)t(l oc)Xn E)X”) oL = = &1+ T t)SnP A
J Ji t ]1 t
(A.29) LB QY 141 = Eripn

Employing the definitions of the intermediate goods’ and consumption aggregators, we can
rewrite the first-order (A.25) - (A.28) conditions as:

(A.30) Bi(1—¢p)= 5i,tC£It’n
(A.31) BiC; = &1+ 1) ELPY Ttlcl t

H n
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(A.33) E.j}t(l ) jt ]1C]z Er(1+ T, t)gnp; ?le,

Combining (A.24) and (A.25) we have that:
(A34) (Nnt)(p B ( Ci)(xl t/( lt lt )

Noting that in the flexible price equilibrium we have that 3;(1 — ¢;) = Pi’nCifn (Ptc’nC?) and
using the labor supply condition, we obtain that (A.34) is equivalent to the labor demand
condition of firms.

Next, combining (A.24) and (A.27) we have that:

(A.35) Bi(1— ¢ — o) vji(1 — Cji)Yj'} (X]l . C ) B;(1— Ci)/Cf{n

Again, noting that in the flexible price equilibrium we have that 3 ]-(1 - C]-) = P{Igan;n/(Pf ’nC?)
and 3;(1 - () = H’n/(P C?) we observe that (A.35) is equivalent to the intermediate

goods demand of domestlc goods condition of firms.
Next, inserting (A.25) and (A.26) in (A.28), we obtain:

YTL
1 jst
(A.36) Bi(1 = C) gm0 — o)~ vjiGji = Bili gy Fn
C.” X’
]t Ji,t l:t
Hn
and again noting that in the flexible price equilibrium we have that 3;(1 — Cj)ﬁ = PC]””tC”
/ t t
F n
and Biciﬁ = PC ”C we observe that (A.36) is equivalent to the intermediate goods demand
it t Ot

of foreign)goods condition of firms.

Finally, using (A.25) into (A.29) to obtain:

CF n
t

(4.37) EQfen = Er 7 i
t+1 (1+7 1, t+1)8np ;r+’1

1+ t)anpl.”)*’”

and again noting that in the flexible price equilibrium we have that Cf’tn(l + Ti,t)E?Pf;*’n =

BiCin ’nC? we observe that (A.37) is equivalent to Euler Equation in the flexible price equilib-
rium.
Next, note that under the following definitions of the Lagrange multipliers:

Hn

(A.38) P ct &ije = P
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(A.39) POMCRE, =1

and using the labor supply condition Wt/PtC = CIN{, we have that the first-order condi-
tions coincide with the first-order conditions of households and firms in the flexible price

equilibrium:
(A.40) NI W] :Pl . oclY”
P CH n
(A41) Bi(1— ) = bt
Cn
Pftclt
(A.42) Bl = ———
P C”
(A.43) P],t (1— o) Vi1 = Gjp) = P,t X]l,
n Fn
(A.44) L= 0 Vv = PG
C
(4.45) FrQ 1 = Bt | Py Cha /(P CP)]

Finally, the first-order condition of the planner with respect the exchange rate is given by:
F x,n o ) F.,n _
&t Z P Clci,t (1+ T+ Z [Cﬂ jit l,t)in,t ] =0

Note that since & =1/ (PtC ’nC?) > 0 we have that nominal exports are equal to zero at all times
under the planner’s allocation:

F, ,n 1 F.n 1 _
(A.46) Soerp L GO — (1T )G Z GiXT - AT )Xt =0
i j=1

To see the implications of this condition for the flexible price allocation, we linearize equation
(A.46) to obtain:

I I
T T H,*,n 1 Hy«n  Fn\ _
(A47) —(B]+ATQp)s +ZB G (7" =) + 20 D= ity (x5 " = %) =0

=1 j=1

Using our derivation from the expressions (A.12)-(A.13), we can write (A.47) as —([SIT; +
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ATQp)s! + ([SIT: +ATQp)s} — wxen — ATdiag (QFp1) n}! = 0, which implies that:
(A.48) —ATdiag (QF1) nf = wxen}

Next, using (A.48) into the expression for real GDP (A. 14) we have that y} = c[' + ([3 +
ATQrp)st, and using that in the flexible price equilibrium pt = ([SIT; +ATQp)s} (equation
A.16), together with the labor supply condition, we obtain y} = —¢ y}, which only holds if
(35) is satisfied.

In addition, using the risk-sharing condition c}! = el — ptc’n we have that ¢’ = 0. Under these
conditions, we obtain that the response of domestic prices in the flexible price equilibrium
is given by pf’n = (I — Q) Qp1;, and that the response of the ToT is given by:

(A.49) s = [I (- Qp) QFl .

We next show that y}! = 0—and hence, from the labor supply condition, ptc’n +cft =0—
implies that sectoral-level employment remains constant (that is, n}’ = 0). To see this, we
start from the market clearing condition for good i, Y’} = Cftn + CH’*’n +2 ( ]Ii T Xif’”) .
Substituting out the demands for good i of domestic and fore1gn households and firms, we

h h n _ Ct Ct 1—o PgtC” Pn +CF 51 @ AT TL
ave that: Y Bl +Z ]l(]‘ CJI)TJWNt N + lC]l O(] P C?(Nt ) ]\]j,t .
l)
Linearizing thlS expressmn and dividing by steady state GDP, we have that
(A.50)
C,n H,n
7‘1th =B; (Pt +of — Pi; ) +
I
C, H, C, H,
> [7\]'\/]'1'(1 — )1 — o) (p”" + cf — Pijtn +ong + 0 + A1 — og)(py T - Pi)tn)l
j=1

Next, using that in the flexible price equilibrium ptc’n + c? = —<pnt 0, and collecting terms,

I
the above expression simplifies to A; y? = [Bﬁzj 1 AVl ] Z] 1 A1
C]l)( ) n . In addition, note that at the steady state we have A; = [, + Z]I 1 )\]v]l(l )],
leading to 7\ ( p Z] 1AV = ) = ) .- Using the result that with flexible

prices we have that p y T+ y” = n” from the labor demand condition of firms and stacking
)
over i we have that:

(A.51) Ani = QL Anf
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where A = diag(A). Since both A and (I — Q) are invertible, the only solution for (A.51) is
n} =0.

Finally, using e}’ = 0 in the flexible price equilibrium we can write pf’n = 0. Introducing
this expression into the Phillips curve (A.21), (I — AQ — AaT)nH = A [1+ @(wx +1)] 7, +
AoATdiag (Qpl) fis + A(I — cAT)Qps; + (I — A)Emll, — AT - Q — apT) p  + AT - Q —
apBT) (I — Qp)~ ! Qpr;. Following the same transformations as in Rubbo (2023) to invert the
term (I — AQ — Axf3T), we obtain

(A.52)
il = B (1+ @ + ATQpl) 7, + BATdiag (Qpl) i + VI — Q) 1 Qps; — Vx; + I — V)Egmil;.

Consider now the market clearing condition (A.50) in the rigid-price equilibrium,

NYie = | Bit i Al - )} (£ +c— L) + SE AV — G — a)one + 1y,) =

; <pt +cr — pf) Z] 1AV = G — o)(ent + 1j4), where we have used A; = f3; +
] 1 Avji(1 — &;). Furthermore, we can write ptc +cr— p{’{t =ep — pgt = pf:t — pft =St~ Tip

where we have used (A.7). Thus, we can write the previous expression as
(A.53) NYie =i (s —Tie) * Z Vil = G — ) (pne + ;)

Log—linearizing the production function (22)—(23), Vit = ocini ++ 211-_1(1 — oci)vi]-(l — Ci]-)xg]?[ .t

Z UCl] ij,t (ant-l_zjl 1(1 Vij l]t Z — o) l]Cl] ]t =ognypt ]Izl(l_

%)Y ]( e~ Tt ety ) = Y (1 - l)VUClJ ot = Mt (1 o) o+ (1— o) S0 vyl —
C-]-) (1 o ) Z]-_l Vit where the second equality made use of the international input
demand curve xg ; xgl ; ]Ht —( pJF ; T Tj t) = —$j 1, and the third equality made use of the
domestic input demand curve xg Xij ¢t pX pft = pf P T X — p}ift =Wp+n;, - p]l,{t =

pf et ongtng - pH = p] Jtong g, — p]’t = Qnetng S — T

Pre-multiplying th1s last expression by A;, and combining it with (A.53),
we can Wwrite Ai[”i,t + 1 — a)ensd — Z] 21 A ]1(1 — C]-i)(l — oc]-)((pnt + 1 t) =
A [Si,t —(1— o) Z][:l Vi1 = Ci)sjp — Tipt (1= o) ijl VijTj,t]; which can be written in
stacked form as (I—- Q[)An; = [Aa— I — Q)N y,+ AT —Qp)st — A — Q)t;. Rearranging,
n: =AY I- Q) Na-1eoy+ A1 I- Q) AT - Qp)s; — AT - Q) AT - Q)r; =
(Ny =Dy +Nsst —NT'rt, where Ny = (I-AT1QLA)™ Lo, Ny = (I-ATIQLA) lr—qp),
Ne=(T—-A" 1QH/\) (I — Q); and where the second equality uses the fact that, since A
is diagonal and invertible, we have A~} — Q])"!A = (I - A_lﬂg/\)_l. Rewriting this
expression in terms of gaps from the flexible-price equilibrium, n; = (N, — )@y, + Nis;.
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Inserting this expression into (A.52), we obtain (37).

Proof of Proposition 1. The Neumann series (I — QIII)_1 = Z%ZO(QZI)” converges, and each
power (Q;)" is entrywise non-negative because QJ; > 0 elementwise. Hence, I—Q;;)~! > 0
entrywise. Premultiplying and postmultiplying by the diagonal matrices A~! and A, which
have strictly positive diagonal elements, preserves entrywise non-negativity. It follows that
B=A11- QITI)_I/\ is entrywise non-negative.

Consider now ® = A" diag(Qpl) B = Z}:l zi=1 7\J-< le(.Q F)ji> Bjy oty Under weakly
positive labor shares, each term }\j(Zi(QF)ji)Bjko‘k in the double sum is therefore non-
negative, and we obtain © > 0.

To show strict positivity, note first that by the definition of B, Bj; = A ATlI— QE)_IA} =

})‘\—j [(I — QH)_ } ik Under actual openness, there exists an index j* such that Zle(ﬂp)j*i >0

(sector j* uses imported intermediate inputs), Ajx > 0, and there exists an index k* with oz« > 0

such that the (j*, k*) entry of (I — Q};)~! is strictly positive. The latter implies B; ixiex > 0.
Combining these conditions, there exist indices (j*, k*) such that ?\ >0, Z 1(QF)] ;> 0,

Bjgx > 0, g > 0. The corresponding term in the sum for ©, Ajs (Zl 1(QF)] 1) i ok X is
therefore strictly positive, while all other terms are non-negative. Consequently, © > 0 under
openness.

]

Proof of Proposition 2. Define D = diag(Qr1) and N5 = D~1Qp, so that = = DN — Q. We
., =;; = 0foralli.

Let i be arbitrary. Expanding the (i, i) entry of the product gives Z;; = [DN;].. — (Qp);; =

]Izl D;;(Ns)j;— (QpF);;- Since Dis diagonal, D;; = 0 forj 7 i, and therefore Z;; = D;;(Ns);;— (QF) ;-

Next, note that the definition N5 = D™1Qp implies DN = Qp, or equivalently D~1DN; =

D 1Qp. Taking the (i, i) entry of Ns = D 1O; yields (Ns);; = Zle(D_l)ij(QF)ji. Again, D 1is

diagonal, so (D_l)i]- =0 for j 7 i, hence (Ns);; = (D™ 1);;(QF);;. Substituting into the expression

show that = is hollow, i.e.

for Eii gives Eii = Dii(Dil)ii(QF)ii — (QF)ii = (QF)ii — (QF)ii = 0. Since i was arbitrary, Eii =0
for all i, and thus DN — Qp is hollow.
[

Proof of Proposition 3. Let w € R, w 70, and define a constant-weight linear inflation index
7 (w) = wTnH/ (wT1). Premultiplying the sectoral Phillips curve (37) by wT and dividing by
wT1yields the index-level relation

(A.54)

TB wTy _ wTy wT(I-7V)
i (w) = bt

(1"' @ + @ATdiag (Q2F1) Ny) Ve ¥ ——= St — ot Xt + 3 o1

H
[EtT[t+1.
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Equation (A.54) shows that, generically, any constant-weight index inherits the inefficient-
price residual term —wTV/(wT1) x; from (37). Hence, a necessary condition for an index to
be a “DCI” in the sense of Rubbo (2023) (i.e., to have a Phillips curve with no inefficient-price
residual) is that its weights eliminate the residual contribution of x;.

In a production-network economy, Rubbo (2023) shows that the unique constant-weight
linear inflation index whose Phillips curve contains no inefficient-price residual is the sales-
and-rigidity-adjusted index with weights proportional to A;/k;.?’ Therefore, any constant-
weight index that qualifies as a DCI must coincide (up to normalization) with ﬂ]t)c =
Z{Zl(ki/ Ki)ﬂft/ ( }:1 7\j/ K]-> . Consequently, to establish non-existence it is sufficient to
show that 7T]t)c fails to deliver the Divine Coincidence in the open economy, except under
ATdiag(Qr1) Ng =0T,

Define the mark-up gap as

(A.55) ue = py’ — mcy.

Rewriting the marginal cost curve (28) in gap terms, mc; = cxf&ﬁQf)f +Qpsy, and combining
both equations,

(A.56) mcy = ooy + Qg + meg) + Qpsy = 1w + (I — Q) 1Qu, + I — Q) 1Qps;

where the second equality used (I — ) !« =1by CRS.

In the open economy, the CPI is given by (A.6), which in gap terms can be written as
}3? = ISTIJ? + BLSt. Inserting (A.55)-(A.56) into the CPI gap, }3? = BT(u; + mcy) + BIS; =
BT [y + 1w + (I — Q)7 1Qu; + (I — Q) 1Qps;]| + BLS = ATy + Wi + (BL + ATQp)S;, where we
have used T1=1and BT + ATQ = AT. Using the above expression, one can write

(A.57) W — P = —ATue — (BL +ATQp)S:

Consider now the labor supply condition (30), which can be written in gap terms as
(A.58) Wi — DY =Gt + 9.
Similarly, (33) can be written in gap terms as

(A.59) (1+ @ATdiag (Qp1) Ny, =C + [B] + AT (QF — diag (Qp1) Ny)] s:.

Introducing this last condition into the labor supply condition (A.58), w; — f?tc =(1+¢+

29Formally, see Proposition 1in Rubbo (2023).
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eATdiag (Qp) Ny, — [BL + AT (QF — diag (QF1) Ny)| §;. Inserting this last condition into
(A.57), we can write

(A.60) —ATu; = (1+ @+ @ATdiag (QQr1) Ny) y, + ATdiag (Qp1) Ns;

Combining the risk-sharing condition (A.7) with the CPI definition (A.6), we can write
ct = e — BTpH — BLs; = BT Pr: — BTp — BLs: = BJ;st — BT, where we have used
BT Pr: = Z{zl BiDri = Zle Bier = et Zle B; = e; and the definition of ToT (29). In gap
terms, we can write ¢; = B[;8;. Introducing this expression into (A.59), we can write (39), and
thus (A.60) can be simplified to

(A.61) “ATg = 0F; + AT — Qp)se

where we have used the steady-state identity T+ ATQp = AT(I — Qp).
Finally, consider the sectoral Phillips curves (27), which for industry i is given by Tt

—Kipi TP [Etn ,- Reorganizing terms, pre-multiplying by the Domar weight A; and summlng
across sectors, one can write — Zl 1Ak = Zl LS ( BEtnl , +1) Making use of the

definition of Ttt , we can thus write —ATu; = (ijl j K]') ( — BEsm; +1> Inserting this
expression into (A.61), we obtain (38). Using (39), setting y yt = 0 generally does not imply
$¢t = 0. Hence, mPC = (AT K’ll) ATdiag(Qp1) Nss; + BE;mDS, which does not imply 7P¢ = 0
for all t unless ATdiag(Qr1) Ng = 0T.

Since any constant-weight DCI must coincide with TtPC up to normalization, it follows
that no constant-weight DCI index can simultaneously close the output gap and stabilize the
index in the open economy unless ATdiag(€2z1) N5 = 0T.

]

The One-Sector Phillips Curve. In the one-sector economy, we can write the Phillips curve as
7y, = K(mer — py p) + BEs7ty ¢41. Inserting the expression for nominal marginal costs (A.3)
in the one-sector economy, mc; = oaowy + (1 — ) PH T W rSt—where we have made use of the
CRS assumption wy = 1— & — wp—we can rewrite the Phillips curve as 7y = x[o(wr — pH,t) +
wpst]+ BEsmy t41. Inserting the one-sector expression for (A.6), ptC = Pu,¢t+ Brst, we can write
Ty, = Klo(wy — pg) + (B + wp)st] + BE¢my 141 Rewriting py = f?tc + pf’n, and making use of
(A.15) in the one-sector economy ( pI’ZI)t = wr/as}) and (A.16), which in the one-sector limit is
given by ptc’n = (Br+wp/x)s}, we can write30 g, = Klo(wy — fytc) + (B r+ Wr)Se] + BELT 41
Introducing (A.19), w; — p° = [1+ @(wx +1)] ¥; — (Bp + wp/x) St + wp/ans, where ¥, = 1y and

3011 the one-sector limit, we can thus write ATQp as wr/«.
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having made use of the identity in footnote 30, we can write the Phillips curve as (36) (where
we have used the identity wx = ATQFpl = wp/w).

Appendix B. Model Derivation and Log-linearization

In this section, we derive the model equilibrium conditions, outlining the final set of log-
linearized equations. We further enlarge the theoretical model presented in the main text—
which only contains exogenous perturbations to the foreign price wedges and the monetary
policy shock—to accommodate the standard perturbations explored in the literature: an
internal demand shock, sectoral TFP, sectoral price cost-push shocks, and wage cost-push
shocks.

B.1. Households

Each household is made up of a continuum of members, each specialized in a different
labor service, indexed by g € [0, 1]. Income is pooled within each household, acting as a
risk-sharing mechanism. The per-period utility function (1) is modified to accommodate
nominal wage rigidities and a discount factor disturbance. Namely,

(B.1) Ur =

1
Ci;"/(l —0) — /0 N}g;jg/(n ©) dg] Zy 1

where Ny ; denotes the labor supply of labor service g, Z; ; is an exogenous preference

shifter, and o denotes the inverse of the intertemporal elasticity of substitution.3!

Consumption Demand Curves. The optimal allocation between energy and non-energy goods
is the result of a cost minimization programme min PE) th’ ot Pﬁj[tCi‘th subject to (41). Similarly,
the optimal allocation between energy (non-energy) consumption is the result of a cost min-
imization programme min } ;- P,fi) Chi,p (min ) ;ep Plgi, +Cri,¢) subject to (42). Finally, the
optimal allocation between the different consumption goods is the result of a cost minimiza-
tion programme min Zﬁl(l + Ty i,t)Plzzz i +Cr14 + subject to (44). The implied demand curves

31Each household takes as given labor income since wages are set by labor unions and employment is
decided by firms. Thus, the only decisions made by the household are the optimal allocation of consumption
expenditures among different good varieties across different countries, and the optimal intertemporal allocation
of consumption.
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are given by

1

N B 1
(B.2) Pﬁt = P;S,t (Bkck,t/cf,t) Y Pi\j[t = Plg,t [(1 B Bk)ck;t/cﬁj[t] i

=11

1
(B.B) Plgi,t = PE,t (vkicit/cki,t> V i€ Ig, Plg:i,t = P%It <6kicf<\j[t/cki,t> YV e Ing,

1

k. —pC (7 ®
(B.4) L+ T ) Pry i ¢ =Pri ¢ (Cklicki,t/ Cha i’t) volek

The log-linearized versions of the consumption demand curves (B.2)-(B.4) are given by

~FE _ -1
(B.5) Pit = (Ak t Ck t)s Pk t=Y (Ak t— CM)
~C  ~E _ 2
(B.6) Pkit — Prt =T (Ek,t - Cki,t)J pki,t - Pk,t @M ki 1)
~k ~C _ <1 (= ~
(B.7) kit + Phiie — Phie = O (Cki,t — Ckl i,t) )

c M _ C C
where 7 pk ¢ pk ¢ pk)t; pk}t - P%t - pk’t) pkl t pkl t pk ) and p pkll t = pkll t Pk’t are
well-defined as a ratio of prices.3?

Currency Pricing Paradigm. Under PCP, using the log-linearized version of (10), we obtain

(B.8)

/fjll:li,t = Plliu,t - Pg,t = e;gt * Priit — Pg,t = e;gt +(Prijt — ch,t) + (ch,t - Pg,t) =Dt q%gt’
(B.9)

ﬁki,t - Pfki,t - Pg,t = Pikijt — Pit = Pkijt — Pit = Pkit
where we have used that, under PCP, Pxiit = P1i,c since the law of one price (LOP) is satisfied;
the transformation p Plit = Pli — pl g and the definition of the bilateral real exchange rate

between country k and country m: Qm = PC 8’” /Pk »» which log-linearized takes the form
(B.lO) qZ}t = ert + pgn,t - pg,t'
Under LCP, using the log-linearized version of (12), we can write

(B. 11)
C o~
pklz t = pklz t — Pkt = Prlip

32The price levels are not well-defined in the steady state, but their ratio is.
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(B.12)

~k — .k c _ 1 Cc _ C [ C c _ >
Plkie = Plkie — Prt =t Plki — Pre= (Pikip — Pl Y et Pl — Pre = it * Pikiye

where we have made use of (B.10), and of the definition py; ; = piyi ¢ — pg .
To summarize pricing, using (B.8), (B.11), (B.9), and (B.12), we have that

q%gt + /I\jl it if PCP, ~k ?ki,t: if PCP,

~k _ _
(B.13) Phiiye = Piki,t =

o~

) o~ .
Prin if LCP. qé}t + Dirip if LCP.

Consumption Baskets. The log-linearized consumption aggregator (41) is given by

(B.14) /C\k,t = ﬁk/(’:f,t +(1— Bk)/éi\j[t’

v—1

1 v-1

where B, = PECE/(P(Cy) = B) (CE/C;(> Y oand (1 - By = PMCM/(PLC) = (-
1 y-1

Br)Y (Cf(V[/Ck> Y can be verified using the steady-state consumption aggregator (41) and the

demand curves (B.2).
The log-linearized versions of the energy and non-energy consumption aggregators (42)
are given by

/\E _ ~ N _ -
(B.15) kot = Z VkiCki, ts Cﬁf t = Z VkiCki, ts
iEIE iEIM

n—1

1 1 L;Ll
where Vi = Plglckl/(P]kECE) = V,?l (Ckl/C]]f) and Vi = P]S;Ckl/(PQ/ICQ/I) = 17121 (Ckl/C£4> can
be verified using the steady-state energy and non-energy consumption aggregators (42) and
the demand curves (B.3).

The log-linearized version of the final layer of the consumption aggregator, (44), is given
by

K
(B.16) Cir= Y Uitk
1=1

~1 5-1
where (yp; = Py iCpy i/ (PS.Cri) = (% (Crgi/Cyi) © can be verified using the steady-state inter-

national consumption aggregator (44) and the consumption demand curves (B.4).

Price Indices. The different price indices can be derived by combining the consumption
demand curves previously derived with the different consumption aggregators. The consump-
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tion price index, the energy and non-energy price index, and the consumption import price

1 1
. . = _ ~ _ 1— ~ _ 1—
index are given by Plf’t = [f’k(P}ét)l Y+(1- [Sk)(PQth)l V] Y Pf,t = [ZieIE Vki(P]E:i)t)l T‘] n

1 1
M _ ~ 1—| ¢ _ K 7 1-5\ =5 .
Py = [ZielM i (P ) L] ,and P, | = {Zl:l Gl 1+ T )P ] 5} - Their log-
linearized counterparts are given by

~E ~
(B.17) 0= By, +(1— B Prs
~E _ ~C ~M _ ~C

(B.18) Pee=D ViiPhip Phe= 2 VkiPkit

iclg i€ly

c e K
(B.19) Phir =2 il Prrie + i)
1=1

Intertemporal Household Problem. International financial markets are incomplete, H = 1in
(4), with households in each country only having access to two risk-free bonds. More precisely,
the household in country k has access to a domestic bond, and an internationally traded
bond, Bf} ., issued, without loss of generality, by country K and denominated in country K’s
currency. The agent maximizes the present discounted value of per-period utility flows (B.1),
with discount factor 3, subject to her budget constraint,

-1
C K K K —_
PC Cior+ Bi + B [1- TONFAL )| e+ 5, <

1
(B.20) By (L4 i, q)+ Bf’t_lﬁf’t(l +ig,t-1) * /0 W tNok ¢dg + Ty r — Tyt

where fol Wei 1 Ngk ¢dg is the nominal labor income received by the representative household,
NFAE .= Bflf tEf . is the net foreign asset position of households in the country k, and where

I'(x) = v« (exp {x/y k,t} — 1) is an external financial intermediary premium that depends
on the economy-wide net holdings of internationally traded foreign bonds as a ratio to the
national nominal GDP Hk)t, with v, > 0.33 The incurred intermediation premium is rebated
to households in a lump-sum manner through the fiscal instrument = ;. Finally, Ty ; denotes
government transfers, also rebated to households in lump sum.

The above program delivers two sets of different Euler conditions,

(B.21) C,;f =[BC.°

33The role of this intermediation premium is to stabilize the net foreign asset position in response to transitory
shocks, a common practice in open economies with incomplete financial markets (Schmitt-Grohe and Uribe
2003). Furthermore, this specification guarantees that, in the non-stochastic steady state, households have no
incentive to hold foreign bonds and the economy’s net foreign asset position is zero.

BANCODEESPANA 64  DOCUMENTO DE TRABAJO N.° 2607



+ig ¢
k t+1 1+ g
t+1

K
) Ek, t+1 Zk, t+1

Sf}t Zit

(B.22) C, 0 =EBC.Y 1 - I(NFAE, vk # K

where we assume that the (log-)Jdemand shock follows an AR(1) process:
(B.23) Zht = PRRk 1T €L,

where 2y ; := log Z 4, and si’t ~N (0, O‘iz).
The log-linearized version of the household’s first-order conditions (B.21)-(B.22) are given
by

(B.24)
—~ 1,. 1
Ck,t = _E_(lk,t [EtTfk t+1) + [Etck 1t = (1 - pk)zk %)
(B.25)
—~ 1,. 1
Ckt = —E_(lK,t [EtTtk ) T [Etck i1t (1 )z;< ;= [EtAeKHl + (—yy*nfagt Vk Z K,

where we define the different log-linear NFA positions as nfak ;= BE téf /9y and nfa}:/gj =
B%EE%U/H , since BK =0 and BMU 0 in the steady state.

Combining the log 11near1zed ﬁrst-order conditions for the holdings of domestic and
internationally traded bonds (B.24)-(B.25), yields a risk-adjusted Uncovered Interest Parity
(UIP) condition

(B.26) e — Kt = [EtAek £41 y*nfaf’t.

B.2. Firms

We augment the production function (40) to include a sectoral TFP shock Ay, 4,

1 lpfl 1}) II)II) %
(B.27) Vit = Akt 0‘ klf, t9 Xklf, ’

where the (log-)TFP shock follows an AR(1) process:
(B.28) akl t— pklakl t—1 + Ekl,t’

where ay; ; 1= log Ay; 4, and 7, b N (0 ka)
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Intermediate Input Demand Curves. The optimal allocation between labor and intermediate
. . o e . . . X .

inputs is the result of a cost minimization programme min Wi tNiife * Pki, XKif ¢ subject to
(B.27). The optimal allocation between energy and non-energy intermediate goods is the

result of a cost minimization programme min PX X]]fl t Pfl ]tVIXM subject to (41). Similarly,

the optimal allocation between energy (non—energy) intermediate inputs is the result of a cost

o . . . X . X . .
minization programme min ;e Pyij Xt (min} icr, Py +Xij 1) subject to (43). Finally,
the optimal allocation between the different consumption goods is the result of a cost mini-
mization programme min Z£1(1+Tkl j,t)PII:lj +Xk1ij,¢ subject to (44). The implied intermediate
input demand curves are given by

q) 1 1
(B.29) Wit = MCri, /Ay (&kiYkif,t/Nkif,t> Y
P—1 1
(B.30) P =MCpy A", (5kiYkif,t/inf,t> v
(B.31) Pflf = Pi(i,t (Bkiin,t/X]Ei,t) s ) Pi(z,t =Py kit <(1 - Bki)X’ﬂlf/ th) ’ ’
(B.32)
Pl =it (Vkinﬁ,t/inj,t)i Voietn Py= Py (O /X Fvjen
1
(B.33) 1+ Tkzj,t)Pllzlj,t = Pl}fij,t (Ckl inkij,t/Xkl ij,t) YV lek

The log-linearized versions of the labor and intermediate inputs demand curves (B.29)-
(B.33) are given by

N —~ -1 1/~ —~
(B.34) Wit = Mg = = At (ykif,t - ”kif,t> )
(B.35) Prip — MCpj ¢ = Taki,tﬂp (J’kif,t - xkif,t) s
~X,E X _ .-1(= ~E XM X
(B.36) pkl t — Prit =¢ <xki, — X t) pki,t ~ Prit = ¢ (xkl) xlz(\fﬁ) ?
(B.37)

X =XE___1(sE _ = : ~X A X,M _ - ~ :
Phijt = Priy = (xki,t - xkij,t) V J€Ig Pt~ Py =6 (x]]git - xkij,t) V o jely

~k ~X _ . -1
(B.38) Tkij,e ¥ Piijt — Phijr = M (xkif:f — if:f) voiek

~ C = _ c =X _ _ X,E C
where Wkt = Wkt = Prp MChip = MChir — Prp Phit = PX Pk £ szt Prit — Pkp
~X,M _ C ~X _ C
By = Piiy — PSpand By = pl — pC
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Intermediate Inputs Baskets. The log-linearized intermediary input aggregator (41) is given
by

(B.39) Rait = Brikpy ¢ + (1= By 1

ki
- 1 @
Bri)® <X% /in> %" can be verified using the steady-state intermediate input aggregator (41)

1 $-1
where By; = Py XE/(PXX) = B (XE/Xy) © and (1 - By = P xM/PEx) = (1 -

and the input demand curves (B.31).
The log-linearized versions of the energy and non-energy intermediate input aggregators
(43) are given by

(B.40) in,t =) Viikij o ?C%t = Vi
jGIE jGIM
E E 1 X X MM
_ X — )
where vi; = PEXyi/(PR"XE) = VY, (X,a]/X ) and vy = PE X/ (P XM

1 &1
kz] (sz]/X ) “ can be verified using the steady-state energy and non-energy interme-
diate input aggregators (43) and the demand curves (B.32).

The log-linearized version of the final layer of the intermediate input aggregator, (44), is

given by

K

(B.41) Xijt = D CkiKii e
=1

1 p—1
_ X _ T . .

where Cpg 5 = Py Xy ij/(Pkinkij) =y i <Xkl ij/inj> " can be verified using the steady-state

international intermediate input aggregators (44) and the demand curve (B.33).

Price Indices. The different price indices can be derived by combining the intermedi-
ate input demand curves previously derived with the other intermediate input aggre-
gators. The marginal cost of production, the intermediate input price index, the en-
ergy and non-energy input price indeX and the input import price index are given by
1
_p] 1= E = M\1—¢] =6
v +8kl( )1 1])} 1 Pklt {Bkz PX 1-¢ +(1— Bki)(Pi%t )1 d)} ' d):
1

1
B y,.(PX x| X pOM s 1-¢| T-E X
Pi(ijt - {ZJEIE Vkl](Pkij:t) ] g Pi(i,t [ZJGIMUli(P ki]',t) , and P kij, t

MGy = A [oclek t
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1
{Zle Crifl(L+ Tryj, )P ]-’t]l_“} """ Their log-linearized counterparts are given by

X
. Wi Ny PriXki - x
(B.42) Mk ¢ = — iy + Mg KWy, + Mg 5= P
i, i, lP Y lP Y ki 1,10
AX M
(B.43) pkl t Bklpkl ¢ +(1-Br)p klt ’
(B.44) Bile = 2 ViiPrie  Piix = O ViijPhje
j€lR J€Im
~X ~k
(B.45) Pyt = D i Prajpe + Thtje)
=

1 ~ 1-P
where My WiNj/ (P Vi) = (WiMCp)' ™" & and My PEXi/(Py;Yy) = (Pi(i/MCki) i

can be derived using (B.29)-(B.30) in steady-state.
Production Structure. The log-linearized version of the production function (B.27) is given by

(B.46) Viif,t = it + Mk £,¢ + MiiOxiXii £,

where oy; = WiNL/(PiYi) = WiNy/(M;MCy;Yy;) denotes the (steady-state) labor in-
come share of total sales of firm i, and the identities Mki‘xki = MkiWkai/(PkiYki)

Nyil Yii (&kiYki/Nki)% and M;dy; = MyP X/ (PrY) = (ﬁlekz/sz) can be verified
using the first-order conditions from the firms’ problem (B 29) and (B.30) in steady-state
and the standard monopolistic competition pricing condition in steady-state, Py; = My;MCy;.
Using the previous identities, together with the production function (B.27) in steady-state,
one can verify that

WiNki PeXii _ WiNg , P

+ My = + = 1.

(B47) My
PV szYkz MCy; Yy MCkLYkz

B.3. Price-Setting

We extend our framework to allow for a time-varying elasticity of substitution between
different good varieties, in order to micro-found price cost-push shocks. We extend (3) to

P oy.P
1 p p eki,t/(eki,t_l)
— (e i —1)/e i
(B.48) Yl?lll;t - (/0 (an‘/;(l l}t) k,t k,tdf> )
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where Y7 denotes the demand for domestic sector i from country k invoiced in currency m
in country [. The implied sectoral price index is

1

B.49 pm. = lpm l_elfitd l_efiﬁ
(B:49) kit = O(fkli,t) tdf :

Producers of each differentiated variety face the demand function

P
m _(m m kit vm
(B.50) Yy itts|t (P fkl i,t/ Py i,t+s> Y L,t+s

Firms set prices a la Calvo, which implies that the aggregate price dynamics are described by
the equation

p

1—€b 5 1—eg;
kit — P _ b m . pm kit
b= 0+ (- 0p) (P ki, /Py ki,t—l) .

(B.51) (IT ?Ila',t)
which can be written in log-linearized terms as

m  _ Pyr=m m
(B.52) ki = (L= 0 (Pliq ¢ — Pr,e—1)-

Denote by Pj. , the price of a good from sector i, originating in country k, sold in country
[, and invoiced in the currency of country m. The per-period nominal profits of the domestic
firm producing good from sector i are then given by

K K
(B.53) Mt =D > e+ T P ¢ Yiki ¢ — ot (Vi )
[=1 m=1

where Yy, ; = Z{il Sk Ylmki, , denotes the total demand across destination markets [ and
invoicing currencies k. Cy; ;(Y}; ;) denotes total costs of country k firms in their home currency.

Consider the pricing problem of a firm from country k selling in country [ and invoicing
in currency m, and denote Tﬁnki)t its optimally-chosen reset price, resulting from the problem

(B.54)

00 K K K K
A _
P\s t,t+s m . m. m . m
max » (0)°E; .. DD s U T P YTk st — Chiyers | D D Yikioeesie
Plkit s=0 kit+s | 121 m=1 1=1 m=1

subject to the sequence of demand constraints (B.50), with Py; ; = Pllzki, .- The optimality
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condition associated with the problem takes the form

= Dis At trs Ylmki,t+s|t m =m _
(B.55) Z(eki) E: Pe s, (€% £4s(L* Tuki,t) Prki,t — Mi, 14sMChi gl ¢ = 0.
s=0 LTS

A first-order Taylor expansion of (B.55) around the zero inflation steady state yields

o0
(B.56) Tikit + Pl = (1= BOF) Y _(BOF)Es <mcki,t+slt gt “ki,tH) ‘
s=0

where mcy; 44, = log MCy; 1.1 is the log marginal cost, and py; ; := log My; ; is the log of the
desired gross markup.

The log marginal cost for an individual firm that last set its price in period ¢ is
given by mcy; gy = Wi pes — (W — D/bag pog — 07 (108 K+ Vi, tst — nki,t+s|t) , where
Nk, +s)¢ denotes the log employment in period ¢ + s for a firm that last reset its price
in period ¢, and where we have made use of (B.34). Letting mcy;; = fol meyrdf =
1 - 915) Z?ﬁo(eé)smcki’ﬂt_s represent the log average marginal cost, it follows that
mey; ;= Wi — (b — D/bay; ¢ — Pl (log it Vit — ”ki,t) . Thus, the following relation
holds between firm-specific and economy-wide marginal costs mcy; g, = MC g4 —
Pl [( Vi, t+slt — J’ki,t+s> — (nki,t+s|t — nki,t+s>] . Notice that, making use of both marginal
cost expressions (B.29)-(B.30), the identity Xii, ts|t —Xki t+s = T, st — i, ts is satisfied. Hence,
we can write Vi prgr — Vi ees = (Vi + MiiDi) (i rrsje — i, pvs) = M, p4s[¢ — i, 45 Where
we have used the identity (B.47), and where we have used the linearized production function
(B.46). Hence, we can finally write the relation between marginal costs as mcy; ;g = MCy; 4.
Introducing this last expression into the log-linearized firms’ FOC (B.56), we can write

0
(B.57) ki Plkie = (1 BOE) D (BORIEr (i — ff s + ks
s=0

Rewriting the (linearized) inflation dynamics (B.52) as

o
—m m o _ ki m
(B.58) Plkit = Plkit = 7 g kit
ki

Subtracting pﬁ(i) . on both sides of (B.57), adding and subtracting p?}d} ++s O the RHS, and
inserting (B.58) on the LHS,

oF >
k _ P p
" é 5 (AT T ) = (L= BOF) Y (BOL)’E: (mcki,t+s — Plkijtes — Tlkiptes — Copes Hki,m)
— Y%

s=0
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o0

(B.59) +(1—BOE) D (BOF) Ee(ATk prs + Wi o)y

s=1

where Aty + = Typ ¢+ — Ty, Taking conditional expectations at time ¢ + 1, multiplying by
Bepi, and rearranging terms using (B.52), we can write

m — m m m p
(B.60) (ATypi,e + 7 1) = Ki (mcki,t = Pikit — Tikit ek,t> FBEAAT g 1+ g 1) ¥ U o

where Kk;; = (1 — e,fi)(l — [59&)/951..
We assume that the sectoral price cost-push shocks u]fi’ ;= Kkl ¢ = Kpi(Hg ¢ — M), micro-

founded through a time-varying elasticity of substitution e Ifz ,in (3), follow independent AR(1)
processes:
rp _ . p,pP p
(B.61) Wit = Pritlkie—1 T i
P 2
where Uiy ™ N (0, O'kip) .

Producer Currency Pricing. Under PCP (m = k), we have ”?ki = T b and we can write (B.60)
as

_ —~ - p
(B.62) (ATypg p+ T 1) = K (mcki,t — Prit — T ki,t) * BELAT G, 141 + Tk 41) T U g0

where the sectoral-inflation rates and sectoral-level real prices (py; ;) are related through the
identity

_ o~ —~ C
(B.63) Tki,t = Pki,t — Pki,t—1 = Pkijt = Pkijt—1 T T p
and Dyi ¢ = Pris — DS
Pkijt = Pkijt — Pp s

Local Currency Pricing. Under LCP (m = 1), we have 71% 1it = Tki,r» and we can write (B.60) as

_ — - z p
(B.64) (AT s+ Tgit) = Kig (mcki,t — Pikit — Tkit — qk,t> * BELAT G, 141 + Tk 1) T U g0

which is the export Phillips curve, where we have used (B.10), and where

_ _ = ~ C
(B.65) Tkt = Plki,t — Plki,t—1 = Plki,t — Plkit—11 T
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denotes price inflation in sector i exported to country [ from country k. For domestic sales,
k=1, we have that my,; ; = 7; ; and Py ; = Pii » and both the Phillips curve and the sectoral
inflation rates are given by (B.62) and (B.63), respectively.

Marginal costs and aggregate inflation. In this open IO economy, the price Phillips curves
depend on the international supply network through the real marginal costs faced by firm i in
country k, rﬁ\cki’t. Combining the log-linearized intermediate input prices indices (B.42)-(B.45),
we obtain the marginal cost equation,

K 1
~ _ — ~k
(B.66) MC ¢ = —pi r + MpgoiWe e + > Y My (P it T ki)
I=1 j=1
Where, in the absence of a production subsidy, wklij = Pkleklij/(PkiYki)

Py X1 i/ (MiiMCy;Yy;) denotes the (steady-state) IO expenditure share of total sales
of firm i, and My; =€ Ifi/(e Ifz — 1) denotes the steady-state markup charged by firm i.
Writing (B.17)-(B.19) in first-differences, we can obtain consumer price inflation,

I K
c _ K
(B.67) ﬂk,t—g > Brti(Myg e ATraig)

=1 =1
where Bkli = Py;;Cy l/(P]ng) = Ckli [Vkiﬁk:ﬂ'{iGIE} +vki(1 B [Sk) <1 B jl{iEIE})] and

kK _ _k k _ =k ~k C
(B.68) Ttit = Priit — Priit—1 = Priit = Priie—11 T e

B.4. Wage-Setting

Following Erceg et al. (2000), wage stickiness is introduced in a way analogous to price
stickiness. Labor unions specialized in any given labor type can reset their nominal wage only
with probability 1—6;” each period, independently of the time elapsed since they last adjusted
their wage. We assume that firms employ a continuum of differentiated labor services. In
particular, Ny; ¢ , is an index of labor input used by firm f, and defined by

" ey /(e —1)
e -1)
(B.69) Nklf, ( fgkl " > s

where N,y; ; denotes the quantity of type-g labor employed by firm f in period t. Note that
ey , represents the elasticity of substitution among labor varieties. Note also the assumption
of a continuum of labor types, indexed by g € [0, 1].
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Let Wy denote the nominal wage for type-g labor prevailing in period t. Nominal wages
are set by workers of each type (or a union representing them) and taken as given by firms.
Given the wages effective at any point in time for the different types of labor services, cost
minimization yields a corresponding set of demand schedules for each firm f and labor type
g given the firm’s total employment Ny 4,

k,
(B.70) Negkit = (ng,t/ Wk,t) tNkif,t’
where
1 v
. 7€kt - €k}t
(B.71) Wy = ( o ekt d )

is an aggregate wage index. Combining the previous conditions, one can obtain a convenient
aggregation result, fol Wei tN foki, 148 = Wy Ny f,¢- That is, the wage bill of any given firm can
be expressed as the product of the wage index and the firm’'s employment index.

Consider a union resetting its members’ wage in period t, and let WZ) , denote the newly set
wage. The union chooses le, . in a way consistent with utility maximization of its members’
households, taking as given the decisions of other unions as well as the paths of aggregate
consumption and prices. Specifically, the union seeks to maximize

oo
max Er Z(Bez/)l {Ck,t+SWI><k,tNk,t+SIt/PIE,t+s Ny t+s|t/(1 * (p)]
k¢ s=0

subject to the sequence of labor demand schedules

_ew ol
W W, k,
Nk,t+s|t = ( f:,t/ k,t+s) ' /0 Ngk,tdg;

where Ny ;.q; denotes the level of employment in period ¢ + s among workers that last reset
their wage in period ¢t. The first-order condition is given by

o0
s=0

|- .
where Mk,t €x t/(el< ; — 1), and MRSy 44, = Ct+st st denotes the marginal rate of sub-
stitution between household consumption and employment in period t + s relevant to the

workers resetting their wage in period t. Log-linearizing the above expression around a zero
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inflation steady-state yields the wage setting rule

(0.@)
(B.72) wi = (1—B6Y) Y (BO})°E: (mrst+s|t gt p%,m) )
s=0

where “kwt =log MW and MrSy,g; = OC pog + QN pog)s-

Letting mrs¢+g = O‘Ck t+sT @M 1+ define the economy’s average marginal rate of substitution,
where ny 4, = log fo fo N dfdg denotes the log aggregate employment. Up to a first-order
approximation, mrs;, g, = mrSers + @ (Mg prg — M pog)p) = MIStrs — e‘]:’q)(w]’z} + — Wi t+5)- Hence,
we can write (B.72) as

(B.73)

1-poy c
W;;t 1+ ek Z(BGW)SI}:t [(1 + €k (p)wk t+s — (Wk,t+5 - pk,t+$ — mrSk’t_I_S — },L;:jt_l_s)] .

Given the assumed wage setting structure, the evolution of the aggregate wage index is given
1/(1-¢€y)
1—e} 1—eW
by W ; = <6WWk RO GZ’)(W;J) Ek) . Log-linearized, wy ; = 0wy ;1 + (1 —
62’)14/]2 .- Combining the last expression with (B.73), and letting Ttk, ;= Wit — Wi 11, We obtain

the wage inflation equation:

(B.74) 711,:1 ;f (G Cr,t T cpnk t 17’k,t> + B[Et“;:jtﬂ + U%fv
where

_ o= C
(B.75) Tt = Wi — Wiro1= Wigr — Wigr 1+ 7

denotes wage inflation, where both aggregate consumption Ek,t and employment /ﬁk,t appear
in log-deviations from their steady-state values, and u;:j . K‘,g’ﬁ‘,:j . K‘I:’(u‘]:jt - u‘]:’) with
ny = log M. We assume that the wage cost-push shock, micro-founded through a time-
varying elasticity of substitution in the labor demand aggregator, follows an AR(1) processes:

w - W, w w
(B.76) Up = Pr g1t ey

w 2
where Up'y ™ N (O, ka> .
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B.5. Monetary Authority

U MU
— ek

The log-linearized bilateral nominal exchange rate (48) is given by e’]f\: ,Vk e KMU,

In stationary terms, taking first differences, this can be written as
MU

(B.77) Aek =0 vke kMU
)

Log-linearizing the expression for the real exchange rate (B.10) and first-differencing, we
obtain

(B.78) Aqi}t = Aei)t + ”lc,t — Ttg)t.

Similarly, log-linearizing and first-differencing the symmetry of nominal exchange rates
condition 8%{ . (8k ) tyields

(B.79) Aeé}t = —Aeit

B.6. Market Clearing, GDP, and Trade Balance

Market Clearing. We first consider the goods market clearing condition (13). Pre-multiplying
by Py /(P +Ci t) = Pii,+/Ex 1, and making use of (B.15),

PriiViie o szt 1Ki,t Py tXlkat
B D D ZZ
kt =1kt 1=1 j=1
K
-y Prit Plki,tclkit ZZ Pyt Prj¢Y1i ¢ Prai 1 X1 kit
= Pikie Ex == ] Pk Exr o Prjeije
K
P . E; . Py Crp P, B P Yy Py X
(B.80) =Z kijt BLt Vlki,t“lkit ZZ kijt Lt 41yttt Flki,t kit Viel

PrricEpy  Epy PrritExe  Erp  PrjiYijg

1=1 =1 j=1
which we can write in steady-state as
(B.81) Zylkﬁlkz"'zzylk}‘l]wlk]l Viel
I=1 j=1

where the Domar weight for sector i in country k is A; = P;;Y};/Y, the nominal GDP ratio
between countries [ and kis defined as Y;; = P; -C; /(Png), and the 10 share is given by w;; =

Pr1iXi kil PiYrj) = PXppil/(PiYp) = Qpidyj {Wjiﬁz]'ﬂ{iez,;} (1= By) (1 - ]1{1'61}3})}:
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where we have made use of the law of one price in steady-state, Py;; = P, ]-.34

Hence, we can write the log-linearized version of the goods market clearing condition (13),
YiiViie = K (CZ KiClkit + Z}zl X)X kji)- Pre-multiplying the expression by Py;/E;, we can
write

K
(B.82) Midrie = > Y1k | BrkiCirie + D Mjwrkii%i ki
-1 =1

where we have pre-multiplied the first expression by 1;—’:.
The NFA from the “global” country K (15) can be log-linearized to

K—-1 K—-1
1 K K _ _— ~EXP  ~IMP
(B.83) B > nfap, ;- > nfap, =g (eXPK,t 1mPK tT PKt — PKt >
= k=1

the NFA from country k 7 K k ¢ MU, (15) can be log-linearized to

_ _— ~EXP  ~IMP
(B.84) nfaﬁt -B 1nfa{f)t_1 =Yy (exp;< ; lmPk t+ Pkt — Pkt )

where pIMP = p}(l\gp pC and ﬁg)gp = p?gp - pg) .- The linearized export and import price

deflators are given by:

~IMP PriCrait Z] -1 P szl]l ~k
pk t Z Z PIMPIMP (pkl i,t Ty i,t)
17k i=1 k k
I I y
_ ~1 =
(B.85) =) > Y B+ D Mo | (Prrie + i
Gkl ) :
17k i=1 =1
~FXP PriCrgi * Z] -1 PriXi kit [~k
Pkt =2 Z PEXPExp (Pl kit t T ki,t)
15k i=1 k k
HZk
(B.86) ZZ Blkz+z7\l W1 kji plk1t+lezt
jPIK
I#k =1

Gross Domestic Product and Net Exports. Let us now move to nominal GDP (18). In steady
state, assuming zero net exports, PEXPEXP]< - P]I<1\/[PIMP,< =0, we can write Y = P,fck. Using

34Both B;4; and w; ki can be extracted directly from the data.
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the household’s budget constraint (B.20) in steady state, we can write

I
(387) %k = chk = Wka + ”k = Wka + Z (1 — Mki_]') PkiYki
i=1
where the last equality makes use of (B.47).
The log-linearized version of the labor market clearing condition (14) is given by

(B.88) /ﬁk,t = Z éki/ﬁ'ki,t

where c
Ny _ Wiy Pi¥i PeCre _ 0N

Ny PiYy PSC WiNp 1 > (1 - Mkj—l) Ak

Oki =

can be derived using (B.87).
Log-linearizing the real GDP (19) definition,

Vit =PECrlYxCr ¢ + PLT EXPy/Y1expy  — PR IMPL/Ypimpy =+ Yy, (&T)k,t - imPk,t)

where second equality uses that nominal consumption expenditures will be equal nominal
GDP in steady state, and Y = PEXPEXP](/H K= PIEMPIMPk/H 1 is the export (or import) share of
nominal GDP.

The nominal exports expression (16) can be log-linearized to:

(B.89)
I I

PriCiri - PriXiki ~ =
XPyr=) ) PEXII’EX;:, it D SEXPpyp kit | = 2 L ¥, | Bridtiie t 2 Mg |
17k i€l =1 "k k 15k icl j=1

where the export share of nominal GDP is given by

(B.90)
PEXPEXP I I
Te=—Fr—m =) Z‘ézk Brrit Z?\z]wuqz = [ D i | = | Brii + D Mg wiai
17k =1 i=1 j=1
(B91)
PIMPIMP

- Z Z Brai+ Z}\k]wkl]l

7k 1=1
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Similarly, the nominal imports expression (17) can be log-linearized to

(B.92)
I

I
PiCri ~ PriXuji 1 A ~

impy ; = E :E : G+ > X | =Y Y V| BraiCkie t Y MWt jikiaji e
PIMPIMP, < PPPIMP, 5 P

Now we can combine the linearized expression for real GDP, the expressions for real
imports and exports:

I I
Vet =Chet O | YiBrriCirie + AW 1iX kit — PriiCkiie — D A e
17k icl j=1 i=1

Appendix C. Additional Results

In this section, we introduce the different analyses discussed in section 4.3.3.

C.1. Dissecting the Role of Nominal Price Rigidities

A growing literature shows that nominal rigidities and production networks jointly shape
which sectors matter for aggregate dynamics. Pastén et al. (2024); Rubbo (2023) find that
heterogeneity in price stickiness distorts the “granular” effect of large sectors and can strongly
amplify the capacity of idiosyncratic shocks to drive aggregate fluctuations (Pastén et al. 2024,
Rubbo 2023). In these environments, the key propagation object is a rigidity-adjusted Leontief
inverse that embeds the input-output structure and the pattern of nominal stickiness.

Our open-economy framework provides a natural counterpart to study this mechanism
when granular perturbations originate from abroad. Foreign sectoral price wedges feed into
domestic marginal costs through the direct exposure encoded in QF, and this direct effect
is propagated by the matrix (I — AQ)~! in the open-economy Phillips curve (37), where the
diagonal matrix A collects a transformation of the sectoral Calvo parameters. In this sense,
our Phillips curve implements in an open-economy setting the rigidity-adjusted network
logic emphasized by Pastén et al. (2024) and Rubbo (2023): sectoral shocks are amplified or
dampened depending not only on where they occur in the network and on consumption
weights, but also on the pattern of nominal rigidities along the production chain.

Within this framework, we compare two foreign price-wedge shocks that hit upstream
sectors with markedly different pricing behaviour. The first is the international energy price
shock studied above, with essentially flexible prices. The second is a price-wedge shock
in sector C.26 (Manufacture of computer, electronic and optical products), which contains the
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FIGURE C.1. Inflation Dynamics and Price Rigidities

Notes: Cumulative IRF of EA headline (Panel C.1A) and core (Panel C.1B) inflation after a price-wedge shock
to the semiconductors sector, for the baseline and turning off the full, international, or national IO structure.
When turning off the IO structure, we always keep the use of semiconductors as an intermediate input.

semiconductor industry and is calibrated with highly rigid prices, GII{)OW,C.% = 0.72.% In
both cases, we assume that the underlying exogenous wedge follows the same stochastic
process (45); thus, any differences in the response of EA inflation are driven by sectoral price
rigidities, the respective positions of energy and semiconductors in the I0 network, and their
weights in the EA consumption basket.

Figure C.1 replicates Figure 2 for the foreign semiconductor price-wedge shock.3® Two
features stand out when comparing the two figures. First, the impact effect of the semicon-
ductor shock on cumulative EA headline inflation is an order of magnitude smaller than
effect of the energy shock. Second, the semiconductor-induced inflation is even more per-
sistent: with the IO structure operative, the cumulative IRF keeps increasing over the entire
horizon and displays an accelerating slope towards the end of the sample. In other words,
the semiconductor shock generates a lower but much more drawn-out inflationary episode
than the energy shock.

At first sight, this result is surprising from the perspective of direct exposure. The EA is

35The choice of a semiconductor-sector shock is also empirically motivated. During the COVID-19 pandemic,
global semiconductor bottlenecks affected a broad range of durable goods, from consumer electronics to
machinery. Furthermore, the semiconductor sector remains highly concentrated: Taiwan accounts for over 60%
of world semiconductor output (Jones et al. 2023). Any large disruption to production in this hub—arising from
natural disasters or geopolitical tensions—would constitute a salient upstream supply shock with potentially
important macroeconomic effects.

36We report results for equal-sized wedge shocks. This choice makes transparent how sectoral price rigidities
and network exposure map into different impact elasticities and persistence profiles. An alternative would be
to rescale the semiconductor shock so that the impact response of EA headline inflation matches that of the
energy shock, but it would obscure the fact that, for a given primitive disturbance, a shock in a sticky upstream
sector is intrinsically less inflationary on impact.
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more directly affected to semiconductors, both through the domestic and foreign consump-
tion (By;;) and IO (wy; ;) shares. We therefore explore the role of nominal price rigidities,
and their distribution across the network.

To gain intuition, we first focus on the immediate downstream users of each shocked
sector. We compute the cross-country average EA sectoral price rigidities, wa,i, and the
average domestic IO exposure to energy and semiconductors w?\/{U,i = WMy, MuU,i,s With s €
{energy, semiconductors}; and we define for each shocked sector s a downstream flexibility
index Dg = Zle wls\/IU,i (1 — el{’;m)i) / < ]Izl wi/[U,j)' This index measures the average price
flexibility of the sectors that use inputs from s, weighting each buyer by its exposure to s. We
find that downstream users of energy are 3.6 times more flexible than downstream users of
semiconductors. That is, not only is the energy sector itself almost fully flexible; the sectors
that buy energy and pass the shock on to the rest of the economy are, on average, much more
flexible than those that buy semiconductors.

The index Ds captures only the first step in the propagation chain. To incorporate the
entire IO structure, let A denote the MU-aggregated I0 matrix across sectors, with elements
a;; equal to the MU-weighted cost share of inputs from sector j in buyer sector i, obtained
from wy;;; by summing over trading partners. We measure the rigidity-adjusted centrality of
sector s by Mg = AT(I — AA)_les, where e; is the indicator vector with a one in position s and
zeros elsewhere. We find that, once nominal rigidities are taken into account, the relevant
network multiplier of energy is around 65 percent larger than that of semiconductors. This
reverses the ranking implied by raw exposure in 3;;; and wy; ij* while the MU is more directly
exposed to semiconductors than to energy, the rigidity-adjusted network makes energy more

important for inflation.

C.2. Heterogeneous Production Structures and Cross-country Heterogeneity

The previous sections have analyzed the effects of an international energy price shock on EA
variables and the role played by production networks in its transmission. In this section, we
instead show that such a common shock propagates differently across countries that differ in
their production structures.

Figure C.2 shows the CIRFs of headline (Panel C.2A) and core inflation (Panel C.2D) for the
main EA countries: Spain (blue line), Germany (purple line), Italy (yellow line), and France
(red line).

We find that the (common) shock results in significantly heterogeneous inflation dynamics
across countries, despite all European countries facing the same increase in imported energy
prices. More precisely, we see that Spain suffers the largest spike in headline inflation in
the first periods. However, note that this is also the country where inflation also stabilizes
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FIGURE C.2. Cross-country Heterogeneity

Notes: Cumulative IRF of headline (Panel C.2A) and core (Panel C.2D) inflation for Spain (ES), France (FR),
Italy (IT), and Germany (DE). Panels C.2B and C.2E reproduce the analysis with an homogeneous IO network,
and C.2C and C.2F reproduce the analysis under both homogeneous IO production network and consumption
shares.

the fastest. In contrast, we observe the inflation dynamics in Germany. In response to the
increase in energy prices, headline inflation increases the least in the German economy.
In sharp contrast to Spain, headline inflation in Germany shows substantial persistence,
increasing steadily over time. The dynamics of France and Italy sit somewhere between these
two extremes.

The dynamics of headline inflation can be better understood by looking at core inflation,
shown in Panel C.2D. Germany’s core inflation rises gradually and remains elevated for a
prolonged period. Spain, on the other hand, experiences a more transient rise in core inflation.
This differential evolution in core inflation rates helps explain the varying persistence of
headline inflation dynamics between the two countries, since most of the headline inflation
at longer horizons is explained by core inflation dynamics.

The heterogeneity in production structures and households’ consumption baskets across
countries can rationalize these differentials in the inflation dynamics. In the data, the con-
sumption share of energy goods in Spain is the largest (4.49%). Therefore, headline inflation in
Spain is the one that is most directly affected by the rise in energy prices. In contrast, Germany
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has a smaller share of energy consumption (4.09%), naturally leading to a smaller response
of headline inflation on impact. However, Germany’s production structure is characterized
by a stronger industry exposure to the use of energy goods and long production chains. The
longer production network structure of the German economy explains the persistent rise of
inflation, as the feedback loops described in the previous sections apply more strongly here.’
On the other side, Spain has a more downstream-oriented production structure, with less
complex IO linkages, resulting in lower amplification associated with production networks
in this case.

To isolate the role of production networks, we consider the case in which the I0 matrix
is homogeneous across countries.?® Panels C.2B and C.2E present the resulting CIRFs of
headline and core inflation. We find that equalization of the production network between
countries reduces the gap in inflation dynamics between the different countries. The persis-
tence induced by the network is the same across countries, and no CIRF crosses the others.
Spain, which has a higher energy share in the CPI basket, reacts more initially and ends up
with the highest cumulative inflation.

Finally, to eliminate the gap coming from the heterogeneous consumption shares, we
consider the case in which the consumption share matrix is homogeneous across countries.>’
Panels C.2C and C.2F present the resulting CIRFs of headline and core inflation. We find that
equalizing the consumption shares across countries, on top of production network, further
reduces the gap in inflation between the different countries. The remaining distance can be
explained by the heterogeneous price rigidities: the average price duration in Spain is 4.18
quarters, having relatively flexible prices, whereas in Germany prices are more rigid, lasting

for 4.50 quarters on average.40

37 Although the values of the upstreamness measure do not have a straightforward quantitative interpretation,
the sales-weighted average of the sectors in the Spanish and German economies shows that, on average, Spanish
sectors are 6.4% closer to final demand than German sectors.

38This matrix assumes that, within EA economies, all sectors have the same productive structure. Therefore,
within a given sector i, the weight of any sector j (vy;; in our notation) as well as the different national varieties
I (Cx14 in our notation) is the same for all firms in the EA. Within each sector, these values are calibrated as
the average of all EA countries. For consistency, this implies that the weight of a given sector in the GDP of its
country is the same in all EA countries.

391n this case we set the different consumption shares by sector as well as by national varieties to be the equal
to the mean for all households across the EA.

40The differences in sectoral price flexibility are particularly pronounced in energy and food sectors.The
differences vanish when we consider only core CPI sectors (the average price duration is 6.45 quarters in Spain vs.
6.54 quarters in Germany), which explains the overlapping of core CPI inflation dynamics in the four countries
in Panel C.2F.
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C.3. Sectoral Decomposition

In order to study the sectoral composition of EA headline inflation, we catalog each of the 44
sectors in the economy into three categories: energy, upstream or downstream. We consider
Mining (NACE B), Coke and refined petroleoum (NACE C.19), and Electricity (NACE D.35) as
the energy sectors. Out of the remanining non-energy sectors, we follow the methodology
proposed in Antras et al. (2012) to rank sectors according to their relative proximity to the
final consumer. According to their measure, a sector is more downstream (i.e. closer to the
final consumer) when a larger share of its output is used as final consumption. Conversely,
more upstream sectors are the ones that sell a larger fraction its output as intermediate input
for other sectors.*! We label a sector as upstream if its upstreamness measure is above the

- o 42
median, and downstream otherwise.
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FIGURE C.3. Inflation Dynamics and its Sectoral Decomposition

Notes: Panel C.3A: CIRF of EA headline inflation and contributions of upstream and downstream sectors (Antras
et al. 2012). Panel C.3B: contributions of upstream and downstream sectors as a percent of total headline
inflation.

We plot in Figure C.3 the decomposition of the cumulative impulse response function
(CIRF) of the EA headline inflation after the energy price shock. In Panel C.3A, we document
thatthe initial increase in headline inflation is entirely driven by the increase in energy sectors,
directly transmitted to consumption prices. Over time, the energy price falls, reverting to its

“The upstreamness measure of an industry i, Uy;, is the solution to the system Uy; = 1+> " . > jer XutjiUsi/ Yiis
where Xy;;/Y}; denotes the share of industry i output sold to industry j in country [ and U; is the upstreamness
measure of industry j. This measure takes into account the upstreamness of the sectors to which industry i
supplies intermediate inputs.

#2The three most downstream sectors are Health and Education Services (NACE P-Q), Public Administration
(NACE 0), and Accommodation and food services (NACE I). The three most upstream sectors (apart from energy-
related sectors) are Basic metals (NACE C.24), Chemical products (NACE C.20) and Warehousing (NACE H.52-H.53).
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initial level; and upstream and downstream sectors start contributing to headline inflation.
Panel C.3B reports each component’s share in total headline inflation. We find that the share
of inflation coming from upstream sectors stabilizes after 30 quarters, whilst the share coming
from downstream sectors is more persistent, increasing steadily over time.

These findings can be interpreted through the intuition developed in the price dynamics
in equation (37): upstream sectors are less affected by the energy price increase since their
intermediate input share in production is small, while downstream sectors depend directly on
the intermediate input purchases on other sectors, including energy, and indirectly through
their customers’ I0 network. Given that the pass-through is limited through price rigidities
along the supply chain, this further increases the persistence of headline inflation.

C.4. Systematic Monetary Policy and Production Networks

Previous research has shown that the presence of intermediate goods and IO links tends
to increase the degree of monetary policy non-neutrality (see, for example, Nakamura and
Steinsson 2010; Rubbo 2023). That is, upon a monetary policy shock, inflation tends to respond
less and output more than in a counterfactual where these features are absent.

Our framework is consistent with this result. In Panel C.4A of Figure C.4, we show the CIRFs
of headline inflation upon a monetary shock that increases EA interest rates. A monetary
tightening leads to a larger drop in inflation when the IO structure is absent (red line), relative
to our baseline calibration (blue line). Intuitively, the presence of intermediate goods with
sticky prices reduces the volatility of marginal costs and reduces the pass-through of wages
into prices (see expressio 37), leading to a muted inflation response.

We next explore the relevance of systematic monetary policy in the presence of production
networks, being able to arrest the amplification on inflation. The Panel C.4B of Figure C.4
considers the following exercise. We draw a series of shocks to the international price of
imported energy faced by European firms. We then simulate the model with and without
production networks, subject to those shocks, and compute the volatility of headline and
core inflation. When doing so, we consider two different inflation coefficients in the Taylor
rule (47): the first with our baseline calibration ¢J; = 1.5, and the second considering a
weaker systematic response ¢1j; = 1.1. The blue bars in Panel C.4B show the increase in
EA inflation volatility when we move from ¢{;; = 1.5 to ¢}y = 1.1 in the economy with
production networks. The red bars show the same statistic in the economy without IO links.

First, we observe that monetary policy has a greater impact on core inflation than on head-
line inflation, both with and without IO links. Specifically, the increase in inflation volatility
from a weaker monetary policy response is more than twice as large for core inflation com-
pared to headline inflation. This difference arises from cross-sector heterogeneity in price
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FIGURE C.4. Monetary Policy and Production Networks

Notes: Panel C.4A: CIRF of headline inflation to a monetary policy shock (easing) in the baseline and without IO.
Panel C.4B: percent change in inflation volatility (conditional on energy price shocks) with a lower coefficient
on inflation in the Taylor rule.

flexibility and its interaction with import intensities. In our dataset, sectors contributing to
core inflation, such as services and manufacturing, have stickier prices compared to energy-
and food-producing sectors, which exhibit a higher pass-through from marginal costs to
selling prices. In addition, the domestic energy and food sectors are heavily dependent on
imported goods as key production inputs. Since domestic monetary policy has limited influ-
ence over the international prices of these imported goods, which strongly affect domestic
prices, the monetary policy rule has a smaller impact on headline inflation than on core
inflation.

Second, the results of this simulation show that the systematic response of monetary
policy becomes more significant in the presence of 10 linkages, despite the higher degree of
monetary non-neutrality following monetary shocks. Specifically, by comparing the red and
blue bars, we observe that inflation volatility increases by more than twice as much when
production networks are included. This finding aligns with our earlier results: IO linkages
amplify the inflationary response to international energy price shocks. Consequently, even
though a given change in interest rates has a smaller direct effect (as shown in Panel C.4A), a
monetary policy response that fails to contain the propagation of such shocks—and allows
the I0 amplification to build up—will result in greater inflation volatility.

Appendix D. Additional Figures and Tables

Figure D.1 presents a series of heatmaps thatillustrate the structure of the consumption shares,
labor shares, Calvo pricing rigidities, and EA production structure at a detailed, country-
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A. Heatmap of the Consumption ma- B. Heatmap of the Labor matrix, C. Heatmap of Home EA Input-

trix, where element 3;;; denote the where element «;; denotes the labor
consumption share of sector i of share of sector iin country k.
country [ in households’ basket of

Output matrix, where element w; de-
note the input share of sector j for
output sector i, both sectors inside

country k. the EA.

D. Heatmap of Foreign EA Input- E. Heatmap of the Calvo pricing
Output matrix, where element w;; de-  rigidities matrix, where element e,fji
notes the input share of sector j from denotes the Calvo rigidity of sector i
ROW for output sector i inside EA.  in country k.

FIGURE D.1. Sectoral Heterogeneity on Consumption Shares, Labor Shares, Input-Output
Network, and Nominal Price Rigidities

Notes: Panel D.1A: heatmap of the consumption share. Panel D.1B: heatmap of the labor share. Panel D.1C:
heatmap of the home input-output matrix of the EA. Panel D.1D: heatmap of the foreign input-output matrix of
the EA. Panel D.1E: heatmap of Calvo rigidities.

specific level. Similarly, Figure D.2 illustrates the structure of the production networks at a
detailed, country-specific level. In these visualizations, each cell represents the intensity of
the input-output linkage between sectors—whether for domestic (home) or international
(foreign) transactions. Lighter shades indicate higher input shares, revealing which sectors
are more interconnected within a country and highlighting the key channels through which
shocks can propagate. For instance, clusters of lighter cells in certain regions of the heatmaps
point to sectors that rely heavily on inputs from specific domestic industries. The heatmaps
provide a comparative view across different countries, capturing heterogeneities in both the
domestic production structures and the degree of integration with foreign supply chains.
We obtain (3;;; directly from the data. Using the empirical consumption shares, we com-
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pute Ci; = Brgi/ Q21 Brii)s Bre = Dier 201 Briiy Vi = 2121 Brii/ Bro and vy = D 1y B /(1 —
B1). Similarly, we obtain wy,;; directly from the data. Using the empirical intermediate in-
put shares, we compute (i = Wi/ (X me1 Okmi)s Bri = Djery (Zz Wil D21 225 wklij))
Viij = (01 Wiyl 2oy, Wkt Brip and vy = Q) Wiyl Xy, W)/ (1 = Bry)-
Table D.1 lists the 44 NACE sectors used in the analysis.

TABLE D.1. NACE Revw. 2 sectors used in the Analysis

NACE Code Sector Name

A.01-02 Agriculture, forestry and fishing

A.03 Fishing and aquaculture

B.05-06 Mining of coal, lignite, crude petroleum and natural gas
B.07-08 Mining of metal ores and other mining and quarrying

B.09 Mining support service activities

C.10-12 Manufacture of food, beverages and tobacco

C.13-15 Manufacture of textiles, wearing apparel and leather products
C.16 Manufacture of wood and products of wood and cork

C.17-18 Manufacture of paper, and printing and media reproduction
C.19 Manufacture of coke and refined petroleum products

C.20 Manufacture of chemicals and chemical products

C.21 Manufacture of basic pharmaceutical products

C.22 Manufacture of rubber and plastic products

C.23 Manufacture of other non-metallic mineral products

C.24 Manufacture of basic metals

C.25 Manufacture of fabricated metal products

C.26 Manufacture of computer, electronic and optical products
C.27 Manufacture of electrical equipment

C.28 Manufacture of machinery and equipment n.e.c.

C.29 Manufacture of motor vehicles, trailers and semi-trailers
C.30 Manufacture of other transport equipment

C.31-33 Other manufacturing and repair and installation of machinery
D.35 Electricity, gas, steam and air conditioning supply

E.36-39 Water supply; sewerage, waste management and remediation

Continued on next page
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NACE Code Sector Name

F.41-43 Construction

G.45-47 Wholesale and retail trade; repair of motor vehicles
H.49 Land transport and transport via pipelines

H.50 Water transport

H.51 Air transport

H.52 Warehousing and support activities for transportation
H.53 Postal and courier activities

1.55-56 Accommodation and food service activities

J.58-60 Publishing, audiovisual and broadcasting activities
J.61 Telecommunications

J.62-63 IT and other information services

K.64-66 Financial and insurance activities

L.68 Real estate activities

M.69-75 Professional, scientific and technical activities
N.77-82 Administrative and support service activities

0.84 Public administration and defence; compulsory social security
P.85 Education

Q.86-88 Human health and social work activities

R.90-93 Arts, entertainment and recreation

S.94-96 Other personal service activities
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FIGURE D.2. Heatmaps of the Input-Output Structure

Notes: Heatmaps of the home (left column) and foreign (right column) input-output matrices of the Rest of the
Euro Area, Spain, France, Italy, Germany, and the Rest of the world.
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