A Service of

ECOMNZTOR pr

Make Your Publications Visible.

Leibniz-Informationszentrum
Wirtschaft

Leibniz Information Centre
for Economics

Andrade, Philippe; Arazi, Martin; Sheremirov, Viacheslav

Working Paper

The aggregate effects of sectoral shocks in an open

economy

Working Papers, No. 23-13

Provided in Cooperation with:
Federal Reserve Bank of Boston

Suggested Citation: Andrade, Philippe; Arazi, Martin; Sheremirov, Viacheslav (2023) : The aggregate
effects of sectoral shocks in an open economy, Working Papers, No. 23-13, Federal Reserve Bank of

Boston, Boston, MA,
https://doi.org/10.29412/res.wp.2023.13

This Version is available at:
https://hdl.handle.net/10419/280857

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.29412/res.wp.2023.13%0A
https://hdl.handle.net/10419/280857
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Working - h

Papers

No. 23-13

The Aggregate Effects of Sectoral Shocks in an
Open Economy

Philippe Andrade, Martin Arazi, and Viacheslav Sheremirov

Abstract:
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1 Introduction

Can sectoral shocks originating abroad significantly affect domestic aggregate fluctuations?
In practice, they can. A recent example is the global shortage of semiconductors in 2022.
This event, triggered by the disruptions in global supply chains due to the COVID-19 pan-
demic, engendered inflation spikes across consumption categories such as motor vehicles and
electronics and materially contributed to an increase in aggregate inflation.

Several recent papers analyze the aggregate impact of sectoral shocks in a closed econ-
omy featuring nominal rigidities and production networks (see Afrouzi and Bhattarai, 2023;
Andrade and Sheremirov, 2022; La’O and Tahbaz-Salehi, 2022; Pasten, Schoenle, and We-
ber, 2023; Rubbo, 2023, among others), with some studies aiming in particular to assess the
consequences of the COVID-19 pandemic (Baqaee and Farhi, 2022; Guerrieri et al., 2022).
Less progress, however, has been made in analyzing the aggregate impact of sectoral shocks
in an open-economy setup.

This paper intends to start filling this gap by developing an open-economy model in which
foreign sectoral shocks are propagated and amplified through the global supply chain and
nominal rigidities. More precisely, our model combines the sectoral input-output linkages
and heterogeneity in price rigidity of the closed-economy multisectoral models mentioned
above with features of a one-sector open-economy New Keynesian model introduced in Gali
and Monacelli (2005). In this setup, we focus on the effects of domestic, foreign, and global
sectoral productivity shocks.

Specifically, we address the following question: Can the model generate large responses to
foreign sectoral shocks and thereby create a wedge between the effects of domestic shocks and
global shocks? We find that while a model with symmetric input-output linkages and hetero-
geneous price rigidity can produce large effects of domestic sectoral productivity shocks on
inflation and consumption, the effects of foreign sectoral productivity shocks are nonetheless
small. Hence, under symmetric linkages, global shocks operate mostly through their domestic
component. The small domestic effect of foreign shocks can be explained by substitutability
between domestic and foreign inputs and an exchange-rate adjustment.

By contrast, the effects of foreign and global shocks are found to be larger if the global
input-output network is highly asymmetric and if the shocked foreign sector has a relatively
large share of exports to the domestic economy. Moreover, while the relative degree of price
stickiness in the shocked sector as well as aggregate price rigidity affect the responses to
domestic and foreign shocks, the heterogeneity in price stickiness appears less important.
This result holds for both symmetric and asymmetric production linkages.

The transmission mechanism of a foreign shock in our model is as follows. When a foreign



production sector experiences a contractionary productivity shock, the relative price of the
intermediate inputs produced in that sector rises. Because sectoral inputs are not perfectly
substitutable, the price of the entire bundle of foreign inputs also increases. The sensitivity
of the foreign aggregate price index depends on sectoral price stickiness and the cross-sector
substitutability of inputs. The increase in the price of foreign inputs has two indirect effects
on the domestic economy. First, as the foreign central bank raises its policy interest rate
to combat cyclical inflation, the foreign currency appreciates and the domestic currency
depreciates. Second, demand for domestic inputs relative to foreign inputs increases in both
countries due to a decline in the relative price of domestic inputs. Both these channels have
a stimulative effect on domestic production and consumption. In the baseline calibration,
for both the model with symmetric linkages and the one with asymmetric linkages, these
positive effects offset the negative direct effect of costlier foreign inputs. Thus, on balance,
domestic consumption rises. Domestic inflation, however, also rises but significantly less so
than in the case of a domestic sectoral shock of the same magnitude.

The transmission mechanism of a global shock is more nuanced. The important feature of
the global shock is that it affects both the domestic and foreign economy simultaneously. The
structure of the global production network is particularly important here. Under symmetric
linkages, a global shock does not affect the price of domestic inputs relative to foreign inputs,
nor does it affect the exchange rate. With asymmetric linkages, a shock to an import-
intensive foreign sector leads to a deterioration of the terms of trade and an exchange-rate
depreciation in the domestic economy. In practice, it implies that the differential between
the effects of domestic shocks and global shocks is larger if international trade linkages are
asymmetric.

We show that the degree of trade openness is important for our main result. Similarly
to Gali and Monacelli (2005), we calibrate the foreign trade sector in the domestic economy
to represent a small open economy such as Canada. In this context, we show two results.
First, if the degree of trade openness is reduced to match the US imports share in output,
the effects of foreign productivity shocks become small. Second, to generate a particularly
large effect of the foreign component of a global shock, the model needs both a large degree
of trade openness and high substitutability between domestic inputs and foreign inputs.
The intuition for this result is simple: When the elasticity of substitution between domestic
inputs and foreign inputs is large, a purely foreign shock has a limited effect on domestic
production because it is relatively easy to substitute toward the cheaper inputs. But in the
case of a global shock, such substitution is not possible because the domestic shocks and the
foreign shocks are perfectly correlated.

The degree of price stickiness also plays a role in the transmission mechanism. But the



important dimension is the level of price stickiness in the shocked sector (conditional on
aggregate price stickiness) as opposed to heterogeneity in price stickiness per se. Because
prices are more rigid in the shocked sector, the relative price of domestic inputs in terms
of foreign inputs responds less to a shock. As a result, the differential effects of domestic
shocks and global shocks decline in the degree of price stickiness in the shocked sector.
While an extension of closed-economy multisectoral models to an open-economy setting
may seem straightforward, it is hindered by significant challenges. One such challenge arises
because under a flexible exchange rate and no capital controls, the exchange rate strongly
adjusts in response to foreign shocks, thereby limiting their domestic effects. Our results
imply that asymmetric input-output linkages can limit this risk-sharing channel. Another
challenge is that open-economy models often assume that domestic firms have a large share
of foreign intermediate inputs, which aptly describes small open economies, such as Canada,
but not large open economies, such as the United States or the euro area. While our model
also requires that the foreign sector be large in order to generate significant domestic effects,
asymmetries in the global production network mitigate this issue. The third challenge,
which is outside the scope of this paper, is that building a quantitative model with realistic
linkages covering a large number of countries—or at least one economy vis-a-vis the rest of the
world—is not trivial. Therefore, this paper aims only to build a stylized model that clarifies
a transmission mechanism of foreign and global shocks through international production

networks. We leave fully quantitative analyses to future research.

Related Literature Our work is connected to the literature that, following seminal con-
tributions by Gabaix (2011) and Acemoglu et al. (2012), studies the conditions under which
idiosyncratic or sectoral shocks can account for aggregate fluctuations. While early work
focuses on models with flexible prices, recent papers incorporate production networks in
closed-economy multisectoral models with nominal rigidities and examine how these two key
features affect the transmission of shocks to aggregate variables, including prices. While sev-
eral works (Carvalho, 2006; Ghassibe, 2021, 2022; Nakamura and Steinsson, 2010; Pasten,
Schoenle, and Weber, 2020) study the transmission of monetary-policy shocks, others such
as Baqaee and Farhi (2019), Guerrieri et al. (2022), and Pasten, Schoenle, and Weber (2023)
focus on sectoral shocks. Rubbo (2023) investigates both and also analyzes the optimal
monetary policy and price index in such a setup. La’O and Tahbaz-Salehi (2022) do so in a
model in which informational constraints, rather than sticky prices, generate relative price
distortions. Afrouzi and Bhattarai (2023) introduce a sufficient-statistic approach to derive
the quantitative impact of sectoral and aggregate shocks on aggregate variables in such a

class of models.



Our paper is also related to the empirical literature assessing the contribution of sec-
toral shocks to aggregate fluctuations. Atalay (2017), Cesa-Bianchi and Ferrero (2021), and
Foerster, Sarte, and Watson (2011) propose different methods for identifying domestic sec-
toral shocks and show that sectoral shocks contribute significantly to aggregate fluctuations.
Boivin, Giannoni, and Mihov (2009) estimate a factor-augmented vector autoregression to
show that domestic sectoral inflation rates respond slowly to aggregate shocks and rapidly to
sectoral shocks. Carvalho, Lee, and Park (2021) show that an estimated multisectoral New
Keynesian model with roundabout production and heterogeneous price stickiness can re-
produce these patterns. Andrade and Sheremirov (2022) document that the cross-sectional
distributions of sectoral inflation and consumption growth depart from the normal distri-
bution, and that such an estimated multisectoral New Keynesian model with roundabout
production cannot match these empirical facts. This suggests that sectoral shocks can have
an even larger and more persistent impact on aggregate variables than this model would
predict due to infrequent and large shocks. Andrade and Zachariadis (2016) emphasize the
sizeable contribution of global sectoral shocks in international micro price dynamics. di Gio-
vanni, Levchenko, and Mejean (2020) document how production networks transmit foreign
shocks to domestic output through their impact on individual firms’ value added. We con-
tribute to this literature by investigating the transmission of local, foreign, and global shocks
to the domestic economy.

Finally, we contribute to the literature analyzing the propagation of shocks in an open
economy with nominal rigidities and a production network. Carvalho and Nechio (2011)
introduce a quantitative multisector, two-country, sticky-price model to explain the persis-
tence of real-exchange-rate responses to nominal shocks. While they consider roundabout
production, we allow for a more general and potentially asymmetric input-output network.
Comin, Johnson, and Jones (2023) also develop a multisectoral open-economy model, but
they emphasize another mechanism that is based on occasionally binding production capac-
ity constraints. They then analyze how shocks to these constraints, combined with demand
shocks, can account for the recent inflation surge. Baqaee and Farhi (2022) analyze the wel-
fare effects of trade shocks in a multicountry model with general input-output structure and
potential nominal rigidities. We instead focus on the dynamic impact of sectoral productivity
shocks on aggregate variables.

The paper proceeds as follows. We present our model in Section 2 and our parameteriza-
tion strategy in Section 3. In Section 4, we study the effects of domestic, foreign, and global
productivity shocks on inflation and consumption. In Section 4.1, we analyze the model with
symmetric input-output linkages, and in Section 4.2, we introduce asymmetries in the global

production network. This section pays considerable attention to heterogeneity in price stick-



iness and the relative rigidity of the shocked sector. Section 5 conducts sensitivity analyses

to variations in consumer preferences and policy designs. Section 6 concludes.

2 Model

This section presents an open-economy New Keynesian model with input-output linkages
that allows for heterogeneity in price rigidity and sector sizes both across sectors and between
the domestic and foreign economies. The economy features supply and demand shocks at

the global, country, and sectoral levels.

2.1 Households

The economy comprises a large number of infinitely lived households. The representative
household’s preferences are characterized by a utility function that is additively separable
in consumption and labor. The representative household supplies labor to firms in each
domestic sector and consumes a bundle of products produced in each domestic sector. The
preferences are subject to an aggregate demand shock to the discount factor.

Specifically, the representative household chooses aggregate domestic consumption, Cy,
and labor supply provided to each sector k € {1,..., K}, Ly, to maximize the following

utility function:
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where parameter [ is the discount factor, o is the inverse elasticity of intertemporal substitu-

tion, w is the inverse Frisch elasticity of labor supply, and y; represents the relative disutility
from working in sector k.!' T, modeled as an AR(1) process in logarithms, represents an
aggregate demand (preference) shock.

The representative household invests in state-contingent bonds, B;, which are purchased
at a discount in period ¢ — 1 and provide a unit payout in period . The bond market
is complete. The profits made by firm 4 in sector k, Ilj (i), are distributed back to the

household as a lump-sum payment. Thus, the budget constraint is as follows:

K K
PG+ EilOrusa Bl = Bt Y- WiaLua+ Y [ i) i, @)
k=1 k=1

where P, is the domestic aggregate consumer price index, ©,,4; is the stochastic discount

LOur model allows for labor-market frictions across countries but not across sectors. Making the reallo-
cation of labor across sectors costly would reinforce the effects of sectoral shocks in this model (see Ferrante,
Graves, and lacoviello, 2023).



factor, and Wy, is the nominal wage index in sector k.

Consumption within and across sectors is aggregated using the constant elasticity of
substitution (CES) function, with the elasticity of substitution across sectors n and the
elasticity of substitution across products within each sector . Denoting consumption of
output produced by firm i in sector k by Cj (i), aggregate and sectoral consumption bundles
are as follows:

K r/(n—l)

Ct — {Z(Cka,t)l/nC]g]tl)/n (3)
k=1

1\ /0 e 0/(0-1)
o [(2)" feurana] ™

where (j, is the consumption share of sector k, Dy, is a sectoral relative demand shock, and
ny, 1s the size of sector k.

The first-order conditions of the household’s dynamic optimization problem are as follows:

B |} Ce \'( P
o) () ()

Wk7 (o
Ptt = Xka,tCt (6)
p -n
Ck,t - Cka,t (%) Ct (7)
t
1P\’
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where Py is the price index in sector k, and Py (i) is the price of output produced by firm
i in sector k. Here, Equation (5) is a stochastic Euler equation; Equation (6) is a standard
intratemporal condition that equates the real wage to the ratio of the marginal utilities
of labor and consumption, and Equations (7) and (8) characterize optimal demand. The

aggregate and sectoral price indexes are computed as usual in the CES setup:

1

K =
P, = [Z @Dk,tP,j;"} (9)

k=1
1 . =
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N

The same set of equations characterizes the foreign economy.

Denote the corresponding variables in the foreign economy with an asterisk, and define



the real exchange rate, (), as the price of foreign goods in terms of domestic goods. Then,

AN
o= (g) (1)

and thus the corresponding nominal exchange rate X; (units of domestic currency per one

unit of foreign currency) is as follows:
b
Xy =Qr—. 12
= Qg (12)

2.2 Firms

Domestic firms combine domestic labor, Ly ;(7), with intermediate inputs, Z (i), which com-
prise intermediate goods produced domestically, Z,Et(i), and intermediate goods produced
abroad, Z,Et(z) The technological process is represented by a Cobb-Douglas production

function with the share of intermediate inputs 9:
Yia (i) = A A (A Ay L (0) 20 4(0), (13)

where A; and Ay, are domestic aggregate and sectoral productivity shocks, respectively, and
Ay and Ay, are global shocks.?
The intermediate inputs produced domestically and abroad are aggregated using the CES

function:
p/(p—1)

Zk,t(i) = |(1— u)l/pZ,Et(i)(p_Wp + Vl/pZ]]c;:t<Z.)(p—1)/p 7 (14)

where p is the Armington (1969) elasticity of substitution between domestic and foreign
goods, and v pins down the share of imports in the intermediate goods used for domestic
production.?

The aggregators for the home and foreign intermediate inputs are the following:

78, (i) = [Zw&mz,t)1/"Z£g,t<z'><"-”/"} (15)
=1
K* %

Z5 (i) = [Zwimzo1/”Z£e,t<z'><ﬂ-”/"} (16)
=1

2That is, At and Ak’t take the same draws for both the domestic and foreign economies, whereas the
foreign aggregate and sectoral shocks, A7 and A} ;, need not be the same as the global or domestic shocks.

3While we generally adopt a symmetric parameterization, in our baseline, we assume that v > v*. This
choice reflects the notion that trade between a country and the rest of the world makes up a share of that
country’s output that is larger than its share of the output of all other countries combined.
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where the input-output linkages wﬂg represent the shares of domestic sector ¢ € {1,..., K}
output used in domestic sector k € {1, ..., K} production, and linkages w};g are the shares of
foreign sector ¢ € {1, ..., K*} output used in domestic sector k¥ production.*

Minimizing the cost of home inputs, we obtain the following conditions:

PN
Z}:,t@):(l—u)(ﬁ) Zoali) (19)
Pf{ -
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Similarly, for foreign inputs the cost minimization conditions are as follows:

PN 7
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. 1 (P(j) 0 .
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Combining these equations, we obtain the optimal demand equations for home and foreign

inputs:

20 .4y = LD (Pﬁ(j ))(P ) (P) i (25)
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Prices are sticky a la Calvo (1983). Each period, a domestic firm in sector k can adjust

its price with probability 1 — ay, and a foreign firm can adjust with probability 1 — aj. The

4While the theory allows for asymmetric definitions of sectors, in practice we set K = K*.



optimization problem is then as follows:

max ]Et a59t7t+snk’t S(i), (27)
PEL(0),Pfy (4) ; F *

where the profit function is
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Solving for the optimal reset prices, P, we obtain the following equations:
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The equations for foreign firms are symmetric.

2.3 Policy

Monetary policy in both countries is conducted via the following rule:

o (o NN I

where [; is the gross nominal interest rate, and p; represents a monetary shock. Steady-state

’\4||

values are marked with a bar. Parameters p;, ¢, and ¢, govern interest-rate smoothing, the

policy response to inflation, and the response to the output gap, respectively.

2.4 Equilibrium

All markets clear. The goods market equilibrium in Equation (35) requires that the total
production by firm ¢ be either consumed as a final good or used as an intermediate input by

domestic or foreign producers.
Yii(i) = Cra(i) +Z/Z£kt Jyt d]“‘Z/ ot (J

_ CeDrr ((Pre(i)\ & C
R Nk Pk,t P, i

~
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TV
Input Demand by Foreign Firms

The labor market equilibrium in Equation (36) requires that the amount of labor supplied
to each sector equal the total labor demand in that sector. Finally, the condition that bonds
are in zero supply, Equation (37), pins down the equilibrium interest rate in the financial

markets.

Loy = / Lia(i) di (36)
B, =0 (37)
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The equilibrium conditions for the foreign economy are symmetric. The model is solved by
log-linearization around a deterministic zero-inflation steady state and standard perturbation
methods.

2.5 Shock Processes

All shocks follow an AR(1) process in logarithms, with parameters p and o, each of which
is enhanced by a superscript that describes the shocked variable, denoting persistence and
volatility, respectively. Innovations €, with a corresponding superscript, are each drawn from

a standard normal distribution.

logTyy1 = p'log Ty +07¢/,, (38)
log A1 = pPlog A; + o€l | (39)
log Ags11 = piilog Ay + ofieq 1 (40)
log Ayp1 = p*log Ay + o€l (41)
log lekz,t+1 = prlog A + opep 14 (42)
log Dy141 = py log Dyy + Ogeg,t-i—l (43)

All foreign shocks are symmetric.

3 Parameterization

The model is parameterized as follows. Aggregate parameters for the utility, production, and
policy functions are calibrated at a quarterly frequency using values commonly employed in
other studies. Table 1 summarizes these parameters.

Panel A shows parameters in the utility function. The discount factor, 3, is set to produce
a steady-state nominal interest rate of 4 percent annually. The household utility function
is logarithmic in consumption (o0 = 1). The inverse Frisch elasticity of labor supply, ¢, and
the elasticity of substitution across sectors, 7, each equal 2. The elasticity of substitution
within sectors, 6, is set to 6 in order to produce a steady-state markup of 20 percent.

Panel B of Table 1 summarize production-function parameters. The share of intermediate
inputs (0), which determines the importance of input-output linkages, is set to 0.7, as in
Carvalho, Lee, and Park (2021). The aggregation of domestic and foreign goods follows
Gali and Monacelli (2005). In particular, the Armington elasticity of substitution between
domestic and foreign goods, p, is set to 1, and the share of foreign inputs in the intermediate
inputs bundle, v, equals 0.4. We set the value for the share of imports in the foreign economy;,

v*, to 0.15, because from the perspective of a small open economy, the rest of the world is a

12



Table 1: Model Calibration

Parameter Value Description Target/Source
(1) (2) (3) (4)
A. Utility
B 0.99 Household discount factor Annual interest rate = 4%
o 1 Relative risk aversion Log utility
© 2 Inverse Frisch elasticity Carvalho, Lee, and Park (2021)
n 2 Elasticity of substitution across sectors  Hobijn and Nechio (2019)
0 6 Elasticity of substitution within sectors Markup = 20%

B. Production and Trade

1) 0.7 Share of intermediate inputs Carvalho, Lee, and Park (2021)
p 1 Armington elasticity Gali and Monacelli (2005)
v 0.4 Domestic openness Gali and Monacelli (2005)
v* 0.15 Foreign openness US imports / GDP
Mean «; 0.75 Average Calvo rate Average price spell = 1 year
SD «; 0.12 Variability of Calvo rates Andrade and Sheremirov (2022)
C. Monetary Policy

O 1.25 Response to inflation Pasten, Schoenle, and Weber (2020)
Oy 0.33/4 Response to output gap Pasten, Schoenle, and Weber (2020)
Pi 0.7 Policy smoothing Pasten, Schoenle, and Weber (2020)

relatively closed economy.® Finally, the average degree of price stickiness reflects empirical
evidence that firms adjust their prices, on average, once a year. The sectoral dispersion of
price stickiness is based on the estimates in Andrade and Sheremirov (2022).

The policy rule parameters are shown in Panel C. The interest rate smoothing is set to
0.7; the response to inflation is 1.25; and the response to the output gap at an annual rate
is 0.33.5 Unless stated otherwise, all parameters in the foreign economy are the same as in
the domestic economy.

To understand the features of the model with respect to the input-output linkages, we
explore alternative configurations of these parameters that are not based on any particular
data source. We consider an economy with three sectors, taking a parsimonious approach
to represent heterogeneity.” In the baseline, the sectors have equal size. We start with a

benchmark case of a symmetric production network wherein all input-output linkages are

5Galf and Monacelli (2005) choose the value of v to represent the import share in GDP of a representative
small open economy such as Canada. Our choice of v* corresponds approximately to the US imports share
in GDP.

6We adjust the parameters in Pasten, Schoenle, and Weber (2020), who calibrate their model at a monthly
frequency, to a quarterly frequency. For instance, the policy rate smoothing in that paper is 0.9, whereas
we set it to 0.7. Both values correspond to a half-life measure of persistence equaling approximately two
quarters.

"The three sectors can be thought of as above average, average, and below average in some specific sense,
such as price rigidity. Future work could consider a quantitative model with the three sectors representing
durables, nondurables, and services as well as a disaggregated model with a large number of sectors.
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equal to one another. This case corresponds to a roundabout production as in Basu (1995)

and Carvalho, Lee, and Park (2021). The perfectly symmetric case is represented by the

following input-output matrices:®

D= D= DI
D= DI O
D= DI O

We then consider asymmetries in the network to analyze the role of network structure in
the propagation of sectoral shocks. For instance, adopting the convention that the shocked
sector is sector 1, in the benchmark asymmetric case, all imported inputs come from a

shocked sector:

1oo
Q=11 00 (45)
100

We also consider alternative asymmetries in the input-output network.

4 Sectoral Supply Shocks in the Open Economy

In this section, we examine the model’s aggregate dynamics following sectoral productivity
shocks. We distinguish between domestic, foreign, and global shocks. In Section 4.1, we
study the model with perfectly symmetric production linkages, both within and between
countries, as described in Equation (44). Here, we focus on the role of heterogeneity in price
stickiness. In Section 4.2, we study the dynamics of the model with skewed input-output

linkages, as in Equation (45), focusing on the foreign sector.

4.1 Symmetric Production Linkages

The four panels of Figure 1 show the impulse responses of consumption, inflation, the real ex-
change rate, and the nominal interest rate, respectively, to a contractionary domestic shock,
a foreign shock, and a global sectoral productivity shock. Price rigidity is heterogeneous
across sectors, with the shocked sector having average price rigidity. We start with the do-
mestic shock (blue dashed lines).? Under the baseline calibration, a one standard deviation
decline in domestic productivity leads, on impact, to a domestic consumption gap of 0.291

percent and domestic inflation that is 0.078 percentage point above its steady state (zero

8Here, matrix QO collects individual linkages w,ﬁz and so on.

9For illustrative purposes, the persistence of each sectoral shock is set to 0.85, which corresponds to a
half-life of about one year.
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Figure 1: Aggregate Effects of Sectoral Shocks with Symmetric Production Networks
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Notes: The figure shows responses to a one standard deviation contractionary sectoral productivity shock
in the sector with average price rigidity. The input-output linkages are all equal to one another.
Source: All figures and tables in this paper are based on authors’ calculations using a calibrated model.

inflation). At its peak response, two quarters out, the domestic central bank raises the nom-
inal interest rate by a 0.050 percentage point. The real exchange rate appreciates by 0.290
percent in the home country.

The transmission mechanism of the domestic sectoral shock in the home country is stan-
dard. Consumption falls while inflation rises, which is typically the case for contractionary
supply shocks. Because the central bank’s policy rule is calibrated to be relatively more sen-
sitive to inflation, monetary policy tightens. As a result, the domestic currency appreciates
and the foreign currency depreciates. The role of the foreign sector is limited to dampening
these effects quantitatively because domestic producers can substitute from domestic to for-
eign intermediate inputs, whose relative prices decline. This risk-sharing, however, is limited
for two major reasons. First, domestic consumers derive utility from the final goods produced
domestically; therefore, risk-sharing takes place through intermediate inputs only. Second,
the bundle of intermediate inputs used in domestic production requires both domestic and

foreign inputs, which are not perfectly substitutable. Hence, as the price of domestic inputs
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rises relative to the price of foreign inputs, domestic producers face an increase in marginal
cost.

To understand the role of production networks and international risk-sharing in the
model, we shut down the intermediate-inputs sector by setting 6 = 0. This results in
an autarky, wherein foreign shocks have no effect on the domestic economy. Therefore, the
effects of global shocks are the same as the effects of domestic shocks. Overall, the inflation
responses are almost 70 percent larger than in the case of a domestic shock with production
networks (Figure C.1 in the appendix). Accordingly, monetary-policy tightening is about 20
percent stronger at the peak and is substantially more persistent.!”

For the same reasons that limit the dampening effects discussed earlier, the foreign sec-
toral productivity shocks have small effects on the domestic economy relative to the effects
of domestic shocks of a similar magnitude (red dotted lines in Figure 1). Under the baseline
calibration, foreign shocks have a somewhat larger effect on inflation than on consumption.
But they are still too small for monetary policy to respond in a material way.

A notable and somewhat counterintuitive feature of the model is that a negative foreign
sectoral productivity shock can have a positive effect on domestic consumption. This happens
because an increase in the price of foreign inputs raises foreign demand for domestic inputs
and encourages domestic firms to substitute from foreign to domestic inputs. As a result,
domestic profits rise, stimulating domestic consumption of final goods. Whether domestic
consumption increases or decreases in response to a foreign shock depends on the model’s
parameters. In the baseline, the increase in consumption stemming from a foreign shock is
dwarfed by a decrease in consumption following a domestic shock of an equivalent magnitude.
However, this small, positive consumption response to foreign shocks is robust across a variety
of specifications considered. In Section 4.2.1, we show that domestic consumption declines
in response to a negative foreign shock if the domestic economy is significantly more open
to international trade than in the baseline.

A useful feature of our model is that it enables us to study global shocks. The main
property of global shocks stems from the inability of domestic producers to substitute to or
from foreign inputs, because the shock affects input prices in both countries simultaneously.
Yet, under the baseline calibration, the foreign effects are so small that the effects of domestic
and global shocks are similar to one another. For instance, the global shock leads to a 0.284

percent consumption gap and 0.087 percentage point increase in inflation on impact (black

10 Although the responses of consumption appear to decline, they are not directly comparable. When
6 = 0, all output is consumed, whereas in the baseline, much of the output is used in production. When
we consider the case of 6 = 0.7, QF = Q" = 04,3, with the elements of QF and QF* all doubled, the
consumption response increases at the peak by about one-third in absolute value. Note that this case is
equivalent to a closed multisectoral economy with roundabout production.
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solid line in Figure 1). That is, a global shock has an 11.5 percent larger effect on inflation
and a 2.4 percent smaller effect on the consumption gap compared with the effects of a
domestic shock only. Following the global shock, the nominal interest rate increases by
0.054 percentage point at the peak, an 8 percent larger response relative to the domestic
shock. In the perfectly symmetric model, the global shock does not affect the real exchange

rate or the terms of trade.

4.1.1 Heterogeneity in Price Rigidity

Next, we examine the role of heterogeneity in price rigidity. We consider the case in which the
shocked sector has above-average price rigidity.'! Overall, the responses of consumption, the
real exchange rate, and the interest rate are similar to those in the baseline case (Figure 2).
But the inflation response, on impact, is half of the baseline response. As expected, the
characteristics of the shocked sector can play a role in the model’s dynamics.

But overall heterogeneity in price stickiness plays only a minor role in this model. We
provide additional evidence in the appendix. Figure C.3 considers the case in which price
rigidity is homogeneous across sectors both in the domestic and foreign economies. The
impulse responses are nearly indistinguishable from the baseline case for all four variables
discussed. We also consider the case of asymmetries between countries. In Figure C.4, the
domestic economy has heterogeneous price stickiness whereas the foreign economy does not.
The shock is in the sector that is relatively rigid at home. In Figure C.5, the reverse is the
case. That is, the domestic economy has homogeneous price stickiness, whereas the foreign
economy features heterogeneous rigidity. In both cases, the heterogeneity has a very limited

effect on the impulse responses.

4.2 Asymmetric Linkages

Figure 3 shows the dynamics of the model with asymmetric input-output linkages following
sectoral shocks. As before, the sectors differ in price rigidity, and the shocked sector has
the average price rigidity. The key difference from Figure 1 is that the shocked sector is
solely responsible for all foreign inputs used in domestic production. The blue lines show
that the responses to a domestic shock are nearly identical to those in the case of symmetric
input-output linkages. This is expected because the asymmetries are introduced exclusively

in the foreign sector.

HRecall that such a sector is calibrated to have 17.5 percent higher price rigidity relative to the average
sector. Appendix Figure C.2 shows a symmetric case wherein the shocked sector has 17.5 percent lower price
rigidity.
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Figure 2:

Aggregate Effects of a Sectoral Shock to a Rigid Sector and Symmetric Linkages
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Note: The shocked sector has above-average price rigidity.

Figure 3: Asymmetric Linkages: Shock to a High-Imports Sector and Average Price Rigidity
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Notes: The shocked sector abroad supplies all foreign imports.
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The responses to a foreign shock (red lines), however, become substantially larger in
magnitude when asymmetries are introduced. For instance, the consumption gap is 0.017
percent and inflation rises by 0.016 percentage point on impact. Each response is about
twice as large as in the preceding case. The real exchange rate depreciates 0.436 percent
(a 50 percent increase), while the nominal interest rate increases 0.007 percentage point at
its peak response (a 75 percent increase). Thus, the responses of all four variables in the
asymmetric network are significantly larger than they are in the symmetric network.

We find significantly larger differences between the effects of a domestic shock and a
global shock (black solid lines). For instance, the differential consumption response in the
asymmetric model is 2.8 times the response in the symmetric model, while the correspond-
ing differential for inflation is 1.9 times larger. We also compare the differential effects of
global shocks and domestic shocks when the shocked sector has above-average price rigid-
ity (Figure C.6 in the appendix).'? In the model with asymmetric linkages, a shock to a
high-rigidity sector reduces the consumption response 46.1 percent and reduces the inflation
response 42.3 percent. The differential effect, however, is 3.6 times larger for consumption
and 1.8 times larger for inflation than in the symmetric case with a shock to the rigid sec-
tor. Thus, asymmetries in the input-output structure of international trade play a far larger
role in the propagation of foreign and global shocks compared with heterogeneity in price

rigidity.'3

4.2.1  Trade Openness

Next, we study how trade openness and substitutability between domestic inputs and foreign
inputs affect the model’s dynamics. We begin by considering the case where both countries
have a relatively low degree of trade openness, v = v* = 0.15. Here, we continue to maintain
asymmetric production linkages.!* This calibration may be appropriate for a large open
economy, as opposed to a small open economy, which we consider in the baseline. With a
small value of v, the effects of foreign and global shocks on inflation are somewhat smaller
than in the baseline case, but they are material nonetheless (Figure 4). The consumption
responses are affected relatively less than inflation.

Alternatively, we set v = 0.8 and p = 3 to simulate a domestic economy that is very
open and elastic with respect to foreign trade. We note that while we use a conservative
parameterization of p in the baseline, the evidence on its value has not been settled. Feen-

stra et al. (2018), for example, contribute to the growing literature showing that for many

12 Appendix Figure C.7 shows the impulse responses for the shock in a flexible price sector.

13We reach a similar conclusion when we examine the model with asymmetric linkages and no heterogeneity
in price rigidity (Appendix Figure C.8).

4 Appendix Figure C.9 shows the impulse responses for the case of symmetric production linkages.
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Figure 4: Aggregate Effects of a Sectoral Shock: Reduced Share of Imports
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Figure 5: Aggregate Effects of a Sectoral Shock: Increased Role of Imports
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goods, the microelasticity of substitution between domestic goods and foreign goods can
be substantially larger than the macroelasticity. Our alternative parameterization is in line
with this evidence.

Figure 5 shows that with high values of v and p as well as asymmetric input-output link-
ages, the differences between the effects of domestic shocks and global shocks on domestic
inflation are especially large. In particular, the inflation response to a foreign sectoral pro-
ductivity shock on impact is about twice the baseline response. In the appendix, we show
that both parameters play an important role in generating this result (Figures C.11 and
C.12). Moreover, in the model with an increased role of imports, negative foreign sectoral
productivity shocks lead to a decline in domestic consumption. In this case, the share of for-
eign inputs in domestic production is so large that the substitution from foreign to domestic

inputs is more than offset by the cost effects of foreign inputs’ becoming relatively scarce.

Summary: This section’s main results suggest that the effects of sectoral productivity
shocks on inflation and consumption in an open-economy model with heterogeneous price
stickiness and input-output linkages are nuanced. Whereas the literature shows that in the
closed-economy case, price stickiness matters relatively more, in the open-economy case, the
network structure and the degree of openness are relatively more important. In particular,
highly open economies with asymmetric input-output foreign linkages are more susceptible
to the effects of foreign sectoral shocks relative to open economies with asymmetric price

rigidity but roundabout global production.'®

5 Sensitivity to Consumer Preferences and Policy Designs

In this section, we examine the sensitivity of our baseline estimates to the model’s parameters.
We focus on the differential effects of a global sectoral supply shock relative to a domestic
supply shock. The estimates are presented in Table 2. The table shows the responses to
shocks on impact, which correspond to the peak inflation effects.!® In columns (1) through
(4), the input-output linkages are symmetric (roundabout production), while in columns (5)
through (8), the linkages are skewed so that all foreign inputs are imported from the shocked
sector. In all these cases, price rigidity is heterogeneous across sectors. In columns (1), (2),

(5), and (6), we consider a shock to the sector with the average price rigidity, while in the

15We note that the effects of different model features are analyzed using stylized shocks. The impulse
responses can be substantially larger in practice. For instance, Figures C.13 and C.14 in the appendix show
much larger differentials when the persistence of sectoral shocks is increased to 0.95, a common value used
to simulate aggregate productivity shocks.

16The peak consumption effects typically take place one quarter after impact, but the consumption re-
sponses on impact are comparable to those at the peak.
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Table 2: The Differential Effects of Global and Domestic Sectoral Shocks

Symmetric Linkages Asymmetric Linkages
Average Rigidity High Rigidity Average Rigidity High Rigidity
Parameters C 7 C 7r C T C ™
(1) (2) (3) (4) (5) (6) (7) (8)
Baseline 0.717 0.851 0.294 0.489 1.986 1.575 1.070  0.898

A. Preferences

£ =0.98 0.732 0.861 0.321 0.503 2.010 1.594 1.118 0.923
oc=2 0.839 0.935 0.528 0.575 1.778 1.677 1.043  0.920
p=4 0.243 0.959 0.040 0.607 0.996 1.675 0.511 1.004
n=0==6 0.684 0.283 0.467 0.061 1.719 0.727 1.164 0.331
B. Policy
¢n = 2.5 —1.189 0.773 —0.868 0.398 —-1.273 1.377 —0.919 0.767
¢y = 0.66/4 0.690 0.798 0.005 0.412 2.457 1.578 1.162 0.911
p; = 0.85 0.773 0.742 0.350 0.413 2.100 1.442 1.231 0.816
pi; = 0.55 0.644 0.924 0.233 0.541 1.854 1.663 0.934 0.946

Notes: This table shows the differential effects of a global sectoral supply shock relative to a domestic
sectoral shock (times 100) on consumption and inflation. The model with symmetric linkages and average
price rigidity (the first two columns) corresponds to the impulse responses shown in Figure 1. The model
with a shock to the rigid sector (the next two columns) corresponds to Figure 2. In column (5) and (6), the
input-output linkages are asymmetric and the shocked sector has the average price rigidity, as in Figure 3.
The last two columns consider a shock to the high rigidity sector in the model with asymmetric production
linkages.

rest of the table, the shocked sector features above-average price stickiness.

The first row recaps our previous discussions by showing the differences across the four
models for the baseline values of preference and policy parameters. In Panel A, we examine
the role of the preference parameters. The discount factor, 5, and the intertemporal elas-
ticity of substitution, 1/0, have a rather small effect on the responses. For instance, in the
benchmark model with roundabout production and a shock to the average rigidity sector,
reducing § from 0.99 in the baseline to 0.98, which corresponds to increasing the nominal in-
terest rate from 4 percent to 8 percent in the steady state, raises the consumption differential
2.1 percent and the inflation differential only 1.2 percent. Varying o from 1 in the baseline
to 2 raises the consumption differential 17.0 percent and raises the inflation differential 9.9
percent. These numbers indicate a low sensitivity.

By contrast, the Frisch elasticity of labor supply, 1/, is quantitatively important for
the consumption differential but not for the inflation differential, while the opposite is true
for the elasticity of substitution across sectors, n. Increasing ¢ from 2 in the baseline to 4

reduces the consumption differential 66.1 percent, and increasing n from 2 in the baseline
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to 6 lowers the inflation differential 66.7 percent.!” These two parameters play a similarly
important role when the input-output linkages are asymmetric and when the shocked sector
has high price rigidity.

In Panel B of Table 2, we examine the model’s sensitivity to policy-rule parameters.
Notably, the inflation differentials are fairly stable across alternative policy rules. That is,
while the differences in the rules can materially affect the inflation responses to domestic and
foreign shocks, the differences between these effects are robust across policy designs. The
consumption differential, however, is sensitive to how monetary policy responds to inflation.
Increasing ¢, from 1.25 in the baseline to 2.5 reverts the sign and amplifies the difference
between the consumption responses to domestic shocks and the consumption responses to
global shocks in absolute value.

Crucially, across all the calibration strategies considered, our key result remains the same:
Asymmetries in global production linkages play an important role in the propagation of for-
eign shocks and can substantially amplify the differential effects of global productivity shocks
relative to domestic productivity shocks. While the role of heterogeneity in price rigidity is
limited, the relative price stickiness of the shocked sector has a quantitative effect on both

the inflation and consumption differentials across a wide spectrum of model parameters.

6 Conclusion

This paper develops an open-economy model that allows for heterogeneity in input-output
linkages and the degree of price rigidity within and between countries. It documents that,
in the model, asymmetries in global production linkages are key to the propagation of global
sectoral shocks and to generating the differential effects of domestic shocks and global shocks
on consumption and inflation. By contrast, heterogeneity in price rigidity is less important
than the structure of the global supply chain. This result is robust to alternative designs of
the monetary-policy rule.

This paper lays out a first but important step toward a larger-scale open-economy model
that has a realistic global production network at its core. Accounting for international supply
linkages is key to a better understanding of the economic effects of shocks to particular
geographical and/or sectoral nodes of the global production network.

Future work can extend our analysis in several important directions. First, for nuanced
policy analyses, a fully quantitative version of this model would be desirable. Hence, one
could consider a model with more sectors for which production linkages and price rigidity

are measured empirically. Allowing for more asymmetries across countries (for instance,

1"In this case, we consider a triple baseline value so that = 6, which corresponds to a one-sector model
wherein heterogeneity comes entirely from differing price rigidity across firms.
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in preferences and policy designs) could also prove useful. Second, one could consider a
medium-scale model that introduces capital, the public sector, and frictions in the foreign
sector. The exchange-rate regime likely plays an important role in the cross-country trans-
mission of sectoral shocks as well as aggregate shocks. The scope of our paper is limited
to floating exchange rates and does not allow for capital controls. Third, future research
could assess how optimal policy should respond to sectoral shocks. For instance, national
governments can affect international input-output linkages by means of industrial policy.
Open-economy models with production linkages may provide fertile ground for studying the

welfare implications of such policies.
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Appendix
A Derivations

A.1 Solution to Firms’ Static Optimization Problem
The first problem is optimal demand for home inputs across countries:

H ~H /. 1 H / ~(=1/p 1 F /~(p=1/p P/~
P2y — Pk,tZk,t(Z) = Py {(1 —v) /ka,t(Z) +v /ka,t(Z)

— P,Etz,ﬁt(z').

It results in the optimal demand for home inputs:

Ziy(i) = (1 =) (ﬁ) _pZM(z'). (A.2)

The cost minimization problem across home sectors is as follows:
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A.2 Firms’ Dynamic Optimization Problem

Using Z, = Yoy [ Zeu(5) dj and Z7 = S0, [ Zoa(5) dj, we obtain:
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+Zt*l/Xt Lk k,t( kt()) ( k,t) < Z,t) ‘

Hx Hx *
N B, k.t P, 0t P, 0t

(A.4)
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In equilibrium, Py = P}, Thus,

o Dy (BN PN PN (P
Yk’t(z):n_kt< P]E{t G ?tt + (=) 2wy PzH:: Pei

* £ (AN — “n . (A.5)
L 7UX WEka,t (sz,lt (2)> ‘)(Pzﬁ ) n(PzI?t )
v e \er) 7
Nominal profits and marginal cost for firm 7, sector k, home country are as follows:
I (i) = Pay (i) Yiu (i) — Wi Lt () — PoyZiy () — Pr Zy o (4)
o dp/(p=1)
_ Pk;,t(Z')AtAk,tAtAk,tLiTté(i) [(1 - y)l/pZ;Et(i)(p_l)/p + Vl/ngt(i)(p_l)/p] (A.6)
— Wit L (1) — PeyZiy (8) — Py Zye o (4).
Cost minimization gives the following conditions:
: o W g N1
Zi(i) = (1 —v) |+ ﬁtht( )| Zia(i)' 7 (A7)
. 0 Wiy g N
ZEi0) = | T2 B )| 2 (A8
Hence, the profits function is as follows:
Uy i (3) = Pro(i)Ye (i) — Wi L, ()
0 Wkt P N1—p
- (= P [ B )] Zuet "
% P
F k.t . N1—
— — 1L Z
Rl T e aeld | Zuat)
We obtain the following expression for inputs:
1
: 0 Wkt ot ) Wk,t . =
Zkﬂg(’&) = |:<1 — IJ)( 5 P’?t Lk t( )) +v Téﬁ[;k’t@) . (AlO)
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With the production function, the expression for L is the following:

Yy (4) } =
A Ag 4 At Ay 1 Z 4 ()0

Lis(i) = [

1
-3

y ))p 1] o 1)] (A.11)

Yy +(4)
AtAk,tAtAk,t[(l )(155 P'ﬁtht > <55
-(5) mea o G) ) T
0 Ay Ay Ay Ay PkFt
Plugging expression (A.11) into Equation (A.10), we obtain:
N\ 8 Wia( 6 \7° _ Yiald) Wi \o (Wit )P\
Zearl) = {(1_”)(176 P, (176) AcA 1 AcAr, {(1_”)(1%55) +”(P,f,t) } )

0 Wia( 8 N7 Yiul) Wi \*' (Wi )P T\
+v F’ S (1—V) H, iy F, .
1— (5 Pk,t 1-— (5 AtAk,tAtAk,t Pk,t Pk:,t

Then, the final expression for inputs is the following:

Z (Z) |:< (5 )1—5 Yk,t<l) :| |:(1 ]/) (Wk,t>p_1 . ('[Trk t)P—1:| ;:f (A 13)
k, = == — . .
' 1-9 AtAk,tAtAk,t Pk},lt Pk;Ft

Home country firm i, sector k profits are as follows:

(A.12)

=5

. . . 1) -0 ;kt(l) |: (V[/kt>pl <M/kt>p1:| p—1
I =P Y — Wi & 1 : :
k() bt (DY (1) k7t(1 5) At A 1 At Ag g ( ) Plgt ) ‘llf:t

5 1-5 Vo (i W p—1 W p—171=2 (A1)
() s oo ) ()
1-9 At A 1 ArAg o Py By
Dividing through by Py, and using the expression that
1
— = —v v
Pry P P, ’
we obtain:
P, 5\ Vi) Wi \P~1 (Wi P15t
Mo (8) = Pyt Yier (£) = (1 - 5) At Ag 1 AtAg {(1 - V)( Pl?,t ) " V( PkF,t ) ]
5\ Yaul) Wit \"™' (Wi "
- [(1_5) AtAk,tAtAk,J {(1_”)(13&) +”(P,?t) ]
’ : (A.15)

P . -5 Y, ; p—1 p—1 g
=St (75) el (E) T (F) ] ()]
Py, 1-96 At A 1At Ag s Py Py 1-9

1-6
o~ (259) () - ) () T
Ppy ot 1=6)\1-6/) AiAyp AvAp, PR, PE, .
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The expression for marginal cost is as follows:

—é

1 5\ 1 Wi\ Wi \" 70
s (75) (7). maa 00 (wE) ) |
]. - 5 ]. - 5 AtAk,tAtAk,t Pk,t Xth‘,t

5 (A.16)
1 ) B 1
= — W (Pey)’.
<1 - 5) <1 - 5) ArAp s Ar Ay ki (Fie)
A.3 Flexible-Price Case
Firm ¢ in sector k solves the following problem:
max A Et |:Pk,t(2)}/k:,t(l) - Mk,tYk,t(i):| . (A].?)
P (i), P, (i)

Here, the total output of firm ¢ in sector k, per Equation (A.5), can be separated into the
home demand and foreign demand. That is, firms can choose the respective prices at home

and abroad (pricing to market). The equilibrium conditions are given as follows:

Dy (PN T (BT w (P " (P’
0—1)—= . — Ci+ Zi(1 — — —
( ) T < P]gt Pt Ck t + t( V)wf,k PZP,It Pé,t

. (A.18)
Dkt(R?t(l))el{(Pé{t)n H (Pl?t>n(P£Ht)p]
= M 0—— : — Cy+ Z(1 —v)w, | =% —
k.t ng PkI;It Pt Ck: t t ( ) 0.k PZ}}t Pé,t
and
o gy D (PN (PN PR
( - ) tly V n PHx PH= P
k k.t I 0t (A 19)
= M, QZ*VWEZDW (ng(i))_e_l <Pl§f>_n (Peflt*>_p
- it * * * :
! ng P;ft PZ}; Pé,t
Thus, the first-order conditions are as follows:
P 0
) = A.20
Pl g 17 ke (4.20)
PHx(i 0
it (1) M., (A.21)

P 0-1 X,
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A.4 Sticky-Price Case

The profit function is given:

D (4) P N - PH N -n /PHN -»
() = PEL ) ’jj( L) K%) aorra-nzein(zi) (5) ]

* -0 PH* —n PH* _
Z k kt t k,t £t
Pk PZ,t Pl*,t

— Wi, Li (i) — Pk,tZk,t(i) — Py 7 (i)

_ H | — H . — H .\ —
S (o) () (R () (7))
= —= | P,(@ — Ct+ (1 —v)Ziw — —
- e, (1) P 2 ( ) Zrwy g P Pos (A.22)
D0 e Y0P (P
o ) () () ()
Nk k, 0t £,
_ H \ — H .\ — H .\ —
Dkt(H . o7 1 Pkt n H PN Poi\ P
— My, P, (7) P kCr+ (1 —v)Zw —= —
t Nk k,t PISt P, N PZI_,It Pl,t
D —8 —0 s pHxN\ —n ,PHx\ —p
ekt .- 1 k, l,
e B (i) () () ()
Nk Py Py 0.t

Taking the first-order condition with respect to P,(¢) and P} (i) and using hats to denote

the optimal reset prices, we obtain the following equations:

= D
k,t+s
0=E, E aO¢ 14
s=0 T

Pl?t TP\ Proes\ " Plies\ 1
_kitts a1 =) 74 s itts (A.23)
(o) [(72) wowrovmen (i) (702) |

k,t+s Lit+s

- 0
X [Pi?,t - “MI@HS}

and

0 Hx my* HH*
o s o WorDiows (B Bl t+s Pz t+s
0=E, Zak@t,t+s’/Zt+s - (Pk t+s) (Pe

s=0 ;t+s Z,t+s
0 Mk,t+s:|

(A.24)
. [Pkf i1 X

Finally, we can write these conditions as follows:

it _ 0 B 0 Oners AL M (A.25)
st 0—1 Et Zzio @t,t—l—sazAII;I,t—&-s

P _ 0 Eid 020 Ouurs i ALy oMis A26)
k.t 6 —1 Et Z;io ®t,t+sOCZXt+s E:tk-i-s ’
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where
Deof/ 1\ T/PENT" PN (PN
AR = 280 — C 1 — ) Zwh [ =22 —
= <P> (7)) aara-nzd, ) \B,

Al — 709Dt (e LN (BN RN
k.t A k.t P]?t* Pel,{t* PZt .

A.5 Steady State

e Prices:

pP=pi=pf (A.27)
P*=PF =pf (A.28)
_1
e R R e I
=
= [(1 ) V(XP*)l_p:| (A.29)
e Household Budget Constraint:
WL 11
=—+4+ = A.
C=—F%+5 (A.30)
e Firms’ Profits: I -
—=Y-—L-7 A.31
e Production Function:
Y =170 (A.32)
e Optimal Home Input:
s w1’
e Optimal Foreign Input:
A A W (A.34)
1—0XP* '
Zy 1—v[(XP*\’
— = A.
e Labor Supply:
w oo
5= LeC (A.36)



e Market Clearing:
Y=C+Z (A.37)

o Aggregate Input:!®

2= [u-wbayF e R = [amnben® o (Z) T (L)

5 \'? WPt W o\PNST L W
-0 P XP* 1-5 P

e Optimal Reset Prices:

=) 1) G
=1fg(115>(1f5> (g)

From the last equation, solve for the real wage:

W o 1 5\ O\
fi"(1—91—5(1—5) ) ' (A.40)

Now, use the aggregate input expression in the profits and production function equation:

5 \°/wW\?°
1T 174
5=Y - —5L-7

1174 5L W

Using the output expression in the expression for output and profits, we get an expression

for labor:

= () oo () o) T
(A.43)
() ()"

In the steady state, ' = A=A, =A=A, =D, = 1.

N———
°
)
+
AN
N
>
3
N———
he)
|
I
)
1

18Note that Pﬂk = {(1 —v) (VIL/



A.6 Inflation Rates

We log-linearize the model around the symmetric steady state and denote the log-deviations
of aggregate variables from their steady states with lowercase letters (for example, the log-
deviation of the price level P; is denoted by p;).

Consumer price inflation is as follows:

Ty = Pt — Pt—1- <A44)
Under the law of one price, the sectoral price index is given:

H F
Per~ (1 —v)p, +vp
kit ( ) k,t k.t (A.45)

~ . H
R Prt T VSkt,

where s, is the input terms of trade.
Domestic inputs inflation is defined as m, = p!, — pi,_;. As consumers derive utility

only from local goods, m; = W,Iit:

Tha = Ty + VASK (A.46)
=1 + VAs,. '

Log-linearizing the foreign input price P = X;P; around a symmetric steady state gives

us:
pf =2 + ;. (A.47)

Thus, the input terms of trade can be expressed as follows:
Skt = Tr + D} — Phy- (A.48)

A.7 Derivation of the Phillips Curve

The sectoral price levels follow a Calvo process:

pllj,t =(1- ak)ﬁll;l,t + akpg,tq (A.49)
pg’; =(1- ak)ﬁgj + ozkpgjg,l. (A.50)
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Sectoral Phillips curves are standard:

(1 — Oék)(l — &kﬁ)
Qy
(1 —ap)(1 — )

Ak

(mk,t - pllj,t)

H _ H
T = BE T, 0 +

Hx __ Hx
Tt = BE, Thtr1 T

(mk,t - PEI)

Optimal labor supply and cost minimization produce the following condition:

1 o
— 2t () di = wiy + oy — (1= V)piy — gy
k
=14+ Qe+ +p— (1 —v)pl, — vpp,

Next, we integrate both sides of the production function:

N N 1 N
Ykt = Q¢ + Qg+ ar + agy + (1 — 0)lgs + 5n— /Zk,t(@) di
k

=+t + ar + ape + (1 + ©0)lgt + 0ct + opr — 6(1 — y)p}it — 5yp£,t.

Then, we solve for labor:

1 5 5 )
lk,t ¢ <yk,t —Qp — Qg — Qp — ak,t) - <pt + ¢ — (1 - V)Pli;l,t - Vp};t>

:1+g05 14+ ¢é
)

1 L
= —a; — —a;—a — ¢t + pr — .
1+905 <yk,t t — Qpt t lc,t) 1‘1‘%05( t T Dt pk,t>

With the expression for marginal cost, we obtain:

My = —0p — Gy — @ — Ay + (1 = 6)w, — (1 — 5)(17?,15 +p£,t) + Pkt
= —ELt — &k,t — Gy — Qg + (1 — 5)11)15 + 5pk,t
= —Q; — At — ar — agt + (1 — 0wy + 6((1 — V)p}it + l/pg,t)

and

My = (1 —0)(plps + ¢t +pr) — Qr — Qg — Qr — Ay + OPiey

(1 =9d)p _1+goa_1+goa_1+gpa _1—i—cpd
T w0 T T 00 T 1100 Tt T T o
1-96 1-9¢ (14 )

c :
+1—|—(5§0 t+1+gp5pt+ 1+ 26 Pt
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It follows from the consumer optimal demand that the following condition holds:

¢ — Cpy+d
pr=phy - k; 23 (A.58)

Hence,

(1 - Oék)(l - Oékﬁ)

H _ H
Tt = BE, Tyl T

e93
" (1—-0)p _1+g0a_1+<,0d_1+g0a _1+g0d
1+ @ Ykt 1+dp ' 1+6p ' 1+6p m 146y ki (A.59)
1-06)(n—1 1—90 [cpy—d (1 +
4 ( )(n )Ct+ { k.t kz,t] + ( ©) (pm —Pﬁt) .
n(1+ dp) 1+ o n 1+ pd
Using the fact that
2y (8) + diy — 20}y 4(9)
pg,t = 1 : +p}£
1LH . , (A.60)
B _p(pkz,t - p}c,t) + 2t (1) + dpp — ng,t(z) pI’H
= kot
n :

we can write:

IH . .
PPy — Pry) gy n 2y (1) = 21,0(1) 1LH

p}c,t - p?,t = p}c,t + # 7 1 — Py
H . .
n—p LH At Zé,kz,t(z) — 2,(4)
= 1 (p}c,t - pk,t) - T + n <A‘61>
) n—p<zm< ) —zmu)) e ) =2
n 4 n n

Firms’ output is given:

Yr,t (1) = (1 — ¥)Crcpe (i +¢[Zwek/zekt Jyi d]+zw£k/zékt(]7 )dj] (A.62)

/=1

A.8 Aggregates and Market Clearing Conditions

H
Pk,t

e Input Terms of Trade: Sy, = PF
k.t
e Law of One Price: P/ = X, P}

e Input Real Exchange Rate: Qr: = Xt Bt
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Sectoral Output: y: = Lk S yre(i) di

n

Intersectoral Demand for Intermediate Inputs: 2o = —— [ [ 2504(¢,5) di dj

nEng
Aggregate Output: y; = >, My
Aggregate Consumption: ¢; = Y, CkCry
CPI:
K
Pt = Z Ckpgt
k=1

Sectoral Price Level, Domestic:

Sectoral Price Level, Foreign:

Aggregate Sectoral Price Level:

. 1 N N
pal) = — [+ [oh0)a)

k

Aggregate Home Consumption:
K
Cy = Z Ckck,t
k=1

Sectoral Consumption:

1
_ 1 Y di
Cht = 7 / Cra (i) di

Inputs Used by Firm ¢, k:

K*
2p(1) = Z wllj,ézllie,t(i) + Z wllj,ézl};f,t@)
=1

/=1

Aggregate Intermediate Inputs:

K K*
2= Z/Z?t(]) dJ+Z/Z£t(]) dj
=1 =1
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e Sectoral Labor Input:
1
Ny
e Aggregate Home Hours:
K
= Z ngly (A.72)
k=1
e Aggregate Home Wage:
K
wy = Z MWkt (A.73)
k=1

Firm ¢, k Total Output:

ykt(l) = (1 - ¢)Ckckt

K (A.74)
+¢[szk/ V)2 (i d]+zwek/VZ?kt(], )d]}
=1
e Sectoral Output:
Nt = (1 — ) (Cr
K (A.75)
| St = )l Z ittt
=1
o Aggregate Gross Output:
Y = (1 — lp>Ct + Q/JZt <A76)
A.9 Log-linear Equilibrium Conditions
Cht — Ct = —U(Pg,t — pt) + dy (A7)
Ot (1) = e = —0(Dh, (1) — Phiy) (A.78)
2t (1) = —p(Peg — Prg) + 2,(4) (A.79)
ZII;IZt( ) = n(pu pg,t) + ZIIc_It(Z) + dyy (A.80)
Dt (1:5) = =00 () = Pily) + 2 (0) (A.81)
z}:t(z) = —p(pg,t = Dhy) + 21,4 (7) (A.82)
Z?e,t(i) = _77(175,75 - pg,t) + Zlit(i) + dZt (A.83)
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Zg,z,t(ivj) = —Q(pzt(j) - pZt) + Z!E,Z,t(i)

Yr,t(1) = (1 — ) Ccr

+¢[szk/zekt Jy1 d]+Zw /szt(,% )dj}

where 1) = (5%

Euler Equation:

1]. 1
=By — s |:Zt - (Et(pt+1> —Pt)] + ;(% — E, %+1)

Wit — Pt = SOlkt +oc
Yrt(1) = G¢ + Qps + ar + age + (1 — 0) e (4) + d254(0)

Log-linearization of the Minimization/ Efficiency Condition:
2 (1) = Wip + Ui e () — (1 = V)ppy — vDgy

Log-linearization of Marginal Cost:

o= 5 (5) w2 (7))
_= ~ < — UV
M1 5\1-0) A AL AAL Py

Wi\
()
1

=5 1 b s 1 s Wi\ Wi )™
T
, 505 A Ap AvAr, PY, PE,

o
H
I

1
1 1 5 _s 1 -5 1-p =P
1-96 — _ I)V 1 _ PH PF
Mk’t <1 -9 ( 1—- 5) AtAk,tAtAk,t> it [( Y) < k’t) - V< k’t) }

—1

[

=L 1 0 \_s 1
M it - < 1, A )
kit 1-4 ( 1- 5) At A 1 At Agy

Now, we log-linearize around a symmetric steady state and add prices:

=9 H e F e %
Wkt |:(1 —l/) <Pk,t> +V<Pk,t> :|

(A.84)

(A.85)

(A.86)

(A.87)

(A.88)

(A.89)

(A.90)

Myt = —Qp — Qg — Ay — Qg + (1 - 5)wt - (1 - 5) ((1 - V)plig{,t + Vpg,t) + Dkt (A-94)

or

Myt = —Qp — Qg — A — Qg + (1 — 0)wy + Ipgs,

where

Pkt = (1- V)pII;I,t + sz,t‘
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Optimal Sectoral Prices:

ﬁg,t = (1 — axB)mp + B E, [pg,tfl]

pll;l,t =(1- ak)ﬁllj,t + Oékpllj,t—l

A.10 Log-linear System
1) IS Curve:

1/.
¢t = Byepy — p (Zt — B+ — Ey ’Vt+1>

2) Aggregate Labor Supply:
wy — pr = @l + oc

3) Aggregate Resource Constraint:

maxKyK* K
(1 — w)ct + @th = dt + (o + Z &k,t + Z (Zk-7t + (1 — 5)lt + (SZt
k=1 k=1

4) Cost Minimization:

wy =2 — + Dit
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B Summary of Equilibrium Conditions
Demand Shocks:

K
Z D=1
=1

Sector Shares:

K K*
= (1-9)G + zﬁ}jw@2+§jaﬁﬂ
V4 /=1

Consumption share N _ _

TV
Outdegree: Usage of sector k input

by other local firms and foreign firms

K* K
np= (-9 + w{anwEHmeZk} :
M /=1 /=1

Consumption share

~
Outdegree: Usage of sector k input

by other local firms and foreign firms

where ¢ = § &.
Aggregate Equilibrium:

ye = (1 —)er + Pz
i = (L= e + v
yt:d+2&knk+a+2aknk+(1—5)lt+5zt
yt—a+2aknk+a —|—Zaknk — 0l + 0z
wy = 0o¢ + ol + py
wy =oc; + plf +p;
wy = 2y — Iy + avp,
w; =z — I} + avp;
¢t =Cop1— 0 (i = Pryr — Pe) + % — Ve + Ve — Fer
¢ =Ci1 — o (it —Piy1 — P % — Y e — T
i = pitr-1 + (1 = pi) (dxTe + dyyr) +
"= piiy_y + (1= pi)(onm) + Oyyy) + 14
Ty =q+p—p;
G=7 —pte—c
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Sectoral Equilibrium:

oy = e — NPy — Pe) + diy
CZ,tZCZ‘—n(pgﬁ—p?)erZ,t

P (ayt et ar+ans ) + ———cp 4 22
Wyt = — a: + a a; + a c
k.t 1+¢5yk,t 1+905 t kit t kot 1_}_('051; 1+905
R T S o ) ©o
wk’t—1+¢5yk7t 1+gp(5(at+ak’t+at+ak’t>+1—|—9056t+1+g05
mk,t—(1—5)wk,t+5pk,t—dt—ak,t—at—ak,t
ml:,t:(1_5)wz,t+5pl:,t_&t_&k,t_a:_az,t

Sectoral Phillips Curves:

BE, ) 1 — (1= Bmt +pkt 1= Hk(pll;l,t My t)
BE, p; d1— (1= 5)271“, +pkt 1= ’?k(pgj Myt + )
BE, pk,t+1 (1 6>pkt +pkt 1= ’fl:(pllj,t mz,t xt)
BE; PE;H (1- 6)pkt + pkt 1= Fd;:(pgfg m?;,t),
where ki = (1 — ag)(1 — a8) /g, 12
Price Indexes:?°
pkt Zwk epift
pkt Zwk €p£t
Pkt = (1 - ’/>P}£ + Vpi’,l;
I, Hx
Pry Zwk epu
IF* * k
Pry = Zwlljépgt
* s T Hx * I Fx
Pre=V'Dg, + (1 —v")py,

Tn practice, we let a4, differ between countries.

Dit + Dt

plt,t + pf{

(B.28)

(B.29)
(B.30)

(B.31)

(B.32)

(B.33)

20Here, p}it is the aggregate price of output in home sector k£ sold in the domestic market, pg’t is the

aggregate price of output in foreign sector £ sold in the domestic market, p}clf is the aggregate price of

domestic inputs purchased by firms in home sector k, and piFt is the aggregate price of foreign inputs

purchased by firms in home sector k.
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K
Pe = Z Qkpg,t
k=1
K*
P =Y _Gris
k=1
Average Prices:

avph = anpIH
avpf = Znip}f;
avp = (1 —v) X avph + v X avpf

* I, Hx
avph® = kD

* *, LLFx*
avpf :anpkt
avp* = v* X avph™ + (1 — V") X avpf*

Sectoral Output:

Ykt =Y +dgs — (1 — ¢)77(p5,t — D)

K

- w{z et [ —n(phs — piy) — PPk — pk,t):|
* * IH* IH* *

Znéwé{k{ pkt Pre ) — PRy _pk,t>+xt:|}
Yee =Y + iy — (L= 0)n(pr;, — )
K*
* I, Fx I, EF% *
+ w{z newp x { — 0Py = Pie") — PPy _pk,t):|

=1

K
+ ) ngwpy { —n(pk, — pRy) — PO — Pra) — :ct] }
/=1
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Shocks:

Vi1
’V:H
gyt
At 41
At+1
Qi1
Ak, t41
aZ,m
A p1

%
dk,t+1

_ 7 v .Y
=P Nt 064

— UAF P
=PV T 0 €4

_ a aa
=p a0 €y

&~
= POkt

aa
+ 0Lk tt1

_ a a_a
=pat o€,

a _ax

_ a ok
=pa; + 064

a
= PrOkt
_ a ok
= Prl ¢
d
= ,Okdk,t

_ o d g*
= Pkdk,t
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C Additional Results

Figure C.1: Aggregate Effects of a Sectoral Shock: No Intermediate Inputs
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Notes: The share of intermediate inputs, both domestic and foreign, is zero.
Source: All figures in this appendix are based on authors’ calculations using a calibrated model.
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Figure C.2: Aggregate Effects of a Sectoral Shock to a Relatively Flexible Sector

Consumption
""""""""" Foreign
— — —— Domestic
Global
5 10 15 20

Real exchangerate

5 10 15 20

0.15¢

0.1t

0.051

Inflation

0.087

0.06 1

0.04r1

0.02

0.

Interest rate

-0.02
0

5

10

Note: Price rigidity in the shocked sector is 17.5 percent lower than in the baseline.

Figure C.3: Aggregate Effects of a Sectoral Shock: All Sectors Have the Same Price Rigidity
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Figure C.4: Price Rigidity Is Heterogeneous at Home but Homogeneous Abroad
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Note: In the economy with heterogeneity, price rigidity in the shocked sector is above average.

Figure C.5: Price Rigidity Is Homogeneous at Home but Heterogeneous Abroad
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Note: In the economy with heterogeneity, price rigidity in the shocked sector is above average.
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Figure C.6: Asymmetric Linkages: Shock to a High-Imports Sector and Above-Average Price Rigidity
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Notes: The shocked sector abroad supplies all foreign imports.

Figure C.7: Asymmetric Linkages: Shock to a High-Imports Sector and Below-Average Price Rigidity
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Notes: The shocked sector abroad supplies all foreign imports.
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Figure C.8: Asymmetric Linkages:
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Notes: The shocked sector abroad supplies all foreign imports.

Figure C.9: Aggregate Effects of a Sectoral Shock: Reduced Share of Imports, Symmetric Linkages

Notes: The import share parameter is reduced to v = 0.15. The production linkages are symmetric, as in Figure 1.
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Figure C.10: Aggregate Effects of a Sectoral Shock: Increased Role of Imports, Symmetric Linkages
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Notes: The import share parameter is increased to v = 0.8, and the Armington elasticity to p = 3. The linkages are

symmetric, as in Figure 1.

Figure C.11: Aggregate Effects of a Sectoral Shock: Increased Imports Share Only, Asymmetric Linkages
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Notes: The import share parameter is increased to v = 0.8, but the Armington elasticity is unchanged, at p = 1.
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Figure C.12: Aggregate Effects of a Sectoral Shock: Increased Armington Elasticity Only, Asymmetric Linkages
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Notes: The import share parameter is unchanged, at v = 0.4, but the Armington elasticity is increased to p = 3.

Figure C.13: Symmetric Linkages and Persistent Shocks
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Notes: The sectoral shock persistence increases from 0.85 to 0.95.
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Figure C.14: Asymmetric Linkages and Persistent Shocks
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Notes: The sectoral shock persistence increases from 0.85 to 0.95.
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