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Abstract

This paper studies the design of monetary policy in small open economies with
domestic and cross-border production networks and nominal rigidities. The mone-
tary policy that closes the domestic output gap is nearly optimal and is implemented
by stabilizing the aggregate inflation index that weights sectoral inflation according
to the sector’s roles as a supplier of inputs and a net exporter of products within the
international production networks. To close the output gap, monetary policy should
assign large weights to inflation in sectors with small direct or indirect (i.e., via the
downstream sectors) import shares and failing to account for the cross-border produc-
tion networks overemphasizes inflation in sectors that export intensively directly and
indirectly (i.e., via the downstream sectors). We validate our theoretical results using
the World Input-Output Database and show that the monetary policy that closes the
output gap outperforms alternative policies that abstract from the openness of the
economy or the input-output linkages.
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1  Introduction

Modern production revolves around intricate input-output relations within domestic firms and
between domestic and foreign firms, and the position and import-export intensity of each domes-
tic firm along the production networks are critical for an economy’s response to shocks and the
efficacy of stabilizing economic policies. Disruptions to the international input-output linkages
during trade tensions between China and the US since the “China Section 301-Tariff Actions”
in 2018 and the COVID-19 pandemic exemplify the primal role of international input-output
linkages for the changes in output and prices and the stance of monetary policy."

Yet, there is no systematic research focused on the design of monetary policy in open economies
with both domestic and cross-border input-output relations—despite two separate strands of lit-
erature providing distinct insights on the issue. On the one hand, in a one-sector open economy
model with nominal price rigidities and without input-output relations, the optimal monetary
policy trades off the distortions from domestic inflation and from the terms of trade. On the
other hand, in a multi-sector closed economy with domestic input-output linkages, the mone-
tary policy should target a weighted average of sectoral inflation with the weights proportional
to Domar weights (i.e., the sectoral-sales-to-GDP ratio) to account for the propagation of sectoral
distortions along input-output linkages.

In light of these separate findings, it remains unknown what would be the policy prescrip-
tion for a monetary authority that operates in an open, multi-sector economy with cross-border
linkages between domestic and foreign firms in addition to domestic input-output linkages. Our
paper sheds light on this outstanding issue by addressing the following two questions: (i) What
is the role of domestic and cross-border input-output linkages in the design of monetary policy?
(ii) What are the pitfalls of monetary policy that disregards cross-border input-output relations?

We study these issues by developing a multi-sector, small open economy model with produc-
tion networks between domestic and foreign sectors that are subject to nominal rigidities. Our
model combines the one-sector open economy framework in Gali and Monacelli (2005) with the
production network framework similar to Ghassibe (2021b), La’O and Tahbaz-Salehi (2022), and
Rubbo (2023).

In our multi-sector economy with nominal rigidities, inflation in the different sectors gener-
ates sectoral markup wedges that encapsulate the sectoral distortions that prevent the attainment
of efficient allocations in the flexible-price equilibrium. The domestic and cross-border input-
output linkages further propagate these sectoral distortions throughout the economy, resulting
in aggregate distortions. Following the business cycle accounting approach in Chari et al. (2007),
we use efficiency and labor wedges to characterize the aggregation of sectoral shocks and distor-
tions in our economy. The efficiency wedge is a weighted average of exogenous sectoral shocks
and is independent of sectoral markup wedges up to the first-order approximation. In contrast,

*See Auray et al. (2024) and Bai et al. (2024, 2025) for discussions on the impact of trade barriers and Covid-19
on output and monetary policy.



the labor wedge is a weighted average of sectoral markup wedges and, therefore, is relevant
to monetary policy aimed at eliminating aggregate distortion. In particular, the labor wedge is
proportional to the aggregate output gap (OG)—defined as the difference between the aggregate
output in the sticky price and in the efficient, flexible price equilibria. Thus, the monetary policy
that closes the aggregate output gap eliminates the first-order aggregate distortions in the open
economy with production networks. We refer to this policy as the output gap (OG) monetary
policy.

To close the aggregate output gap, the OG monetary policy stabilizes the aggregate inflation
index that is proportional to the aggregate output gap by weighting the inflation of different
sectors. The weight assigned to the inflation of each sector is the product of two components: (i)
the sector’s price rigidity that maps positive sectoral inflation into the negative sectoral markup
wedge under nominal rigidities, similar to Rubbo (2023),” and (ii) the sector’s OG weight that
measures the contribution of the sectoral markup wedge to the aggregate output gap, which
crucially depends on the interplay of domestic and cross-border input-output linkages. The size
of the sectoral OG weight is determined by three channels that rely on distinct roles of the sector
for the aggregate output in the network economy: (i) the Consumer Price Index (CPI), (ii) the net
export income, and (iii) the net profit income channels. While the CPI channel is also present in
closed economies, the net-export and net-profit income channels are unique to open economies.

In the CPI channel, a negative sectoral markup wedge leads to lower CPI than in the efficient,
flexible-price equilibrium, which raises the real prices and, thereby, the supply of factors, hence
generating a positive aggregate output gap. In the net export income channel, a negative sectoral
markup wedge leads to lower domestic prices than in the efficient equilibrium, which increases
net exports and, thus, the domestic labor income, generating a positive aggregate output gap.
In the net profit income channel, a negative sectoral markup wedge has two opposite effects on
the aggregate output gap: (i) one leading to lower domestic prices that increase the net profit
income from increased exports, and (ii) the other increasing the costs of imported foreign inputs
that reduce the net profit income.

The sizes of the three foregoing channels are determined by the different roles of the sector
in the open-economy input-output network as a supplier of inputs and a net exporter. Because
the CPI is the price of aggregate output, the size of the CPI channel is determined by the sector’s
direct and indirect (via the downstream sectors) contribution to domestic aggregate output as a
supplier of inputs—which we measure using domestic supplier centrality. The size of the net export
income channel is determined by the sector’s direct and indirect (via the downstream sectors)
contribution to the net exports and the resulting contribution to domestic labor income—which
we measure using net export centrality. Finally, the net profit income channel is absent in closed
economies, and its size is tiny in open economies, as will be shown in numerical simulations of
our model.

*Under nominal rigidities, sticky-price firms cannot raise their prices in response to positive inflation in marginal
costs, thereby generating a lower sectoral markup in the sticky price than in the efficient, flexible price equilibria.



Our model nests the closed economy framework with the production networks a la La’O and
Tahbaz-Salehi (2022) and Rubbo (2023). Specifically, the OG weight is equivalent to the Domar
weight, as the net export and profit income channels are absent, and the domestic supplier centrality
encapsulating the CPI channel is equivalent to the Domar weight in the closed economy.

Using our small open economy model with production networks, we initially focus on our
tirst research question regarding what is the role of domestic and cross-border input-output
linkages in the weights of sectoral inflation the monetary policy should adopt to close the output
gap. We find that the OG weight of a domestic sector decreases in the imports of foreign goods
by the sector and its downstream sectors, because more imports reduce the sector’s direct and
indirect contribution to the domestic aggregate output, thereby reducing the size of the CPI
channel and resulting in a smaller OG weight. As such, the monetary policy should assign large
weights to the inflation in domestic sectors having small direct and indirect (via the downstream
sectors) import shares.

We then focus on our second question and examine the pitfall in a monetary policy that
adopts the Domar weights—which eliminate the output gap in the closed economy—disregarding
the role of cross-border linkages. In open economies, sectoral products are sold to both domestic
and foreign markets. Thus, the Domar weight in open economies is proportional to fotal sectoral
sales that encapsulate the contribution of the sector to foreign demand in addition to domestic
aggregate output. As a result, the monetary policy that aims at closing the domestic aggregate
output gap—but yet adopts the Domar weight—over-emphasizes the inflation in sectors that
export intensively to foreign countries directly and indirectly (via the downstream sectors). The
difference between the Domar and OG weights is proportional to the degree of openness and is
quantitatively significant in small open economies, as we show in our numerical simulations.

To study the quantitative relevance of our theoretical results and the welfare differences
across alternative monetary policies, we calibrate the model to the World Input-Output Database
(WIOD). The database comprises 43 countries with 56 major sectors for the year 2014. The vari-
ance decomposition of sectoral OG weights shows that the sizes of the CPI and net export income
channels explain the bulk of the variation in the OG weight, with the importance of these two
channels decreasing and increasing with the openness of the economy, respectively.

We use regression analysis to study the co-movements in the observed OG weights with the
centrality measures for the countries in our sample. The results corroborate our two major the-
oretical findings for the OG policy: (i) the OG weight of a domestic sector increases with the
domestic supplier centrality—which encapsulates the sector’s contribution to domestic aggregate
output as a supplier of inputs—and it decreases with the sector’s import intensity—which encap-
sulates the imports of the sector and its downstream sectors, and (ii) the difference between the
Domar and the OG weights for a domestic sector increases with the sector’s export intensity—
which encapsulates the direct and indirect (via downstream sectors) exports of the sector—and
decreases in the customer centrality—which encapsulates the sector’s contribution to domestic
aggregate output as a customer of domestic labor. Moreover, compared to the import and export



shares, the import and export intensities that account for the input-output linkages have higher
explanatory power for the variation of sectoral OG weights. We use Mexico as a representative
small open economy to illustrate key theoretical results on the difference between the OG and
Domar weights. For instance, the export processing sector that manufactures machinery and
equipment with 32% of its inputs from abroad and exports 99% of its output has an OG weight
that is 87% lower than the Domar weight, corroborating our theoretical results on the relevance
of international production networks for the stance of monetary policy.

Finally, we compare the welfare of alternative monetary policies, showing that the OG policy
is close to the optimal monetary policy and outperforms three alternative monetary policies:3
(i) the monetary policy that targets the Domar-weighted inflation index (and therefore abstracts
from the openness of the economy); (ii) the monetary policy that targets the CPI-weighted in-
flation index (and thus abstracts from the openness and the input-output linkages); and (iii) the
monetary policy that accounts for the openness but abstracts from the input-output linkages.*
For instance, in Mexico, the OG policy improves over the Domar-weight and CPI-weight policies
toward the optimal monetary policy by 67% and 99%, respectively. In the more open economy of
Luxembourg, improvements from the OG policy are larger at 95% and 99%, respectively. In the
more closed economy of the US, however, there is little welfare difference between the OG and
Domar-weight policies, indicating that the imports and exports play a limited role in the design
of monetary policy in countries with a low degree of openness. Accordingly, our numerical anal-
ysis further emphasizes the quantitative importance of considering both input-output linkages
and the openness of the economy in designing monetary policies in small open economies.

In particular, we derive the analytical solutions of welfare loss and the optimal monetary
policy to compute welfare loss. We find that the welfare-loss function in the open economy has
similar components to the closed economy, as it comprises quadratic terms for the aggregate
output gap and the within- and across-sector misallocations. However, compared to the closed
economy, in an open economy, these common components differ in their contributions to wel-
fare in three important ways: (i) the contributions of sectoral distortions to the aggregate output
gap—encapsulated by the OG weights—are different from the Domar weight used in closed
economies, (ii) the contributions of the aggregate output gap to sectoral inflation and thereby
distortions—encapsulated by the slopes of the sectoral Phillips curves—include the nominal ex-
change rate channel that is unique to open economies, and (iii) the weights of sectoral distortions
in the across-sector misallocation account for distortions in the use of home versus foreign prod-
ucts and in the nominal exchange rate, both of which are specific to open economies. These
differences in welfare loss amount to substantial differences in the welfare-loss function and the
optimal monetary policies between closed and open economies.

3See Online Appendix A for the analytical solutions of welfare loss, sectoral Phillips curves, and the optimal
monetary policy.

#The Domar-weighted (vs. CPI-weighted) monetary policy targets the aggregate inflation index that weights
each sector’s inflation with the product of the sector’s Domar (vs. CPI) weight and price rigidity.



Related literature. Our paper is related to four separate strands of literature. First, we relate to
literature on the design of monetary policy in closed economies with production networks. La’O
and Tahbaz-Salehi (2022) and Rubbo (2023) show that in closed economies, monetary policy that
closes the output gap is nearly optimal, and weights inflation in the different sectors according
to the sectoral Domar weights that account for the structure of the domestic production network.
Compared to those two studies, we show that monetary policies in open economies need to
account for the interplay between domestic and cross-border input-output linkages.

Second, we relate to literature that investigates the aggregation of sectoral distortions and
shocks. Chari et al. (2007) use labor and efficiency wedges to characterize the aggregation of dis-
aggregated shocks and distortions. Bigio and La’O (2020) extend that analysis to study a closed
economy with production networks; they reveal that the efficiency wedge does not include first-
order distortions and that only the labor wedge is critical to first-order economic efficiency. We
generalize their results to an open economy with international production networks. Baqaee
and Farhi (2024) study the distortions in a global economy with interconnected countries and
sectors. Elliott and Jackson (2024) study the propagation of supply chain disruption in an inter-
national production network. Compared to their work, we examine the distortions in small open
economies and focus our analysis on the design of monetary policy.

Third, we relate to literature on the transmission of monetary policy in production networks.
Ghassibe (2021a,b) and Afrouzi and Bhattarai (2023) develop an analytical characterization of
the transmission mechanism of monetary policy in closed economies with production networks.
Nakamura and Steinsson (2010) and Pasten et al. (2020) provide a numerical characterization of
the effect of monetary policy on aggregate output and inflation. Compared to those foregoing
works, we focus on the design rather than the transmission of monetary policy in network
economies.

Fourth, we link to the numerous studies on the design of monetary policies in small open
economies without production networks. While earlier work focuses on one-sector small open
economies (e.g., Gali and Monacelli, 2005; Soffritti and Zanetti, 2008; De Paoli, 2009), more recent
studies by Matsumura (2022) and Wei and Xie (2020) explore small open economy models with
multiple sectors. Compared to the foregoing studies, we derive closed-form solutions for the
output gap and optimal monetary policies and provide a comprehensive analysis of the design
of monetary policies in small open economies with fully-fledged domestic and cross-border
input-output linkages.

Outline. The remainder of the paper is organized as follows. Section 2 describes our model
of a small open economy with production networks. Section 3 studies the OG weights and
characterizes the OG policy that eliminates the aggregate output gap. Section 4 quantifies the
theoretical results using data and compares the welfare of alternative monetary policies. Section
5 concludes the paper.



2 Small open economy with production networks

2.1  Environment

The static, small open economy is populated by a representative household consuming domestic
and imported sectoral products and supplying labor in exchange for wage income, a government
that levies sector-specific taxes and manages the aggregate demand by controlling the money
supply, and producers that operate in N € IN;. different sectors, indexed by i € {1,2,--- ,N}.

Each sector i comprises two types of producers: (i) a unit mass of monopolistically competi-
tive firms indexed by f € [0,1] that transform labor and intermediate inputs into differentiated
goods, and (ii) a unit mass of perfectly competitive firms that pack the differentiated goods of
each sector into a domestic sectoral product, which are both used domestically and exported
to foreign consumers and producers. Each domestic sectoral product has an equivalent foreign
sectoral product available for import. Consumption and intermediate inputs comprise domestic
and foreign sectoral products.

2.2 Producers

Monopolistically competitive firms. Within each sector i, monopolistically competitive firms
use a common constant-returns-to-scale production technology to transform labor and interme-
diate inputs into differentiated goods. The production technology of each firm f in sector i

Lif>“i (X )
Yi=A;- (L ' 1
v l ( &i E Wi,j )

where A; is the sector-specific productivity shock, Yjr is the output of firm f in sector i, L;f is

is

its labor input, and X;;, is the intermediate input acquired from sector j. Parameter «; is the
share of labor, and w; ; is the share of intermediate inputs from sector j. The collection of {Wi,j}i,j
characterizes the input-output table. Constant returns-to-scale implies that «; + ijil wij=1.

The openness of the economy is reflected in the composition of X;y ;, which is aggregated from
a domestic sectoral product Xp;¢ y; and an imported foreign sectoral product Xp;f r; according
to the following constant-elasticity-of-substitution technology:

b;
6,~1 0;-1 iy

1 g - 1 L - ]
0. 0 e 0;
L. — ] ] _ Y, j
Xzf,] = Ux,i,jXHif,Hj + (1 vx,l,]) jXHif,Fj ’ (2)

where 0; is the elasticity of substitution between domestic and foreign sectoral products in in-
termediate input Xjs;. v,;; is the home bias parameter, which in equilibrium is equal to the
steady-state expenditure share of Xy y; in the composite intermediate input X;y ;.
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The total cost of inputs used by the firm is

N
TCif = WLif + E(PjXHif,Hj + S Pip,pjXHif Fj)s ()
j=

where W is the nominal wage rate, P; is the domestic sectoral price, PI*M,F]. is the exogenous
sectoral import price denominated in the foreign currency, and S is the nominal exchange rate.
Given output Y;¢ and the production technology in equation (1), the firm optimally chooses
labor and intermediate inputs to minimize TC;¢, which yields the marginal cost of production
that equals the average cost due to the constant-return-to-scale technology. Moreover, because
all firms f in each sector i share the same production technology and face the same input prices,
the marginal cost of production is identical across all firms in sector i, and we denote it by ®
As a result, given the firm’s price P;y and the sectoral tax (or subsidy if negative) rate 7; on sales,
the nominal profit of firm f in sector i equals

Iy = (1 — ) PiYis — Di - Yiy. (4)
Sectoral goods packers. In each sector i, the perfectly competitive and identical sectoral goods

packers transform the differentiated goods produced by the monopolistically competitive firms
into a sectoral product using the following constant-elasticity-of-substitution technology:

Y_</ ldf) , (5)

where the within-sector elasticity of substitution between different firms” products is ¢; > 1. The

cost minimization of the goods packers yields the following sectoral price index and demand

1 e
P = p1 egp) 0 AN
= and Yif = P, Y;. (6)
1

Nominal rigidity and sectoral markup wedges. Denote P} the price that maximizes the firm’s

function for the firms:

profit in equation (4) subject to the demand function in equation (6), which is equal to the
following:

1 g
! 1—Ti81'—1 ! Hi

: (I)i/ (7)

where uf denotes the desired sectoral (gross) markup. Nominal rigidity is modeled as static
Calvo-pricing friction, in which only firms indexed by f < §; € [0,1] are allowed to choose their
desired price P¥ and the remaining firms maintain their price at the steady-state level. We refer



to (1 —6;)/9; as the price rigidity of sector i. The sectoral markup p; = P;/®; differs from the
desired markup ! if the price rigidity of sector i is strictly positive, viz, (1 —6;)/; > 0. We
define the sectoral markup wedge for domestic sector i as the log deviation of the sectoral markup
from the desired markup, viz, In(y;) — In(u?).

2.3 Households

The preference of the representative household is described by the utility function defined over
domestic aggregate consumption C and labor supply L:

cl-o L1+e

W) =15 " 154

(8)

where ¢ is the degree of diminishing marginal utility of consumption and ¢ is the inverse of
the Frisch elasticity of labor supply. In our static model without investment, domestic aggre-
gate consumption is equivalent to the (domestic) aggregate output; thus, we refer to C as the
aggregate output throughout the paper.

The (domestic) aggregate output C combines sectoral consumption {C;}; that comprises do-
mestic and imported components, Cp; and Cp;, respectively, for each sector i, represented by>

N /c, Bi el 91‘9—1 N 91’9—1 71
C = 1—{ (ﬁ_z) , where C;= (vilCHi’ + (1 —0;)%Cp/’ ) . (9)
1=

{B;}; is the set of consumption shares satisfying YN ; B; = 1, and v; is the home bias parameter
for the consumption of sectoral products. Denote P¢ as the price index of the aggregate output
C, viz, the CPL The budget constraint of the household is

N N 1
PcC =) (PChi+S- Piy;Cri) < WL+ 2/0 Higdf + T, (10)
i=1 i=1

where I1;f is the profit from firm f in sector i, and T is the lump-sum transfer of the tax rev-
enues to the household. To purchase the consumption goods, households demand the following
amount of money as the medium of exchange:

Md = Pcc. (11)

5As we show in equation (A.3) of Proposition 6 in Appendix A, the aggregate consumption gap (C) drives sectoral
inflation in the Phillips curves. For consistency with the terminology used in the optimal monetary policy literature,
and with a slight abuse of notation, we will refer to C as the aggregate output gap, and to C as the aggregate output
throughout the paper.



Cost minimization by the household yields the price index of aggregate output:

/51‘

N
H(v P1 9‘—|— (1—9;)(S- PIMFZ)1 9) . (12)
i=1

2.4 International trade

In addition to the sales subsidy {7;};, the government also imposes sector-specific export tax
{texi}i on the products exported to foreign countries. The no-arbitrage condition implies
that there is no difference between the prices that producers receive from exporting (i.e., (1 —
Tex i) Pex i) and selling domestically (i.e., P)):

(1 — TEX,i)PEX,i =P, Vie {1,2, s ,N} (13)
The export demand for sector i’s product is modeled as the reduced-form demand function®

Yex; = (Pex;/S) % Dex Fir (14)

where Dgy p; is the exogenous component of foreign demand, Px i/ is the price of the exported
domestic sector i goods in units of foreign currency, and the export demand is inversely related
to domestic goods’ export price, with 0r; as the price elasticity of export demand.

Trade is balanced in the static economy, which requires the value of exports to be exactly
identical to the value of imports in the whole economy, resulting in the following:”

ZPEXIYEXz S ZPIMFZ (Z/ XH]szdf+CFz> : (15)

i=1 i=1

This trade balance condition pins down the endogenous nominal exchange rate S in equilibrium.
The trade balance condition is equivalent to the binding budget constraint of the households in
the aggregate.

2.5 Aggregate states

There are three types of exogenous sector-level states in the economy: the productivity {A4;};,
the foreign demand {Dgy ;};, and the import price {Pjy, r;};- The aggregate state ¢ collects the

SIn general, the export demand in equation (14) can be written as Yrx; = [Pex,i/ (S - Pix )] % Diy ri» Where Pgy p,
is the exogenous price for foreign-produced sector i’s product in foreign markets, D;, ;, is the exogenous foreign
demand given the prices. Therefore, Dj,; in equation (14) captures the effects of both P;, ,; and Dj, ;; on export
demand.

"Engel (2016) advocates using a balanced trade assumption instead of the risk sharing condition in the complete
market.



realized states:

[z

_ 3N
¢ = {Ai/ DEX,Fi'PI*M,Fi}ie{Lz ,,,,, N} c== Rzo- (16)

2.6 Government: fiscal and monetary policies

The government sets fiscal and monetary policies. Fiscal policy includes a pair of non-contingent
sectoral sales and export taxes {T;, Tgx;}; that do not respond to changes in exogenous states.
The lump-sum transfer T to the households satisfies a fiscal budget balance:
N 1
T=Y, (Tz‘/o PifYirdf + TEX,iPEX,iYEX,i) : (17)
i=1

The monetary policy is a one-dimensional state-contingent money supply M(¢) depending on
the aggregate state . Our paper investigates the design of this monetary policy, with a particular
focus on the monetary policy that eliminates the aggregate output gap.

2.7 Equilibrium definition

The market clearing conditions for product, labor, and money markets are:

N
V() = Cuil®) + X, [ Xeugnl@)af + Ve, @), )
=1
N 1 ]
L@ = L || L), (19)
M(@) = My(@), (20

Definition 1. A sticky-price equilibrium is a set of allocations, prices, and policies (i.e., {T;, Tpx ;i }i and
M()) such that for any realized state € 5,

(i) producers optimally choose inputs to minimize the cost of production;

(ii) monopolistically competitive firms f € [0, 6;] set prices to maximize profits subject to their demand
functions, and the remaining firms f € (6;,1] do not adjust prices;

(iii) representative household chooses consumption and labor to maximize utility subject to its budget
constraint, and the total expenditure determines the money demand,;

(iv) the government budget constraint is satisfied;

(v) all markets clear.

10



We define the flexible-price equilibrium as the special case of the sticky-price equilibrium in Defi-
nition 1 that involves no Calvo-pricing friction, as stated in the following definition:

Definition 2. A flexible-price equilibrium is a set of allocations, prices, and policies satisfying all of the
conditions stated in Definition 1, except that for any sector i € {1,2,--- ,N}, 6; = 1, viz, all firms can
adjust prices flexibly.

While the sticky-price equilibrium is our focus, the allocation of the flexible-price equilibrium
serves as a benchmark to obtain the distortions and welfare losses that nominal rigidities cause.

2.8 Efficient flexible-price equilibrium as reference equilibrium

As per Woodford (2003) and Gali (2015), we use non-contingent subsidies and taxes to eliminate

distortion in the flexible-price equilibrium, as defined by the following assumption:®

Assumption 1. The non-contingent tax rates for sales and exports are equal to
T, =—1/(¢;—1) and tx; = 1/60F;, respectively, for Vi € {1,..,N}. (21)

Under Assumption 1, the flexible-price equilibrium is efficient for the home country, as stated
in the following lemma:

Lemma 1. Under Assumption 1, the flexible-price equilibrium implements the first-best allocation.
Proof: See Section D.2 of the Supplementary Material.

Lemma 1 allows use of flexible-price equilibrium as the reference equilibrium for our further
analyses of aggregate distortion and welfare loss.

2.9 Notations

This section summarizes the notation in the model to facilitate the tracking of vectors and matri-
ces.

Deviations from the steady state and flexible-price equilibrium. We define the steady state
of the static economy as the equilibrium in which all exogenous states A;, PI*M Fir and Pry p; are
at the steady state. We denote with x* and x//** the values for the variable x in the steady state

8In one-sector closed economies, Woodford (2003) and Gali (2015) show that a sales subsidy eliminates the
monopoly distortion and makes the flexible-price equilibrium efficient. La’O and Tahbaz-Salehi (2022) and Rubbo
(2023) use sector-specific subsidies for the same purpose in a multi-sector closed economy. In small open economies,
given that sales subsidies eliminate the monopoly distortion, the monopoly power of domestic producers on the
international market needs to be retained to restore the efficiency of the flexible-price equilibrium. Therefore, we
use sector-specific subsidies and export taxes to remove the monopoly distortion in the domestic market and the
monopoly power in the international market, respectively, as in Matsumura (2022).

11



and in the flexible-price equilibrium, respectively. We express the log deviation of the variable x
from the steady state x°° and the flexible-price equilibrium x/'¢* as:

T=Inx—Inx*, and ¥ =Inx— Inx/’*, (22)

respectively. We denote the vector that collects the sectoral inflation by P = (P, P,,- -, Py)".9
We denote the aggregate output gap by C8%. The sectoral markup wedge is In(j;) — In(uf) =
In(p;) —In(p$®) = ji; as the steady-state markup is equal to the desired markup.

Table 1: Notations of parameters and steady-state objects

Name Expression
Consumption shares and home bias B = (B1, B2 ,ﬁN)T & v=(v,0p,- - ,Z)N)T
Labor shares o= (ag, 00, IDCN)T

Intermediate input shares and home bias | Q = {wj}ijcfiz-. Ny & Vi ={vyij}ijef12- N}
Elasticity of home-foreign substitution 0= (61,00, ,0N)" & Op=(0p1,0r2 - ,0eN)"
Frequency of price adjustment A = diag(é1,02, -+ ,ON)

. T PSSYSS PSSYSS PSSYSS T
Steady-state sectoral Domar weight A= (A, Ay AN) T = (%, %, cee, %)

. T pssyss PSSY}SSSX T
Steady-state sectoral export-to-GDP ratio | Apx = (Aex1,- -, AExN) = (%, .., %)
C C

Steady-state economy-wise labor share AL = WPL¥/PEC®

Parameters and steady-state objects. Summarized in Table 1 are the key parameters and steady-
state variables, denoting vectors and matrices with bold fonts. For expositional simplicity, the
superscript “ss” to denote the steady state is omitted when there is no obvious confusion.

3 Aggregate output gap and OG monetary policy

In Section 3, we first define the wedges—namely, the efficiency and labor wedges—that charac-
terize the aggregation of shocks and distortions in the economy (subsection 3.1). We show that
up to a first-order approximation, the labor wedge is a weighted average of sectoral distortions
and proportional to the aggregate output gap and, thus, relevant for the aggregate distortion.
However, the efficiency wedge involves exogenous disturbances and no structural distortions.
Therefore, eliminating the labor wedge and closing the aggregate output gap are the primary
objectives of monetary policy aimed at offsetting first-order distortions. As noted earlier, we
refer to this policy as the output gap (OG) monetary policy.

To study the contributions of sectoral distortions to the aggregate distortions encapsulated
by the labor wedge and the aggregate output gap, subsection 3.2 defines the centrality measures
that describe the relative importance of each sector as a direct and indirect (via downstream or

%In our static model, inflation is identical to the log deviation of sectoral price from its steady-state level.
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upstream sectors): (i) supplier of inputs to aggregate output, (ii) customer for domestic labor,
and (iii) net exporter. Subsection 3.3 shows that the aggregate output gap is a weighted average
of the sectoral distortions, and the weights—which we refer to as output gap (OG) weights—
are composed of three distinct channels that are functions of the sector’s centrality measures.
Subsection 3.3 derives an analytical solution for the OG monetary policy that closes the aggregate
output gap. Subsection 3.4 studies the interplay between import-export and network structures
in determining the OG policy through the OG weights.

3.1 Aggregate wedges and aggregate output gap

We follow the spirit of Chari et al. (2007) to define the efficiency and labor wedges in the multi-
sector, small open economy as follows.

Definition 3 (Aggregate wedges). The two wedges Aggq : & — Ry and 'y : E — Ry allow
equilibrium aggregate consumption and labor inputs to satisfy the following equations:*°

C(g) = agg(aL(c)A{l”@, V€ &, (23)
1 (C < ) (5)) ac _ ]

in the economy. We refer to Aagq (&) as the efficiency wedge, or aggregate TFP, and T (&) as the labor
wedge, respectively, for any realized state € &.

The equilibrium of the economy is summarized by the aggregate production function in
equation (23) and the intratemporal condition between aggregate consumption and labor supply
in equation (24). The aggregate production function describes the transformation of labor inputs
into aggregate consumption, where the transformation ratio equals the economy-wise share of
domestic labor inputs in total inputs in the efficient, flexible-price equilibrium (A{lex(g)). The
transformation ratio is less than one in our open economy, because domestic firms import foreign
goods as inputs of production in addition to domestic labor. In contrast, the transformation
ratio is equal to one in a closed economy—as per Bigio and La’O (2020)—because all domestic
consumption is produced directly, or indirectly, using domestic labor. The efficiency wedge
Augq (&) captures the shifts in the aggregate production function or the aggregate TFP.

The intratemporal condition in equation (24) relates the marginal product of labor for aggre-
gate output (i.e., 0C/dL) to the marginal rate of substitution between consumption and labor
(i.e., —ur/uc), and the labor wedge I'; (&) encapsulates the distortions that make the marginal
product of labor different from the marginal rate of substitution.

“Section E.2 of the Supplementary Material shows that the marginal product of labor is (0C/dL)(§) =
A (AL 6
agg ;; L g .
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Based on the definition of the efficiency wedge in Definition 3, we establish the following
open-economy version of Hulten’s theorem.""

Lemma 2 (The open-economy version of Hulten’s theorem). Up to the first-order approximation, the
deviation of the efficiency wedge from the steady state is a weighted average of sectoral shocks as follows:

Aagg(8) = C@) - ALL< ) (25)
=ATA={ (o -v))" + AT (@O V1) [Py + Aex @ (0 — D] Dixr

imported consumptzon zmported interm. inputs profits from exports

Proof: See Section E.1 of the Supplementary Material.

Equation (25) shows that deviation of the efficiency wedge from the steady state is linked to
the deviations of exogenous sectoral productivity (A), import prices (ﬁ’f M p), and foreign demand
(IA)E x ), from the steady state. The elasticity of the efficiency wedge to the sectoral productivity
is the Domar weight of the sector (A), as in the closed economy (Hulten, 1978; Bigio and La’O,
2020). In an open economy, however, the elasticities of the efficiency wedge to import prices
and foreign demand depend on the linkages between the domestic and foreign economies. The
elasticity of the efficiency wedge to a sector’s import price shock equals the share of the sector’s
imports of consumption goods and intermediate inputs in aggregate output. Such elasticity
is negative, as imported inflation materializes as a negative supply shock. The elasticity of the
efficiency wedge to a shock to the sector’s foreign demand equals the share of the sector’s profits
from exports in aggregate output. Such elasticity is positive because an increase in the foreign
demand for domestic goods raises exports, which is the equivalent of a rise in the efficiency
wedge for the small open economy.

Lemma 2 implies that—similar to the closed economy case—sectoral distortions have no
tirst-order impact on the efficiency wedge in a small open economy with production networks.
Therefore, the labor wedge encapsulates sectoral distortions entirely, as stated in the following
proposition:

Proposition 1 (Sectoral distortion, efficiency and labor wedges, and the aggregate output gap).
Up to the first-order approximation, the efficiency wedge in the sticky-price equilibrium is the same as the
efficiency wedge in the efficient, flexible-price equilibrium:

Aage() — Al (&) = C8(g) — A - I87(§) = 0. (26)

The labor wedge, though, deviates from the efficient, flexible-price level, and the deviation is proportional

“In closed economies with production networks, Bigio and La’O (2020) define a prototype economy and the
corresponding efficiency and labor wedges. They also show that Hulten’s theorem holds and that sectoral distortions
have no first-order effect on the efficiency wedge.
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to the aggregate output gap:'?

FL() ~TL™@) =T0() = [0~ 1+ (p+ /A (@), 27)
Proof: See Section E.2 of the Supplementary Material.

Proposition 1 shows that up to the first-order approximation, the efficiency wedge is unaf-
fected by sectoral distortions, but that the labor wedge is different from zero and it summarizes
the distortions at the aggregate level. In particular, the deviation of the labor wedge from the
efficient equilibrium is proportional to the aggregate output gap.

Comparison with Baqaee and Farhi (2024). Corollary 1 in Baqaee and Farhi (2024)—which
studies an inter-connected global production network—decomposes the real GDP of an open
economy into the efficiency wedge and the labor. This decomposition can be represented as
the Hulten’s theorem for the open economy. In that sense, our Lemma 2 is a corollary of their
Corollary 1, but under the assumption of nominal rigidities and financial autarky. In particu-
lar, financial autarky in our set-up corresponds to zero lump-sum transfers across countries in
Baqaee and Farhi (2024). Moreover, our Proposition 1 demonstrates the equivalence between the
efficiency wedge in the flexible-price equilibrium (as in Baqaee and Farhi, 2024) and that in the
sticky-price equilibrium, up to the first-order approximation. This equivalence implies that, to
study the first-order inefficiencies and the monetary policy needed to eliminate them, we can fo-
cus on the impacts of nominal rigidities and inflation on the labor wedge instead of the efficiency
wedge, which we pursue in Section 3.3.

3.2 Centrality measures in an open economy with networks

In a multi-sector open economy with production networks, the mapping of sectoral distortions
into the aggregate distortions depends on the relevance of the sector within the network economy
across three dimensions: (i) as a direct and indirect (via the downstream sectors) supplier of
inputs to domestic aggregate output and to foreign countries, respectively, (ii) as a direct and
indirect (via the upstream sectors) customer for domestic labor, and (iii) as a net exporter and the
associated user of domestic labor. We refer to these different dimensions as the supplier, customer,
and net export centralities, respectively. Before constructing our centrality measures for the open
economy and comparing them with their counterparts in a closed economy, we define upstream
and downstream relationships in the network economy.

»The deviation of the labor wedge from the efficient equilibrium equals the deviation of the labor wedge from the
steady state. This is because the labor wedge equals one in the efficient, flexible-price equilibrium for any realized
state ¢, including the steady state.
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Definitions of upstream and downstream sectors in the open economy. We first introduce the

open-economy version of the Leontief-inverse matrix
-1
Lix=(I1-Q0Vy) " ={lrit,;, (28)

which affords defining the upstream and downstream relationships between sector pairs in an
open economy with production networks.

Definition 4. For a pair of domestic sectors r # i, r is a downstream sector of i if I ,; > 0; v is an
upstream sector of i if L,y ; , > 0. Accordingly, we define l,,y , ; and L, ; , as the downstream and upstream
Leontief inverse of domestic sector i, respectively.

We decompose the downstream and upstream relationships from the Leontief inverse into
the direct and indirect components as follows

lvx,r,i =1 (1’ = Z) + wr,ivx,r,ilvx,i,i + ZS#Z' wr,svx,r,slvx,s,i, (29)
—— ——— = ",

direct impact  direct downstream

-

indirect downstream

lvx,i,r =1 (1’ = i) + wi,rvx,i,rlvx,r,r + Zs;éi wi,svx,i,slvx,s,r- (30)
| S N—— | — N _

indirect upstream

direct impact  direct upstream

Equation (29) shows that if » = i, a shock to domestic sector i entails a direct impact on itself,
captured by the first component on the right-hand side (RHS) of the equation. Otherwise, if
r # i is a downstream sector to i (i.e., [, ,;), a shock to i propagates to the downstream sector r
directly—as described by the second component on the RHS of the equation. Similarly, a shock
to i can also propagate to the downstream sector r indirectly via an intermediate sector s that
is downstream to i and upstream to r—as described by the third component on the RHS of
the equation. In other words, the downstream Leontief inverse [/, ,; captures the direct and
indirect contribution of domestic sector i to downstream sectors r as an input supplier. Similarly,
equation (30) shows that sector i uses the goods of its upstream sector r as inputs either directly
(second component on the RHS of the equation) or indirectly via an intermediate sector s that is
upstream to i and downstream to r (third component on the RHS of the equation)—as described
by the different components of the upstream Leontief inverse [y ; ,.

Notably, equations (29) and (30) involve import shares (i.e., vy,;) in the direct and indirect
components. The two equations indicate that the import structure of an open economy interacts
with the input-output linkages (i.e., w, ;) to determine the upstream and downstream relation-
ships between domestic sectors and, in turn, the centrality measures and the OG weights, which
we discuss in detail in subsection 3.4.

Supplier and customer centralities in open economies. In open economies, producers in the
domestic sector supply products to satisfty domestic and foreign demand. Thus, we partition
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the roles of a domestic sector as a supplier of inputs between the supply to domestic aggregate
output and the foreign demand, and we refer to these different roles as domestic supplier centrality
and foreign supplier centrality, respectively, and define them as follows:

Definition 5. The domestic supplier centrality Ap ; of the domestic sector i is defined as

XD,i = Z,Brvrlvx,r,i- (31)
r

The foreign supplier centrality XF,i of the domestic sector i is defined as
Ari =Y Aex Lo (32)
r

Equations (31) and (32) show that the domestic and foreign supplier centralities of sector i are
functions of the sector’s downstream Leontief inverse I, , ;, thus evincing the direct and indirect
contribution of domestic sector i as input suppliers to downstream sectors r. The goods of
downstream sectors r are used for (domestic) aggregate output and for exports—captured by the
consumption share 8,7, and the export-to-GDP ratio Agx ,, respectively. Therefore, the domestic
supplier centrality XD,i (vs. foreign supplier centrality 7\p,i) of a domestic sector i summarizes
the importance of the sector in the network economy as both a direct and an indirect supplier
(via downstream sectors) for the aggregate output (vs. foreign demand or exports).

In addition to the role as a supplier of inputs, a domestic sector also takes the role as a
customer for domestic labor, which we summarize by the customer centrality, defined as follows:

Definition 6. The customer centrality «; of the domestic sector i is given by
a; = Zlvx,i,r‘xr- (33)
r

Equation (33) shows that the customer centrality of sector i is a function of the sector’s up-
stream Leontief inverse [, ;,, evincing sector i’s direct and indirect use of upstream domestic
sector r’s goods, which further requires domestic labor—captured by the labor share a,. There-
fore, the customer centrality of a domestic sector i summarizes the sector’s role in the network
economy as both a direct and an indirect customer (via upstream sectors) of domestic labor.

Net export centrality: the role of sectoral distortions for the labor income from net exports.
In open economies, domestic sectoral distortions are important for net exports. An increase in
the price markup of domestic goods shifts consumption and demand for intermediate inputs
away from domestic producers towards foreign producers, reducing the net exports of the econ-
omy and diminishing the use of domestic labor. The next definition characterizes the net export
centrality that formalizes this channel.
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Definition 7. The net export centrality pnx ; of domestic sector i is given by

ONX,i = Y ONX&rloxr,is (34)

7

where
ONXr = (GF,r - 1) AEX,;r + 6, —1) |Bro, (1 —0p) + ZAsws,rvx,s,r (1 — Vxsr) (35)
s

is the elasticity of the net export of the domestic sector r to the decline in the price markup wedge of the
sector.

The net export centrality and the elasticity of net export in equations (34) and (35), respec-
tively, describe the mapping of sectoral distortions—encapsulated by the sectoral price markup
wedges—into distortions in the net exports and the associated distortion in the use of domestic
labor inputs.

More specifically, a decline in the price markup wedge of domestic sector i propagates down-
stream directly and indirectly to domestic sectors r and leads to lower prices in these sectors,
as evinced by the downstream Leontief inverse I, ,;. The resulting deflation in the domestic
sector r leads to a shift in the demand for sector r goods from foreign to domestic products. It
generates an increase in the exports of domestic sector » goods and a decrease in the imports of
foreign sector r goods both as consumption goods and intermediate inputs—which are captured
by the terms (6, — 1)Agx,, (6, —1)Br0,(1 —vy), and (6 — 1)Asws Vx5 (1 — Uy s,) that comprise
the elasticity of sector r’s net export to its deflation (i.e., pyx , in equation 35), respectively. The
increase in the net exports of domestic sector r generates a rise in the direct and indirect use
of domestic labor, as captured by the customer centrality &, in the net export centrality pnx; in
equation (34).

Comparison of the centrality measures in open and closed economies. In open economies,
the domestic output supplies both domestic and foreign demand, encapsulated by domestic and
foreign supplier centralities, respectively. The domestic producers acquire intermediate inputs
from foreign countries as well as from domestic sectors, thus making customer centrality differ-
ent from the closed-economy counterpart, as shown by the open-economy version of Leontief
inverse in equation (31)."3

In closed economies, there is domestic demand only (i.e., Agx; = 0, Vi), and the foreign
supplier centrality is equal to zero, as goods are entirely supplied to the domestic market. Thus,
supplier centrality is equal to domestic supplier centrality, and it reduces to the Domar weight

Subsection 3.4 discusses how imports and exports interplay with the network structure to determine centrality
measures.
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Table 2: Comparison of the centrality measures in open and closed economies

(1) )

Measure of centrality Economic meaning Open economy Closed economy
Domestic supplier centrality Supplier for (domestic) aggregate output Ap; A; (Domar weight)
Foreign supplier centrality =~ Supplier for foreign demand XFJ 0

Customer centrality Customer for domestic labor w; 1

Net export centrality Net-export-driven changes in ONX,i 0

use of domestic labor

(Bagaee, 2018), as we show in Lemma 5."4 Similarly, customer centrality equals one (i.e. a; = 1) in
closed economies, because the inputs of a sector directly or indirectly are produced by domestic
labor. The net export centrality equals zero in closed economies, as there are no imports or exports.
Shown in Table 2 is a comparison between our centrality measures in open economies (Column

1) and those in closed economies (Column 2).

3.3 Aggregate output gap and OG monetary policy

In this subsection, we show that the aggregate output gap originates from sectoral distortions,
and can be expressed as a weighted average of sectoral markup wedges. The weight assigned
to each sector—which we refer to as the sectoral OG weight—measures the contribution of the
sector’s markup wedge to the aggregate output gap. It is composed of three distinct channels:
the CPI, the net export income, and the net profit income channels. The size of each of these channels
in the OG weight is determined by the centrality measures defined in the previous subsection.

We further define the monetary policy that achieves the zero aggregate output gap (referring
to it as the OG monetary policy). We show that the OG policy is implemented by setting the
money supply to stabilize the aggregate inflation index that appropriately weights the sectoral
inflation. Specifically, the weight of sectoral inflation in the OG monetary policy is the product
of two components: (i) the sectoral price-rigidity that maps sectoral inflation into the sectoral
markup wedge and (ii) the OG weight that maps the sectoral markup wedge into the aggregate
output gap.

Sectoral distortions and the aggregate output gap. Under nominal rigidities, sectoral inflation
generates negative sectoral markup wedges, because the fraction (1 — ¢;) of sector i’s firms cannot
adjust prices in response to changes in marginal costs. As a result, sectoral markup wedges—
encapsulating sectoral distortions—are linked to sectoral inflation through sectoral price rigidi-
ties as follows:">

(&) = —(1—6,)/6; - B(Z). (36)

“Our standard assumption of Cobb-Douglas production function is crucial for the equivalence between the
supplier centrality and the Domar weight, as Baqaee (2018) avers.

“Exogenous shocks to sectoral productivity, import prices, and export demand drive sectoral inflation in the
sticky-price equilibrium. Section D.6 of the Supplementary Material provides the proof of equation (36).
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Because the aggregate output is manufactured using goods from the different sectors, sectoral
markup wedges (j;) influence the aggregate output gap by distorting the price of the aggregate
output (i.e., the CPI), as outlined in the following lemma:

Lemma 3 (Impact of sectoral distortions on CPI). Up to the first-order approximation, the deviation
of the CPI from the efficient, flexible-price level (i.e., the CPI gap ﬁg‘zp ) depends on the nominal wage gap
(WS8%), the nominal exchange rate gap (S8°7), and the sectoral markup wedges (fi;) as follows:

. N ~ N R N
PE(Z) = (;/\D,i“l) W3 (Z) + (1 - ;)\D,ﬂxi) S3P(Z) + ;/\D,i - Hi(8)- (37)

1=
Proof: See Section E.3 of the Supplementary Material.

The aggregate output is produced using inputs from either domestic labor or imported
foreign factors, directly or indirectly (via downstream sectors). Accordingly, equation (37) in
Lemma 3 shows that the distortion in the price of the aggregate output (ﬁgap ) arises from three
different components: (i) the nominal wage gap (W84P) that represents the distortion in the price
of domestic labor; (ii) the nominal exchange rate gap (587P) that represents the distortion in the
price of imported foreign factors; and (iii) the sectoral markup wedges (j;) that encapsulate the
distortion in sectoral markups arising from price rigidities. On the RHS of equation (37), the
weight of the wage gap equals the cost share of domestic labor inputs in the production of ag-
gregate output: YN, Ap ;a;. Similarly, the weight of the exchange rate gap equals the cost share
of imported foreign inputs in the production of aggregate output: (1 — YN, /N\Dli(xi).l(’ Finally,
the weight of the markup wedge of each sector i equals the sector’s direct and indirect (via
downstream sectors) supply of inputs to the production of aggregate output, encapsulated by
the domestic supplier centrality (XD/Z') in the third term on the RHS.

Equation (37) implies that the negative sectoral markup wedges result in a lower CPI in the
sticky-price relative to the efficient, flexible-price equilibrium. In response to the lower CPI, the
real wage (W/ Pc) increases and the real exchange rate depreciates (i.e., S/ Pc increases), fostering
a higher supply of domestic labor (Lemma 12 in Section E.4 of the Supplementary Material)
and an increase in imported foreign factors due to current account improvement (Lemma 13 in
Section E.5 of the Supplementary Material), respectively. The increased supply of domestic and
foreign factors results in a positive aggregate output gap in response to negative sectoral markup
wedges, as outlined in the following theorem:

“The direct and indirect use of domestic labor in the production of aggregate output gap via domestic sector i
equals the product of two sectoral measures: first, the domestic supplier centrality Ap, that encapsulates the direct
and indirect contribution of domestic sector i to the production of aggregate output; and second, the labor cost share
«; that encapsulates sector i’s use of domestic labor. The cost share of domestic labor in the production of aggregate
output is the sum of the above product (i.e., XD,ioc,-) across all domestic sectors i. The remaining part (1 — Zfi 1 }N\Dl,-oci)
is the cost share of imported foreign factors in the production of aggregate output.
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Theorem 1 (Aggregate output gap and sectoral distortions). In a sticky-price equilibrium, negative
sectoral markup wedges {fi;(€)}; contribute to a positive aggregate output gap CS°P (&) as follows:

~ N
Kkc-C8(&) = =) Mog, - 1ii(Z), (38)

i=1

where the sectoral OG weight (Mg ;) is equal to:

Mogi= Api +  Ks-Ppnxi s [Api—Ai(l—a)], (39)
~—~— —— — ,
CPI channel ~ net export income channel net profit income channel
N 3
1—Y,21Ap,
Ks

T 1- YN Apyii + LN (onxifi + Apx i) &
Kc = Kg (1 — Zz]il /N\D,ioq> + [1 — Kg <1 — Zzlil XD,I'DCI)] (0’ + (P/AL).

Proof: See Section E.6 of the Supplementary Material.

Equation (38) shows that negative sectoral markup wedges contribute to a positive aggregate
output gap. The OG weight (Mg ;) in equation (39) measures the contribution of the markup
wedge of each sector to the aggregate output gap, and its size is determined by three distinct
channels: (i) the CPI, (ii) the net export income, and (iii) the net profit income channels. The CPI
channel is a direct implication from Lemma 3, and is also present in the closed economy. As
shown in equation (37), negative markup wedges generate a negative CPI gap, thus increasing
the real prices of factor inputs. The increase in the real prices of factors generates a higher supply
of factors, fostering production and generating a positive aggregate output gap.'”

The net export income channel—unique to the open economy—contributes to the increase in
the aggregate output gap. Specifically, negative sectoral markup wedges lower domestic sectoral
prices relative to the efficient equilibrium, increasing the net exports and, thereby, the domestic

labor income, and resulting in a positive aggregate output gap.'®

Finally, the net profit income
channel—also unique to the open economy—contributes to the aggregate output gap in two
countervailing ways: while negative sectoral markup wedges reduce domestic sectoral prices
that increase the export taxes and improve the current account, they also increase the use of
foreign inputs and worsen the current account, making the impact of the net profit income channel
on the aggregate output gap undetermined."

The size of each different channel determining the sector’s OG weight (Mg ;) depends

“The negative sign on the RHS of equation (38) indicates that negative sectoral markup wedges resulting from
the positive sectoral inflation lead to a positive aggregate output gap.

Lemma 13 in Section E.5 of the Supplementary Material provides a formal proof of the effects of sectoral markup
wedges on net exports and profits.

9As we will show in Section 4 (e.g., see Figure 1), the CPI and net profit income channels (the first and second
elements in equation 39) are the most quantitatively relevant channels while the net profit income channel (the third
element in equation 39) is tiny and the least relevant. Therefore, in general, negative markup wedges lead to a
positive aggregate output gap.
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on the contribution of the sector to the aggregate output as a supplier of inputs, a customer
of domestic labor, and a net exporter, encapsulated by the centrality measures on the RHS of
equation (39), as we discuss below.

The size of the CPI channel is determined by the sector’s direct and indirect (via downstream
sectors) contribution to the aggregate output as a supplier of inputs to different sectors, en-
capsulated by the domestic supplier centrality (/N\D,l-). The size of the net export income channel is
determined by the contribution of the sector to the net exports and the associated use of domes-
tic labor, encapsulated by the net export centrality (onx ;). Finally, the size of the net profit income
channel is determined by the profits of the sector from international trade. The net profit income
from sector i equals the export tax (encapsulated by the foreign supplier centrality Ar ;) net of the
direct and indirect use of foreign factors by the sector (encapsulated by the term A;(1 — &;)).>°

As shown in Proposition 1 in Section 3.1, the labor wedge is proportional to the aggregate
output gap. Substituting equation (38) into equation (27) shows how the sectoral markup wedges
contribute to the labor wedge, which determines the aggregate distortion in the economy. There-
fore, the monetary policy that sets the weighted average of sectoral markup wedges to zero elim-
inates the first-order labor wedge and closes the output gap, as discussed in the next paragraph.

Definition and implementation of OG monetary policy. The next definition states the mone-
tary policy that closes the aggregate output gap.

Definition 8. The output gap monetary policy (OG policy for short) eliminates the aggregate output gap,
viz, C8%% () = 0, for any realized state & € &.>"

To implement the OG policy, the monetary authority chooses the money supply to stabilize
the aggregate inflation index that appropriately weights the domestic sectoral inflation. The ag-
gregate inflation index accounts for (i) the mapping from sectoral inflation into sectoral markup
wedges, as shown in equation (36); and (ii) the contribution of sectoral markup wedges to the
aggregate output gap, as shown in Theorem 1. The next proposition formally characterizes the
implementation of the OG monetary policy.

Proposition 2. The OG monetary policy is implemented by setting the following aggregate inflation index
to zero:

N ~
Y Mog,i-(1—8)/6-P(E) =0, (40)

i=1

*Lemma 13 in Section E.5 of the Supplementary Material provides details on how the centrality measures deter-
mine the size of the net export income and net profit income channels. The parameter x5 on the RHS of equation (39)
determines the contribution of the net export income and net profit income channels relative to the CPI channel. It
increases in the degree of openness of the economy, evinced by the economy-wise share of imported foreign inputs
in total inputs (1 — YN, Ap,a;) in its numerator.

*Lemma 14 in Section E.10 of the Supplementary Material shows that the monetary policy that controls the
supply of money M(Z) uniquely determines the aggregate output gap. Therefore, our OG monetary policy is
well-defined.
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for any realized state & € E. The OG monetary policy achieves zero labor wedge and aggregate output gap
up to the first-order approximation, viz,

o =1+ (@ +1)/AL] " kcTL(E) = ke - C37 (&) = 0.

Proof: Straightforward substitution of equation (36) in equation (38) from Theorem 1.

Proposition 2 shows that the monetary authority implements the OG policy by choosing the
money supply that makes the aggregate inflation index in equation (40) equal to zero.>> Equation
(40) reveals that the weight assigned to sector i in the aggregate inflation index is proportional to
the sectoral price rigidity (1 — ¢;)/6;. The OG policy assigns higher weights to sectors with high
nominal rigidities, which is consistent with the results in closed economies (La’O and Tahbaz-
Salehi, 2022; Rubbo, 2023). Important in an open economy, however, equation (40) indicates
that the weight assigned to sector i is proportional to the OG weight Mg ; defined in equation
(39), which internalizes the structure of the domestic and cross-border input-output linkages as
stated in Theorem 1. The next section studies the role of the structure of import-export and the
production network for the OG monetary policy.

3.4 Role of domestic and cross-border input-output linkages

In this section, we study how the shares of sectoral import and export interplay with the input-
output linkages to determine the OG policy through the sectoral OG weights. We focus on the
following two questions: (i) What are the roles of the domestic and cross-border input-output
linkages for the weights of sectoral inflation in the OG policy? (ii) What is the pitfall in the
monetary policy that adopts the Domar weights—which close the output gap in the closed
economy, disregarding the roles of cross-border linkages?

Import shares and OG weights. Our definitions of centralities (i.e., domestic supplier, cus-
tomer, and net export centralities in equations (31), (33), and (34)) include the Leontief inverse
that depends on the import shares and input-output matrix. Therefore, by combining the equa-
tions of centralities and the decomposition equations of the Leontief inverse (29) and (30), respec-
tively, we determine how the import structure of the economy influences our centrality measures
and the sectoral OG weights, as summarized by the following propositions.

Proposition 3. Domestic supplier centrality of the domestic sector i (i.e., XD,i) strictly decreases in its
import share of consumption (1 — v;) if and only if B; > 0; XD,I- strictly decreases in its direct downstream
sector r's import share of sector i goods (i.e., wy vy ,; > 0) if and only if 7\D,r > 0; XD,i strictly decreases

*The OG monetary policy can be achieved because of two reasons: first, the aggregate output gap strictly in-
creases in the amount of money supply (see Lemma 14 in Section E.10 of the Supplementary Material); and second,
inflation in each sector strictly increases in the aggregate output gap as a result of the positive slopes of the sectoral
Phillips curves (see equation A.3 in Online Appendix A).
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in its indirect downstream sector s import share of sector r goods if and only if Ap s > 0, ws, > 0, and
'gvx’r,i > O.
Proof: See Section E.7 of the Supplementary Material.

Proposition 3 shows that the domestic supplier centrality of a domestic sector i decreases in
sector i’s import share of foreign goods as consumption, as well as sector i’s direct and indirect
downstream sectors” import shares (of intermediate inputs). Intuitively, more direct and indirect
imports reduce the sector’s contribution to the domestic aggregate output, thereby reducing the
size of the CPI channel and resulting in a smaller OG weight. This implies that monetary policy
should assign higher weights to inflation in domestic sectors with small direct and indirect (via
downstream sectors) import shares.>3

To summarize the relevance of the different import shares for a sector’s domestic supplier
centrality and thus the OG weight, we construct a single measure—the import intensity—defined
as follows:*4

Definition 9. The import intensity of a domestic sector i is defined as
Import Intensity =1 — XD,i/XAll,D,i >0, (41)

where XA”,DJ' is the i-th entry of the vector B (I — Q) 1.

The term A AlLD,i in equation (41) captures the domestic demand that reaches the domestic
sector i directly and indirectly via downstream sectors if the entire economy—including sector
i and its downstream sectors—does not import from abroad (i.e., v = 1 for all r and vy, = 1
for all r and s). Accordingly, XD,i/ A AlLD,i captures the ratio of the domestic demand for sector
i’s goods in the baseline economy with imports to the domestic demand in the counterfactual
economy without imports. Therefore, the single metric of import intensity measures the impact
of the import shares of the economy on the demand for sector i’s goods by domestic consumers
and producers.*>

Pitfalls in the monetary policy that disregards cross-border linkages. To investigate the rele-
vance of accounting for the degree of openness for the monetary policy, we study the pitfalls of
adopting the sectoral weights that close the output gap in the closed economy instead of the OG
weights, disregarding the role of cross-border linkages.

»Qur model with a fully-fledged production network and analytical solutions allows us to identify three channels
determining the sectoral weights in the monetary policy. The net export centrality in our analysis encompasses the
export share of upstream sector that Wei and Xie (2020) outline by numerical simulations in the special case of a
vertical network.

*#Using the single measure of the relevance of the different import shares for a sector’s domestic supplier central-
ity, we quantitatively examine the importance of import intensity for sectoral OG weights in Section 4.1.

»In our quantitative analysis in Section 4.1, we show that domestic supplier centrality is the most relevant element
for the level of OG weight in the data. Therefore, the OG weight of a domestic sector—which increases with the
domestic supplier centrality as in equation (39)—decreases with the import intensity.
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As a first step, we derive the OG weight in closed economies. In a closed economy, as we
discussed in Section 3.2 (Table 2), the domestic supplier centrality in the OG weight in equation
(38) reduces to the Domar weight, and the net export income and net profit income channels are equal
to zero. Therefore, the OG weights are equal to the Domar weights in closed economies, which
is consistent with the results in La’O and Tahbaz-Salehi (2022) and Rubbo (2023), as summarized
by the next lemma:

Lemma 4. In a closed economy, the OG weight of any sector reduces to the Domar weight, i.e., Mog; =
Aj for each sector i € {1,2,--- ,N}.
Proof: See Section E.8 of the Supplementary Material.

Lemma 4 implies that the monetary policy that aims at closing the domestic output gap
but yet disregards the cross-border linkages will adopt the Domar weight in place of the OG
weight. Unlike in closed economies, the Domar weight in an open economy comprises not only
the domestic supplier centrality (Ap ), but also the foreign supplier centrality (Ar;), as stated by the

following lemma:

Lemma 5. In the open economy, the Domar weight of the sector i equals the sum of the sectoral domestic
and foreign supplier centralities, i.e.,

Ai=Ap;i+ Ap. (42)

Proof: See Section E.9 of Supplementary Material.

Lemma 5 shows that in the open economy, the sales of each sector—which is proportional
to the sector’s Domar weight—comprises the sales to both domestic and foreign customers,
captured by the terms 7\D,1- and Xp,i, respectively, in equation (42) for the Domar weight.

Combining Lemmas 4 and 5 yields the percentage deviation of the closed-economy OG
weight (i.e., the Domar weight) from the open-economy OG weight, as outlined in the following
proposition:

Proposition 4. The percentage deviation of the Domar weight from the OG weight is equal to

Ai—Mog,i _ Arj o ZrONXplrlogyi o Api— Ai(1— &)

Proof: This a straightforward result from Lemma 5 and Theorem 1.

Proposition 4 shows that the Domar weight is different from the OG weight, especially in the
domestic sectors with large XF,Z- /A, which we define as the export intensity in the next definition.

Definition 10. The export intensity of a domestic sector i is defined as
Export Intensity = XF’i /A (44)
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The export intensity in Definition 10 measures the share of a sector’s direct and indirect exports
(via downstream sectors) to foreign countries in its total sales.

Proposition 4 demonstrates that the difference between the Domar weight and the OG weight
is larger for domestic sectors that are important direct and indirect suppliers to foreign demand,
as evinced by the export intensity (i.e., the first term on the RHS of equation 44). Intuitively,
sectors with large export intensity chiefly supply inputs to foreign countries rather than to the
domestic aggregate output. Therefore, the monetary policy that aims at closing the domestic
aggregate output gap, but yet disregards the cross-border linkages and uses the Domar weight,
will over-emphasize the inflation of these sectors.

Proposition 4 also shows that the difference between the Domar and the OG weights is larger
for domestic sectors that use less domestic labor directly or indirectly (via upstream sectors), as
evinced by the customer centrality &, in the second term on the RHS of equation (43). Intuitively,
sectors with small customer centrality use limited domestic inputs and contribute less to domes-
tic labor income and aggregate output. Therefore, treating the economy as closed and assuming
that all sectors contribute only to domestic-labor income (i.e., &, = 1 for all r) over-emphasizes
the importance of inflation in sectors with small customer centrality for the aggregate output gap.
The difference between the Domar and the OG weights increases with the degree of openness of
the economy, as evinced by the parameter xg in the RHS of equation (43).

Typical sectors with large export intensity and small customer centrality are the export pro-
cessing sectors, which primarily supply inputs to foreign instead of domestic demand and use
mostly foreign inputs rather than domestic labor.

4 Quantitative analysis

In this section, we quantify our theoretical results by calibrating the model to the input-output
matrices of the major OECD economies. Subsection 4.1 studies the relevance of different chan-
nels in explaining the differences in the OG weights across sectors for the open economies in our
sample, showing that the CPI and the net export income channels explain the bulk of the OG
weight. Subsection 4.2 studies the role of different centrality measures for the OG weight and
for the difference between Domar weights and OG weights. Subsection 4.3 compares the wel-
fare of alternative monetary policies, showing that the OG policy is welfare-enhancing in open
economies. However, adopting the OG weights in place of the Domar weights generates limited
welfare improvement in economies with a low degree of openness like the US.

4.1 Variance decomposition of sectoral OG weights

We study the relevance of the three channels for the sectoral OG weights using data for 43
economies (28 EU and 15 OECD countries, each of them comprising 56 sectors) from the WIOD
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for the year 2014.2° We calibrate the input-output matrix and import and export shares using
the WIOD sector-level data for each country. Shown in Table 3 is the calibration of the key
parameters in our model. Online Appendix C.1 presents the calibration for all parameters and
provides relevant details on the WIOD.

Table 3: Model calibration

Parameters Data variables/moments used

Common across all countries

Risk aversion, o = 2 Business cycle literature (e.g., Corsetti et al., 2010; Arellano et al., 2019)
Labor supply elasticity, ¢ = 1 Business cycle literature (e.g., Corsetti et al., 2010; Arellano et al., 2019)

Elasticity of substitution (EOS) across varieties, ¢; = 8 Atkeson and Burstein (2008)
EOS. btw. domestic and foreign goods, 6; = 0r; =5 Head and Mayer (2014)

Sector-level frequency of price adjustment, ¢; Pasten et al. (2024)

Frequency of wage adjustment, g Beraja et al. (2019) and Barattieri et al. (2014)

Country specific

Input-output matrix, O Sectoral gross output, intermediate goods from both domestic and foreign
Home bias for firms” import V, Intermediate goods from both domestic and foreign

Labor share, « Sectoral gross output, labor compensation

Export to foreign countries in steady state, D};™ Sectoral exports to foreign countries

Consumer consumption share, 8 Sectoral consumption from both domestic and foreign, GDP

Consumer consumption home bias, v Sectoral consumption from both domestic and foreign

For each country, we compute the percentage contributions of each of the three components
in the OG weights shown in equation (39)—namely, the CPI channel Ap ;, the net export income

channel kspnx i, and the net profit income channel kg[Ar; — Ai(1 — &;)], respectively—to the variance
of the OG weight using the following variance decomposition:

coo (XD,U MOG,i) cov (KsﬁNX,i; Moc,i) i cov (Ks [7\51' - A1 =), Moc,i)

100% = UQV(MOG,,‘) + UﬂT(MOG,I‘) UﬂV(MOG,i) . (45)

Plotted in Figure 1 are the percentage contributions of each of the three channels to the total
variation of OG weights for each country in the sample. Each set of the vertically aligned markers
in blue circles, red dots, and green stars represents the contributions of the CPI channel, the net
export income channel, and the net profit income channel, respectively, for a specific country. The
vertical dashed lines show the cases for the USA, Mexico, and Luxembourg, as representative
economies with different degrees of openness (from relatively closed to fully open). The dashed-
blue, solid-red, and dash-dotted-green lines show the fitted curves for each of the three channels
across countries.

As depicted in the figure, the CPI channel (blue circle) and net export income channel (red dot)
explain the bulk of the variation in the sectoral OG weights across sectors for all countries. In
contrast, the contribution of the net profit income channel (green star) is negligible, as evinced by
the near zero dashed-dotted green line. Moreover, the percentage contribution of the net export
income channel (CPI channel) increases (declines) with the openness of the country measured
by the economy-wise export-to-GDP ratio, as shown by the rising solid-red line (the declining
dashed-blue line).?” For example, in Luxembourg—the most open economy in our sample with

*Data source: https://www.rug.nl/ggdc/valuechain/wiod/?lang=en. The release of WIOD in 2016 provides
information for the period 2000-2014. In our analysis, we use the latest available year of 2014.

*The patterns are robust to the alternative measurement of the degree of openness using the economy-wise
import-to-GDP ratio and the ratio of total trade volume to GDP.
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Figure 1: Variance decomposition of OG weights

Notes: Shown in the scatter plot are the percentage contributions of each of the three channels to the OG weight
for each country (y-axis) against the country’s economy-wise export-to-GDP ratio (x-axis). The CPI, the net export
income, and the net profit income channels are marked as blue circles, red dots, and green stars, respectively. The
dashed-blue, solid-red, and dash-dotted-green lines are the fitted curves for the CPI, the net export income, and the
net profit income channels across countries, respectively.

an economy-wise export-to-GDP ratio of 83%—the contribution of the CPI channel is inferior to
the net export income channel (42% vs. 53%). In contrast, in Mexico—a moderately open economy
with an export-to-GDP ratio of 19%—the contribution of the CPI channel to the OG weight is
large compared to the net export income channel (92% vs. 8%). Finally, for the US—a nearly closed
economy with an export-to-GDP ratio of 9% —the CPI channel contributes to almost the entire
variation in OG weights (99%) while the contribution of the net export income channel is minimal
(1%).

4.2 Determinants of OG weights and Domar-OG difference

In this section, we use panel regressions to study the relevance of our centrality measures for
the variation in the sectoral OG weight. We quantify the theoretical results (shown in Section
3.4) by showing that sectors with large domestic supplier centrality and small import intensity have
large OG weights, and sectors with large export intensity and small customer centrality have a large
difference between the Domar and OG weights—the former correspond to the OG weights in

closed economies.
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Panel regression across sectors and countries. We validate our theoretical results using the

following regressions:*®
Yei =X iB+1e+e, with yo; € {Mogei (Aci — Mogei)/ Aei}s (46)

where the dependent variable y, ; is either the level of the OG weight (Mg i), or the percentage
difference between the Domar and OG weights ((A.; — Mogi)/Ac;) for sector i and country c.
The variable X, ; includes our centrality measures for the regressions with the OG weight as the
dependent variable (see Table 4); it also includes interaction terms between centralities for the
regressions with the Domar-OG difference as the dependent variable (see Table 5). The variable
1¢ is the country fixed effect.

Equation (46) allows testing the two main theoretical results (Section 3.4): (i) the sectoral OG
weight increases in the domestic supplier centrality and decreases in the import intensity, and (ii)
sectors with large export intensity or small customer centrality entail large differences between
the Domar and OG weights.

Table 4: Centrality measures and the OG weight in the data

(1) () €)) 4) (5)
Domar weight 0.620%** 0.544%**
(0.089) (0.080)
Domestic supplier centrality 1.022%**
(0.013)
Import share -0.000154%*
(8.20e-05)
Import intensity -0.063***  -0.034***

(0.005) (0.005)

Observations 601 601 601 601 601
Adjusted R-square 0.739 0.927 0.010 0.322 0.821
Country FE Yes Yes Yes Yes Yes

Notes: Shown in the table are the regression results based on equation (46), which regresses the level of the sectoral
OG weight over the centrality measures defined in Section 3.2. The analysis includes the subsample of 11 relatively
open economies—in terms of the economy-wise export-to-GDP ratio—out of all 43 economies. Country fixed effects
are controlled. *, **, and *** denote significance at the 10%, 5%, and 1% levels, respectively.

Shown in Table 4 are the estimates of the equation with the level of sectoral OG weight
(Mog,,i) as the dependent variable. Column (2) shows that the domestic supplier centrality is
positively related to the OG weight of the sector with a coefficient equal to 1.02 and an R-square
equal to 0.93.

In contrast, Column (1) shows that the Domar weight—which is the nearly optimal OG weight

*We focus on the subsample of 11 relatively open economies—in terms of the economy-wise export-to-GDP
ratio—out of all 43 economies. Results are robust, albeit less strong, for less open economies. We do not include
sectoral fixed effects in the regression, as our main purpose is to explore the variations in OG weights across different
sectors.
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in closed economies & la Rubbo (2023) and La’O and Tahbaz-Salehi (2022)—has a small explana-
tory power compared to domestic supplier centrality, as evinced by the smaller R-square of 0.74.

Columns (4) and (5) examine how the import intensity is related to the sectoral OG weight.
As shown in Column (4), a sector’s OG weight significantly decreases with the import intensity,
as evinced by the negative coefficients of import intensity.”> Column (5) shows that the im-
port intensity significantly increases the explanatory power of the Domar weight for the closed-
economy policy to the variation in the sector’s OG weight, as evinced by the larger R-square of
0.82 than 0.74 in Column (1).

Overall, the estimates in Table 4 corroborate our result that the sectoral OG weight increases
in the domestic supplier centrality and, therefore, decreases with the import intensity of the
sector that measures its direct and indirect (via downstream sectors) imports of foreign products
(Proposition 3).

Table 5: Centrality measures and the difference between Domar and OG weights

(1) (2) (3) (4) (5)

Export intensity 0.722%%* 1.107***
(0.012) (0.040)
Export share 0.569*** 0.617***
(0.009) (0.040)
Customer centrality -1.070***  -0.249***  0.065
(0.041) (0.048) (0.041)
Export share x Customer centrality -0.249***
(0.053)
Export intensity x Customer centrality -0.756***
(0.050)
Observations 601 601 601 601 601
Adjusted R-square 0.891 0.868 0.591 0.908 0.948
Country FE Yes Yes Yes Yes Yes

Notes: Shown in the table are the regression results based on equation (46), which regresses the sectoral Domar-OG
percentage difference (A; — Mog,;)/A; over the centrality measures defined in Section 3.2 and the interaction terms
between the centrality measures. The analysis includes the subsample of 11 relatively open economies—in terms of
the economy-wise export-to-GDP ratio—out of all 43 economies. Country fixed effects are controlled. *, **, and ***
denote significance at the 10%, 5%, and 1% levels, respectively.

Shown in Table 5 are the results for the version of the regression in equation (46) with the
percentage difference between the Domar and OG weights ((A;; — Mogci)/Ac ;) as the depen-
dent variable. Columns (1) to (3) show that the Domar-OG percentage difference increases with
the export share and intensity of the sector, and it decreases with customer centrality. The ex-
port intensity is positively related to the Domar-OG difference with a coefficient of 0.72 (Column
1), which is consistent with our theoretical results in Proposition 4. Furthermore, it has the
largest explanatory power among all single explanatory variables of the Domar-OG difference,

» Additionally, we find that a sector’s OG weight also decreases in its export share and export intensity, but with
small R-squares of 0.156 and 0.207, respectively.
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as evinced by the largest R-square of 0.89.

Column (5) shows that conditional on the export intensity, customer centrality is negatively
related to the Domar-OG difference with a coefficient of -0.76, and the customer centrality and
export intensity explain most of the variations in the Domar-OG difference, as evinced by the
large R-square of 0.95.

Overall, results in Table 5 support Proposition 4, demonstrating that monetary policy adopt-
ing Domar weights over-emphasizes inflation in sectors with either large export intensity or
limited customer centrality.

The role of production networks in small open economies. In a small open economy without
production networks, each sector contributes only directly to domestic and foreign demand
as an input supplier, leading the import and export intensities in equations (41) and (44) to
reduce to the import and export shares (i.e., 1 — v; and Agx;/A;), respectively. We determine the
role of production networks for monetary policies in small open economies by comparing the
explanatory powers of import intensities over import shares for the OG weights in Tables 4, as
well as by comparing the export intensities over export shares for the Domar-OG difference in
Table 5.

Comparing Columns (3) and (4) of Table 4 reveals that import intensity explains more vari-
ation in OG weights than the direct import share, as evinced by the larger R-square for import
intensity (0.32) and the almost negligible R-square for import share (0.01). Thus, indirect imports
via upstream sectors—captured by import intensity rather than import shares—are important for
the sectoral OG weights, hence supporting the relevance of input-output linkages for monetary
policy. Moreover, comparing Columns (5) and (4) of Table 5 indicates that export intensity ex-
plains a larger variation in the sectoral Domar-OG difference than the direct export share, as
evinced by the higher R-square in the regression with export intensity (0.95) than in the regres-
sion with export share (0.91). Thus, indirect exports via downstream sectors—captured by export
intensity rather than export shares—are important for the sectoral Domar-OG difference, again
underlying the relevance of input-output linkages for monetary policy.

Therefore, we conclude that the structure of input-output linkages interplays with the imports
and exports of the small open economy to determine the weights of the OG policy that closes
the aggregate output gap.

The case of Mexico. To provide concrete examples of sectors that illustrate the relationship
between the sectoral OG weights and our centrality measures outlined in Section 3.4, we examine
the case of Mexico, a prototypical small open economy.

Shown in Table 6 is the role of direct and indirect downstream sectors’ import shares in
determining the OG weight for two representative sectors. The sector manufacture of computer,
electronic, and optical products (sector 17) imports heavily (directly and indirectly), with an import
intensity of 96.1%, leading to a tiny OG weight of 0.003. In contrast, the sector manufacture of

31



Table 6: Import intensity and sectoral OG weights for typical sectors in Mexico

Sector name Sector ID Import intensity OG weight
Manufacture of computer, electronic, and optical products 17 96.1% 0.003
Manufacture of motor vehicles, trailers, and semi-trailers 20 33.0% 0.05

motor vehicles, trailers, and semi-trailers (sector 20) has limited imports with an import intensity
of 33%, leading to a significantly larger OG weight (0.05). Thus, we conclude that sectors with
small import intensities tend to have large OG weights, so the monetary policy should assign
them larger weights, consistent with Columns (4) and (5) in Table 4 and Proposition 3 in Section

3.4.

Table 7: Export intensity and Domar-OG difference for typical sectors in Mexico

Sector name Sector ID Export shares Export intensity Customer centrality Domar-OG difference
Accommodation and food service activities 36 0% 1.3% 0.922 1.2%
Manufacture of machinery and equipment 19 99% 99% 0.681 87%
Manufacture of basic metals 15 38% 82% 0.785 65%

Displayed in Table 7 are three representative sectors in Mexico to illustrate the role of the
direct and indirect exports via downstream sectors in determining the Domar-OG difference
of a domestic sector. First, the manufacture of machinery and equipment (sector 19) has a large
export share and export intensity of about 99%, leading to a Domar-OG difference of 87%. In
contrast, sector accommodation and food service activities (sector 36)—which exports little with a
small export intensity of 1.3%—has a tiny Domar-OG difference of 1.2%. Moreover, although
the sector manufacture of basic metals (sector 15) does not directly export (i.e., with a small export
share of 38%), it is mainly a supplier of inputs for the exporting sector manufacture of electrical
equipment (sector 18) that has a large export share of 99%. As a result, the sector manufacture of
basic metals (sector 15) has a large export intensity of 82%, leading to a higher Domar weight than
OG weight by as much as 65%, despite not being a direct exporter.

4.3 Welfare comparison of alternative monetary policies

In this section, we compare the welfare losses of the economy under alternative monetary poli-
cies. Specifically, welfare loss is defined as the difference between the welfare under the sticky-
price equilibrium (with specific monetary policies) and the efficient flexible-price equilibrium
up to the second-order approximation, as shown in equation (A.1) of Proposition 5 in Online
Appendix A. In Online Appendix A, we derive the analytical solutions of welfare loss, sectoral
Phillips curves, and the optimal monetary policy that minimizes welfare loss, and discuss how
they differ in open economies from closed economies.

Simulation results using the above analytical solutions show that the OG policy performs
closely to the optimal monetary policy, and outperforms the policies that: (i) weight sectoral
inflation with the Domar weights and sectoral price rigidities—which we refer to as the Domar-
weight policy—and (ii) weight sectoral inflation with consumption weights (i.e., ;) and sectoral
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price rigidities—which we refer to as the CPI-weight policy. We focus on these alternative policies
because they are widely used policies that target PPI and CPI inflation, respectively—the former
ignores the openness of the economy, and the latter ignores both the openness and the input-
output linkages.3°

Specifically, we compare the welfare loss under the following five alternative monetary poli-
cies: the optimal policy, the OG policy, the Domar-weight policy, the CPI-weight policy, and the
OG policy that ignores the network structure of the economy. The Domar-weight (CPI-weight)
policy targets an aggregate inflation index where the Domar weight A; (consumption share B;),
after adjusting for sectoral price rigidities (i.e., multiply by (1 —6;)/4;), is used as the weight
for each sector i’s inflation. Intuitively, we can interpret that the Domar-weight policy is the OG
monetary policy that treats the economy as closed, and the CPI-weight policy is the OG mone-
tary policy that both treats the economy as closed and ignores the input-output linkages across
sectors.

Shown in Table 8 is the total welfare loss expressed as a percentage of the steady-state con-
sumption under the alternative monetary policies. We consider the welfare loss for Mexico,
Luxembourg, and the US that represent countries with medium, large, and small degrees of
openness, respectively—as measured by the economy-wise export-to-GDP ratio (19%, 83%, and
9%). Using equation (A.1) in Online Appendix A, we decompose the welfare loss into the out-
put gap misallocation and the within- and across-sector misallocation. We also use equation (A.5)
to decompose the welfare loss arising from the within- and across-sector misallocation into two
sub-components: (i) the output-gap-related term, and (ii) a policy-irrelevant term, respectively.

As shown in Table 8, the OG monetary policy yields a welfare loss that is close to the optimal
policy and significantly outperforms the Domar-weight and CPI-weight policies, which ignore
cross-border linkages and both domestic and cross-border input-output linkages, respectively. For
Mexico, the difference in the welfare loss between the optimal and the OG policies is tiny and
equal to 0.020 percent of the steady-state consumption (-1.859 vs. -1.879), establishing that the
OG policy is nearly optimal. Important to our analysis, the OG policy improves the welfare loss
over the Domar-weight policy by 0.043 percent of the steady-state consumption, and it generates
an even larger improvement over CPI-weight policies (-1.879 vs. -1.922 vs. -4.968). The welfare
improvement of the OG policy over the Domar-weight (CPI-weight) policy corresponds to 67.1%
(99.3%) of the welfare difference between the optimal and the Domar-weight (CPI-weight) policy.
The welfare improvement of the OG policy over the Domar-weight and CPI-weight policies
exhibits welfare enhancement if the design of monetary policy accounts for openness and the

*For each economy, we compute welfare losses under different monetary policies using the same simulations of
log-normal shocks to the sectoral import prices. For simplicity, we assume that the shocks to different sectors share
the same mean. We set the mean of sectoral shocks to generate an average CPI inflation of 2% for each economy to
compare—under the same aggregate level of inflation—the welfare losses across different economies with different
openness and structures of input-output linkages. The variance-covariance matrix of these shocks is calibrated to
that of Mexico. We simulate the shocks 100,000 times to compute the expected welfare loss under each of the
alternative monetary policies.
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Table 8: Welfare loss under different monetary policies

(1) (2 (3) (4) (5)
Optimal OG  Domar CPI oG
w /o0 network

Mexico Export-to-GDP ratio: 19%

Total welfare loss -1.859 -1.879 -1.922  -4.968 -4.948
Improvement by OG policy towards optimal 67.1%  99.3% 99.3%
Output gap misallocation -0.003  0.000 -0.002 -0.388 -0.385
Within- and across-sector misallocation
— output-gap-related 0.024  0.000 -0.041 -2.701 -2.684
— policy-irrelevant -1.879 -1.879 -1.879 -1.879 -1.879
Luxembourg Export-to-GDP ratio: 83%
Total welfare loss -7.742 7777  -8.504 -10.675 -11.551
Improvement by OG policy towards optimal 95.4%  98.8% 99.1%
Output gap misallocation -0.006  0.000 -0.089 -0.427 -0.569
Within- and across-sector misallocation
— output-gap-related 0.041 0.000 -0.638 -2.471 -3.205
— policy-irrelevant 7777 <7777 <7777 <7777 7.777
uUsS Export-to-GDP ratio: 9%
Total welfare loss -1.400  -1.472 -1.476  -6.757 -6.546
Improvement by OG policy towards optimal 5.4%  98.6% 98.6%
Output gap misallocation -0.011  0.000 0.000  -0.623 -0.596
Within- and across-sector misallocation
— output-gap-related 0.083 0.000 -0.004  -4.662 -4.478
— policy-irrelevant “1.472  -1.472  -1.472  -1.472 -1.472

Notes: Reported in the table is the welfare loss—expressed in units of percent of steady-state consumption—under
different monetary policy designs. Columns (1) to (5) show the welfare losses under the optimal policy, the OG
policy, the Domar-weight policy, the CPI-weight policy, and the OG policy that ignores the production network,
respectively. The sectoral weights in all five policies adjust for sectoral price rigidities. Online Appendix C.2
outlines the sectoral weights adopted by the alternative monetary policies.

input-output linkages of the economy.3"

The role of input-output linkages for the welfare loss in open economies can be assessed by
comparing Column (5) to Column (2) in Table 8. The OG monetary policy in Column (5) ignores
the production network entirely (i.e., O = Oxxn, & = 1), generating a much larger welfare loss
than the OG monetary policy that accounts for the production network (-4.948 vs. -1.879).

Decomposing the total welfare loss into different components illustrates why the OG policy
is closer to the optimal policy and improves over Domar-weight and CPI-weight policies. The
OG policy closes the aggregate output gap, therefore, setting the welfare loss arising from the
output gap misallocation and the output-gap-related component in the cross- and within-sector
misallocation to zero. Quantitatively, Table 8 shows that these two components related to the

3In Online Appendix C.3, we show our results are robust to alternative shocks, including shocks to the import
prices of only manufacturing sectors (with sector IDs from 6 to 24 in Table C.1) and shocks to sectoral productivity.
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aggregate output gap generate large welfare losses in Mexico for the Domar-weight policy (-
0.002 and -0.041), and even larger losses for the CPI-weight policy (-0.388 and -2.701). This result
shows that the OG policy improves over the policies that target price-rigidity-adjusted PPI and
CPI inflation (i.e., Domar-weight and CPI-weighted policies) by eliminating the aggregate output
gap, which supports the adoption of the OG policy to enhance welfare in small open economies.

Finally, we examine the welfare loss under alternative monetary policies for two additional
economies: namely, Luxembourg and the US, which represent the polar cases of open and closed
economies, respectively. In the most open economy of Luxembourg (the middle panel of Table
8), the OG policy improves over the Domar-weight policy by a large 95.4%, compared to a more
limited 67.1% for Mexico. The same qualitative results outlined for Mexico hold for Luxembourg
and are stronger quantitatively. The bottom panel of Table 8 presents the welfare loss for the
nearly closed economy of the US, showing that the OG and Domar-weight policies yield similar
welfare loss and they are equally close to the optimal policy, echoing the results of La’O and
Tahbaz-Salehi (2022) and Rubbo (2023) in closed economies. Therefore, we conclude that the
difference between the OG and the Domar-weight policies is significant for open economies
while its importance diminishes in relatively closed economies like the US.

5 Conclusion

This paper investigates the design of monetary policy in small open economies with domestic
and cross-border input-output linkages and nominal rigidities. Aggregate distortions are pro-
portional to the aggregate output gap, which can be expressed as a weighted average of sectoral
markup wedges that encapsulate the inefficiency in each sector. Monetary policy can close the
output gap and offset the sectoral distortions by stabilizing the aggregate index of inflation that
weights inflation in each sector based on the degree of nominal rigidities and the centrality of the
sector as a supplier of inputs and a net exporter of products within the international production
networks. To close the output gap, monetary policy should assign larger weights to inflation in
sectors with small direct or indirect (via the downstream sectors) import shares, and failing to
account for the cross-border production networks overemphasizes the inflation in sectors that
export intensively directly and indirectly (via the downstream sectors), generating quantitatively
significant welfare losses that rise with the degree of openness of the economy. We derive the
closed-form solution for the optimal monetary policy that minimizes the welfare losses up to the
second-order approximation and show that the OG policy generates welfare losses quantitatively
close to the optimal policy and, therefore, is nearly optimal.

We calibrate our model to the WIOD and validate our theoretical results. The OG policy
outperforms alternative monetary policies that abstract from the openness of the economy by
using Domar weights or the input-output linkages by targeting the open-economy CPI inflation
index. Overall, our analysis demonstrates that openness and domestic input-output linkages are
jointly important for the conduct of monetary policy in small open economies with international
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production networks.

Our study suggests several interesting avenues for future research. First, the analysis could be
extended by relaxing the assumption of financial autarky and studying the interplay between the
incompleteness of the financial market and the production networks for the design of monetary
policy. Second, the analysis could be extended to cases in which fiscal policy fails to offset
the first-order distortions with non-contingent subsidies, leading to an inefficient flexible-price
equilibrium as in Baqaee and Farhi (2024), such that the monetary policy needs to account for the
interaction between the supply-side effect of monetary policy and the openness of the economy
to improve efficiency. Finally, the analysis could be extended to consider large open economies
where monetary policy would need to account for feedback effects from the responses of foreign
economies to the domestic policy—which may interplay with international product networks to
determine the impact of the domestic monetary policy. We plan to investigate some of these
issues in future work.
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Online Appendix

A Welfare loss and optimal monetary policy

In this section, we study optimal monetary policy. As per Woodford (2003) and Gali (2015), we
derive the closed-form solution of the optimal monetary policy that minimizes welfare losses (or,
equivalently, the aggregate wedges) up to the second-order approximation.

Welfare loss and sectoral Phillips curves. Based on the assumption of non-contingent subsidy
and tax rates that offset monopolistic distortions (Lemma 1), the flexible-price equilibrium is effi-
cient. We define welfare loss as the difference in utility of the representative household between
the sticky and flexible-price equilibria: u(&) — u/'*(&). We approximate the welfare-loss function up
to the second-order approximation and show that the loss originates from the labor and efficiency
wedges, as stated in the following proposition:

Proposition 5 (Welfare loss). Given the realized state { € Z, the welfare loss is a function of the
aggregate output gap C3°P (&) and the sectoral inflation P(Z), defined as follows:3>

1 +1\ & 1+ - ~
u(@ (@) = 5 (- 1+ T )ETE? — P@TLRE)  +o(E)P) (A1)
output gap misallocation within-and-across misallocation
=5 (e 1+ EEN @ (A@ - A @) + 0B, (A2
from labor wedge from efficiency wedge

where Ay is the steady-state economy-wise labor share in GDP, and £ = LY 4 L3795 describes the

mapping of sectoral inflation into misallocation within and across sectors ( LN g, g poacross. respec-

tively). The within-sector misallocation matrix L™ is diagonal with LYHhin = \iei(1—6;)/8;. The
across-sector misallocation matrix L£°°% is presented in Appendix B.1.

Proof: See Appendix B.1.

Equation (A.1) shows that up to the second-order approximation, welfare loss is the sum of
the losses from the output gap misallocation and the within- and across-sector misallocation
in closed economies, as in La’O and Tahbaz-Salehi (2022) and Rubbo (2023). Equation (A.2)
re-writes the welfare loss by substituting equation (27) into equation (A.1), showing that the
output gap and the within- and across-sector misallocation correspond to the aggregate labor
and efficiency wedges—up to the second-order approximation—defined in equations (24) and
(23), respectively.?3 In other words, the second-order welfare loss includes distortions from the

3*Throughout the paper, minimization of welfare loss refers to maximization of equation (A.1).
3The second-order approximation of the term representing the efficiency wedge in equation (A.2) equals the term
representing the within-and-across misallocation in equation (A.1).
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labor and the efficiency wedges. As a result, the OG policy that closes the aggregate output gap
and eliminates the labor wedge (obtained in Proposition 2) does not simultaneously balance the
distortions arising from the efficiency wedge, such that the OG policy results in a higher welfare
loss compared to the optimal policy.

In an open economy, the aggregate output gap, sectoral inflation, and the weights in the wel-
tare loss function depend on the interplay between the openness and structure of the networks.
The aggregate output gap in the open economy entails sectoral OG weights different from the
Domar weights of the closed economy, as shown in Theorem 1. In particular, Proposition 4 shows
that sectors with large export intensity and small customer centrality have smaller OG weights
than the Domar weights of a closed economy.

The openness of the economy is important for the mapping from sectoral inflation into the
within- and across-sector misallocation (i.e., £). While the matrix representing the within-sector
misallocation (i.e., LWithi”) is the same as in a closed economy (La’O and Tahbaz-Salehi, 2022;
Rubbo, 2023), the matrix representing the across-sector misallocation (i.e., £%**") internalizes
the openness of the economy. More specifically, the analytical solution of the across-sector mis-
allocation matrix in Appendix B.1 reveals that the across-sector misallocation in the multi-sector
open economy accounts for the distortions in: (i) the allocation of domestic labor into the dif-
ferent sectors; (ii) the allocation of domestic sectoral products into consumption, intermediate
inputs, and exports; (iii) the division of the use of consumption goods and intermediate inputs
between home and foreign products by domestic households and firms, and (iv) the nominal ex-
change rate due to distortions in the current account. While the across-sector distortions (i) and
(ii) reduce to their closed-economy versions in closed economies (as in La’O and Tahbaz-Salehi,
2022 and Rubbo, 2023), distortions (iii) and (iv) are unique to open economies.

To interpret the welfare loss function in Proposition 5 and attain the optimal monetary policy
analytically, we derive the sectoral Phillips curves that link the aggregate output gap and the
exogenous sectoral shocks to sectoral inflation, as stated in the next Proposition:

Proposition 6 (Sectoral Phillips curves). In the sticky-price equilibrium, the following multi-sector
Phillips curves hold:

P(g)=  BCPE) o+ Vi +o(lEl, (A.3)
N e’
output-gap-driven inflation  cost-push inflation

where P(E) is an N-by-1 vector with sectoral inflation, and parameters B (an N-by-1 vector) and V (an
N-by-3N matrix) are the slopes of Phillips curves and the coefficients of exogenous shocks, respectively.3*
Proof: See Appendix B.>.

3#The definitions and the intuitions of parameter V and parameters Ay, I'c, Mgy, and My that compose B as
in equation (A.4) are presented in Appendix B.2. Specifically, I'c is shown in equation (B.39); Mgx and M,y in
equations (B.35) and (B.36) capture the impacts of export demand shocks and import price shocks on the current
account, respectively.
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In Proposition 6, the slopes of the sectoral Phillips curves are equal to

(.

B= Aq>{ alw c +  (QO Vi) 1Tsc }, (A-4)

nominal wage channel =~ nominal exchange rate channel

where Ty c = (Tc +0 + ¢/Ar) and T'sc = [(MEgx + Mym) 1] (Tc + 1) capture the impacts
of the aggregate output gap on sectoral marginal costs and inflation via the nominal wage and
nominal exchange rate, respectively.

The nominal wage channel in equation (A.4) comprises two sub-effects: first, a positive ag-
gregate output gap increases CPI via the current account and nominal exchange rate, captured
by the term I'c in I'iy ; second, a positive aggregate output gap increases the real wage via the
labor supply, captured by the term (0 + ¢/Ar). In closed economies, the first sub-effect of CPI
adjustments via the current account is absent, and the second sub-effect is present but smaller,
as the elasticity of labor supply rises to unitary (i.e., Ap = 1).

The nominal exchange rate channel in equation (A.4) works as now described. A positive ag-
gregate output gap raises the nominal expenditure and worsens the current account, leading to a
depreciation of the domestic currency and an increase in the nominal exchange rate, represented
by the term I's ¢ in the equation. The increase in the nominal exchange rate propagates into the
costs of imported inputs and thus sectoral inflation, encapsulated by the term (Q ® Vi_4) 1. The
nominal exchange rate channel is unique to open economies and is absent in closed economies
(i.e., (Q®Vi_y)1 = 0). This channel increases with the openness of the economy, evinced
by the matrix of the import shares V;_,. Because both the nominal wage and exchange rate
channels are positive, the slopes of the sectoral Phillips curves are positive for all sectors.

In Appendix B.2, we show that the coefficient matrix of the exogenous shocks V also depends
on the openness of the economy. Overall, our analysis demonstrates that the open economy di-
mension plays an important role in the influence of the aggregate output gap and the exogenous
shocks on sectoral inflation.

Welfare loss as a function of the aggregate output gap. We substitute the sectoral Phillips
curves (equation A.3) in Proposition 6 into the welfare loss (equation A.1) in Proposition 5 to re-
write the welfare loss as a function of the aggregate output gap and exogenous shocks, yielding
the following:

u(®) () =~ [0~ 1+ (p+ 1) /Ar] CP(E)?

N J/

output gap misallocation

IBTLB -GS (@)~ (VE) LB C57(@)— (VD) L(VE) +o(EP). (As)

~ A s

output-gap-related policy-irrelevant

N J/
-~

within- and across-sector misallocation
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Equation (A.5) shows that the welfare loss depends on the output gap misallocation (the first
line on the RHS of equation A.5, as already shown in equation A.1), as well as the within-
and across-sector misallocation (the second line of equation A.5). This second component is further
decomposed into two sub-components: (i) the output-gap-related component, and (ii) the policy-
irrelevant component of exogenous shocks that cannot be influenced by monetary policy.

Equation (A.5) shows that closing the output gap (i.e., C89P (&) = 0) eliminates the output
gap misallocation and the output-gap-related component of the within- and across-sector misal-
location, but it is unable to eliminate the misallocation arising from the policy-irrelevant sectoral
shocks.

Optimal monetary policy. We analytically derive the optimal monetary policy, and compare
it to the OG policy stated in Definition 8. The optimal monetary policy chooses the money
supply—which is equivalent to choosing the aggregate output gap C8% (&) according to Lemma
14 in Section E.10 of the Supplementary Material—that minimizes the welfare loss in equation
(A.5), defined as follows.

Definition 11 (Optimal monetary policy). For any realized agqregate state & € &, the optimal mon-
etary policy chooses the money supply M(&)—uwhich is equivalent to choosing the aggregate output gap
égﬂr’(g) in equilibrium—to minimize the welfare loss in equation (A.1) subject to the sectoral Phillips
curves (A.3).

Consistent with Definition 11, we derive the aggregate inflation index that the monetary
authority should target to implement the optimal monetary policy. Substituting the sectoral
Phillips curves (A.3) into the welfare loss function (A.1) yields the implementation rule for the
optimal policy, as stated in the next proposition.

Proposition 7 (Implementation of the optimal monetary policy). The optimal monetary policy is
implemented by setting the following aggregate inflation index to zero:

{[a—1+ (9+1)/ ALl k" Mbe(A™ 1 —T) +BT£}?: 0, (A.6)

for any realized state & € E.
Proof: See Appendix B.3.

Equation (A.6) shows that the optimal monetary policy in open economies differs from the
optimal monetary policy in closed economies in three important aspects: (i) the mapping from
sectoral inflation into the aggregate output gap (i.e., the OG weights M) is such that the
Domar weight for the closed-economy policy fails to close the output gap in the open economy;,
as discussed in Section 3.4; (ii) the effects of movements in the aggregate output gap for sectoral
inflation depend on the openness of the economy—evinced by the dependence of the slopes of
the sectoral Phillips curve (i.e., B) on the openness of the economy, as shown in equation (A.4);
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and (iii) the matrix representing the across-sector misallocation (i.e., £7“°*) in the welfare loss
in equation (A.2) depends on the openness of the economy, as discussed in Proposition 5.

Comparing the optimal monetary policy in equation (A.6) with the OG policy in equation (40)
shows that the optimal policy accounts for both the output gap misallocation—evinced by the OG
weights Mgc as the first term in the brackets—and the within- and across-sector misallocation
generated by sectoral distortions—evinced by the second term B' £ in the brackets.

To further study the difference between the optimal and the OG monetary policies, we relate
the optimal monetary policy to the aggregate output gap by noticing that the optimal monetary
policy is equivalent to choosing the aggregate output gap C8P(£) that minimizes welfare loss in
equation (A.5).

Proposition 8 (Aggregate output gap in the optimal monetary policy). The optimal monetary policy
satisfies the first-order condition of equation (A.s5) with respect to the aggregate output gap C8°F (), i.e.,

[0 =14 (p+1)/AL+BTLB]C8 (&) + BT LVE = 0. (A7)

Proof: See Appendix B.3.

Proposition 8 highlights that the OG policy—which closes the aggregate output gap (i.e.,
C8% (&) = 0)—does not satisfy condition (A.7) for the optimal monetary policy. In multi-sector
economies, those sector-specific cost-push components in sectoral Phillips curves do not comove
with the one-dimensional aggregate output gap (i.e., VZ # 0 in equation A.3), thus making
the OG policy unable to simultaneously minimize the within- and across-sector misallocation
(captured by B LVE in equation A.7). Proposition 8 shows that the “divine coincidence” in
multi-sector open economies breaks down as in multi-sector closed economies: the OG policy
that closes the output gap does not simultaneously minimize the within- and across-sector mis-
allocation, and is therefore suboptimal.

B Proofs of the theoretical results in Appendix A

This appendix derives the welfare loss up to the second-order approximation and the sectoral
Phillips curves, from which we derive the analytical solution of the optimal monetary policy.

B.1 Proof of Proposition 5: welfare loss up to the second-order approxima-
tion

Approximating the utility function around the flexible-price equilibrium up to the second order
yields

o — 1(égap)2 _|_u]£lefolex [Egup + QO_"H(”L‘gap)Z —|—0(||é\||2) (B.S)

_ o flex — flexcflex C\gup_
u u MC 5
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Substituting in equation (B.8) the optimality condition of labor supply —u{lex / ujgex = Wilex/ Pélex,
the approximation of labor share A/Zlex = (Wflexpflexyy (Pélefo lex) = A; + O(||€]]), and the ap-

proximation of the coefficient u{f”‘cf lex — (cf lex)l_U = 1+ 0(||Z]|) under normalized C* = 1,
yields

u(g) — u'e*(g) = C8(&) — A]F (&) I8 (2)

S0 = DEP@P + Aulp+ DISP@?] +o(IEP). (Bo)

Taking the difference between the log deviation of the efficiency wedge (equation (23) in Defini-
tion 3) from the steady state in the sticky-price equilibrium and in the flexible-price equilibrium and
substituting it into equation (B.9), yields the following:

u(&) — (&) = Auge (£) — ALT(@) — 2 [(0 = 1)EP (@2 + Ap (g + VI (@] +o(|E)2)

2
= Augs(®) ~ ALE@) — 5[0~ 1+ (9 + 1)/ AL S (E + o EP)

= Augg (@) — AL () — o =1+ (9 +1)/Ar) ' Tu(@2 +o(IEIP),

where Aagg(g) and Eﬁé‘;‘(g) are the exact log deviations of the efficiency wedge from the steady
state in the sticky-price equilibrium and in the flexible-price equilibrium, respectively. The last two
equalities are obtained by substituting in equations (26) and (27) from Proposition 1, respectively.

Next, we derive the second-order approximation of the labor and efficiency wedges sepa-
rately.

Labor wedge up to the second-order approximation. Combining equation (27) in Proposition
1 and equation (38) in Theorem 1 yields a quadratic form of ji(¢):

[0 =1+ (¢ +1)/AL]C87P(E)?
=2 [o =1+ (9 +1)/AL)AE) T MbcMoch(E) + o(J|E]*). (B.10)

An equivalent economy with sectoral markup wedges. To facilitate the derivation of the effi-
ciency wedge, we construct an equivalent economy with sectoral markup wedges. Specifically,
for the sticky-price equilibrium under any realized shocks g, the equivalent economy satisfies all
of the equilibrium conditions in Definition 1 except that in condition (ii), the markups of sticky-
price firms, ¢, are derived from 1 —4; + 51‘]/1}]:9" = ; (&)Y for all sector i, where the sectoral
markup wedge 7;(¢) is identical to that in the sticky-price equilibrium. Therefore, the constructed
economy has exactly the same allocations, prices, and welfare loss as in the sticky-price equilibirum for
any realized shock &, and thus we refer to it as the equivalent economy. With a slight abuse of
notation, in the remainder of this subsection, we express the utility and other sector-level alloca-
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tions and prices in the equivalent economy as functions of () and Z, using the same function
names as in the sticky-price equilibirum (e.g., u(7i(&),&) and C((£), &)).

Then, we show that under any realized shock & and the corresponding sectoral markup
wedges 7i(¢) in the sticky-price equilibrium, up to the second-order approximation, the welfare
loss in the equivalent economy is equal to the welfare loss in the economy with the identical
sectoral markup wedges (&) but shutting down all realized shocks (e.g., u(7(&),0)), as stated in

the following lemma.3>

Lemma 6. Let ji(¢) be the sectoral markup wedges in the sticky-price equilibrium under realized shocks
Z Up to the second-order approximation, the welfare loss in the sticky-price equilibrium under any
shock € is equivalent to the welfare loss in an economy with the identical sectoral markup wedges p(&) but
shutting down all shocks, viz,

~ ~

u(@(§),§) — u(0,8) = u(@i@),0) —u(0,0) +o(|g|") = A" Ly a@) +o(lg]). (B.11)

The first equality in equation (B.11) illustrates the equivalence of welfare loss in economies
with and without the realized shocks. This equivalence is supported by the second equality
in equation (B.11), showing that up to the second-order approximation, the welfare loss is a
function of only sectoral markup wedges and involves no shocks.

To prove Lemma 6, we first write down the complete form of the second-order welfare loss
in the sticky-price equilibrium under any realized shock & as follows:

~

u(fi(€),&) —u(0,&) = A(&) " Ll a(E) + & LLAE) + & LEE + o(||E]*). (B.12)

The efficiency of the flexible-price equilibrium indicates that the welfare is maximized at #(g) = 0
and u(7(Z),&) < u(0,&) for any realized shocks &, based on which we prove Lemma 6. First,
since the welfare is maximized at 7() = 0, the derivative of the RHS of equation (B.12) with
respect to 7 equals 0 at 7i(Z) = 0 for any realized shocks &, requiring Lz, = 0. Second, if
£g§ # 0, there exists some realized shocks ¢ such that the RHS of equation (B.12) is strictly
positive at 71(&) = 0 (i.e., &' %‘CQA' > 0), which contradicts u (7 (&), &) < u(0, &).

Therefore, we conclude that ['Lgly = 0, Lz = 0, and the RHS of equation (B.12) degenerates
to i (g)Tﬁzyﬁ (&), which proves the seconii equalitz in equation (B.12) of Lemma 6. Since up to
the second-order approximation, u(3#(&), &) — u(0,¢) is a function of only (&) and involves no
&, we have u(7(Z), &) — u(0,&) = u(fi(£),0) — u(0,0) + o(]|&|[?), which proves the first equality
in equation (B.12) of Lemma 6.

Based on Lemma 6, we derive the welfare loss up to the second-order approximation by de-
riving the equivalent u(7(&),0) — u(0,0) with the sectoral markup wedges 7i({) resulting from

3The economy with the identical sectoral markup wedges 7i(&) but shutting down all realized shocks satisfies
all of the equilibrium conditions in Definition 1 except that the markups of sticky-price firms are derived from
1— 64 ipi; " = ()" for all sector i in condition (ii), and {A, Dy, Pj,,} are set to zero.
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shocks € in the sticky-price equilibrium. Particularly, because equation (B.11) shows that up to the
second-order approximation, the labor wedge is a quadratic function of sectoral markup wedges,
the efficiency wedge—as the remaining component of the welfare loss—is also a quadratic func-
tion of only sectoral markup wedges. Therefore, we arrive at the following;:

Aage () — AL () = Augg(7(8), &) — Augg(0,8) = Augg (JH(Z),0) — Aage(0,0) +0(||][?)
i (

=C(7(2),0) — AL (0)L(7i(8),0) + o(|1]1*) = C(7(2),0) — ALL(@(E),0) + o(|[Z]?).

For simplicity of notation, in the remainder of this subsection, we denote 7i(¢) by # and ignore
the entry of 0 for any function in the equivalent economy with sectoral markup wedges # but no
realized shocks, e.g., C(7) — A;L(f) = C(fi(&),0) — A L(7i(&),0).

In the remaining proof of this subsection, for any variable x, we use X(j) to replace X(y) —
x(0), because X(0) = 0 when all sectoral markup wedges are set to zero to represent both the
flexible-price equilibrium and the steady state.

Efficiency wedge up to the second-order approximation. Using the equivalent economy with-
out realized shocks, we derive the efficiency wedge up to the second-order approximation. The
equilibrium of such an economy under sectoral markup wedges y satisfies conditions (D.50)-
(D.56) of the feasible allocation in Definition 12, which has the following approximation around
the steady state up to the second order:

L¥L(s ZLSSL )+ L%(@), (B.13)
YP*Yi(i) = C35,Cri(R) + Z,XH] 1 Kby i () + Yex, Yexi (1) + Y2 (), (B.14)
CoC(m) = ) CrCilp) + Coz(ﬂ)f (B.15)
1
YPYi(f) = WOLELi(7) + ZX i(#) + B2 (1), (B.16)
CPCi() = CiCri() + CpiCFi(ﬂ) +CP(m), (B.17)
XX i (78) = X3y X () + X33, p Xeai b5 () + X2 (7). (B.18)
EX“EX(fi) = ZYEXzyEXZ ZCBCFZ i)+ 33 X5 p X ey (1) + S (), (B.19)
i

where 102, {l?l-oz}i, C2, {I?ZOZ}i,{épz}i,{on}l ],SO2 denote second- or higher-order terms of
each equation. Comparing equations (B. 13) (B.19) to the first-order approximation equations
(E.91)-(E.97) in the proof of Lemma 2 (Section E.1 of the Supplementary Material), yields the
following expression of efficiency wedge:

C(f) — ALL(p) = —L%(i) — Y_ Y2 ()

i
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+C%z +Z[FOZ +C%( +ZXOZ )| = 5%(@), (B20)

where only second- or higher-order terms appear because up to the first-order approximation,
the efficiency wedge is unaffected by sectoral markup wedges, as shown in Proposition 1.
Next, we derive each term on the RHS of equation (B.20). In equations (B.13) and (B.14),

L@ ZA i [Li() — L)) +o([1alP), (B.21)

A~

~ 1 S . N
YO (ji) = —5101 [Crri (1) — Yi(ﬂ)}z‘i‘iz/\jwj,ivx,j,i [ Xnj,mi () — (i) (B.22)
]
1 O e T(n ~
5 rexi [Vexi (@) = V(@] +ollalP)-

Equation (B.21) shows that LO2(f#) captures the distortion in the efficiency wedge due to the
disproportionate allocation of labor across different sectors. Equation (B.22) shows that ?ioz ()
captures the distortion in the efficiency wedge due to the allocation of sectoral production )
that is disproportionate to sectoral consumption, use of intermediate inputs, and exports.

In equations (B.15) and (B.16), under the Cobb-Douglas aggregate consumption and produc-
tion function C and {F;};, we have

C%%(u) =0, (B.23)
FP? (i) = Aiti(). (B.24)

Equation (B.23) shows that sectoral markup wedges lead to no distortion in the efficiency wedge
from cross-sector allocation of consumption. Equation (B.24) shows that f-\loz(ﬁ) captures the
distortion in the efficiency wedge due to within-sector misallocation.

To further derive the second-order approximation of ¢;, we first approximate the CES aggre-
gator of differentiated goods up to the second order as follows:

1:/01<Y7if>sgldf:/olexp( ?)‘zdf
:/01 [1_ ) (Yir = Yi) }df+0(supf||?if_?i||2);

which yields the following equation up to the second-order approximation:

-1, oy, 171
Ofif_Yi)JrZ( 181'

Lo N -1
/O (Yif—Yi)df— 281 /O ( if — Y) df—I—o(suprYf YH)
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As a result, the second-order approximation of 7; is

1.,Y: 1 R R 1, ~ R R R
T _ Zif — _ AV AN AR AT R AT
L= ln[/o <Yi )df} = ln{/o [1 (Yif —Y;) +2(Ylf Y;) }df+0(suprYzf Y| )}
1 /1o ~\2 ~ —~
= _2_5,-/0 (Yir = Yi)"df + o(sup||Yi = Yill?).

Using the demand function in equation (6) and the definition of firm-level markup p;r = P;r/®;,
we have 17,-f —Y, = —si(ﬁif ~P) = —¢;(flif — i), which yields

—~ € 1 ~ ~\2 ~ ~
== (Fiig — fi) “df +o(supgl|fiir — fi]|?)-

Under Calvo-pricing, fijs = 0 for f € [0,6;] and fijy = (1—6;) ‘i + o(||fi;]|) for f € (6, 1], which
yields

R 1 €6 .
() =~ s i o),

In equations (B.17) and (B.18),
CO2(f) = > (1 6;1)Bioi(1 — v) [Cri(t) — Cri(@)]” + o([]1?), (B.25)

(1= 6710002, (1 = 021)) Rty () — iy ()] + 0| 7]17)- (B.26)

N\r—\NM—‘

X0 () =

Equation (B.25) shows that é\lOZ(ﬁ) captures the distortion in the efficiency wedge due to dis-
proportionate consumption of domestic and foreign sectoral goods. Equation (B.26) shows that
ngz (1) captures the distortion in the efficiency wedge due to disproportionate use of intermedi-
ate inputs from domestic and foreign sectoral products. Finally, in equation (B.19),

S = 5 ¥ g A1~ 6 ) Fexi() — EX ()’ 327
3 DA = ) Cr) ~ B - 3 D (1 o) [Sar)  EX()* o )

Equation (B.27) shows that S92(j) captures the distortion in the efficiency wedge due to the
distortion in the nominal exchange rate, which is driven by the changes in the sectoral consump-
tion of foreign goods, use of intermediate inputs from foreign sectors, and sectoral exports that
are disproportionate to the change in the economy-wise exports in terms of foreign currencies
(EX(@)).

Combining equations (B.21)-(B.27), yields the RHS of equation (B.20) as:

C(@) — ALL(fi) =
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Z Aj 51 o iy ]/lz } within-sector misallocation
S 2
-5 Z Ajw [ L(ﬂ)} } cross-sector allocation of labor
~ SN2
~5 Zﬁivi [Cri(7) — Yi()]
1

_ = Ao 0| Xogi m:(31) — Y (31 allocation of sectoral products into consumption,
2 ; Z JIAT [ Hj, Hi (‘u ) 1(]4)} intermediate inputs, and exports

— EZAEX,I' [?EX,i(ﬁ) - ?l(ﬁ)]Z

Vs

=~ =12
Z [3101 —v;) [Chi(#) — Cri(f)] . .
division of consumption and
) intermediate inputs between
= Z Z )\ 0 [0 (1 _ Ux,i,j) [ XHi,Hj ( ﬁ) . XHi,Fj ( ﬁ)} home and foreign products

91: 91:/' -1~ 2
+5 Z 0 : %Sx,i [ﬁYEX,z (#) — EX(P‘)]
Y Zﬁl (1 — Ui ) [C\FZ(I/I) - E/X (ﬁ)} distortion in nominal exchange rate

__Zzwlj — Vi) [XHzF](.u)_E)\((ﬁ)}z

+0(!!ﬁ\|2)- (B.28)

Next, we derive the RHS of equation (B.28) as a function of sectoral market wedges . Because
the RHS includes only squared terms of the changes in the allocations, to derive the RHS up to
the second-order approximation, we approximate changes in the allocations up to the first order.

To facilitate the proof, we define the following real prices and quantity in units of domestic
and foreign currencies:

w=W/Pc, s=S/Pc, pi = P;/Pc,
EC/S, PS,iEPi/S-

We first derive three variables that are iteratively used for the remainder of the proof, namely,
cs(p), psi(p), and Ai(fi). Asa preparation, equation (38) in Theorem 1 indicates

C(7) = xc' 3, Mog i +o(l1al)).
k
Equation (E.111) in Lemma E.4 of the Supplementary Material indicates
() = (0 + ¢/ AL)C(R) +o(||7]).
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Rearranging equation (E.110) yields

Yy Apifik + Lk Ap ety - D(fi) .
(DA T D +o([l)-
1 — Yk Ap ik

s(#) = -
Subtracting the log deviation of CPI from both sides of equation (E.106) yields

) = X boni - D) + L anin SR+ | + o]
h

Based on the derived C(j), @(f), (), and {p;(#)};, the log deviations of the real aggregate
output and sectoral prices in units of foreign currency are equal to

cs(@) = C(i) —s(a), (B.29)
Ps,i(#) = pi(pr) —5(f). (B.30)

Rearranging equation (D.78) in Lemma 9 yields
A1) = <A1 Y o A8 () + pxaBsx () + M + i +o(l). (B3
k

Next, we derive the allocations on the RHS of equation (B.28) as functions of ¢s(#), psi(#),
and A; (#1) in equations (B.29), (B.30), and (B.31), which yields

6(77) — ALL() =

Z)\ €z 0 — 5 ,MZ } within-sector misallocation
~ . .72
L Z)wxi A () — pi — L Avcte (Ax(2) — i) cross-sector allocation of labor
; Lok Ak

12
_ 72,3101 [ i —1)(1 —v;)ps,i(#) +Ai(ﬁ)]

o i~ ~ . _.72| allocation of sectoral products into
) Ez/\jwj,ivx,j,i [(91‘ -1)(1- Z7x,j,z‘)ps,i (#) + Ai(p) — Aj () + 7/‘]} consumption, intermediate inputs,
i and exports

1 PP IR ~ 2
— 5 2 e S5 () + (8 — 1)) + Au)]

intermediate inputs between
home and foreign products

1 ~
+5 Y 6:(6; — 1) [ﬁivi(l —0i) + Y Ajivyji(1— Ux,j,i)} ps,i(i)?
i j

} division of consumption and
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SN Aex kO 1P (7)1
= Z /\EXz [ (O —1)ps,i() + L EX’kAF’kpS’k(”)]
Y AEX K
. N . ~ Yk /\EX,kGF,kﬁS,k(ﬁ) 2 distortion
5 251(1 v;) [CS (#) + (0; — 1)v;ps,i () + o Arx e e)l(lghr;(r)lrgér}aglte
Y Aex Ok Ps k(1) 1
-5 wijl—v + (0 —1)v + + (30 — 70
ZZ Z] X1 [ (:u) (] ) xz;pS]( ) Zk’/\EX,k/ Z(y) Ui

o [17]1?). (B.32)

Rewriting equation (B.32) back into the form of the gaps of aggregate consumption and labor
and substituting 7I; by P; according to equation (B.32) yield

CS™ (8) — ALLS™ (§) = —2P(&) T L) B(@)T L B(E) + o 1E]2),

- N\ s

' Vv
with-sector misallocation across-sector misallocation

where —1PT LY™"P and the rest as — 1P L*"°P are equal to the first line and the rest lines on
the RHS of equation (B.32), respectively. The non-negative welfare losses due to the within-sector

Ewithin [hcross

and across-sector misallocations imply that and are both positive semi-definite. [

Efficiency wedge in closed economies. In closed economies 4 la La’O and Tahbaz-Salehi (2022)

and Rubbo (2023), v; = vy;j = AL = 1, Agxi = pnxi = 0, Mogi = Ap; = Ay, and Loy
degenerates to Ei,j.36 Therefore, equation (B.32) becomes the following:

~ ; ~ 2
C(@) — ALL 2/\5, 5% ZM{ A ZA i [A() — i }
~ ~ ~ 2
~5 Zﬁivi/\i(ﬁ)z —5 ZZAjwj,ivx,j,i [7\‘(#) Aj(f) + Plj] +o(||7]1%)
i
5 1, .
Dl i =y AT~ L Al + (Dy) +o([A?),
i i

which is consistent with Rubbo (2023).
On the other hand, sectoral markup wedges {ji;}; are linked to the pricing errors {e;}; in
La’O and Tahbaz-Salehi (2022) as follows:

&= Z.gi'jﬁj’ =& - Z“’ueﬂ and Zﬁjé’] Z)\SS%,
/ j

3%¢;; is the (i, j)-th element of matrix (I — Q)"
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which implies that

L LAy = DA (Lt )i = DATaR:
i g 1 J

1

Hence, the across-sector misallocation in the efficiency wedge can be rewritten as:
C() — ALL(A) + 5 Z)\ €ig i(s i
—- (;Am-)z LARR +2 D Ae +ol )
(Do) + EA# - A0d - DATR + 2D A +ol )
1
- (Zﬁz@f)z F LA LA Dss@%) +o([l?)

= xvary(€ ZASSWWZ( )+0(||ﬂ|| ),

where notation xvar; for all i € {0,1,2,---,N} follows La’O and Tahbaz-Salehi (2022). Our
welfare loss function in the special case of closed economies is consistent with La’O and Tahbaz-
Salehi (2022).

B.2 Proof of Proposition 6: sectoral Phillips curves

Step 1: derive S and Pc as functions of {C, P, 3 }.  Following every step in the proof of Lemma
13 in Section E.5 of the Supplementary Material—except for the sticky-price equilibrium instead of
for the difference between the sticky-price and flexible-price equilibria—yields

[1—Aba+ (pnx ©& + Apx) 1] S(E)
= (pnx O &+ Apx) PO +[A0 (1-®)] A I A)P(E) + (1— Apa)(Pc(Z) + C())
—ArOa+Apx @ (8 — 1)]TﬁEX,F — (P © “)TPIM,F +o(|I€), (B33)

where p1y = pnx — (0 —1) ® Apx is the elasticity of sectoral imports to import price shocks,
which is equal to the net export elasticity ppx diminished by the export component (6 — 1) ®
AEX.

Rearranging equation (B.33) and introducing shorthand notations, yield

-~

(Mex + M) "1S(8) = Pc(§) + C(€) + (M + M) TP(§)
— (MEx @ 0F) 'Dixp— MuPiye + o([|€])), (B.34)
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where the shorthand notations are as follows:

Mex=(1-A0a) YAr@a+Arx @ (0F —1)] @ 6, (B.35)
My = (1-2Apa) (o O &), (B.36)
M, =(1-Abe) Y p X®tx+/\EX)

M, =(1-Apa) (AT -DAe (1-7).

According to equation (D.87) in Section D.5 of the Supplementary Material, 1+ M;l = (MEgx+
M IM)TI.

Substituting equation (E.108) in Section E.3 of the Supplementary Material into equation
(B.34), yield the following S and Pc as functions of {C, P, 3 }:

~

S(&) =Tsc (§)+FSTP§(§)"‘FTEXBEXF"‘FSTIMIA’TMF"‘ (€D, (B.37)
Pc(8) = é( ) + T P(E) + Ty Diy + TP + oI €. (B.38)

where the shorthand notations are

Tsc= (B v+ M,1)!
Isp=Tsc-(Mp+M,)+Tsc-(BOV),
Tsex = —Tsc: (Mpx @ 0f),
Tsim=-Tsc- Mimm+Tsc: [BO(1-V)],
Te=Tsc-(1-B'v) = (B'v+M,1)7'(1-Bv), (B:39)
Tp =Tc- (My+ M) +Tsc- (BOV)(1+M,1),
Tex = —T'c- (Mex ©0F),
Tim=—Tc- Mpy+Tsc-[BO(1—v)](1+M,1).

In particular, we have I's c = [(MEgx + My) "1 HTc +1).

Step 2: derive W as a function of {P, C,Z }.  Substituting Pcin equation (B.38) and Lin equation
(E.100) into the labor supply equation (E.112), yields

W(@f) = 1“W,Cé((f) + r%,Pﬁ(g) + r%,AA\ + r%,EXﬁEX,F + rITv,IMﬁfM,P +o(l[Z]]), (B.40)
where the shorthand notations are

% _
T = — 4T, r =Ty, r = -1,
w,.Cc = U+AL+ C W,P j W,A = AL
FW,EXETEX——X) [Aex © (6 — 1)),
L

T'wivm=Tm+ Ai; BOA-v)+(QOV_4) A

52



Step 3: substitute W and S into sectoral pricing equation. Substituting the sectoral marginal
costs in equation (E.105) into the sectoral inflation in equation (D.89) yields the following pricing
equation:

A~

P(¢) = A[aW(E) + (Q O V)P(E) + (2O Vi_y) (1S(&) + Piprr) — A] +o(||E]))- (B.41)

Substituting W and S in equations (B.40) and (B.37) into the pricing equation (B.41) yields the
following sectoral Phillips curves in terms of C:

~

P(Z) = BC(E) + Ve aA + Ve exDix r + Ve P e +o(IE]), (B.42)
where the shorthand notations are

B=Ag[alwc+ (QOVi_)1Tsc],
Ve = Bo(ely 4 — 1),
Veex = Do el px + (Q O Vi )1Tg px],
Ve = Bo [alyy jp + (RO Vi )10 1],

Ap = [A™ l—aov,- “FW,P - (Qo Vl—X)lrsT/P} o

To further derive the sectoral Phillips curves in terms of the aggregate output gap C89P, we
need to solve for the log deviation of the aggregate output in the flexible-price equilibrium from
the steady state, denoted by Cflex (). To do so, we derive the flexible-price version of equations
(B.41), (E.112), (B.34), (E.100), and (E.108) by setting A = I, which yields the following equations,
respectively:

PIX(E) — 187(&) = R(W/™ (&) — (&) — LuxA + Loe (Q © Vi) Py, - + 0([|E])),
W (&) — Sﬂ“<c> PL(g) = S7(&) + o C'™ (&) + gL/ (g),
PL(&) = ST (&) + O™ (&) = — My (P™(&) — 157" (§)) + (Mx @ 0;) "Dy + My Piyp +0(IE]),
CM™(&) = AL (&) = AT A+ [Aex © (6, = 1)] Dy, — [BT © (1= ) + AT (Q OV, )]y, +0(|18]]),
—§(&) = (B V) (P*(&) —15"(&)) + [BO (1= v)] Py, + o([|]))-

+

Combining the above five equations yields

~ I lex & lex = =
Cflex(g) = rf exA + rjé é]ZSxXDEX r+ I"Jé ?]C\/[PIMF +o(llgll), (B.43)

where the shorthand notations are

L = (A7) (MIEAT 9/ AL+ M Loy),
= (L) HMIER[(AL+ @)BT 0 (1-v)T +AT (O Vi) /AL

FML(QOV_) -~ My +BTo1- v)T},
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rél,%xx = (Agex)fl{ML’&[/\Ex @ (0r —1)] " @/AL+ (Mpx@0) T},
M[ = (Mp+Bov) [1-a(BoV)T]

AN =1+ MTa(0+@/AL).

Combining equations (B.42) and (B.43), yields the following sectoral Phillips curves in terms of
the aggregate output gap Csap:

P(§) = BCS(Z) + VaA + VixDiy p + ViuPiy e +o([E]), (B.44)
where the matrices of coefficients of exogenous shocks are as follows:

I
Vi=Vea+B T,
I
Vex = Veex + B Féj;xx,

I
VimM=Vcim+B- réef;/f

B.3 Proof of Propositions 7 and 8: the optimal monetary policy

The optimal monetary policy maximizes the welfare loss (up to the second-order approximation)
in equation (A.1) subject to the sectoral Phillips curves (up to the first-order approximation) in
equation (A.3):

Y et e e _ 1T p
g;ﬁ%}){ 5 ((7 1+ A )C (€) 21’ LP
st. P(Z) = BCSP(¢) + VE.

Denote 5 the vector of multipliers for the constraint of sectoral Phillips curves. The first-order
conditions with respect to C8%” and P, respectively, are

, (B.45)

—[e—1+(p+1)/AL]C8 (&) +4"B=0
P(&) —5=0. (B.46)

—LP(¢) — 1

Substituting equation (B.46) into equation (B.45) to eliminate # yields
[0 —1+4 (¢ +1)/AL]C8 (&) + BT LP(E) = 0. (B.47)
Substituting equations (38) and (36) from Section 3.3 into equation (B.47) yields

{ [0 =1+ (p+1)/AL]kc" MO(A™ —T) + B%}?(g) = 0.
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Substituting the sectoral Phillips curves in equation (A.3) in equation (B.47) yields

[0 =14 (p+1)/AL+BTLB]CE (&) + BT LVE = 0.

C Quantitative analysis

C.1 Data and calibration

We calibrate our model of a small open economy with production networks using the World
Input-Output Database (WIOD). The WIOD covers 28 EU countries and 15 other major countries
in the world from 2000 to 2014 and provides information for 56 major sectors.3” We calibrate our
model using the Input-Output Tables for the year 2014 for each country. For each sector in each
country, the WIOD reports the following sectoral values: (i) intermediate goods expenditures on
goods from different domestic and foreign sectors, (ii) labor compensation, (iii) gross output, (iv)
value-added, and (v) exports to foreign countries. For each country, we calibrate the parameters
as follows: (i) the (7,j) element of the input-output matrix Q) is calibrated using the share of
customer sector i’s intermediate goods expenditure on the supplier sector j (the sum of expendi-
tures on the domestic and foreign sector j) in the customer i’s gross output, (ii) the (i, j) element
of the home bias in intermediate inputs Vy is calibrated using the ratio of customer sector i’s
intermediate goods expenditure on the domestic supplier sector j to the sum of expenditures on
the domestic and foreign sector j’s goods; (iii) the sectoral labor share of « is calibrated using
the share of sectoral labor compensation in sectoral gross output for each sector; (iv) the steady-
state values of sectoral demand from foreign countries D;** are calibrated such that the sectoral
export-to-GDP ratios in the model matches the sector’s export-to-GDP ratios in the data; (v) the
i-th element of the consumption shares B is calibrated using the ratio of the sum of domestic
households” and government’s consumption expenditures on sector i goods to the value added
of sector i; (vi) the i-th element of the home bias in consumption v is calibrated using the ratio of
the sum of domestic household’s and government’s consumption expenditures on the domestic
sector i’s goods to the sum of expenditures on the domestic and foreign sector i’s goods.

We calibrate the values of other parameters to their standard levels in the literature. The
risk aversion parameter and the inverse of the labor supply elasticity of the households are
calibrated to ¢ = 2 and ¢ = 1, respectively, following the business cycle literature (e.g., Corsetti
et al., 2010; Arellano et al., 2019). We follow Atkeson and Burstein (2008) and calibrate the
within-sector elasticity of substitution to ¢; = 8 for all sectors i. We calibrate the elasticity of
substitution between domestic and foreign goods to 5 for both domestic and foreign households
and firms, viz, 0; = 0p; = 5 for all sectors i, following Head and Mayer (2014). We calibrate the
sector-level parameters of price rigidity J; using the sector-level price rigidities from Pasten et al.

7We use the version of Release 2016 of the World Input-Output Database. Shown in Table C.1 is the list of sectors.
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(2024).3% With the calibrated sector-level price rigidities, the average quarterly frequency of price
adjustment across all sectors equals 0.49. We follow Rubbo (2023) and La’O and Tahbaz-Salehi
(2022) to introduce wage stickiness by adding a labor sector 0, which uses domestic labor to
produce the product of “labor” that is supplied to all other sectors as inputs. We follow Beraja
et al. (2019) and Barattieri et al. (2014) to calibrate the parameter of wage rigidity &y such that the
quarterly frequency of wage adjustment equals 0.25. Summarized in Table 3 in Section 4.1 is the
calibration of different parameters.

Last, we calibrate the exogenous shocks as now described. We calculate the growth rates
of sectoral import prices and productivity using the social economic accounts in the WIOD.
We compute the covariance matrix between different sectors” import price series and use it to
calibrate the covariance matrix of import prices used in the simulation of the model. We use the
same method to calibrate the covariance matrix for the sectoral productivity.

Table C.1: Industry classifications in World Input-Output Database

ID Industry code Description ID Industry code Description
1 Aot Crop and animal production, hunting and related service 29 Gg6 Wholesale trade, except of motor vehicles and motorcycles
2 Aoz Forestry and logging 30 Gyy Retail trade, except of motor vehicles and motorcycles
3 Ao3 Fishing and aquaculture 31 Hyg Land transport and transport via pipelines
4 B Mining and quarrying 32 Hso Water transport
5 Ci10-Ci2 Manufacture of food products, beverages and tobacco products 33 Hs1 Air transport
6 Ci13-Cis Manufacture of textiles, wearing apparel and leather products 34 Hs2 Warehousing and support activities for transportation
7 Ci6 Manufacture of wood products, plaiting materials 35 Hs3 Postal and courier activities
8 Ciy Manufacture of paper and paper products 36 1 Accommodation and food service activities
9 Ci8 Printing and reproduction of recorded media 37 J58 Publishing activities
10 Cig Manufacture of coke and refined petroleum products 38 J59.J60 Motion picture, video, and television
11 C20 Manufacture of chemicals and chemical products 39 J61 Telecommunications
12 Ca1 Manufacture of basic pharmaceutical products 40 J62J63 Computer programming, consultancy and related activities; information service activities
13 C22 Manufacture of rubber and plastic products 41 K64 Financial service activities, except insurance and pension funding
14 C23 Manufacture of other non-metallic mineral products 42 Kés Insurance, reinsurance and pension funding, except compulsory social security
15 C24 Manufacture of basic metals 43 K66 Activities auxiliary to financial services and insurance activities
16 Cas Manufacture of fabricated metal products 44 L68 Real estate activities
17 C26 Manufacture of computer, electronic and optical products 45 Mé69_Myo Legal and accounting activities; activities of head offices; management consultancy activities
18 C2y Manufacture of electrical equipment 46 My1 Architectural and engineering activities; technical testing and analysis
19 C28 Manufacture of machinery and equipment n.e.c. 47 My2 Scientific research and development
20 C29 Manufacture of motor vehicles, trailers and semi-trailers 48 My3 Advertising and market research
21 C3o0 Manufacture of other transport equipment 49 My4Mys Other professional, scientific and technical activities; veterinary activities
22 C31.C32 Manufacture of furniture; other manufacturing 50 N Administrative and support service activities
23 C33 Repair and installation of machinery and equipment 51 O84 Public administration and defence; compulsory social security
24 D35 Electricity, gas, steam and air conditioning supply 52 P85 Education
25 E36 Water collection, treatment and supply 53 Q Human health and social work activities
26 E37-E39 Sewerage; waste management services 54 RS Other service activities
27 F Construction 55 T Activities of households as employers
28 G445 Wholesale and retail trade,repair motor vehicles 56 U Activities of extraterritorial organizations and bodies

C.2 Sectoral weights under alternative monetary policies

All of the alternative monetary policies we study in Section 4.3 are implemented by setting the
following aggregate inflation index to zero:

x' - (ATT-DP(§) =0, (C.48)

where the sectoral weights x are equal to the following:

optimal monetary policy: x' = {[0’ ~1+¢+1)/AL]xc'Mbs +BTLAT - A)_l} ;

OG monetary policy: x' = MSG;

¥We thank Michael Weber for kindly providing the sector-level price rigidities.
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Domar-weight policy: x' =A";
CPI-weight policy: x' = B';

OG policy w/o networks: x ' = (MXF)T,

Policy weights in the OG monetary policy ignoring the production network are
MBE"" = (BO V) +Kspnx + KsAEX,

where the parameters are equal to the following (using the results in Lemma 8 for Agx and
Theorem 1 for pnx and «g):

Aex = (1-B'v)[(6r —1) 0 6r OV},
pnx = (0F—1)OAx+(0-1) O [BOVO (1-V)],
ks = [(1—B'v)+ (pnx + Aex)' 1] 71(1 —BTv).
Combining the monetary policy rule in equation (C.48) with the sectoral Phillips curves in equa-

tion (A.3), yields the aggregate output gap as a function of the specific policy weights x and the
parameters of the sectoral Phillips curves, viz:

o = T(A1—T)VE
C8 (§) = _?;T((A_l — I))Bg'

(C.49)

Substituting equation (C.49) into the welfare loss function in equation (A.5) of Section A, we
obtain the welfare loss under the alternative monetary policy with policy weights x and any
realized state E

C.3 Welfare loss under alternative shocks
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Table C.2: Welfare loss under different monetary policies: Shocks to import prices of only man-
ufacturing sectors

(1) () €) ) (5)
Optimal OG Domar CPI oG
w /o0 network

Mexico Export-to-GDP ratio: 19%

Total welfare loss -3.334 -3.357 -3.428 -6.620 -6.669
Improvement by OG policy towards optimal 75.8%  99.3% 99.3%
Output gap misallocation -0.003  0.000 -0.004 -0.408 -0.415
Within- and across-sector misallocation
— output-gap-related 0.026  0.000 -0.068 -2.855 -2.898
— policy-irrelevant 3357 <3357 -3.357 -3.357 -3.357
Luxembourg Export-to-GDP ratio: 83%
Total welfare loss -1.595 -1.604 -1.678 -4.545 -3.012
Improvement by OG policy towards optimal 89.2%  99.7% 99.4%
Output gap misallocation -0.002  0.000 -0.007 -0.481 -0.220
Within- and across-sector misallocation
— output-gap-related 0.011  0.000 -0.067 -2.460 -1.189
— policy-irrelevant -1.604 -1.604 -1.604 -1.604 -1.604
us Export-to-GDP ratio: 9.2%
Total welfare loss -2.634 -2.734 -2.740 -9.816 -9.248
Improvement by OG policy towards optimal 55%  98.6% 98.5%
Output gap misallocation -0.015 0.000 0.000 -0.832 -0.758
Within- and across-sector misallocation
— output-gap-related 0.115 0.000 -0.006 -6.250 -5.757
— policy-irrelevant -2.734 2734 -2.734 -2.734 -2.734

Notes: Reported in this table is the welfare loss—expressed in units of percent of steady-state consumption—under
different monetary policy designs. Columns (1) to (5) show the welfare losses under the optimal policy, the OG
policy, the Domar-weight policy, the CPI-weight policy, and the OG policy that ignores the production network,
respectively. The sectoral weights in all of the five policies adjust for sectoral price rigidities.
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Table C.3: Welfare loss under different monetary policies: Shocks to sectoral productivity

(1) () €) ) (5)
Optimal OG Domar CPI oG

w /o0 network

Mexico Export-to-GDP ratio: 19%

Total welfare loss -0.744  -0.754 -0.755 -1.529 -1.527
Improvement by OG policy towards optimal 6.6%  98.7% 98.7%
Output gap misallocation -0.001  0.000 0.000 -0.093 -0.092
Within- and across-sector misallocation
— output-gap-related 0.011 0.000 -0.001 -0.682 -0.681
— policy-irrelevant -0.754 -0.754 -0.754 -0.754 -0.754
Luxembourg Export-to-GDP ratio: 83%
Total welfare loss -3.057 -3.061 -3.213 -3.459 -3.833
Improvement by OG policy towards optimal 97.4%  99.0% 99.5%
Output gap misallocation -0.001  0.000 -0.022 -0.061 -0.123
Within- and across-sector misallocation
— output-gap-related 0.005 0.000 -0.130 -0.337 -0.648
— policy-irrelevant -3.061 -3.061 -3.061 -3.001 -3.061
us Export-to-GDP ratio: 9.2%
Total welfare loss -1.208  -1.216 -1.216 -2.056 -2.047
Improvement by OG policy towards optimal 23% 99.1% 99.1%
Output gap misallocation -0.001 0.000  0.000 -0.104 -0.103
Within- and across-sector misallocation
— output-gap-related 0.009 0.000  0.000 -0.737 -0.729
— policy-irrelevant -1.216  -1.216 -1.216 -1.216 -1.216

Notes: Reported in this table is the welfare loss—expressed in units of percent of steady-state consumption—under
different monetary policy designs. Columns (1) to (5) show the welfare losses under the optimal policy, the OG
policy, the Domar-weight policy, the CPI-weight policy, and the OG policy that ignores the production network,
respectively. The sectoral weights in all of the five policies adjust for sectoral price rigidities.
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Supplementary Material

D Basic results of the model

This section derives some basic results of the model, thus preparing for the proofs of our main
theoretical results in Sections 3 and Online Appendix A.

D.1 Feasible allocation

The feasible allocation of the economy can be defined at the sector level with the help of an
additional variable ; that captures the within-sector output dispersion in each sector i, as stated
in the following definition:

Definition 12 (Feasible allocation). Denote the use of labor and intermediate inputs of each sector i and
j by
1
(Li, Xi j, X i pjs X pj) = /o (Lit, Xif,jr Xniif, Hj Xnif,Fj) Af -

A feasible allocation is a state-contingent allocation of C, {C;};, {Yi}i, {Li}i, {Xi;}ij, {Chi}is {Cri}i,
{Xni,Hj}ij A XniEj}ij L AYEx,i}i, and {1;}; that satisfies the following equations (D.50)~(D.57) for each
i,j €{1,2,--,N} and any realized state § = { A;, D Fis P;‘M,Fi}l. €EE:

(consumption basket) — C = C({C;}i), (D.50)
(production function)  Y; = A;- ;- F;(Li, {Xij};), (D.51)
(consumption with import)  C; = Ci(Cpi, Cri), (D.52)
(intermediate inputs with import)  X;; = X;;(Xuinj, XHirj), (D.53)
(labor market clearing) L= Z L;, (D.54)
i

(goods market clearing) Y; = Chi+ Y Xujmi + Yex,iv (D.55)

: 0,1

L A
(balance of trade) EX =) (Dgxp;) YE;’f"If = ZP?M,Fi (CFi + ZXHj,Fi)/ (D.56)
i j

1
(within-sector output dispersion) =Y / ( /0 Yird f), (D.57)

where the aggregators F; = (L;s/a;)" ]_[]-I\L1 (Xi;/wi )" following equation (1), { X}, is defined in
equation (2), and C and {C;}; are defined in equation (9).

For sector-level conditions in equations (D.50) to (D.57) to summarize the feasible allocation
of the economy at the firm level, all firms within each sector must share the same marginal
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product of inputs, which happens to hold in the first-best allocation, the sticky-price equilibrium,
and the flexible-price equilibrium under our model setup.

D.2 Proof of Lemma 1: efficient flexible-price equilibrium

To prove Lemma 1, we define the first-best allocation (Definition 13), present the conditions for it
(Lemma 7), and show that these conditions coincide with those for the flexible-price equilibrium
when Assumption 1 holds.

The first-best allocation is the feasible allocation that solves the social planner’s problem, as
outlined in the following definition.

Definition 13 (First-best allocation). The first-best allocation is a feasible allocation that maximizes the
representative household’s utility u(C, L), i.e., it solves the following social planner’s problem:

max u(C,L)
{4i,Li A Xni,1j, Xni,£j } j/Cri/CrFi }i

s.t.  equations (D.50) to (D.56) and ; € [0,1] for all i.

Substituting equations (D.50), (D.52), and (D.54) into the utility function u(C, L) yields
u(C,L) = ( ({Ci(Chi, Cr)} ZL ) (D.58)

Substituting equations (D.51), (D.53), and (D.55) into equation (D.56), yields the consolidated
constraint of the social planner’s problem in the following:

s Op i1
Y (Dix i) [AiliFi({Lir X j(Xni,ujs Xnirj) }i) — Chi — ZXH]',Hz} E
i ]
=Y Pir <CF1‘ + ZXHj,Fi>- (D.59)
i ]

As a result, the first-best allocation is the feasible allocation that maximizes the utility function
in equation (D.58)—subject to the constraint in equation (D.59)—which, in turn, satisfies the
optimality conditions outlined in Lemma 7.

Lemma 7 (First-best allocation). The first-best allocation satisfies the following optimality conditions:

lj = 1, (D.60)
du/oL JF;
“awac oc. L (D-61)
9C 9C; 9Cy;
aC /3C;3C;/ICh; OF X

3C/ac, 3, /ac ~ Nax,, X i (D-62)
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9C;/9Ck; Or i YEx,i ﬁ

FilOF _pr o E ) (D-63)

dC;/dCy; B0 —1 <DEX,F1'> ’
08,y/0%rtrs _ gy Od( Yexi oy (D-64)
0X;;/0Xpipj M g —1\Diy p,

Proof of Lemma 7. To eliminate distortions and maximize welfare, the social planner would
close the within-sector dispersion in output, i.e., choosing 1; = 1. Furthermore, denote x the
multiplier for the constraint (D.59) of the social planner’s problem, the first-order conditions
w.rt. L;, XyiHj, XHirj, Chi, and Cp; are

ou Ori — 1/ Yexi \ "o, , OF
0= — . . : ! A'_/
oL " ey, <D;X,H> oL,
0— 9F,1' -1 < YEX,I' )‘9;’1.14' oF; E)/Yi,j _ QF,j -1 < YEX,i >_9;,]'
- * 1 * 7
Ori \Dix i 0X;; 0XHi Hj Or; \Dixrj
Ori—1/ Yexi \ o, , oF 09X %
0 — . . ZA - - P 17
91:’,' <DEX,F1'> 18Xi’j aXHz Fj IMFj
_udC 3 B Yoxi ) o
9C aC; 9C; 6r; \Diyp/
~ duacC

- faCl anl' - PIM’FZ..

Rearranging the above first-order conditions and eliminating the multiplier x yields equations
(D.61)-(D.64) of Lemma 7. O]

Proof of Lemma 1. Under 7; = —1/(¢; — 1) of Assumption 1, in the flexible-price equilibrium,
combining the optimal pricing conditions of the firms that maximize profits in equation (4)—
subject to demand function in equation (6)—with the cost minimization conditions that minimize
the total costs in equation (3)—subject to the production technology in equations (1) and (2)—
yields the following two conditions:

oF . W/lex(g)
Aia—Li(C) = W/ (D.65)
flex
JF; X j B P]‘ (¢)
Ais X,-,]-(g)aXHi,Hj = P () (D.66)
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Under trx ; = 1/0F; of Assumption 1, combining the export demand Yrx ; = (Prxi/S) _QF/I'DE X Fi

with the no-arbitrage condition (1 — 7rx ;) Ppx; = P;, yields the following equation:

1
61—“,1' (Yé(;f(g))%l, o Sflﬁx(&) (D.67)
Or: — 1\ D* T flex : 07
F,i EX,Fi P (2)

Furthermore, for the households” problem that maximizes utility function (8)—subject to the con-
sumption aggregator (9) and budget constraint (10)—combining the first-order conditions with
respect to L and Cp; yields the following condition (D.68), combining the first-order conditions
with respect to Cy; and Cp; yields the following condition (D.69), and combining the first-order
conditions with respect to Cr; and Cp; yields the following condition (D.70). For the firm’s cost
minimization problem that minimizes the total costs in equation (3) subject to the production
technology in equations (1) and (2), combining the first-order conditions with respect to Xpg; r;
and Xp; gj, yields the following condition (D.71).

u/oL wrtes(g)
= (D.68)
Se 3G ac- Pf 38
ac/ac; ,_ aC;/aCy; . P (@) 6o
9C/aC; **’aC;/aCx; ﬂex(g) 9
9Ci/3Cri o _ PimpiS" (@) Do)
9Ci/Cu; '~ pl(E) 7
0,;/0Xpik o _ P8 (€) O
X, /90X i i@ '

Substituting equations (D.65)-(D.67) into equations (D.68)-(D.71) to eliminate all of the equilib-
rium prices W/*(g), $f1¢%(g), and {Plf Y (£)},, yields exactly the same conditions for the flexible-
price equilibrium as the conditions (D.61)-(D.64) for the first-best allocation in Lemma 7, which
proves the efficiency of the flexible-price equilibrium. O
The role of export taxes {1gx;};. In closed economies 4 la La’O and Tahbaz-Salehi (2022) and
—1/ (81' —1

tortions due to monopolistic competition and, therefore, are sufficient to make the flexible-price

Rubbo (2023), non-contingent sector-specific subsidies 7; = ) eliminate sectoral dis-
equilibrium efficient. In open economies, however, it is welfare-enhancing for the social planner
of the small open economy to fully exploit the monopoly powers of the domestic producers on
the international market. As a result, the non-contingent sector-specific subsidies that eliminate
the sectoral distortions due to monopolistic competition alone are no longer optimal in small
open economies, and an additional non-contingent export tax 1gx; = 1/0F,; is required to re-
tain the monopoly powers of the domestic producers on the international market and make the
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exible-price equilibrium efficient. Under such export taxes, the sectoral export prices become:
P q p port p

1 Or .
P = P, Viei{l,2,---,NL
1—tex; = Opi—1" et J

Ppxi=

D.3 Lemma 8: steady-state Domar weights and sectoral export-to-GDP ratios

Lemma 8 (Steady-state Domar weights and sectoral export-to-GDP ratios). The steady-state Domar
weights A and sectoral export-to-GDP ratios Agx are functions of parameters as in the following equations:

—{Bov+(1—BV)[(6r—1) 000V}
{I-QOV,—(Qo V1[0 -1 0 orovy L, (D.72)
AMx=ATI-Q0oV,)—(Bov), (D.73)

where vy is the vector of the steady-state shares of sectoral exports in the value of the aggregate exports,
with the i-th element vy, equal to:

Proof of Lemma 8. In the steady state, the nominal exchange rate S** and the sectoral prices
P?* are both normalized to 1. As a result, for each sector i, the export price Pf ; is equal to
0ri/(0p; — 1), and the foreign demand for domestic sector i’s product in terms of quantity and

value are equal to

PE%{ j QF * QFZ _GF,i
YEXl - ( Sss/l) DE)S(SFz <9Pi = 1) DE’)S(S,FV (D.74)
and
91:,' OF i/
o, - Vi = Vi 12 i — TYEX i (D.75)

respectively. In the steady state, the import price P}
p y y p P IM Fi

steady-state balance of trade condition ) Ffr i Vi = Lir(Crr + X XHi Fir ;). Combining this
steady-state balance of trade condition with equation (D.75), yields the following equation of the

is also normalized to 1, which yields the

quantity of foreign demand:

O —1 .
VX, = FgTUH Z( t ZXH] Fz) (D.76)

i’
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Substituting equation (D.76) into the steady-state goods market clearing condition Y?>* = Cjj; +
Y X;%‘,Hi + YF ; and dividing both sides by the steady-state aggregate output C** yields

Ori—1 ,
Ai = Biv; + ZAjwj,ivx,j,i + TZ)HZ- 2 [‘Bi/(l —oy) + ZA]'w]}i’(l — vx,j,i’)] ,
j ot j

l‘/

which has equation (D.72) as its matrix form.

Dividing both sides of the steady-state goods market clearing condition Y;* = C3j; +}_; X5 mi+
Y7 ; by the steady-state aggregate output C** and substituting in the definition of the sectoral
export-to-GDP ratio Apx; = (PP*Y7 )/ (P¥C*) with normalized P?* = P = 1 yields the fol-
lowing equation:

AExi = Ai— (,Bivi + ZAjwj,iUx,j,i), (D.77)
j

which has equation (D.73) as its matrix form. O]

D.4 Lemma 9: Goods market clearing condition up to the first-order approx-
imation

Lemma 9 (Goods market clearing condition). Up to the first-order approximation, the following con-
dition holds in the sticky-price equilibrium.

(A0 (P(@)+Y(@)] " =Ap(Pe(&) +C(2)
~(A0H©) Loy — 1) + [AexS(8) — pnx © (P(Z) —15(2))] ' Lox
+ {Aex @Dy p + [onx — (0 —1) © Apx] ©Pjypr} Lox +o(|E]). (D.78)

Proof of Lemma 9. The goods market clearing condition (D.55) multiplied by the sectoral price
Pi is

PY; = P.Cyji+ P;Y_ Xpj i + PYex,i- (D.79)
j

Denote P ; as the price index of the sectoral consumption goods from sector i and P, ; as the
price index of the intermediate inputs purchased by sector j from sector i—both of which are
weighted averages of domestic price P; and import price S - Py, ;. Minimizing the costs of
purchasing C, {F;};, {Ci}, {X;}i; yields the following quantity of the demand for consumption
and intermediate inputs as functions of prices:

Cui = () "oici= (1) U,
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X ( b )_9"0 ( P )“’f”x,i,iwf,iijj
HiHi = (5= ) 0xjiXji = :
! Py i M APy Pyjittj

Substituting equation (13) into equation (14) yields the export demand as follows:

Pex —0F,; OF i =0 s P:\ —OF,i
Yex,i = ( S l> Dexri = <9Fl—_11> <§l> DEx ri-

Substituting the quantity of consumption, intermediate inputs, and export demand above back

to the goods market-clearing condition in equation (D.79) yields

oo (B P, 100y B,
PYi = (Pc,i> vipiPcC + ]Z <Px,j,i Hj
Op; N\ ~Ori/Pi\1-0k; .
+ <9p,i - 1) (F) 5 Pixi- (D80)

Log-linearizing equation (D.80) yields

M(B;+ V) = Bros| (6~ 1)(Pe; — ) + Pe + €]
+ Y Ajw; vy [(91' —1) (P —P) + P+, - ﬁ]}
j

+ Aexi[ (05— 1)(S = P) + S+ Dy pi] +o(lIE])- (D81)

Log-linearizing the price indices P, ; and Py ;; yields the following:
(D.82)

P.; = 0P+ (1-0v) (§+ ﬁ?M,Pi) +o(JIEl),
(D.83)

Prji = 0xiPi 4 (1= 02) (S + Piag ) +0(lIE])),
which implies the following relative prices:

i = (1=0;)(S+ Pl — P) +o(lIg])),
Prji— Py = (1= 0x,i) (S + Pipg pi — Pi) +o([[S]])-

o
I
)

)
)

Substituting these relative prices into equation (D.81) yields

NP+ Y1) = Bivg|(6;— 1) (1= 0) (S + Pjyy s — B) + Pe + C|
+ ) AW ivx i [(91' ~ 1)1 =0 (S + Py i — B) + B+ Y — i
j

+ Aexi| (65 = 1)(S = B) + S + Diy pi] + ().
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Rearranging the above equation and substituting in the definition of the net export elasticity
pNx,; in equation (35) yield the following:

/\i(ﬁ Z/\ jWj,iVx,j, 1(1/)\ +Y ) ﬁzvz(PC + C Z/\ w]zvsz,u] + /\EXzS pNXz(P\ §)
j j

+ /\EX,iBEX,Fi + [onx,i — (Opi — 1))‘EX,Z']P\I>|<M,F1‘ + 0(||§||),

which has the following matrix form as in equation (D.78) in Lemma o:

Ao @+Y)] =A5(Pc+C) —(A0@) (Lox —I) + [AexS — pnx © (P—15)] ' Loy
N+ D* T 7|
+ {Aex ©Dixr + [pnx — (0F —1) © Apx] O Piyp} Lox + o(|I€]]).

]

D.5 Lemma 10: household’s budget constraint up to first-order approxima-
tion

Lemma 10 (Household’s budget constraint). Up to the first-order approximation, the following condi-
tion holds in the sticky-price equilibrium:

-~

Pe(8)+C@) =[A0 (P@)+Y(©®)] a+(A0aE@) 1-a)+1-ATa)8(F)
— ALx (P(&) —15(%)) + [Aex @ (8 —1)] "Dix p +o(|€])). (D.84)

Proof of Lemma 10. Substituting the profit, total cost of inputs, and lump-sum transfer in
equations (4), (3), and (17) into the household budget constraint in equation (10) yields

1
PCC:WL+Z/0 Tpdf + T
i

= WL+), [(1 —TW)PY; = WL — Y (P Xuimj+ S PFM,ijxz-,Fj)}
i ]

+ Z (TiPiYi + TEX,iPEX,iYEX,i>

Z [PY Z PiXpinj+ S - PiyriXxi Fj) ] + ZTEXzPEXzYEXz (D.85)
i j

Under the Cobb-Douglas production functions, }; (PjX HiHj+S- Py FjX X,-,p]) PYi(1—w;)/ u;.
Therefore, substituting the export tax rate trx; = 1/0F;, the export price Prx; = P;/(1 — Tex.i),
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and the export demand Ygx; = (Pex;/S )_GF»‘DEX/FZ. into equation (D.85) yields

In the steady state, the sectoral markups, prices, and nominal exchange rate are normalized to
u® = P¥* = 5% = 1. As a result, equation (D.86) becomes

1= ZA & + 2 0 f’jll (D.87)

Log-linearizing equation (D.86) around the steady state yields

~

~ ~ 1 — ~ ~ ~ ~
Pe+C =Y dai(—f+ P+ Y)) +Z€FE’jll [S— (6p,: — 1)(P; = 5) + Dix i) +o(lIE1D),
i 1 1

which has the following matrix form as in equation (D.84) in Lemma 10:

Pe+C=PA0@+Y)] a+Aon) (1-a)
+ (1= ATw)S — Afx(P—1S) + [Apx @ (0 — 1)] "Dix r + o(||€]))-

D.6 Lemma 11: sectoral markup wedges and sectoral inflation

Lemma 11 (Sectoral markup wedges and sectoral inflation). Up to the first-order approximation, the
following condition holds in the sticky-price equilibrium:

i(§) = —(87" =DP() +o(I])- (D.88)
Proof of Lemma 11. Under static Calvo-pricing, the vector of sectoral inflation is a function of
the sectoral frequency of price adjustment A and the vector of sectoral nominal marginal costs

d:

P(g) = AD(§) +o([IE])- (D.89)

On the other hand, the definition of the sectoral markup wedges # yields

P(Z) = (&) + (&) (D.90)

Combining the above two conditions to eliminate () yields equation (D.88). ]
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E Proofs of the theoretical results in Section 3

This appendix derives the theoretical results associated with the aggregate output gap and the
OG policy in Section 3. These theoretical results are all up to the first-order approximation
around the efficient steady state under Assumption 1.

E.1 Proof of Lemma 2: the open economy Hulten’s theorem

Hulten’s theorem in Hulten (1978) characterizes the first-order impact of disaggregated produc-
tivity shocks on the aggregate TFP in an efficient closed economy (e.g., Bagaee and Farhi, 2019).
Our paper extends the closed-economy version of Hulten’s theorem into a small open economy
with international trade, exchange rate adjustments, and sector-specific shocks to import prices
and export demand besides sectoral productivity.

Under ; = —1/(e; — 1) and 1ex; = 1/6; of Assumption 1 and with all of the prices but PESX,z’
and W*® normalized to 1, the first-order approximation of the conditions in Lemma 12 around
the efficient steady state yields the following:

CC(¢ ZCSSC ) +o(lI€]), (E.91)
YPYi(§) = YA + WOLPLi(§) + ZXSSX ) +o(lIE]), (E.92)
C*Ci(8) = Ci1iChi(@) + CECri(©) +0(||§H)r (E.93)
XX (&) = X350 11X bi 1 (€) + X3 £ Xnir (&) + 0 (1)), (E.o4)
L¥L(§) = ZLfsEi((f) +o([1g1D), (E.95)
YiYi(&) = CiCri(8) + ZX%,HiXHj,Hi(C) + Y3 Yexi (&) +o([IE]), (E.96)

j

EXPEX;(§) = ZYESX,Z' {(QF,i —1) "Dy i+ ?EX,i(g)}
= 2 [Cﬁ' (P\I*M,Fi +Cri(8)) + ZXH] i (Phri + )A(Hj,Fi(C))} +o(|| €] (E.97)
Then, we combine equations (E.91)-(E.g7) to prove Lemma 2. Rearranging the balance of

trade condition (E.g97) to move all endogenous terms to the LHS and all exogenous ones to the
RHS yields the following;:

LHS = Y (Y3, Vex (&) — CECr(Z) — L X355 %1 (8) )
; j

Y35,
EX, _
Z (C%szPIMFz JrZXH] Filiv ri — o llDEXFz) +o(||&]l) = RHS. (E.98)
i s

Combined with the goods market clearing condition in equation (E.96), the LHS of equation
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(E.98) becomes:

LHS =) (st?i(g) — C35,Chi(€) — ZXZSU,HiXH]’,Hi(g) — CCri(&) — ZX?%,HXH]',FZ'(C))-
j j

i

Further combined with the aggregators in equations (E.91), (E.93), and (E.94), the LHS becomes:

LHS = ) (YPYi(©) ZXSSX 8) - C=C(®).

i
Combined with the production function in equation (E.92),

LHS =Y (Yﬁ% + WSSL?SEi(§)> — C=C(g).
i

Combined with the labor market clearing condition in equation (E.95),

LHS = Y Y{SA; + WSLSL(E) — C¥C(Z).

i
Substituting LHS back into equation (E.98) yields

Cssé\(g) . WssLss/L‘(g) Z (YSSA C PIM Fi

i

&
S EX,i
— Y X FiPh i+ o llDEX Fz) +o(|I€])- (E.99)
j A

In the steady state, the sectoral output prices and the CPI are normalized to 1. Therefore, divid-
ing both sides of equation (E.99) by the steady-state aggregate output C** yields the following;:

(/:\(g) — AL/L\({;‘) = Z{)\ A+ GAEXllDEXFz

1

- [,Bi(l =) + ) Ajwji(l = Ux,j,i)] ﬁI*M,Fi} +o([|g])-  (E-100)
j

E.2 Proof of Proposition 1: efficiency and labor wedges

Efficiency wedge. Log-linearizing the efficiency wedge Age(&) in Definition 3 around the
steady state yields
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Substituting A{lex(g ) = Ar +O(||&])) into the above equation yields

~

Angg(&) = C(&) — ALL(E) + o(I€1),

where C(&) — AL L(Z) are functions of only exogenous shocks up to the first-order approximation,
as shown in equation (E.100) of Section E.1. Therefore, taking the difference of equation (E.100)
in the sticky-price equilibrium and in the flexible-price equilibrium yields the following:

Aagg(8) — Al () = (C(&) — ALL(Z) +o(|I€])) — (C7** (&) — ALLT** (&) +o(||€]]))
= C8% (&) — ALL3(§) +o(||&]]) = o(JI]) (E.101)

In sum, sectoral markup wedges under price rigidities have no first-order impact on the efficiency
wedge.

Labor wedge. Consider a prototype economy similar to the closed economy 4 la Chari et al.
(2007), except that the aggregate production function defined on domestic labor inputs has state-
contingent aggregate TFP and returns-to-scale, as in the following equation:

flex
F(L,¢) = Aagg(g) LM (g),

where A{le"(g ) is the economy-wise labor share in the flexible-price equilibrium of the small open
economy that is contingent on the states of exogenous shocks. According to Definition 3, C(&) =
F(L(¢),¢) and, therefore, the labor wedge I'1.(¢) satisfies

ou/oL oF
L (C@LE) = TL®) - 5 (L), 2), (E.102)

where the marginal product of labor in the sticky-price equilibrium is equal to

d ex lex oy aC
THLE), ) = Augs (@) A () - LA O71 = 2 gy,

Therefore, substituting the utility function in equation (8) into equation (E.102) and log-linearizing
it around the steady state yields

~ -~ ~ ~

T1(8) = 0C(Z) + 9L(E) — Augg(Z) — A (&) — (A" (&) = 1) L(9). (E.103)

Taking the difference of equation (E.103) in the sticky-price equilibrium and in the flexible-price
equilibrium yields

TL(2) — T (8) = oC8(Z) + oL87(2)
— (Rugg (&) = AR (@) — (AL = ISP (&) +o(|E]))  (E-104)
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Combining equation (E.104) with equation (E.101) yields the labor wedge as

p+1
L

TL(@) —T[7(@) = (o =1+ =) - CoP (@) + o121,

E.3 Proof of Lemma 3: impacts of sectoral markup wedges on CPI

Under the production technology and the total cost of inputs in equations (1), (2), and (3), de-
riving the sectoral nominal marginal costs ®(¢) from the producers’ cost minimization problem
and log-linearizing it around the steady state, yields the following:

®() = aW(g) + (RO Vo)PE) + (2O Vi_2) (15(0) + Piprr) — A+o([E]), (E.105)

which, substituted into equation (D.9o) yields

~

P(§) = aW () + (O V)PE) + (QO Vi_2) (15(8) + Piyp) — A+ @) +o([|Z]]).  (E.106)

Taking the difference of equation (E.106) in the sticky-price equilibrium and in the flexible-price
equilibrium to eliminate the exogenous shocks, yields

P& (Z) = aWS™P(£) + (Q O Vi) PSP (8) + (Q O V1) 1S8% (&) + (&) + o(||Z]))-
= Loy (& WE (&) — aSE(Z) + fi(E)) + 1587 (&) + o(||E]), (E.107)

where the second equality is derived using the Leontief inverse matrix L,y = (I— Q ® V,)~!
and the identity « =1 — Q1.
Log-linearizing the CPI in equation (12) around the steady state yields

Pe(&) = (BOV) ' P@) +[BO (1—v)]T(15(8) + Py ) + o(IIE]). (E.108)

Taking the difference of equation (E.108) in the sticky-price equilibrium and in the flexible-price
equilibrium to eliminate the exogenous shocks yields

BE(8) = (BOv) B (@) 4+ [B© (1—v)] 1557 (8) + o( | E]). (E.109)

Substituting equation (E.107) into equation (E.109) and using the identity (B ® v) Ly = Xg
yields

PEP(§) = ApaWE™ (&) + (1 — Apa)S8 (&) + Apfi(Z) +o(|IE]),

which is equation (37) in Lemma 3.
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For interpretation, we re-arrange equation (37) to highlight the real wage and exchange rate:
A (WS (2) — P (2)) + (1 - Apa) (S57(8) — PE(8)) = ~A(&) +o([€]).  (E1o)

In Lemma 12 and Lemma 13 below, we further relate the real wage gap and real exchange rate
gap in equation (E.110) to the aggregate output gaps. O

E.4 Lemma 12: real wage gap and aggregate output gap

Lemma 12 (Real wage gap and aggregate output gap). Up to the first-order approximation, the real
wage gap is proportional to the aggregate output gap as in the following equation:

WS () — PE'(8) = o C8™ (§) + 9L87(8) = (o + ¢/ AL) C5¥ (&) + o (|| Z])- (E.111)

Proof of Lemma 12. For the households’ problem that maximizes utility function (8) subject
to the budget constraint (10), combining the first-order conditions with respect to L and C and
log-linearizing it yield

W(&) — Pc(Z) = oC(&) + ¢L(Z). (E.112)

Taking the difference of equation (E.112) in the sticky-price equilibrium and in the flexible-price
equilibrium yields the first equality in equation (E.111). Further substituting in equation (E.101)
from Section E.2 yields the second equality in equation (E.111). O

Interpreting Lemma 12. Equation (E.111) shows that the lower CPI in the sticky-price equi-
librium than in the efficient, flexible-price equilibrium (i.e., ﬁgap < 0 on the LHS) increases the
real wage (i.e., W8 — ﬁgap ) and induces a higher supply of domestic labor (i.e., L% > 0 in
the middle), thereby fostering production and generating a positive aggregate output gap (i.e.,
C8% > ( on the RHS).

E.5 Lemma 13: real exchange rate gap and aggregate output gap

Lemma 13 (Real exchange rate gap and aggregate output gap). Up to the first-order approximation,
the aggregate output gap is a linear function of the real exchange rate gap and sectoral markup wedges, as
reflected in the following equation:

[ 1-Ale 4+ (pnx©F+Arx) &) ($57(8) - B(D))

—— - -
cost of imported factors income from net exports
~T 21 ~\1 T A~
—{ PNX +[Ar—A0@-a)] 1)
.\/ ~ 4
net export income channel net profit income channel
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_ [1 —Aba+ (pnx OF 4+ Apx) | ® (a + A%)]égap(g) +o(||E]). (Ba13)

Proof of Lemma 13. Taking the difference of equation (D.78) from Lemma 9 in the sticky-price
equilibrium and in the flexible-price equilibrium yields

Ao (B (@) + V()] = R) (B (&) + C¥(2)) — (AO (D)) (Lox — 1)
+ [AexS5 (@) — pax © (B (E) ~15(0)5)] Lo +0([€]). (E11q)

Taking the difference of equation (D.84) from Lemma 10 in the sticky-price equilibrium and in the
flexible-price equilibrium yields

PEP(§) + C3(g) = [A© (PS(2) + V8™(8))] 'w+ (A A(E) (1-a)
+ (1= ATa)S8%(Z) — Afy (P (§) — 1857(2)) + o([|g])). (E-115)

Substituting equation (E.114) into equation (E.115) and using the identity equations & = Ly«

PP () + GO (§) = Apa (BE () + C7(8)) + A © (1 - )] Tl@) + (1 - A Tw+ AL a) S5 (2)
= (oux OF + Aex) | (B7() 187 (2) + o([Z]), (E116)

which implies that

(1—Apa) (PE™(Z) — S8 (§) + C87(8)) = [A © (1 —&)] T §)
+ (pnx O &+ Apx) T (= B8P(Z) + 1557 (g)) +o(l[¢]), (B.117)

where the last equality uses A = Ap + Ar from equation (42) in Lemma 5.
Combining equation (E.107) in Section E.3 and the identity @ = Ly« yields

PSP (Z) — 1557 (§)
= R(WS™(2) = REV(2) + P (2) = S5(2)) + Loafi(2) +0([&]1). (E118)

Substituting equations (E.118) and (E.111) into equation (E.117) and using the following identity
for the coefficients of sectoral markup wedges (&)

(pnx ©&+Apx) Loy — A0 (1-®)]" =pNx+[Ar— 210 (1-)]",

we obtain equation (E.113). ]
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Interpreting Lemma 13. Equation (E.113) shows that a lower CPI in the sticky-price equilibrium
than the efficient, flexible-price level (i.e., Pc < 0 in the first term on the LHS) increases the real
exchange rate (i.e., 58 — ﬁgﬂr’ increases and domestic currency depreciates) and improves the
current account. The improvement in the current account induces more use of imported foreign
factors as inputs, thereby fostering production and generating a positive aggregate output gap
(i.e., C87%7 > 0 on the RHS).

Specifically, the increase in the real exchange rate gap improves the current account in two
ways: first, the real expenditures on imported inputs in units of foreign currencies decline. This
effect is proportional to the share of imported inputs in the aggregate output (i.e, 1 —ATa) in
the brackets of the first term on the LHS); second, the depreciation in domestic currency lowers
the export price and increases the (after-tax) income from net exports. This effect is proportional
to the elasticity of net export income to exchange rate (i.e., (onx © & + Apx) ' &) in the brackets
of the first term on the LHS).

Moreover, equation (E.113) shows that, besides the effects through CPI, negative sectoral
markup wedges also directly improve the current account (the second term on the LHS) and in-
duce more use of imported foreign factors as inputs, thereby fostering production and generating
a positive aggregate output gap (i.e., C8% > 0 on the RHS).

Specifically, the second term on the LHS of equation (E.113) shows that negative sectoral
markup wedges (i.e., ) improve the current account in two different channels: the net export
income channel and the net profit income channel. In the net export income channel, negative markup
wedges—which lead to lower export prices than in the flexible-price equilibrium—increase the
net export income and improve the current account, as summarized by the net export centrality
(i.e., pnx in the braces of the second term on the LHS). In the net profit income channel, negative
markup wedges affect the current account through the net profit income of the home country
in two opposite directions: 1) they increase the exports and thus profits of the home country on
the international market, summarized by the foreign supplier centrality (i.e., A in the brackets
of the second term on the LHS); 2) they decrease the profits by containing the cost of imported
intermediate inputs, summarized by the share of imported inputs in the total costs of domestic
production (i.e., —A ® (1 — &)) in the brackets of the second term on the LHS).3%

As stated above, both negative CPI gaps and negative sectoral markup wedges improve the
current account according to the LHS of equation (E.113) and allow more imports of foreign
factors from the international markets—akin to increasing the supply of imported factors for
domestic households and firms. The increased “supply” of imported factors leads to a positive
aggregate output gap, as captured by the positive coefficient of the aggregate output gap on the
RHS of equation (E.113).

39The net profit income channel, as we show later in Figure 1, is quantitatively negligible, thus making the net export
income channel dominate and allowing negative sectoral markup wedges to improve the current account in general.
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E.6 Proof of Theorem 1: aggregate output gap and sectoral markup wedges

Substituting equation (E.111) from Section E.4 and equation (E.113) from Section E.5 into equa-
tion (E.110) from Section E.3 to eliminate the real wage gap W& (&) — PE"7(£) and real exchange
rate gap 587 (%) — ﬁgup((',‘), yields

Apa(0+ @/ AT (E) + (1= Apw) [xs + (1= xs) (0 + ¢/ A)|C(Z)
= —ABA(Z) — s PRi(@) — s [Ar —A© (1-®)] (@) +o(E]).
Defining the grouped parameter
ke = xs(1— Ahw) + [1—xg(1— 7\5«)} (c+ @/AL),
yields the following matrix form of equation (38) of Theorem 1:

ke C8P (&) = —{Ap+xs-pnx+xs [Ap— A0 (1-&)]} (&) +o(||E])) = —Mber(@) +o(|El]).

]

E.7 Proof of Propositions 3: centralities and import shares

As preparation, we derive the partial derivatives of the Leontief inverse matrix L,, with respect
to the home bias in intermediate inputs, as in the following equation:
) I oLl (I-Q 0O Vy)

= _vaa—va = _va 9
Ox,r,s Ox,r,s

Y va = {fvx,j,rwr,sgvx,s,i}j/i ’
X,7,8
where {va,]-,rwr,sévxlsri}ji is the (j,i)-th element of the partial derivative matrix.
Because L,y = (I- QO V) 1 =1+ ZIE(Q © V)t wj; > 0and vy ;; > 0 for all j and i, we

have:

>0 Vj=i,
gvx,j,i . .
>0 Vj#i
Proof of Proposition 3. According to Xg = (B ®v) 'Ly in equation (31) of Definition 5, the
partial derivatives of the domestic supplier centrality in sector i (A p,i) with respect to the import
shares of consumption goods and intermediate inputs are as follows:

OAD,;

o1 —v) —Biboxjir V] (E.119)
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IAp, -
P _(Zﬁjngvx,j,r>wr,s€vx,s,i = —AD,Wr,slox,sis Vr,s. (E.120)
a(l - Ux/r/s) ]

Equation (E.119) implies that, the domestic supplier centrality of sector i strictly decreases in
its own import share of consumption—uviz, % < 0—if and only if B; > 0, because £, ;; > 0.
Equation (E.120) implies that, the domestic supplier centrality of sector i strictly decreases
in its direct downstream sector r’s import share of sector i’s goods (i.e., w,; > 0 and v, ,; >
0), if and only if sector r, directly and indirectly, supplies to domestic aggregate output (i.e.,

Zj ﬁjv]"gvx,j,r > 0); that is,

OAD,;

_ DR il <0,
8(1 — Ux,r,i) D,rWy itox,ii <

Equation (E.120) also implies that, the domestic supplier centrality of sector i strictly decreases
in its indirect downstream sector s’s import share of sector r goods if and only if both of the
following two conditions hold: (i) sector s, directly and indirectly, supplies to domestic aggregate
output (i.e., } Bjvilvx,js > 0); and (ii) sector i indirectly supplies inputs to sector s via sector r
(i.e., wsr > 0and £y, ,; > 0); that is,

OAD,;

— P = A Wsrlyyri < 0.
8(1 — Ux,s,r) D,sWs,rtox,r,i

E.8 Proof of Lemma 4: OG reduces to Domar weight in closed economies

Recall the expression of OG weights (38) in Theorem 1 in the following:
Mo = Ap+xs-pnx +xs- [AF— A0 (1—&)].
As shown in Table 2, the centrality measures reduce to the following values in closed economies:
Ap=A, pnx =0, Ar=0, x=1,

which, substituted into the OG weights in equation (38) of Theorem 1, yields Mog = A. ]
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E.9 Proof of Lemma 5: Domar weight is the sum of domestic and foreign
supplier centralities

Multiplying both sides of equation (D.73) in Lemma 8 by the Leontief inverse matrix Ly, =
(I—Q®V,)™ !, yields the following:

AfxLox =AT = (BOV) Loy
—= Al =AT -],

where the last equality holds due to the definitions of domestic and foreign suppliers centralities
in equations (31) and (32), respectively. O

E.10 Lemma 14: output strictly increases in money supply

Lemma 14 (aggregate output increases in money supply). In the sticky-price equilibrium where
6 > 0foralli € {1,2,---,N}, for any realized state & € &, a rise in M strictly increases C(E) up to
the first-order approximation.

Proof of Lemma 14. Up to the first-order approximation, given the shock to the money supply
M, we have the following five conditions: (i) decomposition of CPI in equation (E.108):

Pe=(BoOv) P+[BO(1—v)] 15+ Y[ +o(|M]));
(ii) the determination of the exchange rate in equation (E.117):
(1-Apa)(Pe=S5+C) = A0 (1-a)] fi— (onx ©& + Apx) " (P —15) + Y3 § +o(|| M]));
(iii) the sectoral Phillips curves in equation (B.42):
P = BC+ Y& +o(|M]);
(iv) the relationship of sectoral markup wedges and inflation in equation (D.88):
fi=—(A"" =P +o(||M]);

(v) the money demand equation (11):
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Combining the above five equations yields the following;:

BTv+Mp1
1+ M1+ (BOV)TB|+(1—BTv) [(A—l S s Mp} 'B

+YTE+o(|M]), (E.121)

C= M

where vector Y is a linear combination of {Y;},—1,3 and M, = (1 — Xga)_l(pNX Oa+ Apx).
In particular, we need 6; > 0 for all i € {1,2,---, N} to ensure that the slopes B of the sectoral
Phillips curves will be finite. O
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