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Globalization and Pandemics"

By PoL ANTRAS, STEPHEN J. REDDING, AND ESTEBAN ROsSI-HANSBERG*

We provide theory and evidence on the relationship between global-
ization and pandemics. Business travel facilitates trade and travel
leads to human interactions that transmit disease. Trade-motivated
travel generates an epidemiological externality across countries.
If infections lead to deaths, or reduce individual labor supply, we
establish a general equilibrium social distancing effect, whereby
increases in relative prices in unhealthy countries reduce travel to
those countries. If agents internalize the threat of infection, we show
that their behavioral responses lead to a reduction in travel that is
larger for higher-trade-cost locations, which initially reduces the
ratio of trade to output. (JEL D91, F14, F60, 112, N30, N70, Z31)

Throughout human history, globalization and pandemics have been closely
intertwined. The Black Death arrived in Europe in October 1347 when 12 trading
ships from the Black Sea docked at the Sicilian port of Messina—the word quar-
antine originates from the Italian word for a forty-day period of isolation required
of ships and their crews during the Black Death pandemic. Much more recently, on
January 21, 2020, the first human-to-human infections of COVID-19 in Europe are
presumed to have taken place in Starnberg, Germany, when a local car parts supplier
(Webasto) organized a training session with a Chinese colleague from its opera-
tion in Wuhan, China. Examples of disease transmission from the travel induced by
international trade abound.

In this paper, we develop a theoretical framework to analyze the relationship
between globalization and pandemics. Our framework combines two core mech-
anisms from economics and epidemiology. First, travel between countries trans-
mits disease through human interaction as in the susceptible-infected-recovered
(SIR) model. Second, international trade is facilitated by business travel between
countries according to a conventional gravity equation partly mediated by mobility
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frictions. We show that these core mechanisms are not only empirically relevant,
but they interact in systematic ways that lead to novel insights on the interaction
between international trade, business travel, and the dynamics of infections during
pandemics.

We begin by providing empirical evidence that international trade affects the
transmission of disease. We examine the diffusion of three different infectious dis-
eases at different points in history: (i) the medieval plague, (ii) the 1957-1958 influ-
enza, and (iii) COVID-19. For all three infectious diseases, we show that the speed
of diffusion of each disease increases with measures of international trade links.
Furthermore, we continue to observe this positive relationship even after controlling
for geographical distance from the first disease outbreak.

We next provide empirical evidence that international trade speeds the transmis-
sion of disease through the international travel that it induces. First, we use additional
data that are available for COVID-19 to show that the relationship between disease
diffusion and trade ceases to be statistically significant once we control for total
arrivals and departures of people (including migration, tourism and business travel),
as expected if the mechanism is international travel. Second, we establish a strong
positive and statistically significant correlation between bilateral travel and trade.
Third, we show that we continue to observe this relationship if we focus on the vari-
ation in bilateral trade predicted by bilateral trade policies, as measured by tariffs.
Fourth, we summarize the results of recent studies that have used quasi-experimental
variation to provide evidence of a causal relationship between travel and trade.

Motivated by these empirical findings, we develop a theoretical model of glo-
balization and pandemics that incorporates a gravity equation for trade and travel
alongside an SIR model of disease diffusion. We consider a setting in which agents
in each country consume differentiated varieties and choose the measure of these
varieties to source from home and abroad. In our baseline model, agents must
travel to source each variety from home and abroad, which involves both a fixed
cost of meeting with other agents and a variable cost of shipping varieties between
countries. When traveling to source varieties, agents are exposed to risk of disease
transmission. If a healthy (susceptible) agent meets an infected agent, she becomes
infected with a constant probability (the contact rate). Once infected, there is a con-
stant probability that an agent recovers from the disease (the recovery rate). We
allow these contact and recovery rates to differ across countries.| Although we inter-
pret this travel between countries as business trips, another natural interpretation is
tourism, which involves traveling between countries to consume services.

We begin by abstracting from any effect of the infection on the probability of
death or worker productivity, and hence from any behavioral responses. The result-
ing open economy disease dynamics take a similar form as in existing multigroup
SIR models. However, a key difference from those existing models is that bilateral
interactions between countries are endogenously determined by international trade
and travel frictions. We demonstrate the presence of an epidemiological externality
between countries in the open economy equilibrium. A sufficient condition for a

! Differences in contact and recovery rates across countries stand in for differences in local culture (e.g., mask
wearing), administrative capacity (e.g., contact tracing systems), and medical technology (e.g., available medical
treatments).
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pandemic to occur is that any country has a reproduction number based on domestic
interactions alone of greater than one, where the intensity of these domestic interac-
tions differs between the open and closed economies. Therefore, even if one country
has the disease under control based on its domestic reproduction number, it may not
escape a pandemic if its trade partners do not. We show that reductions in interna-
tional trade and travel frictions can either increase or decrease the range of parame-
ters where a pandemic occurs and the severity of a pandemic when it does occur. On
the one hand, this international integration weakly raises the net benefits of inter-
actions, which tends to increase the overall number of interactions, and hence raise
the likelihood and severity of a pandemic. On the other hand, this international inte-
gration induces agents to substitute foreign for domestic interactions. Depending on
the domestic and foreign disease environments, this substitution can either raise or
reduce the likelihood and severity of a pandemic.

To develop these insights as clearly as possible, we keep our baseline model
stylized. In the online Appendix, we demonstrate the robustness of these results
to a large number of extensions. For example, we relax the assumption that travel
is required to source each variety by allowing agents to choose between different
technologies for sourcing varieties: in-person versus remote trade. In-person trade
is assumed to involve, on average, a higher fixed cost. We also develop a dynamic
extension in which agents only travel to form new trading relationships. Agents
can source varieties within existing trading relationships without traveling, but
these existing relationships break down stochastically. In other generalizations, we
demonstrate the robustness of our results to alternative specifications of the fixed
cost of sourcing varieties, to the sourcing of intermediate inputs, and to frameworks
featuring multiple sectors, multiple countries, scale economies, and imperfect com-
petition. We show that all of our main theoretical results continue to hold in these
generalizations of our framework.

We next allow the disease to affect the probability of death and the labor supply
of infected workers, but initially continue to assume that agents remain unaware of
the source of the infections, which implies no individual-level behavioral responses.
Nevertheless, deaths and lower worker productivity reduce aggregate labor sup-
ply. Therefore, a country with a more unhealthy disease environment experiences a
reduction in its relative supply of labor, and hence an increase in its relative wage.
This increase in the country’s relative wage raises the relative price of its goods,
which reduces travel to that country, in what we term a “general equilibrium social
distancing” effect. The timing of these changes in relative labor supply depends on
the extent to which the disease affects mortality versus worker’s labor supply while
infected. Furthermore, which country has the more unhealthy disease environment
can change over the course of the pandemic, if the timing of the disease outbreak
differs across countries. Additionally, if the disease affects worker’s labor supply,
and workers self-isolate while infected, their interactions with other agents fall pro-
portionately with their labor supply, which flattens the infection curve and reduces
the total number of infections. We highlight that these predictions for the impact of
pandemic-induced changes in labor supply on wages find empirical support from
both the Black Death and 1918 influenza.

Finally, we consider the case in which the disease affects the probability of death,
and agents internalize the threat of infection, and optimally adjust their behavior
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depending on the observed state of the pandemic. As in recent work (see Farboodi,
Jarosch, and Shimer 2021), it proves useful to assume that agents are uncertain
about their own health status, and simply infer their health risk from the shares
of their country’s population with different health status (something they can infer
from data on pandemic-related deaths). Technically, this turns the problem faced
by agents into a dynamic optimal control problem in which the number of varieties
that agents source from each country responds directly to the relative severity of the
disease in each country.

As in recent closed-economy models of social distancing (such as Farboodi,
Jarosch, and Shimer 2021; or Toxvaerd 2020), these behavioral responses reduce
human interactions, and thereby tend to flatten the curve of infections. In contrast
to these closed-economy setups, these behavioral responses now have international
general equilibrium implications. In both countries, agents skew their interactions
away from the relatively unhealthy country, which leads to the largest falls in the
ratio of trade to income in the relatively healthier country. This redirection of inter-
actions reduces the relative demand for the unhealthy country’s goods, which in
turn reduces its relative wage, thereby having the opposite effect to the reduction
in its relative labor supply from greater deaths. Depending on the timing of the
wave of infections in each country, which country has more infections than the
other can again change over the course of the pandemic, thereby reversing this pat-
tern of changes in trade openness and relative wages over time. We show that these
behavioral responses lead to a larger reduction in travel for higher-trade-cost loca-
tions, which leads to an initially larger fall in the ratio of trade to GDP in the early
stages of the pandemic, before its subsequent recovery. This theoretical prediction
of a decline in trade relative to GDP receives empirical support from the recent
COVID-19 pandemic, where world trade indeed fell faster than world production
in the early stages of the pandemic, before later rebounding. More generally, the
prediction that behavioral responses lead agents to reduce interactions because of
the threat of infection is supported by a range of empirical findings for COVID-19,
as we argue at the end of Section VB.

Our paper connects with several strands of existing research. First, we build on an
extensive empirical literature that finds that a constant elasticity gravity equation pro-
vides a good approximation to observed spatial interactions, including international
trade (e.g., Anderson and van Wincoop 2003; Eaton and Kortum 2002; Arkolakis,
Costinot, and Rodriguez-Clare 2012; Chaney 2014), migration (Kennan and Walker
2011), commuting (Ahlfeldt et al. 2015; Monte, Redding, and Rossi-Hansberg
2018), and tourism (Morley, Rossell6, and Santana-Gallego 2014). Relative to this
existing research, we incorporate a gravity equation for trade and travel alongside an
SIR model of disease dynamics. Since travel and disease diffusion are endogenous
to trade frictions, the gravity structure of trade determines both whether a pandemic
occurs and the severity of the pandemic when it does occur.

Second, we build on the empirical literature on the role of international busi-
ness travel in greasing the wheels of international trade. A large number of empir-
ical studies find a strong correlation between international travel and international
trade, including Kulendran and Wilson (2000); Cristea (2011); and Blonigen and
Cristea (2015). More recently, a small number of studies have used microdata and
sources of quasi-experimental variation to provide evidence of a causal impact of
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business travel on trade, including Bernard, Moxnes, and Saito (2019); Campante
and Yanagizawa-Drott (2018); Soderlund (2020); and Startz (2021). Relative to this
research, we examine the role played by the link between international travel and
trade in the transmission of disease.

Third, our paper also builds on the literature developing epidemiological mod-
els of disease spread, starting with the seminal work of Kermack and McKendrick
(1927,1932). More specifically, our multicountry SIR model shares many features
with multigroup models of disease transmission, as in the work, among others, of
Hethcote (1978); Hethcote and Thieme (1985); van den Driessche and Watmough
(2002); and Magal, Ousmane, and Webb (2016).7 A key difference is that the inter-
action between groups is endogenously determined by international trade frictions,
which implies that trade costs affect disease dynamics in each country and the world
as a whole.

The recent COVID-19 pandemic has triggered a remarkable explosion of work by
economists studying the spread of the disease (see, for instance, Fernandez-Villaverde
and Jones 2022) and exploring the implications of several types of policies (see, for
instance, Alvarez, Argente, and Lippi 2021; Acemoglu et al. 2021; Atkeson 2020; or
Jones, Philippon, and Venkateswaran 2021). Within this literature, a few papers have
explored the spatial dimension of the COVID-19 pandemic by simulating multigroup
SIR models applied to various urban and regional contexts (see, among others,
Argente, Hsieh, and Lee 2022; Bisin and Moro 2021; Cufat and Zymek 2020; Birge,
Candogan, and Feng 2020; and Fajgelbaum et al. 2021). Our paper also connects with
a subset of that literature, exemplified by the work of Alfaro et al. (2020); Farboodi,
Jarosch, and Shimer (2021); Fenichel et al. (2011); and Toxvaerd (2020) that has stud-
ied how the behavioral response of agents (e.g., social distancing) affects the spread
and persistence of pandemics. Most of this research is concerned with COVID-19 and
adopts a simulation approach. In contrast, we develop a theoretical framework that
permits an analytical characterization of the relationship between globalization and
pandemics. We provide empirical evidence in support of the predictions of this theo-
retical framework using data from a range of different infectious diseases.

Our work is also related to a large existing empirical literature in epidemiology on
the role of global trade and transportation networks in the transmission of infectious
disease. This body of research is summarized in Saker et al. (2004) and the National
Academies of Science Conference Volume by Institute of Medicine (2006). In a
related review of the existing evidence, Tatem, Rogers, and Hay (2006) examine five
human-infectious diseases (plague, cholera, influenza, HIV and SARS) and four
vector-borne diseases (yellow fever, dengue, West Nile virus, malaria), and docu-
ment the role played by international trade in the spread of these diseases around
the globe. In the economic history literature, Benedictow (2004); Christakos et al.
(2005); Boerner and Severgnini (2014); Yue, Lee, and Wu (2017); and Jedwab,
Johnson, and Koyama (2019) all argue that international trade routes were central
to understanding the transmission of the plague through medieval Europe. Kenny
(2021) provides an insightful account of the effect of pandemics throughout history.

2See Hethcote (2000) and Brauer and Castillo-Chavez (2012) for very useful reviews of mathematical model-
ing in epidemiology, and Ellison (2020) for an economist’s overview of SIR models with heterogeneity.
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The rest of the paper is structured as follows. In Section I, we provide empiri-
cal evidence that international trade speeds the transmission of disease and that the
mechanism is through the international travel induced by trade. In Section II, we pres-
ent our baseline gravity model of travel and trade. In Section III, we examine the impli-
cations of this model for disease dynamics, abstracting from labor supply effects from
deaths or reduced worker productivity and from behavioral responses. Globalization
plays a central role in shaping the course of the pandemic, because the volume of
travel between countries is endogenous to trade and mobility costs. In Section 1V,
we incorporate labor supply responses to the pandemic, which affect the path of rel-
ative wages and thus the volume of travel between countries during the pandemic. In
Section V, we allow for individual behavioral responses motivated by agents adjusting
their desired travel behavior in response to their fear of being infected by the disease.
We offer some concluding remarks in Section VI. An online Appendix presents all the
proofs and extensions not included in the main text, as well as additional robustness
exercises, empirical evidence, data description, and computational algorithms.

I. Motivating Evidence

We start by providing new evidence on the link between international trade and
disease diffusion and the underlying mechanism connecting international travel and
trade.” First, we provide some historical background on globalization and disease
diffusion. Second, we document the speed of diffusion for three infectious diseases:
the medieval plague, 1957-1958 influenza, and COVID-19. Third, we provide evi-
dence on the cross-sectional relationship between the speed of diffusion and inter-
national trade for each disease. Finally, we provide evidence on the link between
international travel and trade, as the mechanism connecting disease diffusion and
trade in our theoretical model.

Historical Background.—For most of human history, regional and continental
populations were relatively isolated from one another. Large-scale improvements in
land, sea, and air transportation technologies over the centuries have dramatically
increased the globalization of the world economy and the associated movement of
people and goods around the world.” Perhaps the most dramatic example of interna-
tional trade spreading infectious disease comes from Christopher Columbus’s dis-
covery of the New World in 1492, during his search for a more direct trade route
with China and the Spice Islands. Since the natives of the New World had no accu-
mulated immunity to Old World infectious diseases, such as smallpox, measles, and
influenza, the subsequent epidemics of these infectious diseases resulted in mortal-
ity rates of up to 80-90 percent.”

3For additional evidence and literature reviews, see online Appendix G on the link between trade and disease
diffusion, and online Appendix H on the link between travel and trade.

“For a historical discussion of the relationship between globalization and disease diffusion, see Kenny (2021).

5 See for example Diamond (1998) and Nunn and Qian (2010). We focus on the relationship between global-
ization and the speed of diffusion of infectious diseases rather than mortality, because mortality can be heavily
influenced by public health improvements, as discussed for example in chapters 6 and 7 of Kenny (2021).
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Disease Diffusion over Time.—We provide empirical evidence for three quite
different diseases at different points in history: (i) the medieval plague, (ii) the
1957-1958 influenza, (iii) the COVID-19 pandemic. Both the influenza virus and
COVID-19 are spread through airborne transmission between people in close prox-
imity. Although debate continues about the exact origin and mode of transmission of
the plague, the consensus is that the plague is initiated by the flea-borne bacterium
Yersina pestis, which circulates between mammal hosts.”

We use data on plague outbreaks across European cities from 1347 to 1760 and
outbreaks of influenza from 1957 to 1958 and COVID-19 from 2019 to 2020 across
countries. The medieval plague first arrived in Europe at Messina in 1347 and then
spread along Old World trading routes. The first cases of both 1957-1958 influenza
and COVID-19 were in China, before spreading around the world. For each disease,
we compute an arrival time for each location, as the difference in time between the
first outbreak of the disease in that location and its first outbreak anywhere.’

In the left panel of Figure 1, we show the distribution of these arrival times in
years for the plague across European cities. Given the relatively low economic inte-
gration in the medieval period, some cities were infected by the plague early on,
whereas others escaped earlier epidemics, only to be infected in a later outbreak. In
the right panel of Figure 1, we show the distribution of these arrival times in days
for the 1957-1958 influenza and COVID-19 pandemics across countries. Again
we find that it takes time for each infectious disease to diffuse across countries.
But the arrival times are substantially more rapid for the 1957-1958 influenza and
COVID-19 pandemics, consistent with the much greater integration of the world
economy in more recent decades.”

Trade and Disease Diffusion—We next provide empirical evidence that the
speed of diffusion of each infectious disease is shaped by international trade (see
also online Appendix G.1). We focus on the initial diffusion of each disease, and use
measures of international trade from before the outbreak of each disease, in order to
abstract from public policy interventions and behavioral responses.

In our baseline specification, we regress the arrival time of each disease on these
preexisting trade measures. Much of the variation in these preexisting trade mea-
sures is driven by bilateral geographical distance. But one potential concern is that
there could be omitted variables that affect disease diffusion and are correlated with
geographical distance (e.g., movements of animals that can act as reservoirs for the
disease). To address this concern, we also report specifications, in which we control
separately for geographical distance. In each specification, we standardize variables
to have a mean of zero and a standard deviation of one, such that the estimated
coefficients correspond to (3 coefficients. In column 1 of [Table 1, we report the esti-
mation results for the plague. Since data on bilateral trade between European cities

STraditionally, it was thought that this bacterium was mainly spread by rat fleas. More recent research suggests
that it also can be spread by human and cat fleas, or through infected meat, or oral transmission between humans.

7 For the case of COVID-19, in online Appendix G.1.4, we also provide evidence on the intensive margin growth
of infections (and how it is shaped by infections in other countries) once the first infection has occurred.

8 These findings are consistent with the epidemiological literature that argues that global transport networks have
accelerated disease diffusion, as reviewed in Tatem, Rogers, and Hay (2006), and discussed in online Appendix G.2.
Although, of course, one also needs to account for differences in infection rates across diseases.
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FIGURE 1. ARRIVAL TIMES FOR THE PLAGUE, INFLUENZA 1957-1958, AND COVID-19

Days since first location infected

Notes: Arrival time is defined as the difference in time between the first outbreak of a disease in a location and its
first outbreak anywhere; left panel shows arrival times in years for the plague across European cities from 1347 to
1760; right panel shows arrival times in days for influenza 1957-1958 and COVID-19 across countries.

TABLE 1—ARRIVAL TIMES FOR PLAGUE, INFLUENZA 1957-1958, AND COVID-19

Log
Log arrival Log Log Log
arrival influenza arrival arrival arrival
plague 1957-1958 COVID-19 COVID-19 COVID-19
(1 2 3) ) (5)
Log trade access —-0.219
(0.0348)
Log trade —0.176 —0.525 —0.238 0.0195
(0.1048) (0.0742) (0.0804) (0.1012)
Log distance 0.108 0.560 0.301 0.227 0.0665
(0.0302) (0.0867) (0.0819) (0.0819) (0.0897)
Log migrant stock —0.440 —0.279
(0.0920) (0.0945)
Log arrivals-departures —0.512
(0.1259)
Observations 1,149 52 172 152 149
R’ 0.072 0.439 0.462 0.538 0.576

Notes: Observations in column 1 are European cities; Observations in columns 2-5 are coun-
tries. All variables are standardized to have a mean of zero and a standard deviation of one.
Arrival is the difference in time between the first outbreak of a disease in a location and the
first outbreak anywhere. Trade access is the inverse of the shortest distance to an Old World
trade route. Trade is the sum of the value of each country’s exports and imports with China (the
country with the first outbreak of influenza 1957-1958 and COVID-19); trade is measured in
the year before each of these pandemics (1956 and 2019, respectively). Distance is geographi-
cal distance from the location of the first outbreak. Migrant stock is the total number of immi-
grants in a country from China plus the total number of expatriates in China from that country.
Arrivals-departures is the total number of people arriving in a country from China plus the
total number of people arriving in China from that country (including migrants, business trav-
elers and tourists). Heteroskedasticity robust standard errors are in parentheses.

during the medieval period are unavailable, we follow the existing historical litera-
ture on the plague in measuring trade access using the inverse of distance from the
nearest Old World trade route. Even after controlling for log geographical distance
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from the first European plague outbreak in Messina, we find a negative and statis-
tically significant coefficient on log trade access, implying that the plague diffused
faster to cities with better trade access.

In column 2 of Table 1, we report the results for the 1957-1958 influenza, where
there are only 52 countries for which we observe both influenza arrival times and
positive bilateral trade (exports plus imports in 1956) with China, as the country
with the first outbreak. Despite the relatively small sample, we find a negative and
statistically significant coefficient on log trade with China, implying shorter arrival
times for the influenza for countries that trade more intensively with China, even
after controlling for log geographical distance.’

In column 3 of Table 1, we show that we find the same pattern of results for
COVID-19, with a negative and statistically significant coefficient on log trade with
China (in 2019), even after controlling for log geographical distance, where again
China is the country with the first outbreak.'" The natural mechanism through which
trade affects disease diffusion is international travel. For COVID-19, we can provide
further evidence on this mechanism, by including as controls other measures of
international linkages between countries for which data are available.

In column 4, we include the log stock of migrants in China from each country
(including both immigrants and expatriates). Consistent with the idea that disease
can be transmitted through people movements associated with both migration and
trade, we find negative and statistically significant coefficients for both variables. In
column 5, we further augment this specification with the log total number of arriv-
als and departures between each country and China (including migration, business
travel, and tourism). Consistent with trade affecting disease diffusion through travel,
we find that the estimated trade coefficient is no longer significant once we control
for total arrivals and departures. We continue to find a negative and statistically
significant coefficient on the log migrant stock, which could reflect measurement
error in total arrivals and departures, such that the migration stock is proxying for
unobserved people flows associated with migration.'

In sum, for all three infectious diseases, we find that the speed of diffusion of
the disease is systematically related to international trade, even after controlling for
distance. Additionally, for COVID-19, we find that this effect of international trade
operates through movements of people, which is consistent with the scientific mech-
anism through which COVID-19 is transmitted (which requires exposure to infec-
tious respiratory fluids through face-to-face interactions). While we focus here in
the main text on the extensive margin of disease diffusion, in online Appendix G.1.4
we use our additional data for COVID-19 to provide evidence on the intensive mar-
gin of the rate of growth of infections once the first infection has occurred. We show
that countries that trade more with partners with high relative levels of infections

2If we include zero trade flows by estimating the equation in levels rather than logs, we have 117 countries
for which we observe arrival times, and find an estimated coefficient (standard error) of —0.135 (0.0145). We find
similar results for the 1968—1969 influenza, with negative and statistically significant trade coefficients in both
levels and logs.

19These results are again consistent with a large historical literature that emphasizes the role of international
travel and trade in disease diffusion, as discussed in Fauci (2005) and online Appendix G.2.

"1 As a further specification check, we report placebo specifications in online Appendix G.1 in which we show
that a range of measures of international financial linkages are statistically insignificant once we control for total
arrivals and departures, consistent with the travel-based mechanism in the model.
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experience more rapid rates of growth of infection, even after controlling for the
time since their own first infection.

International Travel and Trade.—We now provide further evidence on the rela-
tionship between international travel and trade using direct data on bilateral travel,
trade and tariffs (see also online Appendix H.1).'2

We measure international travel using data on the bilateral number of air passen-
gers from the Origin and Destination Database of the International Civil Aviation
Organization from 1982 to 2019. We begin by examining the correlation between
international travel and trade. We regress the log of bilateral air passengers on the
log of bilateral trade (exports plus imports), including origin-destination and year
fixed effects. The inclusion of the origin-destination fixed effects implies that the
estimated coefficient is identified from the relationship between changes in interna-
tional travel and changes in international trade over time. As reported in Column 1
of [Table 2, we find a positive and statistically significant correlation between inter-
national travel and trade, with a 1 percent increase in the value of bilateral trade
associated with a 0.217 percent increase in bilateral air passengers.

We find that this pattern of results is robust across a range of different specifi-
cations. One potential concern is that air passengers could underestimate bilateral
travel, because it abstracts from travel by land or sea. In column 2, we find similar
results if we restrict attention to origin-destination pairs more than 3,000 kilometers
apart, for which air travel is likely to be the dominant mode of transport. Another
potential concern is that aircrafts are used to transport both people and goods, which
could introduce a mechanical correlation between air travel and trade. In column 3,
we find similar results if we restrict attention to trade in goods for which air trans-
port accounts for less than 20 percent of the value of trade, confirming that our
findings are not driven by such a mechanical correlation.'?

Our theoretical model below suggests that the estimated positive correlation
between travel and trade in columns 1-3 need not have a causal interpretation,
because both variables are jointly determined by trade and travel frictions. To
explore further the role of trade frictions, we next consider a direct measure of trade
policy barriers in the form of tariffs. In column 4, we report instrumental variables
(IV) estimates of our baseline specification from column 1, in which we instrument
bilateral trade using bilateral tariffs. We find a positive and statistically significant
relationship between international travel and trade predicted by tariffs. In the corre-
sponding first-stage regression, we find that bilateral tariffs are a powerful predictor
of bilateral trade, with a first-stage F-statistic well above the conventional threshold
of ten.

The exclusion restriction for the I'V specification in column 4 is that bilateral tar-
iffs only affect bilateral travel through bilateral trade. This exclusion restriction could
be violated if there are other channels through which bilateral tariffs affect bilateral
travel (e.g., through the travel of trade negotiators). In column 5, we report the

2For a review of the existing empirical literature on the role played by business travel in international trade,
see online Appendix H.2.

13COMTRADE data are not reported by origin-destination-product-mode of shipment. Therefore, we combine
trade data by origin-destination-product with separate information on the importance of air trade for each product.
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TABLE 2—INTERNATIONAL TRAVEL AND TRADE

Log air Log air Log air Log air  Log air
passengers — passengers — passengers —passengers passengers

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

Log trade 0.217 0.293 0.399
(0.0111) (0.0173) (0.1574)
Log trade land/sea 0.230
(0.0134)

Log tariff —1.088

(0.3682)
Estimation OLS OLS OLS v OLS
Sample All >3,000km All All All
Origin-destination FEs Yes Yes Yes Yes Yes
Year FEs Yes Yes Yes Yes Yes
Observations 124,597 65,332 96,197 68,734 71,376
R’ 0.763 0.771 0.781 — 0.790
First-stage F-statistic — — — 100.8 —

Notes: Panel of origin-destination-year observations. Air passengers is total number of airline
passengers from an origin to a destination in a given year. Trade is the average of exports and
imports for each origin and destination in a given year. Trade land/sea is the average of exports
and imports for Harmonized System (HS) six-digit products for which air transport accounts
for less than 20 percent of the value of trade. Log fariff is the average of the ad valorem bilateral
tariff in the origin and destination countries. Origin-destination FEs are origin-destination fixed
effects. Year FEs are year fixed effects. Sample in column 2 is restricted to origin-destination
pairs with bilateral distances greater than 3,000 kilometers. In column 4, log trade is instru-
mented with log tariff. First-stage F-statistic is the F-statistic for the statistical significance
of the instrument in the first-stage regression. The R’ for the second-stage regression is not
reported in the IV specification, because it does not have a meaningful interpretation. Standard
errors in parentheses are clustered by origin-destination pair.

corresponding reduced-form regression of bilateral travel on bilateral tariffs, which
captures all channels through which bilateral travel and tariffs are related. We find
a negative and statistically significant coefficient, implying that trade liberalization
is correlated with increased bilateral travel. Nevertheless, this correlation is again
not necessarily causal, because bilateral tariffs are the result of a political economy
process, which itself could be endogenous to bilateral travel between countries.

Although it is challenging to ever fully address this endogeneity concern, a grow-
ing empirical literature has used quasi-experimental variation to provide evidence
in support of a causal relationship between bilateral trade and travel, as discussed
further in online Appendix H.2. For example, Soderlund (2020) uses the liberaliza-
tion of airspace in the Soviet Union in the mid-1980s, and shows that the resulting
reductions in the costs of business travel led to increased trade, even for goods not
typically transported by air. Additionally, Campante and Yanagizawa-Drott (2018)
uses the technological limitations of air travel beyond 6,000 miles, and shows that
city-pairs just below this distance threshold are substantially more likely to have
direct flight connections. Locations close to airports with a larger share of links
below this 6,000-mile threshold are found to experience increased business linkages
and measures of local economic activity.
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Motivated by these empirical findings on disease diffusion, international trade
and international travel, we now turn to develop our baseline theoretical framework.
We discuss additional empirical evidence relating to the novel predictions of our
theoretical framework below.

II. Baseline Economic Model

In this section we develop a stylized model of the global economy in which inter-
national trade is sustained by face-to-face interactions. Our main goal is to develop
the simplest model in which both international trade and face-to-face interactions
are jointly determined in general equilibrium. With that in mind, we focus on a base-
line static one-sector, two-country world in which individuals use labor to produce
differentiated goods that are exchanged exclusively via face-to-face interactions in
competitive markets. Although this specification is intentionally stylized, we end
this section by discussing briefly how our model can be generalized to a wide range
of settings while preserving its main insights. We develop these extensions more
fully in online Appendix C.

A. Environment

Consider a world with two locations: East and West, indexed by i or j. We denote
by J the set of countries in the world, so 7 = {East, West}. Location i € J is
inhabited by a continuum of measure L; of households, and each household is
endowed with the ability to produce a differentiated variety using labor as the only
input in production. We denote by w; the wage rate in country i. We abstract from
intertemporal borrowing and lending and hence income equals expenditure.

Trade is costly. There is iceberg bilateral trade cost 7; = t,-j(dl-j) 9. when shipping
from j back to i, where d;; > 1 is the symmetric distance between i and j, and 7; is
a man-made additional trade friction imposed by i on imports from country j. We
let these man-made trade costs be potentially asymmetric reflecting the fact that
one country may impose higher restrictions to trade (e.g., tariffs, or delays in goods
clearing customs) than the other country. For simplicity, there are no man-made fric-
tions to internal shipments, so #; = 1 and 7; = (d)°, where d;; < dj forj # i
can be interpreted as the average internal distance in country i = East, West.

Each of the L; households in country i is formed by two individuals. One of these
individuals—the seller—is in charge of producing and selling the household-specific
differentiated variety from their home, while the other individual—the buyer—is in
charge of procuring varieties for consumption from other households in each of the
two locations. We let all households in country i be equally productive in manufac-
turing varieties, with one unit of labor delivering Z; units of goods. Goods markets
are competitive and sellers make their goods available at marginal cost.

Households have CES preferences over differentiated varieties, with an elas-
ticity of substitution o > 1 regardless of the origin of these varieties, and they
derive disutility from the buyer spending time away from home. More specifically,
a household in country i incurs a utility cost

(1) cy(ny) = é:“v(dii)p(”ii) 0
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whenever the household’s buyer secures n;; varieties from location j, at a distance
d; > 1 from i. The parameter ; captures travel restrictions imposed by country
J’s government on visitors from i. The parameter ¢ governs the cost of travel and we
assume it is large enough to ensure an interior solution in which n; < L; for all i
andj € J. We assume that whenever n;; < L, the set of varieties procured from j
are chosen at random, so if all households from i procure n;; from j, each household’s
variety in j will be consumed by a fraction n;;/L; of households from i.
Welfare of households in location i is then given by

2) W=  max { > ) niiqij(k)”T]dk] . —éj%;/‘ij(dij)ﬂ(nij)(ﬁ}’

nipnip i +) 4y ) jeJ

subject to the household’s budget constraint

(3) > [ pik)ay(K)dk = w,

jegJ

where pl-j(k) and q,-j(k) denote the price and quantity consumed in i of the variety
produced in j by household &, and w; is household income.

B. Equilibrium

Let us first consider the consumption choices of a representative household in
country i for a given n;;. The problem in (2), yields

w; Tiw\ °
Y w=me(%)

7

where w;/Z; is the common free-on-board price of all varieties produced in location
J» Tjj are trade costs when shipping from j to i, and P; is a price index given by

W, —o 1/(1-0)
Z”"J(T)

jeJ ]

(5) P =

In order to characterize each household’s choice of n;;, we first plug equations (4)

and (5) into equation (2) to obtain

iy
1

W 1—o] (o-1) c ) p
Z’%( 7 ) - g];ﬁ‘ij(dzy) ()

)

From the first-order condition for n;;, we obtain the following gravity equation for
face-to-face interactions that is log separable in origin and destination terms and
bilateral frictions:

o—1
—1/(¢=1), ,\ _rro=08 (w61 1/(0-1)
I L R e - R (R
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Evidently, natural and man-made barriers to trade (d;;, t;) and to travel (y;) tend
to reduce the number of interactions sought by agents from country i in country j.
As we show in online Appendix B.1, for the second-order conditions to be satisfied
for all values of y;, dj, and 1;;, we require ¢ > 1/(c — 1) and o > 2. Bilateral
imports (X; = n;p;q;L;) satisfy an analogous gravity equation:

Plo—1)
_pte(o—1)s tij w;

(8) X; = [c(o — l)uij] 7ﬁ(dlj) M(Z]Pl> _TC;)ﬁwiLi.

1

Therefore trade shares can be written as the following constant elasticity import
demand system,
¢(o—1)

©) X (Y (i)
v Zl/f Xir . o1
= Yoteq(Yi)S(we/Z)) o1

where we have defined the composite trade friction as

1 /H»d)((f*l)ﬁ (‘;’)(U*I)

(10) (Tij)*f = (Hij)V”'(dij) o1 (tlj) -1,

which encompasses travel frictions (1), transport costs (d;;), and trade frictions (z;).
Note that the distance elasticity is affected by the standard substitutability o, but
also by the traveling cost elasticity p, and by the convexity ¢ of the traveling costs.
It is clear that both p > 0 and ¢ > 1 increase the distance elasticity relative to
a standardArmington model (in which the distance elasticity would be given by
6o — 1))

Finally, from the equality between country i’s income and expenditure on the
goods that it produces, we obtain the following system of equations that determines
equilibrium wages:

(11) Wii(wiv Wj>WiLi + 7Tji<wi’ Wj>ijj = w;L;

where 7;(w;, w;) and 7;(w;, w;) are given by equation (9) and we choose the wage
in one country as the numéraire. This general-equilibrium condition (11) takes the
same form as in standard gravity models in Alvarez and Lucas (2007), Allen and
Arkolakis (2014), or Allen, Arkolakis, and Takahashi (2020). Therefore, there exists
a unique vector of equilibrium wages w* = (w,-, wj) € RL_, as summarized in
Proposition B.1 in online Appendix B.3.

We obtain intuitive comparative statics for the impact of international trade or
travel frictions (dy, ;;, t;s, f1 j1;;) on bilateral interactions. Combining equations (4),
(8), and (9), we can express bilateral interactions as

o—1

WU(W)’

J

P(w)Z;

0
(12 o) = |40

14 An implication of this constant elasticity gravity equation representation is that our model falls within the
class of models discussed in Arkolakis, Costinot, and Rodriguez-Clare (2012), in which the domestic trade share is
a sufficient statistic for welfare, as shown in online Appendix B.2.
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where m;(w) is given in (9) and P/(w) in equation (B.1) in online Appendix B.2.
A decline in any international trade or travel friction leads to (i) a decline in
the rates (n; and n;) at which individuals will meet individuals in their own
country, and (ii) an increase in the rates at which individuals will meet indi-
viduals from the other country (n; and n;) (see Proposition B.2 in online
Appendix B.4). Therefore, the more open are economies to flows of goods and
people, the larger will be international interactions and the lower will be domestic
interactions.

In contrast, the effect of international trade and travel frictions on the overall
number of interactions is more subtle and in general ambiguous, because domestic
and foreign interactions are imperfect substitutes for one another. In Proposition B.3
in online Appendix B.5, we show that if countries are symmetric (L, = L,Z; = Z,
and Y;; = T for all i), a decline in any (symmetric) international friction leads to
an overall increase in human interactions (n; + n;;) experienced by both household
buyers and sellers. We use these comparative statics in Section III below, when we
study the relationship between disease diffusion and globalization.

We have intentionally developed a stylized model of international trade and
face-to-face interactions, which allows us to derive predictions for the relationship
between globalization and pandemics as transparently and sharply as possible. In
online Appendix C, we show that the main predictions of our theoretical framework
are not sensitive to these stylized features and continue to hold under a wide range
of generalizations. For instance, we work out an extension in which households
have access to two alternative technologies for procuring consumption goods, one
involving travel, and the other one involving remote interactions. We also develop
further generalizations of this specification, in which the shares of varieties sourced
differ across households, and potentially feature full segmentation between “jet-set-
ters” and “homebodies,” as well as a dynamic version of our framework in which
face-to-face interactions are only necessary to initiate a commercial link between
a buyer and a seller. In that same online Appendix C, we discuss other extensions
involving multiple sectors with varying degrees of face-to-face interactions, multi-
ple countries, an alternative specification of travel costs in terms of labor rather than
utility, intermediate-input trade, scale economies, and alternative market structures
including a version of Melitz (2003). Across each of these different extensions and
generalizations, we show that the insights from our baseline specification continue
to hold.

III. Trade, Travel, and Disease Diffusion

We now embed our gravity model of trade and travel into a model of disease
dynamics. We interpret our model as describing a standard “day” in the house-
hold. In the morning the buyer in each household in i leaves the house and visits
n;; sellers in i and ny; sellers in j, procuring goods from each of those households.
For simplicity, we assume that buyers do not travel together or otherwise meet
each other. While the buyer visits other households and procures goods, the seller
in each household sells its own goods to visitors to their household. There will be
n; domestic visitors and n;; foreign visitors. In the evening, the two members of
the household reunite.
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A. Preliminaries

With this background in mind, consider now the dynamics of contagion. As in
the standard epidemiological model, we divide the population at each point in time
into Susceptible households, Infectious households, and Recovered households (we
will incorporate deaths in the next section). We think of the health status as being a
household characteristic, implicitly assuming a perfect rate of transmission within
the household (they enjoy a passionate marriage), and also that recovery is experi-
enced simultaneously by all household members. For simplicity, we ignore the pos-
sibility that a vaccine puts an end to an epidemic before herd immunity is achieved.

Throughout this section, we focus on the role of trade and travel in shaping dis-
ease dynamics through the intensity of domestic and foreign interactions. In partic-
ular, we abstract from any impact of the disease on the ability to work and trade,
or on mortality. Therefore, there are no general equilibrium effects of the pandemic
on labor supply, and there is also no incentive for agents to change their individual
behavior. As a result, domestic and foreign interactions are time invariant through-
out the course of the pandemic.

Even with these simplifications, the endogeneity of domestic and foreign inter-
actions to trade and travel costs implies that the gravity model of trade and the SIR
model of disease dynamics interact in subtle ways. First, we establish an epidemi-
ological externality between countries, such that the condition for a pandemic to
occur depends on domestic interactions in the most unhealthy country, where the
intensity of these domestic interactions differs between the open and closed econo-
mies. Second, the constant elasticity gravity equation implies that domestic and for-
eign interactions are substitutes, in the sense that a reduction in trade costs increases
foreign interactions relative to domestic ones. Therefore, reductions in trade costs
can either increase or decrease the range of parameters where a pandemic occurs,
and the severity of the pandemic when it does occur, depending on the relative levels
of infections at home and abroad.

In Section IV, we generalize the analysis to allow the disease to affect the ability
to work and trade, as well as mortality. But we assume that agents are unaware of
the source of the infection, and hence have no incentive to change their individ-
ual behavior. In this case, there is a further interaction between trade and disease
dynamics, because changes in relative labor supplies give rise to a form of general
equilibrium social distancing. In Section V, we further enrich the analysis to allow
agents to become aware of the source of the infection, and to adjust the intensity
of their interactions based on the threat of infection. This introduces yet another
interaction between trade and disease dynamics, because of individual-level social
distancing in response to the threat of infection.

B. The Dynamic System

The share of households of each type in country i evolves according to the fol-
lowing laws of motion (we ignore time subscripts for now to keep the notation tidy):

(13) Si = —2niia,~S,-Ii — nUCVSlI —

JUTLELN)
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(14) I = 2n30;8;1; + nyeySily + njoySil; — 1,

(15) R = il;

To better understand this system, focus first on how infections grow in equa-
tion (14). The first term 2n;;c;S;I; in this equation captures newly infected house-
holds in country i. Sellers in i receive (in expectation) n; domestic buyers, while
buyers meet up with n;; domestic sellers. The household thus jointly has 2n;; domes-
tic contacts. In those encounters, a new infection occurs with probability a; when-
ever one of the agents is susceptible (which occurs with probability S;) and the
other agent is infectious (which occurs with probability 7;).'3 The second term of
equation (14) reflects new infections of country i’s households that occur in the
foreign country when susceptible buyers from i (of which there are S;) visit foreign
households with infectious sellers. There are n;; of those meetings, leading to a new
infection with probability «;; whenever the foreign seller is infectious (which occurs
with probability /). Finally, the third term in (14) reflects new infections associ-
ated with susceptible sellers in country i receiving infectious buyers from abroad
(country j). Each susceptible domestic buyer (constituting a share S; of i’s popula-
tion) has n; such meetings, which cause an infection with probability o; whenever
the foreign buyer is infectious (which occurs with probability 7;). The final term in
equation (14) simply captures the rate at which infectious individuals recover (v;),
and note that we assume that this recovery rate only depends on the country in which
infected agents reside, regardless of where they got infected.

Once the equation determining the dynamics of new infections is determined,
the one determining the change of susceptible agents in (13) is straightforward to
understand, as it just reflects a decline in the susceptible population commensurate
with new infections. Finally, equation (15) governs the transition from infectious
households to recovered households.

We allow the epidemiological parameters (ay, 7;) to differ across countries, which
is consistent with the very different experiences of countries during the COVID-19
pandemic. One source for these differences is culture. For example, Japan was rela-
tively less affected by COVID-19, because of its culture of mask wearing in public.
Another source is differences in public health technology, including administrative
capability and medical resources. For example, the Republic of Korea was relatively
less affected by COVID-19, because of an effective contact tracing scheme. In con-
trast, India was relatively severely affected, because of a lack of hospital capacity
and available treatments.'®

C. Open-Economy Pandemic

In the closed economy (n; = n; = 0), our model reduces to a standard SIR
model following Kermack and McKendrick (1927,1932), in which 3; = 2n;; is the

!5In summing the buyer and seller domestic contact rates to obtain a domestic contact rate of 2;; for the house-
hold, we use the continuous time property that there is zero probability that the buyer and seller are simultaneously
infected at exactly the same instant.

16See Kang et al. (2021) on the Republic of Korea’s contact tracing and the New York Times article “The Night
the Oxygen Ran Out” (Gettleman et al., June 28, 2021) for an account of India’s problems with hospital capacity.
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so-called contact rate. If Ry; = [;/7; < 1, an epidemic-free equilibrium is glob-
ally stable. In contrast, if Ro; = ;/7; > 1, a small initial level of infections nec-
essarily induces an epidemic to occur.

In the open economy, the system of equations (13)—(15) shares properties with
multigroup SIR models, if bilateral interactions (n;) are taken as given. However,
a key difference from these existing multigroup SIR models is that bilateral inter-
actions are endogenously determined by international trade and travel frictions in
our framework. This will allow us to study, in the next two subsections, how the
emergence and severity of pandemics is shaped by the level of trade integration in
the world economy.

In parallel to the closed economy case, we can define R in the two-country
system as the expected number of secondary cases produced by a single (typical)
infection, starting from the pandemic-free equilibrium in which §; = §; ~ 1 and
I; = I; ~ 0. Building on existing results for multigroup SIR models, we can com-
pute R by writing the system of equations determining the dynamics of infections
in each country as follows: "’

Lol 204n;S; (ajny + a;n)S; []l] [% 0] [Ii]
f (@jny + ing)S; 2a5m;S; y 0 %l 4]
v

F

The dynamics of infections in this system depend on the properties so-called next
generation matrix FV~! (evaluated at t = 1, for which S,-(to) = Sj(to) ~ 1).
In particular, R is given by the spectral radius (p(FV*I)) of this next generation
matrix:

1 2any | 2oy
(16) Ro = i(T + T)
2 2
L1 204n; 2oy n 4(O‘J'”ij + oiny)
2 Vi Vi Vi ’

We thus obtain the following characterization for the open economy equilibrium,
as proven in online Appendix D.2.

PROPOSITION 1: Assume that there is trade between the two countries (i.e.,
a;n; + agn; > 0). If Ry < 1, the no-pandemic equilibrium is the unique stable
equilibrium. If Ro > 1, the no-pandemic equilibrium is unstable, and there exists a
unique stable endemic equilibrium with a steady state featuring no infections (I,-(oo)
= I](oo) = 0) and shares of susceptible agents S,-(oo) € (0,1) and Sj(oo) €
(0,1) that satisfy equations (17) and (18).

In particular, we build on the analysis of multigroup SIR models in Hethcote (1978); Hethcote and Thieme
(1985); Diekmann, Heesterbeek, and Metz (1990); van den Driessche and Watmough (2002); and Magal, Ousmane,
and Webb (2016).
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If the global reproduction rate satisfies R > 1, there exists a unique asymp-
totically stable “pandemic” equilibrium. Following a small initial infection, the
share of worldwide infected households necessarily increases for a period of time,
and then declines to a point at which infections vanish and the share of susceptible
households in the population in each country (S,-(oo),Sj(oo)) takes a value strictly
between zero and one. These steady-state levels of infections in the two countries
satisfy the following system of nonlinear equations

(17) InSi(00) = —2%M[1 — 5 (o0)] — w[l (o)),
2a;n; Q;njj
(18) InS;(00) = #[1 — 8j(o00)] - %[1 — §(0)]-

Totally differentiating this system of equations, the steady-state values of §; and
§; are decreasing in ny, nj;, n;, and n;;, as shown in online Appendix D.1. Combining
these results with our comparative statics for bilateral interactions with respect to
international trade and travel frictions (d,j, ij» Lii» s sz) from the previous section,
we thus obtain a characterization of the response of steady-state susceptibles to
these trade and travel frictions, a characterization we will exploit in some of our

results below.
D. Epidemiological Externality

We now highlight a distinctive implication of our international trade setting. We
show that there is a powerful epidemiological externality between countries, which
depends on the endogenously determined pattern of bilateral interactions. In partic-
ular, since R is nondecreasing in n;; and n; in equation (16), we have

_ 20un; 2051
(19) RO Z R0|n[j:nﬁ:0 = max{—% ,—,.yj .

Therefore, even if one country has the disease under control (a reproduction num-
ber R ; based only on its domestic interactions of less than one), it will necessarily
participate in a global pandemic if there is positive trade between the countries, and
the other country does not have the disease under control.!' Although we illustrate
this result here for two countries, we show in online Appendix D.4 that it holds more
generally. With N > 2 countries and arbitrary country asymmetries, a sufficient
condition for the spectral radius of the next generation matrix to be greater than
one is that any country has a reproduction number R(; based only on its domestic
interactions of greater than one. Note, however, that the intensity of these domes-
tic interactions is lower in the open economy than in the closed economy, and is

81n online Appendix D.3, we compute the largest positive eigenvalue of the Jacobian of the system around
S; = 8; ~ land; = I; ~ 0and show that, consistent with equation (19), a pandemic-free equilibrium can only
be 1ocally stable whenever 2a;m;/v; < land 2a;m;/y; < 1.
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FIGURE 2. THE IMPACT OF CHANGES IN THE EXOGENOUS INFECTION RATE IN COUNTRY 2, avy

Notes: See online Appendix K for further details on the parameters and algorithms used in the numerical simula-
tions. The color of each curve in the right panel corresponds to the colors of the points in the left panel.

decreasing in the number of trade partners, because of substitution between domes-
tic and foreign interactions.'”

In Figure 2, we illustrate these analytical results by holding the infection rate in
country 1 («) constant and varying the infection rate in country 2 (). The starting
point is two identical countries with a common infection rate of oy = «a, = 0.04.
The rest of the parameter values are described in online Appendix K. For this ini-
tial common infection rate, the global reproduction number is R, = 0.75, and the
open economy domestic reproduction rates are Ry, = Ry = 0.46. As a result,
the initial infection quickly dies out and there is no global pandemic. The fraction of
recovered agents in the long run, R,-(oo), which is equal to the cumulative number of
infected agents in the absence of deaths, is essentially zero in both countries.

The left panel of Figure 2 plots Ri(oo) as a function of R as we progressively
increase a, from 0.04 to 0.10. The value of R is monotone in «, and increases
from 0.75 to 1.46. Hence, as the exogenous infection rate of country 2 increases, the
global reproduction rate increases beyond the critical value of one, and the world
experiences a global pandemic. Note how the fraction of the cumulative number of
recovered agents rises rapidly once R increases beyond one and both countries go
through increasingly severe pandemics. Note also the importance of cross-country
contagion in the open economy. Even though nothing is changing in the domestic
characteristics of country 1, it is dramatically affected by the worsening conditions
in country 2 through the epidemiological externality. The right panel shows the evo-
lution of the pandemic in country 1 for different levels of severity of the disease
environment in country 2. The most severe and rapid pandemics are associated with
the highest values of o (the lightest curve in the graph). As «, declines and R, falls

19Note that, even if one country has a reproduction number R ; greater than one based on its domestic interac-
tions, the resulting global pandemic can be small if that country is small relative to other countries.
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and crosses the value of one, the evolution of infections flattens and becomes longer,
until the pandemic eventually disappears.

In existing multigroup SIR models, multiple waves of infection can occur in the
presence of heterogeneity in hosts, pathogens, space, and/or time, as reviewed in
Bo et al. (2020). As we show in online Appendix D.5, in our international trade set-
ting, multiple waves of infection occur when the two countries have very different
timings for their own initial waves of infections, shaped by their endogenous trade
interactions, and when these two countries are sufficiently asymmetric in size. In
contrast, if the timing of disease spread is sufficiently similar across countries, or
if these countries are of similar size, both countries end up with a synchronized
pandemic with only one peak. This pattern of multiple waves of infections between
interconnected locations was observed during the COVID-19 pandemic. Although
these multiple waves in part reflected time-varying policies such as lockdowns,
there was also much discussion of countries (or states in large countries such as the
United States) becoming reinfected from one another."

E. Trade Integration and Pandemics

We now highlight two further distinctive predictions of our framework relative
to conventional multigroup SIR models, which again follow from the fact that bilat-
eral interactions are endogenous to international trade and travel frictions. In terms
of the stability of a pandemic-free equilibrium, inspection of equation (19) might
lead one to infer that avoiding a pandemic is always more difficult in a globalized
world. First, for given positive values of n; and ny, if the ratio o/; is sufficiently
high in any country in the world, a global pandemic affecting all countries cannot be
avoided, even though the country with the lower ratio a;/y; might well have avoided
it under autarky. Second, even when a; = «;andy; = -, the max operator in (19)
may seem to imply that the pandemic-free equilibrium is less likely to be stable in
the open economy.

However, this reasoning does not take into account that the intensities of bilateral
interactions (n;, ny;, ny, n;) are endogenous to trade integration. On the one hand, if
countries are symmetric, lower trade costs increase the overall number of interac-
tions (domestic plus foreign), as shown in Proposition B.3 in online Appendix B.5.
This increase in overall interactions acts to promote disease diffusion. On the other
hand, domestic and foreign interactions are substitutes in the constant elasticity grav-
ity equation, which implies that lower trade costs induce substitution from domestic
to foreign interactions, as shown in Proposition B.2 in online Appendix B.4. This
substitution could either increase or decrease disease diffusion, depending on the
disease environment in each country (a;, @, 7;, ;). as determined by local culture,
administrative capacity, and medical technology.

20See, for example, the discussion of US regional patterns of infection in the COVID -19 pandemic in the
New York Times: “What Previous COVID-19 Waves Tell Us about the Virus Now™ (Lauren Leatherby, October 23,
2021).
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We now show formally that trade integration can either increase or decrease the
range of parameters where a pandemic occurs and the severity of the pandemic
if it does occurs. We begin by considering a fully symmetric world in which all
primitives of the model (population size, technology, trade barriers, recovery rates,
etc.) are common in both countries, so that we have ny,,, = n; = n;,ng,, = n; =

ij
n;, a; = o = a,andv; = 7; = 7. Insuch a case, R simplifies to

2
RO _ a(”dorr:y_’_ nfor),

and it thus follows immediately from Proposition B.3 in online Appendix B.5 that a
decline in any (symmetric) international trade friction increases R, and thus decreases
the range of parameters for which a pandemic-free equilibrium is stable. Furthermore,
in this same symmetric case, the steady-state share of susceptible households in the
population is identical in both countries and implicitly given by

Insj(oo) = — L PRy i)

Thus, not only the frequency but also the severity of the pandemic is higher the
lower are (symmetric) trade frictions. We summarize these results as follows:

PROPOSITION 2: Suppose that countries are symmetric, in the sense that L; = L,
Z;=27,7Y; =7, = o, and v; = « for all i. Then, a decline in any (sym-
metric) international trade friction (i) increases R, thus decreasing the range of
parameters for which a pandemic-free equilibrium is stable, and (ii) increases the
share of each country’s population that becomes infected during the pandemic when
Ro > 1.

Although we have so far focused on a fully symmetric case, the main results in
this proposition continue to hold true even if countries are not perfectly symmet-
ric. More generally, a necessary condition for the pandemic-free equilibrium to be
stable is Ry < 1, and thus what matters for the effects of reductions in trade and
travel frictions is whether R, < 1 increases or decreases with those reductions in
barriers.

Figure 3 illustrates Proposition 2 for a case in which we introduce an asym-
metry in the exogenous infection rate across countries but R is still decreasing
in international trade frictions. We let a; = 0.04 and a, = 0.07, and study the
cumulative number of recovered agents when we increase symmetric international
trade frictions (#;, left panel) and travel frictions (fi;, right panel). The first point on
both graphs corresponds to 1, = t,; = 1 = p; = 1. The rest of the parame-
ter values are described in online Appendix K. The large infection rate in country 2
generates a pandemic in both countries. Globalization is essential to generate this
pandemic. As both graphs illustrate, as we increase either tariffs or travel restrictions,
global interactions decline, and the total number of recovered agents decreases.
Eventually, when the world is sufficiently isolated, the pandemic disappears and
the pandemic-free equilibrium becomes stable. In both graphs, the value of R,
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FIGURE 3. THE IMPACT OF CHANGES IN TRADE (LEFT) AND TRAVEL (RIGHT) FRICTIONS

Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

(plotted in orange and measured in the right axis) declines smoothly with frictions.
The vertical line in the figure indicates the value of tariffs or travel frictions, respec-
tively, corresponding to Ry = 1.7}

Although, in most cases, R increases as one lowers trade and travel frictions, we
now show that lower trade costs can also reduce the risk of a pandemic if there are
differences in the disease environment across countries (e.g., due to culture, admin-
istrative capacity or medical technology). Suppose, in particular, that country j is a
much lower risk environment, in the sense that «; is very low — so infections are very
rare — and ~; is very high — so infected households quickly recovern that country. In
the limiting case o;; — 0, the condition that R, < 1 reduces to >

2a4n;; L1 (O‘inﬁ)z

w tyw o < b

For a high value of ~;, it is then straightforward to see that the fall in country i’s
domestic interactions n;; associated with a reduction in international barriers makes
this constraint laxer, even if n; goes up with that liberalization. In those situations
it is perfectly possible for a pandemic-free equilibrium worldwide to only be sta-
ble when barriers are low. The intuition for this result is straightforward. In such a
scenario, globalization makes it economically appealing for agents from a high-risk
country to increase their interactions with agents in a low-risk country, and despite

2I'Note that the value of Ri(oo), does not become zero for either country right at the point where tariffs or travel
frictions lead R to become greater than one. The reason is that even though one of the countries necessarily avoids
a pandemic, it lingers close to its initial value of infections for a long time, which accumulates to a positive cumu-
lative number of recovered agents.

221t is straightforward to show that a necessary condition for Ry < 1 1is

205m; | 2050 2aun; 205my (ajnijJraf ﬁ) <1
Vi i T 7 + Vi :
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FIGURE 4. THE IMPACT OF CHANGES IN TRADE (LEFT) AND TRAVEL (RIGHT) FRICTIONS WITH
LARGE DIFFERENCES IN INFECTION RATES ACROSS COUNTRIES (a; = 0.008 AND o, = 0.052)

Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

the fact that overall interactions by these agents may increase, the reduction in
domestic interactions in their own high-risk environment is sufficient to maintain
the disease in check.

More generally, beyond this limiting case, if there are sufficiently large differ-
ences in the disease environment across countries, lower trade costs can reduce both
the range of parameters where a pandemic occurs and its severity when it does
occur. We summarize this result as follows:

PROPOSITION 3: When the contagion rate «; and the recovery rate y; vary suffi-
ciently across countries, a decline in any international trade friction (i) decreases
R, thus increasing the range of parameters for which a pandemic-free equilib-
rium is stable, and (ii) when Ry > 1, it reduces the share of the population in the
high-risk (high o, low ;) country that becomes infected during the pandemic, and it
may also reduce the share of the population in the low-risk (low o, high ~y;) country
that become infected during the pandemic.

Figure 4 illustrates Proposition 3 by presenting examples in which increases in
trade and travel barriers eliminate the possibility of a pandemic-free equilibrium.
The figure considers the case of a small infection rate in the healthy country, coun-
try 1, of oy = 0.008, and sets the infection rate in County 2 at a standard value of
a, = 0.052.% In both panels, increases in frictions now lead to increases in R
(again depicted in orange and measured in the right axis). Without frictions the
pandemic-free equilibrium is stable. Agents in country 2 interact sufficiently with
the healthier country 1, which helps them avoid the pandemic. As both economies
impose more frictions, domestic interactions increase rapidly, while foreign interac-
tions drop. This is bad news for country 2, since its larger infection rate now leads to
a pandemic. Perhaps surprisingly, it is also bad news for country 1 since, although it

23Relative to the baseline parameters in online Appendix K, this example also lowers ¢ to 0.1 and ¢ to 1.5.
These additional changes increase the overall number of domestic and foreign interactions.
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interacts less with country 2, it does so sufficiently to experience a pandemic. Larger
frictions, which decrease aggregate income in both countries smoothly, also worsen
the pandemic in both countries, at least when frictions are not too large; a clear case
for free trade and mobility. Of course, as frictions increase further, eventually they
isolate country 1 sufficiently and so the severity of its local pandemic declines. In
autarky, country 1 avoids the pandemic completely, but at a large cost in the income
of both countries. In contrast, higher frictions always worsen the pandemic in coun-
try 2. Contacts with the healthy country are always beneficial, since they dilute
interactions with locals, which are more risky.

This possibility for lower trade and travel costs to reduce the incidence and
severity of pandemics arises from the substitutability between domestic and foreign
interactions. In online Appendix I, we show that this substitutability is implied by
a constant elasticity gravity equation, in the sense that reductions in trade costs
increase foreign interactions relative to domestic interactions. We also show empir-
ically that a constant elasticity gravity equation provides a good approximation to
observed travel behavior. In practice, it may be hard to find examples in which
the differences in disease environment across countries are sufficiently large that
reductions in trade and travel costs do indeed reduce the magnitude of pandemics.
Furthermore, evaluating the impact of changes in trade and travel policies on disease
diffusion is complicated by the fact that these policies are themselves endogenous
to this disease diffusion. Still, some evidence from the COVID-19 pandemic is con-
sistent with our predictions that (i) travel bans can trap individuals in “hot spot”
locations and exacerbate disease diffusion, and (ii) localized lockdowns can be
unsuccessful in containing the disease in the presence of spillovers from neighbor-
ing locations. Burlig, Sudarshan, and Schlauch (2021) use data from domestic travel
bans in several developing economies (India, China, Indonesia, the Philippines,
South Africa, and Kenya) and show that travel bans can in some circumstances
increase cumulative infections relative to a counterfactual without restrictions.” In
an empirical analysis of Chilean municipalities during the COVID-19 pandemic,
Li, Undurraga, and Zubizarreta (2022) find that the success of localized lockdowns
in controlling the transmission of this disease was heavily influenced by indirect
effects from neighboring geographic areas.”

IV. General-Equilibrium Social Distancing

In this section, we generalize our analysis to allow the disease to affect mortal-
ity and the ability to work and trade. For the time being, we assume however that
agents are unaware of the source of the infection, and hence have no incentive to
change their individual behavior. This generalization introduces a further interac-
tion between trade and disease dynamics, because changes in relative labor supplies
give rise to a form of general equilibrium social distancing. In Section IVA, we first

241n a similar vein, in reviewing the impact of travel bans during the early phases of this pandemic, Grépin et al.
(2021) find heterogeneity in their effects depending on how early they were implemented, and stress the importance
of taking into account restrictions on domestic travel in addition to those on international travel.

23 International evidence on the difficulty of completing sealing borders to eliminate disease transmission comes
from the experience of Australia, New Zealand, and China during the COVID-19 pandemic, as discussed in “Why
Travel Bans Are Usually the Wrong Way to Curb Omicron” (Economist, January 1, 2022).
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introduce deaths. In Section IVB, we next incorporate both deaths and reduced labor
supply by infected workers.

A. Deaths

We begin by allowing the infection to affect mortality. We assume that infected
agents die with probability 7; and recover with probability ~y;, where both probabil-
ities depend on the country in which infected agents reside, and not on where they
were infected.”® Using this new assumption, the shares of households of each type
evolve according to the following laws of motion (where we again ignore time sub-
scripts to keep the notation tidy):

(20) Si = =2ny(w)e;S;I; — [ny(w)ay; + ny(w)a] i1,

(21) I; = 2ny(W)a, SiI; + [ng(w)ey + n(w)au| S;1; — (v + mi)I;
(22) R = I,

(23) D; = .

There are two main differences between this dynamic system and that in equations
(13)—(15). First, we now have four types of agents in this Susceptible (S), Infected
(I), Recovered (R), and Dead (D) model, since some infected agents transition to
death rather than recovery. Second, we now need to make explicit the dependence
of the contact rates nl-l-(w), nl-j(w), and nj,-(w) on the vector of equilibrium wages w.
As the changes in each country’s population caused by deaths affect wages, this
changes the intensity of bilateral interactions, which now evolve endogenously over
the course of the pandemic. In particular, the equilibrium wage vector is determined
by the following goods market clearing condition:

(24) ;jwﬁ(w)wj(l — D)L; = w1 — D)L,

where recall that m;(w) and n;(w) are now given by equations (9) and (12),
respectively.

In the special case in which n; = 0, the system with deaths in equations
(20)—(23) and equation (24) naturally reduces to the system without deaths in equa-
tions (13)—(15). Furthermore, the general equilibrium system with deaths is contin-
uous in 7, because (i) D; is continuous in 7; given wages, (ii) 7;(w) is continuous
in w for all ij from equation (9), (iii) w is continuous in D; from equation (24), and
(iv) n;(w) is continuous in w for all ij from equation (12). This property of the con-
tinuity of the entire general equilibrium system in 7; ensures that all of the results
established for our baseline model in the previous section necessarily hold in this
generalization for sufficiently small 7,.

We now show that the impact of deaths on labor supply and equilibrium wages
introduces a form of general equilibrium social distancing into the model. First, the

26We implicitly assume that if one of the household members dies, the other one does too.
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decline in a country’s labor supply from mortality leads to a change in its relative
equilibrium wage (a terms of trade effect). Second, this decline in labor supply
from mortality reduces the range of goods available in that country (a decline in the
quantity of varieties produced). In an interior equilibrium in which agents source a
subset of the varieties produced in each country, the measure of varieties sourced
from each country is determined by its relative wage, as shown in online Appendix
E.1. Therefore, the relative wage is a summary statistic for all general equilibrium
effects in such an interior equilibrium where agents source a subset of varieties.

Purely through this general equilibrium force of changes in relative labor supplies,
agents in the healthy country engage in a form of endogenous social distancing, in
which they skew their interactions away from the country with a worse disease envi-
ronment, as summarized in the following proposition (see online Appendix E.2 for
a proof):

PROPOSITION 4: If country j experiences more deaths than country i, the resulting
change in relative wages (w;/w;) leads country i to reduce its interactions with coun-
try j and increase its interactions with itself (general equilibrium social distancing).

We provide an analytical characterization of the elasticity of a country’s relative
wage with respect to its own population (and hence with respect to deaths) in online
Appendix E.3. We show that this elasticity becomes larger in absolute value as the
trade elasticity becomes smaller, such that a larger change in relative wages and
the terms of trade is required to restore goods market equilibrium. Additionally,
this elasticity becomes larger as the country’s share of income derived from itself
becomes smaller, such that it becomes more dependent on foreign markets. Finally,
this elasticity is bounded above in absolute value by one, and converges to this larg-
est absolute value as the trade elasticity converges to zero.

In interpreting Proposition 4, it is worth stressing that even if one of the countries
has more favorable health parameters («y, ;) than the other one, which country has
more infections (and hence more deaths) can change during the pandemic if the
two countries’ waves of infection are staggered in time. In the initial stages of the
pandemic, one country may experience a larger relative reduction in its labor supply
(leading to endogenous social distancing in the other country), while in the later
stages of the pandemic the other country experiences a larger relative reduction in
its labor supply (leading to the opposite pattern of endogenous social distancing).

Another straightforward implication of explicitly modeling deaths is that they
naturally affect aggregate income in both countries. More specifically, when-
ever changes in trade or travel barriers affect population, aggregate real income
(w;L;/P;) and aggregate welfare (W;L;) are directly impacted by trade-induced
changes in population. Because around R, = 1 deaths are particularly responsive
to changes in trade frictions (as evident in Figures 3 and 4), changes in trade fric-
tions can have substantial effects on welfare through deaths relative to their conven-
tional effects through welfare gains from goods trade.

In Figure 5, we illustrate the results in Proposition 4 with a numerical example.
For illustration purposes, we consider a case with extreme differences in death rates,
in which country 1 has a death rate of 1 percent (1, /(n; + 7;) = 0.01) and country
2 has a death rate of 50 percent (1,/(n, + v,) = 0.50). The rest of the parameters
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FIGURE 5. GENERAL EQUILIBRIUM INDUCED SOCIAL DISTANCING

Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

are set to their baseline, symmetric values, across countries. We denote our gener-
alization with deaths by “SIRD model” and indicate our baseline specification with
no deaths (7, = 1, = 0) by “SIR model.” The larger death rate in country 2 leads
to a fall in its relative labor supply, which increases relative wages, as shown in the
top-left panel. Since the countries are otherwise symmetric, and we chose the wage
of country 1 as the numéraire, only the wage of country 2 rises above one when
deaths occur. The resulting increase in country 2’s relative wage is small (0.5 per-
cent), even though about 6 percent of agents end up dying in country 2. Labor sup-
ply falls, but so does the aggregate demand for goods in that country and the set of
varieties it produces, and the two countries here have identical size.

The rise in the relative wage of country 2 implies that both countries tilt their con-
sumption towards country 1’s varieties. Therefore, the consumption of foreign vari-
eties increases in country 2 but falls in country 1, as illustrated in the top-right panel.
We see the opposite pattern for domestic varieties, although the adjustments are
smaller. Ultimately, agents in both countries consume less varieties, which increases
the price index in both countries, although by more in country 2, as shown in the
bottom-left panel. Real income falls in country 1, both per capita and in aggregate,
because of this increase in the price index. In contrast, in country 2, real income per
capita rises, because the wage increases by more than the price index. Nevertheless,
aggregate real income falls as result of the reduction in labor supply from deaths, as
shown in the bottom-right panel.
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This general equilibrium social distancing prediction assumes that agents are
unaware of the source of infection, and hence do not change their individual
behavior, which may be more plausible for some diseases than others. Furthermore,
the ability to detect this general equilibrium social distancing prediction empir-
ically is likely to depend on the death rate, which again varies across diseases.
Nevertheless, a major strand of research in the economic history literature argues
that the decline in Europe’s population of around one-third as a result of the Black
Death increased labor’s relative bargaining power, which led to higher wages, and
the institutional transition from feudalism to capitalism (see in particular North
and Thomas 1973; and Postan 1973). Jedwab, Johnson, and Koyama (2022) use
time-series data for England, Italy, and Spain to show that the population declines
from the Black Death were followed by sharp increases in real wages and real
per capita GDP (see Figure 4 in that paper). Using US data from the 1918 influ-
enza pandemic, Garrett (2009) finds that states and cities with higher influenza
and World War I combat mortalities experienced statistically significantly higher
manufacturing wage growth from 1914 to 1919, even after controlling for wartime
production and initial capital and value added per capita in 1914. More broadly,
looking beyond pandemics, there is substantial evidence of negative terms of
trade effects from increased factor supplies, including for example Acemoglu and
Ventura (2002) and Debaere and Lee (2004).

B. Deaths and Reduced Worker Productivity

We now further generalize our analysis to allow the pandemic to affect a coun-
try’s labor supply through both deaths and a reduction in the fraction of time that
infected individuals can work. We continue to assume that agents are unaware of
the source of the infection, and hence have no incentive to change their individ-
ual behavior. Specifically, we assume that infected agents only provide 1 — ¢; > 0
units of labor. Furthermore, sick individuals isolate when they do not work, and so
their interactions are proportional to their labor supply. Using this assumption, the
shares of households of each type evolve according to the following modified laws
of motion (where, as before, we ignore time subscripts to keep the notation tidy):

$; = —2m(W)auS{1 — Q)i — [ny(w)ay + my(w)eu] S{1 — )1,

I; = 2my(w)auSi(1 = G); + [ny(w)ay + m(w)e| Si(1 = ) — (7 + n)1s
R = vl

D; = 1.

Note that, since now an individual’s reduced labor supply also results in reduced
infections, a higher ¢; flattens the infection curve and reduces the total number of
infections. In the limit, when ¢; = 1 in all countries, there is no pandemic since
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FIGURE 6. EVOLUTION OF INFECTIONS, RELATIVE WAGES, AND LABOR SUPPLY SHARE WITH REDUCED LABOR SUPPLY
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Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

the initially infected isolate completely and infections do not spread. The modified
goods market clearing condition becomes

Y mi(wwi(1 — D; — L)L = wl — D; — GL)L,
jeJ
where 7;(w) and n;(w) are given by equations (9) and (12), respectively.
The term L) = (1 —D; — gl-Il-)Ll- represents the total labor supply in country
i, which is given by the total initial population, L; minus the number of deaths,
D;L;, minus the time that infected agents do not work, ¢;/;L;. The last term is new
and implies that relatively high infections in a country will reduce its relative labor
supply, which results in higher relative wages in that country. As with deaths, the
larger relative wages generate a general equilibrium social distancing effect that
makes individuals in the relatively healthier country interact less with those in the
country with a high number of infections. A key difference is that the reduction in
worker productivity while infected is only temporary for those workers who recover
from the infection. Hence, these effects can be particularly large and rich when
countries’ waves of infections are not synchronized.
In Figure 6, we simulate the same example as in Figure 5 above, but vary ; from
0 to 0.05 for all i. The lightest curves present the case when ¢; = 0 and so they
reproduce the exercise in Figure 5, for comparison purposes. The three panels in
Figure 6 show the wave of infections in each country, the relative wage in country
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2, and the relative labor supply in country 2, respectively. Clearly, the main effect
of an increase in g; is to reduce the pandemic in both countries, which reduces the
labor supply effect and therefore the impact on relative wages. As people work less
and isolate more, the pandemic is smaller, and so is the general equilibrium social
distancing effect.

In online Appendix E.4 we study a case in which the pandemic again affects
labor supply through reductions in the fraction of time sick agents can work, but
where the infected do not isolate, and hence keep interacting with others. A natural
interpretation of this case is a reduction in the productivity of the infected. This case
allows us to underscore the subtle impact of the reduction in the labor supply of the
infected on relative wages and interactions, without its direct effect on the magni-
tude of the pandemic through the self-isolation of the infected. As with deaths, a
reduced labor supply by the infected generates a general equilibrium social distanc-
ing effect, but one that evolves according to the relative number of infected agents
across countries. If the health environment in one country is worse than in the other,
such that the pandemic is asynchronous across countries, this leads to changes in the
countries’ relative labor supplies and wages. Agents buy less from the country with
temporarily higher relative wages, which lowers the peak in the number of infected
agents in both countries.

V. Behavioral Responses

We next consider a further generalization of our baseline open-economy SIR model,
in which we assume that the infection affects mortality and agents are aware of this.
This generalization introduces a further interaction between trade and disease dynam-
ics, because agents now adjust their individual behavior to the threat of infection.

Modeling these behavioral responses in an open-economy environment is chal-
lenging. Agents in each country choose profiles of time-varying interactions for each
separate market. These profiles must be individually rational, in the sense that they
are consistent with the conditions for dynamic optimization at the individual level,
given the aggregate SIR disease dynamics and the path of the model’s endogenous
variables. But the aggregate SIR disease dynamics are themselves influenced by these
individual profiles of time-varying interactions, as well as the path of the model’s
endogenous variables. Furthermore, the path of the model’s endogenous variables is
also shaped by both the aggregate SIR dynamics (through general equilibrium social
distancing) and by the individual profiles of time-varying interactions (through behav-
ioral responses). The interactions between these three sets of forces are particularly
complex in the open economy, because of the much richer SIR disease dynamics with
multiple countries, the more subtle general equilibrium interactions between coun-
tries, and the dimensionality of the state space at the individual level. We are not aware
of any other research that analyzes behavioral responses in models that feature both
economic choices for spatial interactions and epidemiological disease dynamics in an
open-economy setting.

To overcome these challenges, we build on the closed-economy specification of
Farboodi, Jarosch, and Shimer (2021), in which all infected individuals are assumed
to be asymptomatic, in the sense that household behavior is independent of their
specific health status, though their actual behavior is shaped by their expectation of
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the probability with which they are susceptible, infected, or recovered. How is that
expectation formed? A natural assumption is that agents have rational expectations
and that their belief of the probability with which they have a specific health status
is equal to the share of the population in their country with that particular health
status.”’

A. Theoretical Framework with Behavioral Responses

We denote the individual beliefs of the probability of being infected, susceptible,
recovered, or dead with lowercase letters, except for their belief of the probability of
being dead at time #, which we denote by k(1) (instead of d(r)) to avoid a confusion
with the notation we used for distance. The maximization problem of the individual,
for known i,~(0), si(O) and ki(O) = 0, is given by

Wi(0) = max J," e @ nalt).nyl0)) —Cilmile).myfa))] [1 — ki(o)] bl

st §(1) = —Si(f){[o‘i”ii(’) + ani(n)]ie) + [eyny(r) + ai”fi(f)]ij(f>}’
i) = Si(’>{[ai”ii(f) + a;nii(n)]ie) + [O‘j”ij(t) + ai”fz‘(t)]l}(f)}
— (v + m)ide),
k(1) = miii(o),

where ¢ is the rate of time preference, and where [Qy(-, ) — C{(-,-)| takes the
same form as in equation (6) above.

Note that we denote with an asterisk variables chosen by other households that
affect the dynamics of infection of a given household.”® Implicitly, we are assuming
that agents decide their optimal path of n,»i( ) and n,-j( ) at period zero and commit
to following it. Otherwise, without commitment, at some future period and condi-
tional on being alive, agents would want to reoptimize their choices by solving the
problem above but setting k(1) = 0.7

27 Although households do not observe their own health status, they can form rational expectations about
the share of the population with each health status if they have common knowledge of the model’s param-
eters and rational expectations about the path of the pandemic. For the latter, it suffices to assume that agents
observe pandemic-related deaths at the outbreak of the disease. More specifically, at t = 0, notice from equa-
tion (23) that (i) 7;, can be obtained from I, = Dy; since D_; ~ 0; (ii) Ry ~ 0; and (iii) S, is then trivially
Sio = 1 — Iy — Ry — D;o. With this initial condition, agents can solve for the future path of the pandemic using
rational expectations.

28 For instance, though the aggregate domestic rate of contact in i is 2;n;;, a household has no control over how
many buyers visit the household’s seller, so the household only controls the rate «;n;; of contacts generated by the
household’s buyer.

29The reason for this is that the probability of deaths acts like nonexponential discounting in the value function
solved by agents, and it is well understood that nonexponential discounting creates a wedge between the solution
of dynamic problems with and without commitment. Farboodi, Jarosch, and Shimer (2021) bypass this issue by
assuming that, instead of forgoing future utility when dying, agents pay a one-time utility cost (or value of life) at
the moment they die. Note, however, that for small probabilities of death &, (1 — kdt) ~~ ek, Hence, for empir-
ically reasonable values of k, we have found that our solution under full commitment is close to the solution under
the exponential approximation, which is time consistent.
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From the present-value Hamiltonian, the optimality condition for the choice of n;; is

0Qi(mi1)-my(r))  OC(ni(t).mr)) a
Ony(1) On; (1) [ ko)

~ [6:(0) = )]sy,

where 07 and 0! are the costate variables for the changes in susceptibles (s;) and
infected (i,), respectively, and we use 6% to denote the corresponding costate variable
for the change in deaths (k;). The optimality conditions associated with the costate
variables are given by

(25)

(26) —0:(1) = —[05(t) — 0i(0)]{ [emalt) + cumi(0)]ii(2)

+ [ayny(t) + aumji(0)] i) }.
(27) =0{(1) = mb(r) — (3 + m)0i(1).
(28) —0K(1) = —[Qi(”ii(f)’"ij(f)) - Ci(”ii(’)’”ij(’))]efﬂ-

Finally, the transversality conditions are as follows:

k
tim 6i(0)i6) = 0. Jim :(0)sis) = 0. lim 00)k(s) = 0.

In equilibrium, aggregate consistency implies that ii(t) = Ii(t), si(t) = Si(t), and
k{(t) = D,(t). Namely, an individual’s rational expectations about their probability
of being infected, susceptible, or dead in each period equal the corresponding popu-
lation shares. Finally, we complete our description of the general equilibrium of the
model with the goods market clearing condition that determines wages

S o]t - Dol = w1 - D]

A key difference from our baseline model in Section III, and from our gener-
alization to incorporate changes in labor supply in Section IV, is that agents now
adjust bilateral interactions (nj,-(w, 7)) in response to the threat of the infection.
Nevertheless, we are able to solve for the dynamic path of the economy numerically
using a backward shooting algorithm, as discussed in online Appendix K. This back-
ward shooting algorithm involves a guess of the share of deaths and infections in
each country in the far away future, when the pandemic is over. Given this guess, we
solve for the dynamic path of the economy backward and forward, and then check
that our solution is consistent with this guess. When countries are symmetric, we
can simply guess a value very close to zero for infections in the far away future and
make an initial guess for the steady-state number of deaths. We then iterate until we
find the equilibrium value of steady state deaths in both countries. With more than
one country and country asymmetries, the dynamic path of the economy not only
depends on the guess of steady state deaths in each country, but is highly sensitive
to the relative value of final infections, even if their level is very close to zero in
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the long run. This increases the numerical complexity of the problem significantly.
Hence, it is challenging to solve the model for many parameter values or expand the
number of countries in the open economy equilibrium with asymmetric countries.

From inspection of the agent’s optimization problem above, when there is zero
probability of death (1, = 0 and hence k() = 0 for all 7), the optimal choice of
n,-,-( . ) and n,l( ) is independent of the pandemic, given wages. Additionally, with no
impact of the pandemic on labor supply, the goods market clearing condition implies
that wages are time invariant. Therefore, in the special case of zero probability of
death, the model here reduces to our baseline model without behavioral responses in
Section III. More generally, the Hamiltonian is continuous in 7; and concave in the
controls, given the properties of Q;(-) and C;( - ) under the maintained assumption
that o > 2 and ¢ > 1. Using these properties, the evolution of n,-,»( ) and n,-j( ) is
continuous in 7;, as is the number of deaths Di(t), and hence the path of equilibrium
wages. This reasoning implies that the evolution of the economy with behavioral
responses when 7; > 0 approaches smoothly the one without behavioral responses
asn; — 0. Therefore, as in the previous section, all the results in our original model
without deaths or behavioral responses apply to this much more complicated model
with behavioral responses when 7; is sufficiently small in each country.

With a positive probability of death 7, > 0, this is a significantly more com-
plicated general equilibrium system, but we are able to show analytically that the
solution to this problem necessarily involves individual-level social distancing. In
the absence of a pandemic, households equate the marginal utility from sourcing
varieties from each location to the marginal cost of sourcing those varieties. During
a pandemic, households internalize that the interactions involved in sourcing vari-
eties expose them to infection, which leads them to reduce interactions until the
marginal utility from those interactions exceeds the marginal cost, as summarized in
the following lemma (proven in online Appendix F.1).

LEMMA 1: Along the transition path, 03() — Hf(t) > 0 for all t, which implies

8Q,-(nl-,-(t),nl-j(t)) - aCi(nl-,-(t),nl-j(t))
on1) In1) ’

as long as Ij(t) > 0.

An implication of this result is that the pandemic generically has a larger impact
on foreign interactions than on domestic interactions. This implication can been
seen by rearranging the optimality condition (25) and substituting for the marginal
utility and marginal cost for interactions to obtain

[63(1) — 0i(1)] si(1) oy (1)

[1 = D]~

o—1
o
1 M4 _ 1 p ¢
g — =% = n—iiclﬁijdij”ij +
] > ]
Zfej”m%z

where the term on the left-hand side is the marginal utility from interactions, the
first term on the right-hand side is the marginal cost of interactions, and the second
term on the right-hand side is the wedge capturing the threat of infection. As foreign
interactions are generically a smaller share of the consumption index than domes-
tic interactions, the fraction on the left-hand side is generically smaller for foreign
interactions (i # j). Therefore, as a pandemic emerges and the threat of infection
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FIGURE 7. BEHAVIORAL RESPONSES WITH SYMMETRIC COUNTRIES FOR VARIOUS DEATH RATES

Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

becomes positive, a larger reduction in n;; is generically needed for foreign interac-
tions, in order to raise the marginal utility on the left-hand side until it is equal to
the marginal cost plus the positive wedge capturing the threat of infections on the
right-hand side.

B. Behavioral Responses with Symmetric Countries

We now illustrate some of these implications of behavioral responses for the
case of symmetric countries. We use the baseline parameters with o; = 0.1,
v+ m = 02, and n;/(m; + ;) = 0.0062 (a 0.62 percent death rate among
those infected) for all i. We also show a specification with half the death rate of
n:/ (ni + 'y,-) = 0.003 for all i, as well as the case without behavioral responses
from the previous section. As we choose the wage in one country as the numéraire,
with symmetric countries, the relative wage is also equal to one and constant over
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time. In the absence of any behavioral responses, this constant relative wage implies
that both the mass of varieties and price index are constant over time. In contrast, in
the presence of behavioral responses, households reduce the intensity of their inter-
actions in response to the threat of infection, which leads to changes in the mass of
varieties and the price index over time.

In the top-left panel of Figure 7, we show the percentage of individuals infected in
country 2 for all three specifications (with symmetry the figure for country 1 is iden-
tical). Households’ behavioral response of reducing interactions leads to a “flatten-
ing of the curve of the pandemic,” such that the pandemic has lower peak and lower
cumulative infections, but takes longer to subside. Clearly, the larger the death rate,
the stronger the behavioral response and the flatter the resulting curve of infections.
The top-right panel in Figure 7 presents the resulting evolution of cumulative deaths
in country 2. Behavioral responses delay and reduce total deaths, with the level (and
proportional reduction) larger, the larger the death rate. Naturally, the behavioral
response and the associated reductions in the number of deaths come at an economic
cost for survivors. As the bottom-left panel shows, the reductions in the number of
purchased domestic and foreign varieties increase the price index in each country,
which results in a corresponding decline in real income. This increase in the price
index, and reduction in real income, is larger the stronger the behavioral response,
and hence is magnified by a higher death rate. Finally, the bottom-right panel dis-
plays the trade over GDP ratio (calculated as imports plus exports over GDP). In the
example, trade/GDP falls from about 0.45 to less than 0.25 when the death rate is
0.3 percent, and to 0.17 when the death rate is 0.62 percent. Therefore, the flattening
of the curve of infections and reduction in the number of deaths comes at the cost of
lower trade and real income. Of course, behavioral responses are ex ante privately
optimal, so it is not surprising that they improve individual welfare.*"

The value of mobility and trade frictions plays an important role in shaping the
magnitude and pattern of behavioral responses. First, with symmetric countries,
higher mobility and trade frictions imply a reduction in the overall volume of human
interactions, which leaves less scope for behavioral responses. Second, higher
mobility and trade frictions imply that more of the burden of adjustment falls on
domestic rather than foreign transactions. In Figure 8, we show the evolution of the
trade/GDP ratios for symmetric countries for two different levels of mobility (left
panel) and trade (right panel) frictions and the baseline values of our other param-
eters. As discussed above, in the symmetric case without behavioral responses, all
human contacts nl-i(t) and nl]<t) are constant in time, which implies that mobility and
trade frictions only reduce the level of the trade/GDP ratios. Once we incorporate
behavioral responses, trade/GDP follows the trajectory of the pandemic. The larger
value of trade frictions reduces trade openness, which dampens the absolute magni-
tude of the behavioral response, although trade openness can end up falling to quite
low levels. In this example with 10 percent trade frictions, (1;, = f,; = 1.1), trade
essentially falls to zero in the most severe phase of the pandemic. For each level of

30 Agents’ responses are not in general socially optimal, because of the externalities between agents from the
transmission of the disease. Fajgelbaum et al. (2021) characterizes the socially optimal lockdown policies of a
planner in a commuting model without private behavioral responses. Given the already rich interactions between
globalization and disease transmission in our model with private behavioral responses, we leave the analysis of the
optimal policies of the social planner in the presence of these private behavioral responses for future work.
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Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

trade frictions, behavioral responses reduce the total number of deaths, and for the
parameter values considered here, higher trade and mobility frictions also reduce the
total number of deaths.

This theoretical prediction of a larger initial reduction in trade than in produc-
tion also receives empirical support from the recent COVID-19 pandemic. In Figure
J.1 in online Appendix J, we show that world trade indeed fell faster than world
production in the early stages of the pandemic, before later recovering. More gen-
erally, the prediction that behavioral responses lead agents to reduce interactions
because of the threat of infection is supported by a range of empirical findings.
Comparing consumer mobility across state and county boundaries with different
levels of government-imposed COVID-19 restrictions, Goolsbee and Syverson
(2021) find that most of the observed 60 percentage point decline in consumer traf-
fic is explained by changes in individual behavior, whereas the contribution from
government restrictions is only around 7 percent. Consumer traffic started drop-
ping before the government restrictions were in place, was highly influenced by
the number of COVID-19 deaths reported in the county, and showed a clear shift
by consumers away from busier, more crowded stores toward smaller, less busy
stores in the same industry. Using Swedish customs data, Akerman et al. (2022)
compare firms exporting to foreign countries that were more versus less affected
by COVID-19. Consistent with our theoretical predictions, firms exporting to more
heavily affected destinations experienced larger reductions in exports, and these
reductions in firm exports exceeded the declines in total firm revenue.’’

31 A number of recent papers have provided evidence of declines in bilateral trade following government-imposed
lockdowns during the COVID-19 pandemic, including Aiyar et al. (2022); Berthou and Stumpner (2022);
Brussevich, Papageorgiou, and Wibaux (2022); Cerdeiro and Komaromi (2020); Lafrogne-Joussier, Martin, and
Mejean (2022); and Liu, Ornelas, and Shi (2022), among others. The empirical results in Goolsbee and Syverson
(2021) suggest that these “lockdown effects” on trade may in part reflect behavioral responses that would have
operated even in the absence government-mandated lockdowns.
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Note: See online Appendix K for further details on the parameters and algorithms for these numerical simulations.

C. Behavioral Responses with Asymmetric Countries

Finally, we illustrate some of the implications of our model when countries are
asymmetric. We focus on a case in which countries differ in their mortality rate,
where remember that we assume that mortality is determined by the country in
which a household lives rather than the country in which it was infected. We let
country 1 have a relatively low mortality rate of 0.3 percent and we leave the mor-
tality rate of country 2 at the higher baseline value of 0.62 percent. Figure 9 pres-
ents the results. The top-left panel shows the percent of infections in each country.
As benchmarks, we also display the average of infections in the two countries, as
well as infections in the case of two symmetric countries with an average mortality
rate of 0.46 percent (the mean of 0.3 percent and 0.62 percent). There is a stronger
behavioral response in the high-mortality country 2 because households internalize
the greater risk that infection leads to death, which results in a “flatter” curve of
infections in this country. The low-mortality country 1 ends up with about 10 per-
cent higher total infections, because of its more subdued behavioral response.
However, its lower mortality rate implies that it ends up with only about half the
total number of deaths. This asymmetric behavioral response implies that country
1 is a relatively dangerous destination for doing business in the early stages of the
pandemic, but a relatively safe destination in the later stages of the pandemic, since
it reaches herd immunity faster. Comparing the average response for the world with
asymmetric countries to the response in the symmetric case with average mortality
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rates illustrates the implied aggregate effects from differences across countries in
mortality rates. In the asymmetric case, the world’s infection curve is marginally
flatter than in a symmetric world with average mortality rates.

The top-right panel in Figure 9 displays country 1’s relative wage. As a result of
the smaller behavioral response in this lower mortality country, there is a greater
risk of infection in country 1 in the early stages of the pandemic, which leads to a
decline in demand for this country’s varieties and a fall in its relative wage. Once
country 1’s infection rate falls, demand for its varieties recovers, and hence so does
its wage. Eventually, once country 1’s infection rate falls below that of country 2,
it becomes the relatively safe environment in which to source varieties, and its rel-
ative wage rises temporarily above one, before falling back to one as the pandemic
ends. Therefore, these behavioral responses in general equilibrium with asymmetric
countries lead to demand effects that reduce the relative wage of the country with a
relatively higher infection rate. In addition, as shown in the previous section, there is
another general equilibrium effect from changes in relative labor supply. A country
with a higher death rate experiences a reduction in its relative labor supply, which
leads to an increase in its relative wage. The top-right panel of Figure 9 shows the
balance of these forces, and demonstrates that relative demand effects generally
dominate and overturn the result in Section IV linking higher death rates to higher
relative wages.

As before, the stronger behavioral response in country 2 as a result of its higher
mortality rate comes with greater economic costs. Country 2’s reduction in domestic
and foreign purchases raises its price index and reduces its real income. The effect
on the price index in country 1 is more nuanced. Country 1 also reduces domes-
tic and foreign interactions, which tends to increase its price index. However, the
decline in its relative wage during the first part of the pandemic reduces the price of
domestic varieties. The bottom-left panel in Figure 9 shows how these forces result
in a price index with multiple peaks. Overall, the effect of the pandemic on the
real income of country 1 is negative but substantially smaller in magnitude than in
country 2. As shown in the bottom-right panel, the reduction in human interactions
from social distancing reduces trade openness dramatically, particularly in coun-
try 2, where behavioral responses are stronger. The asymmetry in mortality rates
between the two countries initially leads to a larger reduction in trade openness than
in a symmetric world with average mortality rates, in part because the behavioral
response of country 2 is particularly strong in the earlier phases of the pandemic.
Later in the pandemic, the asymmetric case has higher trade openness than in a sym-
metric world, because the initially subdued behavioral response of country 1 creates
a more pronounced and faster wave of infections.

Despite the potential for significant disruptions in international trade during a
pandemic, a clear implication of the first-order condition (25) is that as long as
Il-(t) = Ij(t) = 0, human interactions are at the same level as in a world without
the potential for pandemics. In other words, although there are rich dynamics of
international trade during a pandemic, as soon as this pandemic is overcome (via
herd immunity or the arrival of a vaccine), life immediately goes back to normal.
In online Appendix F.2, we examine the robustness of this prediction to the intro-
duction of adjustment costs. Assuming that adjustment costs are symmetric, and the
pandemic does not affect agents’ beliefs of the probability of future pandemics, we
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continue to find a rapid V-shape recovery in economic activity and international
trade flows after a global pandemic.

VI. Conclusions

Large-scale improvements in transportation technologies have dramatically
increased the integration of the world economy and the ability of goods, people and
infectious diseases to circulate around the globe. In this paper, we have developed
a new theoretical framework to analyze the relationship between globalization and
pandemics. Our framework incorporates two core mechanisms from economics and
epidemiology. First, travel between countries transmits disease, as in the SIR model.
Second, international trade stimulates travel between countries, according to a con-
stant elasticity gravity equation mediated by mobility frictions.

Although these two mechanisms had been analyzed separately, we show that they
interact in rich ways when considered jointly. First, we show that trade-motivated
face-to-face interactions generate a powerful epidemiological externality across
countries. A sufficient condition for a global pandemic to occur is that any country
has a reproduction rate based on domestic interactions of greater than one, where
the intensity of these domestic interactions differs between the open and the closed
economies. Second, we have demonstrated that reductions in international frictions
can either increase or decrease the range of parameter values for which a pandemic
occurs. Third, if infections lead to deaths, or reduce individual labor supply, we have
established the existence of a general equilibrium social distancing effect, whereby
increases in relative prices in unhealthy countries reduce travel to those countries.
Finally, we have studied the case in which agents internalize the threat of infection,
and we have shown that agents’ endogenous social distancing leads to a reduction in
travel that is larger for higher-trade-cost locations, and hence leads to an initial fall
in the ratio of trade to GDP in the early stages of the epidemic, followed by a swift
recovery. In the presence of adjustment costs, agents anticipate the costs incurred in
adjusting contacts during a pandemic, but in practice we find that these anticipatory
effects are small, at least for symmetric adjustment costs.

Although we have argued that our results are robust to various alternative spec-
ifications of our model of international trade, there remain a number of interest-
ing areas for further research. For example, although we have explored dynamic
variants of our model, we have not allowed international borrowing and lending to
smooth out economic fluctuations caused by a pandemic. Similarly, our analysis has
been positive in nature, but it would certainly be interesting to study the normative
implications of our framework in future work. For example, the epidemiological
externality in the model implies that whether a global pandemic occurs depends
on the maximum reproduction rate based on domestic interactions across all coun-
tries. Therefore, if a vaccine is invented that is in limited supply in the short-run, in
principle it could be in the interest of all countries to distribute that vaccine to the
country with the most unhealthy domestic disease environment, in order to avoid a
global pandemic.
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