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Abstract

This paper studies the theoretical properties and counterfactual predictions of a
large class of general equilibrium trade and economic geography models. We begin by
presenting a framework that combines aggregate factor supply and demand functions
with market clearing conditions. We prove that existence, uniqueness and — given
observed trade flows — the counterfactual predictions of any model within this frame-
work depend only on the demand and supply elasticities (the “gravity constants”).
We propose a new strategy to estimate these gravity constants using an instrumen-
tal variables approach that relies on the general equilibrium structure of the model.
Finally, we use these estimates to compute the impact of a trade war between US
and China.

1 Introduction

Over the past fifteen years, there has been a quantitative revolution in spatial economics.
The proliferation of general equilibrium gravity models incorporating flexible linkages
across many locations now gives researchers the ability to conduct a rich set of real world
analyses. However, the complex general equilibrium interactions and the variegated as-
sumptions underpinning different models has resulted in our understanding of the models’
properties to lag behind. As a result, many important questions remain either partially or
fully unresolved, including: When does an equilibrium exists and when is it unique? Do

different models have different counterfactual implications?
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Redding, Andres Rodriguez-Clare, Bob Staiger, Chris Tonetti, our editor Harald Uhlig, and four anony-
mous referees for excellent comments and suggestions. This material is based upon work supported by the
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In this paper, we characterize the theoretical and empirical properties common to a
large class of gravity models spanning the fields of international trade and economic ge-
ography. We first provide a “universal gravity” framework combining aggregate demand
and supply equations with standard market clearing conditions that incorporates many
workhorse trade and economic geography models.! We show that existence and unique-
ness of the equilibria of all models under the auspices of our framework can be characterized
solely based on their aggregate demand and supply elasticities (the “gravity constants”).
Moreover, the counterfactual predictions for trade flows, incomes, and prices of these mod-
els can be expressed solely as a function of the gravity constants and observed data. Hence,
the key theoretical properties and positive counterfactual predictions of all gravity models
depend ultimately on the value of two parameters — the elasticities of supply and demand.
We show how these gravity constants can be estimated using an instrumental variables
approach that relies on the general equilibrium structure of the model. Finally, we use
these estimates to compute the impact of a trade war between US and China.

To construct our framework, we consider a representative economy in which an ag-
gregate good is traded across locations subject to the following six economic conditions:
1) “iceberg” type bilateral trade frictions; 2) a constant elasticity of substitution (CES)
aggregate demand function; 3) a CES aggregate supply function; 4) market clearing; 5)
exogenous trade deficit; and 6) a choice of the numeraire. Any model in which the equi-
librium can be represented in a way that satisfies these conditions is said to be contained
within the universal gravity framework. Moreover, these conditions impose sufficient struc-
ture to completely characterize all general equilibrium interactions of trade flows, incomes,
and prices. It turns out that the aggregate demand elasticity from condition 2 and the
aggregate supply elasticity from condition 3 play a particularly important role in this
characterization.

We first provide sufficient conditions for the existence, uniqueness, and interiority of
the equilibrium of the model that depend solely on the gravity constants. Existence oc-
curs everywhere except for a knife-edge constellation of parameters (corresponding e.g. to
Leontief preferences in an Armington trade model or when agglomeration forces are just
strong enough to create a “black hole” equilibrium in an economic geography model). An
equilibrium is unique as long as the demand elasticity is (weakly) negative and the supply

elasticity is (weakly) positive (or vice versa and both elasticities are greater than one in

'Examples of gravity trade models included in our framework are perfect competition models such
as Anderson (1979), Anderson and Van Wincoop (2003), Eaton and Kortum (2002),Dekle, Eaton, and
Kortum (2008), Caliendo and Parro (2010) monopolistic competition models such as Krugman (1980),
Melitz (2003) as specified by Chaney (2008), Arkolakis, Demidova, Klenow, and Rodriguez-Clare (2008),
Di Giovanni and Levchenko (2008), , and the Bertrand competition model of Bernard, Eaton, Jensen, and
Kortum (2003). Economic geography models incorporated in our framework include Allen and Arkolakis
(2014) and Redding (2016). See Table 1 for the mapping from work-horse trade and economic geography
models into the universal gravity framework.



magnitude); moreover, if the inequalities are strict, an iterative algorithm is guaranteed to
converge to the the unique equilibrium from any interior starting point. Multiplicity may
occur if demand and supply elasticities are both negative (for example, in an economic
geography model if agglomeration forces are sufficiently strong) or if demand and supply
elasticities are both positive (for example, in a trade model if goods are complementary).
We also show that these sufficient conditions can be extended further if trade frictions are
“quasi” symmetric —a common assumption in the literature and provide conditions under
which an equilibrium exists and an iterative algorithm is guaranteed to converge to the
equilibrium.

We then examine how a shock to bilateral trade frictions affects equilibrium trade flows,
incomes, and prices. To do so, we derive an analytical expression for the counterfactual
elasticities of these endogenous variables to changes in all bilateral trade frictions that
elucidates the networks effects of trade. In particular, we show how can this expression be
written as series of terms expressing how a shock propagates through the trading network,
e.g. the direct effect of a shock, the effect of the shock on all locations’ trading partners, the
effect on all locations’ trading partners’ trading partners, etc. Importantly, we show that
this expression depends only on observed trade flows and the gravity constants, demon-
strating that conditional on these two model parameters, the positive macro-economic

2 Moreover, we analytically prove that

implications for all gravity models are the same.
when trade frictions are “quasi” symmetric, the impact of a trade friction shock on the
real output prices and real expenditure in directly-affected locations will always exceed the
impact on other indirectly-affected locations.

We proceed by estimating the gravity constants using a novel procedure that can be
applied to any model contained within the universal gravity framework. We show that
the supply and demand elasticities can be estimated by regressing a location’s fixed effect
(recovered from a gravity equation) on its own expenditure share (the coefficient of which
is the supply elasticity) and its income (the coefficient of which is the demand elasticity).
Identifying the elasticities requires a set of instruments that are correlated with own ex-
penditure share and income, but uncorrelated with unobserved supply shifters (such as
productivity) in the residual. We construct such instruments using the general equilibrium
structure of the model by calculating the equilibrium own expenditure shares and incomes
of a hypothetical world where no such unobserved supply shifters exist and bilateral trade
frictions are only a function of distance. Using this procedure, we estimate a demand

elasticity in line with previous estimates from the trade literature (e.g. Simonovska and

Waugh (2014)) and a supply elasticity that is larger than is typically calibrated to in trade

2While the implications for real output prices are the same for all gravity models, the mapping from
real output prices to welfare will in general depend on the particular model. As a result, the normative
(welfare) implications will vary across different models, as we discuss in detail below.



models but appears reasonable given estimates from the economic geography literature.

Finally, we use the estimated gravity constants along with the expression for compar-
ative statics to evaluate the effect of a trade war between the U.S. and China on the real
expenditure of all countries in the world. Given our large estimated supply elasticity, we
find modest declines in (real) prices but large declines in (real) expenditure. Third country
effects are also substantial, with important trading partners of China (e.g. Vietnam and
Japan) and the U.S. (e.g. Canada and Mexico) being especially adversely affected.

This paper is related to a number of strands of literature in the fields of international
trade, economic geography, and general equilibrium theory. There is a small but growing
literature examining the structure of general equilibrium models of trade and economic
geography. In particular, Arkolakis, Costinot, and Rodriguez-Clare (2012) provide con-
ditions under which a model yields a closed form expression for changes in welfare as a
function of changes in openness, while in a recent paper Adao, Costinot, and Donaldson
(2017) show how to conduct counterfactual predictions in neo-classical trade models with-
out imposing gravity. In contrast, our paper incorporates models with elastic aggregate
supply curves, thereby allowing analysis of both economic geography models and trade
models with intermediate “round-about” production. A key characteristic of the class of
models we study is that the “gravity constants” are the same across all locations; while
strong, this assumption imposes sufficient structure to completely characterize all general
equilibrium interactions while retaining tractability even in the presence of a large number
of locations.?

In terms of the theoretical properties of the equilibrium, Alvarez and Lucas (2007) use
the gross substitutes property to establish sufficient conditions for uniqueness for gravity
trade models. We instead generalize results from the study of nonlinear integral equa-
tions (see e.g. Karlin and Nirenberg (1967); Zabreyko, Koshelev, Krasnosel’skii, Mikhlin,
Rakovshchik, and Stetsenko (1975); Polyanin and Manzhirov (2008)) to systems of nonlin-
ear integral equations. As a result, the sufficient conditions we provide are strictly weaker
than those derived by Alvarez and Lucas (2007). In particular, our conditions allows
the supply elasticity to be larger in magnitude than the demand elasticity (in which case
gross substitutes may not hold), which is what we find when we estimate the elasticities.
In previous work, Allen and Arkolakis (2014) provide sufficient conditions for existence
and uniqueness for economic geography models. Unlike those results, our conditions do
not require symmetric trade frictions nor do we require finite trade frictions between all
locations. Unlike both Alvarez and Lucas (2007) and Allen and Arkolakis (2014), our

3In contrast, the literature on Computable General Equilibrium models typically focuses on models
with a large number of elasticities (e.g. location or region specific) but only a small number of regions; for
a review of these models see Menezes, Fortuna, Silva, and Vieira (2006). Although outside the purview
of this paper, it would be perhaps be interesting future work to determine whether some of the tools
developed below could be applied to those models.



theoretical results cover both trade and economic geography models simultaneously.

Our analytical characterization of the counterfactual predictions is related to the “exact
hat algebra” methodology pioneered by Dekle, Eaton, and Kortum (2008) and extended in
Costinot and Rodriguez-Clare (2013) (and many others). Unlike that approach, we char-
acterize the elasticity of endogenous variables to trade shocks (i.e. we examine local shocks
instead of global shocks). There are several advantages of our local approach: first, all pos-
sible counterfactuals can be calculated simultaneously through a single matrix inversion.
Second, our analytical characterization holds for local shocks around the observed equilib-
ria even if there are other possible equilibria (in which case we are unaware of a procedure
that ensures the solution to the “exact hat” approach that corresponds to the observed
equilibria). Third, the local analytical expression admits a simple economic interpretation
as a shock propagating through the trading network. In this regard, our paper is related
to the recent working paper by Bosker and Westbrock (2016) which examines how shocks
propagate through global production networks. Fourth, our analytical derivation allows
us to characterize the relative size of the elasticity of real output prices and real output
in different locations from a trade friction shock, providing (to our knowledge) one of the
first analytical results about the relative size of the direct and indirect impacts of a trade
friction shock in a model with many locations and arbitrary bilateral frictions.*

Our estimation strategy uses equilibrium income and own expenditure shares from
a hypothetical economy as instruments to identify the demand and supply elasticities.
Following Eaton and Kortum (2002), we use the fixed effects of a gravity equation as the
dependent variable in an instrumental variables regression (although we use the regression
to estimate the supply elasticity along with the demand elasticity). One advantage of
our approach is the simplicity of calculating our instruments using bilateral distances and
observed geographic variables; in this regard, we owe credit to Frankel and Romer (1999)
who instrument for trade with geography (albeit not in a general equilibrium context).

The idea of using the general equilibrium structure of the gravity model to recover key
parameters is originally due to Anderson and Van Wincoop (2003). Following this, sev-
eral papers have sought to improve the typical gravity equation estimation by accounting
for equilibrium conditions. For example, Anderson and Yotov (2010) pursues an estima-
tion strategy imposing that the equilibrium “adding up constraints” of the multilateral
resistance terms are satisfied, whereas Fally (2015) proposes the use of a Poisson Pseudo-
Maximum-Likelihood estimator whose fixed effects ensure that such constraints are sat-
isfied, and Egger and Nigai (2015) develops a two-step model consistent approach that
overcomes bias arising from general equilibrium forces and unobserved trade frictions. Un-

like these papers, here our focus is on recovering the demand and supply elasticities rather

4Mossay and Tabuchi (2015) prove a similar result in a three country world.



than estimating trade friction coefficients in a model consistent manner.

Recent work by Anderson, Larch, and Yotov (2016) explores the relationship between
trade and growth examined by Frankel and Romer (1999) in a structural context. They
recover the demand (trade) elasticity from a regression of income on a multilateral resis-
tance term, where endogeneity concerns are addressed by calculating multilateral resistance
based on international linkages only. Our estimation strategy, in contrast, recovers both the
demand and supply elasticities from a gravity regression and overcomes endogeneity con-
cerns using an instrumental variables approach based on the general equilibrium structure
of the model.

Finally, we should note that the brief literature review above is by no means complete
and refer the interested reader to the excellent review articles by Baldwin and Taglioni
(2006), Head and Mayer (2013), Costinot and Rodriguez-Clare (2013) and Redding and
Rossi-Hansberg (2017), where the latter two focus especially on quantitative spatial models.

The remainder of the paper is organized as follows. In the next section, we present the
universal framework and discuss how it nests existing general equilibrium gravity models.
In Section 3, we present the theoretical results for existence and uniqueness. In Section 4,
we present the results concerning the counterfactual predictions of the model. In Section
5, we estimate the gravity constants. In Section 6 we calculate the effects of a U.S. - China

trade war. Section 7 concludes.

2 A universal gravity framework

Before turning to the universal gravity framework, we present two variants of the simple
Armington gravity model to provide a concrete example of the type of models that fall
within our framework. Suppose there are N locations each producing a a differentiated
good and in what follows we define the set S = {1, ..., N}. The only factor of production is
labor, where we denote the allocation of labor in location ¢ € S as L; and assume the total
world labor endowment is ), ¢ L; = L. Shipping the good from i € S to final destination
J incurs an iceberg trade friction, where 7;; > 1 units must be shipped in order for one
unit to arrive. Consumers have CES preferences with elasticity of substitution ¢ > 0.

In the first variant, which we call the “trade” model, suppose that the labor endowed
to a location is exogenous and perfectly inelastic, as in Anderson (1979) and Anderson and
Van Wincoop (2003). Suppose too that there is roundabout production, as in Eaton and
Kortum (2002), that combines labor and an intermediate input in a Cobb-Douglas fashion.
Thus, the quantity of output produced in location i is ); = (AiLZ-)C Iil_c, with ¢ € (0,1]
the labor share, A; is the labor productivity in location ¢ € S and I; is an intermediate

input equal to a CES aggregate of the differentiated varieties in all locations with the same



elasticity of substitution ¢ as final demand. In this case, the output price in location i is
pi = (w;/A)* P¢, where w; is the wage and P; = (P res (pkaj)l_U)ﬁ is both the CES
price index for the consumer and the price per unit of intermediate input.

In the second variant, the “economic geography” model, we suppose instead that the
labor supplied to a location is perfectly elastic so that welfare is equalized across locations,
as in Allen and Arkolakis (2014).5 Welfare in this model is the product of the real expen-
diture of labor and the amenity value of living in a location, denoted by wu; , and welfare
equalization implies %uz = %uj for all 2,57 € S. We further assume that productivities
and amenities are subject to spillovers: A; = /_liLf and u; = ﬂiLf. In this variant of the
model, the quantity of output produced in location i is Q; = 4;L;** and the output price
is p; = w;/ (/LL‘;).G

In both variants of the model, CES consumer preferences for the goods from each
location yields a gravity equation that characterizes the aggregate demand in location j
for the differentiated variety from location 7:
)1—0

(piTij .
= E;, forallj (1)
1] —o 9
> okes (Piry)"

where Ej = . Xj; is the expenditure in location j.

More subtly, both variants of the model also feature an aggregate supply for the quantity
of output produced in each location. In the trade variant of the model — despite the labor
supply being perfectly inelastic — we can use the fact that a constant share of revenue is

paid to both workers and intermediates to write the output of location 7 as:

1-¢

AR

Similarly, in the economic geography variant of the model we can use the welfare equaliza-

tion condition to write: o
_iTa

_b=1 _ 1+4a p’L a+b
Qi = K,A;er fbi “tt [ — s (3)

1

1 1+a
where k = <L/ (ZiES ([liﬂi)_#b (%) Hb)) is an (endogenous) scalar that depends

on the aggregate labor endowment L and we refer to B as the real output price in location

i € S.7 Finally, in both variants, we close the model by requiring that the value of total

5Tn addition, this formulation incorporates many prominent economic geography models, e.g. Helpman
(1998); Donaldson and Hornbeck (2012); Bartelme (2014); Redding (2016).

6Tt is straightforward to add round-about production into the economic geography variant of the model
(see Table 1); we omit to do so here to keep our illustrative examples as simple as possible.

"In these two examples — as in most of the analysis that follows — we focus on interior equilibria where
production is positive in all locations. In the Online Appendix B.2 we generalize our setup to allow for the
possibility of non-interior solutions where production is zero in some locations, which allows e.g. for the



output equals total sales (market clearing), i.e.

Y =piQi = ZXija (4>

JjeS

and that total expenditure equals total output (balanced trade), i.e.:

E; = piQ;. (5)

Substituting the CES demand (equation 1) and supply equations (equations 2 or 3) into
the market clearing and balanced trade conditions yields the following identical system of

equilibrium equations for both variants of the model. In particular,

I+o- [ Pi v —¢ po bj v
P G (F) = ZTij Pjpjéj (#) VieS (6)
¢ jes J
Pro=% rp Vi€ s, (7)
jes

where in the trade variant of the model ) = 1=¢ and & = A;L;, in the economic geography

¢
_b—-1 _1+4a
variant of the model ¢ = —2¢ and ¢ = A", ™, and in both models ¢ = ¢ — 1. Note

in both models the constants {¢;},.q are exogenous model location-specific fundamentals,
which we refer to as supply shifters in what follows, and ¢, ¢ are global parameters. Given
supply shifters, trade frictions, and the two parameters, one can use equations (6) and
(7) to solve for output prices p; and prices indices P; (up-to-scale). One can then use a
normalization that total world income is equal to one, i.e. >, ¢Y; = 1 and the gravity
equation (equation 1) to calculate trade flows X,;. Given trade flows, income Y; can then
be recovered from market clearing (equation 4). Note that although the endogenous scalar
k from the economic geography model does not enter the equilibrium system of equations
(and hence does not affect trade flows or incomes), it does affect the level of output, a
point we return to below.

This example highlights the close relationship between trade and geography models
and suggests the possibility for a unified analysis of the properties of such spatial gravity
models. In what follows, we present a framework comprising six simple economic conditions
about aggregate trade flows of a representative good between many locations. We show
that the equilibrium of any model that satisfies these conditions can be represented by the
solution to equations (6) and (7).

To proceed with out universal gravity framework, it is helpful to first introduce some

case that welfare in unpopulated locations may be lower than populated locations. In Theorem 1 below,
we provide sufficient conditions under which all equilibria are guaranteed to be interior.



terminology. Define the output Q); > 0 to be the quantity of the representative good
produced in location ¢ € S; the quantity traded );; > 0 be the quantity of the representative
good in location ¢ € S that is consumed in location j € S; the output price p; > 0 to be the
(factory gate) price per unit of the representative good in location i € S; the bilateral price
pi; > 0 to be the cost of the representative good from location ¢ € S in location j € S; the
income Y; = p;Q); to be the total value of the representative good in location i € S; the
trade flows X;; = p;;Q;; to be the value of the good in 7 € S sold to j € S; the expenditure
b, = ZjeS Xi to be the total value of imports in i € S; the real expenditure W; = E;/ P,
is a measure of expenditure in location 7 € S, where P; is a price index defined below; and
the real output price (referred to simply as “prices” in the introduction) to be p;/P;.8

We say that an equilibrium is interior if output and output prices are strictly positive
in all locations, i.e. ); > 0 and p; > 0 for all « € S. In what follows, we focus our attention
to interior equilibria and disregard the trivial equilibrium where @); = 0 for all i € S.
We provide sufficient conditions to ensure all equilibria are interior below and examine
non-interior solutions in depth in Online Appendix B.2. Clearly, because of the presence
of complementarities there is a possibility of multiple interior equilibria. This is true in
the economic geography model because of labor mobility and agglomeration externalities
or even in the trade model when complementarities in consumption are large (low o).

We first start with a condition that describes the relationship between the output price

in location ¢ and the bilateral price:

Condition 1. The bilateral price is equal to the product of the output price and a bilateral
scalar:
Dij = PiTijs (8)

9

where, as above, {7;;}, ..o € Ry are referred to as trade frictions.

ije
Given prices, the next condition can be used to derive aggregate demand.

Condition 2. (CES Aggregate Demand). There exists an exogenous (negative of the)

demand elasticity ¢ € R such that the expenditure in location j € S can be written as:

E; = (ZP#) - Wi, (9)

€S

o=

where W; is the real expenditure and the associated price index is P; = <ZZE s p;j(b)i :
By Shephard’s lemma, condition 2 (or, for short, C.2 thereafter) implies that the trade

8Because the real output price is the ratio of the price of goods sold to the price index of goods
purchased, it is closely related to the terms-of-trade, which is the ratio of export prices to import prices,
differing only in that the price index also includes goods purchased domestically.

9R, is defined as Ry U {oo}. If 7;; = oo, then there is no trade between i and j.

9



flows from i € S to j € S can be written as::

—¢
Pij E.

Xoi—=— 49
7 —$
Zkespkj

(10)
We refer to equation (10) as the aggregate demand of the universal gravity model. The
aggregate demand equation (10) combined with C.1 yields a gravity equation equivalent to
equation (2) in Anderson and Van Wincoop (2004), Condition R3’ in Arkolakis, Costinot,
and Rodriguez-Clare (2012) and the CES factor demand specification considered in Adao,
Costinot, and Donaldson (2017). Accordingly, we note that the demand elasticity ¢ is
often referred to as the “trade elasticity” in the literature.

E;

It is important to emphasize that real expenditure WW; = % and real output prices
Db

P are distinct concepts from welfare, as neither necessarily correspond to the welfare of
the underlying factor of production (such as labor) of a particular model. In the models
above, for example, the welfare of a worker corresponds to her real wage, which is equal to
the marginal product of a worker divided by the price index. Because of the presence of
roundabout production (in the trade model) or externalities (in the economic geography

model), a workers marginal product is not equal to the price per unit (gross) output. °

We furthermore assume that output in a location is potentially endogenous and specify

the following supply-side equation:

Condition 3. (CES Aggregate Supply) There exists exogenous supply shifters {¢;} € RY,,
an exogenous aggregate supply elasticity 1 € R, and an endogenous scalar x > 0 such that

output in each location i € S can be written as: (11)

¥

In what follows, we refer to equation (11) as the aggregate supply of the universal gravity
model and the pair of demand and supply elasticities (—¢, 1) as the gravity constants.

In general, the value of the endogenous scalar x will depend on the particular model; for
example, as we saw above, in the trade model Kk = 1, whereas in the economic geography
model x is endogenously determined. Without taking a particular stance on the underlying
model (and the implied value of k), the scale of output is unspecified.!! However, we show
below that we can still identify the equilibrium trade flows, incomes, and real output prices

— including their level — without knowledge of .

10The relationship between real output prices and welfare for a number of seminal models are summarized
in the last column of Table 1 and discussed in detail in Online Appendix B.11.

HWhile one can choose units of output to ensure x = 1 in any given equilibrium, changes in model
fundamentals given this choice of units will generally result in x varying.

10



Finally, to close the model, we impose two standard conditions and choose our nu-

meraire:
Condition 4. (Output market clearing). For all i € 5, Q; =3¢ 7i;Qij-

Note that by multiplying both sides of C.4 by the output price we have that income is

equal to total sales as in equation (4) in our example economy.!?

Condition 5. (Exogenous deficits). For all i € S, E; = Z&;p;Q;, where &; is exogenous
expenditure-output ratio for location ¢ up to constant and = is an endogenous scalar that

ensures the world market clearing condition holds:

_ ZZ piQi

We say that trade is balanced in the special case that { = 1 for all ¢ € S (in which case

—_
—
—

(12)

= = 1).While balanced trade is a standard assumption in (static) gravity models, we allow
for (exogenous) trade imbalances in order to match observed trade data.

Our final condition is a normalization:

Condition 6. World income equals to one:

dvi=1 (13)

In the absence of a normalization, the level of prices are undetermined because equations

(6) and (7) are homogeneous of degree 0 in {p;, P;} Moreover, without specifying x in

i€s
equation (11), the level of output is also unknown. The choice of normalizing world income
to one in C.6 addresses both these issues simultaneously by pining down the product of
the level of these two unknown scalars. As a result, we can determine the equilibrium level
(i.e. including scale) of nominal incomes and trade flows. However, the cost of doing is
that both the level of output (in quantities) and prices remain unknown. As a result, the
primary focus in the following analysis is on three endogenous model outcomes for which
we can pin down the levels: incomes, trade flows, and real output prices {p;/F;}, 4 (which
are invariant to the both x and the scale of prices and hence determined including scale).

Given any gravity constants {¢,v}, supply shifters, {¢;} and bilateral trade fric-

i€S)

tions {Tij}ijes’ we define an equilibrium of the universal gravity framework to be a set of

endogenous outcomes determined up-to-scale, namely: outputs {Q;} quantities traded

€S
{Qij}i,jes , output prices {p;},.q, bilateral prices {pij}i,j657 price indices {F;}, 4, and

12As Anderson and Van Wincoop (2004) show, one can combine C.1, C.2, and C.4 to derive a gravity

N _ 2\ _ 2\ ¢
equation of the form X;; = (HTZJD_) Y;E;, where II; ¢ = ZjeS (#) Ej and P, ¢ = Yies (ﬁ) Y;

are outward and inward multilateral resistance terms, respectively.

11



real expenditures, as well as a set of endogenous outcomes for which the scale is known,

namely: incomes {Y;} expenditures {F;} trade flows {X;;}

i€S? i€s
prices {p;/P;}, ¢ that together satisfy C.2-C.6.

ijes and real output

As Table 1 summarizes, many well-known trade and economic geography models are
contained within the universal gravity framework. On the demand side, it is well known
(see e.g. Arkolakis, Costinot, Donaldson, and Rodriguez-Clare (2012) and Adao, Costinot,
and Donaldson (2017)) that many trade models imply an aggregate CES demand system
as specified in C.2.!% For example, in the Armington perfect competition model, a CES
demand combined with linear production functions implies ¢ = ¢ — 1, in the Eaton and
Kortum (2002) model, a Ricardian model with endogenous comparative advantage across
goods and Frechet distributed productivities across sectors with elasticity # implies that
¢ = 6. Similarly, a class of monopolistic models with CES or non-CES demand, linear
production function, and Pareto distributed productivities with elasticity 6, summarized in
Arkolakis, Costinot, Donaldson, and Rodriguez-Clare (2012), also implies ¢ = . Economic
geography models delivering gravity equations for trade flows such as Allen and Arkolakis
(2014) and Redding (2016) also satisfy C.2.

As discussed in the example above, labor mobility across locations generates a CES

__1+4a
a+b”’

supply elasticity depends on the strength of the agglomeration / dispersion forces summa-

aggregate supply satisfying C.3, with a supply elasticity of ¢ = In this case, the
rized by a + b. Assuming a > —1, if dispersion forces dominate (a + b < 0), the supply
elasticity is positive, whereas when agglomeration forces dominate (a + b > 0), the supply
elasticity is negative.

Perhaps more surprising, trade models incorporating “round-about” trade with inter-
mediates goods also exhibit an aggregate CES supply, even though workers are immobile
across locations. As discussed in the example above, the supply elasticity is ¢ = I;CC
and hence positive and increasing in the share of intermediates in the production. In the
next two sections, we show that any trade and economic geography models sharing the
same gravity constants will also share the same theoretical properties and counterfactual
implications.

What types of models are not contained within the universal gravity framework? C.2
and C.3 are violated by models that do not exhibit constant demand and supply elasticities,
which include Novy (2010), Head, Mayer, and Thoenig (2014), Melitz and Redding (2014),
Fajgelbaum and Khandelwal (2013) and Adao, Costinot, and Donaldson (2017). Models
with multiple factors of production with non-constant factor intensities will generally not

admit a single aggregate good representation and hence are also not contained within the

13The class of trade models considered by Arkolakis, Costinot, and Rodriguez-Clare (2012) (under their
CES demand assumption R3’) are a strict subset of the models which fall within the universal gravity
framework, corresponding to the case of ¥ = 0.
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universal gravity framework (although the tools developed below can often be extended
to analyze such models depending on the particular functional forms). C.5 is violated
both by dynamic models in which the trade deficits are endogenously determined and by
models incorporating additional sources of revenue (like tariffs); hence these models are not
contained within the universal gravity framework. However, we show in Online Appendix
B.8 how the results below can be applied to a simple Armington trade model with tariffs.!*
Finally, while the universal gravity framework includes a single sector, the mathematical
tools used to prove existence and uniqueness below can be extended to allow for multiple
sectors of production as in e.g. Costinot, Donaldson, and Komunjer (2010); see Allen,
Arkolakis, and Li (2014).

3 Existence, uniqueness, and interiority of equilibria

We proceed by deriving a number of theoretical properties of the equilibria of all models
contained within the universal gravity framework.

To begin, we note that we can combine C.1 through C.?? to write the equilibrium
output prices and price indices (to-scale) as the solution to equations (6) and (7). These
equations are sufficient to recover the equilibrium level of real output prices and — given
the normalization in C.6 — the equilibrium level of incomes, expenditures, and trade flows
as well as all other endogenous variables up-to-scale.!® As a result, equations (6) and (7)
(together with the normalization in C.6) are sufficient to characterize the equilibrium of
the universal gravity framework.

Before proceeding, we impose two mild conditions on bilateral trade frictions {Tij}ij cs

Assumption 1. The following parameter restrictions hold:
i) Ty < 0o for alli € S.

it) The graph of the matrix of trade frictions {Tij}ijes 15 strongly connected.

The first part of the assumption imposes strictly positive diagonal elements of the
matrix of bilateral trade frictions. The second part of the assumption — strong connectivity

— requires that there is a sequential path of finite bilateral trade frictions that can link

14 Tt is important to note that while the universal gravity framework can admit tariffs, how tariffs affect
the model implications will in general depend on the micro-economic foundations of a model. In particular,
the Armington model presented in Online Appendix B.8 abstracts from two additional complications that
may arise with the introduction of tariffs. First, the elasticity of trade to tariffs may be different than the
elasticity of trade to trade frictions depending on the model; second, if one does not impose that tariffs
are uniform for all trade flows between country pairs, the construction of (good-varying) optimal tariffs
will depend on the particular micro-economic structure of the model; see Costinot, Rodriguez-Clare, and
Werning (2016) for a detailed discussion of these issues.

15See Online Appendix B.1 for these derivations.
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any two locations ¢ and j for any ¢ # j. This condition has been applied previously in
general equilibrium analysis as a condition for existence in McKenzie (1959, 1961), Arrow,
Hahn, et al. (1971), invertibility by Cheng (1985); Berry, Gandhi, and Haile (2013), and
uniqueness by Arrow, Hahn, et al. (1971), Allen (2012). In our case these two assumptions
are the weakest assumptions on the matrix of trade frictions we can accommodate in order
to analyze existence and uniqueness of interior equilibrium.

We mention briefly (but do not need to assume) a third condition. We say that trade
frictions are quasi-symmetric if there exist a pair of strictly positive vectors (TiA, B ) € R?ﬁ
such that for any i,7 € S, we can write 7;; = %iijT]B , where 7;; = 7j;. Quasi-symmetry
is a common assumption in the literature (see for example Anderson and Van Wincoop
(2003), Eaton and Kortum (2002), Waugh (2010), Allen and Arkolakis (2014)), and we
prove in Online Appendix B.3 that C.1, C.2, C.4, and C.5 taken together imply that the
origin and destination-specific terms in the bilateral trade flow expression are equal up to

scale, i.e. p;? oc p, TPV

¢;, which in turn implies that equilibrium trade flows will be
symmetric, i.e. X;; = Xj; for all 4,5 € S. The only way the trade can be balanced when
trade frictions are quasi-symmetric is to make trade flows bilaterally balanced. As a result,
equations (6) and (7) simplify to a single set of equilibrium equations, which allows allows

us to relax the conditions on the following theorem regarding existence and uniqueness:

Theorem 1. Consider any model contained within the universal gravity framework where
trade is balanced (i.e. & =1 for all i € S) and Assumption 1 is satisfied. Then:

(i) If 1 + v + ¢ # 0, then there exists an interior equilibrium.

(i1) If > —1, and b > 0 then all equilibria are interior.

(i1i) If {¢ > 0,9 > 0} or{¢ < —1,¢ < =1} (or, if trade frictions are quasi-symmetric
and either {(b > —%,1/1 > —%} or {gzﬁ < —%, Y < —%}) then there is a unique interior equi-
librium.

() If {& > 0, > 0} or{¢p < —1,¢ < =1} (or, if trade frictions are quasi-symmetric
and either {¢p > —1, 0 > -1} or {¢p < -1, < —1}).

Proof. See Appendix A.1 for parts (i) and (iii) and Online Appendix B.2 for part (ii). [

A key advantage of Theorem 1 is that despite the large dimensionality of the param-
eter space (N supply shifters {¢;}, s and N? trade frictions {7ij}i jes)s the conditions are
only stated in terms of the two gravity constants. Of course, since we provide sufficient
conditions, there may be certain parameter constellations such as particular geographies

of trade frictions where uniqueness may still occur even if the conditions of Theorem 1 are
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not satisfied.16-17

The sufficient conditions for existence, interiority, and uniqueness from Theorem 1 are
illustrated in Figure 1. In the case of existence, standard existence theorems (see e.g.
Mas-Colell, Whinston, and Green (1995)) guarantee existence for endowment economies
when preferences are strictly convex. This is also true in the universal gravity framework:
existence of an interior equilibrium may fail only when 1+ 1+ ¢ = 0, which corresponds to
the Armington trade model (without intermediate goods) where o = 0, i.e. with Leontief

preferences that are not strictly convex. Moreover, in the economic geography example

14a
a+b?

agglomeration forces lead to the concentration of all economic activity in one location (see
Allen and Arkolakis (2014)).

As long as the partial elasticity of aggregate demand with respect to own output price is

above, an interior equilibrium does not exist in the knife-edge case where ¢ = as

greater than negative 1 and the partial elasticity of supply with respect to the real output
price is positive, all equilibria are interior. For example, in the economic geography model
above, if these conditions are satisfied, one can show that the welfare of an uninhabited
location approaches infinity as its population approaches zero, ensuring that all locations
will be populated in equilibrium.

An equilibrium is unique as long as the partial elasticity of aggregate demand to output
prices is negative (i.e. ¢ > 0) and the partial elasticity of aggregate supply is positive (i.e.
1 > 0). There is also a unique interior equilibrium the demand elasticity is positive and
the supply elasticity is negative and both elasticities have magnitudes greater than one,
although such parameter constellations are less economically meaningful (and there may
also exist non-interior equilibria). Multiplicity of interior equilibria may arise in cases
when supply and demand elasticities are both positive (which occurs e.g. in trade models
when goods are complements) or when supply and demand elasticities are both negative
(which occurs e.g. in economic geography models when agglomeration forces are stronger
than dispersion forces). Such examples of multiplicity are easy to construct - Appendix B.7
provides examples of multiplicity in a two location world where either the demand elasticity

is negative (in which case the relative demand and supply curves are both upward sloping)

16 Alvarez and Lucas (2007) provide an alternative approach based on the gross substitute property to
provide conditions for uniqueness of the Eaton and Kortum (2002) model. In Online Appendix B.6, we
show that the gross substitutes property directly applied to our system may fail if the supply elasticity ¢
is larger in magnitude than the demand elasticity ¢, i.e. in ranges ¢ > ¢ > 0 or ¥ < ¢ < —1. Theorem 1
provides strictly weaker sufficient conditions in that regard. Such parameter constellations are consistent
with economic geography models with weak dispersion forces or trade models with large intermediate
goods shares. Importantly, in Section 5, we estimate that ¢ > ¢ > 0 empirically.

"Theorem 1 generalizes Theorem 2 of Allen and Arkolakis (2014) in three ways: 1) it allows for asym-
metric trade frictions; 2) it allows for infinite trade frictions between certain locations; and 3) it applies
to a larger class of general equilibrium spatial model, including notably trade models with inelastic labor
supplies (i.e. models in which ¢ = 0). Theorem 1 also provides a theoretical innovation, as it shows how to
extend the mathematical argument of Karlin and Nirenberg (1967) to multi-equation systems of non-linear
integral equations.
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or the supply elasticity is negative (in which case the relative demand and supply curves
are both downward sloping). Finally, quasi-symmetric trade frictions allow us to extend
the range of gravity constants for which uniqueness is guaranteed, but do not qualitatively

change the intuition for the results.

4 The network effects of a trade shock

We now turn to how the universal gravity framework can be used to make predictions of
how a change in trade frictions alter equilibrium trade flows, incomes, and real output
prices in each location.'®

To begin, we define two N x 1 vectors (which, with some abuse of language, we will
call “curves”): define the supply curve Q® to be the set of supply equations (11) from C.3
(multiplied by output prices and divided by x); and define the demand curve Q¢ to be the

set of market clearing (demand) equations combining C.1, C.2, C.4, and C.5, i.e.:

Q' (p.P) = (pzcz (%Y) | (14)

N\ ¥
Q' (p.P,Ei7) = <Zu§%ﬁpﬁpﬁj (%) E@») , (15)

jES

1

where p = (p;),cg and P = ([Z; T ] "’) are N x 1 vectors and 7 = (75), ;¢ I8
icS
an N2 x 1 vector.!? Note that we express both the supply and demand curves in value
terms, which will prove helpful in deriving the comparative statics in terms of observed
trade flows.
In equilibrium, supply is equal to demand, i.e. Q*(p,P) = Q% (p,P;7), and equation

(5) is expressed as follows:

P
S QP =Y QEPST) — Y (1-2€) pc(%) o,

(sh €S i€S

For notational convenience, define Z (p,P,Z) as >, ¢ (1 — Z¢;) p:C; (p > . We fully dif-
ferentiate these equations, along with the definition of the price index, to yield the following

system of 2N 4 1 linear equations relating a small change in trade costs, D In 7, to a small

!8In what follows, we focus on the policy shocks that alter bilateral trade frictions {7;;}; i jes- In Online
Appendix B.8, we show how one can apply similar tools to characterize the theoretical properties and
conduct counterfactuals in an Armington trade model with tariffs.

190ne can also conduct comparative static w.r.t. £. See Dekle, Eaton, and Kortum (2008).
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change in output prices and price indices, D Inp and D In P, respectively:

DypQ° 0 0 DinpQ? DuppQ?—DupQ° Dy,=QY Dlnp
0 I 0 — | DnpInP 0 0 DInP
0 0 D=2 —DnpZ —DynpZ 0 DInZ=
N ~- ~ .
Dy, Q¢
= | Dy, nP | DlnT,
0
—_—

where S (the supply matriz) and D (the demand matriz) are 2N + 1 x 2N + 1 matrices
capturing the marginal effects of a change in the output price on the supply and demand
curves (where the demand matrix also captures the net effect of a change in the price
index), respectively, and T is a 2N + 1 x N? matrix capturing the marginal effects of a
change in trade costs on the demand curve and price index.

Given expressions (14) and (15), we can write all three matrices solely as a function of

the gravity constants and observables as follows:

1+¥)Y 0 0 —E+(1+¢)X, (¢9—¢)X+YE, (E),
S = 0 I 0 , D= E-'XT 0 0 )
0 0 -Y,E (L+9)(Yi-B)]  —(Y;i—E)] 0
(16)
~¢(X®1)o(I®1)
T=|E'X'®1l)o1x])|, (17)
0

where X is the (observed) N x N trade flow matrix whose (i,5)" element is X;;, Y is the
N x N diagonal income matrix whose i diagonal element is Y;, E is the N x N diagonal
income matrix whose " diagonal element is E;, I is the N x N identity matrix and 1
is an 1 x N matrix of ones, I; is the standard i-th basis for RY, and where ® represents
the Kronecker product and o represents the element-wise multiplication (i.e. Hadamard
product). 2°

A simple application of the implicit function theorem allows us to characterize the

elasticity of prices and price indices to any trade cost shock. Define the 2N 4+ 1 x 2N + 1

20Tn what follows (apart from part (iii) of Theorem 2), we do not assume that C.5 holds in the data, i.e.
that income is necessarily equal to expenditure; rather, we allow for income and expenditure to differ by
a location-specific scalar, i.e. we allow for (exogenous) deficits.
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matrix A =S —D and, with a slight abuse of notation, let A,;} denote the (k, l)th element
of the (pseudo) inverse of A. Then:

Theorem 2. Consider any model contained in the universal gravity framework. Suppose
that X satisfies strong connectivity. If A has rank 2N, then:

(i) The elasticities of output prices and output price indices are given by:

Olnpy _ Xii Jln P, _ Xii
= - XijAz,i1+FjAl,le+j and dlnr, =- XijAN:—l,z‘—i_FjjANl—H,N—&-j' (18)

3 In Tij
(1) If the largest absolute value of eigenvalues of S™'D is less than one, then A~ has
the following series expansion.:
A7 =%"(s'D)'s,
k=0
(111) If trade frictions are quasi-symmetric, trade is balanced and ¢, > 0, then for all

i,l €S and j #1,l,

Oln (p;/P;) Oln(pi/P) <01n(pj/Pj)

Glnm ’ alnm 8lnm
Ol (piQi/P;) 0ln(pQi/F) - Ol (p;Q;/F;)
Olnry Olnmy, Olnty ’

and the inequalities have the opposite sign (>) if (¢, < —1).
Proof. See Appendix A.2. O

Recall from Section 3 that knowledge of the output prices and price indices up-to-scale
is sufficient to recover real output prices and — along with the normalization C.6 — is suffi-
cient to recover equilibrium trade flows, expenditures, and incomes.?! As a result, part (i)
of Theorem 2 states that given gravity constants and observed data, the (local) counter-
factuals of these variables for all models contained in the university gravity framework are

the same.??

21 Because of homogeneity of degree 0, we can without loss of generality normalize one price; moreover,
from Walras’ law, if 2IN — 1 equilibrium conditions hold, then the last equation holds as well. As a result,
A will have at most 2N — 1 rank and A~! can be calculated by simply eliminating one row and column
of A and then calculating its inverse. The values of the eliminated row can then be determined using the
normalization C.6. For example, if one removes the first row and column 9lnpi an be chosen to ensure

’ OlnTyy
that D g 311;‘::3 = 0 so that C.6 is satisfied.

22In Online Appendix B.9, we show how the “exact hat algebra” (Dekle, Eaton, and Kortum (2008),
Costinot and Rodriguez-Clare (2013)) can be applied to any model in the universal gravity framework to
calculate the effect of any (possibly large) trade shock. The key takeaway — that counterfactual predictions
depend only on observed data and the value of the gravity constants — remains true globally. However,
if the uniqueness conditions of Theorem 1 do not hold, we are unaware of any procedure that guarantees

that the solution found using the “exact hat algebra” approach corresponds to the counterfactual of the
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The second part of Theorem 2 provides a simple interpretation of the counterfactuals as
a shock propagating through the trade network. Consider a shock that decreases the trade
cost between 7 and j by a small amount Oln7;; and define (Sle)k S—! as the k™" degree
effect of the shock. It turns out the k' degree effect is simply the effect of the k — 1%
degree shock on the output prices and price indices of all locations’ trading partners,
holding constant their trading partners’ prices and price indices. To see this, consider first
the 0" degree effect. Holding constant the prices and price indices in all other locations,
the direct effect of a decrease in dInT;; is a shift of the demand curve upward in i by
¢X;; x 0lnT;; and a decrease in the price index in j by );—; x 0ln7;;. To re-equilibriate
supply and demand (holding constant prices and price indices in all other locations), we
then trace along the supply curve to where supply equals demand by scaling the effect by
S~ for a total effect of S™'0In7. Consider now the 1% degree effect. We first take the
resulting changes in the price and price index from the 0** degree effect and calculate how
they shift the demand curve (and alter the price index) in all ¢ and j trading partners
by multiplying the 0" degree effect by the demand matrix, i.e. D (S7!9In7). To find
how this changes the price and price index in each trading partner, (holding constant the
prices and price indices in the trading partners’ trading partners), we then trace along the
supply curve by again scaling the shock by S~!, for a combined effect of ST'DS~191InT.
The process continues iteratively, with the £ degree effect shifting the demand curve and
price index according to the £ — 1 shock and then re-equilibriated supply and demand by
tracing along the supply curve (holding constant the prices and price indices in all trading
partners), for an effect of (S~'D)*S~191In, as claimed.?? The total change in prices and
price indices is the infinite sum of all £** degree shocks.

The third part of Theorem 2 says that the direct impact of a symmetric decline in
trade frictions 0 In 7;; and 0 In 73; on real output prices (and real expenditure) in the directly
affected locations 7 and [ will be larger than the impact of that shock in any other indirectly
affected location 7 # i, [. If the demand and supply elasticities are positive, then a decline
in trade frictions will cause the real output prices in the directly affected locations to rise
more than any indirectly affected location (the ordering is reversed if the demand and
supply elasticities are negative). This analytical result characterizes the relative impact of

a trade friction shock on different locations in a model with many locations and arbitrary

observed equilibrium. Indeed, it is straightforward to construct a simple example where in the presence
of multiple equilibria, iterative algorithms used to solve the “exact hat algebra” system of equations will
converge to qualitatively different equilibria than what is observed in the data even for arbitrarily small
shocks, implying arbitrarily large counterfactual elasticities. In contrast, the elasticities in Theorem 2 will
provide the correct local counterfactual elasticities around the observed equilibrium even in the presence
of multiple equilibria.

230ne can also derive the alternative representation A=t = =37 ‘D! (SD™!) * in which the ordering
is reversed: the k" degree effect is calculated by first shifting the supply curve by the k — 1 degree shock
and then tracing along the demand curve to re-equilibriate supply and demand.

19



bilateral frictions.?*

5 Estimating the gravity constants

In the previous section, we saw that the impact of a trade friction shock on trade flows,
incomes, expenditures, and real output prices in any gravity model can be determined
solely from observed trade flow data and the value the demand and supply elasticities.
In this section, we show how these gravity constants can be estimated. We use data on
international trade flows, so for the remainder of the paper we refer to a location as a

country.

5.1 Methodology

We first derive an equation that shows that the relationship between three observables —
relative trade shares, relative incomes, and relative own expenditure shares — are governed
by the two gravity constants. We then show how this relationship under minor assumptions
can be used as an estimating equation to recover the gravity constants. We begin by
combining C.1 and C.2 to express the expenditure share of country j on trade from i
relative to its expenditure on its own goods as a function of the trade frictions, the output

prices in ¢ and j, and the aggregate demand elasticity:

Xy _ (_Tw‘pj)¢
X TijDi
We then use the relationship p; = Y;/Q; to re-write this expression in terms of incomes

and aggregate quantities and rely on C.3 to write the equilibrium output as a function of

output prices and the output price index:

¢
o (5) ()
X’L] . 27 Cj P; ‘ (19>

X.. : A\ Y
e

We now define \;; = Xj;/E; to be the fraction of income country j spends on its own goods

(j’s “own expenditure share”). By combining C.1 and C.2, we note j’s own expenditure

share can be written as \;; = (Tjj%>_ , which allows us to write equation (19) (in log
form) as:
In—2 = —¢ln—2 In -2 In2 — ¢ln 2 In 2. 20
il L wink (20)

24Mossay and Tabuchi (2015) prove a similar result in a three country world.
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Equation (20) shows that the demand elasticity ¢ is equal to the partial elasticity of trade
flows to relative incomes, whereas the supply elasticity ¢ is equal to the partial elasticity
of trade flows to the relative own expenditure shares. Intuitively, the greater j’s income
relative to ¢ (holding all else equal, especially the relative supply shifters In %), the greater
the price in j relative to ¢ and hence the more it would demand from ¢ relative to j; the
greater the demand elasticity ¢, the greater the effect of the price difference on expenditure.
Conversely, because the real output price is inversely related to a country’s own expenditure
share, the greater j’s own expenditure share relative to i, the lower the relative aggregate
supply to j and hence the more j will consume from ¢ relative to j; the larger the supply
elasticity v, the more responsive supply will be to differences in own expenditure share.

Equation (20) forms the basis of our strategy for estimating the gravity elasticities ¢
and 1. However, it also highlights two important challenges in estimation. First, because
unobserved trade frictions act as a residual in equation (20), we require a moment condi-
tion along with observed trade flows in order to estimate the gravity elasticities.?” Second,
equation (20) highlights that the gravity elasticities are partial elasticities holding the
(unobserved) relative supply shifters {¢;}, ¢ fixed. Because both income and own expen-
diture shares are correlated with supply shifters through the equilibrium structure of the
model, any estimation procedure must contend with this correlation between observables
and unobservables.

In order to address both concerns, we combine plausibly exogenous observed geographic
variation with the general equilibrium structure of the model to estimate the gravity elas-

ticities. We proceed in a two-stage procedure.?® First, we re-write equation (20) as:

Xi i Tii
In—? =—¢ln— —Inm +In7;,
Jj Tjj
where Inm; = ¢InY; + ¥ 1In; — ¢lné; + ¢ InTy; is a country-specific fixed effect. We
assume relative trade frictions scaled by the trade elasticity can be written as a function

of their continent of origin ¢, continent of destination d, and the decile of distance between

Z5Relatedly, Online Appendix B.10 shows how for any observed set of trade flows {X;;} and any assumed
set of gravity elasticities {¢, 1}, own trade frictions {7;}, and supply shifters {¢;}, there will exist a unique
set of trade frictions {7;;}, ; for which the observed trade flows are the equilibrium trade flows of the
model..

26While the two step procedure we follow resembles the procedure used in Eaton and Kortum (2002) to
recover the trade elasticity from observed wages, there are two important differences. First, our procedure
applies to a large class of trade and economic geography models and allows us to simultaneously estimate
both the demand (trade) elasticity and the supply elasticity (rather than assuming e.g. that the population
of a country is exogenous and calibrating the model to a particular intermediate good share). Second, our
procedure relies on the general equilibrium structure of the model to generate the identifying variation
(rather than e.g. instrumenting for wages with the local labor supply, which would be inappropriate for
economic geography models).
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the origin and destination countries, [:

Tij l
—@hl — = Ped + €ij7
Tji
where ¢;; is a residual assumed to be independent across origin-destination pairs. The

country-specific fixed effect can then be recovered from the following the following equation:

X,
ln—]: id—lnﬂi+ln7rj+€ij, (21)

X

23

where we estimate (!, non-parametrically using a set of 360 dummy variables (10 distances
deciles x 6 origin continents x 6 destination continents). Let In#; denote the estimated
fixed effect and define 7; = In7; — In7; to be its estimation error.

In the second stage, we write the estimated fixed effect as a function of income and
own expenditure share:

lnfrl-:gzﬁlnYi—i-lbln)\ii—l—Vi, (22)

where v; = —¢Iné¢; + ¢y InT; + U; is a residual that combines the unobserved supply
shifter, the unobserved own trade friction, and the estimation error from the first stage.
As mentioned above, it is not appropriate to estimate equation (22) via ordinary least
squares, as variation in the supply shifter will affect income and the own expenditure share
through the equilibrium structure of the model, creating a correlation between the residual
and the observed covariates. Intuitively, the larger the supply shifter of a country, the
greater its output and hence the greater the trade flows for a given observed income; since
the country-specific fixed effect In 7; is decreasing in relative trade flows, the OLS estimate
of ¢ will be biased downwards.

To overcome this bias, we pursue an instrumental variables (IV) strategy, where we use
the general equilibrium structure of the model to construct a valid instrument. To do so,
we calculate the equilibrium trade flows of a hypothetical world where the bilateral trade
frictions and supply shifters depend only on observables. We then use the incomes and
relative own expenditure shares of this hypothetical world as instruments for the observed
incomes and own expenditure shares. These counterfactual variables are valid instruments
as long as (1) they are correlated with their observed counterparts (which we can verify);
and (2) the observable components of the bilateral trade frictions and supply shifters are
uncorrelated with unobserved supply shifters.

Because the first-stage estimation of (21) provides an unbiased estimate of —¢In ;—;, we
use the estimated origin-continent-destination-continent-decile coefficients Béd to create our
counterfactual measure of bilateral trade frictions (normalizing own trade frictions 7;; = 1).

In the simplest version of our procedure, we then calculate the equilibrium income and own
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expenditure share given these bilateral trade frictions, assuming that the supply shifter ¢;
is equal in all countries. In this version of the procedure, the instrument is valid as long
as the the general equilibrium effects of distance on the origin fixed effects of a gravity
equation are uncorrelated with unobserved heterogeneity in supply shifters (or own trade
frictions). Because we calculate the equilibrium of the model in a counterfactual world
where there is no heterogeneity in supply shifters, it seems reasonable to assume that the
resulting equilibrium income and own expenditure shares that we use as instruments are
uncorrelated with any real world heterogeneity. However, our instrument would be invalid
if there were a correlation between unobserved supply shifters and the observed geography
of a country (e.g. if countries more remotely located were also less productive or less
attractive places to reside).

To mitigate such a concern (and to allow for more realistic variation across countries
in supply), we extend the approach to allow the supply shifter to vary across countries
depending on a vector of (exogenous) observables X¢, e.g. land controls like the amount
of fertile land, geographic controls like the distance to nearest coast, institutional controls
like the rule of law, historical controls like the population in 1400, and schooling and R&D
controls like average years of schooling. Given a set of supply shifters {¢;} that depend only
these observables and the set of trade frictions that depend only on our non-parametric
estimates from above, we re-calculate the equilibrium income and own expenditure share
in each country. We then use the equilibrium values from this hypothetical world as
our instruments, while and control directly for the observables X{ in equation (22). As
a result, the identifying variation from the instruments only arises through the general
equilibrium structure of the model.?” Intuitively, differences in observables like land area
in neighboring countries generates variation in the demand that a country faces for its
production, as well as variation in the price it faces for its consumption, even conditional
on its own observables.

There are two things to note about the above procedure. First, to construct the hy-
pothetical equilibrium incomes and own expenditure shares requires assuming values of
the gravity constants ¢ and i for the hypothetical world. In what follows, we choose a

demand elasticity ¢ = 8.28 and a supply elasticity ¢» = 3.76, which correspond to the

?TCalculating the counterfactual equilibrium income and own expenditure share in each country when
the supply shifters depend on observables requires assuming a particular mapping between the observables
X¢ and the supply shifter ¢;. We assume that ¢; = X3¢ and note that the theory implies the following
equilibrium condition:

¢ _ 1+ v
InY;, = ——1In¢; +
e-v T -0 Y—0¢
As a result, we choose the 8¢ that arise from the OLS regression InY; = ﬁXfﬁc + €;. Although our
estimates of 5 may be biased due to the correlation between X and e;, this bias only affects the strength
of the instrument, because if each X{ is uncorrelated with the residual v; in equation (22) (i.e. X¢ is
exogenous), then any linear combination of X¢ will also be uncorrelated with the residual.

In 67;.

In; +
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(estimated) demand elasticity estimated and (implicitly calibrated) supply elasticity in
Eaton and Kortum (2002). We should note that while the particular choice of the these
parameters will affect the strength of the constructed instruments, they will not affect the
consistency of our estimates of the gravity constants under the maintained assumption
that bilateral distances are uncorrelated with the unobserved supply shifters conditional
on observables.?

The second thing to note about the estimation procedure is more subtle. As mentioned
in Section 3 and discussed in detail in Online Appendix B.3, when bilateral trade frictions
are “quasi-symmetric” the equilibrium origin and destination shifters will be equal up to
scale. In this case, there will be a perfect log linear relationship between the income of
a country, its own expenditure share and its supply shifter.?? As a result, if we were to
impose quasi-symmetric bilateral trade frictions in the hypothetical world, the equilibrium
income and expenditure shares generated would be perfectly collinear, preventing us from
simultaneously identifying the demand and supply elasticities in the second stage. In-
tuitively, identification of the demand elasticity requires variation in a country’s supply
curve (its destination fixed effect), whereas identification of the supply elasticity requires
variation in a country’s demand curve (its origin fixed effect); when trade frictions are
quasi-symmetric, however, the two co-vary perfectly. Our choice to allow distance to affect
trade frictions differently depending on the continent of origin and continent of destination
introduces the necessary asymmetries in the trade frictions to allow the model constructed
instruments to vary separately, allowing for identification of both the supply and demand
elasticities simultaneously. To address concerns about the extent to which these asym-
metries are sufficient to separately identify the two, we report the Sanderson-Windmeijer
F-test (see Sanderson and Windmeijer (2016)) in the results that follow.

5.2 Data

We now briefly describe the data we use to estimate the gravity constants.

Our trade data comes from the Global Trade Analysis Project (GTAP) Version 7
(Narayanan, 2008). This data provides bilateral trade flows between 94 countries for the
year 2004. To construct own trade flows, we subtract total exports from the total sales
of domestic product, i.e. X; = X; — > i Xi;. We use the bilateral distances between
countries from the CEPII gravity data set of Head, Mayer, and Ries (2010) to construct
deciles of distance between two countries. We rely on the data set of Nunn and Puga (2012)

to provide a number of country level characteristics that plausibly affect supply shifters,

28In principle, we could search over different values of the gravity constants to find the constellation that
maximizes the power of our instruments. In practice, however, our estimates vary only a small amount
across different values of the gravity constants.

Tn particular, (14 2¢)InE; = (2¢)In¢; + (1 — 2¢) In\; + C.
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including “land controls” (land area interacted with the fraction of fertile soil, desert, and
tropical areas), “geographic controls” (distance to the nearest coast and the fraction of
country within 100 kilometers of an ice free coast), “historical controls” (log population
in 1400 and the percentage of the population of European descent), “institutional con-
trols” (the quality of the rule of law). Finally, following Eaton and Kortum (2002), we
also consider “schooling and R&D controls” including the average years of schooling from
UNESCO (2015) and the R&D stocks from Coe, Helpman, and Hoffmaister (2009), where

a dummy variable is included if the country is not in each respective data set.

5.3 Estimation results

Table 2 presents the results of our estimation of equation (20). The first column presents
the ordinary least squares regression; we estimate a positive supply elasticity and neg-
ative demand elasticity, consistent with the discussion above that the OLS estimate of
the demand elasticity is biased downward. Column 2 presents the instrumental variable
estimation where the counterfactual income and own expenditure shares comprising our
instrument are constructed assuming equal supply shifters. After correcting for the bias
arising from the correlation between the unobserved supply shifters and observed incomes
and own expenditure shares, we find positive supply and demand elasticities, although the
demand elasticity is not statistically significant. Columns 3 through 7 sequentially allows
the supply shifter in the construction of the instrument to vary across countries depending
on an increasing number of observables (while including these same observables as controls
in both the first and second stages of the IV estimation of equation (20)). Including these
observables both increases the strength of the instruments and reduces the concern that the
instruments are correlated with unobserved supply shifters. Reassuringly, our estimated
demand and supply elasticities vary only slightly with the inclusion of additional controls.3°

In our preferred specification (column 7), we estimate a demand elasticity of ¢ = 3.72
(95% confidence interval [1.14,6.29] and a supply elasticity 1) = 68.49 (95% confidence in-
terval [5.38,131.60]).3! Hence, our demand elasticity estimate is somewhat lower than the
preferred estimate of Eaton and Kortum (2002) of 8.28 (although similar to their estimate
using variation in wages of 3.6), as well as similar to estimates of trade elasticity around
4 in Anderson and Van Wincoop (2004), Simonovska and Waugh (2014), and Donaldson
(forthcoming). Unlike these papers, however, we also estimate the supply elasticity. Our

point estimate, while noisily estimated, is substantially larger than and statistically dif-

30Figure 4 in the online appendix shows that our instrumental variables of counterfactual income and
own expenditure shares are positively correlated with their observed counterparts, even after differencing
out the observables in the supply shifters.

31'While the p-value of the Sanderson-Windmeijer F-test is statistically significant in the first stage
for income, it is only marginally statistically significant for expenditure shares, suggesting that the wide
confidence interval for the supply elasticity may be due in part to a weak instrument.
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ferent (at the 5% level) from the supply elasticity to which Eaton and Kortum (2002)
implicitly calibrate. Moreover, our estimated value is consistent with recent estimates of
labor mobility from the migration literature. To see this, consider an economic geography
framework with intermediate goods, agglomeration forces, and Frechet distributed prefer-
ences over location (see the last row of Table 1). If we match the labor share in production
of 0.21 in Eaton and Kortum (2002) and the agglomeration force of & = 0.10 in Rosenthal
and Strange (2004), then our point estimate of ¢ is consistent with a migration elasticity
(Fréchet shape parameter) of 1.4. This is similar to estimates from the migration litera-
ture using observed labor flows and about one-third to one-half the size of within-country

estimates.3?

6 The impact of a U.S.-China trade war

We now apply the estimates from Section 5 to evaluate the impact of a trade war between
the U.S. and China. We model the trade war as an increase in the trade frictions between
the U.S. and China (holding constant all other trade frictions). We then characterize how
such a trade war propagates through the trade network using the methodology developed
in Section 4.33

There are two 0™ degree effects of the trade war: first, the U.S. and China export less
to each other, causing the output prices in both countries to fall; second, the the cost of
importing increases, causing the price index in both countries to rise. Both effects cause
the real output price to decline, with a greater decline in China because both its export
and import shares with the U.S. are relatively larger.

The top panel of Figure 2 depicts the 15 degree effect on the real output price in all
countries. The effect in the U.S. and China is positive, as the degree 0 decline in output
price reduces the cost of own expenditure (causing the price index to fall in both countries).
In other countries, however, the degree 1 effect is negative, as the U.S. and China demand
less of their goods, causing their trading partner’s output prices to fall. The most negatively
affected countries are those who export the most to the U.S. and China.

Summing across all degree shocks yields the total elasticity of real output prices in

320rtega and Peri (2013) estimates an migration elasticity to destination country income of 0.6 using
international migration flows and an estimate of 1.8 for the sub-sample of migration flows within the
European Union, albeit not using a log-linear gravity specification. Within countries (aud with log-linear
gravity specifications), Monte, Redding, and Rossi-Hansberg (2015) estimate a migration elasticity of 4.4
in the U.S.; Tombe, Zhu, et al. (2015) estimate a migration elasticity of 2.54 in China, and Morten and
Oliveira (2014) estimate a migration elasticity of 3.4 in Brazil.

33In the counterfactuals that follow, we accommodate the deficits observed in the data by assuming
that the observed ratio of expenditure to income for each country remains remains constant and impose
an aggregate market clearing condition that total income is equal to total expenditure. The results are
qualitatively similar if we instead solve for the (unique) set of balanced trade flows that match the observed
import shares and treat these balanced trade flows as the data.
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each country to the trade war shock, which the bottom panel of Figure 2 depicts.>* Not
surprisingly, the two countries hurt most by a trade war are the U.S. and China. Moreover,
while all countries are made worse off, the countries who are closely linked through the
trading network with the U.S. and China (e.g. Canada, Mexico, Vietnam, and Japan) are
hurt more than those countries that are less connected (e.g. India). All told, we estimate
that a 10% increase in bilateral trade frictions is associated with a decline in real output
price of 0.04% in the U.S. and 0.14% in China. These modest changes in the real output
price are due to the large supply elasticity, causing the aggregate output to reallocate
away from the U.S. and China in response to the trade war. The converse of this result,
however, is that the reallocation of the aggregate output results in large changes to total
real expenditure: for example, in the Armington trade model interpretation, a 10% increase
in bilateral trade frictions causes the total real expenditure to fall by 2.7% in the U.S. and
by 9.8% in China.?>

There are two potential concerns about these estimated effects. First, because the
elasticities correspond to an infinitesimal shock, one may worry that the effects of a large
trade war may differ. To address this concern, we calculate the effect of a 50% increase
in bilateral trade frictions using the methodology discussed in Online Appendix B.9. The
correlation between the local elasticities and global changes exceeds 0.99, indicating that
the local relative effect of the trade war is virtually the same as the global effect.?¢ However,
the local effect does overstate the global effect of such a shock, as we find that log first
differences implied by the global shock are roughly 80% the size of those implied by the
local elasticities. Second, the effects of the trade war above were calculated given the
gravity constants estimated in Section 5; one may be concerned that the effects of the trade
wars may differ substantially across alternative values of these elasticities. To address this
concern, we calculate the effects of a trade war for a large number of different combinations
of supply and demand elasticities.3” Across all constellations in the 95% confidence interval
of the two estimated gravity constants, the calculated elasticities are quite similar, with
a 10% increase in bilateral trade frictions associated with a decline in real output price
between 0.03% and 0.05% in the U.S. and 0.07% and 0.26% in China. Of course, as
Section 4 emphasizes, the particular value of the gravity constants may substantially affect

the impact of counterfactuals more generally.

34Figures 5 through 9 in the Online Appendix depict the impact of the degrees 0, 1, 2, and higher on the
relative prices, relative output, income, the relative price index, and real output prices in each country.

35Recall from Section 2 that while the changes in real output prices are identified from the value of trade
flows alone, without specifying x in equation (11), the change in total real expenditure is only identified
up to scale. In Armington trade models with intermediates, however, this is not a problem, as k = 1.

36See Figure 10 in the Online Appendix.

37See Figure 11 in the Online Appendix.
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7 Conclusion

In this paper, we provide a framework that unifies a large set of trade and geography
models. We show that the properties of models within this framework depend crucially on
the value of two gravity constants: the aggregate supply and demand elasticities. Sufficient
conditions for the existence and uniqueness of the equilibria depend solely on the gravity
constants. Moreover, given observed trade flows, these gravity constants are sufficient to
determine the effect of a trade friction shock on trade flows, incomes, and real output price
without needing to specify a particular underlying model.

We then develop a novel instrumental variables approach for estimating the gravity
constants using the general equilibrium structure of the framework. Using our estimates,
we find potentially large losses may arise due to a trade war between U.S. and China occur.

By providing a universal framework for understanding the general equilibrium forces in
trade and geography models, we hope that this paper provides a step toward unifying the
quantitative general equilibrium approach with the gravity regression analysis common
in the empirical trade and geography literature. Toward this end, we have developed a
toolkit that operationalizes all the theoretical results presented in this paper.®® We also
hope the tools developed here can be extended to understand other general equilibrium
spatial systems, such as those incorporating additional types of spatial linkages beyond

trade frictions.

38The toolkit is available for download on Allen’s website.

28



References

ApAO, R., A. CosTINOT, AND D. DONALDSON (2017): “Nonparametric Counterfactual Predictions in

Neoclassical Models of International Trade,” American Economic Review, 107(3), 633-89.
ALLEN, T. (2012): “Information Frictions in Trade,” Ph.D. dissertation, Yale University.

ALLEN, T., AND C. ARKOLAKIS (2014): “Trade and the Topography of the Spatial Economy,” The

Quarterly Journal of Economics.

ALLEN, T., C. ARKOLAKIS, AND X. L1 (2014): “On the existence and uniqueness of trade equilibria,”

mimeo, Northwestern and Yale Universities.

ALVAREZ, F., AND R. E. Lucas (2007): “General Equilibrium Analysis of the Eaton-Kortum Model of
International Trade,” Journal of Monetary Economics, 54(6), 1726-1768.

ANDERSON, J. E. (1979): “A Theoretical Foundation for the Gravity Equation,” American Economic
Review, 69(1), 106-116.

ANDERSON, J. E.; M. LARCH, AND Y. V. YoToV (2016): “Growth and trade with frictions: a structural

estimation framework,” Discussion paper, National Bureau of Economic Research.

ANDERSON, J. E., AND E. VAN WINCOOP (2003): “Gravity with Gravitas: A Solution to the Border
Puzzle,” American Economic Review, 93(1), 170-192.

(2004): “Trade Costs,” Journal of Economic Literature, 42(3), 691-751.

ANDERSON, J. E.; AND Y. V. Yorov (2010): “The Changing Incidence of Geography,” American
Economic Review, 100(5), 2157-86.

Arkorakis, C., A. CosTINOT, D. DONALDSON, AND A. RODRIGUEZ-CLARE (2012): “The Elusive

Pro-Competitive Effects of Trade,” mimeo.

Arxkorakis, C., A. CosTINOT, AND A. RODRIGUEZ-CLARE (2012): “New Trade Models, Same Old
Gains?,” American Economic Review, 102(1), 94-130.

Arkorakis, C., S. DEMIDoOvA, P. J. KLENOW, AND A. RODRIGUEZ-CLARE (2008): “Endogenous

Variety and the Gains from Trade,” American Economic Review, Papers and Proceedings, 98(4), 444—
450.

ARMINGTON, P. S. (1969): “A Theory of Demand for Products Distinguished by Place of Production,”
International Monetary Fund Staff Papers, 16, 159-178.

Arrow, K. J., F. HAHN, ET AL. (1971): “General competitive analysis,” .

BALDWIN, R., AND D. TAGLIONI (2006): “Gravity for dummies and dummies for gravity equations,”

Discussion paper, National Bureau of Economic Research.
BARTELME, D. (2014): “Trade Costs and Economic Geography: Evidence from the US,” mimeo.

BERNARD, A. B., J. EaToN, J. B. JENSEN, AND S. KORTUM (2003): “Plants and Productivity in
International Trade,” American Economic Review, 93(4), 1268-1290.

29



BERRY, S., A. GANDHI, AND P. HAILE (2013): “Connected substitutes and invertibility of demand,”
Econometrica, 81(5), 2087-2111.

BOSKER, M., AND B. WESTBROCK (2016): “A theory of trade in a global production network,” .

CALIENDO, L., AND F. PARRO (2010): “Estimates of the Trade and Welfare Effects of NAFTA,”
Manuscript, University of Chicago and Yale University.

CHANEY, T. (2008): “Distorted Gravity: The Intensive and Extensive Margins of International Trade,”
American Economic Review, 98(4), 1707-1721.

CHENG, L. (1985): “Inverting systems of demand functions,” Journal of Economic Theory, 37(1), 202-210.

CoEg, D. T., E. HELPMAN, AND A. W. HOFFMAISTER (2009): “International R&D spillovers and insti-
tutions,” Furopean Economic Review, 53(7), 723-741.

CosTINOT, A., D. DONALDSON, AND I. KOMUNJER (2010): “What Goods Do Countries Trade? A

Quantitative Exploration of Ricardo’s Ideas,” Forthcoming, Review of Economic Studies.

CosTINOT, A., AND A. RODRIGUEZ-CLARE (2013): “Trade theory with numbers: Quantifying the con-

sequences of globalization,” Discussion paper, National Bureau of Economic Research.

CosTINOT, A., A. RODRIGUEZ-CLARE, AND I. WERNING (2016): “Micro to macro: Optimal trade policy

with firm heterogeneity,” Discussion paper, National Bureau of Economic Research.

DEKLE, R., J. EaATON, AND S. KORTUM (2008): “Global Rebalancing with Gravity: Measuring the
Burden of Adjustment,” IMF Staff Papers, 55(3), 511-540.

D1 GIOVANNI, J., AND A. A. LEVCHENKO (2008): “Putting the Parts Together: Trade, Vertical Linkages,

and Business Cycle Comovement,” forthcoming, American Economic Journal: Macroeconomics.

D1 GIOovaNNI, J., AND A. A. LEVCHENKO (2013): “Firm entry, trade, and welfare in Zipf’s world,”
Journal of International Economics, 89(2), 283-296.

DoNALDSON, D. (forthcoming): “Railroads of the Raj,” American Economic Review.

DoNALDSON, D., AND R. HORNBECK (2012): “Railroads and American Economic Growth: New Data

and Theory,” Discussion paper.

EATON, J., AND S. KORTUM (2002): “Technology, Geography and Trade,” Econometrica, 70(5), 1741
1779.

EGGER, P. H., AND S. NIGATI (2015): “Structural gravity with dummies only: Constrained ANOVA-type

estimation of gravity models,” Journal of International Economics, 97(1), 86-99.

EVMORFOPOULOS, N. (2012): “Some results on diagonally dominant matrices with positive diagonal

elements,” .

FajceLBauM, P. D., AND A. K. KHANDELWAL (2013): “Measuring the unequal gains from trade,”

Discussion paper, Working Paper.

FaLLy, T. (2015): “Structural gravity and fixed effects,” Journal of International Economics, 97(1), 76-85.

30



FRANKEL, J. A., AND D. ROMER (1999): “Does Trade Cause Growth,” American Economic Review,
89(3), 379-399.

HEAD, K., AND T. MAYER (2013): Gravity equations: Workhorse, toolkit, and cookbook. Centre for

Economic Policy Research.

HEAD, K., T. MAYER, AND J. RIEs (2010): “The erosion of colonial trade linkages after independence,”

Journal of International Economics, 81(1), 1-14.
HeaD, K., T. MAYER, AND M. THOENIG (2014): “Welfare and Trade Without Pareto,” .

HeLPMAN, E. (1998): “The Size of Regions,” Topics in Public Economics. Theoretical and Applied Anal-
ysis, pp. 33-5H4.

JoHnsoN, C. R.; AND R. L. SMITH (2011): “Inverse M-matrices, IL,” Linear Algebra and its Applications,
435(5), 953-983.

KARLIN, S., AND L. NIRENBERG (1967): “On a theorem of P. Nowosad,” Journal of Mathematical
Analysis and Applications, 17(1), 61-67.

KRUGMAN, P. (1980): “Scale Economies, Product Differentiation, and the Pattern of Trade,” American
Economic Review, 70(5), 950-959.

Mas-CoLELL, A., M. D. WHINSTON, AND J. R. GREEN (1995): Microeconomic Theory. Oxford Uni-
versity Press, Oxford, UK.

McKENZIE, L. W. (1959): “On the existence of general equilibrium for a competitive market,” FEcono-

metrica: journal of the Econometric Society, pp. 54-71.

(1961): “On the existence of general equilibrium: some corrections,” Econometrica (pre-1986),
29(2), 247.

MELITZ, M., AND S. REDDING (2014): “New Trade Models, New Welfare Implications,” Forthcoming,

American Economic Review.

MEeLITZ, M. J. (2003): “The Impact of Trade on Intra-Industry Reallocations and Aggregate Industry
Productivity,” Econometrica, 71(6), 1695-1725.

MENEZES, A. G. D., M. FORTUNA, F. SitvA, AND J. C. VIEIRA (2006): “Computable general equilibrium

models: A literature review,” .

MoNTE, F., S. J. REDDING, AND E. RossI-HANSBERG (2015): “Commuting, migration and local em-

ployment elasticities,” Discussion paper, National Bureau of Economic Research.

MORTEN, M., AND J. OLIVEIRA (2014): “Migration, roads and labor market integration: Evidence from
a planned capital city,” Unpublished Manuscript.

MossAy, P., AND T. TABUCHI (2015): “Preferential trade agreements harm third countries,” The Eco-
nomic Journal, 125(589), 1964—-1985.

NARAYANAN, B. G. (2008): Global Trade, Assistance, and Production: The GTAP 7 Data Base. Center
for Global Trade Analysis.

31



Novy, D. (2010): “International Trade Without CES: Estimating Translog Gravity,” CEP Discussion
paper, 1031.

NuUNN, N., AND D. Puca (2012): “Ruggedness: The blessing of bad geography in Africa,” Review of
Economics and Statistics, 94(1), 20-36.

ORrTECA, F., AND G. PERI (2013): “The effect of income and immigration policies on international
migration,” Migration Studies, 1(1), 47-74.

POLYANIN, A., AND A. MANZHIROV (2008): Handbook of Integral Equations. Chapman & Hall/CRC.

REDDING, S., AND D. STURM (2008): “The Costs of Remoteness: Evidence from German Division and
Reunification,” American Economic Review, 98(5), 1766-1797.

REDDING, S. J. (2016): “Goods trade, factor mobility and welfare,” Journal of International Economics,
101, 148-167.

REDDING, S. J., AND E. A. RossI-HANSBERG (2017): “Quantitative Spatial Economics,” Annual Review

of Economics, 9(1).

ROSENTHAL, S. S., AND W. C. STRANGE (2004): “Evidence on the nature and sources of agglomeration

economies,” Handbook of regional and urban economics, 4, 2119-2171.

SANDERSON, E., AND F. WINDMEIJER (2016): “A weak instrument F-test in linear IV models with

multiple endogenous variables,” Journal of Econometrics, 190(2), 212-221.

SIMONOVSKA, 1., AND M. E. WAUGH (2014): “The elasticity of trade: Estimates and evidence,” Journal
of international Economics, 92(1), 34-50.

TowmBE, T., X. ZHU, ET AL. (2015): “Trade, migration and productivity: A quantitative analysis of

china,” Manuscript, University of Toronto.
UNESCO (2015): “UNESCO Institute for Statistics UIS.STAT,” .

WAUGH, M. (2010): “International Trade and Income Differences,” forthcoming, American Economic

Review.

ZABREYKO, P., A. KOSHELEV, M. KRASNOSEL'SKII, S. MIKHLIN, L.. RAKOVSHCHIK, AND V. STET-
SENKO (1975): Integral Equations: A Reference Text. Noordhoff International Publishing Leyden.

32



"A[Snooue)nuIls A1UNod AI9A9 SJ09JJe YIIYM 9[(RLIRA SNOUSOPUS UR SI \

‘Tepow renonred oyy uo spuodop uoryejordiojur asoym 1ojourered Sads UOIYRIO] SNOUSOXD U ST *g soolid ndjno [eox oY) pue SIoxIom
JO oIej[oM o1} weamIaq AIYSUOIIR[AI 9} PUR ‘SJURISU0D AJARIS o) 0} s1vjoweIed [em)ioni)s 1Y) jo surddew o) ‘yromowrely Ajraers
[BSIOATUN 91} UMM POUIUIRXS 9 Ued Jet[) S[pout AdeI3003 dIOU0dd PUR 9P} JO JSI] (SAI}SNRYXE-UOU) © SOPN[OUL SR} SIY T, 5910\

ETAMML g

Tono[ids Kjruowre

4q
Joao[ds Aj1arponpord v
)

s1oA0[[1ds pue ‘sedousiojord

. 9IRS POOS 9)RIPAULISIUT AYN@V E + vw 0 OIYRISUASOIP ‘SPOOS 93RIPOULIOIUT
Afrwvm\H ‘wrered (1oqe]) £jousSoroley 3 yym Aydei8oe3 oTuouodry
‘wrered (spooS8) Ayeusforaler g
Ior0[[ids Ajuowre  q
A AWV - SNV Jeno[(ids Ajanonpord D APV vtey 5 ; s1oA0[[Ids puR SPOOS 9)RIPOULIOIUL
2\ oIRYS POOS 9jeIpOULIONUT 9 )T 2t M AqdeiSoes ormouooy
‘wrered (spoo3) A1eusforatey g
A AWV - SNV spoo3 uo juads areys © o—(1—0)(0—1) o ((866T1) wewd[oy Jo jueLreA )
\\TNQR\M.I Pp N ‘wrered 'sqns o © (8007) wanig pue Suippey
areys amjpuadxe spood ©
B TGAWV g SNQ ‘wrered (10qe[) Ajousloreley 3 % 0 (9107) Sutppey
T
‘wrered (spoo3) Ayeusforarey g
Tono[ids Ayrueture  q
ATE B Ashv ‘g SNV Toao[[ids Lyraronpord MHN - -0 (¥102) SHBIONIY pue ud[[y
— T
(@t+e) ‘wrered ‘sqns 0
AWV X ‘wrered Ajous8orsjay g 5 A (-2 Hv , (£10g) oxuayoAdT
AT\ ‘wered ‘sqns 0 . (1—2)=0 pue ruuesord) 1q ‘(£00z) ZIPIN
oy areys 1oqe[ 9 5 (soyerpomtagur
Aﬂv x g 547 0
P+T ‘wrered Ajeus3orslay g yym) (g00g) WniIoy] pue uoyey
. aIeys 1oqe[ 9
Amv X g vw 1—o0 (sorerpetrogur yarm) (0RGT) wewSnIyy
AT\ ‘wered 'sqns 0
(soyerpouuiogur yIm)
3+HAWV X g areys 1oqel 9 w I1—o0 (€00g) dooouipy uep pue uosIOPUY
‘wrered 'sqns 0 ‘(6L61) uostopuy ‘(69671) uolsurwIy

I0qe] JO SIRJ[IAN

s1ojowrered [9POIN (4v) L0118 10 A1ddng

SIoMmourelj AARIS [RSIOAIUN O} UL S[OPOW JO

(¢) Lyo1y819 puRTIEg

sojdwrexy :1 9[qr],

[PPOIN

33



TO e GO sy 0T
:90URDYIUSIS [RDIISIJR)S 9JRIIPUL STR)G “soseyjuared Ul PajIodal oIe [9AS] JUSUIIUOD ST} J€ PoIdISN[D SIOLD pIepuels “(Z107) ®Snd
puR UUNN WOIJ oI [0IIU0D [ROLIOISIY pue O1dersoss ‘puer] "1os viep 9A1309dSaI DR Ul JOU ST AIJUN0D Y JI POPNOUIL ST S[(RLIRA
Awrmmp ' o10yMm ‘((600g) & 10 200 wWoIy) s¥o0Is ([29Y oY) pue (OOSHN() WOI}) SUIOOTDS JO SIRAA dFRIoAR oIR S[OITU0D ([29Y
pue SUIoOydG “Me[ JO S[NI dY) JO AjIenb o) spnour S[OIJU0D [RUOIINIISU] Juadsop uradoins jo uoryendod oY) jo oFejusorod
o) pue (0f1 ur uoryendod SO[ oY) SPNOUL S[OIJUOD [RILIOISIH “ISROD 991 901 UR JO WY ()] UM AIJUNOD JO UOIIRIJ S} PUR
}SRO0D 1S9IRAU 0 SOURISIP S} dpN[OUL S[01u0d dIYdeISosr) -seare [eordol) pue ‘1I1esop IOS O[I1I9] UOIORIJ [IIM POIORISIUIL RIIR
pue[ opnoul S[OIJUOD PURT “SOIRYS 2INIIPUSdXd UMO PUR SWOOUL U0 J00J0 WNLIGIIMNDS [RIoUSS 91) WO} A[UO SSLIR SIIIIDIISR]D
A1ddns pue puewsp o) JO UOIJRIYIIUSPI OS ‘SUOISSOIFOI 98RIS PUODSS PUR JSIT ) UL A[J00IIP I0J PO[0IJU0D oxe s109jiys Ajddns
o1} SUIUIULIIYOP SO[RAIISCO O] ‘9skD I9j)e] o} U] *(/, YSNOIY) ¢ SUWN[0D) SO[RAIISCO UO dUIODUI POAIISCO JO UOISSIISII © WOI]
poarewryse are s1oyIys Addns 1oty 10 (g uwmn[oo) s1eyiys Ajddns Iy} Ul [eo1jUapr I8Y}Ie oIe SaLIJuNod pue uoljenbs A)aeIs sures
9} woj Pa3dIpald 9s01[) 81e SUOIIDLI] SPRI) [RISIR[IQ ST} SISYM [9POUL 9pLI} © WOIJ SoN[eA WNLIQI[INDa a1} a1e aIeys 2Injipuadxs
UMO PUR 9WOOUI I0J SHUSWNIISU] “AIJUNOD ® ST 9AO(R SUOISSOIFOI 9} Ul UOIJRAIISCO [ORS ‘©OUSH "UOIJRUIISIP PUR UISLIO JO
JULUIIUO0D AQ ATRA 0 POMO[[e ST JUIIDIFO0D 9} dI9UM ‘SO[(RLIRA 9OURISIP JO SO[IDDP [RILIOSDIRD UO SMOJ 9peI) UMO UOIJRUIISOP 09
SMOJJ OpRI} [RIS)R[I] JO OIpRlI SO[ O[] JO UOISSOIFOI AJARIS © JO 1000 PoX[ AIJUNOD PIJRMIIISS oY) ST o[(RLIRA Juopuedop oy ], $970A7

76 76 76 76 76 76 76 SuoreAIssqQ

12070 g80°0 8IT°0 L20°0 060°0 000°0 (onrea-d)

G0¢'G LLGY 196°¢ €6V 88¢Y ¢0L7¢L orers omypuadxo um(Q

70070 ¢00°0 L0070 €00 ¢01°0 70070 (onrea-d)

€9L°G¢ 861°7E G60°0c 67€9 766°¢ 606°GC omIoouy

13899~ Io[TowIpUI AN -UIoSIopURS 95R)s ISIL ]

SOX ON ON OoN ON ON ON S[0IU0D (]2} Pu® SUIooydg

SO SO ON oN ON ON ON S[OIJUO0D [RUOTINIIISU]

SO SO SOX oN ON ON ON S[OIJUOD [BILIOISIF]

SOx SOX SOX SOX ON ON ON sjoryuoo orydergosn)

SO SOX SOX SOX SOX OoN ON S[013U0D puer]

(s612¢) (Pr0€e) (e88¢e)  (FP6LF)  (vOT'SP)  (L1¥°¢1)  (009°T) (&4onsery Addng) oreyg

#8889 xx896T9 %4698 TL  xx6V99TT  4xC6G'SOT  xxx688°C6  xxI8C°C omyipuadxy um(Q o]

(c1e1)  (9ge1)  (8e8°T) (12£2) (,9°2) (LsT1)  (121°0) (£313se0

sk GTL°E  5xx6EG°E  4xC88'€ «V9EY 8LC'E P8V'T  «x€0¥°0- puewa(y) swoouy 01
Al Al Al Al Al Al S'10

(L) (9) (¢) (%) (¢) (2) (1)

SLNVLSNOD ALIAVHD HHL ONILVINLLSH ¢ °2[q%¥],

34



Figure 1: Existence and uniqueness

B General Case
B Quasi-symmetry

Interior equilibria

Notes: This figure shows the regions in (¢, 1) space for which the gravity equilibrium is
unique and interior. Existence can be guaranteed throughout the entire region except for
the case 1 + o + ¢ = 0.
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Figure 2: The network effect of a U.S.-China trade war

(a) Degree 1 Effect

Elasticity of real output prices
(-.0001981,.007504]
(-.0002542,-.0001981]
(-.0003201,-.0002542]
(-.0003927,-.0003201]
(-.00049,-.0003927]
(-.0005711,-.00049]
(-.0006885,-.0005711]
(-.001015,-.0006885]

Elasticity of real output prices
(-.0008107,-.0004488]
(-.0009023,-.0008107]
(-.0009692,-.0009023]
(-.0010659,-.0009692] N
(-.001103,-.0010659] - 4
(-.0012468,-.001103]

(-.0014063,-.0012468]

(-.0016849,-.0014063]

Notes: This figure depicts the elasticity of real output prices to an increase in the bilateral
trade frictions between the U.S. and China (a “trade war”) in all countries. The top
panel depicts the “Degree 17 effect, which is the effect of the direct shock on the U.S. and
China on all countries through the trade network, holding constant the output prices and
quantities of their trading partners fixed. The bottom panel shows the total effect of the
trade war on the real output price in each country.
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A Proofs
A.1 Proof of Theorem 1

Proof. Part i) The proof proceeds as follows. First we transform the equilibrium conditions to
the associated non-linear integral equations form. However, we cannot directly apply the fixed
point theorem for the non-linear integral equations since the system does not map to a compact
space. Therefore we need to “scale” the system so that we can apply the fixed point, which
implies that there exists a fixed point for the scaled system. Finally we construct a fixed point
for the original non-linear integral equations. In this subsection, we show how to set up in the
associated integral equation form, and apply the fixed point theorem. The other technical parts
are proven in Online Appendix B.4. Note that our result proposition is a natural generalization
of Karlin and Nirenberg (1967) to a system of non-linear integral equations.
Define z as follows:

1+)+¢ p—y
i B

(=M

2

Then the system of equations (6) and (7) of the general equilibrium gravity model is re-written

(@), _ (2, Kije; ey (23)
(vi); > Ky )7

in vector form:

where A = (ajj;), ; is given by

.3

1+¢ _ 149
A— ( 1+w;r¢> 1+¢w+¢> .
[ R B )

Also the kernel, Kj;;, is given by K;; = Ti;¢. Notice that we cannot directly apply Browser’s fixed
point theorem for equation (23) since there are no trivial compact domain for equation (23).
Therefore consider the following “scaled” version of equation (23).

Zj Kij6216j$;11y;12

(xl)l . Kic, teziilyti2

z = = I D T agyd =F(z 24

< - 2 Kjiwjjlyjjg (2), (24)
S, Ky Py

and F' is defined over the following compact set C:
C={reARY);z €z,7|Vi} x {y e A(RY);vi € [y, 7] Vi}, (25)

where the bounds for z and y are respectively given as follow:

__ 1
K;:c. ¢ K;:c. "¢c;
T =max ——h—  z=min o
wi Yo Kijc g v > Kijc g
_ Kj; Kj;
7 = max = min

It is trivial to show that F' maps from C to C and continuous over the following compact set C,
so that we can apply Brouwer’s fixed point and there exists an fixed point z* € C.

There are two technical points needed to be proven; first, there exists a fixed point for the
original (un-scaled) system (23); second, the equilibrium z* is strictly positive. These two claims
are proven in Lemma 1 and Lemma 2 in Online Appendix B.4, respectively.
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Part (iii) It suffices to show that there exists a unique interior solution for equation (23).
Suppose that there are two strictly positive solutions (z;, y;) and (Z;,y;) such that there does not
exist ¢, s > 0 satisfying

(w5, y:) = (123, 5Yi) -

Namely, two solutions are “linearly independent.” First note that for any ¢ € .S, we can evaluate
one of equation (23).

i 1 [ a11 yj az 11~ e
— = f—z ZKZJC’L G\ = =~ (33]) (yJ) (26)
jes

T; z; Uj
a1 Q12
T .
< max | 22 max % . (27)
JjES Z;j JES Yj
Taking the maximum of the left hand side,
a1 a2
max — < max | =2 max g—J . (28)
€S T; JES \ Zj JES \Yj

Lemma 3 in Online Appendix B.4 shows that the inequality is actually strict. Analogously, we
obtain oLl a1
min = > min | = min ‘Z—J . (29)
€S X; jeS Z;j JES Yj

Dividing equation (28) by equation (29), it is shown that

S

ail Qai2
. )
o Zi max,; A—’) max, ( )
maXies z jeS (xj jeS . _ o] laz]
< K N\ 11 X i o\ a2 :U’:r X /"Ly bl
mlnjes ( ) mll’ljes ( )
j

<)

1< pg . o
min;eg ECTZ

u& >‘$§
S

where .
max;cg &
Ui

Hy ; vi
mijes 7

The same argument is applied to obtain the following inequality
v z; ) 421 y; | @22
max;es 571 maXjegs (g) maXjegs (@)

< X

: Y 7\ 021 Nozz M
min;eg & . T . y
€5y, minjes (ﬁ) minjeg (ﬁ)

|ovo1] |ovo2|
w X g

1< py

Taking logs in the two inequalities and exploiting the restriction we can write

)~ ) o)
In 41y lag1| Joza| ) \Inpuy

~~

=14

which from the Collatz—Wielandt formula, equation (30) implies that the largest eigenvalue of
|A| is greater than one:
p (Al > 1.

However, we prove in Lemma 4 in Online Appendix B.4 that the sufficient condition in part (ii) of
Theorem 1 guarantees that the largest absolute eigenvalue is 1. As a result, this is a contradiction.

Quasi-symmetry) When the bilateral trade frictions satisfy quasi-symmetry, then we can
reduce the system toN dimensional integral system (see Online Appendix B.3). Then the same
logic used above can be applied to show there exists a unique strictly positive solution. As
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mentioned above, this result follows directly from Karlin and Nirenberg (1967) and is summarized
in Theorem 2.19 of Zabreyko, Koshelev, Krasnosel’skii, Mikhlin, Rakovshchik, and Stetsenko
(1975). The same argument for (iv) is used for convergence. O

A.2 Proof of Theorem 2

Proof. Part (i) Equation (18) is a direct application of the implicit function theorem. Define a
function F : R?N — R2N as follows.

F; ((hlpi)i]il ) (hlpi)i]il) = “Czszerz v “ZTIC P Ekplfiwp/?wg‘fk

Fn_14i ((lnpi)i]i1 , (In Pi)i]il) = Pf - ZTI;¢pk¢

Applying the implicit function theorem for F, we obtain the comparative static (18). As in Dekle,
Eaton, and Kortum (2008), the matrix A and T can be expressed in terms of observables.
Part (ii) Notice that A is written as follows:

A=S(I-S'D),

where S and D are defined by equation (16). If the largest absolute eigenvalue for S™!'D is less

than 1, then A~! is expressed as Y o (Sle)k S~!. Note that we could have similarly written
A= — (I — SD_l) D, so that if the largest eigenvalue for SD™! is less than 1, A~! can be

expressed as —» 72 D! (SDfl)k , as noted in footnote 23.

Part (iii) When quasi-symmetric assumption and balanced trade are imposed, destination
effects are proportional to the associated origin effects. Therefore as shown in Online Appendix
B.3, the equilibrium is characterized by the following single non-linear system of equations:

s
14y—gplivis /A _w¢—¢ 25 —¢ , aN—0 —
A )7 = 3w () ) @1
i jes <
=Yi/k =Xij/r

As before, define z; for all 1 € S as follows:

]
1+yp—ypitlts (A —1%_4) 5 —¢ - _
2 (ps7) = hp, i EE P ()" p; %

T
v jeSs

Then apply the implicit function theorem to (31),

-1

Olnp 0z 0z
=92 . 2
Olnty Jlnp dlnty (32)
—— ——
NxN Nx1

Note that numerical number 2 shows up to preserve quasi-symmetry of trade frictions. As in the

general trade friction case, %ﬁp is expressed as observables:

0z | 1+Y+9 -
amp‘P’¢¢][Y+1+w+¢X
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where Y = diag (Y;) and X = (Xj;) Define A as follows:

i,j€S "

- ¢~
A_Y+1+¢+¢X.

From Lemma 5, A has positive diagonal elements and is dominant of its rows. Equation (32) is

alnpl - _9 ¢_¢ AilX‘ 8111]9] = -9 ¢_w -1

- 1y — A~
Oln Ty 1+yp4+o¢ " ! Oln Ty 1+y+¢ 7

X1

Since the price index is log-linear w.r.t. the associated output price, we have

OlmP; 1+¢+¢dnp;
Olnmy - v — ¢ 81117—11.

Therefore, the real output price is

dln (pi/F) <2¢+1> Olnp; 20 +1

_—27Af1XZ'.
dln 1y b— ) dlnmy RTINS

Then the ordering of the real output price follows from part (iii) of Theorem 2 , A;; s Aj_i]L for

j € S —i. The result for real expenditure then follows immediately from C.5 and equation (11),
as E;/P; o ¢ (pi/ )"

0ln (p;Q;/P;) 20+ 1 _1 Olnk
=-2 1 A X; .
OlnTy 1+1/)+(;5( ) Ay l+(")ln7'il
N——
By the same argument, the ordering of (%W) follows. O
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B Online Appendix (not for publication)

This Online Appendix provides some additional results referenced in the paper.

B.1 Recovering the equilibrium variables from the Universal Grav-
ity conditions

In this subsection, we show how the universal gravity conditions C.1-C.5 can be combined to
derive equations (6) and (7), which can be used to solve for equilibrium prices and price indices
up to scale. We then show how information of these prices and price indices up-to-scale can be
used to solve for the level of real output prices {p;/P;};cg and, combined with the numeraire in
C.6, to determine the equilibrium level of income {Y;}, g, expenditure {E;}, ¢, and trade flows
{Xij}m. cg- Finally, we show how all other endogenous variables can be recovered up-to-scale if
the equilibrium prices and price indices are known up to scale.

B.1.1 From Universal Gravity C.1-C.5 to Equations (6) and (7)

We first show Universal Gravity C.1-C.5 imply equations (6) and (7).
Combing C.1 and C.2 (in particular the gravity equation (10)):

Xij =7,5°p; *F] Ej, (33)
where recall from C.2 that the price index can be written as:
Fr0=) i (34)
jES
Combining equation (33) with C.(4) and C.(5) yields:
piQi =Y 7;"p; "P{p;Q; (35)
jes

Finally, we substitute C.3 into equation (35) to yield:

Di <Ei <Z>w> = " Py, (@ <g>¢) (36)

JjeS

Note that equations (34) and (36) are equivalent to equations (6) and (7). Hence, C.1-C. 5 imply
equations (6) and (7), as claimed. There are two things to note about equilibrium equations (34)
and (36): first, they depend only on output prices {p;}, the price indices {PF;},c ¢, and exogenous
model fundamentals (in particular, they do not depend on the endogenous scalar k); second,
they are homogeneous of degree zero with respect to {p;, P;},cg, so the scale of prices (and price
indices) are undetermined.

B.1.2 From Equations (6) and (7) to endogenous variables

We now show that given a solution to equations (6) and (7), we can construct all endogenous
variables in the models. We divide the derivations into endogenous variables determined up to
scale and endogenous variables for which the scale is known (given the choice of numeraire in C.6.
Suppose that we have a set of prices {p;};c 4 and price indices {F;},.¢ that solve equations (6)
and (7). Note that because equations (6) and (7) are homogeneous of degree zero with respect to
{pi, P;};cg, for any scalar «, the normalized prices p; = épi and price indices P, = éPi continue
to satisfy equations (6) and (7).
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We first solve for the real output price. Note that for any choice of «, the real output price
{pi/ P;};c g remains unchanged, so its level is unaffected by the unknown scalar.

We now solve for quantities. From equation (11), the quantity in location ¢ does not depend
on «, but it does depend on the unknown scalar k as follows:

v
(P
Ql—kacz(Pi) .

Hence, equilibrium quantities are only determine up-to-scale.
We now solve for income and expenditure. From C.4 and C.5 we have:

E; =Y, = piQ;.

Applying the numeraire in C.6 then yields:

ZY;:l —

€S

ZpiQi =1 <

€S

pi\”
HaZﬁiéi <P1> =1 <

i€S

which, as claimed, pins down the product of the unknown quantity scalar and unknown price
scalar. Given ka, we can now determine the level of income and expenditure as follows:

E;, =Y; =piQ; <
/= N\Y
Dicq (%)

A
i (2L
(Z]ESPJCJ (pj> )
as claimed.

We now determine the level of trade flows using equation (33):

-

Xij =159, "P{E; <
S\
e = (B
X, = R piC; (Pi)
v Z Tﬁ'd)ﬁi(b ~ Dk ¥
kes “kj Tk Zkespkck <F~Tk>

Other than real output prices {p;/P;},cg, income {Y;}, g, expenditure {E;}, g, and trade flows
{Xi5}, jes all other endogenous variables are determined only up-to-scale, as they depend either

on the price scalar « (i.e. output prices p;, price indices ]52-, bilateral prices p;; = 7;;p;, and the
quantity traded Q;; = Xj;j/7;pi) or the quantity scalar £ (i.e. quantities Q).
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B.2 Proof of Theorem 1 part (ii)

We first provide a general mathematical formulation to incorporate non-interior solutions. Let
cye =N .
the equilibrium be a duple (p;, Q;) € R} x RJI such that for all 7 € S,

Qi = Z—_Z_p'Q‘ (37>
j > kes Tkj¢pk¢ T
(pi, Qi) € Fi (p, Q) (38)

where F' is a supply condition, which might be a correspondence. (The fact that F might
be correspondence allows us to extend the framework to allow for non-interior solutions). In
particular, we define F' as follows: We say (p;, Qi) € F; (p, Q) if and only if

sign () [Qi — < Pf’("p) ) w] >0 (39)

— i \" if 0 40
Q""‘”(Pxp)) Q>0 (40)

and where (%) is defined as 0. That is, if @); = 0, then we replace C.3 with an inequality. For
example, in an economic geography model, inequality constraint (39) corresponds to welfare
equalization. If there are people living in location i, then Q; is given by equality (40). If not,
then the welfare living in location 7 should be lower than one obtained in other places, which is
represented as the inequality (39).

As we mentioned in Section 3, we restrict our attention to non-trivial equilibria where there is
positive production in at least one location. To show that all (non-trivial) equilibria are interior,
it then suffices to show that if some locations produces nothing, then all other locations must
also produce nothing.

Suppose that Q; = 0 for some [ € S. Then from equation (37) for I:

—¢, ~9—1

Ti; Py
0= Z ]—,HPJQJA (41)
j > okes Tkj P
>0
which in turn implies that for all j € S,
—, —¢-1
Tij P
———p;Q; =0, (42)
9j

where g; = > . cq T,%‘i)p,;‘z’.
Note that there are two reasons why equation (42) is zero for all j; either (1) ; or (2) for all

. —¢piQ; _
jes, ar Jgjj =
First assume that (1) pl_(z’_1 = 0, which if ¢ > —1 implies that p; = co. While (p;, Q;) = (o0, 0)

satisfies equation (41), it does not satisfy equation (38). To see this, note:

0. We will prove a contradiction in both cases.

P

0:Q1'</€

which contradicts with equation (39) since ¥ > 0. Therefore p; needs to be finite, p; < oo.

—0p;iQj

Now assume that (2) for all j € S, Ty g = 0. Since the price for country [ is finite,
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equation (42) is reduced to
—¢PiQj
le¢> g
9j
for all 7 € S. An equivalent expression is that for all countries connected with I, j € S} =
{k € S;le < OO},

=0

piQ; =0 or g;j=ooc. (43)

Fix any country j € S;. Suppose that p;,Q; > 0 Then equation (43), gj = oo. Then for all
(pj, Q) € Ry x R if 1) > 0 we have

which is a contradiction. Therefore in order to satisfy equation (43), p; or ; needs to be zero.
Suppose that p; = 0. Then we have

If Q; > 0, then C. (3). Therefore, Q; = 0. Therefore @); needs to be zero for all j € .5;.

So far, we have shown that if ; = 0 then the connected countries j € S; produce nothing,
Q; = 0. Because of strong connectedness, any country m is connected with [ through third
countries. Therefore, by repeating the argument along with the chain, we have @, = 0 for all
nes.

As a result, if ¢ > —1, and ¥ > 0 then all equilibria are interior, as claimed.

B.3 Quasi-symmetric trade frictions

In this subsection, we show that when trade frictions are quasi-symmetric, then balanced trade
implies that the origin and destination fixed effects of the gravity trade flow expression are equal
up to scale.

We first formally define “quasi-symmetry.” We say that the set of trade frictions {Tij}m s
are quasi-symmetric if there exists a set of origin scalars {TZA}Z. cs € Rﬂ\r’ +, destination scalars
{TiB}z'eS € RL, and a symmetric matrix {%ij}i,jes where 7;; = 7j; for all 4,7 € S such that we
can write:

Tij = TZATZ-B%Q'J' Vi, j € S.
Loosely speaking, quasi-symmetric trade frictions are those that are reducible to a symmetric
component and exporter- and importer-specific components. While restrictive, it is important
to note that the vast majority of papers which estimate gravity equations assume that trade
frictions are quasi-symmetric; for example Eaton and Kortum (2002) and Waugh (2010) assume
that trade frictions are composed by a symmetric component that depends on bilateral distance
and on a destination or origin fixed effect.

Combining the universal gravity conditions C. 1 and C. 2 allows us to write the value of
bilateral trade flows from ¢ to j as:

Xij =7;pi *PyE;,

which we now re-write as:
Xij = HTi;d)’)/Z‘(Sj, (44)
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where we call v; = pl-_q5 the origin fized effect and 6; = Pf’Ei = EZ’Pf—wp;“ﬁ the destination fixed
effect.

Proposition 1. If trade frictions are quasi-symmetric, then in any model within the universal
gravity framework, the product of the equilibrium origin fixed effect and the origin scalar will be
equal to the product of the equilibrium destination fixed effects and the destination fixzed effect up
to scale, i.e.: for some scalar \ > 0,

(s =A(P) o vies.
Proof. We first note that market clearing condition C.4 and balanced trade condition C.5 together

imply that: > jes Xij = > jes Xji Vi € S. Combining this with the gravity expression (44) and
quasi-symmetry implies:

Zm-“ 7i0; —Zm 7]5 —

() "% LjesT 1J¢ (TJ ) ¢7j _ 7y’ (TJB) - 0 <TjA) - i
(TiB)id) D DI (T ) ’ oj  jes 2 kes %i;qs (ﬁ?)ﬂﬁ O (T-B>7¢ 0j |

It is easy to show that = 1 is a solution to this problem for any kernel. From the

Perron-Frobenius theorem, the solution is unique up to scale. Therefore we have:

()= A (f

3 K3

) 6 VieS, (45)
as required. ]

Proposition 1 has a number of important implications. First, Proposition 1 allows one to
simplify the equilibrium system of equations 6 and 7 into a single non-linear equation when

¢ 7 i

1+y+¢ - ¢> ¢ ¢ b1
= —— - D=3 ey -9 — .
(n7) =T @ A )T ()R () P ies o)
JjES
which simplifies the characterization of the theoretical and empirical properties of the equilibrium.
Notice that A is an endogenous scalar. Since (46) holds for any location i € S, \ is expressed as

o i (pi_¢> v

P —

2 g

Yv—¢ _Y—¢p —
ZZGS ij < > C'w ¢pj¢

Substituting above expression, we obtain:

s 1+9+¢ p ﬁ ¢ 8
_ D— _ D¢ —
(i ) -y Tij (B) G P

1+9+¢ 32 ¢

-\ v—9¢ S V=4 _J—g —
Zz(l ) 7€ Z E]GS i (TiB) c}b ¢pj¢

Notice that the system is now homogeneous degree 0. Therefore, if ¢ ¢ {—%, P, ()} , then we can
normalize A = 1 without loss of generality.
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Second, by showing that the origin and destination fixed effects are equal up to scale, Propo-
sition 1 provides offers an analytical characterization of the equilibrium. For example, given the
definition of the origin and destination fixed effects, Proposition 1 can equivalently be expressed

as:
B _1

piPx L E, °, (47)
7

i.e. there is a log-linear relationship between output prices, the price index and total expenditure

in a location.

Third, it is straightforward to show that quasi-symmetry implies that equilibrium trade flows
will be bilaterally symmetric, i.e. X;; = Xj; for all 7,j € 5, allowing one to test whether trade
frictions are quasi-symmetric directly from observed trade flow data.

Finally, we should note that the results of Proposition 1 have already been used in the lit-
erature for particular models, albeit implicitly. The most prominent example is Anderson and
Van Wincoop (2003), who use the result to show the bilateral resistance is equal to the price
index.?? To our knowledge, Head and Mayer (2013) are the first to recognize the importance of
balanced trade and market clearing in generating the result for the Armington model; however,
Proposition 1 shows that the result applies more generally to any model with quasi-symmetrical
trade frictions in the universal gravity framework.

B.4 Proofs of the lemmas used in Theorem (1)

There are 4 lemmas which are not proven in the paper. In this section, we discuss them carefully.
Before proving these lemmas, we discuss how we use them in the proof. In the proof, we show a
fixed point for the “scaled” system, not the actual system. Therefore it needs to be shown that
there exists a fixed point for the actual system, which is shown in Lemma 1. Then we argue that
the solution we obtain is strictly positive, which is guaranteed by Assumption 1. We emphasize
the connectivity assumption is crucial here. These two lemmas are used in Part i) Theorem 1.

Part ii) shows that there exists an unique solution. During the proof, we argue that 28
should hold with strict inequality. Again the connectivity allows us to show this result (Lemma
3). After establishing this strict inequality, we follow the argument by Allen, Arkolakis, and Li
(2014), which requires that the largest absolute eigenvalues for |A| are less than 1. Since A is a
2-by-2 matrix, we can compute the eigenvalues by hand and show that one of them is exactly 1
and the other is less than 1 if the conditions in Part ii) are satisfied.

Lemma 1. Suppose that z solves (24). Then there exists Z solving (23).

Proof. First it is easy to show*’

Z Kz]C = a11 a12 _ Z Kﬂxam a22‘ (50)

1,j€S i,jES

39The result is also used in economic geography byAllen and Arkolakis (2014) to simplify a set on
non-linear integral equations into a single integral equation.

40To see this, multiply ¢z i ys? = Eip;¢, to the first equations of (24) and sum over ¢;
K C a21 a22 all a2
Sl = T LU T (1)

7 = a11 0«12
Zi,j chi CiT; Y

Also multiply ¢;z{*'yi** = ¢ P¢ Yp +¢ to the second equations (24) and sum over i;

) 1+¢P7¢ B Zzes ZJGS ch] azlyvam a11y;11z
Z Cib; 4 - K . p 021,022 : (49)
ies ZieS,jeS g7 Y5

Notice that the LHS is the same as one in (48). Also the numerator of the RHS in (48) is the same as one
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Guess a solution
(g’b)z ! (3/1% ’
1 1
where t = (Zmes Kiete “213/;122) ez (Zm-es Kﬂ:vamyj”) Fme2mez Al Then it is easy

to verify that (51) solves (23)7 in particular, note that

a1 a11 a12 a1l a1 a2
T, =t"" ZjGS Kije; @ Y — ¢l-ai—a2 ZjGS KijC; C] (‘T]) Yj
[ — a11 ais = a11 ai2
Z ESKUC y] Z ESKUCZ CJ y]
— AT la a1 75012
= g Kl]ci GT; Y
jeSs

We can also show that the second equations in (23) are also solved in the same vein:

a1 ,.a22 ~a21 75022
ZjeS Kﬂw Y _ 4l-azn—as ZjeS Kﬂw Y

~

yi =1

)DF JES Kﬂxamy;m Zi,jeS Kjlxa21yja22
— Z K] 7921 Aa22.
JES
The above two equations confirm that Z; and ¥; is a solution to (23). O

Lemma 2. If {Tij}ij satisfies Assumption 1, then the fized point for (24) is strictly positive.

Proof. We need to consider four different cases for the combinations of a1, a12 satisfying different
inequalities. We will consider the case aj1,a12 > 0 since the logic in the other cases is the same.
We proceed by contradiction. Suppose that there is a solution z to equation (24) such that
for some ¢ € S x; = 0. Consider an arbitrary location n # i and consider a connected path,
K{ = Kir, X ...x Kz, n > 0 for some m(x). Then, from the first of equations in (23) notice that

§ : ail, a2 311,012
Kz]x y > K’Lﬂ'l ™ y7r1 .
jeSs 7é0

Note that K;r, is strictly positive due to (x). Then either x, or y, or both are zero if a;; and
a;1 > 0. Ifr, = 0 this argument holds for anyn so this is a contradiction with the non-zero
equilibrium proved above. Else if y,, = 0 we can repeat the argument the second of the equations
in (23) to establish another contradiction. Notice that if either of a1, a12 = 0 a contradiction is
also easy to establish. O

Lemma 3. Fquation 28 holds with strict inequality.

To that end, define the set of directly connected countries to each location 7 € S as S§ =
{j € S: K;; > 0}. Then notice that equation (26) combined with our equality assumption on
equation (28) yields

11 n 12 RN E! n 12
Z Kiete [ = = (T;) (7;)**? = max | =2 max | = .
.%] Y JES \ Zj JES \Yj

jESC

n (49). Therefore the following double sum terms should be the same:

= all a12 — a21 a22
E Kuc2 = E .

1€S,jES

“Notice that a11 + a2 = as1 + ags.
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Notice that given that Z; is a solution, this implies that the following has to be true for all j € S

a1l a1l @12 12
€T JES \ Zj Y JES \Yj

Now notice that if aq; # 0 then for all n € S{,x;/Z; = x,/Z,. However, because of C. 1, we
assume that there exists an indirectly connected path from any location to any other location,
so that repeating this argument for all j and using the indirect connectivity we can prove that
xj/Tj = xp /%y for all j,n € S ie. the solutions are the same up-to-scale, a contradiction.

Lemma 4. If ¢,% > 0 or ¢, < —1, the eigenvalue for |A| is

_ =Y
1+¢+w7 )
and
1+o+79
Proof. Notice that
144 146 1y 146
Al = 1+¢y+¢ 1+y+¢ _ | 7o+ Trv+e
|Al = " - ) P :
H+6| | THo+6 IHg+e 1yt

Then we can solve the following characteristic functions

ﬂ_< l+y ¢ >A+ 1+ A ) ¢
149+ 1+v+¢ l+y+ol4+v+éd 1+¢+ol+v+o
Then 6

ATt

We need to show that ‘%‘ < 1. To show it, it suffices to show

g=1+¢+¢[—]p—9|>0

Suppose that ¢,9 > 0. Then g is strictly positive as follows:

g=1l+o+¢—|p—%
>1+o+9— (o] +[v]) =1>0.

Suppose that ¢,9¥ < —1. Then g is given by
g=-l—-9—9¢—I[p—vl.
If ¢ < 1, then

g=—-1-6-v+o—1
=—1-2¢>1.

If ¢ > 1, then

g=-1-6-v—¢+v
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which completes the proof. O

B.5 Lemmas and Proposition used in Theorem 2 (iii)*?

In this section, we prove the lemma and proposition used in Theorem 2 (iii).

Lemma 5. If ¢, > 0 or ¢,p < —1, then A has strictly positive diagonal elements and is
diagonal dominant in its rows; namely, for all i € S

A >0, (52>
Aiil > > Ayl (53)
jES—i
Proof. Recall that A matrix is
¢ —1
=Y+ —— X,
1+9Y+¢
and from Lemma 4,
1+o¢+
Then the diagonal elements for A are positive; for all ¢ € S,
¢—1
Ay =Y + Xii
1L+ +¢
¢ —1
=Yi— |/ Xy
e
>Y; — Xy > 0.
Also, for all i € S,
Al = > [ Aal
leS—i
_ Yii_,_ﬂ i _‘M Z X
1+9+9¢ Lo 4ol 85
>0
¢—v ¢—
=Yii + Xii — Yi — X
1+9y+¢ 1+¢y+¢ ( )
) Yii + 0y 0y Xii >0,
1+v+¢ 1+yv+¢ |1+9v+¢
>0 >0
which is equation (53). O

The next proposition plays a crucial role in the proof for Theorem 2 (iii).

Proposition 2. If A has strictly positive diagonal elements and is dominant of its rows, then for
all i # j,
~1 ~1
Ay > A >0

42A similar argument is found in Johnson and Smith (2011).
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Proof. The co-factor expansion of A~1 is?3

_det (A[S —id]) — (=) det (A[S —1i,S — j])

Al A7t =
w Jr det (A)
_det (T)
~ det (A)’
where T is defined as follows:
T=A4+]0,---,0, A; ,I0,---,0
——— T N —

Nx(j—1) Nx1 = Nx(N—j)
T is a principal component of T: B
T=TI[S—1i,S—1].
If a matrix C' has positive diagonal elements, and is diagonally dominant of its rows, then det (C') >
0. * Then if T has such properties, then
det (T')
det (A)

>0

since A is assumed to have these properties. Thus it suffices to show that T" has positive diagonal
elements and is dominant of its rows.
By construction of T, it suffices to show

A >0 kES—i—j (54)

App, + A >0 k=3 (55)

|Akk| > Z |Akl =+ 1l:jAki| keS—1i —j (56)
leS—i—k

[Ape + Al > > |Aul k=3 (57)
leS—i—k

First we show equation (54) and equation (55). since A has a strictly positive diagonal, for all
kebS,
Ap > 0,

which is equation (54) . Also since A is diagonal dominant,
Ajj+ Aji > Aul + Aji > |Ajil + Aji > 0,
I#j

which is equation (55).
Second, we show equation (56) and equation (57). Fix k € N —i — j. Since A is diagonally
dominant,

43Remember
o4 det (AIN = j,N —i])

det (A)

Al =(-1)

41See also Theorem 3 of Evmorfopoulos (2012).
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[Arel > ) |Aw]

leS—k

= > |Aul+ Akl + Ak
leS—k—i—j

> Z |Api| + |Agi + Agj| (. triangle inequality)
leS—i—k—j

= Y JAp+ LAkl
leS—i—k

which is equation (56). Fix k& = j. Since A has positive diagonal elements, and is diagonally
dominant,

| Ak + Akil = || Akk| — | Akl

= [Agk| — |Aki] ( Al = D |Aw| > \Am’\>

leS—k
= > Aul+ Akl — Al
leS—k—

= Y |Aul,

leS—k—i

which is equation (57). O

B.6 Existence and Uniqueness using Gross Substitutes Method-
ology (a la Alvarez and Lucas (2007))

In this subsection, we prove the existence and uniqueness of an equilibrium in our universal gravity
framework using the gross substitutes methodology employed by Alvarez and Lucas (2007). As
we show below, the sufficient conditions here are stronger than we provide in Theorem 1 above.

Proposition 3. Consider any model within the universal gravity framework. If ¢ > ¢ > 0 and
7 € (0,00) for alli,j € S, then the excess demand system of the model satisfies gross substitutes
and, as a result, the equilibrium exists and is unique.

Proof. Recall the equilibrium conditions of the universal gravity framework from equations (6)
and

bi v —¢,—9b po bj v
DiCi <PZ> = ZTU D; Pj D;Cj (B) Vie S (58)
jes
Pe=N"rp?vies (59)
jes

Substituting equation (59) into (58) yields a single equilibrium system of equations that
depends only on the output prices in every location:

¥ =

g X9
1 - — _ —¢- 1 —¢ — ,
CHA DI M IR DT (Z i i ¢> vee

jes jes kesS
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We define the corresponding excess demand function as:

1 1
Zi (P) :]7 m X
t = — AN
Ekesck (ZleSle¢ (Bpr) (b) (Bka”
14+ 1+ —¢, — -
jes kes jes

whereP; is defined by equation (59).This system written as such needs to satisfy 6 properties to be
an excess demand system and the gross substitute property to establish existence and uniqueness.
The six conditions are:

1.Z (p) is continuous forp € A (RY)

2.Z (p) is homogeneous of degree zero.

3.Z (p)-p =0 (Walras’ Law).

4. There exists ak > 0 such thatZ; (p) > —k for allj.

5. If there exists a sequence p™ — p°, where p° # 0 and p? = ( for some i, then it must be
that:

maz; {Z; (o)} = o0 (61)

and the gross-substitute property

6. Gross substitutes property: (p J) > 0 for allj # k.

We verify each of these propertles in turn. Property 1 is trivial given equation (60) for
excess demand. To see property 2, consider multiplying output prices by a scalar 8 > 0, which
immediately yields Z; (5p) = Z; (p).as required. Property 3 can be seen as follows:

Z(p)-p==)Y_ Zi([P)p <

€S
1
- ¢, —¢ % 0 :
2 kes Ok (ZZESle Py ) Py,
_ —¢, 1+ —¢, —¢ 1+¢ —¢, —¢ =
=2 ZTi CiPi Dj (Z%‘ Py ) P > mi'p; G| <
ieS \ jes kes jes
as required. Property 4 can be seen as follows:
é ¢ 1+¢ ¢, — %
1 2jesTij Gp; Dj (ZkeSTkj Py, )
i _ - —p\ ¢
res o (Siesm” (Bp0) ™) (Bpe)”
Zi(p) > —Qi > Q
—¢- —¢ 1+¢ ¢, —¢ %
since p%_ 1 7 2]65 i Cip; Dj (ZkeSTkj Dy ) > 0 for all

2kes Tk (Zles Tz;¢(ﬁpz)7¢)$(ﬁpk)w
p > 0 and Q; < @Q from C. 3. Property 5 can be seen as follows: consider any p € A (Rf )
such that there exists anl € S wherep; = 0 and anl’ € S wherep; > 0. Consider any sequence of
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output prices such that p” — p asn — oco. Then we need to show that:

max Z; (p) — oo.
€S

To see this note that:

)
1+ [
LS es (mipi) ey (Zkes TkjPk) )

—¢
> kes Cr (Zles Tik pz ) P

Y—9

e AN
pj — Jpz p] (ZkGSTk] Dy, > ~
max Z; (p") > max — - Q.

€S ,]GS pl Z] _ _¢ _¢ % w
> kes Ck (ZlESle i ) by

v—9¢
¢

Z; (p") =
e A () =

Qi =

ol

&

—¢ %
—CiPi P (Zkes% Py )

Hence, if it is the case that max; JES p % Tij 7

— 00, then because max;ecs Z; (p")

Zkesck< 1S Tk pl )d)l’w
is bounded below it, it must be that max;cs Z; (p") — oo as well. Note that:
¢ U ¢, —¢ % ¢ U é in\ —¢ %
Di —o Cip; " P; (Zkes Trkj Pk ) i —o Cip; " P; (ZkeS Tkj (pmm) )
max —7, - max—=T,,; v —
ijes pi v _ —¢ —d\ o j€S pi Y = —¢ ( min)—?\ ¢ (,max\¥
2 kes Ok (Zles Tik Py ) Py 2 kes O (ZZGS Ty, (P™) ) (pme)
> Cj; mmp ~(¢- w)
Y=
= —¢ (. min —¢ N
_ j 7 (p )
where p™" = min;cg p;,p™>* = maxcg, and Cij = Tijd) “ (Zkes () ) . Since

P
2kes Bk (Zles Tz;¢(pmin)_¢) @ (pmax)®
¢ > 1 > 0 and there exists anl € S such that pj* — oo as n — 0o, then we have max;cs Z; (p™) —
oo as well.
Finally, we verify gross-substitutes. Without loss of generality, we differentiate only the
bracketed term (as the term outside the bracket will be multiplied by zero since the bracket term
is equal to zero in the equilibrium). We have:

s E
9Z; ( Pt T it —6 6|
8p Z > T’ — D D Ti'P G| =
J jes kesS jes
v—o
[
(1 + 1/}) C]pz pj (Z Tk] ) +
kes
—p-1 - - —¢ - —¢—1 1+ —¢ -
les kesS jeSs

because ¢ > 1 > 0 and prices, trade frictions, and supply shifters ¢; are strictly positive. Because
properties 1-6 hold, by Propositions 17.B.2, 17.C.1 and 17.F.3 of Mas-Colell, Whinston, and
Green (1995), the equilibrium exists and unique. O

Note that in the case where ¥ > ¢ > 0 — which is the ordering we find when we estimate the
gravity constants in Section 5 — Theorem 1 still proves existence and uniqueness of the equilibrium.
The following example shows that gross substitutes may not be satisfied in this case.

23



Example 1. (Gross substitution) Consider the three location economy. Take p3 as the numeraire
The gross substitute is violated if there exists p; such that Z; (p;,p2,1) is not monotonic w.r.t.
p2. Consider the following parameter values:

(¢,9) = (2,5)
i =1 fori,je{l,2,3}
& =(9,.6,.1)"

Figure 12 shows that with these parameter values, Z; (py, p2,1) is not monotonic w.r.t. ps when

B.7 Examples of multiplicity in two location world

In this subsection, we derive the equilibrium conditions of a two location world and provide
examples for different combinations of the gravity constants (i.e. the demand elasticity ¢ and
supply elasticity ).

We first derive equations for the demand and supply of the representative good in each location
as a function of parameters and prices in all other locations. Combining C. 2 (aggregate demand)
and C. 3 (market clearing) yields the following aggregate demand equation:

—¢
—(1+ Z Tij
le = p7, ( ¢) X ,d) ¢ij] ) (62)
jes >k Tkj Pk

where we denote the quantity of the representative good demanded in location ¢ as Qf. Similarly,
C. 3 (aggregate supply) yields the following aggregate supply equation:

P
_ Di
QF = K () : (63)
ZJES sz)pj v

where we denote the quantity of the representative good supplied in location i as Q?.
Now consider the two-location case (i.e. S ={1,2}) where 119 =171 =7 > land ¢; = ¢ = 1.
Dividing Q¢ by Q¢ using equation (62) delivers the following relative demand equation:

T¢<§é)¢+1> B Do
p2

d —(1+¢) < R
% _ <pl> > (FQ) — (64)
— p
Q5 D2 ([ ¢<é) 1Y Q1 1
) e )
P2
Similarly, dividing Q7 by @5 delivers the following relative supply equation:
@
5 —%
—¢ (P
Ao () x| () +1 (65)
Q5 \p2 (g) g
2

Note that given the trade friction 7 and gravity constants, the relative demand and relative
supply can be solved solely as a function of relative output price ;’;—; using equations (64) and
(65), allowing us to analytically characterize the equilibria using standard (relative) supply and
demand curves.

Figure 3 depicts example equilibria possible for different combinations of gravity constants;

the points where the two curves intersect are possible equilibria. The top left figure shows that
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when the supply and demand elasticities are both positive (corresponding to a case where the
relative aggregate supply is increasing and the relative aggregate demand is decreasing), there is
a unique equilibrium. The top right figure shows that when the supply elasticity is positive but
the demand elasticity is negative, both the relative aggregate supply and demands are increasing,
potentially resulting in multiple equilibria. Similarly, the bottom left figure shows that when
the supply elasticity is negative and the demand elasticity is positive, both the relative aggregate
supply and demand curves are decreasing, also potentially resulting in multiple equilibria. Finally,
the bottom right figure shows that when both the supply and demand elasticities are negative
and suitably large in magnitude, the relative aggregate supply curve is downward sloping and the
relative aggregate demand curve is upward sloping, allowing for a unique equilibria (albeit one
without much economic relevance). These examples are consistent with the sufficient conditions
for uniqueness presented in Theorem 1.

B.8 Tariffs in the universal gravity framework

In this subsection, we show how one can use the tools developed above to analyze the effect of
tariffs in a simple Armington trade model.

Because tariffs introduce an additional source of revenue, they are are not strictly contained
within the universal gravity framework. However, it turns out that the equilibrium structure of an
Armington trade model with tariffs is mathematically equivalent to the equilibrium structure of
the universal gravity framework. As a result, we can apply Theorems 1 and 2 almost immediately
to the case of tariffs in this model.

To see this, consider a simple Armington trade model with N locations.*> Each location
1 € S is endowed with its own differentiated variety and L; workers who supply their unit labor
inelastically and consume varieties from all locations with CES preferences and an elasticity of
substitution o. Suppose that trade is subject to technological iceberg trade frictions 7;; > 1 and
ad-valorem tariffs fij > 0. Define t;; =1+ tNZ-j. Then we can write the value of trade flows from ¢
to j (excluding the tariffs) as:

Xij = Tigiat;jaAgilw,}iaP]gilEj, (66)

where A; is the productivity in location i € S, w; is the wage, P; is the ideal Dixit-Stiglitz price
index, and F; is expenditure.
Income in location ¢ from trade is equal to its total sales (excluding tariffs):

Yi=> Xy (67)

jes
Total income (and hence expenditure) also includes the revenue earned from tariffs 7;:
Ei =Y+ T, (68)

where tariff revenue is equal to the bilateral tariff charged on all trade being sent?:

T; = ijini. (69)
jes

The total expenditure by consumers in location 7 is also equal to its total imports plus the tariffs

45We consider an Armington model in order to have an explicit welfare function, the results that follow
will hold for any general equilibrium model where the aggregate supply elasticityy = 0.
4611“ we had instead supposed that tariffs are only levied on goods that actually arrive, we would haveT; =

t .
>,

i

X i, which does not change the following analysis in any substantive way.
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incurred:

E; = Z (1 + fji) X (70)

JjES

Combining equations (68), (69), (70), we can demonstrate that trade flows are balanced:

E; = Z Fi) Xy =

JES
}Q—Fzzzfﬂ)(ﬁ Z:EE:(l—Fgﬂ))(ﬁ <~
jes JjES
Y, = Zin (71)
jes

Finally, total expenditure is equal to the payment to workers plus tariff revenue:

E,=w,L; + T, <—
Y, = w;L; (72)

Define K;; = Tilj_”ti_j” as the bilateral “kernel”, B; = A;L; as the “income shifter”, % = A‘T_1

as the origin fixed effect, 6; = P]‘-JflEj as the destination fixed effect, and a = 1 Combmmg
equations (67), (71), and (72) yields the following system of equilibrium equatlons:
uuLiZZEE:)Qj <
jes
171 }E:}(UWQ (73)
jES
uuLiZZZZ:A%i A
jes
By = Kjiv;6i. (74)
JjES

Equations (73) and (74) can be jointly solved to recover the equilibrium {v;},cq and {d;};cg;
given {7;},cq and {5-}165, in turn, we can solve for all endogenous variables, as wages can

be written as w; = ’yl ”Az, the price index can be written as P; = (Z]es T t1 U’yj) 17”,

expenditure can be written as F; = §; <Z jesT ] i t1 U’yj), and real expenditure can be written as

=2 = (EJeS Tji tl ”'y]> “~' . As we note at the beginning of Section 3, this equilibrium
system is identical in mathematlcal structure to the universal gravity equilibrium equations 6 and
7. Hence, Theorem 1 applies directly (with existence as long as o # 0 and uniqueness as long as
o > 1). Moreover, a similar methodology as employed in Theorem 2 can be used to determine
how the equilibrium variables ; and d; respond to shocks that alter the kernel K;; (be they due
to changes in iceberg trade frictions or tariffs). In particular:

O~y

Glni(ﬁ o (All%_fgv+lj C) (75)
Oln 6[ . + +

G, = X% (A + Al —c). (76)
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where fl;jl is the (4, j) element of the 2N x 2N matrix the (pseudo) inverse A~1:47

—1
_ ol Ve X
-1 1—0
A = < lioir_jiT _‘_r ) ) (77)

Because all endogenous variables in the model are simple functions {v;},c¢ and {0;},.g, one can
apply equations (75) and (76) to immediately derive any elasticity of interest, e.g. the effect of
welfare in location [ from changing the tariffs j impose on goods coming from i.

B.9 Global shocks

In this subsection we show that the “exact hat algebra” pioneered by Dekle, Eaton, and Kortum
(2008) and extended by Costinot and Rodriguez-Clare (2013) can be applied to any model in
the universal gravity framework to calculate the effect of any (possibly large) trade shock. (Note
that Section 4 instead showed how to calculate the elasticity of endogenous variables to any
trade friction shock). We show that the key takeaway from Section 4 holds for all trade shocks:
Given observed data, all the gravity models with the same gravity constants imply the same
counterfactual predictions for all endogenous variables (i.e. output prices, price indices, nominal
incomes, real expenditures, and trade flows).

Consider an arbitrary change in the trade friction matrix {7;;} ¢, ¢. In what follows, we denote
wgounterfactual
The following proposition provides an analytical expression relating the change in the output
price and the associated price index to the change in trade frictions and the initial observed trade

flows:

with a hat the ratio of the counterfactual to initial value of the variable, i.e. Z; =

Proposition 4. Consider any given set of observed trade flowsX, gravity constantsy andip, and
change in the trade friction matriz 7. Then the percentage change in the exporter and importer

shifters, {p;} and {]5@}, if it exists, will solve the following system of equations:

N\ ¥
~ X
PR ~—6 pos -
D; St p g Xij ¢P¢ (P) and PZ.¢:E (E]> i pj¢ VieS (78)

jes Y; J jes

Proof. We first note that equilibrium equations (10) and (7) must hold for both the initial and
counterfactual equilibria. Taking ratios of the counterfactual to initial values yields:

—0 ¢ P\ Y
po_ Taes () (7) v ()
Daand cau g / i A i

where we denote the counterfactual equilibrium variables with a prime and the initial equilibrium
variables as unadorned. Note that from the gravity equation (10) (and C. 3 - C. 5) we have

47"The psuedo-inverse can be calculated simply by removing the first row and column and taking the
inverse; see footnote 21.
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— 9, O pP ij h 7pj¢_ h he ab ; b .
Xij = Tij Di Pj p;C; P, ) » Where p;¢; (B ) = E;, so that the above equations become:

-4 é Y
2 N e (2
ﬁ1+¢+¢ﬁ._¢ _ Zjes’ (TU> (PJ> pjcﬂ (PJ’)
(A (A
Py jes Xis
—6 /1 \—0

/ /

5o _ e (%) ()

= , VieS

-9 1
P05 > jes Xii

Finally, note that from C. 2 and C. 4 we have FE; = Zjes Xij and Y; = Zjes Xij, respectively.

geounter factual counter factual initial
Then using our definition &; = 77— < =, = gzl we have:
xX;: T (2

7

Vie S

jes N\ Tt P
5-¢ Xji \ 2—¢.—¢
Pl = Z f le p] VZ & S,
j€eS J
as required. 0

Note that equation (78) inherits the same mathematical structure as equations (6) and (7).
As a result, part (i) of Theorem 1 proves that there will exist a solution to equation (78) and
part (ii) of Theorem 1 provides conditions for its uniqueness.

B.10 Identification

In this subsection, we show how one can always choose a set of bilateral trade frictions to match
observed trade flows for any choice of gravity constants, own trade frictions, and supply shifters.
We first state the result as a proposition before providing a proof.

Proposition 5. Take as given the set of observed trade flows { X;; }i,jes7 an assumed set of supply
shifters {Ci};cq, an aggregate scalar k, and own trade frictions {7;};cq, and the gravity constants
¢ and . Then there exists a unique set of trade frictions {Tij}i#, output prices {pi};cg,
indices {Pi};cq, and output {Q;},cq such that the following equilibrium conditions hold:

price

1. For all locations © € S, income is equal to the product of the output price and the output:
Y = piQi

2. For all location pairs i,j5 € S, the value of trade flows from i to j can be written in the
following gravity equation form:

Xij = 7;°p; P} E

3. For all locations © € S, output satisfies the following supply condition:

P
= [ P
Q; = KG; (R)

jes Xij, expenditure E; = 3. ¢

diture share \;; = XE—JJJ, are all immediately derived from the observed trade flow data.

Proof. First, note that the income Y; = ) Xji, and own expen-
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Second, let us define our unknown parameters and endogenous variables as functions of data
and known parameters. The trade frictions are defined follows:

o
N AN S AN EAY AN Y
YY) ¢ ) \ Tii Xij

for all 4,5 € S such that i # j.
The output prices are defined as

Sl

v
pi =Y, (Auﬁ?) * /kéi

for all i € S.
Given the output prices and trade frictions, the price index is defined as: for all ¢ € 5,

=

_ "
Pi= | 7%,
jeSs

Finally, the output in each location is defined as: for all i € .S,

P
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It is first helpful to note that given the above definitions of the trade frictions and output price
indices, we have the following convenient relationship between own expenditure shares and prices:
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To see this, note that we can write:
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which is the definition of Ej.
We now confirm each of the three equilibrium conditions. To see that income is equal to the
product of the output price and the output, we write:

pi X Q; =Y; x <<)\”T )w/ﬁcc> X Q; <—

N
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7

Q
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as required.
To see that the value of trade flows can be written in the gravity equation form, we write the
gravity equation as follows:
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Recall from above that we have the following relationship between prices and own expenditure

shares:

so that: ¢
(v;)? <(§é) Y @)
o ((8)s)

Furthermore, recall that we have defined our quantities as follows:

A\ Y
Qi = kG (%) )

¢, —¢ po
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Ty P Py Ej = Xij o)\ X,
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We have shown above that p;Q); = Y;, so that we have:

R 2 s
T PR = R Pj X,

v

which implies that:

We claim that this implies that observed trade flows are explained by the gravity equation, i.e.:

Xij =15 p; ¢P¢E
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To see this, suppose not. Then we have

but X;; # Tl-;d’pi_ ¢PJ¢Ej. Then without loss of generality we can write X;; = Ti;‘z)pi_quijsij,
where €;; # 1.
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which then implies that we have:
Xij = 7,;°p; *PYEje;
however, we know that:
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which is a contradiction. Hence, the observed trade flows are explained by the gravity equation.
Finally, we note that the third equilibrium condition trivially holds by the definition of Q);:

v
[P
Ql_ﬁcl(ﬂ) .

Hence, given our definitions, we have found a unique set of trade frictions {7;; }j 4» output prices
{pi}icg> price indices {P;}, g, and output {Q;}, ¢ such that the equilibrium conditions hold for
any set of observed trade flows {Xij}i,je > an assumed set of supply shifters {¢;};.q and own
trade frictions {7;},.g, and the gravity constants (¢,). O

B.11 Real output prices, welfare, and the openness to trade

In this section, we explore the relationship between the real output E;/P; and real output price
pi/P; in the universal gravity framework and the welfare in a number of seminal models. We
then show how the real output price in the universal gravity framework relates to the observed
own expenditure share. Combining the two results allow ones to write the welfare in each of
these models as a function of observed own expenditure share, as in Arkolakis, Costinot, and
Rodriguez-Clare (2012).
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B.11.1 Real output prices and welfare
In this subsection, we provide a mapping between real output prices and the welfare of a unit of

labor for the trade introduced and the economic geography model in Section 2.

The trade model In the trade model, the output price p; is wiCPil_C JA;. As a result we
have the welfare of each worker €2; can be expressed as a function of the real output price in the
universal gravity framework as follows:

1 1
wi _ (piAi T L 5 (pi)E
P P ) P 'A\PR)

——

(2
=w;

Or equivalently, we can express the welfare in terms of the supply elasticity.
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The economic geography model In the economic geography model, the welfare is %t u;,and

the price p; is Z?”iq. Therefore the welfare is

(3

Q:ZiiiL{H—b bi .

Welfare equalization and the labor market clearing condition implies

> [am (2)] ] d
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B.11.2 Real expenditure, real output prices and the openness to trade

In this subsection, we show we can express real expenditure and real output prices in any model
within the universal gravity framework as a function of openness to trade and the gravity con-
stants, as in Arkolakis, Costinot, and Rodriguez-Clare (2012).

We begin by defining A\;; = & as location i’s own expenditure share. From equation (10),

E;
we can express the real output price % in a location as a function of its own expenditure share:

[3

pi’
Shes Pif
keS Fkj
D _1
Fz =i (79)

Moreover, given C. 3, C. 4 and C. 5, we can write total real expenditure W; = % as a function
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of its own expenditure share as well:

B

W; = <Z> Qi

- (3) (= 3)) -

W; = ké; (pf)lw (80)

Combining equations (79) and (80) yields:

_ 149
¢

Wi = K¢ (i)

Note that a positive aggregate supply elasticity (¢» > 0) increases the elasticity of total real
expenditure to own expenditure share, thereby amplifying the gains from trade. Note too that
the derivations above imply that:

8111 Wi

Oln p—j 9
i (P)+ Ink

61D’Tij 81n7’ij’

=@+ 1)

i.e. we can recover the elasticity of the total real expenditure (to-scale) to the trade friction shock
from the elasticity of the real output price to the trade friction shock by simply multiplying by
P+ 1.

B.12 Additional Figures
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Figure 3: Examples of multiplicity and uniqueness in two locations

(a) Positive supply and demand elasticities (b) Positive supply elasticity, negative demand elasticity
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(c) Positive demand elasticity, negative supply elasticity (d) Negative supply and demand elasticities (both < —1)
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Notes: This figure shows examples of relative supply curve and relative demand curves
for a two location world for different combinations of supply and demand elasticities; see
Section B.7 for a discussion.

AA



Figure 4: Correlation between observed income and own expenditure shares and the equi-
librium values from the gravity model
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Notes: This figure shows the relationship between the observed and predicted income
and own expenditure shares, respectively. The predicted incomes and own expenditure
shares are the equilibrium values from the general equilibrium gravity model where bilateral
frictions are those estimated from a fixed effects gravity regression and the supply shifters
are estimated from a regression of log income on geographic and institutional controls.
The scatter plots are plots of the residuals after controlling for the direct effect of the
geographic, historical, and institutional observables.

65



Figure 5: The network effect of a U.S.-China trade war: Degree 0
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Notes: This figure depicts the “degree 0” effect of an increase in the bilateral trade frictions
between the U.S. and China (a “trade war”) in all countries. The “degree 0" effect is the
direct impact of the trade war on the U.S. and China, holding constant the price and
output in all other countries. Note that output prices, output, and the price index effects
are identified only to scale, whereas the level of income and real output prices are known
(see the discussion in Section 2).
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Figure 6: The network effect of a U.S.-China trade war: Degree 1
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Notes: This figure depicts the “degree 1”7 effect of an increase in the bilateral trade frictions
between the U.S. and China (a “trade war”) in all countries. The “degree 1”7 effect is the
impact of the “degree 0” shock on all countries through the trade network, holding constant
the prices and output of their trading partners. Note that output prices, output, and the
price index effects are identified only to scale, whereas the level of income and real output
prices are known (see the discussion in Section 2).
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Figure 7: The network effect of a U.S.-China trade war: Degree 2
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Notes: This figure depicts the “degree 2” effect of an increase in the bilateral trade frictions
between the U.S. and China (a “trade war”) in all countries. The “degree 2" effect is the
impact of the “degree 1”7 shock on all countries through the trade network, holding constant
the prices and output of their trading partners. Note that output prices, output, and the
price index effects are identified only to scale, whereas the level of income and real output
prices are known (see the discussion in Section 2).
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Figure 8: The network effect of a U.S.-China trade war: Degrees >2
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Notes: This figure depicts the cumulative effect of all degrees greater than two of an
increase in the bilateral trade frictions between the U.S. and China (a “trade war”) in all
countries. A degree k effect is the impact of a degree k — 1 shock on all countries through
the trade network, holding constant the prices and output of their trading partners. Note
that output prices, output, and the price index effects are identified only to scale, whereas
the level of income and real output prices are known (see the discussion in Section 2).
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Figure 9: The network effect of a U.S.-China trade war: Total effect
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Notes: This figure depicts the total effect of an increase in the bilateral trade frictions
between the U.S. and China (a “trade war”) in all countries. This is the infinite sum
of all degree k effects. Note that output prices, output, and the price index effects are
identified only to scale, whereas the level of income and real output prices are known (see
the discussion in Section 2).
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Figure 10: Local versus global effects of a U.S.-China trade war
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Notes: This figure depicts the correlation of the local (infinitesimal) elasticities and the
global (50% increase) impacts of a trade war on the real output price in each country.
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Figure 11: The effect of a U.S.-China trade war on real output prices in the U.S. and
China: Robustness
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Notes: This figure depicts the elasticity of real output prices to an increase bilateral trade
frictions between the U.S. and China (a “trade war”) for many constellations of demand
and supply elasticities ¢ and v, respectively. The star indicates the estimated supply and
demand elasticity constellation, and the red box outlines the 95% confidence interval of
the two parameters.

Figure 12: Excess non-monotonic demand function for 1, Z; (ps)
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