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Abstract

We use data on border enforcement and macroeconomic indicators from the U.S. and Mexico

to estimate a two-country business cycle model of labor migration and remittances. The model

matches the cyclical dynamics of labor migration to the U.S. and documents how remittances to

Mexico serve an insurance role to smooth consumption across the border. During expansions in

the destination economy, immigration increases with the expected stream of future wage gains, but

it is dampened by a sunk migration cost that re�ects the intensity of border enforcement. During

recessions, established migrants are deterred from returning to their country of origin, which places

an additional downward pressure on the wage of native unskilled workers. Thus, migration barriers

reduce the ability of the stock of immigrant labor to adjust during the cycle, enhancing the volatility

of unskilled wages and remittances. We quantify the welfare implications of various immigration

policies for the destination economy.

JEL classi�cation: F22, F41
Keywords: Labor migration, sunk emigration cost, skill heterogeneity, international real busi-

ness cycles, Bayesian estimation.
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1 Introduction

Labor migration is sizeable and has a signi�cant economic impact on the economies involved. The

number of foreign-born residents is rising worldwide: Foreign-born residents made up as much as 13%

of the total U.S. population in 2007, compared to less than 6% in 1980, a pattern visible in several

other OECD countries (Grogger and Hanson, 2008). Labor migration also varies over the business

cycle. Jerome (1926) documented the procyclical pattern of European immigration into the U.S.

during the 19th and early 20th centuries, showing that U.S. recessions were associated with drastic

declines in immigration �ows, while relatively larger in�ows occurred during recovery years.1 Adding

to this evidence, in Fig. 1 we plot the number of apprehensions at the U.S.-Mexico border (which the

existing literature uses as a proxy for attempted illegal crossings into the U.S.) along with the GDP

ratio between the U.S. and Mexico measured in purchasing power parity terms; the correlation between

the detrended series is 0.44. The chart shows that periods in which the U.S. economy outperformed

that of Mexico generally were accompanied by an increase in the number of border apprehensions.2

Immigrant workers send remittances to developing countries on a regular basis. Conservative

estimates put the amount of workers� remittances to the developing world at $338 billion in 2008.

These totals represent more than 10% of the GDP of several receiving countries,3 while globally

they are equivalent to 48% of total private net capital �ows to developing economies (including FDI,

portfolio equity and private debt).4 Just like labor migration, the remittance �ows also vary during

the course of the business cycle. Fig. 2 plots the pattern of remittances from the U.S. to Mexico

vis-a-vis the relative performance of these economies. Larger out�ows of remittances to Mexico occur

during periods with faster U.S. economic growth (or lower Mexican growth). The results are even

stronger when we compare remittances with the relative wage across the two economies, measured

as the ratio between the real wage of unskilled workers in the U.S. (who lack a high school degree)

1For instance, the number of arrivals into the U.S. declined by almost 40 percent in the aftermath of the �nancial
panic episode of 1907. Notable declines also were observed during the U.S. recessions of 1876-79, 1894 and 1922. At
that time, there were fewer restrictions on the legal immigration from Europe, and most of the arrivals were properly
documented (O�Rourke and Williamson, 1999). Therefore, the recorded �ows of immigrant labor in the U.S. were closely
related to the economic considerations modeled in this paper.

2Similarly, Hanson and Spilimbergo (1999) �nd that a 10% relative decline in the Mexican real wage has been
associated with a 6% to 8% increase in U.S. border apprehensions. Borger (2009) �nds similar results using annual
survey-based micro estimates of migration �ows.

3Examples for 2007 include Moldova (34.1%), Honduras (21.5%), Guyana (24.3%), Jordan (21.7%) and the Philippines
(11.3%). See the World Bank�s Global Development Finance (2009).

4 In 2008, total net international private capital �ows to developing economies (which include 144 low income and
lower/upper-middle income economies) reached $707 billion, less than the average of $793 billion of the previous four
years. From this total, FDI accounted for $583 billion, while net portfolio equity and debt �ows accounted for $124
billion. See World Bank (2009).
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and workers in export assembly plants (maquiladoras) in Mexico; the resulting correlation is 0.79. To

sum up, the combined evidence in Fig. 1 and Fig. 2 highlights the potential insurance role of labor

migration and remittances to smooth the consumption path for Mexican households whose members

reside on both sides of the border.

With this evidence in mind, we examine the business cycle �uctuations of labor migration and

remittance �ows as well as their propagation to the rest of the economy. We also study the e¤ect of

immigration policy (re�ected by the magnitude of immigration barriers) on the volatility of migration

�ows and remittances. To this end, we use a two-country dynamic stochastic general equilibrium

(DSGE) model along the lines of Backus et al. (1994), which allows for endogenous labor migration

and remittances. To account for skill heterogeneity among the native labor, we introduce two types

of labor in the home economy (skilled and unskilled) while assuming that capital and skilled labor are

relative complements as in Krusell et al. (2000). On the estimation side, we use Bayesian techniques

with data on border enforcement and U.S.-Mexican macroeconomic indicators.

Our methodology bridges an existing gap between international macroeconomics and immigration

theory. In contrast to our approach, the workhorse model of international macroeconomics assumes

that labor is immobile across countries. Instead, labor migration is generally analyzed within formal

frameworks limited to comparisons of long-run positions or to the study of growth dynamics. These

models are not suitable for the analysis of immigration dynamics at business cycle frequencies, which

is the main focus of this paper. In our model, the incentive to emigrate depends on the expectation

of future earnings at the destination relative to the country of origin, the perceived sunk cost of

emigration, and the return probability of immigrant labor. This probability of return plays a signi�cant

role, with approximately 70% of undocumented Mexican immigrants in the U.S. returning home within

ten years (Reyes, 1997). The sunk cost re�ects the intensity of border enforcement and includes the

cost of searching for employment, adjustment to a new lifestyle and transportation expenditures. In

the case of undocumented immigration, it includes the cost of hiring human smugglers (coyotes) as

well as the physical risk and legal implications of illegally crossing the border.

In line with the empirical evidence, our model generates immigration and remittance �ows that

are procyclical with the relative economic performance of the two economies. An additional �nding is

that stricter border enforcement reduces the volatility of the stock of immigrant labor (consistent with

the evidence) and increases the volatility of the immigrant wage and remittances.5 In the model, the

5Rodríguez-Zamora (2008) shows that the recent increase in border enforcement resulted in less volatile migration
in�ows and out�ows across the U.S.-Mexico border. After growing at double digit rates, remittances drastically fell in
the aftermath of the U.S. �nancial crisis.
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absence of labor mobility restrictions would imply that immigrant labor e¢ ciently exploits the ups

and downs of the business cycle. That is, this labor force arrives in large numbers during economic

expansions when it is most needed. However, workers promptly return to their country of origin when

a bad shock hits the destination economy. Higher border enforcement breaks this logic, because the

increase in the stock of immigrant labor fails to keep pace with labor demand during expansions. Im-

migrant labor becomes relatively scarce, receives relatively higher wages and sends larger remittances

to the foreign economy. In turn, the scarcity of immigrant labor during boom times reduces capital

accumulation and dampens labor productivity in the destination economy. During recessions, the

opposite e¤ect occurs. Due to the barriers to labor migration, established immigrants are deterred

from returning to their country of origin, placing additional downward pressure on the wage of the

native unskilled workers.

Welfare results indicate that tightening the border to restrict the in�ow of unskilled labor has a

negative impact on the destination economy when the share of native unskilled labor is low. These

results suggest that, �rst, restricting the number of unskilled workers decreases labor productivity.

Second, when business cycle �uctuations are considered, higher border enforcement limits the adjust-

ment of the unskilled labor supply over the cycle. Thus, the welfare loss from tightening the border

o¤sets the gains that result from shielding the native unskilled workers from the in�ows of immigrant

labor.

Finally, we extend the baseline model to allow for �nancial integration between the home and

foreign economies through international trade in bonds. Following a positive productivity shock in the

home economy, foreign households have the option to lend o¤shore as an alternative to investing in

emigration. The result shows that households can use labor migration and remittances as a substitute

for cross-border �nancial �ows to diversify and protect themselves from country-speci�c risk.

This paper is related to existing literature that quanti�es the e¤ect of migration in both static

(Borjas, 1995; Hamilton and Whalley, 1984; Iranzo and Peri, 2009; Walmsley and Winters, 2003) and

dynamic frameworks (Djacic, 1987; Storesletten, 2000). It is closely related to Klein and Ventura

(2009) and Urrutia (1998), who use growth models with endogenous labor movement to assess the

welfare e¤ects of removing barriers to labor migration. In the context of DSGE models of international

business cycles, the paper also is related to Acosta et al. (2009), Chami et al. (2006) and Durdu and

Sayan (2010), who include remittance endowment shocks in the small open economy framework; to

Alessandria and Choi (2007) and Ghironi and Melitz (2005), who use sunk costs to model exports

and �rm entry, respectively, as endogenous �rm-level decisions; to Lindquist (2004) and Polgreen and

4



Silos (2009), who use skill heterogeneity and capital-skill complementarity with two representative

households; and to Yang and Choi (2007), who document the insurance role of remittances in response

to negative income shocks in the Philippines.

The rest of the paper is organized as follows: Section 2 introduces the model. Section 3 presents the

data and the Bayesian estimation. Section 4 discusses the model �t and the role of border enforcement

in explaining the volatility of migration-related variables. Section 5 quanti�es the impact of various

shocks on cyclical dynamics and provides an impulse responses analysis. Section 6 performs the welfare

analysis, followed by the conclusion in Section 7.

2 The Model

The model is representative of a standard two-country setup along the lines of Backus et al. (1994).

The novel characteristic of our model is the presence of labor mobility and remittances. We assume

that labor can migrate from Foreign to Home and that immigrant workers send a fraction of their

income as remittances back to the country of origin each period. To explore the asymmetric e¤ect

of unskilled immigration on native labor in the destination economy, we introduce two types of labor

(skilled and unskilled) in the home economy, while assuming capital-skill complementarity as in Krusell

et al. (2000). Following the �ndings in Borjas et al. (2008), we also assume that the native unskilled

and immigrant labor are perfect substitutes. As standard, we introduce as many shocks as the data

series used in the estimation to avoid stochastic singularity. We present the details of the model with

�nancial autarky in this section, with a model version with �nancial integration in the Appendix A.

2.1 The Home Economy

Households�Problem The home economy includes a continuum of two types of in�nitely lived

households that supply units of skilled and unskilled labor, as in Lindquist (2004). Every period t,

each of the two representative households consumes cj;t units of the home consumption basket and

supplies lj;t units of labor, where subscript j 2 fs; ug denotes skilled and unskilled labor, respectively.

Thus, the planner maximizes the weighted sum of utilities for the two representative households:

max
fcs;t;ls;t;cu;t;lu;t;It;Kt+1g

1
Et
X

s=t

�s�t f�sU (cs;t; ls;t) + (1� �) (1� s)U (cu;t; lu;t)g ; (1)
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where s denotes the fraction of skilled households and 1 � s the fraction of unskilled households in

the total population; � and 1 � � are the weights of the utility of skilled and unskilled households,

respectively, in the objective function of the planner. The per-period utility takes the log-CRRA form:

Ut = "bt

�
ln cj;t �

�j
1 +  

l1+ j;t

�
; j� fs; ug ; (2)

in which 1= � 0 is the Frisch elasticity of the labor supply, �j is the weight on the disutility from

labor, and "bt represents a preference (demand) shock that a¤ects intertemporal substitution. The

planner maximizes the objective function subject to the budget constraint:

ws;tLs;t + wu;tLu;t + rtKt > Cs;t + Cu;t + It; (3)

where Ls;t = sls;t and Lu;t = (1� s) lu;t are the aggregate amounts of skilled and unskilled labor, which

�rms hire at the equilibrium wages ws;t and wu;t, respectively. Cs;t = scs;t and Cu;t = (1� s) cu;t are

the aggregate consumptions of the skilled and unskilled households. rt denotes the gross rental rate

of capital expressed in units of the home consumption basket. Capital accumulation follows the rule:

Kt+1 = (1� �)Kt + "It It; where "
I
t is an investment-speci�c technology shock. The maximization

problem for the two representative agents generates the usual �rst order conditions for consumption,

labor and capital accumulation, in which &t is the budget constraint multiplier:

�"bt
cs;t

=
(1� �)"bt
cu;t

= &t; (4)

ws;t
cs;t

= �s (ls;t)
 ;
wu;t
cu;t

= �u (lu;t)
 ; (5)

1

"It
= �Et

"
&t+1
&t

 
rt+1 +

1� �
"It+1

!#
: (6)

The Home Intermediate Good Production of the home good is a nested CES aggregate:

~Yh;t = "at

n
()

1
� (�1;t)

��1
� + (1� )

1
� (�2;t)

��1
�

o �
��1

; (7)

of the following components:

�1;t = Li;t + Lu;t and �2;t =
h
�
1
� (Kt)

��1
� + (1� �)

1
� (�Ls;t)

��1
�

i �
��1

; (8)
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where �1;t is a function in which the unskilled immigrant and native labor enter as perfect substitutes;

�2;t is a CES function of capital and skilled native labor;  is the share of unskilled labor in production;

�(1� ) is the share of capital in output; and � captures the relative productivity of the skilled labor

compared with unskilled labor. Finally, � > 0 governs the elasticity of substitution between skilled

and unskilled labor, which is the same as the elasticity of substitution between capital and unskilled

labor; � > 0 is the elasticity of substitution between capital and skilled labor. The pro�t maximization

problem of the �rm generates the following optimality conditions:

ph;t
@ ~Yh;t
@Kt

= ph;t'1 ("
a
t )

��1
�
�
~Yh;t

� 1
�
(�2;t)

���
�� (Kt)

� 1
� = rt; (9)

ph;t
@ ~Yh;t
@Lu;t

= ph;t ("
a
t )

��1
�

 

~Yh;t
�1;t

! 1
�

= wu;t = wi;t; (10)

ph;t
@ ~Yh;t
@Ls;t

= ph;t'2 ("
a
t )

��1
�

�
~Yh;t

� 1
�
(�2;t)

���
�� (�)

��1
� (Ls;t)

� 1
� = ws;t; (11)

with parameters '1 = (1� )
1
� �

1
� and '2 = (1� )

1
� (1 � �)

1
� : The home intermediate good is used

both domestically and abroad: ~Yh;t = Yh;t+Y
�
h;t, where Yh;t denotes the domestic use of the home good,

and Y �h;t denotes the exports of the home good to the foreign economy. Consumption and investment

are composites of the home and foreign goods:

Yt =
h
!
1
� (Yh;t)

��1
� + (1� !)

1
� (Yf;t)

��1
�

i �
��1

; (12)

where Yf;t denotes the imports of Home from Foreign. The demand functions for the home and foreign

goods are Yh;t = ! (ph;t)
�� Yt and Yf;t = (1� !) (pf;tQt)�� Yt; where ph;t and Qtpf;t are the prices

of the home and foreign goods expressed in units of the home consumption basket, and Qt is the

real exchange rate. At the aggregate level, the resource constraint takes into account not only the

consumption and investment of the native population (i.e. Cs;t + Cu;t + It) but also the consumption

of the immigrant workers established in Home, Ci;t:

Yt = Cs;t + Cu;t + It + Ci;t: (13)

Immigrant workers�consumption, Ci;t; depends on the optimization problem of the foreign household

and on the mechanism of remittances, which are described in the next subsection.
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2.2 The Foreign Economy

Labor Migration We introduce cross-border labor mobility with sunk emigration costs: foreign

households have the option to work in the home economy where wages are higher. The foreign

household supplies a total of L�t units of labor every period. Some household members reside and

work abroad in Home, Li;t, whereas the rest work domestically in Foreign, L�f;t, within the limit of

the total labor supply L�t = Li;t + L�f;t: The model calibration ensures that the immigrant wage in

Home is higher than the wage in the country of origin so that the incentive to emigrate from Foreign

to Home exists every period.6 However, a fraction of the foreign labor always remains in Foreign

(0 < Li;t < L�t ):
7 The macroeconomic shocks are small enough for these conditions to hold every

period.

An amount Le;t of foreign labor emigrates to Home every period, where the stock of immigrant

labor is built gradually over time. The time-to-build assumption in place implies that the new im-

migrants start working one period after arriving at the destination. They continue to work in Home

in all subsequent periods until the occurrence of an exogenous return-inducing shock, which hits with

probability �l every period, forcing them to return to the country of origin (Foreign). This shock

occurs at the end of every time period and may re�ect issues such as termination of employment in

the destination economy, likelihood of deportation, or voluntary return to the country of origin, etc.8

Thus, the rule of motion for the stock of immigrant labor in Home is: Li;t = (1� �l)(Li;t�1 + Le;t�1);

where Le;t is the �ow of new foreign labor that emigrates to Home every period, and Li;t is the stock

of immigrant labor that works in Home every period.

Household�s Problem The representative foreign household has preferences over real consump-

tion and labor e¤ort as in (2) and maximizes the inter-temporal utility:

max
fC�t ;L�t ;Le;t;I�t ;K�

t+1g
Et

1X
s=t

�s�tU(C�s ; L
�
s): (14)

subject to the budget constraint:

w�t (L
�
t � Li;t) + wi;tQ�1t Li;t + r

�
tK

�
t > C�t + fe;twi;tQ

�1
t Le;t + I

�
t ; (15)

6Due to the cross-country wage asymmetry, there is no labor migration from Home to Foreign.
7Since home and foreign goods are imperfect substitutes, the demand for the foreign good is always positive, and a

share of the foreign labor is always required for production in Foreign.
8Absent other frictions, since wages in Home are always higher than in Foreign, the endogenous return decision rule is

outside the scope of this model. The endogenous entry-exogenous exit formulation that we adopt follows the guidelines
for �rm entry and exit in Ghironi and Melitz (2005).
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where w�t is the wage in the foreign economy and w
�
t (L

�
t � Li;t) denotes the total income from hours

worked by the non-emigrant labor in Foreign. We de�ne wi;t as the immigrant wage earned in Home, so

that the total emigrant labor income expressed in units of the foreign composite good is wi;tQ�1t Li;t. On

the spending side, emigration requires a sunk cost of fe;t units of immigrant labor, equal to fe;twi;tQ�1t

units of the foreign composite. Changes in labor migration policies (i.e. border enforcement) are

re�ected by shocks "fet to the level of the sunk emigration cost fe, so that fe;t = "fet fe. The gross

rental rate of foreign capital is denoted by r�t . Finally, capital accumulation is characterized by:

K�
t+1 = (1� ��)K�

t + "
I�
t I

�
t , in which "

I�
t is a foreign investment-speci�c shock.

Optimality Conditions It is useful to rewrite the budget constraint as: w�tL
�
t +dtLi;t+r

�
tK

�
t >

C�t + fe;twi;tQ
�1
t Le;t + I�t ; where dt is the di¤erence between the immigrant wage in Home and the

resident wage in Foreign at time t, expressed in units of the foreign consumption basket:

dt = wi;tQ
�1
t � w�t : (16)

The optimization problem of the foreign household delivers a typical Euler equation and pins down

the total labor e¤ort:

1

"I
�
t

= �Et

"
&�t+1
&�t

 
r�t+1 +

1� �
"I

�
t+1

!#
and

w�t
C�t

= �� (L�t )
 ; (17)

where &�t =
"b
�
t
C�t

is the multiplier on the budget constraint and "b
�
t is a foreign demand shock. In

addition, potential emigrants face a trade-o¤ between the sunk emigration cost, fe;twi;tQ�1t , and the

di¤erence between the stream of expected future wages at the destination, wi;tQ�1t , and in the country

of origin, w�t , expressed in units of the foreign composite good. Using the new budget constraint and

the law of motion for the stock of immigrant labor, Li;t = (1 � �l)(Li;t�1 + Le;t�1), the �rst order

condition with respect to new emigrant labor Le;t sent abroad every period implies:

fe;twi;tQ
�1
t =

1X
s=t+1

[�(1� �l)]s�tEt
��

&�s
&�t

�
ds

�
: (18)

The equation shows that, in equilibrium, the sunk emigration cost equals the bene�t from emigration,

with the latter given by the expected stream of future wage gains, ds, adjusted for the stochastic

discount factor and the probability of return to the country of origin every period.
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The Foreign Intermediate Good Foreign production is a Cobb-Douglas function of non-

emigrant labor and capital, ~Yf;t = "a
�
t (K

�
t )
�
�
L�f;t

�1��
, in which "a

�
t is a neutral technology shock. As

in Backus et al. (1994), the foreign-speci�c good can be either used domestically, Y �f;t; or exported to

the Home economy, Yf;t, so that the total foreign output is ~Yf;t = Y �f;t + Yf;t:

The foreign composite good, Y �t ; incorporates amounts of both the foreign-speci�c intermediate

good, Y �f;t; and the home-speci�c imported good, Y
�
h;t:

Y �t =

�
(!�)

1
�
�
Y �f;t
���1

� + (1� !�)
1
�
�
Y �h;t
���1

�

� �
��1

: (19)

This foreign composite good can be consumed by the non-emigrant labor that resides in Foreign

(as opposed to the emigrant labor established in Home), invested in physical capital, and used for

investment in emigration (to cover the sunk costs of sending new emigrant labor abroad):

Y �t = (C
�
t � Ci;tQ�1t ) + I�t + fe;twi;tQ�1t Le;t: (20)

The demand functions for the foreign and home goods in the foreign economy are Y �f;t = !� (pf;t)
�� Y �t

and Y �h;t = (1� !�)
�
ph;t
Qt

���
Y �t ; where pf;t and

ph;t
Qt

are the corresponding prices expressed in units of

the foreign consumption basket. In turn, the gross rental rate of foreign capital and the local wage are

determined by the marginal productivity of capital and labor, r�t = pf;t�
~Yf;t
K�
t
and w�t = pf;t (1� �)

~Yf;t
L�f;t

:

Remittances and Trade Balance The household�s optimization problem pins down the frac-

tion of labor that resides abroad, Li; and the pooled level of consumption of the foreign household,

C�t . Since the household is the unit that maximizes utility in this model setup, the allocation of

consumption across emigrant and non-emigrant workers would remain undetermined without further

assumptions. To determine this spending pattern, we introduce an insurance mechanism of remittances

parametrized to �t the data.

We assume that immigrant workers residing in Home send remittances, denoted with �t, to Foreign

every period. Thus, the immigrant labor income is divided entirely between remittances sent to Foreign

(which are expressed in units of the foreign composite) and immigrant consumption taking place in

Home, wi;tLi;t = Qt�t+Ci;t.9 To highlight the intensive and extensive margins of remittances, we also

consider remittances per unit of immigrant labor de�ned as Qt�t = wi;t � ci;t; where ci;t = Ci;t=Li;t

is consumption per unit of immigrant labor. The stock of established immigrants, Li;t, represents the

9For simplicity, we assume that immigrant workers cannot invest their labor income in the home economy.
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extensive margin of remittances.

The risk sharing mechanism of remittances is described in detail in Appendix B. In summary, the

mechanism warrants a steady-state allocation in which foreign household members residing in either

Home or Foreign enjoy the same amount of consumption per unit of labor, equal to C
�
=L

�
units of

consumption.10 Thus, the steady-state amount of remittances per unit of immigrant labor is equal

to the di¤erence between the immigrant wage and immigrant consumption (expressed in units of the

composite good in Home): Q� = wi � C
�
Q

L
� .

The sunk migration cost is a market friction that renders the stock of immigrant labor a state

variable that cannot adjust immediately to temporary shocks. As a result, the gap between the

immigrant and foreign wages varies over the business cycle, and household members working on both

sides of the border obtain either a net surplus or a loss relative to the steady-state allocation of

consumption. As shown in Appendix B, remittances represent an altruistic compensation mechanism

between immigrant and resident workers:

�t = %

�
wi;t
w�t

�'
�; with ' > 0: (21)

A positive value of ' implies that a relative improvement in the purchasing power of the immigrant

wage in terms of the consumption basket in Home (where immigrant consumption takes place) or a

relative deterioration of the purchasing power of the foreign wage in terms of the foreign consumption

basket trigger an altruistic increase in remittances.11 The magnitude of ' characterizes the thrust of

the altruistic motive.12

The current account balance for Home is: CAt = ph;tY
�
h;t � pf;tQtYf;t � Qt�t: Under �nancial

autarky, the balanced current account condition, CAt = 0, implies that the trade balance, TBt =

ph;tY
�
h;t�pf;tQtYf;t;must equal the amount of remittances, Qt�t. In the absence of �nancial integration,

remittances act as a substitute for contingent claims in smoothing income �ows.

10Variables marked with an upper bar denote steady state values.
11Our mechanism of remittances is isomorphic to the one resulting from the framework with heterogeneous remitters

described in Appendix B.
12The parameter % � (wi=w�)�' ensures that remittances in steady state are equal to the di¤erence between immigrant

labor income and immigrant consumption.
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2.3 Shocks

Structural shocks that characterize the business cycle in our model are assumed to follow AR(1)

processes with i.i.d. normal error terms, log "{̂t = �{̂ log "t�1+�{̂t, in which 0 < �{̂ < 0 and � � N(0; �{̂),

where {̂ = fa; a�; b; b�; I; I�; feg : As in Lubik and Schorfheide (2005), domestic and foreign shocks are

independent.

2.4 Financial Integration

Appendix A considers the case of �nancial integration. We assume that international asset markets are

incomplete, and that households trade country-speci�c, risk-free bonds. Under �nancial integration, a

trade de�cit can be �nanced by either remittances or international borrowing. Therefore, the current

account balance for Home (i.e. the trade balance plus �nancial investment income minus the out�ow

of remittances) must equal the negative of the �nancial account balance (i.e. the change in bond

holdings).

3 Bayesian Estimation

The Bayesian estimation technique uses a general equilibrium approach that addresses the identi�ca-

tion problems of reduced form models. It is a system-based analysis that �ts the solved DSGE model

to a vector of aggregate time series (see Fernandez-Villaverde and Rubio-Ramirez, 2004, or Lubik and

Schorfheide, 2005, for additional details).13

Data The number of data series used in the estimation cannot exceed the number of structural

shocks in the model. Therefore, we use seven data series for the U.S. and Mexico during the period

1980:1 to 2004:3, consisting of real GDP, real consumption and real investment for each economy, as

well as the total number of hours that U.S. border o¢ cers spent patrolling the border as a proxy for

the intensity of border enforcement.14 We interpret an increase in border patrol hours as an increase

in border enforcement. We seasonally adjust the data series using the X-12 ARIMA method, a method

which addresses the important seasonal components in the labor migration and border apprehensions

data. The deseasonalized data is expressed in natural logs, then detrended with a cubic trend and

13A more comprehensive discussion of the estimation, the data series used in the estimation, the Monte Carlo Markov
Chain (MCMC) convergence diagnostics and additional results can be found in a separate technical appendix of this
paper, available online.
14The sources for all data series used in this paper are described in the technical appendix.
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�nally �rst-di¤erenced to obtain growth rates.15 The solid line in Fig. 3 depicts the data that we

match with the model.

We use additional data (beyond that included in the structural estimation) to validate the model

�t and to estimate parameters that otherwise would remain unidenti�ed. First, we consider data on

U.S.-Mexico relative unskilled wages as well as data on workers�remittances expressed in real Mexican

pesos. For the U.S., we use the real hourly wage for workers with fewer than 12 years of education (i.e.

less than high school degree). For Mexico, we consider the real hourly wage in the maquiladora sector.

However, the data on relative unskilled wages and remittances is available for a time span that is too

short to be included in the Bayesian estimation. Instead, we use the detrended series to estimate the

elasticity of remittances with respect to the unskilled wage di¤erential ', depicted in equation (21),

in a reduced form estimation over the interval 1995:1 to 2006:3.

Second, we use the number of apprehensions (arrests) at the U.S.-Mexico border to evaluate the

model, but we do not include these in the structural estimation for two reasons. One reason is that the

apprehensions data (depicted in Fig. 1) are noisy due to the random nature of border interceptions

and arrests, and therefore can serve only as a rough proxy for the �ows of emigrant labor. The

other reason is an identi�cation problem regarding the e¤ect of border enforcement on apprehensions.

In this paper, we assume that an increase in border enforcement (re�ected by U.S. border patrol

hours) leads to an increase in the sunk emigration cost. As documented by Orrenius (2001), changes

in border enforcement policy act mainly as a deterrent strategy for migration �ows. Migrants are

more likely to hire human smugglers (coyotes) when they perceive an increase in border enforcement.

The coyotes also face greater challenges in border crossings due to the increase in enforcement, and

therefore they raise their fees. Consequently, the increase in border enforcement increases the cost of

labor migration, which in turn may reduce the size of labor migration �ows. However, for the same

number of attempted illegal crossings, an increase in border patrol hours may result in more arrests.

Because border enforcement may a¤ect both the number of crossings and the number of arrests, and

because the actual number of attempted crossings is unknown, it is impossible to disentangle the e¤ect

of enforcement from that of crossings on total apprehensions.

Bearing these issues in mind, we treat the �ow of new emigrant labor (Le) as a latent variable in our

estimated model. We use the Kalman �lter to write the likelihood function of the data and estimate
15Zt = [� lnGDPht ; �lnGDP

f
t ;�lnCt;�ln It;�lnC

�
t ;�ln I

�
t ;�ln fe;t] is the vector of observed variables, where

GDPt = ph;t ~Yh;t; GDP
�
t = pf;t ~Yf;t: We use cubic detrending since the traditional HP �ltering can result in spurious

cycles in the data that a¤ect the estimates (see Cogley and Nason, 1995, for details). For robustness, we also have
estimated the baseline model with linearly detrended data as in Smets and Wouters (2003), and also the model with
international bond trading (and cubic-detrended data). The results, available in the technical appendix, are very similar.
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the structural parameters. This procedure allows to asses the type and magnitude of the shocks

faced by the two economies during the sample period. The reconstruction of these �smoothed�shocks

allows us to make inference about this latent variable. In what follows, we compare the moments and

autocovariance functions of this revealed latent variable with those of the actual data on apprehensions

to grasp some insight of the model �t. Similarly, remittances also are treated as a latent variable,

given that the short length of this data series does not allow for its use in the structural estimation.

Calibration Some parameters are �xed in the estimation: � = 0:99 is the discount factor;

� = 0:33 is the share of capital in output; � = 0:025 is the depreciation rate of the capital stock.

These parameters are di¢ cult to identify unless capital stock data is included in the measurement

equation. The rate at which the established immigrant labor returns to the country of origin is not

identi�ed either. We set the quarterly immigrant return rate at �l = 0:07, which on average re�ects

the �ndings in Reyes (1997) that approximately 50% of undocumented Mexican immigrants return

to their country of origin within two years after their arrival in the U.S. (which corresponds to a

quarterly exit rate of 0.0635) and that 65% of immigrants return within four years after arrival (i.e.

quarterly exit rate of 0.0830).16 The degree of home bias, !; is not identi�ed since spending ratios are

not part of the measurement set. As in Backus et al. (1994), we set ! = 0:85, while allowing for a

slightly higher degree of openness for the smaller foreign economy, !� = 0:75. Finally, we de�ne the

pool of native unskilled labor to include the adult U.S. population active in the labor force that lacks

a high school degree. Using data from the U.S. Census Bureau (2007), we set the share of unskilled

labor at (1 � s) = 0:08: Finally, we set the weight on the utility of representative skilled household

� = 0:688, so that the consumption ratio for the home representative skilled and unskilled households

matches the corresponding wage ratio, cscu =
ws
wu
= 2:2:17 We base our assumption on the �ndings in

Krueger and Perri (2007) that di¤erences in the consumption of population groups with di¤erent levels

of educational attainment (e.g. skilled and unskilled) closely re�ect the income di¤erences between

the respective groups. The calibrated parameters are depicted in Table 1.

16For instance, using the information that 35% of undocumented Mexican immigrants are still in the U.S. four years
after their arrival, we compute the quarterly exit rate as (1� �l;4y)16 = 0:35, and thus �l;4y = 0:083:
17We take the weighted average of hourly earnings for the U.S. skilled labor (i.e. high school degree or more), as

well as for the U.S. unskilled labor (i.e. without a high school degree) using data provided by the U.S. Census Bureau
(2007). We divide the sample into four groups: (a) no high school degree; (b) completed high school; (c) some college or
associate�s degree; and (d) bachelor�s degree or higher. Then we take the average of the respective earnings weighted by
their share in the total population.

14



Prior Distributions The remaining parameters are estimated. The �rst four columns of Table

2 present the mean and the standard deviation of the prior distributions, together with their respective

density functions. We do not have much prior information about the magnitude of shocks. Therefore,

the variances of all shocks are harmonized as in Smets and Wouters (2007), and assumed to follow an

Inverse Gamma distribution that delivers a relatively large domain. The autoregressive parameters in

the shocks are assumed to follow a Beta distribution that covers the range between 0 and 1. For these,

we select rather strict standard deviations and thus have tight prior distributions in order to obtain

a clear separation between persistent and non-persistent shocks, and also to generate volatilities for

the endogenous variables that are broadly in line with the data (See Smets and Wouters, 2003, for

details). For the remaining parameters we consider Beta or Gamma distributions, which are restricted

to the positive support. We set a relatively loose prior for the elasticity of substitution between the

home and foreign goods � centered at 1.5, the value in Backus et al. (1994). We set the prior mean of

 at 1, which delivers a Frisch elasticity of labor supply that is in between microeconomic estimates

and the relative larger values usually observed in the macro literature. As discussed in the previous

section, the reduced form estimation of equation (21) sets the prior for the elasticity of remittances

with respect to the wage di¤erential ' at 0:99.

We are left with �ve parameters to estimate, namely  (share of unskilled labor in output); �

(elasticity of substitution between capital and unskilled labor); � (relative productivity of native skilled

over unskilled); fe (sunk emigration cost level), and � (elasticity of substitution between capital and

skilled labor). For the �rst four parameters, we center the priors to match four equilibrium allocations

in steady state: (1) The share of Mexico�s labor force residing in the U.S. is Li
L� = 0:1 (Hanson, 2006).

(2) Remittances represent the equivalent of 2:5% of Mexico�s GDP.18 (3) The ratio between the wages

of the native skilled and unskilled labor in the U.S. is ws
wu
= 2:2. (4) The U.S.-Mexico share of GDP

per capita expressed in purchasing power parity terms is 3:2, as shown by data from the IMF�s World

Economic Outlook. To this end, we choose  = 0:055, � = 0:95, � = 6:2 and fe = 3:8. As previously

discussed, we base the assumption that � > � on the �ndings of Krusell et al. (2000) that skilled

labor and capital are relative complements. Krusell et al. (2000) document a high complementarity

between skilled labor (i.e. college graduates) and capital, whereas our pool of skilled workers is much

larger since we also include high school graduates. Therefore, we center the priors for � at 0.85, a

value which is only slightly below the prior assigned to �: Based on the capital-skill complementary

assumption, we choose rather tight priors for these parameters.

18These are conservative estimates. Remittances tend to be underreported, particularly between neighboring countries.
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Estimation Results (Posterior Distributions) The last �ve columns of Table 2 report the

posterior mean, mode, and standard deviation obtained from the Hessian, along with the 90% proba-

bility interval of the structural parameters. The priors are informative in general. Noticeably, we �nd

that � and � are signi�cantly closer to each other (0.91 and 0.94) despite the tight prior, weakening

further the implied capital-skill complementarity. Since remittances are not part of the estimation

set, ' is not identi�ed. As a result, its posterior distribution practically replicates the prior based on

a reduced form estimation. The estimated values for � and  (2:29 and 1:87) are remarkably higher

than their priors, indicating a larger degree of substitution between the U.S. and Mexican goods and

also a value of the labor supply elasticity that is closer to the microeconomic estimates. The posterior

for the level of sunk migration costs, fe; is 5.52, signi�cantly higher than its prior, indicating that the

sunk cost per unit of emigrant labor is equivalent to the immigrant labor income obtained over six

quarters in the destination economy. Note that border enforcement shocks are persistent and volatile

(�fe = 0:99; �fe = 0:05) and also that the neutral technology innovations are less persistent and more

volatile in Mexico than in the U.S. (�a = 0:94 and �a = 0:007 in the U.S., compared to �a� = 0:93

and �a� = 0:018 in Mexico).

4 Model Fit and the Role of Border Enforcement

Model Fit Fig. 3 reports the benchmark model�s Kalman �ltered one-sided estimates computed

at the posterior (dashed line) along the data. The model �t appears to be satisfactory. Table 3 reports

unconditional moments for the actual data. As with the vector of observables, we also express the

data series in growth rates. We report standard deviations and �rst-order autocorrelations for three

series that re�ect key variables of our model: border apprehensions, remittances and U.S. border

patrol hours.19 These data series are highly volatile. In addition, changes in border patrol hours are

somewhat persistent. Next we report the correlations of these three data series with: (1) the U.S.-

Mexico ratio of real GDP, (2) real GDP in the U.S. and (3) real GDP in Mexico, in which the GDP

in Mexico is adjusted by the bilateral real exchange rate. In the data, apprehensions and remittances

are pro-cyclical with the U.S.-Mexico GDP ratio, counter-cyclical with Mexico�s GDP and pro-cyclical

with the U.S. GDP. However, for apprehensions, the correlation with the U.S. GDP is signi�cantly

small. The link between border patrol hours and macroeconomic performance is particularly weak as

the correlation of this variable with either (1), (2) or (3) is close to zero. This possibly indicates that the

19For the �rst two variables, the sample period is 1980:2 to 2004:3. The sample period for remittances is 1995:2 to
2006:3.
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degree of border enforcement is a political decision often una¤ected by macroeconomic considerations.

Table 4 reports the median (along the 5th and 95th percentiles) from the simulated distributions of

moments using the samples generated with parameter draws from the posterior distribution. In general,

the model delivers volatility and persistence values that are fairly close to observed values. The model

fails, however, to match the high volatility of remittances and the persistence of border enforcement,

despite the high persistence of enforcement shocks in the estimated model. The model captures

particularly well the co-movement of the key migration indicators (labor migration and remittances)

with the relative economic performance of the U.S. and Mexico. Namely, the correlation of the Home-

Foreign GDP ratio with either remittances (�) or migration �ows (Le) is positive and signi�cant. The

correlation is higher for remittances than for migration �ows, a result which is in line with the data.

In addition, the model delivers a correlation of border enforcement with the output ratio as well as

with output in either Home or Foreign that is close to zero, as in the data.

Labor migration �ows are negatively correlated with the foreign GDP, whereas their correlation

with the home GDP is not signi�cantly di¤erent than zero. This �nding is consistent with the data

and may be indicative of the inability of the stock of immigrants to react to domestic shocks. In

addition, remittances are positively correlated with home output whereas their correlation with for-

eign output is negative but relatively small in absolute terms. Finally, notice that so far we have

compared the empirical moments to their model counterparts expressed in growth rates, whereas the

data plotted in Fig. 1 and Fig. 2 is in percentage deviations from the trend. When we compute the

theoretical moments of variables expressed as log deviations from steady state, the correlation of labor

migration and remittances with the Home-Foreign GDP ratio are 0.30 and 0.70, which are close to the

corresponding empirical correlations (0.44 and 0.75 respectively).

To further assess the model adequacy, we compare the vector autocovariance functions in the

model and in the data, as in Adolfson et al. (2007). The function depicts the covariance of each

observable variable against itself (measured at lags h = 0; 1; :::5) and other variables. These functions

are computed by estimating an unrestricted VAR model with both the U.S.-Mexico data and arti�cial

data sets of the same time length generated through model simulations with parameter draws from the

posterior. We include output for both economies, border enforcement and apprehensions/migration

�ows.20 Fig. 4 displays the median vector autocovariance function from the DSGE speci�cation (thin

line), along with the 2.5 and 97.5 percentiles for the mentioned subset of variables. The posterior

20We draw 3,000 parameter combinations from the posterior distribution and simulate 3,000 arti�cial data sets (of
the same length as the ones in the data) to estimate vector autocovariance functions using the same VAR speci�cation
applied on the actual U.S./Mexico data.
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intervals for the vector autocovariance are wide. In this case, this range re�ects both parameter and

sample uncertainty, which in the latter case is the result of using relatively few observations in the

computations. Nonetheless, in general, the data covariances (thick lines) fall within the error bands,

indicating that the model is somewhat able to replicate the cross-variances in the data. Overall, the

model �t is satisfactory, particularly when taking into consideration that neither migration �ows nor

remittances are part of the data that we use in the Bayesian estimation.

The Role of Border Enforcement Table 5 reports counterfactual correlations, obtained by

using the posterior median of the estimated parameters while altering only the steady-state level of the

sunk emigration cost (fe). We consider two alternative scenarios with low and high border enforcement

(fe = 1 and fe = 6): The latter scenario closely resembles the one in the estimation (fe = 5:52).21

Note that when migration barriers are low, the labor migration �ows are more responsive to

business cycles. In the case with low sunk cost, the correlation of the GDP ratio with migration

�ows is 0.51. In the case with high sunk cost, the correlation of the GDP ratio with migration �ows

declines (0.27) whereas the correlation with Home GDP is only 0.01. It is also notable that in the case

with low migration barriers, remittances are correlated less with Mexican GDP, indicating that, when

restrictions to labor mobility are low, the gap between the immigrant wage in Home and the equivalent

wage in Foreign is relatively small. Thus, the need for remittances as a compensation mechanism is

limited.

Simulation results also indicate that migration barriers signi�cantly a¤ect the volatility of the

immigrant wage and total remittances. With low border enforcement, the standard deviations of

these two variables (this time expressed in log deviations from steady state rather than in growth

rates) are 1.59 and 2.18, respectively. With high border enforcement, the volatility of the immigrant

wage and remittances increases to 2.62 and 2.64. In summary, as migration barriers restrict the

ability of the stock of immigrant labor to adjust over the cycle, its factor payments and the associated

remittances become more volatile.
21Notice that in the previous section we calculated the median value of a set of moments generated with a large set

of parameter draws from the posterior distribution. In this counterfactual scenario, we calculate moments by using just
the median parameter values from the posterior distribution. The results should be close, but not necessarily the same.
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5 The E¤ect of Shocks

5.1 Impulse Response Functions

We consider the impulse responses of key model variables to temporary shocks to border enforcement

and neutral technology. In the latter case, we also consider a series of counterfactual scenarios (high

vs. low sunk cost, �nancial autarky vs. integration).22

Positive Shock to Border Enforcement Fig. 5 reports the median impulse response of the

estimated model (along the 10th and 90th percentiles) to a positive shock to the sunk emigration cost

(one standard deviation), re�ecting an increase in border enforcement. As previously discussed, this

estimated shock remains very persistent. The increase in the sunk emigration cost leads to a decline

in the arrivals and in the stock of immigrant labor, which in turn generates a gradual decline in the

capital stock in Home. This translates into lower home output and aggregate consumption (de�ned

as Cs + Cu). Notice, however, that the wage of established immigrants (which is the same as that of

native unskilled labor) bene�ts from this policy change.

As foreign workers are deterred from emigrating to Home, the resident labor supply in Foreign

becomes relatively abundant, and the foreign wage falls. The cheaper labor input encourages capital

accumulation and enhances output in Foreign. However, due to the misallocation of labor across

borders, the pooled consumption of the foreign household declines. The �ow of remittances per unit of

labor signi�cantly increases to compensate for the wage di¤erence between Home and Foreign. Total

remittances decrease slightly as the immigrant labor stock declines.

Positive Technology Shock in Home: Low vs. High Sunk Emigration Costs We con-

sider the two counterfactual scenarios with low and high sunk emigration costs: fe = 1 (solid line)

and fe = 6 (dashed line). In this experiment, di¤erent levels of migration barriers result in di¤erent

steady-state levels for the model variables. For consistency, we compute the impulse responses using

the posterior median of the estimated parameters (with the only exception of fe) and plot them as

percentage deviations from steady state. Fig. 6 shows the e¤ect of an unexpected 1% increase in home

productivity.

Following the positive shock, the rise in the wage premium encourages the arrival of new immigrant

labor (Le). The immigrant wage premium and immigrant entry persist above their steady-state levels

22The impulse response of the estimated model (median and percentiles) for all shocks are reported in a separated
technical appendix available online.
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after the initial shock, and thus the stock of established immigrant labor (Li) adjusts gradually over

time. Notably, the stock of immigrant labor increases relatively less in the economy with the higher

sunk migration cost. In turn, the relative scarcity of immigrant labor causes the immigrant wage in

Home (which is the same as the domestic unskilled wage) to increase more. Therefore, as the foreign

household attempts to smooth consumption across members residing in both countries, the amount

of remittances per immigrant worker increases by more in the model with the higher sunk cost. In

the foreign economy, the local wage increases by less in the scenario with the higher sunk migration

cost. The result is due to the larger fraction of labor that remains in Foreign when emigration is more

costly, in turn enhancing capital accumulation and output in Foreign.

Given the model symmetry, a negative productivity shock leads to an economic recession with

opposite results. The slower decline in the stock of immigrant labor resembles a lock-in e¤ect that

puts additional downward pressure on the wage and employment of the native unskilled. In summary,

a less �exible immigration policy re�ected by a larger sunk migration costs enhances the volatility of

the native unskilled wage, the immigrant wage and remittances per unit of immigrant labor in response

to productivity shocks.

Positive Technology Shock in Home: Financial Autarky vs. Integration Fig. 7 dis-

plays the impulse responses computed at the posterior median parameter estimates of the benchmark

model. In the model with �nancial integration, the one period, risk-free bond constitutes an additional

instrument (other than migration and remittances) that foreign households use to smooth their inter-

temporal consumption path and diversify away from country-speci�c risk. That is, foreign households

have the option to lend abroad as an alternative to investing in emigration.

Following a transitory, 1% increase in home productivity, international bond trading (dashed line)

generates a notably more muted increase in the arrival of new immigrant labor (Le) relative to the

case with �nancial autarky (solid line). Financial integration allows for capital to �ow towards the

economy with a relatively higher rate of return (Home), whose trade balance becomes negative on

impact. Immediately after the shock, as foreign households lend to Home, they invest less in emigration

to Home. However, as capital accumulation enhances labor productivity and wages in Home, the

immigrant labor entry recovers in the medium run. The entry of immigrant labor under �nancial

integration catches up with immigrant entry under �nancial autarky 20 quarters after the initial

shock.
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5.2 Forecast Error Variance Decomposition

Fig. 8 displays the forecast error variance decomposition of the seven observables used in the es-

timation, plus remittances and migration �ows at various horizons (Q1, Q4, Q16, Q40), based on

the posterior benchmark estimation. Technology shocks aggregate the e¤ects of both neutral and

investment-speci�c shocks. As discussed in Justiniano et al. (2009), the investment shock a¤ects

the marginal e¢ ciency of investment, and it can be linked to more fundamental disturbances to the

functioning of the �nancial system that negatively a¤ect productivity but are not explicitly included

in the model. Changes a¤ecting border enforcement, which are assumed to be exogenous, and demand

shocks complete the list.

In the short run (within a year), we observe that demand shocks play a primary role in driving the

dynamics of the real macroeconomic variables in the U.S., which is in line with evidence in Smets and

Wouters (2007). While the demand shocks are relatively less important to explain output in Mexico

at short horizons, their impact on consumption is nonetheless sizable. In the medium to long-run,

technology shocks are dominant drivers of output, consumption and investment in both countries.

At all horizons, Mexican technology and border enforcement shocks are the most important drivers

of labor migration �ows. In the short run, technology innovations in Mexico dominate (explain more

than 70% of the forecast error variance at Q1), whereas the border enforcement shocks become rel-

atively more important in the medium to long-run. Technology shocks in the U.S. play a negligible

role in the migration dynamics, which is consistent with the lock-in e¤ect that makes the stock of

immigrant labor non-reactive to macroeconomic developments in the destination economy.

At short horizons, technology shocks and, to some extent, demand shocks explain practically all the

variability of remittances. Remittances are reactive to shocks originating on both sides of the border,

a result which highlights its insurance role. Instead, in the long-run, the forecast error variance of

remittances is explained mostly by border enforcement and technology in Mexico, indicating that

remittances are linked to the labor migration developments at longer horizons.

5.3 Historical Decomposition

Fig. 9 shows the historical contributions of shocks to the growth of key variables over the sample

period (output in Mexico, border enforcement and labor migration). For the �rst two variables, the

actual growth data (expressed as deviation from trend growth) is displayed. As previously explained,

we apply the Kalman smoothing procedure to reconstruct the historical contributions of shocks to the
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labor migration �ows as a latent variable.

The historical evidence indicates that output in Mexico (panel 1) was subject to several negative

technology shocks of sizable magnitudes throughout the sample period. The debt crisis of 1982 led

to a dramatic reversal in the earlier pattern of economic growth. The subsequent recovery was inter-

rupted in late 1985, following a massive earthquake that hit Mexico City in September. As a result,

output remained subdued until late 1986. Mexican output displays the sharpest decline in 1995 in the

aftermath of the �tequila crisis.�Finally, as the U.S. economy slowed down in late 2000, the Mexican

economy fell into a mild recession in 2001, and output growth remained below trend until 2003.

Next we depict the detrended number of U.S. border patrol hours (panel 2), which is a proxy

for border enforcement. The time series is characterized by persistent swings: border enforcement

registered a sharp increase in 1989, and another steady increase in the second half of the 1990s.

Enforcement was relaxed temporarily in late 2001, but a tightening followed at the end of 2002.

Finally, we estimate the contribution of historical shocks to labor migration �ows and use them

to make inference on this latent variable (panel 3). When compared with the actual number of

apprehensions (Fig. 1), the model captures the increase in apprehensions in the aftermath of the

debt crisis of 1982, and also the increase triggered by the recession that followed the Mexico City

earthquake in 1985. In 1989, apprehensions declined sharply without an economic reason, re�ecting

a large increase in border enforcement that acted as a migration deterrent. In particular, the model

succeeds in accounting for the sharp increase in apprehensions after the �tequila crisis" episode in

1995. Finally, the model captures the sharp increase in border apprehensions that began in early

2002, the result of both a relaxation in border enforcement and recession in Mexico.

6 Welfare Implications of Labor Mobility Restrictions

The planner maximizes welfare in Home, which is de�ned as the household�s stream of expected

utility. Policies that restrict labor mobility a¤ect welfare in the destination economy through two

di¤erent channels. First, since the native unskilled labor input is scarce and not perfectly substitutable

in production, higher migration barriers deter capital accumulation. This, in turn, decreases labor

productivity, wages and consumption. Business cycles �uctuations are not an issue in this case, and

welfare can be computed in a static deterministic framework. Second, migration barriers lead to

additional labor misallocations in the presence of aggregate shocks, as the stock of immigrant labor

is slow to adjust over the course of the business cycle. Clearly, the second channel is the focus of this
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paper.

To distinguish between these two channels, we �rst perform the welfare analysis while turning o¤

all aggregate shocks and focusing on the steady-state analysis of the estimated model. We consider two

counterfactual scenarios, with low (fe = 1) and high (fe = 6) levels of border enforcement, and compare

their welfare outcomes to that of the estimated model (with fe = 5:52). We also analyze the welfare

outcomes while incorporating all the estimated stochastic shocks in the counterfactual scenarios. Here

we solve the model using a second-order approximation to the model equilibrium relationships around

the deterministic steady state, following the methods in Schmitt-Grohé and Uribe (2004).23

Welfare in the Home economy is de�ned as:

Wt = Et

" 1X
s=t

�s�t f�sU (cs;t; ls;t) + (1� �) (1� s)U (cu;t; lu;t)g
#
:

As standard, we measure the welfare cost (or gain) relative to our benchmark estimated model as

the fraction of the expected aggregate consumption stream that one should add (or extract) so that

households are indi¤erent between the benchmark estimated model and each of the two counterfactual

scenarios. Since the planner allocates consumption proportionally: �
(1��) =

cs;t
cu;t

in every period t; we

can abstract from distributional issues across the skilled and unskilled households in Home.

Our results indicate that a transition from the benchmark estimated model to the scenario with

low migration barriers leads to a gain of 3.63% of the consumption stream in steady state (Table 6).

When shocks are incorporated in the picture, the welfare gains of reducing barriers are signi�cantly

larger (4.36% gain). In the context of the literature, the di¤erence between the two values is large and

can be linked to the misallocation of labor across the border when the two economies are subject to

shocks, some of which are highly persistent and volatile.24

On the contrary, moving from the estimated baseline framework to the scenario with high migration

barriers results in a 0.52% loss in the consumption stream. This loss is ampli�ed when adding the

stochastic shocks (0.67% loss). Interestingly, migration barriers are already high in the benchmark

estimated model (i.e. fe = 5:52), indicating that even a moderate tightening in border enforcement

can lead to signi�cant losses when the pool of unskilled labor is already constrained.

23The �rst-order approximation to the unconditional mean of endogenous variables coincides with their non-stochastic
steady-state values.
24Notice that this welfare gain holds even under the assumption that natives unskilled and immigrants are perfect

substitutes as in Borjas et al. (2008). If some degree of complementarity exists (See for instance, Ottaviano and Peri,
2008), welfare gains could be even higher.
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Alternative Scenario with High Share of Native Unskilled The baseline model calibration

re�ects the relatively low share of the U.S. labor force that holds no high school degree, currently at

only 8% (i.e. s = 0:92). This percentage is the result of the steady increase in high school enrollments

between the postwar era and the late 1970s. As an alternative to the baseline calibration, we consider

a scenario in which the share of native unskilled labor in the destination economy represents as much

as 25% of the total. We �nd that lowering the sunk immigration cost from the estimated value of

fe = 5:52 to fe = 1 leads to a 1.01% gain in the consumption stream in steady state, due to the

improved availability of unskilled labor (both native and immigrant). Instead, further tightening the

border (to fe = 6) has no impact on the domestic household�s welfare.

However, when we extend the welfare analysis to incorporate the e¤ect of shocks, the welfare gains

of lowering the sunk immigration are reduced to only 0.06%. We interpret this result as follows: When

the native unskilled labor is relatively abundant in the home economy, and its supply is elastic, the

labor force is �exible enough to absorb domestic shocks that a¤ect labor demand. However, lower

immigration barriers leave the economy subject to sizable migration in�ows every time a negative

shock hits the foreign economy. The migration in�ows can signi�cantly worsen the situation of the

native unskilled workers and create income instability. Given the magnitude of foreign shocks in the

estimated model, this negative e¤ect is sizeable. For the same reason, increasing the immigration

cost in the economy with a relatively large share of native unskilled labor in the presence of shocks

improves welfare rather than reducing it (the gain is 0.58%).

7 Conclusion

This paper attempts to bridge an existing gap between the international macroeconomics literature

and immigration theory. In contrast to the former, we allow for labor mobility across countries. In

contrast to the latter, we consider the business cycle dynamics and account for the transmission of

aggregate stochastic shocks across countries in the presence of labor migration and remittances. In

this context, we study the role of labor migration in explaining the behavior of remittances across

the economies involved. In addition, we study the insurance role of migration and remittances as

a substitute for cross-border �nancial �ows in diversifying away country-speci�c risks and smoothing

consumption in the country of origin. We also examine the e¤ect of immigration policy on the volatility

of labor migration and remittance �ows.

In the model, the incentive to emigrate depends on the di¤erence between the expected future
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earnings at the destination and in the country of origin as well as the perceived sunk costs of labor

migration, which re�ects immigration policy at the destination. We allow for skill heterogeneity among

the native labor in the destination economy in the presence of capital-skill complementarity. In the

estimation of the model, we consider data on border enforcement and macroeconomic indicators from

the U.S. and Mexico. We evaluate the model using data on apprehensions at the U.S. border as a

proxy for migration �ows as well as data on workers�remittances to Mexico. We show that the model

matches qualitatively the cyclical dynamics of both indicators.

Restricting immigration dampens the adjustment in the stock of established immigrant labor during

expansions and recessions in the destination economy, and thus enhances the volatility of the native

unskilled wage and remittances. The welfare analysis shows that the overall gain from unskilled

immigration for the destination economy increases when the share of skilled in the total native labor is

large. The quantitative analysis also suggests that immigration policies that dampen the adjustment

of the stock of immigrant labor over the business cycle can lead to further welfare losses. This

�nding suggests that immigration policies that are �exible to adjustments based on market signals

may be bene�cial for the destination economy. Finally, although we acknowledge the importance of

the migration of skilled labor, we do not model it in this paper. Future research should explore all of

these issues.
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A Financial Integration

We introduce �nancial integration in a version of the baseline model of immigration. International

asset markets are incomplete, as the representative household in each economy holds risk-free, country-

speci�c bonds from both Home and Foreign. Each type of bonds provides a real return denominated

in units of the issuer�s consumption basket. Quadratic costs of adjustment for bond holdings ensure

the stationarity of net foreign assets. The in�nitely-lived representative agent maximizes the inter-

temporal utility subject to the constraint:

ws;tLs;t + wu;tLu;t + rtKt +
�
1 + rbt

�
Bh;t +

�
1 + rb�t

�
QtBf;t + Tt (22)

> Ct + It +Bh;t+1 +
�

2
(Bh;t+1)

2 +QtBf;t+1 +
�

2
Qt (Bf;t+1)

2 ;

where rt is the gross rental rate of capital in Home; rbt and r
b�
t are the rates of return of the home and

foreign bonds; (1 + rbt )Bh;t and (1 + rb�t )QtBf;t are the principal and interest income from holdings

of the home and foreign bonds; �2 (Bh;t+1)
2 and �

2 (Bf;t+1)
2 are the costs of adjusting holdings of the

home and foreign bonds, respectively; Tt is is the fee rebate.25 We add the two Euler equations for

bonds to the baseline model:

1 + �Bh;t+1 = �(1 + rbt+1)Et

�
&t+1
&t

�
and 1 + �Bf;t+1 = �(1 + rb�t+1)Et

�
Qt+1
Qt

&t+1
&t

�
: (23)

With trade in bonds, the budget constraint of the foreign household becomes:

w�t (L
�
t � Li;t) + wi;tQ�1t Li;t + r

�
tK

�
t +

�
1 + rbt

�
B�h;tQ

�1
t +

�
1 + rb�t

�
B�f;t + T

�
t (24)

> C�t + fewi;tQ
�1
t Le;t +K

�
t+1 +B

�
h;t+1Q

�1
t +

�

2

�
B�h;t+1

�2
Q�1t +B�f;t+1 +

�

2

�
B�f;t+1

�2
;

and the corresponding Euler equations for bonds are:

1 + �B�h;t+1 = �(1 + rbt+1)Et

�
Qt
Qt+1

&�t+1
&�t

�
and 1 + �B�f;t+1 = �(1 + rb�t+1)Et

�
&�t+1
&�t

�
: (25)

The market clearing conditions for bonds are:

Bh;t+1 +B
�
h;t+1 = 0 and Bf;t+1 +B

�
f;t+1 = 0: (26)

25The cost parameter � is necessary to avoid non-stationarity of the stock of liabilities, but is set close to zero (0.0025)
to avoid altering the high-frequency dynamics of the model.
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Thus, �nancial integration through trade in country-speci�c bonds adds 6 variables (Bh;t; Bf;t; B�h;t;

B�f;t; r
b
t and r

b�
t ) and 6 equations (23, 25, and 26) to the baseline model with �nancial autarky.

Trade Balance and Remittances Under �nancial integration, we replace the balanced current

account condition from the model with �nancial autarky (TBt � Qt�t = 0) with the expression for

the balance of international payments:

(ph;tY
�
h;t � pf;tQtYf;t) + (rbtBh;t + rb�t QtBf;t)�Qt�t = (Bh;t+1 �Bh;t) +Qt (Bf;t+1 �Bf;t) (27)

which shows that the current account balance (i.e. the trade balance plus �nancial investment income

minus remittances) must equal the negative of the �nancial account balance (i.e. the change in bond

holdings).26

B Altruistic Remittances

Following Acosta et al. (2009), we assume that established immigrants have limited information

regarding capital accumulation, investment in emigration, and labor force participation in the country

of origin every period, variables which are chosen by household members residing in Foreign. We

also assume that the amount of remittances is determined one period in advance, and is based solely

on a forecast of the immigrant wage in Home and the resident wage in Foreign, which is the only

information available to support workers�decision to remit.

Our premise is that immigrant workers (remitters) know the structure of the Foreign economy

absent business cycle �uctuations (which are triggered by temporary shocks). Consequently, in steady

state, foreign household members residing in either Home or Foreign enjoy the same amount of con-

sumption per unit of labor, which is equal to �C�=�L�: Thus, for any immigrant worker j; the steady-state

amount of remittances
�
��
�
is equal to the di¤erence between the immigrant wage and immigrant con-

sumption (expressed in units of the composite good in Home): �Q�� = �wi �
�C� �Q
L� :

Over the business cycle, worker j�s decision to send remittances �j;t is formed at period t � 1,

and depends on the relative wage forecast computed one period in advance, denoted Ej;t�1
n
wi;t
w�t

o
:

We assume that remittances represent an altruistic compensation mechanism between foreign workers

residing in Home and Foreign. Thus, in addition to the steady-state level of average remittances ��,

worker j remits an extra lump-sum amount � if the forecast is Ej;t�1
n
wi;t
w�t

o
> �wi

�w� , so that �j;t =
��+ �.

26See the technical appendix (available online) for estimation results with this extended model setup.
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A relative wage forecast above the steady-state ratio signals relative economic hardship for household

members residing in Foreign, and triggers worker j�s decision to remit the extra funds. For symmetry,

a relative wage forecast below the steady state results in remittances equal to �j;t = �� � �:

Following Acosta et al. (2009), we also assume that immigrant worker j bases the relative wage

forecast on a noisy signal that is worker-speci�c: Ej;t�1
n
wi;t
w�t

o
= #j;t�1

�
wi;t
w�t

�
; where #j;t�1 is a

random variable drawn from a common uniform distribution U(#j;t�1) with support on the intervalh
1� 
ft ; 1 + 


f
t

i
; with 0 < 
ft < 1. From this speci�cation, we have that E f#j;t�1g = 1; on average,

immigrant workers correctly predict the value of future relative wages.

We de�ne a threshold value of the forecast signal, ~#j;t�1, so that ~#j;t�1
wi;t
w�t

= �wi
�w� : Remittances will

be above their steady-state level, �j;t > ��; every time remitter j gets a random variable realization above

this threshold, #j;t�1 > ~#j;t�1: This property implies a decreasing monotonic relationship between

the threshold realization and the actual wage ratio at the time remittances are received: ~#i;t�1 =

~#i;t�1(
wi;t
w�t
); where ~#0(wi;tw�t

) < 0:

The proportion of immigrant workers that send the extra lump-sum amount of remittances every

period is given by: Pr
n
#j;t�1 > ~#j;t�1

o
= 1 �

~#j;t�1�1+

f
t

2
ft
. This establishes a decreasing monotonic

relationship between average remittances and the threshold value of the forecast signal, so that

�t =
R
�j;tu(j)dj = �(~#i;t�1); where �0(~#i;t�1) < 0: The presence of a continuum of immigrant workers

guarantees the di¤erentiability of �t. Finally, model symmetry guarantees a stationary equilibrium

where �t = ��: In essence, the model with heterogeneous remitters presented in this appendix is isomor-

phic to the one considered in the paper, in which identical immigrant workers send average remittances

equal to �t:

Using the equations above, we can express remittances per worker as an increasing function of

relative wages for any given value of 
ft = 

f , so that �t =  (

wi;t
w�t
) with  0(wi;tw�t

) > 0. Thus, we write

average remittances as illustrated in equation (21) in the paper: �t = %
�
wi;t
w�t

�'
��; where ' > 0 is

the elasticity of average remittances with respect to relative wages. The elasticity ' depends on the

amount of lump-sum funds, �; and thus characterizes the thrust of the altruistic motive. It also varies

with 
ft ; which we interpret as a measure of uncertainty. This link between ' and 

f
t is underpinned

by the second di¤erential, @2 Prfg
@ ~#@
ft

= 1

2(
ft )
2
> 0. The intuition is that average remittances are less

sensitive to changes in the wage ratio under higher uncertainty about the reliability of the forecast

Et�1
n
wi;t
w�t

o
:
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Table 1: Calibrated parameters

Parameter Description Value Parameter/St. State Description Value
� D is c o u n t fa c t o r 0:99 � C a p i t a l s h a r e in p r o d u c t io n 0:33
� D ep r e c ia t io n r a t e o f c a p i t a l 0:025 �l R e tu rn p r o b a b i l i ty o f im m ig r a n t la b o r 0:07

! (!�) H om e b ia s in H om e (Fo r e ig n ) 0:85 (0:75) s S h a r e o f s k i l l e d w o r k e r s in h om e la b o r fo r c e 0:92

Table 2: Summary of the prior and posterior distributions of the estimated parameters

Prior distribution Posterior distribution
Description Name Density Mean Std Dev Sd (Hess) Mode Mean 5% 95%

S h a r e o f u n s k i l l e d in o u t p u t  Gamma 0.055 0.01 0.0086 0.0674 0.0673 0.0532 0.0810
E la s t . o f s u b s t . (K , u n s k i l l e d ) . � Beta 0.95 0.015 0.0180 0.9448 0.9404 0.9123 0.9697
E la s t . o f s u b s t . (K , s k i l l e d ) � Beta 0.85 0.015 0.0092 0.9095 0.9076 0.8928 0.9230
P ro d u c t . o f n a t iv e s k i l l e d � Gamma 6.2 0.75 0.7753 7.4039 7.3981 6.1061 8.6482
S u n k em ig r a t io n c o s t fe Gamma 3.8 0.35 0.2735 5.5893 5.5225 5.0775 5.9767
In v e r s e e la s t . o f l a b o r s u p p ly  Gamma 1 0.2 0.2472 1.7686 1.8691 1.4605 2.2670
E la s t . o f s u b s t i t u t io n , g o o d s � Gamma 1.5 0.3 0.2632 2.3735 2.2917 1.8610 2.7061
E la s t . o f r em it t a n c e s t o w a g e s ' Gamma 0.99 0.1 0.0985 0.9746 0.9828 0.8199 1.1427
N eu t r a l t e ch . s h o ck (H ) �a Beta 0.75 0.1 0.0233 0.9505 0.9418 0.9051 0.9792
N eu t r a l t e ch . s h o ck (F ) �a� Beta 0.75 0.1 0.0424 0.9789 0.9341 0.8721 0.9938
D is c o u n t fa c t o r s h o ck (H ) �b Beta 0.5 0.05 0.0387 0.6541 0.6562 0.5923 0.7202
In v e s t . t e ch . s h o ck (H ) �i Beta 0.5 0.05 0.0270 0.7655 0.7482 0.7111 0.7902
D is c o u n t fa c t o r s h o ck (F ) �b� Beta 0.5 0.05 0.0247 0.7565 0.7491 0.7159 0.7902
In v e s t . t e ch . s h o ck (F ) �i� Beta 0.5 0.05 0.0374 0.6343 0.6371 0.5759 0.6985
B o rd e r e n fo r c em e n t s h o ck �fe Beta 0.75 0.1 0.0031 0.9958 0.9940 0.9896 0.9986
N eu t r a l t e ch . s h o ck (H ) �a Inv gamma 0.01 2* 0.0005 0.0065 0.0066 0.0058 0.0074
N eu t r a l t e ch . s h o ck (F ) �a� Inv gamma 0.01 2* 0.0013 0.0176 0.0178 0.0156 0.0199
D is c o u n t fa c t o r s h o ck (H ) �b Inv gamma 0.01 2* 0.0031 0.0390 0.0402 0.0352 0.0454
In v e s t . t e ch . s h o ck (H ) �i Inv gamma 0.01 2* 0.0025 0.0316 0.0327 0.0285 0.0367
D is c o u n t fa c t o r s h o ck (F ) �b� Inv gamma 0.01 2* 0.0033 0.0282 0.0312 0.0258 0.0365
In v e s t . t e ch . s h o ck (F ) �i� Inv gamma 0.01 2* 0.0023 0.0172 0.0188 0.0150 0.0225
B o rd e r e n fo r c em e n t s h o ck �fe Inv gamma 0.01 2* 0.0037 0.0510 0.0515 0.0454 0.0574

Notes: For the Inverted gamma function the degrees of freedom are indicated. Results are based on 500,000 simulations
of the Metropolis-Hastings algorithm.

Table 3: Unconditional moments for Mexico and the U.S.

Variable (growth) St. dev. Autocorr. Corr with GDPUS

Q�GDPMex
Corr with GDPUS Corr with Q �GDPMex

Apprehensions 12:52 �0:07 0:13 0:03 �0:13
Remittances 7:07 �0:08 0:61 0:09 �0:61
Border enforcement 5:18 0:46 �0:04 0:05 0:01

Note: Variables were transformed in � ln (and thus expressed in growth rates). The sample period for border enforcement
and apprehensions is 1980:2 to 2004:3. For workers�s remittances, the sample period is 1995:2 to 2006:3.
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Table 4: Unconditional moments for the estimated benchmark model

Variable (growth) St. dev. Autocorr. Corr with GDPh
Q�GDPf Corr with GDPh Corr with Q �GDP f

Migration �ows 17:57
(13:37=22:27)

�0:15
(�0:18=�0:10)

0:27
(0:22=0:30)

�0:03
(�0:10=0:02)

�0:32
(�0:36=�0:27)

Remittances 1:83
(1:61=2:04)

0:06
(�0:02=0:18)

0:57
(0:43=0:72)

0:42
(0:31=0:52)

�0:22
(�0:42=�0:06)

Border enforcement 5:18
(4:67=5:70)

0:00
(�0:01=0:00)

�0:04
(�0:05=�0:02)

0:01
(0:00=0:01)

0:05
(0:03=0:06)

Note: We report the median from the simulated distribution of moments using the samples generated with parameters
draws of the posterior distribution. The 5th and 95th percentiles are included. See additional details in Table 3.

Table 5: Counterfactual moments with di¤erent levels of border enforcement

Variable (growth rate) Corr with GDPh
Q�GDPf Corr with GDPh Corr with Q �GDP f

fe = 6

Migration �ows 0.27 0.01 -0.30
Remittances 0.52 0.35 -0.22
Border enforcement -0.02 0.01 0.03
fe = 1

Migration �ows 0.51 0.29 -0.30
Remittances 0.50 0.51 -0.09
Border enforcemt -0.01 0.00 0.02

Note: We simulate the model using the posterior median of the estimated parameters, with the exception of the parameter
characterizing the steady-state level of border enforcement (fe). See additional details in Table 3.

Table 6: Welfare gain/loss of switching from fe = 5:52

Low share of native unskilled High share of native unskilled
No shocks Shocks No shocks Shocks

to fe = 1 +3.63% +4.36% +1.01% +0.06%
to fe = 6 -0.52% -0.67% 0% +0.58%

Note: The table shows the welfare gain/loss expressed as a percentage of the steady-state stream of expected consumption
in Home when switching from the estimated sunk cost parameter (fe = 5:52) to either a low sunk cost (fe = 1) or high sunk
cost (fe = 6) regime. We consider two alternative scenarios, in which the share of the native unskilled labor is either low (8
percent) or high (25 percent)
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Figure 1. Border apprehensions and the U.S.-Mexico GDP ratio 
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Note: Border apprehensions and the GDP ratio are seasonally adjusted and de-trended with a cubic trend. The U.S.-Mexico GDP 
ratio is computed as the ratio between (1) the U.S. real GDP (2) the real Mexican GDP multiplied by the bilateral real exchange rate.  

 
 
Figure 2. Remittances, the U.S.-Mexico GDP ratio, and the U.S.-Mexico unskilled wage ratio 
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Note: Remittances are expressed in Mexican pesos at constant prices. The U.S.-Mexico wage ratio is computed as the ratio between  
(1) the U.S. real unskilled wage and (2) the maquiladora real wage in Mexico multiplied by the bilateral real exchange rate.  See additional 
notes to Figure 1.  
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Figure 3. Data and predicted values from the model 
 

 

1980:4 1983:1 1985:3 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1
-0.04

-0.02

0

0.02

Home(US) Output

 

 

Model prediction

Data

1980:4 1983:1 1985:1 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1
-0.02

-0.01

0

0.01

0.02

Home(US) Consumption

1980:4 1983:1 1985:3 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1
-0.1

0

0.1

0.2

0.3

Home(US) Investment
1980:4 1983:1 1985:3 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:

-0.1

-0.05

0

0.05

0.1

Foreign(Mex) Output

1980:4 1983:1 1985:3 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1
-0.1

-0.05

0

0.05

0.1

Foreign(Mex) Consumption
1980:4 1983:1 1985:3 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1

-0.4

-0.2

0

0.2

0.4

Foreign(Mex) Investment

1980:4 1983:1 1985:1 1988:1 1990:3 1993:1 1995:3 1998:1 2000:3 2003:1
-0.2

-0.1

0

0.1

0.2

Border Enforcement (hours)
 

 
Note: Data (solid line) and benchmark model’s Kalman filtered one-sided predicted values (dashed line). Variables are transformed in 
Δln, and thus measured in growth rates.  
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Figure 4. Autocovariance functions 
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Note: The vector auto-covariance function is computed by estimating an unrestricted VAR (1) model with an uninformative prior for 
the variables plotted. The thin solid line refers to the median vector auto-covariance function, and the dotted lines represent the 2.5 
and 97.5 percentiles. The thick solid line refers to the actual data.  

 
 

Figure 5. Impulse response to an increase in border enforcement 
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Note: The solid line is the median impulse response to a border enforcement shock (one standard deviation). The dashed lines are the 
10 and 90 percent posterior intervals. We express the impulse responses as level deviations from steady-state. 
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Figure 6. Impulse responses to a positive neutral technology shock in Home, low vs. high sunk emigration cost 
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Note: Impulse response to a positive neutral technology shock at the median of the estimated parameters with the exception of fe 
(which we set as fe =1 for low border enforcement, and fe =6 for high border enforcement). For model comparisons, we express the 
impulse responses as percentage deviations from steady-state.  In each case, we plot the impulse responses to a 1% increase in neutral 
technology in Home. 

 
 
Figure 7. Impulse responses to a positive neutral technology shock in Home, financial autarky vs. integration 
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Note: Impulse responses to a positive neutral technology shock at the median of the estimated parameters, expressed as percentage 
deviations from steady-state. 
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Figure 8. Forecast error variance decompositions 
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Note: Forecast variance decomposition at the posterior mode. We include the seven observables in the measurement set, remittances 
and migration flows.  Forecast horizons: Q1, Q4, Q16 and Q40.  Technology shocks include both neutral and investment-specific 
shocks.   
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Figure 9. Historical decomposition 
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Immigration, Remittances and Business Cycles

Technical Appendix and Additional Results

Federico Mandelman and Andrei Zlate1

June 2010

In this appendix, we present the model derivation and provide technical details on the Bayesian es-

timation. We include: (A) The derivation of the asymmetric steady state of the model; (B) Description

of the data and its sources, the estimation methodology, and the Kalman smoothing procedure; (C)

Sensitivity analysis, as we estimate the benchmark model with linearly detrended data (rather than

the data in deviations from a cubic trend), and also the alternative model with international bond

trading; (D) We plot the prior and posterior densities of the parameters of the benchmark model;

the median impulse responses to each of the model shocks, including the 10 and 90 percent poste-

rior intervals; and the Markov Chain Monte Carlo (MCMC) univariate and multivariate convergence

diagnostics.

A Derivation of the Asymmetric Steady State

In this appendix, variables without time subscripts represent steady-state values. We calibrate the

steady-state values of labor ls = Ls=s = 0:5, lu = Lu=(1 � s) = 0:5 and L� = 0:5, and compute the

corresponding weights on the disutility from labor �s, �u, and ��. Using the Euler equations, we

obtain the rental rate of capital net of depreciation as er = er� = (1� �) =�:2 From the rule of motion

of the stock of capital we get I = �K and I� = �K�. From the rule of motion of the stock of immigrant

labor it follows that Le = [�l=(1� �l)]Li.
1Beyond the usual disclaimer, we must note that any views in this paper are solely the responsibility of the authors

and should not be interpreted as re�ecting the views of the Federal Reserve Bank of Atlanta, the Board of Governors of
the Federal Reserve System or of any other person associated with the Federal Reserve System.

2Note that in the model described in Section 2 of the main paper we use the gross rental rate of capital that includes
depreciation, rt = ert + � and r�t = er�t + �.
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The Foreign Economy Using the Cobb-Douglas production function eYf = (K�)�
�
�
L�f

�1���
,

it follows that:

pf
@ eYf
@K� = pf�

�
eYf
K� = er� + �; (1)

K� =

 eYf
K�

! 1
���1

L�f =

�er� + �
��pf

� 1
���1

L�f (2)

eYf =
 eYf
K�

!
K� =

�er� + �
��pf

� ��
���1

L�f ; (3)

pf
@ eYf
@L�f

= pf (1� ��)
eYf
L�f

= (pf )
1

1��� (1� ��)
�er� + �

��

� ��
���1

= w�: (4)

The Home Economy We solve the steady state for Home numerically using a system of eight

non-linear equations (5, 6, 9-18 below) in eight unknowns (eYh, K, Li, Y �h , Yf , ph, pf , Q), as follows:
Equations 1-2: In steady state, output and the marginal product of capital are:

�eYh� ��1� = 
1
� (Li + Lu)

��1
� + (1� )

1
�

h
�
1
�K

��1
� + (1� �)

1
� (�Ls)

��1
�

i �
��1

��1
�
; (5)

er + � = ph (1� )
1
� �

1
�

�eYh� 1� h� 1
�K

��1
� + (1� �)

1
� (�Ls)

��1
�

i ���
(��1)�

K
� 1
� : (6)

Equation 3: Using the steady-state expression for the net present value of the gains from emi-

gration, feQ�1wi =
�(1��l)
1��(1��l)d, we obtain:

d � Q�1wi � w� =
1� �(1� �l)
�(1� �l)

feQ
�1wi: (7)

As a result, the steady-state ratio between the immigrant wage in Home and the wage in the country

of origin, expressed in units of the home consumption basket, is:


 � wi
w�Q

=

�
1� 1� �(1� �l)

�(1� �l)
fe

��1
: (8)

Note that when fe = 0, it follows that 
 = 1. In other words, when the sunk emigration cost is zero,

labor migration will take place up the the point at which, in equilibrium, the immigrant wage is equal

to the wage in the country of origin.
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Next, we insert wi = ph
@ eYh
@Li

and w� = pf
@ eYh
@L� into equation 8 to obtain:

ph

 


eYh
Li + Lu

! 1
�

| {z }
wi

= 
(pf )
1

1��� (1� ��)
�er� + �

��

� ��
���1

| {z }
w�

Q; (9)

Equation 4: The balanced current account condition implies:

phY
�
h = pfQYf + Liph

 


eYh
Li + Lu

! 1
�

| {z }
wi

� Li
L�
C�Q; (10)

in which we use:

C� =
L�

L� � Li

�
Y � � �K� � fewi

Le
Q

�
; (11)

Y � =

�
!
� 1
�

�eYf � Yf���1� + (1� !�)
1
� (Y �h )

��1
�

� �
��1

; (12)

eYf = �er� + �
��pf

� ��
���1

(L� � Li) ; (13)

K� =

�er� + �
��pf

� 1
���1

(L� � Li) : (14)

Equations 5-6: We write the demand ratios for the two intermediate goods in each economy as:

eYh � Y �h
Yf

=
!

1� !

�
ph
pfQ

���
; (15)

eYf � Yf
Y �h

=
!�

1� !�

�
pfQ

ph

����
: (16)

Equations 7-8: The price indexes for the composite good of each country are:

1 = ! (ph)
1�� + (1� !)(pfQ)1��; (17)

1 = !� (pf )
1��� + (1� !�)

�
ph
Q

�1���
: (18)

Next we use the steady-state values for eYh, K, Li, Y �h , Yf , ph, pf , and Q computed above to obtain
solutions for the rest of the variables. The equations above provide the solutions for wi = wu, Le and

d in Home, and for eYf , w�, C�, Y �, K� in Foreign. The remaining variables for Home are:
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Yh = eYh � Y �h (19)

Y =
h
!
1
� (Yh)

��1
� + (1� !)

1
� (Yf )

��1
�

i �
��1

; (20)

ws = ph (1� )
1
� (1� �)

1
�

�
~Yh

� 1
�
h
�
1
� (Kt)

��1
� + (1� �)

1
� (�Ls;t)

��1
�

i ���
(��1)�

(Ls)
� 1
� ; (21)

cs =

�
s+ (1� s)(1� �)

�

��1�
Y � �K � Li

L�
C�Q

�
; (22)

cu = cs
(1� �)
�

: (23)

The remaining variables for Foreign are L�f = L� � Li and Y �f = eYf � Yf . Finally, the weights on

the disutility from labor are �s = ws
(ls)

 cs
, �u = wu

(lu)
 cu

and �s = w�

(L�) C�
.

Financial Integration In the extended model with international bond trading described above,

we use 1+�Bh = �(1+ rb), 1+�B�h = ��(1+ rb) and Bh+B�h = 0 in Home to obtain r
b = (1� �) =�

and Bh = �B�h = 0: Similarly for Foreign, using that 1+�Bf = �(1+ rb�), 1+�B�f = ��(1+ rb�) and

Bf +B
�
f = 0; it also follows that r

b� = (1� �) =� = rb and Bf = �B�f = 0:

Finally, the balanced current account condition (10) is replaced by the following expression for the

balance of international payments in steady state:

phY
�
h � pfYfQ�

�
wiLi �

Li
L�
C�Q

�
| {z }

Remittances

+ rbBh + r
b�QBf = 0: (24)

The steady-state solutions for all other variables are the same as under �nancial autarky.

B The Bayesian Estimation

B.1 Data Sources

Macroeconomic data on real output, consumption and investment is provided by the Bureau of Eco-

nomic Analysis (for the U.S.) and INEGI (for Mexico) through Haver Analytics. Data on apprehensions

at the U.S.-Mexico border and the number of hours spent by the U.S. Border Patrol on policing the

border is provided by the U.S. Immigration and Naturalization Service, and made available on Gor-

don Hanson�s website ("border linewatch apprehensions" and "border linewatch enforcement hours").

Data on workers� remittances in nominal U.S. dollars is provided by the Bank of Mexico through

43



Technical Appendix

Haver Analytics. We convert remittances in real dollars using the U.S. CPI index, and then in real

Mexican pesos using the U.S.-Mexico bilateral real exchange (obtained from the IMF�s International

Financial Statistics). The U.S. Census Bureau�s Current Population Survey (CPS) is the source for

hours worked and hourly wages (in nominal dollars) for the U.S. skilled and unskilled workers. We

used monthly data for total hours worked in the last week of every month, weekly earnings before

deductions, and earnings weights by educational attainment. Data on hours worked and hourly wages

for Mexico�s maquiladora sector (in nominal pesos) is provided by INEGI; we compute the hourly

wage in nominal pesos using the monthly series on total remunerations, total number of workers, and

hours per worker. In order to compute the U.S. unskilled-Mexico maquiladora wage ratio, we convert

the maquiladora wage in U.S. dollars using the nominal exchange rate. We seasonally adjust the data

with the X-12 ARIMA method of the U.S. Census Bureau.

B.2 Estimation Methodology

In this section we brie�y explain the estimation approach used in this paper. A more detailed de-

scription of the method can be found in Lubik and Schorfheide (2005), Justiniano and Preston (2010),

and Schorfheide (2000) among others. Let�s de�ne � as the parameter space of the DSGE model,

and zT = fztgTt=1 as the data series used in the estimation. From their joint probability distribution

P (zT ;�), we can derive a relationship between the marginal P (�) and the conditional distribution

P (zT j�); which is known as the Bayes theorem: P (�jzT ) / P (zT j�)P (�): The method updates the

a priori distribution using the likelihood contained in the data to obtain the conditional posterior

distribution of the structural parameters. The resulting posterior density P (�jzT ) is used to draw

statistical inference on the parameter space �. Combining the state-form representation implied by

the solution for the linear rational expectation model and the Kalman �lter, we can compute the likeli-

hood function. The likelihood and the prior permit a computation of the posterior that can be used as

the starting value of the random walk version of the Metropolis-Hastings (MH) algorithm, which is a

Monte Carlo method used to generate draws from the posterior distribution of the parameters. In this

case, the results reported are based on 500,000 draws following this algorithm. We choose a normal

jump distribution with covariance matrix equal to the Hessian of the posterior density evaluated at

the maximum. The scale factor is chosen in order to deliver an acceptance rate between 30 and 45

percent depending on the run of the algorithm. Measures of uncertainty follow from the percentiles of

the draws.
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B.3 Smoothing

The DSGE model can be written in a state-space representation as �t+1 = F�t+vt+1 and zt = H 0�t+wt,

in which �t is the vector of unobserved variables at date t, and zt is the vector of observables; shocks

vt and wt are uncorrelated, normally distributed, white noise vectors. The �rst expression is the state

equation and the second the is the observed equation.

Smoothing involves the estimation of �T = f�tgTt=1 conditional on the full data set zT used in the

estimation. The smoothed estimates are denoted �tjT = E(�tjzT ) and, as shown in Bauer et al. (2003),

can be written as:

�tjT = �tjt + PtjtF
0P�1t+1jt

�
�t+1jT � �t+1jt

�
; (25)

in which Pt+1jt = E(�t+1 � �t+1jt)(�t+1 � �t+1jt)
0 is the mean squared forecasting error associated

with the projection of �t+1 on zt and a constant, projection which is denoted as �t+1jt = E(�t+1jzt).

Using the Kalman Filter to calculate f�tgTt=1 ;
�
�t+1jt

	T�1
t=0

;
�
Ptjt
	T
t=1

and
�
Pt+1jt

	T�1
t=0

; the sequence

of smooth estimates
�
�tjT
	T
t=1

is determined from equation (25).

C Additional Results and Sensitivity Analysis

For robustness, in Table A1 we report the estimation results obtained for the benchmark model with

�nancial autarky using linearly detrended data. (In contrast, Table 2 in the main paper uses data

in percent deviations from a cubic trend.) Table A2 reports the estimation results for the model

with �nancial integration, using the data in deviations from a cubic trend. In Figure A1, we show

the prior (grey line), posterior density (black line) and mode from the numerical optimization of

the posterior kernel (dashed line) for the benchmark model. Figure A2 reports impulse responses to

all shocks (neutral technology, demand and investment in either Home or Foreign). We depict the

median response (solid lines) to a one standard deviation of the shocks, along with the 10 and 90

percent posterior intervals (dashed lines).

D Convergence Diagnostics

We monitor the convergence of iterative simulations with the methods described in Brooks and Gelman

(1998).
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General Univariate Diagnostics The empirical 80 percent interval for any given parameter,

%, is taken from each individual chain �rst. The interval is described by the 10 and 90 percent of the

n simulated draws. Then, m within-sequence interval length estimates are constructed. Next, a set

of mn observations, generated from all chains, is also used to calculate the 80% interval, and a total-

sequence interval length estimate is obtained, so that R̂interval =
length of total-sequence interval

mean length of the within-sequence interval

can be evaluated: Convergence is approached when the numerator and denominator coincide (i.e.

R̂! 1):

It is also possible to compute non interval-based alternatives, which we report for robustness.

The numerator and denominator in the expression above is replaced by an empirical estimate of the

central sth order moments calculated from all sequences together, and the mean sth order moment is

calculated from each individual sequence, so as to de�ne for every s: R̂s =
1

mn�1
Pm
j=1

Pn
t=1 j%jt��%::js

1
m(n�1)

Pm
j=1

Pn
t=1 j%jt��%j :js

:

In Figure A3, we plot the numerator and denominator from measures of R̂interval; R̂2; R̂3 for each of

the parameters estimated: The scale used for drawing the initial value of the MH chain is twice that

of the jumping distribution in the MH algorithm. As it is observed, convergence is achieved before

100,000 iterations (we use �ve parallel chains).

Multivariate extensions In this case, we rede�ne % as a a vector parameter based upon ob-

servations %(i)jt denoting the ith element of the parameter vector in chain j at time t: The direct

analogue of univariate approach in higher dimensions is to estimate the posterior variance-covariance

matrix as: V̂ = n�1
n W + (1 + 1

m)B=n; where W = 1
m(n�1)

Pm
j=1

Pn
t=1(%jt � �%j :)(%jt � �%j :)

0 and

B=n = 1
m�1

Pm
j=1(�%j: � �%::)(�%j: � �%::)

0: It is possible to summarize the distance between V̂ and W

with a scalar measure that should approach 1 (from above) as convergence is achieved, given suitably

overdispersed starting points. We can monitor both V̂ and W; determining convergence when any

rotationally invariant distance measure between the two matrices indicates that they are su¢ ciently

close. In Figure A4, we report measures of this aggregate.3 Convergence is achieved before 100,000

iterations.4

3Note that, for instance, the interval-based diagnostic in the univariate case becomes now a comparison of volumes of
total and within-chain convex hulls. Brooks and Gelman (1998) propose to calculate for each chain the volume within
80%, say, of the points in the sample and compare the mean of these with the volume from 80% percent of the observations
from all samples together.

4As a sensitivity analysis, we calculate the same measure when increasing the scale used in drawing the initial value
by 25, 100 and 150 percent respectively (so as to draw values from a su¢ ciently stretched out distribution). Convergence
is achieved before 200,000 iterations. The convergence diagnostic charts are available upon request.
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Table A1: Summary statistics for the benchmark model with �nancial autarky

estimated with linearly detrended data

Prior distribution Posterior distribution

Description Name Density Mean Std Dev Sd (Hess) Mode Mean 5% 95%

Share of unsk illed in output  Gamma 0.055 0.01 0.0073 0.0463 0.0548 0.0435 0.0667

Elast. o f subst. (K , unskilled). � Beta 0.95 0.015 0.0160 0.9584 0.9438 0.9194 0.9711

Elast. o f subst. (K , sk illed) � Beta 0.85 0.015 0.0095 0.8894 0.9051 0.8894 0.9204

Product. o f native sk illed � Gamma 6.2 0.75 0.7442 6.2091 6.7725 5.6067 8.0518

Sunk em igration cost fe Gamma 3.8 0.35 0.2419 3.7831 6.0988 5.7650 6.4663

Inverse elast. o f lab or supply  Gamma 1 0.2 0.2415 1.1223 2.1114 1.7127 2.5006

Elast. o f substitution , goods � Gamma 1.5 0.3 0.1819 1.5924 1.9022 1.6060 2.1894

Elast. o f rem ittances to wages ' Gamma 0.99 0.1 0.1005 0.9864 0.9860 0.8194 1.1454

Neutral tech . sho ck (H) �a Beta 0.75 0.1 0.0205 0.9837 0.9377 0.9056 0.9719

Neutral tech . sho ck (F) �a� Beta 0.75 0.1 0.0271 0.9482 0.9354 0.8937 0.9808

Discount factor sho ck (H) �b Beta 0.5 0.05 0.0310 0.6873 0.7118 0.6596 0.7613

Invest. tech . sho ck (H) �i Beta 0.5 0.05 0.0253 0.6871 0.7536 0.7183 0.7902

Discount factor sho ck (F) �b� Beta 0.5 0.05 0.0198 0.6280 0.7637 0.7369 0.7902

Invest. tech . sho ck (F) �i� Beta 0.5 0.05 0.0043 0.7902 0.7800 0.7734 0.7855

Border enforcem ent sho ck �fe Beta 0.75 0.1 0.0038 0.9807 0.9919 0.9863 0.9978

Neutral tech . sho ck (H) �a Inv gamma 0.01 2* 0.0004 0.0061 0.0065 0.0058 0.0072

Neutral tech . sho ck (F) �a� Inv gamma 0.01 2* 0.0014 0.0177 0.0178 0.0155 0.0198

Discount factor sho ck (H) �b Inv gamma 0.01 2* 0.0029 0.0446 0.0413 0.0364 0.0459

Invest. tech . sho ck (H) �i Inv gamma 0.01 2* 0.0026 0.0379 0.0348 0.0306 0.0392

Discount factor sho ck (F) �b� Inv gamma 0.01 2* 0.0043 0.0880 0.0456 0.0389 0.0530

Invest. tech . sho ck (F) �i� Inv gamma 0.01 2* 0.0032 0.0536 0.0284 0.0229 0.0332

Border enforcem ent sho ck �fe Inv gamma 0.01 2* 0.0041 0.0536 0.0553 0.0489 0.0621

Notes: For the Inverted gamma function the degrees of freedom are indicated.
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Table A2: Summary statistics for the alternative model with �nancial integration

estimated with cubic detrended data

Prior distribution Posterior distribution

Description Name Density Mean Std Dev Sd (Hess) Mode Mean 5% 95%

Share of unsk illed in output  Gamma 0.055 0.01 0.0094 0.0957 0.0960 0.0809 0.1109

Elast. o f subst. (K , unskilled). � Beta 0.95 0.015 0.0171 0.9456 0.9405 0.9138 0.9680

Elast. o f subst. (K , sk illed) � Beta 0.85 0.015 0.0107 0.8854 0.8864 0.8696 0.9042

Product. o f native sk illed � Gamma 6.2 0.75 0.5827 6.1874 5.9279 4.9515 6.8451

Sunk em igration cost fe Gamma 3.8 0.35 0.1625 6.4665 6.1006 5.8442 6.3897

Inverse elast. o f lab or supply  Gamma 1 0.2 0.1897 1.312 1.3295 1.0078 1.6277

Elast. o f substitution , goods � Gamma 1.5 0.3 0.1100 1.8934 1.8185 1.6443 2.0006

Elast. o f rem ittances to wages ' Gamma 0.99 0.1 0.0964 0.9608 0.9600 0.8003 1.109

Neutral tech . sho ck (H) �a Beta 0.75 0.1 0.0255 0.9602 0.9432 0.9051 0.9853

Neutral tech . sho ck (F) �a� Beta 0.75 0.1 0.0300 0.9815 0.9499 0.9042 0.9935

Discount factor sho ck (H) �b Beta 0.5 0.05 0.0400 0.6006 0.6148 0.5482 0.6807

Invest. tech . sho ck (H) �i Beta 0.5 0.05 0.0346 0.3757 0.3819 0.3230 0.4376

Discount factor sho ck (F) �b� Beta 0.5 0.05 0.0203 0.7834 0.7603 0.7312 0.7902

Invest. tech . sho ck (F) �i� Beta 0.5 0.05 0.0188 0.7816 0.7647 0.7386 0.7902

Border enforcem ent sho ck �fe Beta 0.75 0.1 0.0018 0.9973 0.9960 0.9935 0.9991

Neutral tech . sho ck (H) �a Inv gamma 0.01 2* 0.0005 0.0071 0.0073 0.0065 0.0082

Neutral tech . sho ck (F) �a� Inv gamma 0.01 2* 0.0012 0.0178 0.0179 0.0159 0.0200

Discount factor sho ck (H) �b Inv gamma 0.01 2* 0.0011 0.0116 0.0125 0.0107 0.0143

Invest. tech . sho ck (H) �i Inv gamma 0.01 2* 0.0007 0.0078 0.0086 0.0074 0.0098

Discount factor sho ck (F) �b� Inv gamma 0.01 2* 0.0021 0.0219 0.0238 0.0202 0.0270

Invest. tech . sho ck (F) �i� Inv gamma 0.01 2* 0.0009 0.0095 0.0103 0.0088 0.0117

Border enforcem ent sho ck �fe Inv gamma 0.01 2* 0.0038 0.0508 0.0520 0.0459 0.0582

Notes: For the Inverted gamma function the degrees of freedom are indicated.
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Figure A1. Prior and posterior distributions 
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Figure A1 (continuation). Prior and posterior distributions 
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Note: Benchmark Model. Results based on 500,000 draws of the Metropolis algorithm. Gray line: prior. Black line: posterior. Vertical 
dashed line: posterior mode (from the numerical optimization of the posterior kernel). 
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Figure A2. Impulse response functions to the model’s shocks 
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Figure A2 (continuation). Impulse response functions to the model’s shocks 
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Figure A2 (continuation). Impulse response functions to the model’s shocks 
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Note: The solid line is the median impulse response to one standard deviation of the shocks; the dotted lines are the 10 and 90 percent 
posterior intervals. 
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Figure A3. MCMC univariate convergence diagnostics 
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Figure A3 (continuation). MCMC univariate convergence diagnostics 
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Note: Univariate convergence diagnostics (Brooks and Gelman, 1998). The first, second and third columns are the criteria based on 
the eighty percent interval, the second and third moments, respectively. Univariate diagnostics for the shocks are available upon 
request. 
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Figure A4. MCMC multivariate convergence diagnostics  
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Note: Multivariate convergence diagnostics (Brooks and Gelman, 1998). The first, second and third graphs are the criteria based on 
the eighty percent interval, the second and third moments, respectively.  


