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Abstract

This paper constructs a model for the study of an optimal immigration policy from the native’s
perspective. Natives have preferences over redistributive transfers, a public good subject to
congestion, and over the level of family-based immigration. Border enforcement is costly. The
model derives conditions for an optimal immigration policy by balancing skill-based against
tamily-based immigration, equalizing the fiscal opportunity cost of unauthorized immigration with
the marginal cost of enforcement, and balancing the effects of immigration on transfers against
congestion effects on the public good. In calibrated versions of the model to the United States
experience, family-based immigration is not responsive to changes in parameters, while skill-based
immigration and unauthorized immigration are. The predictions of the model regarding the period
1994-2008 are consistent with immigration reform projects at the time that left family-based
immigration unchanged, increased skill-based permits, and devoted more resources to enforcement.

Keywords: Immigration policy, Optimal immigration, Unauthorized immigration, Family
migration, Skilled migration.
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1 Introduction

What does an optimal immigration policy look like? This question has received little attention in the
literature of immigration.1 Perhaps part of the explanation is that, as Chassamboulli and Peri (2020, p.
1) put it, “Economists have adopted, so far, rather simplified models to evaluate the consequences of
changing immigration policies on the national economy and labor markets. Usually they have analyzed the
consequences of a change in the number and in the composition of foreign-born as shifts in supply within a
neoclassical model.” Those carefully estimated models are clearly useful for many purposes, but they are not
designed to explain why certain immigration channels exist in the first place or what an optimal immigration

policy looks like.

To fill this gap, the current paper introduces a new model for the study of optimal immigration. This model
can explain the existence of two common immigration categories in the US, i.e., family-based immigration
and employment-based (skill-based immigration), as well as an unauthorized immigration channel. Together,
these channels represent the majority of the immigration flows to the US.?

One of the advantages of understanding these immigration categories is that the results of this study are to
some extent easier to relate to policy than if the model considered the “skilled” and “unskilled” immigration
groups typically studied. For example, the current framework could be used to study the implications of having
a more skill-based immigration system. Though many researchers (e.g. Borjas (2001)) and politicians have
argued in its favor in previous years, it is not clear how to accomplish such a policy when the majority of US
immigration permits are currently awarded to family-based immigrants. Does this translate into giving more
permits to skill-based immigration while not aftecting family-based? Or does it mean that permits available
for family-based immigration should be reduced? The current framework can offer a possible answer to this
and other policy-relevant questions.

In the model, the native majority optimally chooses quotas of skill-based and family-based immigrants as
well as the level of enforcement expenditure, which in turn helps to determine the equilibrium level of
unauthorized immigration. The type and quantity of allowed immigrants both affect the size of a transfer
available to all agents, as well as the amount of a public good subject to congestion in the host country. The
natives welfare depends on (i) the size of the transfer per person, (ii) the level of family-based immigration,
and (iii) the amount of the common resource available per person. There are three types of immigrant groups
trom which the host economy can choose whether and if so how many of them to allow into the country:

! Benhabib and Jovanovic (2012) and Guerreiro, Rebelo, and Teles (2020), whose papers are discussed in the next section, have both
addressed this question.

2 The US has historically (see American Immigration Council (2021) or Blau and Mackie (2017)) given most of its permanent
residence permits (approximately 80% each year) to immediate family members of natives, other family members (e.g. siblings),
and people with skills deemed desirable to the US economy— employment-based immigration. There are also permits for refugees,
some others with the objective of enhancing diversity,and of course a significant amount of unauthorized immigration that responds
to short- and long-run forces in the host and sending countries. According to the American Immigration Council (2021), there’s
no cap on visa permits for immediate family members (spouses, unmarried minor children, and parents), and there are at least
226,000 permits per year for other family members, subject to quotas by country. There are also visas for skill-based immigration
(approximately 140,000 for permanent worker applicants and their dependents), a variable number for refugees and asylees (a
number fluctuating between 43,000 in 1999 and 216,000 in 2006, with an average around 126,000/year) and a maximum number
of visas allotted for the diversity lottery of 62,500 permits (as of 2021).



skill-based immigrants, whose productivity is the highest among the different types; immigrants with family
ties to natives; and unauthorized or illegal immigrants who are able to evade or are not deterred by the
enforcement technology.

'The paper presents three conditions that jointly characterize optimal immigration. The first condition balances
skill-based with family-based immigration, where those in the former group are allowed into the country
because their fiscal contributions are larger than those of family-based immigrants, who provide utility from
reunification instead. The second condition balances the external effects on transfers against the congestion
externalities on the public good. The third condition dictates the optimal level of enforcement, obtained by
equating the fiscal opportunity cost of unauthorized immigrants, relative to the contributions of skill-based
immigrants, with the marginal cost of enforcement. These conditions are new in the literature.

This model is robust along several dimensions. The assumption of a social welfare function summarizes a
more elaborate political process where natives with heterogeneous preferences over the modeled issues can
be justified under probabilistic voting arguments (Lindbeck and Weibull (1987)) and is typically used in
analysis of optimal policies. The model considers both legal and illegal immigration as their fiscal effects are
different (e.g. Blau and Mackie (2017)). The fiscal constraint of the model with the enforcement technology
can be derived under closed- or open-economy interpretations, and the model can incorporate a second public
good that is produced under a constant returns to scale technology that is paid by tax revenue. For simplicity
of exposition, the extensions and alternative derivations are relegated to the Appendix (sections A.4 to A.7).

The model is calibrated for the period 1994-2008, a span also used by Guerreiro, Rebelo, and Teles (2020),
under two alternative assumptions. The baseline calibration assumes that observed immigration flows are
optimally determined by the host country, while an alternative calibration assumes that they are sub-optimal
due (for example) to a political constraint on skill-based immigration, something that could arise in the case
of the US if the current cap on the number of employment-based visas is too low. In either case, the analysis
reveals that family-based immigration is not responsive to economic or demographic shocks, other than
to changes in their productivity and therefore their fiscal contributions. In turn, unauthorized immigration
increases in response to a bigger supply of potential unauthorized immigrants or in response to increases in
the immigrants’ own productivity, among other effects.

The model in the baseline calibration uses skill-based immigration as a “shock-absorber”: additional
skill-based immigration helps ameliorate the detrimental fiscal effects from the lower productivity of
family-based or unauthorized immigrants, or in response to an increase in the supply of unauthorized
immigration. This is somewhat similar to Storesletten’s (2000) result, where selective immigration policies
(mostly skill-based immigration) can be used to sustain fiscal policies in the presence of fiscal imbalances.

In the model with constrained skill-based immigration, unauthorized immigration is not contained as much
as when skill-based immigration can increase. In this case, skill-based immigration becomes insensitive to
most economic and demographic factors, as opposed to decreasing when the productivity of unauthorized or
family-based immigrants increases, for example.

There are two particular forces that stand out during the period of consideration. First, the skill premium
increased during this period (see Acemoglu and Autor (2012)). Second, the flows of unauthorized
immigration to the US increased significantly relative to the previous two decades, going from about
225,000 new unauthorized immigrants in the 1980s (Smith and Edmonston (1997)) to about 500,000 new



unauthorized immigrants during the discussed period. This sustained increase in unauthorized immigration
coincided with nearly tripled government spending on enforcement, as measured by the border patrol budget
as a percentage of GDP. Higher enforcement expenditure and higher unauthorized immigration are predicted
effects of an increase in the supply of potential unauthorized immigrants.

Other facts about this period offer additional evidence of a bigger pool of potential unauthorized immigrants
responding to “pull” and “push” factors. First, the growth rate of income per capita in the US was larger than
the average for Latin America and Caribbean countries (30.4% vs 26.5%), the two main sending regions for
unauthorized immigrants. Likewise, during this period the unemployment rate in the US was approximately
3 percentage points lower than the average unemployment rate for the sending countries, while in the early
1990s the US unemployment was higher. Finally, the population growth rate of the 15-64 age-group grew
faster in the sending countries than in the US (31.3% vs 18.4%).

The model can be used to interpret the above effects given some assumptions about the quantification of
the pool of unauthorized immigrants, as this variable is not directly observable. The optimal response to both
changes is to significantly increase skill-based immigration, to keep family-based immigration approximately
unchanged, and to increase enforcement expenditure. Unauthorized immigration is affected in opposite
directions. Higher productivity among skilled-based immigrants would decrease it, while a higher supply
of potential unauthorized immigration would increase it. The second effect dominates and thus predicts an
increase in the flow of unauthorized immigration.

US immigration policy has established an annual cap of 140,000 permanent residence permits available for
employment-based immigration since 1990.3 But during the analyzed period there were several projects of
comprehensive immigration reform which would have given a much more important role to this type of
immigration and which perhaps for other political reasons none became law.* Those legislative proposals are
largely consistent with the predictions of the model as they didn't modify family-based immigration, added
a very significant increase in skill-based permits, in addition to addressing enforcement.

In light of the above discussion, the model in the baseline calibration can be an interpretation of “what policy
would natives prefer?” while the calibration under the stringent cap on skill-based immigration is a possible
interpretation of “what could explain what happened during this period?”

The paper is organized as follows. Section 2 places the paper in the literature. Section 3 discusses some of
the relevant history of immigration laws governing immigration in the US. Section 4 introduces the model,
characterizes the optimal immigration policies, and presents an analytic solution and its comparative statics.
Section 5 presents the two alternative calibrations for the US, depending on whether the immigration flows
are assumed to be optimal or suboptimal, performs some experiments, and analyzes the demand for US
immigration reform through the lens of the model. Section 6 presents some sensitivity analyses. Section 7
discusses some additional policy issues, then Section 8 concludes.

3 As discussed in Section 5.3, there were some temporary increases in the H1B visa program, which is associated with skill-based
immigration.
* There were important comprehensive immigration reform proposals in 2006, 2007 and 2012. These are discussed in section 5.3.



2 Related Literature

This paper is related to several strands in the literature. First, it is related to politico-economic models of
immigration where the equilibrium immigration policy is politically determined since immigration affects,
or interacts with, other economic issues. This literature includes studies by Haupt and Peters (1998) and
Sand and Razin (2007) on immigration and social security, work by Dolmas and Huffman (2004) as well
as the several models of Razin, Sadka, and Suwankiri (2011) on immigration and redistribution, research
by Ortega (2005) and Bohn and Lopez-Velasco (2018) on how immigration affects the current and future
skill-composition of the country, and work by Bohn and Lopez-Velasco (2019) on immigration policy when
immigrants have higher fertility rates. The current paper contributes to this strand by considering immigration
categories in line with those observed in the US and other countries, which illustrates new trade-offs and
which are relatively easier to relate to policy than other models in the literature.

The paper is also related to previous literature related to unauthorized immigration and enforcement. The
seminal paper is Ethier (1986), which analyzes this issue under a costly enforcement technology. Other
notable contributions to this literature include Bond and Chen (1987), which generalizes Ethier’s model
to two countries, and more recently Bandyopadhyaya and Pinto (2017), which generalizes these models
along several lines in order to investigate unauthorized immigration and the degree of decentralization in
immigration enforcement policies. The paper by Guzman, Haslag and Orrenius (2008) considers equilibrium
unauthorized immigration under an explicit smuggling technology. For empirical papers on this topic, please
see the references in Bandyopadhyaya and Pinto (2017). These and other papers in the literature obtain
results for unauthorized immigration while ignoring interactions with other types of immigration and thus
represent “optimal enforcement” policies. The present paper complements this literature by studying optimal
enforcement in the presence of the other immigration categories, where a difterent trade-oft is identified.

'The paper is also related to a relatively small literature that studies the economic outcomes of family-based
immigration. This topic has not received much attention, perhaps because typical datasets do not distinguish
the type of entry permit that immigrants used (OECD (2017)), even though the majority of permits in the
US and other developed countries are for family-based immigration. One of the few papers in this literature
is Aydemir (2011), which finds that labor-based immigration using the point system in Canada leads to
selecting immigrants with much higher skill levels than those under family preferences. The OECD (2017,
p- 9) reports that “the few available studies show that the outcomes of family migrants are less favorable
than those of labour migrants.” Finally, the paper by Chassamboulli and Peri (2020) models family-based
immigration, in addition to employment-based and unauthorized immigration, with a search-matching
model that allows the authors to analyze realistic policy changes on the equilibrium immigration of the
different types. The current paper is informed by this literature and complements it by constructing a model
that can theoretically explain the demand for family-based immigration and its trade-ofts with skill-based
immigration.

Very few papers have considered what an optimal immigration policy looks like— in fact, only two other
studies have formally defined this question with the rigor of an economic model. The first one is by Benhabib
and Jovanovic (2012), who derive optimal immigration policies at the world level. Their modeling strategy
differs from the current paper as it is focused on the optimal distribution of the world population. The other
paper, Guerreiro, Rebelo, and Teles (2020), studies optimal immigration from the natives’ perspectives in the



presence of both an optimal redistributive welfare system and external effects of immigration. The current
paper has similarities to these papers, as it considers a static model and maximizes a social welfare function, but
it addresses different questions in an effort to understand all three categories of immigration (family-based,
skill-based, and unauthorized), as well as their interdependence in the optimal policy.

One of the contributions of this paper is to offer an answer as to why a country would design an immigration
system along the lines of the US system and which is also a staple of many other countries (OECD (2017)).
'This is done by constructing a model that is calibrated for the US experience.

Another contribution of this paper is to offer this model as an analytical framework for certain policy
questions, including the optimal response to certain economic and demographic changes. For example, should
family-based immigration be reduced from current levels? According to the model, it depends. If the net fiscal
contributions of family-based immigrants are reduced (say because exogenously, their productivity is lower or
their net fiscal contributions decrease), then the answer is yes, and at the same time the country should increase
skill-based immigration. But should family-based immigration decrease because of higher productivity of
skill-based immigrants? Or should it decrease because unauthorized immigration increases as a result of a
bigger supply of unauthorized immigrants? In both cases the answer is no: skill-based immigration should
be increased without affecting the family-based category. These type of questions would be harder to answer
if the model only considered skilled and unskilled categories. Furthermore, the model could be generalized
along several dimensions to consider other issues in the literature.

As many developed countries cannot choose new fiscal policies from scratch, since doing so would likely
require reneging on existing fiscal promises, the current model is suitable for the study of immigration reform
as a single political item, without considering significant changes to other instruments of fiscal policy—
similar to immigration reform projects presented in the US (see Section 5.3) in previous years.

3 ABrief History of US Immigration Policy

With few exceptions, immigration to the US was mostly unregulated prior to 1900. Starting in 1875 several
laws were passed that banned particular groups: polygamists, sick people, the Chinese and then Asians in
general, anarchists, and importers of prostitutes, among others. Then in 1921 the Emergency Quota Act was
passed, which instituted quota limits of 3% of the foreign-born population of any given nationality in the
1910 census, but which didn’t apply to countries in the Western Hemisphere. These quotas were revised to 2%
with reference to the 1890 census through the Immigration Act of 1924, which continued to bar immigration
from Asia. These efforts were put in place to support existing immigration patterns. The Labor Appropriation
Act, also passed in 1924, created the Border Patrol to address illegal immigration and smuggling.

In 1952, the quotas by origin were updated and new categories for skilled immigration and family
reunification were created. Then the 1965 Immigration and Nationality Act replaced the old nationality-quota
system with a system that favored family-reunification and immigrants with certain skills. Modern
immigration categories are in large part determined by this law.

Another significant piece of legislation was the 1986 Immigration Reform and Control Act, which was passed
in response to growing unauthorized immigration to the US and which provided a path for unauthorized
immigrants to legalize their status. It also legalized a total of 2.7 million previously unauthorized immigrants,



increased the tools for border enforcement, and provided for sanctions against employers who hired
undocumented workers (Wasem (2014)).

Current limits on annual permits are inherited from the Immigration Act of 1990, which established a cap
of 675,000 annual permits starting in 1995 (but provided a slightly larger number of 700,000 from 1992 to
1994). This number can be surpassed as there are no limits on immigration by immediate relatives of US
citizens, even while limiting immigration of the other categories.

For a more detailed summary of these laws, including smaller and more recent reforms like the Secure
Fence Act in 2006 and the Deferred Action for Childhood Arrivals - DACA in 2012, see Cohn (2015)
or the Migration Policy Institute (2013). For a detailed analysis of the unintended consequences of the 1965
Immigration and Nationality Act, see Massey and Pren (2012).

4 The Model

Let immigration quotas be defined as §; = %, where M; is the number of immigrants of type i = {S, F, U }
and N is the number of natives. Immigration type S represents skilled-based immigration, type F' represents
family-based immigration, and type U represents unauthorized immigration.

The fiscal side of the model is captured in a simple way by assuming that the government runs a balanced
budget where taxes on wages are used to pay transfers and the enforcement expenditure. All natives,
skill-based immigrants, and family-based immigrants pay an exogenously constant tax rate 7,with 0 < 7 < 1.
In the case of unauthorized immigrants, the government taxes a fraction 0 < A < 1 of their income and
thus they pay the tax rate A7 < 7. Collected taxes are used to pay for the cost of immigration enforcement,
defined in terms of cost-per-native as F, as well as to finance a transfer b to natives and all legal immigrants.
Unauthorized immigrants do not receive the full benefit b, but receive (b — 1), where 0 < 7 < b represents
some savings in transfers as unauthorized immigrants typically do not qualify for all benefits.”

'The equation summarizing these ideas is given by

T(w+ wplp + wshs + Mwy,0y,) =b(1+0p +605)+ (b—n)6, + E, 1

where w, wr, ws and w, are the wages of natives, family-based immigrants, skill-based immigrants, and
unauthorized immigrants, respectively.

Wages {w, wr, ws, w, } are assumed to be constant and not affected by the immigration flows, an assumption
that requires discussion. First, this is consistent with a long-run interpretation of the model where the labor
inputs are perfect substitutes for different levels of efficiency. In the long run, capital (if the model were to

> See Section 5 for an explanation of how unauthorized immigrants pay taxes (and which taxes they pay) in the US, as well as public
programs for which they are ineligible to apply.



include capital) adjusts so that wage effects due to a possible dilution of capital are zero, and the so-called
“immigration surplus” would also be zero. This is consistent with the empirical literature that finds mixed
evidence on the wage effects of immigration.6 Second, it is also consistent with the short run under a small
open economy interpretation with perfect substitution among the labor inputs.

Lastly, assuming imperfect substitution among the labor inputs can produce distributional effects of
immigration. But incorporating them into the model produces a different problem: it would imply that
immigrants permanently change the wage premiums, something inconsistent with the changing incentives of
a different wage premium in the long run (e.g., changing occupations or acquiring human capital in response
to wage effects). Because of these reasons and to keep the model tractable, the wage effects of immigration
are ignored.”

'The constraint (1) can be further simplified by rewriting it as

T (w4 wplp + wsbs + wiby,) =b(1 4+ 0p + 65+ 0,) + E, 2)

for an “adjusted” wage w, that captures both the taxes paid by the unauthorized immigrants as well as the
savings in transfers. The relationship between w? and w,, is therefore given by

= Awy + —. (3)

Depending on the parameters {\, 7, 7}, the adjusted wage w? can be higher or lower than the observed wage
of the unauthorized immigrants w,,. From (3), these concepts are equal when n = 7 (1 — A) wy,, which
corresponds to the case where the savings in transfers are the same size as the tax losses from unreported
income of unauthorized immigrants. Since most of the discussion is in terms of the adjusted wage w{, in
what follows w;l is simply referred to as the wage of unauthorized immigrants, while the term w,, is referred
to as the “observed wage.”

'The policy tool E represents the amount of resources per native devoted to enforcement, which indirectly
determines the equilibrium unauthorized immigration 6,,. Following Ethier (1986), it is assumed that the

6 Surveys on this topic typically find that the average effects on wages from immigration flows are centered around zero. See for
example Kerr & Kerr (2011).

7 The fundamental issue here is the planning horizon over which citizens develop their preferences regarding immigration. The
short-run and long-run forces of immigration are likely to have different weights for the same issues. Looking only at the short
run, wage effects would be prominent in the formation of preferences. But if citizens use the long run as reference, where the wage
effects of immigration are expected to be smaller, then fiscal and congestion effects during a lifetime would be more important in
present value terms.



enforcement technology to either deport unauthorized immigrants or to dissuade potential unauthorized

immigrants from trying to enter the country is summarized by the function M’%ZEXM“ =f ( ]\%}Eax) , where
MP™ = NOT™ is the potential number of unauthorized immigrants in the absence of any enforcement
expenditure; M, = N6, is the number of unauthorized immigrants who successfully get to stay in the host
country; % is the enforcement rate; and Ng is the number of natives working in the enforcement
sector.In sum?nary, the enforcement rate depends on the number of natives working in the enforcement sector
per potential unauthorized immigrant, and again following Ethier (1986), f (-) is assumed to be increasing in
]\Jffﬂ but at a decreasing rate (f’ > 0 and f” < 0). Moreover, f is invertible and assumed to satisfy f(0) = 0.

Under these assumptions, Appendix A.4 shows that the expenditure function E (-) is of the form

emax

u

E(0,) = &wb, h (1 - 6“) : (4)

for ¢h = f~1 and some non-negative scaling constant ¢ = f~1 (1) related to the enforcement technology.
Given the assumptions on f, h satisfies B’ > 0 and h” > 0, so that the marginal cost of decreasing the rate
of potential unauthorized immigration 9%,—““ is increasing (i.e., the marginal cost of the enforcement rate is
increasing). Moreover, i : [0, 1] + [0,1], 2 (0) = 0, h (1) = 1, ' (0) = 0, and /' and the parameters jointly
satisfy A/ (1) > w, which is a condition that helps to ensure an interior solution for unauthorized

immigration.®

Using (4), the fiscal constraint (2) can then be written as

T (w4 wpbp + wsbs +wiby,) =b(1+>°.0;) + Ewb™h <1 — 0“) i (5)

max
911,

Equation (5) can be derived from economic principles: (i) in a closed economy where the consumption
good is produced with a linear production technology in labor, or (ii) in an open-economy framework where
the consumption good has a neoclassical production technology in capital and labor, under perfect capital

mobility. These derivations are presented in Appendices A.4 to A.6.

Changes to the immigration quotas produce externalities in transfers (e.g., skill-based immigrants typically
pay more in taxes than they receive in transfers), and this is captured by Equation (5). Hence the level
of transfers b is endogenous and depends on enforcement expenditures, and on the particular levels of
immigration.

8 The condition b/ (1) > w implies that the marginal cost of enforcement when 6,,/6,;" — 0 increases sufficiently fast
as to not yield zero unauthorized immigration. The numerical experiments presented later do allow for the possibility of zero
unauthorized immigration.



The empirical papers by Mayda (2006) and by Card, Dustmann, and Preston (2012) show that natives’
immigration preferences are also explained by non-economic factors, namely other immigration externalities.
These externalities are modeled by assuming the existence of a rival but non-excludable public good (e.g.,
a common resource) in the host country. This is a reduced-form assumption that can capture several ideas,
including that immigrants have access to certain non-reproducible public goods subject to congestion, as in
Facchini and Testa (2021), some cultural externality including the effects of less than 100% assimilation of
the immigrant population, or the possibility of the dilution of “social capital,” as in Benhabib and Jovanovic

(2012).

The per-person amount of the public good is given by

G
14+60p+605+6,)

— 6
g( (6)

where G > 0 is the aggregate and exogenous amount of the public good available to natives and immigrants.’

'The social welfare function is assumed to be increasing in (i) the transfer b, (ii) the availability of the common
resource g, and (iii) the amount of family-based immigration §.1° In particular, it is assumed of the form

V(bvgveF):u(b)+av(9)+7fﬁ(9F)’ (7)

where o and 7y are positive constants that satisfy 0 < v < .1

While the first two terms here (the fiscal and congestion externalities of immigration) do not require
additional discussion as they are standard elements in the literature, the third term on the social welfare
function is new. Guerreiro, Rebelo and Teles (2020) assume a social welfare function that depends on natives’
consumption and a public good. Regarding that model, Ales (2020, p. 90) argues that since there is a
significant share of the US population which is foreign-born— 13.5% in 2020, with 51% of them being
naturalized citizens (see Straut-Eppsteiner (2022))—, “we might expect some altruism present with respect
to new immigrants. In the model this would appear as a positive (perhaps small) welfare weight on new

? Appendix A.7 shows a more general model where in addition to the common resource in (6), there exists another type of public
good which can be produced with a constant returns to scale technology and financed by taxes. Since that specification adds no
new insights, the paper abstracts from it in order to keep the model as simple as possible.

%The social welfare function could be specified in terms of the consumption of natives, ¢ = (1 — 7) w -+ b. Since immigration
flows affect only the transfer b in the consumption of natives while (1 — 7) w is unaffected, the model directly specifies u (b) to
simplify the algebra of future expressions. Numerical experiments (not included for reasons of space) run with utility specifications
on consumption yield identical conclusions as the current simpler model.

""The condition @ > 7 is a necessary condition for an interior solution of this model when the functions u , v and ¥ in the social
welfare function are of the log-utility form that is used later for an analytical solution of the model.



immigrants.” This advice is followed in this paper, but such weight applies only to family-based immigrants
due to their direct link to foreign-born and naturalized natives (as opposed to all types of immigrants) and
where it is easy to imagine that some natives value family reunification.

Equation (7) can also be justified as the objective function that arises from a probabilistic voting perspective,
where the native voters have heterogenous preferences on transfers, the levels of the public good, and
family-based immigration. For more on this interpretation, see Lindbeck and Weibull (1987) or Persson

and Tabellini (2002).12

The individual functions u, v and v are assumed to be increasing, concave (i.e. v’ > 0,u” < 0),and to satisfy
the Inada conditions lim,_,o %' () = 0o and lim, o v’ (2) = 0.

4.1 The Optimal Immigration Policy

The problem of the social planner is to maximize the objective function (7), subject to equations (5) and (6), by
optimally choosing five variables: the immigration quotas 65, 0, and 6,,, the transfer b, and the level of public
good g.'The optimization problem is presented in Appendix A.1. The system of equations that characterize its
solution is given by the constraints (5) and (6), plus the following equations that hold in an interior solution:

u' (b)) T (ws — wr)

(+6r 6,100 10 0, ®
u’ (b) g
_ 9
av (g) ~ (rws —b) ©)
a\ __ / 9“
T (ws —wy) = Ewh (1 — 92“") ) (10)

Condition (8) balances family-based immigration with skilled-based immigration. It equates the marginal
benefit of family-based immigration with the marginal utility loss in transfers (i.e., the difference in taxes paid
by skilled versus family-based immigrants). This equation implies that ws > wp is a necessary condition for
an interior solution, as otherwise family-based immigrants would be preferred due to their direct impact on
social welfare (i.e., the social planner optimally imposes higher skill requirements for potential skill-based
immigrants than for family-based immigrants).

Condition (9) represents the marginal rate of substitution of the common resource g for the transfer b and
equates it to the marginal rate of transformation of ¢ for b where the implied “inputs” that define the frontier
of possibilities of production in (g, b) are the optimally combined immigration quotas of each type.

215 probabilistic voting, agents vote between two parties competing to select the platform that maximizes their probability to win.
In equilibrium, both parties select the same platform which in turn are the policies that maximize a weighted utilitarian social
welfare function of each of the voting groups, and which would result in (7).

10



Condition (10) identifies the optimal amount of unauthorized immigration. It equates the net fiscal
opportunity cost of unauthorized immigration, 7 (ws — w{), with the marginal cost of containing it,

cwh! (1 — 0,/0m).

Equation (10) can be rewritten by means of using observed wages (3) and rearranging as follows:

0
_ / _ u
T (ws — Awy,) = Ewh <1 s + n
Tax Opportunity Cost Transfer Savings

Marginal Enforcement Savings

This equation equates the tax opportunity cost of unauthorized immigration relative to skill-based
immigration with the marginal savings on enforcement, plus the savings in transfers relative to other types
of immigrants.

Figure 1 illustrates the optimal levels of enforcement E* and unauthorized immigration ;. The horizontal
axis represents the pool of potential unauthorized immigrants 6, which is the amount of unauthorized
immigration that would take place in the absence of any enforcement. These optimal levels are found
when the slope Ewh' (1 — 60,,/07*) of the enforcement function F () equals the fiscal marginal cost of
unauthorized immigration 7 (ws — w{). The horizontal axis is split into agents that are deterred from
becoming unauthorized immigrants (either deported or dissuaded), to the left of the tangency point, and
those who succeed in crossing into the host country, to the right of the tangency point.

'The optimal level of unauthorized immigration is described by

Y ET:{T:T(ws—wﬁ):&uh/(l—T)}, (11)

where it can be shown that the optimal ratio T = ;n—“ax is (i) necessarily between 0 and 1 due to the properties
u

of h (-) and (ii) increasing in ﬁ Hence, the optimal enforcement expenditure is given by

u

E* = w0 ™h*; forh*=h(1-1). (12)

11



Figure 1. Optimal enforcement and unauthorized immigration

e
slope = Ewh' (1 - ﬂmtx)

T
(0% 04) 0w

All else constant, 8}, and E* are proportional to the pool of potential migrants 657~

4.2 Optimal Immigration in a Simpler Setting

A simpler version of the model that (i) ignores the enforcement cost (which can be obtained under the
assumption that £ = 0) and (ii) assumes that natives do not care about the family reunification motive (set
v = 0) yields the conclusion that if immigration is justified (positive optimal immigration requires as a
necessary condition that immigrants to have a high enough productivity level), then it would be exclusively
of the skill-based type, while setting the other types of immigration to 0. This is because in this setting,
skill-based immigrants improve the fiscal position of the country more than other types of immigrants (other
immigrants might worsen the fiscal position depending on parameterization) while decreasing the availability
of the common resource as much as other types of immigrants, thus the optimal policy is exclusively allowing
some level of the skilled immigrants and zero of the other types. The full model considered in this paper
helps to explain why countries have different immigration categories and also highlights the trade-offs of the
different immigration choices.

4.3 An Analytic Solution

'The comparative statics of the general model are intractable in the absence of more structure. In what follows,
the model is analyzed under the assumption that the functions u (-), v (-) and v () are all logarithmic (e.g.
u(z) = In (x)),in which case an analytic solution exists. Both Benhabib and Jovanovic (2012) and Guerreiro
et al. (2020) also use logarithmic utility in their models.

In addition to being a popular choice in theoretical and applied work, there is another justification for
assuming logarithmic utility: if the model is to produce a demand for immigration that is homogeneous of
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degree 0 in all wages of the model, then u (-) ought to be logarithmic.!3:1* The proof of this is in Appendix
A3.

At an interior solution, optimal transfers and immigration quotas, other than 6, are

(13)

; (14)

o — (1+707) [wy — wp (14+7)] + 7 [w — £ + ToP*w?] (1)
T (ws — wr) (&= 7)
(L+0) [w— £ +wirope]

Ws (a _7)

)

while the expressions for legal 67, + 67, and total immigration 0} + 07 + 6;; are given by

we (14 T05%) (1+7) — (1+a) [(w— £°) + warem]

(0;’—’_9:): ws(a—’)/)

; (16)

gy (E) (L a) (1O (g — wg) — w+ £
O +0:+0) == F e , an

where E* is given by (12) and both Y and 6}, are described by (11).

BHomogeneity of degree 0 captures the idea that an optimal immigration policy would be unaffected under homothetic growth in
the world: if the wages of natives and immigrants increase by the same percentage, then wage growth produces only changes in
transfers b and in enforcement expenditures E/, while the optimal choices 6%, 67, 05, g* remain unaffected.

“The decision to migrate is not explicitly modeled. However, one could assume that the pool of unauthorized immigrants responds
to the ratio of wages (unauthorized) in the host country to the wages in the sending countries. In this case, homothetic growth in
the world, including the wages of potential unauthorized migrants in their sending countries, would cause no incentive to migrate
and so an optimal immigration policy would still be homogeneous of degree 0 in all wages.
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4.4 Comparative Statics

Table 1 summarizes the comparative statics for the model, with the particular derivations presented in

Appendix B.

Table 1. Comparative Statics

b 0 0, 0. O + 0, Op +0s+6, FE
Al 1 T ifws >wrp(1+a) 1T Tlifws >wr(l+a)] 1
&wp > wl]

Aw, 1 ? ? 1 1 [if B*< wr] tf Er< wr] 1
At T \J ? 1 ? \J T
Aa ! ! Vifws >wp (1+7)] < 1 ) <
Ay AR T T lifws >wp (1+a)] < T T <
N - 1 ? 1 ? 1 >
Awp T 1 > > > >
Awy \J lifws >wp(1+9)] 1 1 \J \J
Aw < LI E*< wr] ? T Jif E*< wr] L if Ef*<wr] ?

Conditions in brackets [-] are sufficient but not necessary to sign these effects.

“?” represents a change that depends on a particular parameterization

«

< " represents no change in variable

At an interior solution, the model predicts the following:

1. Ifthe pool of unauthorized immigration é;;* increases, the optimal response is to increase enforcement
expenditure together with the equilibrium level of unauthorized immigration, as they are proportional
to 0™ by equations (11) and (12). Since the extra immigration decreases the utility cost of family-based
immigration in condition (8), family-based immigration increases as a result. Skill-based immigration
increases to mitigate the fiscal effects of immigration of the other two types.

2. A higher cost of enforcement £ leads to higher levels of unauthorized, family-based, and total
immigration. The change in skill-based immigration is indeterminate.

3. Higher wages for skill-based immigrants w, enable higher enforcement expenditure, decreasing
unauthorized immigration while increasing legal immigration.

4. Higher wages for unauthorized immigrants w{ lead natives to spend less on enforcement and
thus allow more unauthorized immigrants, while optimally decreasing family-based, legal, and total
immigration.
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5. Higher productivity of the family-based immigrants w leads to unchanged legal immigration, but
with a composition favoring a higher level of family-based immigrants over skill-based immigrants.
Unauthorized immigration is unaffected.

6. Higher productivity of the natives w produces higher demand for unauthorized immigration and,
depending on whether E*< wr, the demand for family-based immigration decreases. The effects on
legal and total immigration are also negative when E*< wT, which is a condition easily met in reality
(see next section).

7. A higher tax rate 7 decreases unauthorized, family-based, and total immigration. Enforcement
expenditures increase.

8. A bigger weight in the common resource parameter v lowers the demand for legal immigration (family
+ skill-based) while leaving unauthorized immigration unchanged.

9. A bigger weight in the reunification-motive parameter 7 increases demand for family-based
immigration, where additional skilled-based immigration is used to ameliorate the induced fiscal
pressures. Unauthorized immigration is unchanged.

5 Parameterization of the Model

'The model is parameterized to represent the period 1994-2008, which is a time period that allows for several
parameters to be obtained and is also the period used by Guerreiro et al. (2020). Table 2 presents the baseline
parameterization.

Wages of natives are normalized at a level of 1. For the wages of family-based immigrants, Borjas and
Friedberg (2009) report a 20% wage gap between legal migrants and natives, which implies setting wp at a
level of 80% of natives’wages (%X = 0.8) and thus wr = 0.8.

Regarding the wage gap between authorized and unauthorized immigrants, Rivera-Batiz (1999) and
Kossoudji and Cobb-Clark (2002) estimate a wage gap of 7.5%, while Barcellos (2010) reports a wage gap of
5%.The gap is with respect to the observed wages w,, of unauthorized immigrants. Using /- = (1 — gap) ,
then w,, is between .74 (gap= 7.5%) and .76 (gap= 5%). Thus w,, is set at the average level of 0.75.

a
u’

The model requires adjusted wages w{, which could be estimated from Equation (3) but doing so is

particularly complicated since it depends on (i) the degree to which unauthorized immigrants pay taxes A,

and (i) transfer savings 7, both of which are particularly complicated to estimate for a number of reasons.'

BUnauthorized immigrants pay income taxes via an Individual Taxpayer Identification Number (ITIN) or by using a borrowed
or stolen Social Security card. According to Feinleib and Warner (2005), most actuaries at the Social Security Administration
assume that roughly 50% of unauthorized immigrants pay Social Security taxes (and therefore income taxes also), even though
they are unlikely to benefit from the system. Identifying A is also complicated by the fact that in reality there are other taxes in
addition to those mentioned and which unauthorized immigrants pay in different degrees (see for example, Blau and Mackie
(2017)), including sales taxes, property taxes, and excise taxes. There are very likely some savings in fiscal transfers, compared
to family-based immigrants, since unauthorized immigrants are ineligible for most federal benefits programs (Blau and Mackie
(2017), Kolker (2022)), including the Supplemental Nutrition Assistance Program (SNAP), Supplemental Security Income (SSI),
Temporary Assistance for Needy Families (TANF), most housing assistance programs, Federal Pell Grants, and subsidies for the
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Instead, the paper proceeds by assuming that the savings in transfers would be approximately of the same
magnitude as the loss in taxes, which implies7 = 7 (1 — A) w,, and therefore w = w,, = 0.75.The sensitivity
analysis in Section 6 shows that the model is robust to alternative levels of w{, rendering the point moot. For
a discussion of programs for which unauthorized immigrants do not qualify, see Kolker (2022) or Blau and
Mackie (2017), and for a thorough discussion on static versus dynamic issues of fiscal impacts of immigrants,

see Blau and Mackie (2017).

Table 2. Baseline Parameterization

Parameter Description Value  Type Parameterization
wp Wage family-based immigration 0.8 Exogenous Calibration
Wi = Wy, Wage unauthorized immigration 0.75 Exogenous Calibration
W Wage skilled immigrant 1.25 Exogenous Calibration
w Wage native 1 Normalization

T Tax rate 0.30  Exogenous Calibration
G Public good (common) amount 1 Normalization

P Elasticity h (-) function 3 Own Estimation
O™ Pool unauthorized immigrants 0.25 Normalization

A Enforcement scale parameter 2.4874 Endogenous Calibration
o Weight on utility of public good v (¢) .30945 Endogenous Calibration
0l Parameter on family immigration .01413 Endogenous Calibration

Chassamboulli and Peri (2015) estimate a 68% wage premium for skilled labor over unskilled labor, using data
trom IPUMS USA for the years 2000-2010. Since the model’s unauthorized immigrants can be identified

as unskilled, this suggests setting ;= = 1.68. This in turn implies that the skill-to-native-wage ratio is
=t = 1.68 % 0.74 = 1.2432. The wage w is set at 1.25.

'The tax rate 7 is set at a level of 30%, as in Bohn and Lopez-Velasco (2018), and is revisited in the sensitivity
section. The parameter G (the amount of the common resource) is normalized at a level of 1 since its level
does not affect immigration magnitudes.

Affordable Care Act or participating in the associated exchanges. Finally, they cannot apply for the Earned Income Tax Credit.
Estimating 7 is also difficult because it depends on whether the impact of these programs are considered at the static level or over
a lifetime (dynamic).
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For the enforcement sector, the production function f (-), linking the percentage of enforcement agents (%
1
natives) to the rate of enforcement, is given by f (z) = A(x)r for p > 1 and efliciency index A > 0.
p
Appendix C shows that the associated expenditure function is given by £ = {wf™ (1 = 9‘?11—““) , where

in this case h = (1 - %)p and the previously defined constant £ is therefore given by A™". Given these

expressions, in an interior solution the optimal amount of unauthorized immigration in Equation (11) is
m TAP (wg — wl) \ P—1
I e L (18)

'The parameter p is estimated econometrically. More specifically, Appendix C shows that it is possible to
estimate a lower bound on it, found to be about 2.1. Since this number is a lower bound, the parameter is

set to 3. This implies a production function in the enforcement sector given by Mp = A (N E)% (quw‘)%
where Ng is the number of natives working in the enforcement sector; Mp is the number of people who
are apprehended and deported or dissuaded from migrating from the available pool M;**. This production
function is reminiscent of a matching function in the context of matching models. Whether p is 2.5 or
4 matters little for the conclusions, as the qualitative results are robust to this parameter (see sensitivity

analysis).

The size of the pool of immigrants ;™ is unobservable. A level of 25% of the native population is used and
this represents about 8 times the unauthorized quota allowed into the US for this period. Other numbers
are considered in the sensitivity section, which shows that the level of this parameter is unimportant for the
quantitative and qualitative effects of the parameterized model.

The remaining three parameters that jointly determine three moments in the data, those given by the
immigration quotas as percentages of natives, are internally calibrated. The parameters are (i) a, which
determines the importance of the common resource; (ii) v, which partially governs the strength of the
family-based immigration motive; and (iii) the parameter A from the production function in the enforcement
sector (where £ = A™").’The particular calibration strategy is explained after documenting the immigration
calibration targets.

According to the Department of Homeland Security'®, the total number of foreigners obtaining permanent
resident permits for the period 1994 to 2008 via family-based immigration (i.e. the sum of immediate relatives
of US citizens + family-sponsored preferences) was 8,841,754, while there were 2,043,391 foreigners
who obtained one due to employment-based preferences. Regarding the unauthorized population, the
paper uses the estimates in Warren and Warren (2013) for the years 1994 to 2005, while data starting
in 2005 onward is available from the Department of Homeland Security. The change in the stock of
new unauthorized immigrants for this period is computed at a level of 7,034, 899. Taking into account
a legalization rate of about 0.7% per year (as estimated in Chassamboulli and Peri (2015) for the period

16See the Yearbook of Immigration Statistics for various years, available at https://www.dhs.gov/immigration-statistics/yearbook.
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2009-2010), the number of family-based immigrants is corrected by a factor (1 — .007)!* = 0.90634 to be
8,841, 754%.90634 =8, 114, 777,and the number of unauthorized immigrants that stayed during this period
is therefore 7,034,899/.90634 = 7,761, 876. The average population in the US during that period (net of
the foreign-born population in order to compute “natives”) was 252,482,693, which yields immigration
targets of 0 = 3.21%, 6; = 0.81% and 6, = 3.07%, while total immigration as percentage of natives is
their sum, 7.09%, which represents almost 18 million immigrants for the period or about 1, 280, 000 per year
(including unauthorized immigrants). More specifically, there were about 780, 000 permits given annually to
family-based and skill-based immigrants, while roughly 500, 000 new unauthorized immigrants arrived each
year.

Given 0™ and p, the parameter A can be identified from expression (18). Solving for A yields the calibrating
expression of

Substituting the other parameters and the target 0, = .0307 yields A = 2.4874.

The last 2 parameters to calibrate are o and . These two parameters can be jointly determined from
expressions (14) and (15), as they form a system of two equations in two unknowns (c,~y) which yields
calibrating expressions given by

Tws (14 >607)
T (w+ Y wh}) — E*

a

_]_’

(ws —wr) 0% )

a *
((ws—wp)ej;Jr (E +ws —w) + (ws — wt) 0%

=)
Il

Replacing the other parameters and the three calibrating targets, the above expressions yield @ = .30945
and 4 = .01413. The structure of the model yields calibrating expressions to A, «, and y that exactly hit the
three targets given by the immigration quotas.

5.1 Experiments with the Parameterized Model

This section documents the responses of optimal immigration in the calibrated model to a 5% change in each
of the parameters.

For this and the remaining experiments, there is an additional parameter that needs to be considered: the
supply of skill-based immigrants. It could be assumed that the level observed empirically is a supply-side
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constraint, since the US competes on skilled immigration with other developed economies. However, the
fact that H1B visas are typically exhausted suggests evidence to the contrary. The paper takes a pragmatic
position and chooses a supply level that is higher than what is observed. Specifically, an initial level of .025 is
assumed for this parameter (2.5% of natives during a 14-year period, which represents a supply of 450,000
skill-based immigrants per year versus an historical average of 145,000 permits for this period). However,
other numbers yield similar conclusions, since for the majority of changes considered, this parameter does
not play a significant role— as shown in the sensitivity analysis in Section 6. The findings are as follows.

A 5% increase in the pool of unauthorized immigrants 6,," yields an optimal response of higher enforcement
spending, but allows more unauthorized immigration than before (3.22% instead of 3.07%), with skill-based
immigration increasing significantly from .81% to 1.55% of natives while family-based immigration is
essentially unchanged (3.24% vs 3.21%).

An increase of 5% in the wages of skill-based immigrants w, leads skill-based immigration to hit the
supply-side limit of 2.5% and prompts a reduction in unauthorized immigration from 3.07% to 2.90%.
The extra resources from skilled-based immigration are used in part towards enforcement expenditures.
Family-based immigration is mostly unaffected (3.24% as opposed to 3.21%).

A 5% increase in the wages of family-based immigrants wr does not affect unauthorized, legal, or total
immigration; it only results in a one-to-one crowding-out of skill-based immigrants (from 0.81% to 0.50%)
in favor of family-based immigrants (now 3.52%).

A 5% increase in the wages of unauthorized immigrants w{ diminishes the importance of enforcement and
thus unauthorized immigration increases to 3.87%. Skill-based immigration is set to 0. Total and family-based
immigration remain practically unchanged at 7.07% and 3.20%, respectively.

When the model considers an improvement of 5% in the technology of enforcement A, the optimal
response is to significantly decrease unauthorized immigration to 1.40% (from 3.07%), leaving family-based
immigration unchanged while also decreasing skill-based immigration to 0.57%. Total immigration is
reduced significantly to 5.12% of natives.

An increase in the tax rate 7 of 5% (from 30% to 31.5%) makes overall immigration less desirable but
unauthorized immigration decreases the most, from 3.07% to 2.53%. Skill-based immigration likewise
decreases from 0.81 to 0.73%, while family-based is almost unaffected at 3.19%.

When the parameter a increases 5%, natives care more about the non-economic externalities imposed by
immigrants, and as a result the demand for immigration decreases: family-based immigration reduces to
3.09%, unauthorized immigration decreases to 2.83%, and skill-based immigration is set to 0.

Finally, when the parameter 7y is increased 5%, family-based and skill-based immigration increase to 3.38
and 0.90 respectively, leaving unauthorized immigration unchanged. In this case, additional skill-based
immigration helps to absorb the fiscal effects of additional family-based immigration.
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Table 3. Effects of a 5% change in parameters

Base AO7™ Aws Awp Awi AA AT Aa Ay

Family-Based () 3.21 324 322 352 320 315 319 3.09 3.38
Skill-Based (6;) 081 155 250 050 O 0.57 .73 0 .90
Unauthorized (6,) 3.07  3.22 291 3.07 387 140 253 283 3.07
Total Immigration 7.09  8.01 824 7.09 7.07 512 645 592 7.35
Enforcement (£)  .011  .0115 .0112 .011  .0098 .0118 .0118 .0113 .011
Public good (g) 9338 9258 9205 9338 .9339 .9513 .9394 9441 9316

One of the messages from these experiments is that skill-based immigration has a “shock-absorber” role.
A larger number of skill-based immigrants are allowed whenever (i) the pool of unauthorized immigrants
increases, (ii) the wages of family-based or unauthorized immigrants decrease, (iii) technology in the
enforcement sector worsens, or (iv) the family-reunification motive becomes more important. Skill-based
immigration increases in order to help pay for more expensive enforcement and to minimize the fiscal effects
on the transfer.

Another message from these experiments is that in the optimal policy and in contrast with the other
categories, family-based immigration is not responsive to most parameters, other than with respect to the
wage of said immigrants.

5.2 Calibration under Suboptimal Immigration Flows

'The strategy employed to calibrate the model in the previous section assumes that the observed behavior is
optimal. Judging by previous attempts at immigration reform, which are more thoroughly discussed in the
next section, it is also possible that the observed magnitudes are suboptimal, reflecting (for example) some
exogenous political constraint.

To study the implications of this scenario, the model is parameterized under the assumption that optimal
skill-based immigration is higher than the observed flows, as H1B visas are consistently exhausted. In this
case, the optimal choice of skill-based immigration would be unobservable and as a result, the observed
unauthorized and family-based magnitudes would be a constrained maxima in the presence of an exogenous
constraint on the maximum level of skill-based immigration.
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Table 4. Effects of a 5% change in parameters in the constrained model

Unc* Const™ A0 Aws Awp Awl AA A7 Aa Avy

u

Family (6r) 3.23 321 3.23 3.21 353 321 315 319 3.09 3.38
Skilled (6s) 250 081 0.81 081 08 081 08 081 O 0.81
Unauth. (0,) 295 3.07 3.28 3.06 3.05 382 138 252 283 3.08
Total Imm. 8.68  7.09 7.32 707 739 78 535 652 592 7.26

Enforcement (£) .0110 .0108 .0113 .0109 .0109 .0098 .0117 .0117 .0112 .0108
Public good (g) 9201 9338 9318 9339 9312 9273 9492 9388 .9441 .9323

Notes. (*) Unc : Unconstrained Model. (**) Const : Constrained Model.

Let the optimal immigration quotas that yield the constrained maxima be defined by 6, 6% and 6. The
observed magnitudes would identify such levels and therefore 65 = .81, 0%, = 3.21,60; = 3.07. To
calibrate the model in this environment, the optimal unconstrained level of skill-based immigration 8 has
to be specified (assumed) since such magnitude could not be backed from observables. Absent this piece
of information, there would be a whole family of parameterizations for (A, c, ) that yield the constrained
levels.

The level for the optimal unconstrained level of skilled immigration is assumed to be 0} = 2.5% (other
numbers work as well, provided they are higher than 0.81%), but this section is mostly illustrative. The
calibration then would require choosing parameters that yield constrained magnitudes 05 = .81%, 0% =
3.21%, 05, = 3.07%, while also producing an unconstrained level of skilled-based immigration of 8} = 2.5%.
The first-order conditions of the constrained system, together with equation (15) can be used to obtain
alternative calibrating expressions, which yield A\C = 2.4966, a, = 0.303164 and 7. = 0.013952. The
details on the alternative calibration procedure are shown in Appendix D.

Table 4 presents the comparative statics of the constrained model. It is instructive first to compare the first
two columns, which present the (implied) unconstrained model under the new parameterization, alongside
the constrained version of the model. Family-based immigration would essentially remain unchanged (3.23%
instead of 3.21%), but unauthorized immigration is higher in the constrained version (3.07%) than it would
be if skilled-based immigration were larger (2.95%). Some of the fiscal boon due to the higher skill-based

immigration would be spent on a higher level of enforcement, as well as higher transfers.

The main difference with respect to the results of the unconstrained model of the previous section is that in
the current model, skill-based immigration does not decrease as a result of 1) higher wages of unauthorized
immigrants, 2) higher wages of family-based immigrants, 3) better enforcement technology, or 4) a higher tax
rate. Both family-based and unauthorized immigration have similar comparative statics to the unconstrained
version, with just small differences in magnitudes.
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5.3 Onthe Demand for US Immigration Reform

'This section comments on the demand for US immigration reform through the lens of the model. This is
not to be interpreted as responses to short-run fluctuations in immigration flows, but rather as permanent
changes in the immigration framework that governs immigration flows. Some examples of these changes
include the 1965 Immigration and Nationality Act, which created most of the modern framework of US
immigration policy, and the Immigration Act of 1990, which sets specific limits for the different categories
and preferences on immigrants, and which also created (among other things) the H1B visa category.

Two salient facts stand out during the period of analysis, both of which have implications for the demand
for immigration reform: 1) the increase of the skill premium, and 2) the significant increases in unauthorized
immigration flows to the US.

With respect to the evolution of the skill premium, Acemoglu and Autor (2012) report an increase of almost
10% in the hourly wages of college graduates vs. those of high school graduates, for the 1994-2008 period.
'The model predicts that higher wages for skilled-based immigrants lead to a higher demand for them, roughly

unchanged family-based immigration, and decreased demand for unauthorized immigration.

In order to capture the above effect in the model, we must ascertain the skill composition of natives. Bohn
and Lopez-Velasco (2018) compute the share of the population 25 years and older with a bachelor’s degree
or higher education, and they find this number to be 27.7% in the 2000-2009 decade and 22.8% in the
1990-1999 decade. The average for this period is almost 25%, which is used in the calculations here. Given
these numbers, a 10% increase in the skill premium represents a 6.67% increase in the wages of skill-based

immigrants relative to those of natives. 17

In the 1980s, there was an average of about 225,000 new unauthorized immigrants per year, according to the
panel of scientists at the National Research Council (Smith and Edmonston (1997)). These flows accelerated
significantly in the 1990s and 2000s. The current paper implies a flow of roughly 500,000 new unauthorized
immigrants per year for the period 1994-2008.18 This increase in unauthorized immigration took place even
in the presence of higher border patrol expenditure, which steadily increased from .0055% of GDP in 1994
to .0153% of GDP in 2008. These numbers suggest that the pool of potential unauthorized immigrants
increased during this period, as the model predicts higher enforcement and higher unauthorized immigration
in response.

Other factors also suggest a bigger pool of potential unauthorized immigrants. Changes in income per capita,
unemployment rates, and the population growth rates of the US and the main sending countries are consistent

"This number is obtained as follows. Let the wages of natives be defined as a weighted average of skilled wages ws (same for
natives and immigrants) and unskilled wages of natives ws, . Then the average wage of natives is w = 0.25w; + 0.75w,, . If skilled
wages grow at the rate x, then w, = w, (1 + x) . Similarly, natives’ average wages would increase to w’ = 0.25w} + 0.75w};

= 0.25ws (1 + x) +0.75w;, ,which can be written as w’ = w + 0.25w;x. Therefore :‘UI% = % Substituting ws = 1.25,
w =1,z = .10 yields 1:)/? = 1.333. Thus == increases 6.67%.

®The estimated increase in unauthorized immigrants from 1994 to 2008 is almost 7.035 million. Divided over 14 years, this yields
about 503,000 new unauthorized immigrants per year.

YTime series data on the Border Patrol Budget can be obtained from the American Immigration Council (2021). The budget was
$400 million in 1994, growing to $2.245 billion (in current dollars) in 2008. US GDP in current dollars was $7.3 trillion in 1994,
and it was $14.77 trillion in 2008.
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with this inference. The sending countries are mostly in Latin America and the Caribbean, which accounted
for 87% of all unauthorized immigrants in the US in the year 2000.2° During this period, GDP per capita in
constant PPP dollars increased by 30.4% in the US, compared to 26.5% for the sending countries. Second,
although the unemployment rate in the US was slightly higher than the average unemployment rate in Latin
America in the early 1990s (6.9% vs. 6.15% in 1993, according to World Development Indicators), it was
lower in the US in every year during this period, with an average gap of 3 percentage points. Third, population
growth in the sending countries for the 15-64 age group was 31.3%, while the same age group in the US
grew by 18.4%.

One way to parsimoniously estimate the growth of the pool of unauthorized immigrants is by using the
difference in population growth rates between the sending countries and the US population, which is almost
13%. In what follows, both changes (an increase in Awg by 6.67% and an increase in Af™ by 13%) are
fed into the model, first one at a time and then both at the same time, in the original and the alternative
calibrations. Table 5 presents these results.

Both shocks produce higher demand for skill-based immigration, to the point where the supply-side limit
becomes binding. The demand for family-based immigration increases very little from both shocks (to 3.27%
of natives as opposed to 3.21%), while unauthorized immigration would decrease to 2.90% as a result of the
increase in wy, but increases to 3.49% of natives due to the higher level of 8;;**. Adding both shocks together
would ultimately increase it to 3.43% of natives as the effect on ;™ dominates the effect on ws;.

Table 5. Effects on Immigration Magnitudes if Aw,; = 6.67% and Ag™ = 13%

Unconstrained Constrained
Base Aws, A0  Both Const Awg A0} Both
Family (67) 321 322 328 3.27 321 321 326 3.25
Skilled (0s) 0.81 250 2.50 2.50 0.81 0.81 0.81 0.81
Unauthorized (0,,) 3.07 290 3.49 343 3.07 3.05 363 3.61
Total 7.09 8.62 927 9.20 709 7.07 769 @ 7.67

Notes: Aws = 6.67%, A0 = 13%, Both = {Aw, = 6.67%, AOT™ = 13%}

DSee Department of Homeland Security. “Estimates of the Unauthorized Immigrant Population Residing in the United States: 1990
to 2000,” Table 2. Available at https://www.dhs.gov/immigration-statistics/population-estimates/unauthorized-resident . In this
report, Mexico represents 69% of all unauthorized immigrants, while the updated report “Estimates of the Unauthorized Immigrant
Population Residing in the United States: January 2015-January 2018” shows 55% of unauthorized immigrants originated from
Mexico in 2000.
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If the initial flow of unauthorized immigration was about 225,000/year in the 1980s (the 1970s had similar
flows according to Edmonston and Passel (1994)), then the unconstrained model would predict an increase
in the flows of unauthorized immigration from 3.07% to 3.43% of natives, which represents an average flow
of about 250,000 unauthorized immigrants per year.

In the case of the constrained model, skill-based immigration cannot respond as a “shock-absorber” (it can
decrease but not increase beyond the maximum number of permits, which is fixed) and thus unauthorized
immigration increases more than in the unconstrained case. Unauthorized immigration would increase to
3.61% of natives, about 265,000 new unauthorized immigrants per year, representing about 53% of the
observed level. This exercise is just suggestive since the number of potential unauthorized immigrants is
not directly observable, and since its change might have been much bigger than the estimate given by the
difference in population growth rates.

In light of the analysis above, the constrained model could address the question “what could explain what
happened during this period?” since there can be deviations from optimality due (for example) to political
constraints, while the unconstrained model instead addresses “what immigration policy would the native
population have preferred in response to these changes?”

With regard to family-based immigration, the unconstrained model suggests a small increase for this
period, one that can be accommodated within current policy. In particular, family-based immigration of
immediate relatives is not bounded, while permits for other family-based preferences are indeed subject to
the annual caps, which results in waiting time for many family-based cases. The insight from the model is that
family-based immigration changes very little in response to the above forces, and this can be accommodated
by the current system emphasizing family reunification.

In the case of skill-based immigration, the model suggests significant increases to reach optimal levels. The
number of permits allocated to employment-based immigration has not changed since the 1990s, with
a maximum annual cap of 140,000. However, there were some changes in the H1B visa program that
allowed for additional skill-based immigration. Initially, the program allocated a maximum of 65,000 permits
annually. Then there were temporary expansions in the cap, with 115,000 permits allocated for years 1999
and 2000, then a cap of 195,000 in years 2001-2003. This number reverted to 65,000 afterwards, but starting
in 2006 there were an extra 20,000 visas available for foreigners who graduated from US universities with
master’s or doctorate degrees and thus were not subject to the cap (see American Immigration Council
(2023)). While the H1B visa is for temporary immigration, this program is recognized as one of dual intent,

which means that foreigners with this visa have the option to apply for permanent residence. 2!

'The efforts to pass major immigration reforms during the analyzed period are also informative. Kandel,
Wilson, and Donovan (2022) discuss the characteristics of the last three attempts at comprehensive
immigration reform in the US. In 2006 there was the “Comprehensive Immigration Reform Act of 2006,”
then in 2007 there was “A bill to provide for comprehensive immigration reform and for other purposes,”
and finallly in 2013 there was the “Border Security, Economic Opportunity, and Immigration Modernization
Act.” All three proposals (i) do not modify the current system that emphasizes family-reunification of

2The H1B visa program also has a numerical limit of 7% of the visas allocated to any country. In the case of countries with a
significant number of applicants where the limit is reached every year, holders of H1B visas can continue renewing their 3-year
permits indefinitely. See Kandel, Wilson, and Donovan (2022).
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immediate relatives, (ii) provide more funding and new tools towards enforcement, (iii) either eliminate
the diversity visa program or reduce it considerably, and finally and perhaps most importantly, (iv) add
significantly more skill-based immigration permits.?? Taken together, the proposed changes are largely
consistent with the immigration policies predicted by the model: no change to family-based immigration,
significantly more permits for skill-based immigration and adequate enforcement expenditure that depends
on the supply of potential unauthorized immigrants.

2Some of the specific skill-based measures include the following. The 2006 bill allocated a much higher number of immigration
permits for skill-based immigration, up to 450,000 annually for ten years before reverting to a level of 290,000 permits, and
exempting from this cap foreigners working in STEM fields with 3 or more years working in the US.The 2007 bill sought to replace
the current employment-based system with a multi-tiered point system with a focus on skills among other variables (including
education, age, occupation, and work experience), in addition to ties with natives. The 2013 effort sought to exempt several categories
of workers from employment-based limits, including persons who earned a doctorate from American universities, certain physicians
that met foreign residence requirements, and everyone in the EB1 category (the highest one) under the then-current system. In
addition, it proposed creating two merit-based tracks for employment immigration with some of those permits for very skilled
workers, up to 250,000 permits per year.
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6 Sensitivity Analysis

For robustness, this section documents the effects of alternative parameters on the quantified effects discussed
previously for both calibrations of the model. Specifically, the sensitivity analysis considers alternative values
for w{ of 0.6 and 0.9, alternative values of the parameter p of 2.5 and 4, alternative tax rates 7 of 20%
and 40%, as well as alternative values of the unauthorized immigration pool 05 of 10% and 50% of
the native population. Overall, both the qualitative and quantitative effects are very similar to the main
parameterizations considered above, and for simplicity they are not discussed in more detail. Results are

presented in Table 6 for the unconstrained version and Table 7 for the constrained version.

Table 6. Effects of a 5% change in parameters in the unconstrained model

Case Base AT Aw, Awrp Auwi AA Ar Aa Ay
w? =06 Family-Based (f7) 321 324 322 352 320 314 319 309 338
Skill-Based (8, 0.81 1.76 250 050 0O 011 058 0 0.89
Unauthorized (6,) 3.07 3.22 204 307 358 140 253 287 307
w® =09 Family-Based (65) 321 3.23 322 352 321 317 320 309 338
Skill-Based (6. ) 081 132 250 050 0 107 089 0 0.91
Unauthorized (6,) 3.07 322 286 307 440 140 253 276 307
p=25 Family-Based (fF) 321 324 322 352 321 315 319 305 338
Skill-Based (#6.) 081 165 250 050 0 080 080 0 0.89
Unauthorized (6,) 3.07 322 286 307 411 121 234 276 307
p=4 Family-Based (f7) 321 3.23 322 352 320 315 320 309 338
Skill-Based (6,) 081 142 250 050 0 032 069 0 0.91
Unauthorized (6,) 3.07 322 296 307 362 160 271 291 307
. Family-Based (f7) 321 3.24 322 352 320 315 319 309 338
Skill-Based (6.) 0.81 1.55 250 050 0 057 073 0 0.90
Unauthorized (6,) 3.07 3.22 201 307 387 140 253 283 307
T=4 Family-Baszed (67) 321 3.24 322 352 320 315 319 309 338
Skill-Based (6. ) 081 155 250 050 0 057 073 0O 0.90
Unauthorized (6,) 3.07 3.22 291 307 387 140 253 283 307
g7 = 1 Family-Baszed (f7) 321 3.23 323 352 320 319 320 310 338
Skill-Based (8.) 081 116 250 050 009 068 077 O 0.90
Unauthorized (6,) 307 322 302 307 333 254 290 299 307
97 = 5 Family-Based (fr) 3.21 3.22 322 352 321 310 317 308 338
Skill-Based (6,) 081 207 250 050 0 030 080 0 0.87
Unauthorized (8,) 3.07 3.22 272 307 462 0O 1.91 255 307
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Table 7. Effects of a 5% change in parameters in the constrained model

Une* Const™ AM™ Aw, Awrp Awi AA Ar Aa Ay

wl =06 Family(fp) 323 32 3.23 321 353 321 314 319 310 338
Skill (8,) 250 081 0.81 081 081 081 0 081 081 081

Unautho. (6,) 297 3.07 3.28 306 305 354 141 251 283 307

w? =09 Family (8F) 323 an 3.22 221 @53 322 316 319 310 338
Skall (8,) 250 081 0.81 081 081 081 081 081 081 081

Unautho. (6,) 291 307 3.27 305 304 433 143 254 267 308

p=25  Family(ff) 323 32 3.23 321, 353 322 315 319 300 338
Skill (8,) 250 081 0.81 081 08 08 081 08 0 0.81

Unautho. (6,) 291 307 3.3 305 304 404 121 234 275 308

p=4 Family (8r) 323 32 3.23 321 353 321 316 32 309 338
Skill (8,) 250 081 0.81 081 081 081 081 081 0 081

Unautho. (4,) 299 307 3.25 306 306 359 157 27 291 307

it Family (6F) 323 3IAn 3.23 321 353 321 315 319 309 338
Skall (8;) 250 081 0.81 081 081 081 081 08 0 0.81

Unautho. (6,) 295 307 3.28 306 305 38 138 252 283 308

T=4 Family (6F) 323 32 3.23 321 353 321 315 319 309 338
Skall (8,) 250 081 0.81 081 081 08 08 081 0 0.81

Unautho. (6,) 295 3.07 3.28 306 305 38 138 252 283 308

6m* =1 Family (6r) 3 3N 3.22 221 @h3 321 319 32 31 338
Skill (8;) 250 081 0.81 081 081 081 081 081 0 0.81

Unautho. (4,) 303 307 3:99 307 306 332 254 29 30 307

60 =5 Family (6F) 323 32 3.24 321 353 321 31 317 308 338
Skill (8,) 250 081 0.81 081 08 027 081 081 0 0.81

Unautho. (8,) 2.79 307 3.44 304 302 460 0 191 256 308

Notes. (*) Une : Unconstrained Model. (**) Const

: Constrained Model.

7 Some Policy Implications and Considerations Beyond the

Model

Regarding the current inflow of unauthorized immigrants, the model makes the (perhaps obvious) point
that not enforcing the border invites higher levels of unauthorized immigration and that enforcement is a
necessary component of immigration policy. At the current level of abstraction, the model does not consider
alternative tools like a guest worker program for low-skilled immigrants. In reality, a guest worker program
could dissuade some would-be unauthorized immigrants by convincing them to migrate legally (and in a
temporary way). This has the potential to represent a Pareto improvement for both immigrants (who would
have more certainty about crossing without having to pay very high economic and human costs) and natives
(who could spend less on enforcement and have more control over who specifically is crossing the border and

for how long).23

#See Lopez-Velasco (2023) for a discussion on some possible benefits of a guest worker program for the US, as well as recent

enforcement data.
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To address the case of family-based immigration, we first need to discuss the mapping of the model onto
observed quotas. Family-based immigration is subdivided into i) “immediate relatives” that include spouses,
minor children (under 21), and parents of American citizens, and ii) “family-sponsored preferences,” which
includes unmarried or married adult children of American citizens, spouses or children of lawful permanent
residents, and brothers and sisters of American citizens.

There is no limit on the number of visas available to “immediate relatives,” which reflects the very high
valuation placed on the nuclear family (at least in terms of spouses and young children). Their waiting time is
mostly determined by the time it takes cases to be processed. But the family-sponsored preferences category
tollows more complicated rules that results in backlogs— some lasting decades.

Family-sponsored preferences are awarded a minimum of 226,000 permits a year, with the maximum
determined by the difference between 480,000 and the number of permits awarded to immediate relatives.?*
In addition, no country can be allocated (between employment and family-based) more than 7% of the total
visas in a given year. The backlog is therefore a result of a rationing mechanism for the number of family-based
immigrants similar to what the paper considers, as it assumes that the planner chooses the number of permits

(thus demand-determined) from a bigger supply of immigrants who would like to come to the US.2°

'The model also suggests that under the optimal policy, family-based immigration is not very responsive to
most forces, other than to these immigrants’ fiscal contributions. However, extant data (see OECD (2017))
on economic outcomes of family-based immigrants is very limited, and data on the rate of service utilization
is also hard to come by. At the very least, the paper suggests keeping track of outcomes by immigration permit

type.

The forces analyzed for the period 1994-2008 predict a higher demand for skilled-based immigration, which
is likely to be part of future proposals. The paper suggests that any reform could also include shock-absorbing
features, which is perhaps even more important in light of the fact that immigration of immediate relatives
is not limited in the US.

Finally, the insights from the model can also be used to think about immediate relatives. Permits for
spouses and minor children are probably easy to justify as family reunification. But that is not so clear in
the case of parents of American citizens. Economically, older adults are expected to contribute less/cost
more to the welfare state (although they could help with non-market activities at home), but this calls
for further discussion. An alternative for this type of immigration would also be some sort of longer-term
temporary permit (lasting perhaps a few years), as opposed to the current system that emphasizes permanent
immigration.

2For the 1994-2008 period, the number of annual permits given to immediate relatives grew from about 250,000 to 488,000, while
family-based preferences remained mostly constant at about 211,000 in 1994 and 228,000 in 2008.

ZThe current backlog represents a fraction of the total difference between the country-level demand for these type of immigrants
(permits available under current legislation) and the supply of these type of immigrants, since some of the potential applicants are

discouraged from even applying due to the long backlog.
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8 Conclusions

This paper studies optimal immigration in a model where agents receive a universal fiscal transfer financed
by income taxes, there are congestion externalities of a public good, and border enforcement is costly. Welfare
depends on (i) the transfer, (ii) the level of family-based immigration in the country, and (iii) a public good
subject to congestion. This welfare function captures in a simple way a more complicated political environment
where agents differ in their preferences over each of these issues, as in probabilistic voting models.

There are three types of immigrants: those with family ties to natives, those available for their skill (identified
with employment-based immigration), and those who are able to migrate without permission (unauthorized),
and each type has different productivity. Immigrants can increase or decrease the size of the fiscal transfer
depending on whether their productivity is higher than that of natives, and all agents affect the availability
of the public good. The optimal policy specifies quotas for each immigration type, the optimal enforcement
level, as well as an optimal response to different long-run forces.

'The paper obtains three conditions that jointly characterize the optimal policy. The first condition balances
family-based with skill-based immigration. Family-based immigration provides direct utility for (some)
natives but does not improve the fiscal position of the country as much (and depending on parameterization,
it can deteriorate it) compared to skill-based agents. The second condition balances the effects on transfers
against the congestion externalities imposed on natives. The last condition equalizes the fiscal opportunity
cost of unauthorized immigration, relative to skill-based immigrants, to the marginal cost of enforcement.
These new conditions in the literature jointly determine the optimal policy.

The paper calibrates this model in an attempt to quantify the response of the optimal policies, using
the 1994-2008 period as reference. The experiments reveal several guiding principles. First, skill-based
immigration is used as a “shock-absorber,” as increasing it alleviates the negative fiscal impact of lower
productivity of family-based immigrants or unauthorized immigrants, as well as responding to a bigger supply
of unauthorized immigrants. Second, optimal family-based immigration is not responsive with respect to
most parameters, other than with respect to family-based immigrants’own productivity level and with respect
to the preference parameter for family-based immigration. Finally, whenever there is an increase in the pool
of potential unauthorized immigrants, the optimal policy is to increase enforcement expenditure while at the
same time allowing more unauthorized immigrants.

There are two particular forces that stand out during the analyzed period: (i) the increase in the skill premium,
and (ii) a very large increase in unauthorized immigration relative to previous decades. This could be consistent
with a bigger supply of unauthorized immigration, as the observed increase took place in spite of higher
enforcement expenditure.

'The parameterized model suggests that both forces would lead to higher demand for skill-based immigration,
with unchanged family-based immigration and higher unauthorized immigration, since the increase in the
supply of unauthorized immigration dominates the decrease due to the higher skill premium, while both
effects increase enforcement expenditure. This is to some extent consistent with what is observed in reality,
as immigration changes had to do with increases in the H1B visa and higher enforcement budget while not
affecting the family-based system. But in particular, it is consistent with the proposals for comprehensive
immigration reform presented in the US in 2006, 2007 and 2012 which left the family-reunification system

29



practically intact, gave more tools and budget for enforcement, and in particular devoted more permits to
employment-based immigration.

Finally, the paper also presents an alternative calibration where the observed immigration flows are to be
interpreted as suboptimal, since reform proposals at the time could reflect a desire for a higher level of
skill-based immigration. The conclusions from this model are similar and show the robustness of the results
of family-based immigration responding only to their productivity, as well as allowing more unauthorized
immigration than when skill-based immigration can be adjusted.

While no model can reflect all of the important issues regarding immigration, the current model could be
enriched by considering other issues which the literature has identified, including for example the role of
networks and chain immigration. These issues are left for future research.
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Appendix

A Model Derivations

A.1 Optimality Conditions
'The Lagrangian is given by

=u(b v (0
bor g, o= W (0) +av(g) +77(0F)

+111 [r (wpbF + wsbs +w + w0y,) — b (1 + 0p + 05 + 0,) — EwdT=h (1 -

+u2 [G—g(1+0p + 05+ 6,,)]

with first-order conditions given by

b:u' (b) = (14 60p + 05+ 6,)
g:an' (g9) = pa (1+0p + 05+ 6,)
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Or : Y0 (0F) + pu1 [Twp — b = pag
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Using the first-order conditions for (b) and for (g), one obtains the Lagrange multipliers
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From foc[fs] one can write [Tws — b] = 22 and from foc[0F] one can write % = % + [Twp —b].
Getting rid of % yields [Tws — b] = 75’;191? )+ [Twr — b] . Then, canceling b yields a condition that equates
the marginal benefit of family reunification with its fiscal opportunity cost 7 (ws — wp) = %. The

equation can be rewritten by getting rid of y; as

ul() T(U)S—'IUF)

=~ (0F).
(1+0p + 05 + 64) 70 (0p)

which is Equation (8) in the text.

From the first-order conditions for 65 and 6,, one can eliminate % g and obtain Equation (10)

7 (ws — wl) = Ewh’ <1— il )

max
03

Replacing the multipliers from foc[g] and from foc[b] into foc[6s], one obtains

u' (b) g

av’ (g) B [Tws - b]’

which is Equation (9) in the text.
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A.2 The Analytic Solution

Assuming that u (b) = Inb; v (fr) = Infp and v (g) = In g, the system of equations (5), (6), (10), (8), and
(9) in the unknowns b, O, 65, 6, and g is given by

1 7 (ws —wp) vy
- =L A2
7 (ws — we) = Ewh’ (1 - 9?:;{) (A.3)

g g

= 4
[Tws —b]  ab (A4)
T (wplp + wsbs + w + wib,) =b(1+ 0p + 05 + 6,) + Ewh ™ h (A.5)
gA+0p+0,4+0,) =G (A.6)

For simplicity of notation, equilibrium levels, which in turn are the solution to the above system, are denoted
*
by (%)-

'The second equation in the above system (Equation (A.3)) yields an implicit solution to 6 which is
independent of the other equations and is precisely condition (10) in the text.

Equation (A.4) can be solved for b* and yields expression (13) in the text, given by

TWg

b= (1+a)

Inserting the solutions to #;; and b* above into Equations (A.2) and (A.5) yields the solution to 6% and 67,
which is now shown.
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First, 67 is obtained. From (A.2), the term (1 + 0 + 05 + 6,,) can be written as W. Inserting b*
into this expression yields

(ws — wp) O (1 + a)
Wy '

(A.7)

(1+0p+6,+06,) =

Rewrite (A.5) as

T ws (1 4+0p + 05+ 0,) — (ws —w) — (ws —wp) p — (ws —w2)6,] = bA+0p+0s+6,) +
Ewlm=h

then rearrange the expression as

Tws (1 +0p + 05+ 0,)—b(1 +0p + 05+ 0,) = EwP*™ h+7 [(ws — w) + (ws — wp) Op + (ws — W) 0,]

(14 0p + 05+ 0,) [Tws — b] = EwbdP™h + 7 [(ws — w) + (ws — wr) Op + (ws — W) 0,]

Replace b* in the above equation to obtain
(1+0p+0s+06,) [ﬁ} Tws = EWIT™h + 7 [(ws — w) + (ws — wr) O + (Ws — W) Oy

From (A.7), replace (Wsmwp)0p(40) 1 otead of (14 0p + 05 + 0,,) , which yields an equation where the only

Ws?Y
unknown is O .

W [14%] Tws = EWOT™h 4+ 7 [(ws — w) + (ws — wp) Op + (ws — w?) 6y]

(ws —wr) Op {%} T = Ewly™h + 7 [(ws — w) + (ws — wr) Op + (ws — ws) 64
Subtracting 7 (ws — wr) O from both sides yields

7 (wy = wp) Op | 252] = Ew0™h + 7 [(w, — w) + (w, — wE) 6]
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Finally, solve for 0, which yields

which is the same expression as (14) when using E* instead of {w6**h (defined in (12)), and by using
0} = YO™, as defined from (11).

In order to obtain 07, it will be more convenient to obtain total immigration (0 + 65 + 6,,) and then subtract
g7, defined by the second equation in the above system, and 67},, from (A.8).

Substitute 67, into (A.7) and solve for (1 + 6 + 6, + 6,,) in order to obtain

(1+60p+0s+06;) = w‘:(;f)w [(ET + ws — w) + (ws — wl) 0]

Solving for total immigration (0 + 65 + 6;) yields

(1—|—'y)+ 1+a) [E*

(O 0 +6.) = (a—7) ws(a—7) | 7T

which can be rewritten to be identical to Equation (17) in the text.

From the above expression, solve for total legal immigration (6 + 6;) by subtracting 6, from both sides and
obtain

_ (149) (1+a)[ET**w] (1+a)ws —(1+a)wd —aws+yws *
O +0s = (ay t ey T [ wr(a—) }%

which can be simplified to

e Ay O+ [E—w] w1 +y) -0 +a)wl]
R P (o I [ P % (A-9)
Cwg (1463) (1 4+9) — (L+ o) [(w— ) + ]

ws (o —1y)
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which is Expression (16) when 67 is replaced by T6;* from (11).

Finally, in order to obtain @, subtract equation 6% from legal immigration in (A.9):

* _ (I4+7) (Hﬂ)[%*_w] ws(1+7)—(A+a)wg | g« _ gx
o=yt wman T [ 0 (@) }Qu 4

Substituting 07, given by (A.8) into the above expression yields

0 — (1+7) (1+a) [ET**U)] (147)07 B (14+a)wao% B 7[(%*+wsfw)+(wsfwﬁ)9;;]
s (a—v) ws(a—7) (a—7) ws (@—7) (a—7)(ws—wz)

Now combine the first and third term together, as well as the second and the fourth terms, to obtain

o — {(1-‘,—7)(14—6;)} ko) {wrugar -2 (B dwew)+ (wi—wi)o;
8 (a—7) ws(a—7y) (a—)(ws—wp)

Now combine the first and third terms into

5 (=) (a=7)(ws—wr) ws(a—7y)

g% — {(m)(uez) 7 [(5 +ws—w) +(ws —wi)or } e {wtuge; -2

Combine the terms inside the key brackets {} in order to obtain

s (a—y)(ws—wp) ws(a—y)

o — {(1+v>(1+9;)<ws—w>—w[(€*+ws—w)+<ws_wg>e;] } ) {wruge; -}

Expanding the terms inside the key brackets,

05 =

wsyws— (1) wp+0; (ws —wp) 4105 we—wir 05— [ £ —w] —yw =y +rwges | (1+a) {wrwgo;— £}
(=) (ws—wp) - ws(a—)

Cancel similar terms and simplify in order to obtain

b ws (1405) ~ (147 ) wp— (147 wp; —y [ Z-—w|+ywior | (4a){wtwio; -2}
s — (a—y)(ws—wp) a ws(a—7)
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'This finally yields

07 =

s

(A.10)

(=) (ws — wr)
B (1+o¢){w+wfﬂzf%}
ws(a_’)/)

{[HH:;] [ws—(1+v)wF]+v[w+w392—Ef}}

which is the same as Expression (15) where 6, = Y0'*, from Equation (11).

From the above expression, requiring a non-negative 0; constrains the parameters and equilibrium level of
07 to satisfy the relationship

*

(1+0;,) ws [ws — (1 +7) wr] > Kw—ﬁi) +92;w3} {fws(l+a—v) —wp(l+a)}.

When the above inequality is violated, the solution implies 6% = 0. The numerical section does consider

corner solutions under different assumptions.26

A.3 Homothetic Growth and the Social Welfare Function

This section shows that proportional increases in all wages (homothetic growth) produces no effect on the
optimal immigration quotas only if u (b) is logarithmic (i.e. u (b) = In (b)). In other words, when u (b) is
logarithmic, immigration quotas are homogeneous of degree 0 in the growth factor w. This is formalized
below.

For purposes of this section, assume that all wages share the same growth factor, where w; = ejw for j = F,

S, I, and native wages are w = ew. In this case, the cost function is given by £ = we&f;™h (1 — e(fgln)'

From Equation (11), the optimal ratio Oy =7 is implicitly defined by weéh’ ( — %) =7Tw(es —eg),

gﬁnax —
Oy

where the growth factor cancels from both sides and therefore 574 is not affected by homothetic growth,

fma

with optimal expenditures given by E* = wE* = wet O b,

'The equation determining transfers in this case is now given by

TW (€+ Zeﬂi) :/b\<1 +Z‘9i> + wE*,

*In that case, 0 drops from the equations and the remaining system needs to be solved again. Since this requires obtaining a myriad
of comparative statics for economically insignificant cases, this approach is not discussed further.
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where b is transfers in the presence of the growth factor. Solving forgyields

/5 [T (6 + Z 6,91) — E*]

= W E(Ub,

(1+>26:)

which shows that if the immigration quotas do not depend on the growth factor, then b= wb.

'The remaining equations that describe the solution to the system are then written as a function of b = wb
and of the wages e;jw. They are

i u (wb) Tw (es — ep

v 0r) = (1(+ ;F +(05 + eu))’

u’ (wbd) B g

v (9)  wlres —b]’
G

:g<1+291).

'This system is log-linear. Taking logarithms and differentiating with respect to w yields

u” (wb) b 1 dHF + d9g 4+ d@u o (HF) dfp

u (wh) | w (1+9F+9+9)_5/(9F)dw’
Wb 1)y | 1ds
' (wb)  w vV (g9)dw  gdw’

dgl | GEAE T
dwg = (L4+0p+0s+6,)

dor dGS

where
d% F des

and 72 are unknown. Conjecture that the demand for total immigration does not respond to

44 d = 0, which in turn implies that dGF -l— f: — ( since C(lie“ = 0), and verify that in order

for th1s to hold it must be the case that u (-) is logarlthmlc Under this assumption, the thlrd equatlon in

the above system yields 42 22 = 0. Inserting this result into the second equation implies that = ((Wb))b +5=0,

—u"" (wb)bw
u/ (wb

logarithmic (i.e. u (wb) = In (wd)).

w (i.e. 7

which can be rewritten as = 1, which defines a constant relative risk aversion of 1 and so u (-) is

/ (wb)b Lp 4 d0s | doy

Finally, the first equation has an LHS given by v () T 1_ (et

conjecture. This in turn implies on the RHS that ‘?—j = 0. Since ‘il(i’j = 0and dgj = 0, then % = 0. Hence,
immigration quotas are homogeneous of degree 0 in w if u (-) is logarithmic.

which is equal to 0 under the
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If 07 were to depend on the ratio of the unauthorized immigrants’wages in the host country to the domestic
wages for the sending countries, then homothetic growth for all wages in the model (including the domestic
wages of the sending countries) would not change 6'*, and hence the conclusions would still hold in such
a case.

QED.

A.4 Derivation of the Cost Function and the Redistribution Constraint under an
Enforcement Technology

Define the level of potential unauthorized immigrants who do not migrate (some dissuaded, some deported)
by Mp = M — M,,, where M ™ is the pool of potential immigrants and M,, is the number that migrate

and succeed in staying in the host country. The percentage rate of dissuaded or deported immigrants is given

M™>—M, _ 1 ) .
by j\%ﬂ?& = T = (1 — 9%,—““), which is assumed to depend on the number of native agents working

in the enforcement sector per potential unauthorized immigrant. Natives working for border enforcement

are assumed to be paid the wage of natives w (see also the derivation of the redistribution constraint in the

next section). Following Ethier (1986), it is assumed that (1 — 9?;;,() =f (%) , where f is invertible and

satisfies f* > 0, f” < 0 and f (0) = 0. Thus, this rate is increasing in agents per potential unauthorized

immigrant, but at a decreasing rate.

Since f is invertible, it is possible to write N = MP¥ f~1 ( ]%ﬁx> . Therefore, the aggregate enforcement

costis wNg = wMP> f~1 (1 - @> . The cost per native of enforcement expenditure is given by w%,

'max
03

which can be written as

where h = f~1. Then I/ = % > 0and " = (}f)/; > 0 since f* > 0an f” < 0. The assumption that

f(0) = 0 implies that £ = 0 when 0%7“ =1landh(0) =0.

In order to obtain the function h (-) used in the text, divide A (-) by & (1), and thus define h ( — (ﬁn—“ﬂ) =

h(1—Ouc
(E(il)t)' It can easily be seen that since the domain of 0?,1—““ is between 0 and 1, then A : [0,1] — [0, 1]
with 1/ > 0,3" > 0, h (1) = 20 = 1 and b (0) = 2@ — .

R(1) h(1)



‘Therefore the expenditure function per native () can be written as in (4), given by

E_w]\]?—fwéga"h(l— O )

max
03

with ¢ defined as € = h (1).

A.5 Derivation of the Redistribution Constraint (5) in a Production Economy

Assume that the production function of the consumption good is linear in the different types of labor inputs
and thus it has constant returns to scale (CRS) and the labor inputs are perfect substitutes. Natives produce
w units of the good, skilled immigrants produce w;, unauthorized immigrants produce an amount w,,, and
family-based immigrants produce wp. Agents are paid their respective marginal productivities. There are N
natives, of which an amount N, spend their time in border enforcement, while (N — Ng) use their time to
produce the consumption good. The aggregate amount of the consumption good produced in the economy
(Yper) for the given immigration quotas 6; = %, j=F,S, Iis therefore

w(N = Ng) + NS w;6; = V. (A.11)

GDP (Y) in this economy is given by Y = Y,,c; + wNg. Thus one can rewrite it as

N[w + Zw]ﬂj] = Ynet + wNE =Y.

Since every person pays proportional taxes to be used towards the universal transfer and the enforcement
expenditure wN g, this can be written as

7Y = 7N (w + Y w;#;) = bN (1 + >20;) + wNg,

which can be divided by N and using £ = “’]]\\[]E , yields the constraint (2).
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A.6 The Model as a Small Open Economy under Perfect Capital Mobility

Equation (2) can also be derived under the assumption of a small open economy with perfect capital mobility,
where natives and immigrants own capital and there exists a neoclassical production function that uses labor
and capital.

Assume that the domestic production function of the consumption good is given by Y. =
AF (K, L) ,where F(-) is CRS, A is the technology level, K is the capital stock, and L is a composite labor
input used for the domestic production of the consumption good. Labor inputs are perfect substitutes (native
and migrant labor) with different productivity profiles captured by {w, ws, wr, w,, }. This labor composite is
given by

L=w(N — Ng)+wsMs+ wpMp + w, M,
Ng

— V- (1- 57 ) + Sust

where Ng is the number of native agents working in enforcement activities. By the assumption of CRS, the
production function can be written as

Yoer = Af (f) L (A.12)

where f (%) = F (£,1) . Under competition, factors are paid their marginal products. Hence the return on
capital is r = dY"et = Af (¥ ) - With an open economy and perfect capital mobility, the domestic return
on capital is dlctated by the world return defined by r*. Hence, the domestic ratio K/ L is endogenously
given by

Using the above ratio in (A.12) yields a production function that is linear in the composite labor input:

Yier = A' - L, forA’:Af<[f’]‘1 (;)) >0
=A"-Nw <1—NE>+Zw] il
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where A’ is a positive constant. Without loss of generality, one can assume that A’ = 1 and this yields the
production technology (A.11). Assuming that only labor is taxed (as opposed to taxes on capital), one can
follow the steps in the previous section in order to obtain (2).

A.7 The Model Under Two Types of Public Goods: a Common Resource and a
Reproducible Public Good

Assume that the social welfare function is given by

V (b, 9,p,0F) = u(b) + avi (g) + vz (p) + 70 (0F)

where p represents the reproducible public good to be financed by tax revenue. The individual functions w,
v1, U2, U are assumed to be increasing, concave, and satisfying Inada’s conditions.

The public good p is produced with a CRS technology. Hence the marginal cost is constant and equal to the
average cost of production. Without loss of generality, assume that the production function is

p=10pT - (w+ > wb;), (A.13)

where § is a technology parameter, 7 (w + > w;#;) is the tax revenue, ¢ is the share of tax revenue used for
the production of p, and (1 — ¢) is devoted to transfers. The fiscal constraint is

(1= @) 7 (w+ 3 wib) = b(1+ 3 0;) + Ewdi™h (1 — 0,/05™) .
'The Lagrangian can be written as

L = u (b) + avi (g1) + Buz (ST (W + Sw;b;)) + 0 (OF)
b,0r,05,04,91,¢

un [(1= )7 (w+ Swyfy) = b(1+300;) — womh (1 )| + 2 G — g (1+ 65)]
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The first-order conditions are

b (b) = pr (1+3260:)
g:av' (g) = p2 (14 326;)
05 : Bvh (%) bpTws + 1 [(1 — ) Tws — b] = pag
OF : By (x) 0pTwr + 0 (OF) + (1 — @) Twr — b = pag
Ou : By () dpTwyy + p1 [(1 — @) Tw] — b+ Ewh'] = pag
@ 1 BVl (%) 6T (w + S wih;) = a7 (w + Y w;h;)
pr 7 (w+ Ywif) = b(1+320;) + Ewd™h
po G =g(1+>6;)

Equating the expressions for 5 and 6 (equal to pi2g) and using p; from the first equation yields

. - () (1—p)T
A Or) = (s = wi) | 5 ()37 + L L) (A14
Simplifying the f.o.c. for ¢ yields
/
' (5 AN, __ w(b)
By (bt (w + Y wib;)) 6 = g = YA (A.15)
Hence, using the above equation, one can write (A.14) as
/ —_—

(14>26;)

By equating the expressions for 6, and 6, (which are equal to p12g), one obtains an equation that can be
rewritten as v} (*) 07 (ws — w) + 1 (1 — ) T (ws — we) = pr&wh’. Since Bvh (¥) § = p from (A.15),
this expression simplifies to (10), given by 7 (ws — w%) = Ewh’ (+).

Now a condition that relates b and g is obtained. Take the f.o.c. condition for 65 and replace v} () § with
1, then obtain po7ws + w1 [(1 — @) Tws — b] = p2g. Dividing by p2 yields % {rws — b} = g. Finally,
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p o u'(b)
H2 av’(g)

u’(b) 9_b], which is the same

and so (g = T

since from the first two equations one can obtain
condition as (9) relating b and g.

‘Therefore, the optimality conditions defining b, 0r, 0y, 65, g and ¢ are

(ws —wp) Tu’ (b)

(1+326)
™ (w, — ) = Ewh (1 _ giix)
o (b) P

av'(g)  [rws —b]
' 5 < u (D)
B (87 (w + Y w;ib;)) 6 = ESY)

=7 (0F)

(1 =) 7 (w+ D wib) = b(1+ > 0;) + Ewby™h (1 - Qiua.x)
G=g(1+30;)

Here all the equations are the same as before, except the fiscal constraint now has a weight (1 — ¢*) on tax
revenue, and there is an extra equation. The level of p* is obtained from (A.13).
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A.7.1 A closed-form solution

A closed-form solution is obtained if the welfare function is of the form

1% (E,g,ﬁ, §F) —Inb+alng+ Blnp+~Inbp,

where a tilde (e.g. b) in the variables is used to identify solutions to the expanded model:

~ TWs
b* p—
14+«

' <5w >
T (ws — wl)

[ B e - w8 (w - w)]
QF:

(ws —wr) (@ — B —7)
5 (140) w14 8) - A+ 5+ ur)
T (0= B —) (ws — wr)
[(w+ Bzws) = ] fw, [1+ = 5] = wp (14 )]
B w (@~ —7) (ws — wp)

Legal and total immigration are now

(1+8+7) <1+§;)7w5+(1+04) |:E*—T(w+gzw3)}

(§F+§S> - Tws (a0 — B — )
B (14 @) [wsbf — (w + rws — E
R W ET S Wl i Ch e )

Finally, the optimal share of tax revenue devoted to the reproducible public good is given by

. ( E*4 7 [(ws —w) + 0% (ws—wﬁ)} )
pr=p —
(1+a—fy)E*+(1+,6')7'{(ws—w)—i-@;;(ws—wg)]
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where E* is defined by Equation (12) and clearly 0 < ¢* < 1 since a > 7.

From a given set of parameters {a,~, B}, it can easily be seen from the above solution that b = b*, 9* =67,
while 9 > 0} since o =10 F%’ and it can be shown that 9* > @%. Even though some of the levels
are shghtly different, the structure of the interior solution yields practically identical comparative statics with
respect to all common parameters. The presence of the additional public good requires o > 3 + 7.

B Comparative Statics

B.1 Higher wages of skilled immigrants (1 w,)

'The effect on transfers is positive (differentiate Equation (13)):

db* T

v, Gxa)

Higher skill premium decreases the demand for unauthorized workers

g cwlm

dws T (ws — wd)

Differentiating (14) with respect to w; yields

. (B +ws—w )+ (waut) Top=]

(ws—wp) T — [(ET* +ws—w> +(w8—w$)T0$‘“"]
oy,
dws (a—y) (we—wp)?
ET*-I—ws—w +(ws—wd )Y omax d max.
where the term d [< >dws ] is given by idg +1— (ws —wd) r(iiwa)’r/ + Yo

Then ¢£— dE 7(5“)) O h

and since {wh’ = 7 (ws — w) one can substitute h’ with T(ws—wy) Thep 9B —
T(ws—wg)” dws

Ew
gwemax
(ws—

)T’ Using these results, the following expression can be obtained

d [(% + wy — w) + (ws — w?) TG?L’”}

dwg

=1+ T, (A.16)
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Then solving for 4 d y1elds

. B a _ Tomax _ £
dws (o —7) (ws — wr)

For the effect on total immigration, first rewrite total optimal immigration as (0} + 05 + 0;) = ((2:1)) +
(1+a) [YG:‘”‘(wswa)fw+ ET*]

o =) . Then take the derivative W which using the results from (A.16) yields
ws {1+ —1}— | TOR™ [ws —w ]| —w E*
(g 277 il B | Simplifying, this yields

d(05+05+65)  (1+a) Tor~uwg +w— 2
dw, “(a—9) w?

Which is necessarily positive if wr > E*, that is, if taxes paid by the natives are higher than the level of
expenditure in enforcement (a condition easily satisfied in reality).

d(0%+0%+05) d(6:)

. . . d(05+03) . .
'The effect on total legal immigration (05+63) i more easily computed as Tu — g~ from the

dws
above derivatives. This yields

T
dws (a@—") w? 7 (ws — wa)?

d (0% 0* 1 T Omaxy,a _ B max
( F+ s) — ( +a) U wu+w + §w9u T/ (A18)

d6 _d(05 —0—0;‘) d
- dws

0 0
7 Then, substltutlngm and

dTJS yields

T

aor ((ws —wr) YO+ (w — wp) = £) [(w, — wp)” (1 + @) = yu?

A.19
duw, (@ =) w3 (w, —wr)? -
(wpYO™ + wp)2(1 + ) n Ewl™ Y <0
(a =) u? Ey—
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B.2 Abigger pool of unauthorized immigrants (1 6™*)

Since ¢ = Y0, and because T is independent of #;*, then d%% = Y. And from Equation (13) then
db*

= 0.
o

From Equation (14) one obtains

oy G%m + (ws — wy) T)

dop> — (ws —wr) (@ —7)

and from (12), jfg% is a constant given by {wh™ where h* = h (1 — T) . Hence

agr (S + (w, - wl) )
= > 0.
Ao (ws —wr) (@ —7)

The effect on total immigration is obtained from (17) as

467 A(054+05407)  do: L
Hence, Jgmw can be computed as (05 e ) _ pre i d(gf#ax, which yields

do}
dfm>x ws(a—7)(ws—wp)

T

[ {0, —w2) (s (1)~ (14+0)) —ws (a—7) (ws —wp) 1 £2° (w, (1-+a—) —wp (1+a))

where ws > wr (1 + a) & wr > w? are sufficient conditions to obtain d‘éimix > 0.
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. . e . d(0%+0% d(0%+0%+0, . .
The effect on legal immigration is given by computing ( d’;;;xé') _ 4 F;ém;j_ i _ d%?ggx , which yields

d(O +65) _ (1+0a) 8 + T [(1+7) ws — (1+ o) wy]

oz w (o — )

where a sufficient condition to be positive is for (1 + v) ws > (1 + ) wl.

B.3 Ahighertaxrate (1 7)

From optimal transfers % is

db*  ws
dr  (1+a)

>0,

Now obtain % From (11) (which is 8} = T0*), obtain

T (5“’ ) Y <0 (A.20)

d d (£ do,,
F_ v ( T ) + (ws — w) ==
dr  (ws —wp) (o —7) dr dr
B* a( B FAE - -
Where the term % is given by ( e ) = —i 2" and from (12) the term %E- is given by =
%' Since h/ = 77(“]2;11)3) then % = Sgu()zjf?zg)l T(wz;wZ) ,WhiCh is sunphﬁed as

dE*  Ewbm™Y’

dr T
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af EX
.Then using ( - ) and % into dg—f yields

d ET* TﬁfE* d ET* maxY~/ __ ¥
Hence ( ) = —dr is given b ( ) — fwhy ;r E
> dr T 23 Y —ar T

T2 T2(ws—wa)

d<dEj> + (ws — w?) df“] = [w — (ws — w) = <£7w> T’} , which is simplified to

= — < 0. (A.21)

'The effect on total immigration is obtained by

*

d(06+0:40%)  (14+a) |dZ max a w
( £ dr ) - w(s(a—?y) dr Tleu (’UJS —w ) (7-2( § ):|

) \ Pw—wp)

E*
Replacing ddf obtained above yields

dr ws(a—7v) | 72

d0s+0+ 06" 1 —F*
(F7L37L u) (+a) |: :|<0

. . ST . d(0%+0%+07, *
The effect on legal immigration is given by computing w - %GT“

d(03+03) _ _(1+a) [fE*}f(fgg;ax <4 fw )T/>_ (ta) [ope), €wop

dr — ws(a—y) L 72 T2 (ws—w) T ws(a—y) L 72 72 (ws—w)

Since Ewl™ = E*/h*, the above expression can be written as

d (0% + 607) E*{ Y (1+a)
7w - 20,

dr T2 —wd)h* w (a—)

u

which depends on the curvature of the cost function, as Y’ is related to h”.
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d(05+07) _ do%

Finally, the effect on skilled immigration is obtained from ——_ 7= This yields
d92_2* T’ I+a)wp—(14+a—7) ws >0
dr 12 | (ws — w2) h* (ws — wp) ws (@ — ) <

B.4 Higher enforcement cost (1 ¢)

From (13), the effect on transfers is C% =0.

From (11), which defines 6}, it is immediately apparent that unauthorized immigration is increasing in &,

where implicit differentiation yields

do* w
U — HmaxT/ .
g *<T(ws—wfﬁ)) 0

The derivative % is obtained from differentiating (14), which yields

o - wWOTSRE ewh! d6r a o
d¢ T (a—y)(ws—wFg) { T T 1 dE + (ws B wU) d¢ }
) roden . .
Then, since (ws — wd) = fuih , @t is given by
a5 Y wh R
& = e ] >0

The effect of (07, + 0% + 6;;) with respect to  is obtained by differentiating (17), which yields

d(0p+0:+63) _  (1+a) wfI™h*  cwh! dO} de;
- d§ - ws(a—y) T T T de + (wS - wg) de
and simplifies to
d(05+02+6%)  (1+a) [wom=p*
BT el Il
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1. . . . . . * d(0%+0%+07, do. *
The effect on sk111 1mm1grat1on can again be obtained as a difference % = w - %. Hence,

replacmg dg and from the equations above yields

dot _ (1+a—y)ws—(1+a)wp [wGﬂ“xh*} _ pmaxy/ ( w ) <0.

& = ws(ws—wr)(a—7) T 7 (ws —w?)

B.5 Higher wages for family-based immigrants (1 wy)

'The formulas for 8} and b*, total immigration (0}, + 0} + 6;;), and total legal immigration (63 + 6%) do not

depend on wr, which implies that ;f) =0,% —o, dOEH0:404) _ () and M

= 0. Differentiating

) dwp d’lUF
Equation (14) yields
oz 1 v (E 4w —w) + (ws —w) 67) 0%,
= = > 0.
dwp  (ws —wp) (a0 — ) (ws — wp) (ws — wr)
Since 4 dw Py dw = 0, under the optimal immigration policy this implies that ;ZF — d9F < 0. In words,

higher wages for family-based immigrants crowd-out one-to-one skill-based immigrants W1thout effects on
unauthorized immigration.

B.6 Higher wages for unauthorized immigrants (1 w?)

The effect on transfers is d = 0 from Equation (13).

From Equation (11), differentiation with respect to w yields

b _ _ &wby ST >0 (A.22)
dwy 7 (ws — wd)

From Equation (14) we obtain the effect on 67, given by

b _ ol 1 dE* ay 4o, max dE*  _ —EwiR™

dws W |:; dwa + (UJS — 'UJu) dw? — TQU s where dwd (ws—w;})T s and from
do., .

duwt above, one obtains

doy. ¥ —EwOm=Y! ay Ewomxy’ max . . .

dws = (a—)(ws—wr) [T(ws—wﬁ) + ('LUS — wu) W — Teu ,Wthh snnphﬁes to

oy —yrem

= < 0.
dw;  (a=7) (ws —wr)
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'The effect on total immigration is obtained from expression (17), which yields

d0p+0:+0) —(14+a)Yor=
= < 0.
dw? (v —y) ws

d(05+0:465)  dos
dw? dwd”’

Legal immigration can easily be obtained as

which yields

A6 +03)  —(1+a)Yem™ Ewhm

= - T < 0;
dwg (@ —7)ws T (ws — wﬁ)Q
and jg)% can be obtained as d(%#&gﬁm — % — %, which yields
do; _ YR [(1+a—yws—(+a)wr]  Lwbp™
i (o =) ws ™ (w, —wg)?

do;
dw?

that o > «y imply that (1 + a — ) ws > (1 + @) wp. As a result, both terms in

A sufficient condition to obtain

< 0 is to have ws > (1 4 ) wp, since this

B.7 Higher wages for natives (1 w)
The equation that defines b* (13) does not depend on w and therefore 4 = 0.

From Equation (11), the derivative with respect to w yields

oy omy

—— > 0.
dw 7 (ws — w?) ~

From Equation (14) we obtain the effect on 7,, given by

o _ v 1 dE* ay _£05=Y dE* _ ¢pmaxp*
dw T (a—7)(ws—wF) [; dw L+ (ws - wU) T(ws —wl) , where dw — 69“ h

be replaced by b/ = w Therefore, 42~ = £90%h* — £6m™Y” and so
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doz 5 E* —wr
dw (o —7) (ws —wr) wT ’

o
Hence, 5 < 0 whenever ' = w% < wt or whenever % <T.

Next, the effect on total immigration is given by

d(65+0:46:) _  (+a) [1dE*
dw T ws(a—y) | T dw

emax'r/
- 1 (s - ) T

] , which is simplified to

A0 +0:+6)  (1+a) [E—wr
dw ws (o — ) '

wT

The effect on legal immigration is more pronounced than that on total immigration:

d (05 +65) 1+« [E* —U}T:| oo
T

dw ws (a—7) wT (ws — w)

Finally, the effect on skill-based immigration is now given by

ao; (1+a—7)ws—(1+04)wp] [E*—wq R
T

dw ws (a0 — ) (ws — wr) wT (ws —wl)’

B.8 Higherimportance of the public good (1 «)

Unauthorized immigration 6}, in Equation (10) does not depend on « and so % =0.

TWs

1+a?

Since b* = the effect on transfers is negative, given by

db’ TWs
=—-——5<0.
do (1+a)
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, which from

) o% . oty (B pws—w (ws—w?)63)
From expression (14), one can compute £ directly as 2 = e wo—wr)

(14) can be rewritten as

The effect on 6 is obtained next. First, rewrite 0% as

gr = WO+ 00 [ws—wr (4] + [w= &+ Gui] [y = (v 1+ Q] o
ws (ws — wr) (@ —7)

Differentiating Equation (A.23) yields

d9r  —ws (ws — wp) {(ws —wr) (@ —7) [w— Z 1 9:w?] + Num)

da (@ =) w? (ws — wp)*

where [Num)] is the numerator in 7. Hence, the sign of the above derivative is determined by the negative
of the term inside the key brackets. That term, given by (ws — wr) (a — ) [w — % + 05wi] + Num can
be simplified by replacing Num by the numerator in (A.23). After canceling a few terms out, the term can
be written as

(ws — wp) (@ =) [w— E + 85ws] + Num = [(w, — w) + E + (w, — w?) 6] [w, — wp (1+7)]

which implies that agf is given by
dor — [(ws —w) + 4 (wy —w) 03] [ws — wr (1+7)]
da (a - 7)2 Ws (ws — wF)

whose sign is determined by ws — wr (1 + ) . Hence, Lil(g < 0ifws > wp (1 +7).
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B.9 Bigger weight for family-based immigration (1 ~)
. - . < der
The equations defining b* and 6}, in (13) and (10) do not depend on y and therefore % == 0.

. * . . doy. . . .
Since % = 0, the derivative T$ is obtained easily from (14) as

o, o« ((ws—w)+(ws—wg)ez+%*): o N
d’}/ B (Ot - 7)2 (ws — wF) - ol (a . ’}/) GF’ (A24)

The effect on 67 is obtained from (A.23)

dor  Ws(ws —wp) {(a -7) d]\éxm + Num} [(oz —7) dj\;xm + Num}

S

dy w3 (ws _wF)2(0‘_7)2 w, (ws — wr) (04_’)’)2
Thus, the sign is determined by [(a —7) % + N um} , where Num is the numerator in (A.23).
Difterentiating Num with respect to +y yields djil:m = w; [(w —wp) + 0} (Wl — wp) — %*] . Computing
[(a — ) . Num] simplifies to [wy — wp (1 + a)] [(ws — w) + 0% (ws — w?) + £°]. This implies
that dde: is
Bt

43 [w, —wr (1+ )] [(w, — w) + 65 (w, —wh) + 2]
d'}’ Ws (ws - UJF) (Oé - ’7)2

, (A.25)

whose sign is determined by [ws — wr (1 4+ )] . Hence Cile,y: >0ifws > wr(l+a).

. . . . . . . * . . . dox
The effect on legal immigration (as well as total immigration, since % = 0) is obtained from adding d—f

and C?E from (A.24) and (A.25), which is positive

dO;+0p) _ (ta) (e B
d’y _ws(a—7)2 (( s )+9u( s u)+ 7_>>0.

A-26



C Estimation of the Parameter p

Assume that the production function f in the enforcement sector is given by

1

f (Ayfax> =A (J\]/}irﬁ"x); for constants A > 0 and p > 1.

u

'This production function satisfies all of the assumptions described in Section 4. In this case, the associated h
function is given by

Since the production function assumes that the share of immigrants that do not make it to the host country

(i-e., those dissuaded or deported) is given by Mp/MP* | and given the assumptions on f, one can write
1

1\]\4’{2]“3“" =A ( J\J/};{?ﬂ) ” which can be rewritten as

Mp = A(Ng)r (MP"5 | forp > 1. (A.26)

'Thus, the level of people deported or dissuaded from coming to the host country is governed by a production
function that is Cobb-Douglas with CRS in Ng and M*.If the host country increases the number of agents
while the pool of unauthorized immigrants is unchanged, the effect is a larger number of potential immigrants
which are dissuaded or apprehended (and thus fewer unauthorized immigrants), but at a decreasing rate.
Similarly, when the pool of potential immigrants increases while the number of enforcement agents is
constant, there is an increase in apprehensions/deportations but at the same time, more unauthorized
immigrants (M — Mp) are able to get into the host country. This effect also happens at a decreasing
rate (the higher the pool of unauthorized immigrants, the smaller the increase in apprehensions).

Empirically, the pool of unauthorized immigrants is unobservable and is endogenous since in any sending
country there is always a subset of agents who would like to migrate if the conditions were appropriate: if the
sending country is pushing them to emigrate or if the host country is pulling them to immigrate. Possible
variables determining this pool include the enforcement level in the host country (captured in the model
by the number of agents working in border enforcement Ng), the wages in the home country (Wpome), the
wages of the unauthorized agents in the host country (wages in the US, given by w,,,rs), the population
in the host country (Nyrg), as well as the population in the sending country (Npome ). Econometrically, it is
posed that M*** is also log-linear, given by

M;nax - A2 (NE>a1 (whome)a2 (wiuUS )a3 (Nhome)a4 (]VUS)G5 (A27)
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where As is some constant, and the a;’s are coefficients to be estimated.

Since by definition, the pool of unauthorized immigrants is equal to the number of unauthorized immigrants
who are able to get into the host country (M) plus the number of immigrants who are dissuaded or
apprehended (Mp), we know that

M™ = My, + My, (A.28)

It is possible to rewrite the above system of 3 equations (Equations (A.26), (A.27) and (A.28)) in the form
of growth rates, given by

1 1

gMmaz = gA, + 0GNg + 19wy ome T 029w,,ps T 39Ny + Q49N ¢
Immsx = pgar, + (1 — 1) g

where in the 3rd equation of the above system, y is the share of unauthorized immigrants p = % =
u
%, gnp, is the growth rate of people dissuaded from migrating (including those apprehended and
deported), g, is the growth rate in the level of enforcement officers, gpsma= is the growth rate of the pool of
p B 8 o 8 p
unauthorized immigrants, gy, _ is the growth rate of income per capita in the home country, g, ¢ is the
growth rate of income per capita in the host country (US), g, is the growth rate of the population in the
home (or sending) country, and gy, - is the population growth rate in the host country (US). Finally, ga;, is
g Y, 9INys pop g y Y M.,
the growth rate of unauthorized immigrants.

Since the flow of unauthorized immigrants gps, can be estimated (M, is the change in the stock of
unauthorized immigrants) but g7, cannot, the first equation can be rewritten using the third equation
(eliminating the unobservable gz, ). This yields

[,1)(1—#)4‘#
oM, = |
1

1-— 1 1-—
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Therefore, the strategy is to estimate the equation that defines gpsma= as an endogenous variable, as well as
estimating the above equation as a system by using two-stage least squares (2SLS). The first stage estimates
thus:

1st stage: gaymas = ga, + A0gNg + A1Gwhome T 029wy, s T 39Ny + A49Ny 5

Then in the second stage, the estimated model is

2nd stage gar, = Y0 + ’Vl@ + Y29Ng -

The growth rate gpzmax is unobservable and thus a proxy (measured with an error) is used in the analysis.
However, the model specifies that the variable is measured with a classical error and then 2SLS can solve the
problem. The particular proxy variable is assumed to be the difference in the change of unemployment from the
home country to the change in unemployment in the US.

For the sending countries, the average unemployment in Latin American countries is used since Latin
American immigrants account for about 80% of all unauthorized immigration to the US (87% in 2000). This
is obtained from the World Development Indicators, series SL.UEM.TOTL.ZS (LCN). The corresponding

series for the US was used for the computation of US unemployment.

The rationale for the above dependent variable is the following. If the sending countries are under
recession (typically increasing unemployment) while the host country is having an expansion (decreasing
unemployment), then the difference AUnempg — AUnempy s is positive, which should also capture the fact
that there would be a bigger pool of unauthorized immigrants. Similarly, if the sending countries are having
an expansion while the host country is having a recession, the difference (AUnempy — AUnempys) would
be negative. In this case, there would be an expected decrease in the pool of possible immigrants as a result of
these forces. If both the sending and the host countries are having an expansion, there would be an increase
in the pool of immigrants (a smaller one than in the first discussed case) if the unemployment rate decreases
faster in the US than in the host country, and vice versa.

The coeflicient we are interested in is ;. From Equation (A.29), this is given by

_ (I—p)+np
Y=
w

D=
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so that an estimate of p can be obtained from the above expression as

where [ was defined as the share of unauthorized immigrants in the immigration pool. Hence, an estimate of
p depends not only on the econometric evidence on 1, but also on an estimate of 7. Unfortunately, some of
the concepts that integrate j1 are not observable, but an upper bound can be derived and this in turn implies
a lower bound on p. This is explained below.

Consider that the “true”level for u is given by

B AUnauthorized
~ Arrests + AUnauthorized + Other_Dissuaded

"

where Other_Dissuaded refers to the number of potential immigrants that would have migrated in
the absence of enforcement— which is unobservable. Now define i = %, which is an observable

magnitude since each component is observable (both arrests & the change unauthorized population). Notice

that 1 = AT?%%“M > T AA]\%;O her = M, so that /1 is an upper bound on . This in turn implies that the

1 is lower than the actual ratio 177“ (% < 177“), and therefore one can obtain a lower

estimated ratio

bound on p, defined as py, and given by

)/O\lb5<1:ﬁ><,\1 ><<1_“)<A1 ):ﬁ. (A.30)
H -1 7 1 —1

Using data from the 2019 Yearbook of Immigration Statistics, one can obtain the time series for aliens

apprehended. The levels used for the construction of unauthorized immigration are also presented below, as
they are used in the computation of /. A description of the data is given at the end of this Appendix.

For the estimation of (A.30), it is necessary to estimate fi. To do this, the cumulative level of apprehensions
and the change in unauthorized immigrants for the period 1994-2008 yields the following estimate:

m 5 AM o A+ AM, 7,034, 899 0.2588
a <t:12994( “’t))/ <t:12994( o “’”) 7,034,899 + 20, 146,297
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'The only missing piece of information needed for the estimation of py;, is the coeflicient 1, which is discussed
in the next section.

Table Al. Aliens apprehended

Year  Aliens Apprehended Change Unauthorized Immigrants

1994 1,094,719 304,031
1995 1,394,554 432,874
1996 1,649,986 529,274
1997 1,536,520 437,508
1998 1,679,439 414,335
1999 1,714,035 571,912
2000 1,814,729 716,512
2001 1,387,486 945,463
2002 1,062,270 592,304
2003 1,046,422 401,358
2004 1,264,232 265,100
2005 1,291,065 314,227
2006 1,206,408 820,000
2007 960,673 470,000
2008 1,043,759 -180,000
Total 20,146,297 7,034,899
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C.1 Econometric evidence and estimation of a lower bounds on

'The model is estimated for the period 1994-2008. The results of using two-stage least squares are

Two-stage least-sguares regression

Equation Cbs Parms RMEE "R-sg" F-5tat P
G Unautho 15 2 3.509951 0.1116 2.06 0.1516
Ch_Unem LC~A 15 4 4600388 0.8095 10.62 0.0001
Coef. Std. Err. t P=t] [55% Conf. Interwval]
G_Unautho
G BPAgents -.0145522 142568 -0.10 0.%520 -.3102201 2811156
Ch Unem LCN minus Ch unem USL 2.369173 1.16798 2.03 D.085 -.0530695 4.791416

_cons 6.388037 1.743362 3.66 0.001 2.772525 10.00355

Ch Unem LCN minus Ch unem USA

Gr USGDPperc PPPoonst 4570618 1456716 3.14 005 .1549573 7551663
Gr LLNGDPperc PPPronst -.0942953  .0871447 -1.08 .29 -.2750223 .0B64317
PopLCN_Growth 15 &4 2.97723 3033604 3.30 .0o3 1.103775 4850685

PopUS_Growth 15 €4 -2.610304 1.477636 =197
_cons -3.37819%8 1.824753 -1.85

.09 -5 674734 4541265
.078 -7.162516 4061192

o o o o O

Endogenous variables: G Unautho Ch Unem LCN minus Ch unem USSR
Exogenous variables: G BPAgents Gr USGDPperc PPPconst
Gr LLNEDPperc PPPconst PopL{N Growth 15 €4 PopUS Growth 15 €4

The coeflicient we are interested in (1) is significant, estimated at a level of 2.369. The proxy variable
capturing the growth in the immigration pool was well explained with an R? of 81%, and although not all the
variables are significant at the 95% level of significance, they all have the correct sign: growth in US GDP per
capita increases the (proxy of the) pool of unauthorized immigrants, higher GDP per capita in Latin America
is associated with a lower immigration pool, population growth in the US is negatively associated with the
immigration pool, and higher population growth in the Latin American countries is associated positively
with the immigration pool.

If the system is estimated by means of using three-stage least squares, all of the explaining variables of the
proxy for the growth in the immigration pool are significant and with the correct sign, with very small
variation in the estimated coefhicients.
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Three-stage least-sguares regression

Equation Cbs Parms RMSE "R-sq" chil P
G_Unautho 15 2 3.15447 0.1030 5.42 0.0D666
Ch_Unem LC~A 15 4 3859438 0.7989 64.87 0.0000
Coef. Std. Err. 4 Bxlz| [55% Conf. Intervall
G _Unauthe
G _BPAgents .0277482  .1149388 0.24 0.809 -.19715277 2530242
Ch Unem LCN minus Ch unem USA 2.386701  1.044423 2.2 0.D22 3396703 4433732

_cons 5.943404 1. 447242 411 0.000 3.106861 8.775547

Ch_Unem LCN minus Ch unem USA

Gr USGDPperc PPPoonst 416442 1090783 3.82 .0oo .2026513 6302326
Gr LCNGDFperc PPPeonst -.1206253  .0627498 -1.92 .055 -.2436133 .0023615
PopLCN Growth 15 €4 3.040741  .e732272 4.52 .000 1.72124 4.360242

PoplUS_Growth 15 &4 -2.304888 1.04302% g i |
_cons -3.746233 1.324384 -2.83

.027 -4.345187 - 2605881
.005 -6.341984  -1.150433

oo o o o o

Endogenous variables: G Unautho Ch Unem LCN minus Ch unem USA
Excgenous variables: G BPAgents Gr USGDPperc PPPconst
Gr_LCNGDEPperc PPPconst PoplCN Growth 15 €4 PoplS Growth 15 €4

Given these magnitudes, the estimate for the lower bound on p is given by

_ (1-J 1 1 — 2588 1
pie ( i )(%—1) ( 2588 ><2.369—1> 09

C.2 Datadescription

Unauthorized ~ Immigrants. 'The data was constructed from two sources. First, it was
acquired from the website of the Department of Homeland Security (DHS) at
https://www.dhs.gov/immigration-statistics/population-estimates/unauthorized-resident, = where  the
relevant series is available since year 2005. For previous years, the data comes from Warren and Warren
(2013), who have available data since 1990. The data from DHS is very similar but not identical to the
overlapping years produced by DHS, so the final series used for the levels is constructed from the growth
factors from the DHS series since 2006, and then applied to the series produced by Warren and Warren for
years 2006, 2007, and 2008.
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Alien Apprebensions. 'The time series on aliens apprehended is obtained from the 2019 Yearbook of
Immigration Statistics, Table 33, from the website of the Department of Homeland Security, available at
https://www.dhs.gov/immigration-statistics/yearbook/2019.

Unemployment, Population and Income per capita Series. The data for unemployment for Latin American and
Caribbean countries (LCN) comes from the World Bank’s World Development Indicators. The series for
unemployment is SL.UEM.TOTL.ZS and was obtained for LCN and for the US. For the construction of
the growth rates in population, the time series used reflects the population aged 15-64 for LCN countries
and for the US, series SP.POP.GROW. Finally, for the construction of growth of income per capita, the levels
are obtained both for LCN countries and the US, using the series NY.GDP.PCAP.PP.KD, which reports

income per capita in constant purchasing parity dollars of 2017.

Border Patrol Agents. Data on the number of agents working on the Border Patrol is available at the website
of the US Custom and Border Protection, at

https://www.cbp.gov/sites/default/files/assets/documents/2019-Mar/Stafting%20FY1992-FY2018.pdf.

D Calibration under Constrained Skilled-Based
Immigration

Consider the system of first-order conditions when there exists an extra constraint such that 8, < 7.
Assuming that this constraint is binding (and thus the optimal level 7 in (A.10) is not feasible), then the
constrained solution (b, 65, 6%, 05, ¢¢, 1§, 1§) with Lagrangian multipliers uf, (1§, as in Appendix A.1, is

y» Vs

characterized by the system

b:u (b°) = p1 (1+ 0%+ 65 +065)
g:av' (g°) = p2 (1 +0F + 05 + 0)
s : pf [Tws — b°] — p59° > 0 when 05 = 07 (it 0; > 603%)
O 7V (0F) + pi [Twr — ] = psg°
Oy ¢ puf [Tw, — b° + Ewh'] = psg°
p1: T (wplh + wsBS + w + wy,b5) = b (1 + 0% + 05 + 605) + Ewbr™h
pe: G =g (1+0%+05+06,)
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Oy

Using (i) log-utility, (ii) an & (-) function h = ( Gmax)p and (iii) identifying & with A7 yields

1
§:H1(1+9%+9§+95)
g=u2(1+9%+9§+0§i)
oc = o=
Cc _C /-y C C
Hag —97+M1[7'WF_5]
F

H59° = 1§ [T, — b + APwp (1— 05 /05|
7 (Wpl 4wyl + w + w,05) = b° (1 + 0% + 65 + 65) + wff; (1 - 65/6m)"

G=g"(14+0%+065+0;)

From the first and second equations above, the Lagrangian multipliers 1§ and p$ are

1

M1 = b (140510105

=0

— 6]

T g (140%+05+6S)

O

I

Replacing the multipliers pf, ©§ in the fourth equation above yields the expression

l‘i‘ [Twp—b°] o ag®
0% " be(14+60%+05465) g (1+0%405+65)

Now solve for 0%, in order to obtain

o (10 0
F b (1+a—7v)—Twp]

(A.31)
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Using the multipliers 11§, 14§ in the fifth equation yields the following equation for b°

Tw, + A Pwp (1 — 65 /gm)P~1

b = A.32
(1+a) (A.32)
Replace b¢ from (A.32) into (A.31), using 65 = 67* which yields
c p_l
v (1 + 65 + 07*) |:Twu + (%) (1 — é;;) }
0% = = ) (A.33)
(1—1—04—7)[7'10“—1—(%)(1—9%%) ]—(1—1—0()7‘10;:

Inserting b¢ from (A.32) into the sixth equation and setting 65 = 67* yields

c p—1
(14 ) (wpb + w 7™ + w+ wad) = | rw, + () <1 - eiax>

u

(1+6%+67™+6;)

(A.34)

+(1+a) (o) o <1 _ 9@)9

u

Thus, if the interest was in computing 6%, and 65, equations (A.33) and (A.34) form a system of two equations
in these two unknowns.

For the calibration of {A, e, 7}, it is necessary to have one more equation, which is provided by the
unconstrained solution to #} obtained previously and which is assumed not to be observable. Start from
legal immigration in (A.9) and then replace (A.8) to obtain the expression

o w5(1+92)(1+7)7(1+a)[(waT*>+wu9;] y[(%*+wrw)+(wrwu)9ﬂ
s = ws(a—) - (ws—wp)(a—y)

'The above expression can be rewritten as

0§:a1(1+0:)+a2(w—wu—E—*)

T
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for constants aj and ag that depend on parameters {«, v, wy, ws, wr }, given by

aiv) [(1+v)—(1+a) <?)—V<H>}

Finally replace the unconstrained level 8}, given by (18), and since optimal enforcement in the unconstrained

)
case is E* = APwO™ ( 0—“) , we obtain

gmax

P

AP =L w_gmax (TAP(Ws—wu)) p—1
s — Wy -1 AP Zu w
1—<T (w w>>p ]}a1+a2 W — Wy — ?

0r = {1+0$“

(A.35)

'Thus, when immigration quotas are the targets, then (A.33), (A.34), and (A.35) form a non-linear system
of three equations in the unknowns {4, «,~}. The system takes targets {6%,0¢,0%} and parameters

{w, wp, ws, wy, 7, p, 0%, 07} and produces calibrated values of {AC, Qe, Ve

Setting 0% = .0321, 65 = .0307 and 6} = .025 and setting w = 1, wr = 0.8, ,ws = 1.25, w, = 0.75,
T =0.3, p =3, 00 = .25, 07 = .0081, the non-linear solver yields A, = 2.4966, a. = 0.303164 and
e = 0.013952.

Finally, in order to verify the quality of the solution, a target of 6} = .0081 can be selected so that 07 = 0 =
.0081, then the non-linear solver yields the same calibrated values as in the unconstrained calibration, so that
in that case A, = A = 2.4874, &, = a = .30945 and 7, = 7 = .01413.
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