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Land Use Regulations, Migration and Rising House
Price Dispersion in the U.S.

Abstract

This paper develops a dynamic spatial equilibrium model of regional housing markets in which
house prices are jointly determined with migration flows. Agents optimize period-by-period and
decide whether to remain where they are or migrate to a new location at the start of each period.
The gain from migration depends on the differences in incomes, housing and migration costs.
The agent’s optimal location choice and the resultant migration process is shown to be
Markovian with the transition probabilities across all location pairs given as non-linear functions
of income and housing cost differentials, which are endogenously determined. On the supply
side, in each location the construction firms build new houses by combing land and residential
structures. The regional land supplies are exogenously given. When a tightening of regional
land-use regulation reduces local housing supply, upward pressure on house prices created by
excess housing demand cascades to other locations via migration. It is shown that the
deterministic version of the model has a unique equilibrium and a unique balanced growth path.
We estimate the state-level supplies of new residential land from the model using housing
market and urban land acreage data. These estimates are shown to be significantly negatively
correlated with the Wharton Residential Land Use Regulatory Index. The model can
simultaneously account for the rise in house price dispersion and the interstate migration in the
U.S. during the period 1976-2014. Counterfactual simulations suggest that reducing either land
supply differentials or migration costs could significantly lower house price dispersion. The
model predicts substantially smaller impacts of land-use deregulation on population reallocation
as compared to recent existing models of housing and migration that assume population are
perfectly mobile.
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1 Introduction

The secular increase in the house price dispersion across U.S. states has been the ongoing fo-
cus of empirical and theoretical research[] Van Nieuwerburgh and Weill| (2010) and |Gyourko
et al.| (2013)) attribute the increase in house price dispersion to rising income dispersionﬂ
However, the increase in income disparities across states can only explain a small fraction
of the substantial rise in house price dispersion observed since 1970s . Even after adjusting
house prices for income differences, we are still left with a substantial secular rise in the
dispersion of house prices relative to incomesﬂ Glaeser and Gyourko| (2003), (Glaeser et al.
(2005)), Quigley and Raphael (2005), [Ihlanfeldt| (2007) and |Albouy and Ehrlichl (2012)) find
that areas with faster than average growth in house prices tend to have more restrictions
on residential land-use[] However, the positive relationship between land-use regulation and
house price growth observed across locations cannot be rationalized by the canonical spatial
equilibrium models that assume perfect population mobility across locations When agents
are perfectly mobile, migration equalizes utility across locations and consequently differences
in house prices only reflect differences in incomes and amenities, and differences in land sup-
plies do not impact the spatial equilibrium of house prices. Recently, Hsieh and Moretti
(2015) and Herkenhoff et al. (2018), go beyond the analysis of house prices and examine
the impact of land-use regulations on spatial labor allocation. They argue that the tight-
ened land-use regulations in the high-productivity U.S. cities raise local housing costs, which
deter migration flows towards these cities and lead to labor misallocation. Their models
predict that land-use deregulation can lead to substantial population reallocations to high-
productivity cities and a considerable increase in the average labor productivityl’] However,
since their models are built on the assumption of perfect labor mobility, the effects of dereg-
ulation might be over-estimated. Degree of population mobility is an important factor in
determining the extent to which spatial heterogeneity in land-use regulation results in rising
house price dispersion and/or migration towards low housing cost locations.

This paper contributes to the literature by developing a dynamic spatial equilibrium
model of regional housing markets in which house prices are jointly determined with mi-
gration flows. At the start of each period agents decide whether to remain where they are

!Similar increases in house price dispersion have also been documented across Metropolitan Statistical
Areas (MSAs). But a decomposition of house price dispersion within and between states clearly show that the
increases in house price dispersion at the MSA level are mainly due to increases in between-state dispersion,
as the within-state dispersion has not increased that much (see details in Appendix D.2).

2For example, Van Nieuwerburgh and Weill (2010) find that the rise in wage dispersion across MSAs is
large enough to account for the rise in house price dispersion during 1975-2004. |Gyourko et al.| (2013) show
that an increase in the number of high-income households nationally can lead to house price dispersion.

3See Figure [1|in Section

4Some recent studies consider also non-regulatory factors behind land supplies. For example, Saiz| (2010)
considers the impacts of geographical constraints on land supplies, and [Kahn! (2011) finds that liberal cities
in California grant fewer new housing permits.

SFor example, the spatial equilibrium models studied in (Glaeser and Tobio (2008)) and |Gyourko et al.
(2010) are built on the assumption that capital and labor are perfectly mobile.

“In addition, Hilber and Robert-Nicoud| (2013) and [Parkhomenko| (2016)) study how regional housing
supply regulations are endogenously determined in political processes.



or migrate to a different location. The expected gain from migration depends on the ex-
pected differences in incomes and housing costs between the origin and the destination and
the migration cost that consists of a route-specific and a stochastic idiosyncratic compo-
nent. The agent’s optimal location choice and the resultant migration process is shown to
be Markovian with the transition probabilities across all location pairs given as non-linear
functions of income and housing cost differentials, which are endogenously determined. In
each location, the construction firms build new houses by combining land and residential
structures. The regional land supplies are exogenously given. When a tightening of regional
land-use regulation reduces the local land supply, upward pressure on house prices created
by excess housing demand cascades to other locations via migration. It is shown that the
deterministic version of the model has a unique balanced growth path, on which no location
ends up with zero population.

In this paper we focus on the spatial equilibrium of regional housing markets, and abstract
from modelling the production sectors by assuming that the spatial distribution of wage rates
is given exogenously. This assumption is made for expositional simplicity and can be relaxed
by allowing for capital and agglomeration effects in location-specific production functions,
following the studies by |Ciccone and Hall (1996 and Davis et al.|(2014). Such an extension is
considered in Section [S2]of the online supplement, where it is shown that our main theoretical
results on the existence and uniqueness of the long-run equilibrium continue to hold, and
the quantitative results obtained inclusive of capital and agglomeration effects (rendering
the wage rates endogenous) are qualitatively similar to the ones reported in the paper that
abstract from such effects.

Our modelling approach is to be distinguished from existing Rosen-Roback style static
spatial equilibrium models, such as, |Gyourko et al.| (2010) and Hsieh and Moretti (2015),
and from the static population allocation models adopted in the studies on spatial labor
allocations by Davis et al.| (2014) and [Herkenhoff et al.| (2018), among othersm These studies
abstract from the dynamics of location-to-location migration flows, and rely on static models
of population allocation as an outcome of spatial arbitrage process under perfect population
mobility, or consider a representative household that centrally allocates household members
(population) across locations. Since it is assumed that labor mobility is perfect, then in-
creases in spatial heterogeneity in land-use regulation tend to have substantial impacts on
population reallocation but little impact on house price dispersion. In contrast, we allow for
imperfect labor mobility determined by variations in migration costs across origin-destination
pairsff| Thus, in our model, spatial heterogeneity in land-use regulation simultaneously affects
house price dispersion and migrationf| In addition, when a tightening of regional land-use
regulations reduces local housing supply, upward pressure on house prices created by excess
housing demand spills over and cascades to other locations via migration. The route-specific

"The models adopted in |Gyourko et al.|(2010) and |[Hsieh and Moretti (2015) are built on the static spatial
equilibrium set up developed by [Rosen| (1979) and [Roback] (1982).

8The rate of migration is not uniform across the U.S.. The extent of migration between two neighboring
states or between the East and the West Coasts is considerably higher than between other states, which
implies that mobility may vary substantially across different origin/destination state pairs.

9As shown in Section of the online supplement, spatial heterogeneity in land-use regulation leads to
secular rise in house price dispersion only in the presence of non-zero migration costs.



migration costs determine the magnitudes and the directions of the spillover effects. Further-
more, we explicitly modelled the dynamic interactions between migration and local housing
markets, which also distinguishes our work from their studies. The dynamic nature of our
model allows us to analyze the evolutions of the U.S. regional housing markets between the
short run and the long run equilibrium{r_U] Finally, to our knowledge, the present paper is the
first to explicitly model migration as the source of spatial spillover effects in regional housing
markets.

Our paper also differs from demographic studies on migration that use Markov chain
models as Fuguitt| (1965) and Tarver and Gurley| (1965). These studies assume that transition
probabilities across locations are exogenously given, whilst in our study we allow migration
flows to interact with local housing markets through endogenous and nonlinear variations in
transition probabilities across location pairs and over time.

We calibrate our model on a panel of 49 states (including the District of Columbia)
in the U.S. mainland over the period 1976-2014. The route-specific migration costs are
estimated using the combined state-to-state migration flows and state level incomes and
housing costs data. Parameters that govern local housing supplies are calibrated using state
level housing market data. We estimate the state-level supplies of new residential land from
the model using housing market and urban land acreage data. These estimates are shown
to be significantly negatively correlated with the Wharton Residential Land Use Regulatory
Index (WRI henceforth).

In the baseline simulation exercise, we examine the performance of the model in account-
ing for the observed rise in house price dispersion during the period 1976-2014, taking the
realized state level income processes as given. We are able to simultaneously account for
the rise in house price dispersion and the interstate migration in the U.S. during the sample
period. In addition to land supply differentials, we also consider the roles of other forms of
spatial heterogeneities in this process. The results of counterfactual exercises show that land
supply differentials are the major factor behind the rising house price dispersion in the U.S..
To examine how land supply differentials and migration costs jointly contribute to the rise
in house price dispersion, we carry out simulations assuming different levels of land supply
differentials and migration costs. The results indicate that both land supply differentials
and migration costs play significant roles in driving up price dispersion; reducing either of
them can significantly lower house price dispersion in the U.S.. In addition, increases in land
supply differentials would lead to a larger rise in house price dispersion when migration costs
are larger.

According to (Gyourko et al|(2015)), the residential land-use regulatory environments of
some areas in the U.S. started to become stricter from 1970s onward. Land-use regulations
can have important implications not only for local house prices, but also for the composition
of population across U.S. states. Deregulating in states with stricter land-use restrictions can
affect population movements between states through the house price channel (Herkenhoff
et al| (2018)). To examine the impacts of local land-use regulations on house prices and

10The U.S. regional housing markets are unlikely to be in their long run equilibrium, considering the secular
rise of house price dispersion in the U.S. since 1970s. Some parts of the observed house price differences
across locations can be due to disequilibrium, which should diminish overtime with population re-location.



populations, we consider two counterfactual exercise: a land-use deregulation in California
and a tightening of land-use regulation in Texas. These exercises show that changes in
local land-use regulations can affect population allocation via the house price channel, but
its effects tend to be relatively moderate as compared to predictions obtained from recent
existing models of housing and migration, which assume population are perfectly mobile, as
in studies by [Hsieh and Moretti (2015) and Herkenhoff et al.| (2018)), for instance. We find
that house prices are much more affected by changes in land use regulations as compared to
their effects on allocation of population. For example, our model predicts that increasing the
average land supply growth rate of California to the national average induces the population
of California to rise by one million (around 2 per cent in 2014 values), whilst such a de-
regulations could reduce the average rate of increase in real house prices from 2.5 per cent
realized during 1976-2014 to a mere 0.23 per cent counterfactually. On the opposite extreme,
reducing the average land supply growth rate of Texas to the national average reduces Texas’s
population by 0.7 million (around 3 per cent in 2014 values), but increases the average growth
rate of real house prices from a realized negative value of —0.114 per cent to a positive rate
of 0.868 per cent.

The dynamic and spatial nature of our model also allows us to examine the migration
linkages between U.S. states, and their evolution over times. We investigate the impulse
responses of state level house prices and population to regional shocks, and take a negative
regional productivity shock to California as an example. As local productivity drops, agents
migrate out from California to other states, which raises housing demand and house prices
in these states. However, the responses of house prices in the neighboring states of California
are faster and stronger than those of the other states. In addition, migration flows between
California and its neighboring states are also more responsive to the shock. The impulse
responses of the model economy to regional productivity shocks to New York, Illinois, Florida
and Texas also have similar patterns. These results suggest, perhaps not surprisingly, that
migrations between states that are geographically close are more responsive to changes in
income and housing cost differentials, which tends to keep the house price differences between
them from increasing. This partially explains why the model can replicate a substantial rise
in dispersion of house prices in the U.S. at a regional level, combined with only moderate
increases of house price dispersions within the regions.

The present paper is closely related to |Herkenhoff et al.| (2018), which studies the im-
pacts of land-use regulations on the spatial allocations of labor and capital across U.S. states.
Tough the two papers study similar issues, they have very different theoretical underpinnings
and empirical focus. First, Herkenhoff et al. (2018) solve the problem of allocations of labor
and capital across locations, and between production and housing sectors, using a single
representative household in the economy who centrally and frictionlessly allocates labor and
capital. In contrast, the present paper explicitly models the dynamics of location-to-location
migration flows allowing for migration costs, and develops an inter-temporal model of hous-
ing supplies and considers the evolution of the model economy towards its long-run spatial
equilibrium. Also in Herkenhoff et al.| (2018) the tightness of land-use regulations are mea-
sured as the productivities of existing land in the production of housing services, whilst the
present uses state level growth rates of newly released residential land to measure tightness



directly, which is shown to significantly negatively correlated with the WRI. Third, both pa-
pers consider the effects of land-use regulations on housing and spatial labor allocation over
the past few decades; however, they have adopted very different quantitative approaches.
Herkenhoff et al.| (2018)) compares the different steady states of the model with the tightness
of land-use regulations being set to different historical levels. In contrast, the present pa-
per simulates the transition path of the model economy over the period 1976-2014 without
assuming steady state. We believe that the U.S. regional housing markets are unlikely to
have been in their long run equilibrium during this period, considering the secular rise of
house price dispersion. Finally, the present paper predicts substantially smaller impacts of
land-use deregulations on population reallocation as compared to Herkenhoft et al.| (2018) in
which labor are reallocated frictionlessly.

In our analysis population mobility plays the key role in determining how land-use regu-
lations affect house price dispersion and migration, which relates our work to the literature
on location choice and migration. This strand of literature can be dated back to Mcfadden
(1978), who argues that population mobility can be imperfect due to the substantial varia-
tion of migration cost across individuals. Skill sorting, which is applied in some recent works
on house price dispersion, such as, Van Nieuwerburgh and Weill (2010) and |Gyourko et al.
(2013), can be an example of heterogeneous migration costs. These authors assume that
workers have different skill types and high-skilled workers can better exploit their skills only
at high-productivity locations[']] Therefore, high-skilled workers face relatively higher costs
to move out of high productivity locations, and are thus less responsive to rising housing
costs. In this paper, we focus on the variation of mobility across space and its implications
for house price dispersion and migration, rather than the factors or mechanisms behind the
imperfect mobility, which is motivated by the observation that the extent of migration flow
varies substantially across location pairs in the U.S.[P| It will be shown in Section our
model captures the observed patterns of migration rates across states, which complements
the analysis of interstate migration trends studied in the literature, for example, by Kaplan
and Schulhofer-Wohl| (2017)).

Our paper also relates to empirical studies that find strong spatial spill-over effects in
house price changes in the U.S. [Holly et al.| (2010 show that house price-to-income ratios
across U.S. states are spatially correlated. Bailey et al.| (2016) show that common national
and regional factors are important explanations of house prices changes across U.S. MSAs
and spatial spill-over effects are still present in de-factored house price changes. |Cohen et al.
(2016) also report significant spatial effects in house price dynamics, and further find that
spatial pill-over effects are magnified in the aftermath of the 2007-2008 housing crash. Sinai
(2012) finds that the booms and busts in the U.S. regional housing markets are geographically
clustered. Cotter et al. (2011)) identify the statistical jumps in house prices in the U.S. MSAs

"WRoca and Pugal (2017) find that workers with higher initial ability also accumulate more valuable expe-
rience in bigger cities.

12Recently, considerable attention is paid to the effects of housing on mobility. In particular, [Ferreira
et al.| (2010), [Head and Lloyd-Ellis| (2012]), [Davis et al.| (2013]), Nenov| (2015) and |Sterk| (2015) examine how
housing market liquidity can affect labor mobility. In addition, |Ouazad and Ranciere| (2017 investigate how
residents’ accesses to mortgage loans can affect their mobility.



and find that the jump correlations are especially high between MSAs in California. [DeFusco
et al. (2017) finds that house prices in the neighboring MSAs have significant effects on the
local house prices. In our model, regional housing markets interact with each other via
migration flows, which function as a source of spatial spill-over effects.

The rest of the paper is organized as follows. Section [2]describes the data and summarizes
the statistical patterns of house price dispersion across U.S. states and interstate migration.
Section [3| presents the model. Section[d]characterizes the equilibrium and proves the existence
and the uniqueness of the equilibrium and the balanced growth path. Section [5| calibrates
the model. Section [0] presents of the compact form of the system of equations. Section
provides the quantitative analyses. Section [§ concludes. Extensions of the baseline model
are discussed in the online supplement.[r_gl

2 House price dispersion and migration in the U.S.
We begin by documenting several patterns of house price dispersion across U.S. states:

o Fact 1: The dispersion of house prices across U.S. states has substantially increased
during 1976-2014.

o Fuact 2: The rise in the dispersion of house prices cannot be explained in terms of
the rise in the dispersion of incomes, and the house price-to-income ratio continues to
exhibit secular trends over the 1976-2014 period.

e Fuact 3: The dynamics of house price-to-income ratios dispersion have significant cycli-
cal patterns.

e Fact 4: The rise in house price dispersion is basically a between-region phenomenon.

As shown in Figure [I] the dispersion of log real house prices across U.S. states has been
increasing over the past decades. In addition, the increases in income dispersion can only
account for a very small portion of the rise in house price dispersion since the dispersion of
log house price-to-income ratios has also been rising over the 1976-2014 period.

We divided the 49 states/districts in the U.S. main land into five groups following the
regional categorization by the National Geographic Society['¥] We decomposed the dispersion
across U.S. states into dispersions within- and between- regions["’] As shown in Figure[2] the
average within-region dispersion has been increasing much slower than the between-region
dispersion. The increase in the dispersion between regions is mainly due to the increasing
differences in house price-to-income ratios between the West Coast and the Southern states.

13In this paper, we focus on the reasons behind the upward trend in house price dispersion. However, our
model can also account for the cyclical fluctuations in house price dispersion after being extended to allow for
mortgage loans and credit supply shocks. The details are provided in Section [S3|of the online supplement.

1 For further information on the regional categorization by the National Geographic Society, see http:
//www.nationalgeographic.org/maps/united-states-regions/|

Y For the derivations of the dispersion decomposition formula, see Section [S5|of the online supplement.
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Figure 1: Dispersions of log house prices and log house price-to-income
ratios across U.S. states

Notes: The solid line shows the standard deviation of log real house prices across U.S. states. The dashed
line shows the standard deviation of log house price-to-income ratios across U.S. states.

A natural concern about using state level house price data is that it ignores price dif-
ferences between cities and rural areas, and price dispersion between cities within a state.
However, only a very small portion of U.S. population live in rural areas["| We constructed
an alternative measure for between-state dispersion using MSA level data, where state level
house prices are measured by aggregated MSA level prices. These two measures look quite
similar during 1975—2007E In addition, after decomposing between-MSA dispersion into
within- and between- state dispersions, we find that the increases in within-State dispersions
contributed very little in the rise in between-MSA dispersion[¥] Thus, we think it is not
necessary to impose a higher level of disaggregation beyond the state level.

16In the U.S., around 86% of its population live in MSAs. In the five most populated states, such as,
California, New York, Texas, Illinois, and Florida, more than 95% of their population live in MSAs.

17For further details, see Appendix D.2.

18 House prices in cities that are geographically close to each other tend to co-move due to spatial contagion
effects between housing markets of neighboring MSAs (Sinai| (2012));DeFusco et al| (2017))). These effects
help keep house price differences between cities within a state from increasing.
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Figure 2: Dispersions of log house price-to-income ratios within and between U.S. regions

Notes: The line designated with ‘0’ shows the dispersion of log house price-to-income ratios across the 48
states and the District of Columbia in the U.S. mainland. The line designated with ‘4’ shows the dispersion
of log house price-to-income ratios across the five U.S. regions. The line designated with '*’ shows the
average of within-region dispersions, where within-region dispersion is the standard deviation of log house
price-to-income ratios across the states that are within a given region.

In addition, we decompose population changes of U.S. states into an intrinsic component,
defined by net birth plus international migration inflows, and an extrinsic component defined
by net inflows of migrants from other states["]

e Fuact 5: The Southern states have been attracting population from the rest of the country,
known as “the rise of the Sunbelt” (Glaeser and Tobio (2008))).

During recent decades, the growth of house prices in the Southern states have been
substantially lower than the average growth rate house prices at the national level. The
rate of increase in house prices in Southern states has also been below the average growth
of real incomes in these states. The relatively low housing costs in these states have been
attracting migrants from other states. However, the size of migration in-flows has not been
sufficiently large to significantly narrow down the discrepancy of house price changes between
the southern states and the rest of the country.

e Fuact 6: Migration flows between two states that are geographically close are substantially
larger than between two distant states.

9Gee Appendix B.1 for further details.



Around 75% of migrants migrate to states that are within a 1000-mile radius. Around
50% of migrants migrate to adjacent states.

3 A dynamic spatial equilibrium model

In this section, we develop a dynamic spatial model of housing building on the work of
Glaeser and Tobio| (2008)). We extended their model in two important respects. We provide
a dynamic version of Glaeser and Tobio’s static framework, and explicitly model the location-
to-location migration choices of agents at the start of each period. In this way, we provide
a simultaneously determination of house prices and migration flows over time and across
space. This theoretical model can also be viewed as an example of a dynamic network where
the strength of the connections are endogenously determined.

3.1 Geography and migration flows

Time, denoted by t, is discrete and the horizon is infinite, so that t = 0,1, 2, .... There are n
locations, and the collection of locations is represented by Z = {1,2,...,n}, where n is fixed
but possibly large (n > 2). The economy is populated by workers who consume goods and
housing services, and live for only one period. At the start of each period, workers decide
whether to reside at locations where they are born, or migrate to a new location. Denote
by 1;;(t) the number of workers who are born at location ¢ in period ¢, and who choose to
reside at location j, where ¢ and j € Z,,. Denote the population of workers born at location
i at the start of period ¢ by [;.(¢). Then

I.(t) = Z L (1), (1)

and the number of workers who choose to reside at location j in period t, denoted by [.;(¢),
is given by

Li(t) = Z Lij(t). (2)

The number of workers who are born at location ¢ at the start of period ¢ equals to
the number of workers at that location in period ¢ — 1, plus an intrinsic exogenously given
population changeﬂ Denote the intrinsic rate of population change (growth rate if positive)
of location 7 in period ¢ by g; ;. Thus, the number of workers born in location ¢ at the start
of period t is given by

li.(t) = editl i (t — 1), (3)

where it is assumed that g; ;; follows an exogenously given deterministic process, for ¢ € Z,,,
to be specified below.

20The intrinsic population changes are made up of, for example, the net natural population increases (i.e.
birth minus death) and the net migration flows from foreign countries.



We model migration probabilities as a Markov process. The probability that an individual
worker born at location i chooses to reside at location j in period ¢ is denoted by p;;(t), where
pi;(t) = 0 and 377 | p;;(t) = 1. Workers’ location choices are assumed to be conditionally
independent given the location-specific incomes and housing service prices. Thus, according
to the law of large numbers, the fraction of workers born in location ¢ who choose to reside at
location j converges to p;;(t) as population tends to infinity. We ignore any randomness due
to finite population and assume the migration flow from location ¢ to location j is determined

pz’j<t> = l;:éz))

Thus, the migration flows can be obtained by combining (2), (3) and (4), to obtain

(4)

L) = Z li-(t)pij(t)v
i=1
= Y et —1)py(t), forj=1,2,..,n. (5)
i=1
The above system of equations can be re-written more compactly as
() = Ut — VG OR(2), (6)

where [(t) is the 1 x n (row) vector of location-specific population, defined by

Ut) = [L1(2), La(t), oy ()], (7)

and G(t) is the n x n diagonal matrix of population growth rates and R(t) is the n x n
Markovian migration probability matrix, defined by

ettt 0 e 0 p1(t) pra(t) -+ pra(t)
G(t) = 0 e :’ " 0 and R(t) = P21:(t) p22:(t) Pzn:(t) (8)
0 0 - et Pa1(t) Pp2(t) oo ppn(t)

In the standard Markov chain model of migration, transition matrix is exogenously given.
However, in our model, we allow R(t) to be time varying and endogenously determined. We
consider the endogenous determination of R(t) in the following sections.

3.2 Location choice

At the start of each period, workers decide where to reside by maximizing their utilities in
terms of consumption and housing services across all locations, and then choose the location
that gives them the highest level of utility. Consider an individual worker 7 who is born at
location i in period ¢, and considers moving to location j € Z,,, where j could be i (namely
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not moving). We adopt a log-linear utility function and assume that if the worker decides
to reside in location j, then her utility will be given by

Urrij= 1 —=n)Inc i +nlns, i — Y Inag; + 7445, (9)

where c;;;; and s..;; are her consumption of goods and housing services, respectively, 7
represents the relative preference for housing service to consumption goods with n € (0, 1),
In ov;; is the route-specific migration cost, ¢ is the relative weight of migration costs in
utility function, and ¢, ; ;; represents the idiosyncratic component of worker’s relative location
preference, over (i, j) location pair. We assume «;; > 1, if j # 4, and, o;; = 1, if j = ZE In
addition, suppose that ¢, ;; is distributed independently of c;;;; and s;;;;, and over time
t. Also, following the literature on utility-based multiple choice decision problem, we shall
assume that at each point in ¢, €, ,,; are independently and identically distributed (IID) as
extreme value distribution. (see, for example, Mcfadden| (1978))).

Each worker inelastically supplies one unit of labor and allocate her wage income between
consumption goods and housing services. Denoting the wage rate and the price of housing
services at location j in period ¢t by wj; and g;; respectively, the budget constraint of the
worker is given as

Critij + QjtSrtij = Wit.

The utility maximization is done in two steps. First, the worker maximizes her utility in
terms of consumption and housing services across locations. Denote by U, ; ;; the maximized
utility of worker 7 if she chooses to reside at location j. It is given as

[77',t,ij = uj — Y Inag; + &g, (10)
where u;; is the maximal utility in terms of consumption and housing services one can get

in location j, which is determined as

Ujr = max (1 —n)Incy i +nlns, ., (11)

Crtyij, St,t,ij

s.t. Critij T QjtSrtij = Wijt.

By solving the above optimization problem, we obtain:

¢t = (1 = nwj, (12)
Sjt = nwjta (13)
qjt

where the subscripts 7 and ¢ of ¢, ;;; and s, 4 ;; are dropped for convenience, since the optimal
levels of consumption of goods and housing services of each worker only depend on j and t.
Thus, the indirect utility function associated with location j can be obtained by substituting

and into to yield:

wje = up + Inwj — nlngj, (14)

21Tt is shown that allowing for migration costs is essential for our model to generate a secular rise in the
dispersion of house price-to-income ratio. See details in Section @] of the online supplement.
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where ug = (1—n)In(1—n)+nlnn is a scalar. The above indirect utility function of location
Jj is the same as that in |Glaeser and Tobio| (2008)).

Second, the worker chooses the location with the highest utility. Using , the net
utility gain of worker 7 migrating to location j, denoted by v, . ;;, is given by

Vrtii = Urtij — Ur i,

= (ln Wit — In wit) -n (ln qjt — In qz't) + (€r,t,ij - €T,t,n') —¢ln Q.

Given the realizations of {ET,mj}?:l, the worker chooses the destination with the highest
Ur 5. Let 7, denote the location chosen by the worker. Then,

Jrei=arg MAX Ut
Since by assumption ¢, ;; is distributed as IID extreme value, it can be shown that the
probability for the worker in location ¢ to migrate to location j is given by (see Appendix
A.1 for a derivation)

evt,ij
() = =——— 15
pzj( ) z::l evt*” ’ ( )
where
Ve = (Inwye —Inwy) —n(Ing;e — Ingy) — ¢ Inay;. (16)

Then, the migration probability matrix Ry, defined by , can be written as:

-1

W1t 0 ce 0 evtil Uiz ...  eUln

R(t> B O Wop *** O evt?l e”t,22 e e”t,2n
- )

O 0 e wnt evt,nl evt,nZ e eUt,nn

where w; = ), e’ and v,; is a function of wage rate differentials, Inw;; — Inw;;, and
housing service price differentials, In g;; — Ing;, as in 1’ We will discuss how w;; and g;;
are determined in the following section.

3.3 Wage rates and housing service prices
3.3.1 Production and wage rates

Location-specific wage rates are competitively determined in local labor markets. We assume
the production of consumption goods is linear in labor inputs and is subject to a location-
specific productivity shock:

Yix = aitlﬁ’. (t)a (17)

where y;; is the output of consumption goods in location ¢ in period ¢, a; is the location-
specific productivity shock, and ! (¢) is the number of workers who work in the consumption
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goods sector in the location 7. Let w;; be the wage rate at location ¢ in period ¢, and assume
that in equilibrium wage rates are set by labor productivities, namely

Wit = Ajt. (18)

Thus, wage rates, w;;, are exogenously given and do not respond to migration flows or house
price changes. This assumption can be relaxed by allowing for capital and agglomeration
effects in the production function as in Davis et al.| (2014) and |Herkenhoff et al.| (2018). See
Section of the online supplement for details, where it is shown that such an extension
does not alter our main conclusions and that the extended model has a unique long-run
equilibrium. But to simplify the exposition we abstract from capital and agglomeration
effects, and focus on a;; as the main driver of local wages. Accordingly, we adopt a relatively
general specification of a;; and assume that Ina; comprises of a linear trend component,
Ina; + g,t, a national common (unobserved) component, f;, and a local component z, ;:

Ina; =1Ina; + g,t + A\ifi + 2aits (19)

where g, is the national growth rate of labor productivity, and \; is the location-specific
coefficient on the national component, with E ();) > 0. In addition, z,; and f; are assumed
to follow first-order autoregressive (AR(1)) processes:

fe=ppfi-1+0peps, (20)
Zajit = PayiRait—1 1 0z, i€z,it- (21)

where €5, and ¢, ;+ are IID across locations and over time.

3.3.2 Housing service prices

Location-specific housing service prices are competitively determined in local rental markets.
Assume that each unit of existing houses provides a unit of housing services in each period,
while new houses begin to provide housing services a period after they are built. Thus, the
market clearing condition is given by

— (%) Li(t). (22)

where h;;_1 is the quantity of houses that are available for rent at location ¢ in period ¢,
nw;s/qir is the per capita consumption of housing services given by . We will discuss how
the housing stocks h;; are determined in the following sections.

3.4 Housing construction

In period ¢, a representative contractor is endowed with r;; > 0 units of unused or reclaimed
land in location ¢ that can be used for new house construction. New houses are constructed
by combing residential land and residential structures, denoted by st;;, using a Cobb-Douglas
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technology. Denote the amount of new houses built at location ¢ in period ¢ by x;, and note
that
it = Tai (Kat) ™™ (stig) ~ (23)

where 7, ; > 0 is a scalar constant and «,,; € (0, 1) is the share of land in construction costs.
By dividing both sides of by ki, we obtain the production function of new houses per

unit of land:

11—y ;

ZT; Sti o

it o ( t) : (24)
Rt Rit

where x;;/ky and st;;/k; are the amounts of new houses and residential structures per unit
of land, respectively. Thus, 1 — «,,; are the elasticities of new house supplies with respect to
non-land inputs on each unit of land. It is similar to the housing supply function in |Glaeser
and Tobio (2008). However, we allow «,; to vary across locations, which reflects the fact
that it is more costly to build new houses at some locations as compared to other locations.

Residential structure st;; is produced by combing construction labor, denoted by I5(t),
and materials, denoted by m;;, using the following Cobb-Douglas technology:

stir = 75 (15(8)™ (mi) ™", (25)

where 7, > 0 is a scalar, and «; and «,,, are the shares of labor and materials in the production
costs of residential structures, which are common to all locations. We assume that o; and
am € (0,1), and oy + vy, = 1.

By combing and ([25]), we obtain the following housing construction function:

Zit = T ()™ 15 (15(1))™ (mig) "] (26)

Contractors are assumed to be homogeneous and operate competitively across locations,
and their behavior is modelled by a ‘representative’ contractor who maximizes her profits
period-by-period and consumes all realized profits at the end of each period. The profit of
the representative contractor in period ¢, denoted by 7y, is given as

n
C C
Ty = E DitTig — My — witl.i(t)-
i=1

The contractor chooses {z;, m;, [5(t)};_, to maximize her profit subject to house construc-
tion technology, (26), while taking the new land supplies, k;, as given. The first order
conditions for m; and [5(t) are given by

(1 — Qi) Titpit

1 = ,
Mg
Oél(l - Oém)$itpit
. = : , 27

By plugging the above two first order conditions into , we obtain the supply function for
new houses

7“l(1*”n,i) 1—ay 4

Tip = TiKit (Wit) i (pi) “mi (28)
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where 7; is the location-specific scalar that is defined by

1 l_o‘n,i

T, = T:;’i [Ts(l - an,i)(al)al(am)am] sk

We assume that contractors consume all the profits they earn in each period. Thus, ¢f = 7,
where ¢ denotes the consumption of contractors in period ¢.
Finally, to close the housing construction module we assume

Inky =k + guit + 20t (29)

where g, ; is the trend growth rate of new land supplies, and z, ;; is the state-specific land
supply shock assumed to follow the AR(1) process:

Zrjit = Pa iZryit—1 T Oz, i€s it (30)

where ¢, ;; are IID across locations and over time.

3.5 Housing investment

In each location, homogeneous landlords own local housing stocks and rent them to workers,
and derive utility from consuming their profits. The population of landlords in location i,
denoted by [f,, grows over time at the common rate of g;, where g, > 0. Thus, [§, = €%,
where [§, > 0 is the initial population of landlords in location ¢. The life time utility of
landlords (as a group) in location ¢ is given by

o0

Ly Z (Be”)” In(c7 1), (31)

s=0

where ¢f, is the consumption of the ‘representative’ landlord in location i, and e? € (0, 1)
is the adjusted discount factor that allows for the growing number of landlords. The realized
net return on housing investment in location ¢ in period ¢, denoted by ry,, is given by

g + (1 — 5)1%}
Dit—1

=-6) | (32)
where § € (0,1) is the depreciation rate of housing stocks, and #; € (0,1) is the location-
specific cost of housing investment[?] Let h; denote the amount of houses owned by the
landlords in location 7. The landlords’ budget constraint is then given by

Cgtl% + pithis = Tiot (pi,t—lhi,t—l) . (33)

Landlords maximize (31)) subject to . The Euler equation for this optimization is given
by
Ey (/\i,t+1TZt+1) =1, (34)

22The costs to own and transact houses, such as, property taxes and capital gain taxes, can vary substan-
tially across locations in the U.S..
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where \; 411 is the stochastic discount factor, defined by A; 111 = 8 (cft /¢t +1). Pre-multiplying
both sides of by pi, and using , we obtain

pit = (1 = 0:) By { Nt (i1 + (1 = 0)pigsa] }-

Using the above equation, the house price, p;;, can be expressed as the sum of the expected
present value of rents net of depreciation

Dit = ZEt 1 - S ! ]- - (H /\zt+v> q; t+8] .

Since the utility function of landlords is assumed to be logarithmic, a closed form solution
for landlords’ optimization problem exists. The optimal rules for housing investment and
consumption are given by

pithic = e (1 —0;) [qir + (1 — 6)pir] hig—1, (35)

and
clipe®™ = (1= Be”) (1 = 6;) [qi + (1 = 8)par] Piy—1- (36)

3.6 Market clearing and resource constraints

The market clearing condition of housing in location ¢ is given by
hit = (1 — (S)hi7t_1 + . (37)

where hj; is equal to the housing demand in location i in period t and (1 — §)h; ;1 + @i is
the supply of houses in that location. The resource constraint for consumption goods in the
economy as a whole is given by:

i Yit = i citl (1) + i cHld + ¢ + i mg, for t =1,2
i=1 i=1 i=1

where )", y; is the total amount of consumption goods produced in the economy in period
t, > cili(t) is the total consumption of workers, Y 7 | ¢3lg is the total consumption of
landlords, ¢f is the consumption of contractors and ) | m; is the amount of goods used in
housing construction. The resource constraint for labor in location ¢ in period t is given as

Li(t) = I4(8) + I5(t). (38)

where as before [;(t) is the population of workers who reside at location ¢ in period ¢, and
I%(t) and [4(t) are the numbers of workers who work in the production and the housing
construction sectors respectively.
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4 Equilibrium and the balanced growth path

We now consider the non-stochastic version of the model economy set out in Section [3]
characterize its short-run and long-run equilibria and prove the existence and uniqueness of
the short-run equilibrium and the balanced growth path. The non-stochastic specification is
obtained by setting to zero the innovations to the national and location-specific components
of labor productivities (7, and ¢,, ;4 in and ), and the innovations to the location-
specific land supply shock ( e, ;+ in ), namely

=0, €;,,4=0,and e, 4 =0, fori =1,2,..n,and t =1,2, ...
In this set up, local productivities are given by
ay = e%'a;, fori=1,2,..n,and t = 1,2, .... (39)

In addition, to obtain a balanced growth path we assume the same intrinsic population
growth rate, g;, across locations:

Gt =qi, fori=1,2,..n,and t = 1,2, .... (40)
Finally, we assume that the location-specific land supplies are given by
ki = e9mily, for i =1,2,..m,and t = 1,2, ..., (41)

where g7 ; is the state-specific land supply growth rate. To find conditions under which the
economy has a balanced growth path, using we note that

i i 1 —ay, i 1 —ay, i
n (o) = () - (s m () o () m ().
Tit—1 Rit—1 Oy i Wi t—1 Qi Dit—1

and on the balanced growth path by definition we have In (z/z;:—1) = g, In (Wi /w;1—1) =
In (pit/pis—1) = Ga, and In (ks /kie—1) = g5 ;- Hence, for a balanced growth path to exist we
must have

g:,i =0 — uoféwgaa for i = 1727 ooy T (42)
where a,,, (= 1 — ) is the share of materials in the production costs of residential structures,
and o, is the location-specific share of land in housing construction costs. The above
condition states that the growth rate of new land supplies, g ;, and the growth of technical
progress in production of construction materials, g,, should ensure that enough new houses
can be produced to accommodate the housing requirements of the growing population in all
locations. The land supply regime under which land growth rates are given by will be
referred to as the balanced growth path land supply regime. The analysis of the equilibrium
properties of the stochastic version of the model is complicated, and will be conducted
by simulations. The deterministic solution provides information on the local equilibrating
properties of the stochastic version for sufficiently small-size shocks.
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We use bold lowercase letters with only time subscripts to denote the vectors of prices
and quantities for all locations. For example, p, = [pis, pat, --., Pnt), Which is a 1 X n vector.
We denote the aggregate population by L, = >, 1;(t). In addition, we use letters with
stars and time subscripts to denote the corresponding detrended variables. Specifically,
Py = €7 Py P; = [Pl Dogs s D)y @G = €7 ity G = (@3 Gops s Gyl By = €79 hyy, and
hi = (I, higs oo Byl

In the proof of the existence and the uniqueness of the equilibrium and the balanced
growth path, we focus only on the key variables that are related to migration and local
housing markets, including p,, q;, wy, T, by, [(t) and R(t), and the subset of equilibrium
conditions by which they are determined. These variables are classified into two groups:

e Migration module. The first block of equilibrium conditions, including @ and

(15), describe how migration probabilities, R(t), and local population values, I(t), are

determined, given incomes and housing service prices across locations, i.e., w; and g,.
¢ Regional housing market. The second block of equilibrium conditions, including

, , , and , describe how the equilibria of local housing markets are
determined given local population, ().

Note that equilibrium conditions @, , , , , and can be re-written

in terms of the detrended variables as follows

Z pi;(t , for j € 7, (43)
(w *t/w;kt>(q*t/qz*t)_n<aij)_w
pii(t) = e 2 , for i and j € 7,,, (44)
’ > o (Wi /wi) (@5 / a5) " (cuis) ™Y
hiy = (1 = 6)hi,  +aj, fori €I, (45)
7(”(1*“&1') 1-ay i
x;‘kt = Ti’{i(w:t) st (p;kt) Frt fori e In? (46)
£ % (1
oo i) e, (47)
7
i,t—1
pihi; = B (1 —0:) [q;; + (1 — 0)pj] h;t—lv for i € Z,, (48)
w}y, = a;, fori € Z,. (49)

Then the short-run and the balancd growth path equilibria of the economy can be defined
in terms of the above detrended variables as follows:

Definition 1 (Short-run equilibrium) Consider the dynamic spatial equilibrium model

set up in Sectz’on@ by equations (@, , (@, (@, (@, and , which can be

written equivalently in terms of detrended variables by equations to (@) Suppose that
the vectors of exogenous processes for labor productivities, a;, land supplies, k., and the
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intrinsic population growth rates, g,,, fort =1,2, ..., are given by @)-, condition (@
holds, and the initial values for local population and housing stocks ( ly and hg) are strictly
positive. Then, a short-run equilibrium is defined as series of non-negative prices [p;, q;, w;]
and allocations [U*(t), z}, h;] that solve the system of equations ([43)-(49), for given values
I5(t—1) and hi, ,, fori € 1,.

Definition 2 (Balanced growth path equilibrium) Consider the dynamic spatial equi-
librium model set up in Section @ by equations (@, (@, (@, (@), @, and ,
which can be written equivalently in terms of detrended variables by equations to (@)
Suppose that the vectors of exogenous processes for labor productivities, a;, land supplies, K,
and the intrinsic population growth rates, gy, fort =1,2,..., are given by (@)—, condi-
tion (@ holds, and the initial values for local population and housing stocks ( ly and hg)
are strictly positive. Then, a balanced growth path equilibrium is defined as a path on which
the economy is in short-run equilibrium in the sense set out in Definition (1] in each period,
and the de-trended prices [p;, qf, w;| and quantities [I*(t), z}, hi] converge to non-negative
limits as t — o0.

The existence and uniqueness of the short-run equilibrium is established in the online
supplement (see Section . In what follows we focus on the existence and uniqueness of
the long-run balanced growth path which plays a more fundamental role in our simulation
exercises.

Proposition 1 (Existence and uniqueness of the long-run balanced growth path)
Consider the dynamic spatial equilibrium model set up in Section@ by (@, , (@, (@,
@, @ and . Suppose that the vectors of exogenous processes for labor productivities,
a;, land supplies, K¢, and intrinsic population growth rates, g,., fort=1,2,..., are given by
(@)—, and condition (@ holds, and the initial values for local population and housing
stocks ( ly and hg) are strictly positive. Then the model has a unique balanced growth path
as set out in Definition[3.

Proof: We start by re-writing the equilibrium conditions in terms of detrended vari-
ables. Recall that we use letters with stars and time subscripts to denote the corresponding
detrended variables. Note that the detrended exogenous variables are time invariant by con-
struction (see —). For example, a}, = a; and &}, = ;. Note also that in the model,
wage rates are pinned down by labor productivities, i.e. w; = a; (see (18)). Thus, the
detrended wage rates are also constant over time, i.e., w}, = a;. Further, note that @ can
be re-written in terms of the detrended variables as

) =0t — HR*(t), (50)

where R*(t) = (pj;(t)) is the n x n matrix with non-negative (i, j) elements

(i)™ (Wi Jwi) () a) ™"
S ()P (i f ) (G ) (51)

Pfj(t) =
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and rows that sum to unityﬂ Thus, by post-multiplying both sides of by 7, ann x 1
vector of ones, we have

L=Vt =1t - DR O =t —)r =L,

which implies
Li=Li, ..=L'= L, (52)
where Ly is the detrended aggregate population for t = 0,1,.... Using (50), I*(¢) can be

written as

(1) = 10) [ R*(s)] , (53)

where 1(0) > 0 is the vector of the initial local populations, and R*(1), R*(2), ..., R*(¢), are
a series of stochastic matrices. Lemma in Appendix A.3 establishes the existence of the
balanced growth path by showing that I*(¢) converges to some time invariant non-negative
population vector I*, as t — o0o. To establish that [*is unique, we note that the detrended
aggregate population remains constant over time, as shown in , namely

En: I = L. (54)
i=1

By imposing the balance growth path conditions, the equilibrium conditions @, , ,
(28), (35), (22) and can be written in terms of the detrended variables as follows

=Y pyls, for j €I, (55)
i=1

. (w3 /wi) (g} /ap) " (ou;) ™Y . .

i = s J(ﬂ)*/w*;( ETrET for i and j € Z,,, (56)
s=1 S 7 qs qz als)

x; = o0h;, fori e Z,, (57)

_O‘l(l_an,i) 1—ay 4

i =T1iki(w)) o (pf) “wi, fori € Z,, (58)
*

@ = m;ii =, for i € Z,, (59)

p;k = 5 (1 - 91) [qz* + (1 - (S)pj] ; for i € In7 (60)

w; = a;, fori e Z,. (61)

Thus, to prove the uniqueness of the balanced growth path, in what follows we show that the
system of equations given by —, has a unique positive solution. Note that wage rates
are pinned down by labor productivities, i.e., w* = a (see (61])). In the rest of the proof, we

23 This result follows from and 1) and using de-trended variables denoted by .
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show that given Lg, & and w*, then p*, ¢*, z*, h*,I" and R* are uniquely determined. We
first show that for given values of I*, k and w*, the solution for p*, ¢*, * and A" is unique

and can be obtained using , , and . We first observe that the long run
rent-to-price ratio in location ¢ can be obtained from and is given by

a4
=T, 62
i (92
where I'; is given by
1
sa-ay 7 o)

Note that 3 and 6; € (0,1), which implies 57" (1 — 91-)71 > 1. Since ¢ > 0, it follows that
I'; > 0 > 0. Using this result in , we obtain the long-run demand function for housing
in location ¢:

o il
b = 64
By substituting into , we obtain the long-run housing supply function in location 7:
_O‘l(l_&n,i) 1—oy g
By =0T mki(wl) e (pF) (65)

Therefore, p},q},z; and h} can be obtained uniquely in terms of %, w},and x; using (57),

and (2) - (©3):

67] (e o . Ly (1_ )
>f< — F K, l* Qg 4 tka,.;,,z o [P 66
i () , (66
5/’7 Qi g 11—, v i oy it (1—a )
’f‘ — P K, l* K, * Kyt 1 K, 67
i = (2L) e ) , (7
Qg 1_01;4,7,'
o= ) E (l*‘)lfan,i (wfk)(lfal)(l—aw) : (68)
! TiK; PZ * '
L\ ™ (0T i ey (-a(1-an)
* = L l* AUk,i * ay Qg 4 69
i = (=) T (F) e , (©9)

where I'; is defined by ﬂ By substituting into for g7, then pj; can be written
as a function of I*: Y
) vy (15)

K STy (10)

where

ij = nan,j7

o (00 T cnmany) () ey 1o g er(1—a )]
(VS Oéijw <_) r” 7 (w) o e

Tikj

24For the detail of the derivations, see Appendix A.2.
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Since 7 and a,; € (0,1), it follows that ¢; > 0, for any i € Z,. In addition, note that
Y;; > 0, for any ¢ and j € Z,, since ;j,0,7,7;, k; and wj > 0, and I';, given by , is
strictly positive as previously shown. Recall that R* is the migration probability matrix on
the balanced growth path, with a typical element p;; given by . Thus, R* can be written
as a function of I*, namely R* = R(l"). Then, can be written more compactly as

I = UR(I), (71)

which is a system of non-linear equations in I*. Lemma in the Appendix establishes that
there exists a [* that solves . Lemma establishes that cannot have more than
one solution. Therefore, I* exists and is unique. Then, using the solution of I*, the other
variables of the model, namely, p*, ¢*, z*, h*and R*, can be solved for using equations

to .I

5 Calibration and estimation of model’s parameters

We now consider whether the model can quantitatively account for the observed rise in the
house price dispersion in the U.S.. To this end, we estimate the model using the combined
interstate migration flows and state level housing market data, and then use the estimated
model for several simulation excises in the next section. We calibrate some of the parameters,
and then estimate the rest of them using the panel data of the 49 states (including the District
of Columbia) in the U.S. mainland with yearly observations over the period 1976-2014. Thus,
the period indexed by 0 (i.e., the initial period) corresponds to 1976, and the periods indexed
by 1,2, ...,T correspond to the years 1977 to 2014.

The model parameters can be divided into five groups, which include the parameters
that characterize preferences, migration flows, housing supplies and investment, and the
exogenous per capita incomes and new land supply processes. In what follows we consider
these five sets of parameters in turn.

5.1 Preference parameters

The relative weight of housing in workers’ utility function (1)), 7, is set to 0.24, as estimated
by Davis and Ortalo-Magné (2011)@ The discount factor of landlord /3 is set to 0.98 to
match the risk-free annual real interest rate of the U.S. over the period 1962-2014, which is
estimated to be around 2 per cent. The spreads between the risk-free interest rate and the
location-specific returns on housing investments are captured by the parameters 6;, which
will be calibrated in Section (.3 below.

2>These authors also provide evidence that the share of expenditure on housing are constant over time
and across U.S. MSAs.
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5.2 Migration and intrinsic population growth rates

To estimate route-specific migration cost parameters, «;;, using , we first note that

pij(t) o O‘i_jwwjtqj_tn v wjtqj_tn pii(t) ¥
= —n = azg - —n Q-
Pii(t) Q0 Wit Gy Wit pij(t)

Also from (), we have p;;(t) = li;(t)/1;.(t), and therefore

Wiy \ (Lt
o = Wit ( ”)a;g.
Witq;y i (1)

We set 1 to unity, and normalize «;; to one, for i = 1,2,...,n. Note that the Internal
Revenue Service (IRS) migration flow data that we will be using are only available for the
period 1990-2014. Thus, we estimate c;; using the above equation as follows:

. 1 t2014 wjtq]'_tn lu(t)
Oéij = — _—

25 t=t1990 witqi_tn ij(t)

for i # j, and 7 and j € Z,,, (72)

where 1999 and to014 are the time indices corresponding to 1990 and 2014, respectively, 7 is
calibrated in Section , and wy, i and [;;(t) are observed data.

In addition, the balanced growth path intrinsic population growth rate, g;, defined by
, is set to 1%, which is the average growth rate of the U.S. population over the period
1977-2014. The actual state-level intrinsic population growth rates, g; ;+, over the period 1977-
2014 are measured using the IRS and the Census data. For further details, see Appendix
B.1.

5.3 Housing supplies and investment

Following [Van Nieuwerburgh and Weill (2010), we estimate the housing depreciation rate,
0, as the average ratio of aggregate depreciation to aggregate housing stock over the period
1977-2014 using the data from the Fixed Assets Tables compiled by the Bureau of Economic
Analysis (BEA), and obtain 6 = 2%. To calibrate the state-specific supply functions for new
houses, given by , we follow Davis and Heathcote (2005 and set the share of material
in the value of residential structure, «,,, assumed to be common to all states, to 0.53. This
estimate matches the national share of value added of non-construction sectors in the total
value of residential investments. The share of construction labor in residential structure
value added, o, is then set to 0.47 to ensure that a; + o, = 1. Finally, we estimate, a ;,
location-specific share of land in construction costs, by the state level average land values
relative to total value of housing stocks over the 1977-2014 period Y]

The location-specific housing investment cost parameter, 6;, is estimated as follows. Using
the rent-to-price ratio on the balanced growth path given by , we have

0~—1—1{q—;+(1—5)}1
2 ﬁ * )

20The data on state level land share in home values are obtained from Davis and Heathcote (2007)).

%
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which suggests the following estimate

1 1
B % 23:1 Qit/pz't + (1 - 3)

where periods 1 and T correspond to 1977 and 2014, respectively, S and ¢ are previously
calibrated and estimated, and ¢;; and p;; are observed data.

0;=1-

, (73)

5.4 Income processes

Wage rates are set by labor productivities in equilibrium: w;; = a;, and since we abstract
from capital, wage is the only source of income for households. Thus, we measure a;; using
the realized state level real per capita disposable income during the 1977-2014 period. To
estimate the stochastic process of a;;, defined by , and , recall that a; is given
by

In it = In a; + gat—i-)\ift -+ Za,it) (74)

where t = 1,2,...,T (1977-2014). To identify the unobserved common factor, f;, we impose

the following restrictions:
n

nty N=1 (75)

=1

and .
Ty fi=0, (76)
t=1

Restriction is required to distinguish between scales of A; and f;, and is required
to separate the linear trend from the common factor. We take the common growth rate of
state-level incomes, g,, as a known parameter, and set it to match the average annual growth
rate of the U.S. real per capita income during the period 1977-2014, which is around 0.018.
Then, in view of (76]), we estimate a; by

a; = exp

') (nay - gat)] . (77)

t=1
Let e, be the deviation of Ina;; from its trend, which is given by
Cait = Nift + Zajits (78)

and estimated as
€q,it = Ina;—1Ina; — gat,

fort =0,1,2,...,T. To estimate f;, we first note that n=* Y | \; = 1 (see ) By summing
up both sides of (78)), we have

n n

—1 _ —1

n E €ait = ft +m E Za,its
i=1 =1
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where by assumption z,;; are cross-sectionally independent. As a result,

fi= nlg €qit + Op (Tﬁ%) + O, <n7%> )

which gives a consistent estimator of f;:
~ -1 R
fi=n Z €a,it- (79)

The parameters p; and o in are estimated by running the OLS regression of f; on f,_1,
for t =1,2,....,T. To estimate the associated loading coefficients, \;, for each ¢ we run the
OLS regressions of é,;; on ft, and obtain the residuals, 2, , for t =0,1,2,...,T. Then, we
estimate p, ; and 0., ; in by running OLS regressions of Z,;; on 2,1, over the period
t=1,2,...T.

5.5 Land supplies

To estimate x;;, we first note that equilibrium conditions , , and imply
Vit

T

(80)

Rig =

wherd”’|
{Ben (1 =0 [+ (1-0)] - (1 =0) 0 (2) 10

)(l_an,i)/an,i

Vit = (81)
Dit
Note that 3, g, 0;, 1, ay, v, ; and 0 are previously calibrated and estimated, and that I;(), w;t, git
and p;; are observed data. Thus, an estimator of 7,, can be obtained by evaluating (81)) using
the parameter estimates and realized values of 1;(t), w;, ¢ and py, for t = 0,1, ..., T, which
corresponds to the period of 1976-2014.

We assume that used land, denoted by U R, is turned into unused land when houses on
these lands are depreciated. Thus, UR;; would shrink at rate § in the absence of any new

constructions. Therefore, U R;; follows as:

—a(1—ak,i) /o,
(i)~ s

URit = Kjt + (1 — 5) URLt—l- (82)

To estimate 7; in , we make use of published data on major land uses in the U.S.
compiled by the U.S. Department of Agriculture (USDA). We consider only the observations
from 2002 onward, which are available for the years 2002, 2007 and 2012, since earlier data
are not compatible in concept and scope@ Thus, we estimate 7; using the USDA urban

2TFor details of the derivations, see Appendix A.4.
28For further information on the USDA data on land uses in the U.S., see https://www.ers.usda.gov/
data-products/major-land-uses..
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area size data for 2002 and 2012 as follows. Note that implies

t2012
URi,tzolz = Z (1 - 5)t20127t Rit + (1 - 6)10 URi,tzooza (83)

t=t2003

where tag02, togo3 and tog12 are the time indices for 2002, 2003, and 2004. Using in
to eliminate x;;, we obtain the following estimator of 7;:
12012 ( . 5>t2012—t;)/

A t=t2003
7

_ ) i (4)
URi,tzolz - <1 - 6) URiﬂfzooz

Then, we compute /;; using as
Inky =In4, —In7;, fori=1,2,...nandt=0,1,...,T. (85)

We estimate x; and g, ; in by running OLS regressions of In &;; on a linear time trend
(including a constant), for ¢ = 1,2,...,n, and obtain the residuals, 2, ;, for t = 0,1, ..., T@
Finally, for each ¢ we estimate p, ; and o, ; by running OLS regressions of 2, ; on 2. 1,
over the period t =1,2,...,T.

Figure 3| plots g, ; versus the state level Wharton Residential Land Use Regulatory Index,
which are complied by |Gyourko et al| (2008)) and denoted by W RI;, for the 48 states on
the U.S. mainland. Washington, D.C. is excluded since its WRI data is not available["|
Note that W RI; is an index constructed from surveys carried out in 2004 and is intended
to characterizes the local residential land-use regulatory environment, which increases with
the tightness of land-use regulationﬂ Therefore, the data used to construct W RI; have
little overlap with the time series data and parameter calibrations we employ to back out
kit. Thus, the significant negative correlation between ¢, and W RI;, as shown in Figure
[}, indicates that the land use regulation can be an important factor that affects local house
prices through the supplies of new land. By running an OLS regression of g, ; on W RI;, for
the 48 states on the U.S. mainland, we obtain

9 (WRI) = 0.0310 — 0.0373W RI;, R?=0.46 (86)
(0.0059)  (0.0060)

where g, (W RI;) is the fitted value, R? is the squared correlation coefficient, and the figures
in brackets are standard errors of the estimated coefficients.

29Tt is worth noting that our estimates of g, ; reflect the average tightness of state-level land-use regulations
over the period 1977-2014, and need not to be good proxies for particular years or sub-periods.

30Though land-use regulation may vary across locations within a state, the disaggregated analysis of
regulations by |Albouy and Ehrlich| (2012) finds that state-level restrictions are costliest.

31 More specifically, the Wharton Residential Land Use Regulatory Index is based on the Wharton survey
on land-use regulations conducted in 2004, and complied by |Gyourko et al. (2008), who use factor analysis
to create the aggregate index, which is then standardized so that its sample mean is zero and its standard
deviation equals one. Since Alaska and Hawaii are excluded from our analysis, we re-scale the WRIs of the
remaining states so that the mean and the standard deviation of the sub-sample we use are zero and one,
respectively.
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6 Dynamic system of equations

Here we set out the equations used in simulation exercises. We first note that since location-
specific production functions are linear in labor, the wage rates are always equal to the labor
productivities, i.e., w; = a;. By substituting a; for wy, the equilibrium conditions that

define the model economy are given by:

I(t) = It — 1)GHR(),

(87)

where G(t) = diag (e9-1t, e%2t, ..., e%nt) is the n x n diagonal matrix of intrinsic population

growth rates, R(t) = (p;;(t)) is the n x n matrix of migration probabilities, and

i’ (aje/au) " (age/ai)
22:1 Ofi_sw (qst/qit)_n (ast/ait) 7

At
hji — = I ll t 5
e = ()

_O‘l(l_ami) l-ag

v = Tiki(ai) O (pa) O

Pij (t) =

and,

pichi = pe (1 —0;) g + (1 — 6)pit] hig—1,
hii = (1 —=06)hiz—1+ xi.
To write the equilibrium conditions in a compact form, using , we note that

L Bedt (1 - 91’) it
Pt iy — Besi (1— 60;) (1 —0)

Also, by substituting into , we have

_Ql(l_an,i) 1_an,i

hie = (1 = 6)hip—1 + Tikie (i) i (pig) O
Then, substituting into (94) we obtain

hii = (1 =20)hiz—1 +

e Best (1 - 6;) g
TRt (Qit ’ hit/hit—1 — Bed (1 —0;) (1 —9)
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Then, by substituting into , we can eliminate h; and h;;—1, and after lagging the
resultant equation by one period we have

7 (%) Li(t) = (1 - &)n (Z:) Li(t — 1)+

170‘&,2
O e Best (1= 0;) gy
TiRit—1 (Ait—1 5,
7 7 a; l.i(t) i t—
(ai,ti1> (lﬁ'(tfl)> <qqit 1) - 5691 (1 — Qz) (]_ — 5)
(96)

Equations and , together with , provide 2n non-linear dynamic equations in
li(t),i=1,2,....,mn, and gy, i = 1,2, ...,n, which can be written compactly as:

Ct = .f (thlv ag, Qy—1, K1, gl,t; 8) ) (97)

where 6 is a row vector that contains all the parameters, ¢, = [I(t), g,] is a 1 x 2n vector.
In addition, using in and to eliminate h;;_1, we have

ped (1 —0;) qit

i ) 98
bt hitqir/ (naql.;(t)) — pes (1 —0;) (1 — 6) (98)
Qi 7‘”(17“&,1') 1—ay 4 )
hi = (1—=0)n <q_) Li(t) + Tikie (i) =i (pir) = (99)
it

Note that using and , we can solve for p;; and hy, for given values of 1;(t), gy, ai
and k;. Thus, p, and h; are functions of I(t), q,, a; and k;:

X = 9(Cp, ar, k45 9), (100)

where x, = [p;, hi] is a 1 X 2n vector.
The stochastic processes of a; are defined as

Ina; = Ina+g,t +A fi+zas
e = ppfici+0ogeps,
Zag = Zar1diag(p,, 1502, 20 Pon) T €201 d188(02, 1,02, 2,020 ),
and the stochastic processes of k; are given by
Ink, = Ink+ g, t+2z,4,
Zop = Zegp1diag(p,, 1,0, 20 Ps ) T En i diag(02, 1,02, 2,0, 0)

and the values of g, for t = 1,2,...; are exogenously given.
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7 Simulation exercises

To examine the ability of the model in explaining the observed rise in house price dispersion
in the U.S., we simulate the model using the realized state level incomes and land supplies. In
addition, we conduct a series of counterfactual exercises to examine the relative contributions
of different types of spatial heterogeneities in driving up house price dispersion. Third, to
investigate how land supply growth rate differentials and migration costs jointly contribute
to the rising house price dispersion, we carry out additional simulations by varying land
supply growth rates and levels of migration costs. Fourth, to investigate the impacts of
the land-use regulations in California and Texas on local house prices and populations, we
conduct counterfactual simulations by varying the land supply growth rates of California
and Texas, in turn.

Note that to simulate the model given by and , we need to set the initial values,
Co, and the exogenous variables, a;, k; and g,,. Thus, we start each of our simulations by
specifying the values used for ¢y, a;, k¢ and g, 4, for t = 1,2, ..., T.

7.1 Baseline simulations

To examine the model’s ability in explaining the rise in house price dispersion, we simulate
the model using the realized state level incomes and land supplies. To do so, we take the state
level productivities and land supplies, i.e., a; and k;, as deterministic exogenous variables in
the following simulations. Furthermore, we set a;, for t = 0,1, ..., T, to their realized values,
which are measured using the realized state level real per capita disposable income, and set
K; equal to the trend components of their realized values:

Ky = k diag(ef=? edm2t eIt for t =0,1,...,T,

where & and §, are estimated in Section [5.5] The state level intrinsic population growth
rates, g;;, are set to their actual values, which are estimated in Sections . The initial
values correspond to the actual 1976 economy, and [(0) and g, are observed data. The
simulation results are summarized as follows:

First, the model can capture the trends in the house price-to-income ratios at both the
national and the regional levels as shown in Figure [l In particular, it captures the rise
in house price-to-income ratio in the West and the falls in the Southeast, the Midwest and
the Southwest. Due to the fast growth of land supplies, house prices in the southern states
increase at a slower pace than local incomes, leading to significant drops in house price-to-
income ratios. In addition, the model generates the slight observed decline in the national
house price-to-income ratio?]

Second, the model replicates reasonably well the trends in the dispersions of house price-
to-income ratios at both national and regional levels, as shown in Figure [} The model
generates between-state dispersion increases from 0.11 to 0.39 during the period 1976-2014,
while the counterpart realized value rises from 0.09 to 0.34 (Table . In addition, the model

321n addition, the model can also capture the trends in house price and rents at the state level. See Section
D.3 of the Appendix for details.
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captures the different trends at different geographical levels, i.e., the substantial increase in
the between-region dispersion and the moderate increases of within-region dispersions. As
will be shown in Section [7.5] this can be partially due to the stronger migration linkages be-
tween states that are geographically close, which tends to prevent the house price differences
between these states from increasing.

Third, the model matches the observed trends in the interstate migration. Figure [0]
compares the actual accumulated net migration inflows of the U.S. states during the period
1990-2014 with the model generated counterpartsﬁ As can be seen, the model captures the
significant migration outflows from states with rising house price-to-income ratios, such as
CA, IL, and NY, and the substantial inflows towards states with decreasing house price-to-
income ratios, such as, FL. and TX.

The U.S. Northeast Southeast
24 24 24
2.2 1 22 2.2
2 2 2
~
18| ~ 1 18 A )\ 18 =N
! N /N
\ \ ] M N \
16 ~—o 16 < \_/ A 16 \\ / \
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14 1 14 14 ]
\
12 1 12 12
1980 1990 2000 2010 1980 1990 2000 2010 1980 1990 2000 2010

Midwest Southwest West

1980 1990 2000 2010 1980 1990 2000 2010 1980 1990 2000 2010

Figure 4: Log house price-to-income ratios of U.S. regions
(Solid-blue: simulated; Dashed-red: data)

Notes: This figure plots the realized and simulated log house price-to-income ratios of the U.S. and U.S.
regions.

33Note that the IRS migration data are only available for the period 1990-2014.
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Figure in Appendix D.3 compares the actual average annual migration rates of
the U.S. states during the period 1990-2014 with the model generated counterparts, where
migration rate is defined as the ratio of the outward migration flow of a state to its initial
population. As can be seen, the model captures the spatial variation of migration rates
across U.S. states. Thus, our model is complementary to studies on temporal variation of
aggregate migration rate, such as, Kaplan and Schulhofer-Wohl| (2017)).

The U.S.

0
1980 1990 2000 2010
Between-region Northeast Southeast
0.4 0.4
A\
0.2 r\ z = 0.2 ~
4 / -~ 7 S 4
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0 0 0
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0.4
0.2 _
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0 0 0
1980 1990 2000 2010 1980 1990 2000 2010 1980 1990 2000 2010

Figure 5: Dispersions of log house price-to-income ratios between- and within- U.S. regions
(Solid-blue: simulated; Dashed-red: data)

Notes: This figure plots the realized and simulated dispersions of log house price-to-income ratios between-
and within- U.S. regions.
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Figure 6: Net inward migration flows by states during 1990-2014
(Upper-blue: simulated; Lower-red: data)

Notes: This figure shows the realized and simulated accumulated net migration inflows towards U.S. states
during the period 1990-2014. States are arranged from top to bottom in alphabetical order.
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7.2 Spatial heterogeneities and house price dispersion

Land supply growth rates proxied by the WRI: The results of the baseline simulation
have shown that the spatial heterogeneity in the growth rate of new land supplies can explain
the trends in the house price dispersions during the period 1977-2014, given the realized
incomes and intrinsic population growth rates. In addition, the estimated state level land
supply growth rates, g, ;, are highly correlated with W RI; as shown in Figure[3] To examine
the extent to which the heterogeneity in regulatory environments that are measured by W RI;
can explain the rising house price dispersion, we use W RI; to proxy the state level growth
rates of land supplies according to ﬁ Then, we conduct a counterfactual simulation
using the proxied land supply growth rates, while keeping everything else the same as in the
baseline simulation. As shown in the Panel (3) of Table |1} the results are not changed much
from those of the baseline simulation, which implies that the rising house price dispersion
can be largely explained by the spatial heterogeneity in land-use regulations.

Homogeneous land supply growth rates: To examine the importance of the spatial
heterogeneity in land supply growth rates across U.S. states in driving up the house price
dispersion, we conduct a counterfactual simulation in which land supply growth rates of all
states are set equal to their national average

ki = 0., fori=1,2,...,n,

where
1

K — 7'17 A/{ia 101
n Zz—lg , ( )

Q|

and g, ; is the actual state-specific land supply growth rate estimated in Section [5.5, while
keeping everything else the same as in the baseline simulation. As shown in Panel (4) of Table
[1, the model fails to capture the upward trends in house price-to-income ratio dispersions
when land supply growth rates are homogeneous, which suggests that spatial heterogeneity
in land supply growth rates is an essential factor behind the increasing house price dispersion.

Homogeneous intrinsic population growth rates: In addition, the intrinsic popu-
lation growth rate varies substantially across U.S. states. To examine the importance of the
spatial heterogeneity in intrinsic population growth rate in driving up house price dispersion,
we conduct a counterfactual simulation in which the intrinsic population growth rates of all
states are set to the national average population growth rate over the sample period:

grit=ai, fori=1,2,...n, andt =0,1,...,T,

where g, is the average growth rate of the national population over the period 1977-2014.
At the same time, we keep everything else the same as in the baseline simulation. However,
the results are not changed much as shown in Panel (5) of Table (1} Thus, we conclude that
heterogeneity in intrinsic population growth rate may not be an important reason for the
rise in house price dispersion.

34Since the WRI data is not available for Washington, D.C., we keep its land supply growth rate as it is
in the baseline simulation, i.e., §x, ;-

34



7.3 Land supply growth differentials, mobility and dispersion

As previously discussed, population mobility plays a key role in determining the impacts
of land supply growth differentials on house price dispersion. To examine how land supply
growth differentials and migration costs jointly contribute to the rise in house price disper-
sion, we carry out simulations assuming different levels of land supply growth differentials
and migration costs. We adjust the weight of migration costs in utility function through
(see ([16))). As 1) increases, population mobility drops. In addition, we adjust the degree of
land supply growth differentials by letting the state-specific land supply growth rates vary
between their actual levels and the national average. Let o denote the counterfactual land
supply regime. Under regime p, the growth rates of land supplies are given by

gﬁ,i(g) = (1 - Q).él{ + ng,iv for i = 17 2a ey Ty (102)

where ¢, is the national average of land supply growth rate defined by in Section ,
o0 € [0,1], and a higher o corresponds to a higher level of land supply growth differentials.

We simulate the model for different pairs of (¢ and ¢) = (0.60,0.80,1,1.2, 1.4), and
keeping everything else the same. The results are summarized in Table [2] and show that the
dispersion of log house price-to-income ratios would be significantly lower if migration costs
were reduced. For example, when ¢ = 1, dispersion would be around 0.1 (0.2) less when 1)
is reduced to 0.8 (0.6). The decreases in 1 also lower the national log house price-to-income
ratio, since more people would move out of high price growth states as migration costs are
reduced. However, it has much smaller impacts on the level than on the dispersion of house
price-to-income ratios. In addition, both land supply growth differentials and migration
costs play important roles in driving up house price dispersion; reducing either of them can
significantly lower house price dispersion in the U.S.. Moreover, increases in land supply
growth differentials would lead to larger rises in house price dispersion when the magnitudes
of migration costs are larger. For example, when ) = 0.6 dispersion increases by 0.255, from
0.192 to 0.447, as the level of land supply growth differentials, g, increases from 0.6 to 1.4.
But, when ¢ = 1.4, dispersion would increase by 0.299, from 0.273 to 0.572, as ¢ increases
from 0.6 to 1.4.
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7.4 Land-use regulations in California and Texas

Land-use regulations can have important implications not only for local house prices but
could also have important implications for spatial allocation of the population. Deregulating
in states with stricter land-use restrictions can affect the population allocation across U.S.
states through house price channel. According to Herkenhoff et al.| (2018), loosening the
land-use restrictions in California to its 1980s level would raise its population in 2014 by
6 million, i.e., around 20% of its actual population in 2014. However, this study assumes
perfect mobility, and by not taking into account migration friction, could be overestimating
the effects of land-use deregulations on population reallocation.

Here, we investigate the impacts of local land-use regulations, which are the main factors
that determine the land supplies for housing, on house prices and population allocation. In
particular, we consider California and Texas in our counterfactual experiments, which are
at the two extreme poles of land-use regulation continuum; The former, one of the most
regulated states, has experienced considerable house price rises during the 1976-2014 period,
while the later, one of the least regulated states, has experienced little house price rise during
the same period. In the following counterfactual simulations, we let the average land supply
growth rates of California and Texas to vary between their actual values and the national
average land supply growth rate. Let g, ca(0) and g, rx(0) denote the counterfactual land
supply growth rates of California and Texas, and consider the following rates

gn,z’*(Q> = (1 - Q)gn,z’* + Qém for i* = CA7 TX (103)

where §,. is the national average of land supply growth rate defined by in Section ,
o € [0,1], and g, is the estimated actual land supply growth rate of State i*.

We first consider a land-use deregulation in California. To this end, we simulate the
model while setting the land supply growth rate of California to g, ca(0), given by , for
o={1/4,1/2,3/4,1}, and keeping everything else the same as in the baseline simulation in
Section [7.1} Note that the estimated land growth rate of California, g. ca, is less than the
national average, g.. Thus, a larger p corresponds to a higher degree of deregulation. As
shown in Table 3] the land supply growth rate of California has considerable impacts on the
local house prices, but relatively small impacts on the local population. Figure [7] shows the
difference between the state level population predicted by the counterfactual simulation in
which the land supply growth rate of California is raised to the national average and those
predicted by the baseline simulation. As this figure shows, if the growth rate of land supply
in California were raised to the national average, the 2014 population of California would
increase by around 1 million, which is substantially less than the 6 million increase obtained
in the deregulation experiment conducted by Herkenhoft et al. (2018)@ In addition, the
reallocation of population towards California are mainly from Texas, and the neighboring
states of California, such as, Arizona, Nevada, Oregon, and Washington.

35But it is important to note, however, that the deregulation experiments in our paper is different from
that in Herkenhoff et al| (2018]). In their paper, deregulation refers to setting the level of regulation to its
historical level.
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Table 3: Effects of loosening of land-use regulations in California

California
Counterfactual increases in land supply
units Baseline L
growth ()
Q o 1/4 1/2 3/4 1
Increases in land-supply
Per cent 0.00 1.12 2.24 3.36 448
growth rate
Real house price in 2014 Thousands $ 302.1 245.8 199.1 160.7 129.3
Avg. yearly growth rate of
real house prices (1976- Per cent 2.467 1.924 1.370 0.806 0.234
2014)
Population in 2014 Millions 31.4 31.7 32.0 323 32.7
Ave. yearly growth rate of Per cent 1.577 1.601 1627 1654 1681

population (1976-2014)

Notes: This table shows the impacts of land-use deregulation in California on the local house prices and
population. The third column reports the results from the baseline simulation. The fourth to last columns
report the results from the counterfactual simulations in which the land supply growth rate of California is

set to gx,ca (o), given by (103)), where o = {1/4,1/2,3/4,1}.

We then consider a tightening of land-use regulation in Texas. To this end, we simulate
the model while setting the land supply growth rate of Texas to g, rx(0), given by ((103)),
for p = {1/4,1/2,3/4,1}, and keeping everything else the same as in the baseline simulation
in Section Note that the estimated land growth rate of Texas, g, rx, is higher than the
national average, §.. Thus, a larger o corresponds to more tightened land-use regulation.
Similar to the deregulation experiment in California, tightening land-use regulation in Texas
significantly impact local house prices, but only has marginal effects on the State’s population
(see Table . Figure |8 shows the difference between the state level population predicted by
the counterfactual simulation in which the land supply growth rate of Texas is reduced to
the national average and those predicted by the baseline simulation. As this figure shows,
if the growth rate of land supply in Texas were reduced to the national average, the 2014
population of Texas would decrease by around 0.6 million, and the reallocation of population
from Texas are mainly towards California, Florida, and the neighboring states of Texas, such
as, Louisiana and Oklahoma.
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Table 4: Effects of tightening of land-use regulations in Texas

Texas
Counterfactual d in land Ly
units Baseline ounterfac ecreases in land supply
growth (0)

e o 1/4 1/2 3/4 1
Reductions in land-supply Per cent 0 3 & 9 12
growth rate
Real house price in 2014 Thousands $ 85.2 93.5 102.7 112.7 123.7
Avg. yearly growth rate of
real house prices (1976- Per cent -0.114 0.132 0.378 0.623 0.868
2014)

Population in 2014 Millions 20.3 20.1 19.9 19.8 19.6
Avg. yearly growth rate of Per cent 1763 1.742 1722 1702 1.682

population (1976-2014)

Notes: This table shows the impacts of tightening land-use regulation in Texas on the local house prices and
population. The third column reports the results from the baseline simulation. The fourth to last columns
report the results from the counterfactual simulations in which the land supply growth rate of Texas is set

to g.,7x(0), given by (103)), where o = {1/4,1/2,3/4,1}.

Our counterfactual exercises do show that changes in local land-use regulations can af-
fect population allocation via the house price channel, but its effects tend to be relatively
moderate as compared to recent existing models of housing and migration, which assume
population are perfectly mobile, such as, Hsieh and Moretti (2015) and Herkenhoff et al.
(2018). However, changes in land use regulations affect house prices much more as com-
pared to their effects on allocation of population.
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Figure 7: Effects of loosening of land-use regulations in California on population by states

Notes: This figure shows the counterfactual changes in U.S. population by states in 2014 in response to an
exogenous increase in land supply growth rate of California to the national average.

41



AL
AZ
AR
CA
45 + coO —
CT
DE
DC
FL
40 + GA —
| D
| L
I N
I A
s b -
4 LA
= ME
T MD
- MA -
o MI
0 MN
£ e
X
S 5 MT —
= NE
] NV
© NH
© NJ
% 20 NM -
< NY
2 NC
< ND
OH
15 OK .
OR
PA
RI
SC
10 - SD .
TX TN
uT
VT
5 VA —
WA
wv
WiI
0 | | | wy |
-8 -6 -4 -2 0 2 4
Level %10°
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Notes: This figure shows the counterfactual changes in U.S. population by states in 2014 in response to an
exogenous decrease in land supply growth rate of Texas to the national average.
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7.5 Impulse responses to a regional shock

To better understand the migration linkages between regional housing markets, we analyze
the responses of the economy to a regional shock. In particular, we assume that the economy
is initially on the balanced growth path and consider a one standard deviation negative
regional productivity shock to California. The simulated innovations used in the computation
of the impulse responses are independently drawn from the standard normal distribution.
For the details of the computation of the impulse responses, see Section of the online
supplement. The impulse responses are shown in Figures [9] [11], [I0] and [12] Figure [9] shows
the responses of the house price-to-income ratio (left panel) and the population (right panel)
of CA after the shock. As shown in these figures, the adjustments of population and house
price to the shock are very slow, which takes decades. This is due to the slow depreciation of
housing stocks and the sluggishness in the migration. Figures (10| and [L1] show the responses
of house price-to-income ratios and populations of U.S. states (except for CA) to the negative
regional productivity shock to CA, where the states are ordered by their distances to CA.
Figure [12] shows the snapshots of the responses of house price-to-income ratios of U.S. states
(except for CA). Each panel shows the responses in the period noted at the top. In each
panel, the horizontal axis corresponds to state’s rank in terms of their geographical closeness
to CA. In response to the shock, house price-to-income ratios rise in all states. However,
the responses in the neighboring states (e.g., NV and AZ), and in some of the West Coast
states (e.g., DC and NY) are quicker and stronger. The responses in these states reach their
peaks more quickly and their peak values tend to be larger as well. Thus, the snapshots of
responses are U shaped.

0.2 0
0.15 -0.05
01
0.1t
g 0.05f g
© ©.0.15
g 0f &
0.2
0.05
01l i 0.25|
-0.15 : : : : 0.3 : . : :
0 10 20 30 40 50 0 10 20 30 40 50
Year Year
Log house price-to-income ratio Log population

Figure 9: Reponses of CA to a negative regional shock to local productivity

Notes: This figure shows the responses of log house price-to-income ratio and log population of California
to a one standard deviation negative regional shock to local productivity.
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Figure 12: Snapshots of the responses of the log house price-to-income ratios
of U.S. states to a negative regional productivity shock to CA

Notes: Each panel shows the responses of the log house price-to-income ratios of U.S. states (except for CA)
to a one standard deviation negative regional productivity shock to CA for the period noted at the top. The
unit of ¢ is year. States are ordered ascendingly by their distances to CA. The horizontal axis corresponds
state’s rank in terms of distance to CA. The unit on the vertical axis is per cent.
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8 Concluding remarks

This paper presents a spatial equilibrium model of regional housing markets in which regional
house prices are jointly determined with migration flows. It extends existing studies by
explicitly modelling location-to-location migration. Agent’s optimal location choice and
the resultant migration process is Markovian with the transition probabilities across all
location pairs given as non-linear functions of income and housing cost differentials, which
are endogenously determined. These features allow the model to simultaneously account for
the observed rise in the house price dispersion and the interstate migration flows over the
period 1976-2014.

Spatial heterogeneity in land-use regulation is the key driving force behind the rise in
house price dispersion. Degree of population mobility is also an important factor in deter-
mining how land-use regulations affect house price dispersion and migration. Spatial house
price dispersion tends to rise when mobility is low and fall when mobility is high. Further-
more, our model takes into account the substantial variation of mobility across the U.S..
Impulse response reported in the paper suggest that migrations between states that are ge-
ographically close are more responsive to changes in income and housing cost differentials,
which in turn help accounting for the observed differences in trends in house price dispersions
within and between regions. Our counterfactual exercises show that changes in land-use reg-
ulations do affect population allocation via the house price channel, but its effects tend to
be relatively moderate as compared to recent existing models of housing and migration that
assume population are perfectly mobile.

The analysis of this paper can be developed extended in a number of directions. The
financial side of the housing market (briefly discussed in the online supplement) can be
studied further, with the aim of investigating possible implications of rising house price
dispersion for macroeconomic fluctuations. An econometrically estimated version of the
model can also be used for the analysis and predication of house price diffusion across states
or MSAs. Finally, given the importance of labor mobility for a stable spatial house price
dispersion, it is also worth considering the factors that determine population mobility, their
nature and variations overtime and across space.
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Appendices

A Mathematical derivations and proofs

A.1 Derivation of migration probabilities

Here we derive the migration probability equation (15]). For the worker 7 who is born in
location 7, the probability of residing in location j* is

Prob (j* is chosen) = Prob (v, i« > Vr1ij Y # J%),

where
Vrpij = (Inwje —Inwy) —n(ngy —Ing) + (€755 — €rii) — ¥ Inag;.
Recall that €, ;,; is IID for all 7, ¢, 7+ and j, and has an extreme value distribution, with
the cumulative distribution function F(¢) = e °, and the probability density function
f(e) = e e ¢ ". Consider the following decomposition of v, ;;;,
Urtij = Vtij + (Erij = €rtii)
where
v = (Inwjy —Inwy) —n(lng — Ing) — ¢ Inay;.

Note that v,;; is known by worker 7, and will be treated as given. The probability that
worker 7 selects region j* as her migration destination can be written as

Prob (j* is chosen) = Prob (v; i« + €rtij* — Ertii > Urtij + Ertij — Ertiis VI 7 57),
= Prob (erpij+ + Urpijr — Urtij > Ereijy VI #J7)-
Conditional on €, 4 ;;+, the probability that location j* is chosen by worker 7 is given by
Prob (j* is chosen [e,35) = [ [ F (erije + vraije — vrais) -
J#T*
Since €;4;+ is also random, the probability that location j* is chosen is the integral of
Prob (j* is chosen |e;,j+) over its support and weighted by its density function, namely

+oo —(5+v ik — . )
x . _ T,t,ig* T Tt . _o—€
Prob (j* is chosen) :/ e e e ¢ de
% Lz i
+oo [ —(E+v ik — . ")_ —(E+U Pk — U ” )
_ Tt * T,t,1] _ _ T,t,45% T, tij*
:/ H e ¢ e ‘e ° de
—o0 g |
+OO [ —(5+1) Sk — . )
_ T, tig* T,t,1] _
:/ He ¢ e “de
e |7
—+o00
:/ exp |—e ° E e (vrs—vreis) | =g,
o -
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Define s = e7¢. Thus, ds = —e °de. Then,

+oo
0 .
J

exp [—S > e*(”mw**”ml‘j)} I
J
J
]_ evr,t,i]’*

> e_(”ﬂtvij*_”ﬂt’”’) N Zj evrtis
J

A.2 Balanced growth paths

The long run rent-to-price ratio in location 7 can be obtained using :

@

(A.1)

(A.2)

(A.3)

. Fia
D;
where I'; is defined as .
I=————=-—(1-9).
sa-ay 1Y
Using this result in , we obtain the long-run demand function for housing in location i:
Bt = nw*l*
PZp'L

By substituting into , we obtain the long-run housing supply function in location ::

O‘l(lfo‘n,i) 170‘:@@

hﬁ = 5717'1'%2'('11}%)7 Freyi (p;k) Y
By substituting (A.4) into ( - ) for h}, we have

D‘l(l_an,i) 1—ay *l*
_ — - - nw
0 i (wy) e (pf) e T

Using the above equation, we can solve for p?

0 ami—a' Qg i ag itap(l—ag;
P = ( 1 ) Tyt (1) (wy) i tertimand)

TiR4

and by substituting (A.5)) into (A.1) for p}, we have

6 (e . o . o
qz‘Z( n) N R (0 B

TiRq

Finally, substituting (A.5]) into (A.4)) for p!, we obtain

* 6 T n T *\ 1= i $\ (1—ap)(1—ak 4
o () () e s
Tik; i

A2

(A4)



A.3 Lemmas: statements and proofs

Lemma A1l Consider the following Markovian process in U (t)
U@)=0U(0¢-1Rt) (A.8)

where U(t) = [I5,(t), I5(t), ..., 1%, (t)] is the 1 x n row vector of detrended population values, and
R*(t) = (pj;(t)) is the n X n transition matriz with the typical element, pj;(t) defined by
that depends non-linearly on U*(t), and n is a fixed integer. Suppose that the initial population
vector, I"(0) = 1(0), is given and satisfies the conditions 1(0) > 0, and > 1;,(0) = Ly,
where 0 < Ly < K. Then U*(t) converges to a finite population vector, I* (c0), or simply
U =140, .., 1%, as t — oo, with I* >0, and > 1% = Ly

1=1"1

Proof: We first note that by construction 0 < pf;(t) < 1 foralli and j, and }7_, pj;(t) =
1, for all j. Hence, for each ¢, R*(t) is a right stochastic matrix with R*(t)r,, = 7,, where
T, is an n x 1 vector of ones, for all t. Recursively solving (A.8)) forward from I*(0), we have

() = 1'(0) [, R*(s)]

But it is easily seen that [II:”_;R*(s)] 7, = 7, and hence
Ut =U(t)T, = 1'(0)7, = Lo. (A.9)
i=1

Also, since I"(0) = I(0) > 0, p;(t) > 0, and n is finite, then I"(t) = [I5(t), 15(t), ..., [5,(t)] > 0,
for all ¢, and in view of (A.9) we have sup;,(I%(t)) < Lo < K. Therefore, I*(t) must converge
to some vector I* which is bounded in ¢, as t — co. Il

Lemma A2 Consider the system of non-linear equations in l.;, fori € I,,:
I=1IR (1) (A.10)

where U = [l.4,19,....01,], 1 >0, > 1, = Lo, 0 < Ly < K, n is fived, and the typical element
of matrix R is given by

¢ij (l-j)_%
> ez, Vis (L) 7

where ;; and p; > 0, for any i and j € T,,. Then, the solution to must be strictly
positive, 1; > 0 for i1 € I,,, and unique.

Pij = (A.11)

Proof. We first show that [; > 0, and hence 1 > p;; > 0, for all i and j € Z,. Consider
a population vector ! that solves (A.10). Note that > I, > 0, and [,; is non-negative for
any ¢ € Z,,. Thus, [; > 0 has to hold for at least one i. Without loss of generality, we assume
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Note also that since [.; is the first element in I, then from (A.10) we have
li= Zpill-ia (A.13)
i=1

where, upon using (A.11)), p,; is given by

Pl = , fori=1,2,....n. (A.14)

wis (l'l)wl
1 + 28751 ("/}zl) (1_5)905
Note that by assumption ¢,; and ¢; > 0, and it is supposed that ., > 0. Hence, if [, = 0,
for any s € {2,3,...,n}, then p;; =0, for all i € Z,,, and using (A.13) it follows that [, = 0,
which contradicts our supposition. The same line of reasoning can be applied to any other
elements of I, and we must have [; > 0, for any i € Z,,.

Given that [.; > 0, for all 4, we now show that (A.10) cannot have more than one solution.
Suppose there exist two solutions IV and ¥, with ¥ and 1@ > 0, 1V #* 1® such that

M =1WR (l(1)> and I® = PR <l(2)>. Denote the j elements of IV and ¥ by l_(jl) and

Z(J2 ), respectively. Split the locations into two groups, Z," and Z , where Z,7 = {j | l(J2 ) > le-l),

jeZ), and I, = {j |1 <1V, j € T}, and note that Z;N Z, = 0 and Z;U Z, = Z,.
That is,

(O T +
R S (A.15)
< l,j itjel,

Further, since 7, l](.l) = l§.2) = Lo, and 1Y #£ 1 it also follows that neither Z nor

7, can be empty. Thus, we have
S s Sa, (A.16)
JET JET

Recall that pg) and ,Oz(-?) are the typical elements of R (l(l)) and R <l(2)), respectively. For

any i € Z,, using (A.11)), we have (recall that l,(jl) > (0 and l,(jz) > 0)

2) ¥
D jery Pz(?) _ 2jers Vi (l'j) A17
Sier 0D @) % (A1)
jez: Pij ez by (1)
)\ ¥
ZjEI;,‘f PS) B Zjeﬁ iy (l'j )

- 0 N
2jezy Pl 2 jezy Yig (le))

(A.18)

Since by (A.15)), l,(jQ) > lF]-l), if j € Zt, and le_g) < lF]-l), if j € Z,7, then (recall that ;; > 0 and
w; > 0)
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Sy (1)

JETY

Z Vij (l?) e

J€In

3wy, (l.(ﬁy“’f |

JETY

Z (o (l.%”)ﬂpj )

JE€Ln

Hence, using the above results in (A.17) and (A.18]) we have

) 1
Z ez PE; Zjez;f Pz(j) Viel
(2) (1) ™
ZjeI; Pij ZjeI; Pij

and it follows that

(2) (2)
Zjezg Py + Zjezg Pij

(1) (1)
S Zjezj{ Pij +Zjez Pij

D , Viel,.
ZjeIﬁ{ Pij

(2)
ZjeI,;L Pij
Since pgjl-) and pg) are migration probabilities,

ST+ oY =

YooY =1

JETE JET, JETY J€Tn
Thus, we have
Doy <dop  Viel. (A.19)
JETE JETE
Note that l,(jl) and l(f ) are given by
2) (2
(1) Z pl_] -z' and ) - Z pg])l(z )
’LEI’n iEIn
Thus, we have
2) 1 _ (2,2 _ 1)(
PIRED DD DD I LD DD DL
JETY JETT JETT i€In eI i€In
2 1
SR Sl
i€Ln jEI;f i€Ln jEI,T
Since o7+ ,01(-3-) <D jert pg) as previously shown in (|A.19), then
©) 1) ©) (1) 1) (1)
PIEED DRI S DD DU DY
JETY JETE i€ jeIf i€ jeIf
2 1 1
- (;g» - l&’) 3o (A.20)
i€y JETT
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Since by (A.15), I > 19, it i € T}, and 1P <1V, if i € Z,, and 3,7+ p) > 0 by
construction, then
9 (CREDD I
i€In JETF
2 1 1 2 1 1
S (CRDD SRS I CERD ol
i€ | jeT,k ] i€, jeT,F
@ _ ;D 1)
< D (l,,. — L > > Py
€Tt i€y |

()

Note that pg) are migration probabilities, and jert Pij

1@ S 0, if i € Z;7. Then, we have

I GEEUD U B WG]

< ma jeTF i€zt

< 1 by construction, and that

and thus
S0 -0) S| < Ty,
i€y JeTt €L, i€}

which contradicts (A.20]). Thus, ! # I* cannot hold.l

A.4 Derivation of new land supplies, x;
To derive , we first note that can be re-written as

his1 =1 (ﬂ> Li(t). (A.21)

Qit

By using the above equation in to eliminate h;;_1, we have

hi = Be? (1 — 6,) {% +(1- 5)} 0 (ﬂ) Li(t) (A.22)

Dit qit

Then, by using (A.21)) and (A.22) in (37)), we have

i = hy— (1 —0)hit,
= fsea-m ]2 ra-a]-a-ob (2o

Dit



By combing the above equation with , we have

Tit _ it
7al(17an,i)/am,i <pit)(17am,i)/an,i - Ti

Rt = )

Ti (Wit)
{Ben(1-0) |2+ (1=0)] - (1= 0} n (=) L)

(wit)ial(li%’i)/%’i (pz’t)(lia”’i)/a”’i

where

Yit =

B Data sources and measurements

B.1 Interstate migration and population growth

Between states migration flows are measured using annual data from the Internal Revenue
Service (IRS)E The IRS compiles state-to-state migration data using year-to-year address
changes reported on individual income tax returns filed with the IRS, which are available
from 1990 to 2014[*% Those who file income tax returns with the IRS in two consecutive
years in the same state are considered as non-migrants, and migrants otherwise. State level
population for 1976-1990 are obtained from Census data We focus on the 48 states and
the District of Columbia on the U.S. mainland, and treat Alaska and Hawaii as “foreign
countries” in our analysis.

B.1.1 Population growth rates by states

For the years 1990-2014, we compute migration flows and the intrinsic population growth
rates of U.S. states using the IRS state-to-state migration flow data. Migrants are considered
as the residents of the destination states for the year they migrateﬁj] Thus, the population
of State j in year ¢ is measured as the number of tax filers (and their dependents) who report
a home address in State j at the start of year t+1 as recorded by the IRS for the period from
t to t + 1. We decompose the population changes of U.S. states into an intrinsic component
(due to births and deaths) and a net inward migration component. Let

I(t) = Zn:zij@), and 1(1) zzn:zij@), (A.23)

where for i # j, [;;(t) denotes the population flow from State ¢ to State j in year ¢, measured
using the IRS data (see also and (2)). The number that remain in State ¢ is denoted by

AlFor further information on the IRS migration flow data, see https://www.irs.gov/uac/
soi-tax-stats-migration-data.

42The total number of exemptions recorded by the IRS each year is around 80% of the U.S. population.

A3For further information on the Census population data, see https://www.census.gov/topics/
population.html.

AdTFor example, suppose a person files income tax returns with the IRS at the starts of year ¢t and year ¢ +1,
and the two addresses reported are in State 7 and State j respectively. If 4 = j, this person is considered as
a resident in State j in year t. However, if i # j, the time she migrates to State j can be any point between
the starts of year ¢t and year £+ 1. In our analysis, we consider this person as a resident in State j for year ¢.
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lii(t). 1;.(t) — l;;(t) measures the outward migration from State i, and [.;(t) — l;;(t), measures
the inward migration to State i. The change in population of State ¢ in period t, defined by
1;(t) — 1;(t — 1) can now be decomposed as:

Lit) — La(t — 1) = [La(t) — 1. (8)] + [1.(8) — Ly(t — 1)]. (A.24)

where the first component [;(t) — [;.(t) is the net inward migration to State i, and the
reminder term, [;.(t) — [;(t — 1), which we refer to as the intrinsic population change of
State 7. We decompose the population growths at both state and regional levels using the
above formula. At the regional level, the Southeast and the Southwest have been attracting
population from the rest of the country, while the West, the Midwest, and especially the
Northeast have experienced substantial population outflows, as shown in Figure [Al]l For
the five most populated states in the U.S., Florida and Texas have experienced considerable
population inflows, while New York and California have experienced substantial population
outflows, as shown in Figure

In addition, the actual state level intrinsic population growth rates, g, 14, for< = 1,2, ..., n,
are measured as

Li(t) = 1L;(t —1)

D YRRy

For the period of 1976-1990, state level populations are measured using Census population

data, which are scaled such that their 1990 values match those implied by the IRS migration

flow data. The intrinsic population growth rates of U.S. states during this period are inferred
using the migration equation (6]), which can be re-written as

(A.25)

It —1)G@R(t) = I(1).
Note that R(t), which is a stochastic matrix, is invertible. Thus, we have
It —1)G(t) = L(H)R(t) .
By right multiplying both sides of the above equation by a n x n identity matrix, I,,, we have
It —1)G()L, = L(t)R(t) 'L, = diag (I(t — 1)G(t)) = diag (L({)R(t)™")

Recall that G(t) = diag (gi.1¢, Gi.2ts ---» Gint), is a diagonal matrix, and I(t — 1) is a 1 X n row
vector. Thus, diag (I(t — 1)G(t)) = diag (I(t — 1)) G(¢). Thus, we have

diag (I(t — 1)) G(t) = diag ({()R(t) "),

which implies
G(t) = [diag (I(t — 1)) " diag (L(t)R(t) ).
Thus, the matrix of state level intrinsic population growth rates, G(t), is estimated as

A~

G(t) = [diag (I(t — 1))] " diag (l(t)f{(t)‘1> , (A.26)
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where G(t) = diag (§1,1¢, G1.2t, ---» Gine) contains the estimates of state level intrinsic popu-
lation growth rates, the state-level populations, I(t), are measured using Census data, and
the migration probability matrix, R(t) = (p;;,), is estimated using the migration probability
equation ([15)):

_— &i_jw (q5e/qie) ™" (wje/wir)

O T A (e 4) " (/)
where ¢ was set to one and the migration costs, a;;, were estimated in Section [5.2, and the
incomes, w;;, and the annual housing rents, ¢;;, are from data.

B.1.2 Distance and population mobility

We now consider how the size of migration varies with the distance between origin and
destination of the migration flows. The distance between two states is measured as the
distance between their centers of population that are defined by Census States that are
within the = mile radius of State i are called the z-mile-neighbors of State i. Let Z;(x) be
the collection of the indices of the z-mile-neighbors of State ¢. The number of migrants who
migrate from State i to its x-mile-neighbors is denoted by m;(z). Thus, the share of migrants
of State i who move to its z-mile-neighbors, denoted by 7;;(z), is given by
m;; (.T)

7Tit<x) = mit(oo)a (A27)

where m;;(00) is the total number of migrants from State ¢ in year t. Then, at the national
level, the share of migrants who move to the x-mile-neighbor of the originating states is given
by

iz (@) (A.28)
> _izg Mit(00)
Figure plots the average of m;(z) over the 1990-2014 period against x, along with the 5
and 95 per cent quantile bands. As the figure shows, around 70% of the U.S. migrants move
to a 1000-mile-neighbor of the originating states.

As an alternative measure, we also consider adjacency as the definition of neighborhood.
A state is an order-1 neighbor of State 7 if it is geographically adjacent to State i. A state is
an order-2 neighbor of State i if it is geographically adjacent to State ¢ itself or its order-1
neighbors. For example, Nevada is an order-1 neighbor of California, Utah is an order-1
neighbor of Nevada, and Utah is in an order-2 neighbor of California. As shown in Table
during 1990-2014, 50% of the U.S. migrants move to order-2 neighbor of the originating
states.

m(zr) =

ASFor further details about the definitions of population centers, see https://www.census.gov/geo/
reference/centersofpop.html.
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Figure A1l: Decomposition of regional population growth during 1990-2014

Notes: This figure shows the decomposition of the cumulative population growth rates of U.S. regions during
1990-2014. The cumulative population growth rate of each region is decomposed into two parts: (1) the
cumulative intrinsic population growth rate (blue bar) and (2) the ratio of the cumulative net migration
inflow to the initial population (yellow bar).
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Figure A2: Decomposition of population growth for selected U.S. states during 1990-2014

Notes: This figure shows the decomposition of the cumulative population growth rates of NY, FL, IL, TX

and CA during 1990-2014.

The cumulative population growth rate of each State is decomposed into two

parts: (1) the cumulative intrinsic population growth rate (blue bar) and (2) the ratio of the cumulative net
migration inflow to the initial population (yellow bar).
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Year distance (miles) less than adjacency

500 1000 1500 order-1| order-2

1990 43.36%| 71.54% 86.30% 33.02%| 49.82%
1991 43.27%| 71.39% 86.13% 33.06%| 49.94%
1992 43.16%| 71.65% 86.03% 33.10%| 50.12%
1993 43.50% 71.78% 86.15% 33.36%| 50.34%
1994 43.49% [ 71.85% 86.28% 33.09%| 50.10%
1995 43.79% | 72.17% 86.37% 33.23%| 50.37%
1996 44.04%| 72.12% 86.29% 33.31%| 50.31%
1997 44.03%[ 72.05% 86.29% 33.35%| 50.29%
1998 44.53% 72.32% 86.37% 33.73%| 50.66%
1999 A4.42% [  72.15% 86.17% 33.69%| 50.57%
2000 44.03%( 71.64% 85.92% 33.50%| 50.19%
2001 44.06%| 71.54% 86.07% 33.63%| 50.13%
2002 44,29%( 71.65% 86.11% 33.85%| 50.27%
2003 44.06%| 71.48% 86.14% 33.81%| 50.03%
2004 43.79% | 71.27% 86.15% 33.51%| 49.68%
2005 44.38% 71.68% 86.34% 33.87%| 50.12%
2006 43.94%( 71.60% 86.27% 33.22%| 49.84%
2007 43.76% | 71.50% 86.03% 33.11%| 49.68%
2008 43.36%| 71.27% 85.88% 32.94%| 49.32%
2009 42.94%( 71.04% 85.85% 32.67%| 49.18%
2010 42.67% 70.78% 85.65% 32.31%| 48.78%
2011 41.98% [ 70.30% 85.56% 32.06%| 48.13%
2012 41.50%( 69.94% 85.44% 31.72%| 47.78%
2013 41.15%| 69.87% 85.70% 31.51%| 47.57%
2014 41.57%( 70.12% 86.12% 32.44%| 48.03%
1990-2014 43.40%(  71.40% 86.06% 33.08%| 49.66%

Table Al: Patterns of migration of different distance categories

Notes: The first three columns show the shares of the U.S. migrants to states within 500 miles, 1000 miles,
and 1500 miles of the states from which migrants originated. The last two columns show the shares of the
U.S. migrants who move to an order-1 and order-2 neighbor of the origin states.
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Figure A3: Patterns of migration and geographical distance

Notes: This figure plots m¢(z) defined by (A.28) over the 1990-2014 period against x, along with its 5 and 95
per cent quantiles, where m¢(z) is the share of the U.S. migrants who migrate to the x-miles of neighboring
states.

B.2 State level real per capita incomes

The state level per capita annual disposable incomes are obtained from the Bureau of Eco-
nomic Analysis (BEA)@ Real incomes are computed by dividing state level nominal incomes
by state level prices of non-housing consumption goods. The relative prices of non-housing
consumption goods across U.S. states for the year 2000 are estimated following the proce-
dure in Holly et al.| (2010) (see their Table A.1), where the American Chamber of Commerce
Researchers Association (ACCRA) cost of living indices for non-housing items are used at
the metropolitan statistical areasm Similarly, state level non-shelter Consumer Price Index
(CPI) series are constructed using the U.S. Bureau of Labor Statistics (BLS) non-shelter
CPIs of the cities and areas according to the Holly et al. (2010 procedure@ Then, state
level prices of non-housing consumption goods are complied by combining the relative prices
of non-housing goods across U.S. states for 2000 and the state level non-shelter (CPI) series
over 1976-2014.

A6For further information on the BEA state level per capita annual disposable income data (Table SA51),
see https://www.bea.gov/index.htm.

ATThe Cost of Living Index (COLI), formerly the ACCRA Cost of Living Index is a measure of living cost
differences among urban areas in the United States compiled by the Council for Community and Economic
Research. For further information, see http://coli.org/l

ASTFor further information on the BLS city level CPI data, see https://www.bls.gov/data/.
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B.3 State level real house prices and rents

The state level median house prices for 1976-2014 are complied by combining the state level
median house prices in 2000 obtained from the Historical Census of Housing Tables, and the
state level House Price Index obtained from U.S. Federal Housing Finance Agency (FHFA) @
The FHFA House Price Index are available over the period 19761 to 2015Q4. The annual
house price index is computed using the simple average of the quarter indices over the year.
Real house prices are obtained by dividing nominal house prices by prices of non-housing
consumption goods.

The state level annual housing rents are computed for 1976-2014 by combing the state
level annual housing rents for 2000 obtained from the Historical Census of Housing Tables,
and the state level shelter-CPIs[AT We construct the state level shelter-CPI series based on
the BLS shelter-CPI data and the procedure followed by [Holly et al. (2010) (Table A.1)[]
Real annual rents are obtained by dividing the nominal annual rents by the prices of non-
housing consumption goods.

B.4 Land-use regulations and supplies

The state level Wharton Residential Land Use Regulatory Index is due to |Gyourko et al.
(2008), and the state level land share in house value is compiled by Davis and Heathcote
(2007) AT The state-level data on urban area sizes are from the United States Department
of Agriculture (USDA) AT

A9For further information on the Historical Census of Housing Tables of Home Values, see https://www.
census.gov/hhes/www/housing/census/historic/values.html. For further information on the FHFA
state level house price index, see http://www.freddiemac.com/finance/fmhpi/archive.html|

AlOFor further information on the Historical Census of Housing Tables of Housing Rents, see https://www.
census.gov/hhes/www/housing/census/historic/grossrents.html.

AllFor further information on the BLS city level CPI data, see https://www.bls.gov/data/.

Al2For further information on the data of state level land share in house value, see http://datatoolkits.
lincolninst.edu/subcenters/land-values/land-prices-by-state.aspl

Al3For further information on the USDA land use data, see https://www.ers.usda.gov/data-products/
major-land-uses.
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C Calibration and estimation of parameters

Table A2: Benchmark calibration and estimation of parameters

\ Value \ Description
I. Preference
n Calibrated | 0.240 Share of housing in consumption; Davis and Ortalo—Magné??Oll).
I6] Calibrated | 0.980 Discount factor of landlords; Match the risk-free interest rate of 2%.

II. Migration and intrinsic population growth rates

P - 1.000 Weight of migration costs in utility function; Set to one.
Qi Estimated | See text | Route-specific migration costs.
g Estimated | 0.010 Intrinsic population growth rate; Match the U.S. average population growth

rate over the period 1977-2014.

II1. Housing supplies and investment

oy Calibrated | 0.430 Share of labor in residential structure values; |Davis and Heathcote| (2005)).

Oy, Calibrated | 0.570 Share of construction material in residential structure values;
Davis and Heathcote (2005).

Qlk; | Estimated | See text | Location-specific shares of land in house values; Set to the state level average
land values relative to total value of housing stocks over the period 1977-2014.

T; Estimated | See text | Location-specific scalars in the housing supply functions.

0; Estimated | See text | Location-specific housing investment costs; Match the state level average
rent-to-price ratios over the period 1977-2014.

) Estimated | 0.020 Depreciation rate of housing stocks; Set to the national housing stock

depreciation rate over the period 1977-2014.

IV. Income processes

a; Estimated | See text | Location-specific intercepts in the income processes.

Ja Estimated | 0.018 Income growth rate; Set to the U.S. average growth rate of real disposable
per capita income over the period 1977-2014.

Pr Estimated | 0.950 AR(1) autoregressive coefficient for f;.

o Estimated | 0.017 Standard deviation of the innovation to f;.

A Estimated | See text | Location-specific loading coefficients for f;.

Prosi Estimated | See text | AR(1) autoregressive coefficients for zg ;.

0,,i | Estimated | See text | Standard deviations of the innovations to 2, ;.

V. Land supply processes

k; Estimated | See text | Location-specific intercepts in the land supply processes.
Grji Estimated | See text | Location-specific land supply growth rates.

p,.; | Estimated | See text | AR(1) autoregressive coefficients for 2, ;.

0.,.: | Estimated | See text | Standard deviations of the innovations to zj ;.

Notes: This table reports the benchmark estimates of the parameters that are common to all locations. The
estimates of the location-specific and route-specific parameters are reported in the remaining part of this
appendix and the supplementary data files.
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Table A3: Location-specific parameters related to housing supplies and investment

State ax i 91- ﬁx,i 91‘
AL Alabama 0.1063 0.0164 NE MNebraska 0.0776 0.0265
B2 Arizona 0.2084 0.0174 NV Nevada 0.2389 0.0103
LR Arkansas 0.0713 0.0270 NH MNew Hampshire 0.2646 0.0147
Ch California 0.5653 0.0037 NJ New Jersey 0.4637 0.0092
co Colorado 0.3383 0.0099 MM New Mexico 0.1762 0.0067
CT Connecticut 0.5106 0.0050 NY New York 0.3090 0.0118
DE Delaware 0.2474 0.0144 NC MNorth Carclina 0.2249 0.0230
DC District of Columbia 0.6314 0.0045 ND Morth Dakota 0.1198 0.0177
FL Florida 0.2205 0.0279 CH Chio 0.1303 0.0191
G Georgia 0.1603 0.0231 CE Oklahoma 0.0789 0.0267
ID Idaho 0.1748 0.0125 CR Oregon 0.2790 0.0102
IL linois 0.2264  0.0133 PL Pennsylvania 0.1651  0.0203
IN Indiana 0.1013 0.0232 RI Rhode Island 0.3079 0.0056
In lowa 0.0977  0.0275 ac South Carolina 0.1952  0.0198
ES Kansas 0.1061 0.0280 sD South Dakota 0.1430 0.0222
EY Kentucky 0.0743 0.0218 ™ Tennessee 0.1373 0.0226
L Louisiana 0.1133 0.0187 TX Texas 0.0845 0.0356
ME Maine 0.2131  0.0153 uT Utah 0.2816  0.0077
MD Maryland 0.4418 0.0133 VT Vermont 0.3082 0.0129
MR Massachusetts 0.3971 0.0072 V& Virginia 0.3833 0.0180
MI Michigan 0.1321 0.0251 WA Washington 0.3097 0.0079
MM Minnesota 0.1127 0.0171 WV West Virginia 0.0907 0.0221
M3 Mississippi 0.0746 0.0280 WI Wisconsin 0.1410 0.0177
Mo Missouri 0.0838 0.0242 WY Wyoming 0.2604 0.0044
MT Montana 0.1857 0.0090

Average across the U.S. states 0.2197 0.0169
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Table A4: Location-specific parameters of the income processes

State )1;' SE p-value ﬁza,i SE p-value al—\za,i

AL Alabama 0.8389 0.1345 0.0000 0.9065 0.0631 0.0000 0.0109
LZ Arizona 1.9745 0.2970 0.0000 0.9220 0.0583 0.0000 0.0221
LR Arkansas 0.6650 0.0875 0.0000 0.5888 0.1342 0.0001 0.0148
Ch California 1.3070 0.2313 0.0000 0.9429 0.0372 0.0000 0.0110
co Colorado 1.3482 0.1137 0.0000 0.8190 0.0952 0.0000 0.0139
CT Connecticut 0.8344 0.2165 0.0004 0.8192 0.0539 0.0000 0.0147
DE Delaware 1.4805 0.1071 0.0000 0.6715 0.1218 0.0000 0.0168
DC District of Columbia 0.1872 0.3245 0.5674 0.9475 0.0525 0.0000 0.0220
FL Florida 1.6795 0.1588 0.0000 0.8117 0.0971 0.0000 0.0197
GR Georgia 1.5342 0.1643 0.0000 0.9018 0.0610 0.0000 0.0129
ID Idaho 1.6587 0.2335 0.0000 0.8097 0.0649 0.0000 0.0194
IL linois 1.0512 0.0689 0.0000 0.7165 0.1134 0.0000 0.0101
IN Indiana 1.1677 0.0987 0.0000 0.8994 0.0744 0.0000 0.0094
In lowa 0.7934 0.1268 0.0000 0.6300 0.1234 0.0000 0.0202
E3 Kansas 0.8277 0.0832 0.0000 0.6348 0.1162 0.0000 0.0124
EY Kentucky 0.9880 0.0843 0.0000 0.7777 0.1036 0.0000 0.0113
LA Louisiana -0.1423 0.1576 0.3723 0.8228 0.0950 0.0000 0.0192
ME Maine 1.4355 0.0961 0.0000 0.7037 0.1115 0.0000 0.0138
MD Maryland 1.0087 0.1398 0.0000 0.8963 0.0686 0.0000 0.0124
MR Massachusetts 1.0243 0.2142 0.0000 0.8356 0.0569 0.0000 0.0155
MI Michigan 1.9038 0.2224 0.0000 0.8979 0.0709 0.0000 0.0204
MN Minnesota 1.1269 0.0730 0.0000 0.50685 0.1233 0.0002 0.0119
M3 Mississippi 0.5814 0.1384 0.0002 0.9136 0.0666 0.0000 0.0119
MO Missouri 1.1063 0.0913 0.0000 0.8252 0.0851 0.0000 0.0100
MT Montana 0.8539 0.2960 0.0064 0.8713 0.0530 0.0000 0.0200
NE MNebraska 0.6417 0.0985 0.0000 0.3902 0.1544 0.0159 0.0193
NV MNevada 2.5340 0.3188 0.0000 0.8506 0.0778 0.0000 0.0316
NH New Hampshire 1.0080 0.2214 0.0001 0.7981 0.0609 0.0000 0.0170
NI New Jersey 1.1308 0.1538 0.0000 0.8188 0.0596 0.0000 0.0116
NM New Mexico 1.2534 0.1735 0.0000 0.8832 0.0625 0.0000 0.0138
NY New York 0.9135 0.1432 0.0000 0.8374 0.0746 0.0000 0.0137
NC MNorth Carolina 1.2796 0.1751 0.0000 0.9158 0.0542 0.0000 0.0122
ND MNorth Dakota -1.1347 0.3293 0.0014 0.3877 0.1500 0.0139 0.0635
OH Ohio 1.3093 0.1154 0.0000 0.8546 0.0841 0.0000 0.0130
CE Oklahoma 0.2388 0.2373 0.3208 0.8940 0.0648 0.0000 0.0198
CR Oregon 1.6539 0.2142 0.0000 0.8548 0.0594 0.0000 0.0162
=N Pennsylvania 1.1937 0.0871 0.0000 0.7905 0.0998 0.0000 0.0112
RI Rhode Island 1.1790 0.1414 0.0000 0.8035 0.0871 0.0000 0.0158
sc South Carolina 1.0425 0.1161 0.0000 0.9168 0.0631 0.0000 0.0094
sD South Dakota 0.2586 0.1963 0.1956 0.6065 0.1279 0.0000 0.0324
™ Tennessee 1.0486 0.2565 0.0002 0.9529 0.0374 0.0000 0.0123
TX Texas 0.3128 0.1613 0.0599 0.8861 0.0773 0.0000 0.0160
uT Utah 1.2080 0.1230 0.0000 0.7789 0.0708 0.0000 0.0111
VT Vermont 0.7823 0.1334 0.0000 0.7738 0.0825 0.0000 0.0140
VA Virginia 0.8772 0.1175 0.0000 0.8658 0.0635 0.0000 0.0096
WA Washington 1.2181 0.1300 0.0000 0.8574 0.0676 0.0000 0.0113
Wv West Virginia 0.5611 0.0853 0.0000 0.6727 0.1162 0.0000 0.0127
WI Wisconsin 1.2577 0.1012 0.0000 0.8160 0.0845 0.0000 0.0110
WY Wyoming -0.0023 0.3465 0.9948 0.8952 0.0687 0.0000 0.0307
Average across the U.S5. states 1.0000 0.7995 0.0164
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Table A5: Location-specific parameters of the land supply processes

State WRI Q‘K,i SE p-value ﬁzx,i SE p-value él—‘zx,i

AL Alabama -1.1401 0.0662 0.0116 0.0000 0.9094 0.0593 0.0000 0.2910
BE Arizona 0.9917 0.0399 0.0126 0.0032 0.8726 0.0800 0.0000 0.4325
LR Arkansas -1.0279 0.1389 0.0172 0.0000 0.9160 0.0621 0.0000 0.4546
Ch California 1.0057 -0.0137 0.0057 0.0208 0.8560 0.0833 0.0000 0.2017
co Colorado 0.8514 0.0036 0.0055 0.5124 0.9315 0.0598 0.0000 0.1404
CT Connecticut 0.7112 0.0059 0.0050 0.2468 0.8904 0.0768 0.0000 0.1608
LE Delaware 0.8514 -0.0159 0.0071 0.0316 0.8835 0.0760 0.0000 0.2243
DC District of Columbia -0.0405 0.0049 0.0000 0.8960 0.0737 0.0000 0.1547
FL Florida 0.6972 0.0130 0.0156 0.4091 0.8810 0.0768 0.0000 0.5099
GR Georgia -0.1163 0.0465 0.0085 0.0000 0.9061 0.0651 0.0000 0.2346
ID Idaho -0.7053 0.0305 0.0107 0.0070 0.8950 0.0713 0.0000 0.3251
IL linois -0.0882 0.0013 0.0080 0.8693 0.9089 0.0733 0.0000 0.2438
IN Indiana -1.2383 0.0633 0.0106 0.0000 0.9070 0.0712 0.0000 0.3218
In lowa -1.2102 0.0710 0.0186 0.0005 0.9039 0.0586 0.0000 0.4639
ES Kansas -1.4066 0.0862 0.0150 0.0000 0.9364 0.0524 0.0000 0.3346
EY Kentucky -0.6212 0.0331 0.0136 0.0193 0.9135 0.0648 0.0000 0.3699
LA Louisiana -1.3084 0.0843 0.0182 0.0000 0.9535 0.0515 0.0000 0.3982
ME Maine 1.1319 -0.0277 0.0085 0.0023 0.8908 0.0770 0.0000 0.2756
MD Maryland 1.2862 -0.0109 0.0058 0.0674 0.8942 0.0767 0.0000 0.1872
MR Massachusetts 2.3661 -0.0322 0.0069 0.0000 0.9211 0.0670 0.0000 0.1932
MI Michigan 0.2063 -0.0028 0.0168 0.8705 0.9441 0.0613 0.0000 0.4320
MN Minnesota 0.2904 -0.0122 0.0173 0.4858 0.9353 0.0603 0.0000 0.4429
M3 Mississippi -0.9718 0.1578 0.0193 0.0000 0.9104 0.0579 0.0000 0.4756
MO Missouri -1.2663 0.0436 0.0153 0.0072 0.9117 0.0663 0.0000 0.4292
MT Montana -0.3267 -0.0220 0.0105 0.0437 0.9110 0.0657 0.0000 0.2549
NE MNebraska -0.7755 0.0854 0.0170 0.0000 0.9170 0.0616 0.0000 0.4476
NV MNevada -0.4529 0.0613 0.0121 0.0000 0.8557 0.0840 0.0000 0.4332
NH Mew Hampshire 2.0856 -0.0014 0.0098 0.8859 0.9044 0.0725 0.0000 0.3013
NI New Jersey 1.4124 -0.0169 0.0057 0.0050 0.9048 0.0734 0.0000 0.1788
NM New Mexico 0.0240 0.0298 0.0073 0.0002 0.8828 0.0797 0.0000 0.2471
NY New York 0.1642 -0.0382 0.0074 0.0000 0.9220 0.0703 0.0000 0.2186
NC MNorth Carolina -0.3126 0.0295 0.0047 0.0000 0.9104 0.0703 0.0000 0.1389
ND Morth Dakota -0.5791 0.0740 0.0167 0.0001 0.8452 0.0915 0.0000 0.6301
CH Ohio -0.3267 0.0473 0.0116 0.0002 0.9401 0.0614 0.0000 0.2956
CE Oklahoma -0.8035 0.1860 0.0235 0.0000 0.9373 0.0596 0.0000 0.5935
CR Oregon 0.2904 -0.0407 0.0095 0.0001 0.9094 0.0672 0.0000 0.2724
=N Pennsylvania 0.6972 -0.0154 0.0089 0.0908 0.8829 0.0753 0.0000 0.2800
RI Rhode Island 2.3942 -0.0296 0.0088 0.0013 0.9168 0.0758 0.0000 0.2786
sc South Carolina -0.8877 0.0241 0.0063 0.0005 0.9278 0.0543 0.0000 0.1449
sD South Dakota -1.2804 0.0269 0.0095 0.0077 0.8468 0.0789 0.0000 0.3200
™ Tennessee -0.7755 0.0401 0.0081 0.0000 0.8960 0.0678 0.0000 0.2327
TX Texas -0.4529 0.1510 0.0183 0.0000 0.9511 0.0592 0.0000 0.4514
uT Utah 0.0801 0.0139 0.0070 0.0534 0.9036 0.0695 0.0000 0.2065
VT Vermont 0.6691 -0.0069 0.0055 0.2146 0.8379 0.0889 0.0000 0.2061
VA Virginia -0.0882 -0.0039 0.0056 0.4936 0.8980 0.0705 0.0000 0.1669
WL Washington 1.2161 -0.0250 0.0062 0.0003 0.8715 0.0843 0.0000 0.2201
Wv West Virginia -1.0840 0.1298 0.0213 0.0000 0.9296 0.0563 0.0000 0.5113
WI Wisconsin 0.2764 -0.0025 0.0130 0.8507 0.9255 0.0624 0.0000 0.3397
WY Wyoming -0.4529 0.0238 0.0098 0.0203 0.9442 0.0506 0.0000 0.2115
Average across the U.5. states 0.0000 0.0236 0.95045 0.3127

Notes: The average WRI is computed across the 48 states on the U.S. mainland, since Alaska and Hawaii
are excluded from our analyses. The WRIs of the states we included are re-scaled such that the mean and
the standard deviation of the sub-sample are zero and one, respectively.
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D Supplementary results

D.1 House price dispersion between U.S. states

We divide the District of the Columbia and the 48 states on the U.S. main land (referred to
as 49 U.S. states for short) into five regions following the regional categorization by National
Geographic Society. The time series plots of log house price-to-income ratios during 1976-
2014 for the 49 U.S. states separately are displayed in Figure [Adl As can be seen the house
price-to-income ratios of states within the same region share similar dynamic patterns. Figure
shows the log house price-to-income ratios aggregated at the five U.S. regions. Regional-
level house price-to-income ratio is measured as the population weighted average of state level
house price-to-income ratios, where the population weights are computed based on state level
population data over the period 1976-2014. This figure shows that house price-to-income
ratio has significantly increased in the West, and considerably dropped in the Southwest and
the Southeast. The difference in house price-to-income ratio between the Southwest and the
West is increasing overtime. In addition, a dispersion decomposition shows that around 70%
of the between-state variance is due to the between-region differences (Figure .
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Figure A4: State level log house price-to-income ratios (grouped in to five U.S. regions)
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Figure A5: Log house price-to-income ratios of U.S. regions
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Figure A6: Regional decomposition of log house price-to-income ratio dispersion

Notes: This figure shows the decomposition of the variance of log house price-to-income ratio across U.S.
states. The between-state variance is decomposed into between-region variance (yellow) and weighted within-
region variances (blue, green, red, pink, cyan).

A19



D.2 House price dispersion between MSAs

We investigate the patterns of house price dispersions between Metropolitan Statistical Areas
(MSAs) using data from [Van Nieuwerburgh and Weill (2010). As shown in Figure [A7] the
dispersion of log house price-to-income ratios across MSAs has significantly increased during
1975-2007. We then decomposed the house price-to-income ratio dispersion between MSAs
into within- and between- state dispersion. In doing so, we group the MSAs in the U.S.
mainland by state. A multi-state MSA is equally split across the states shared by the MSA
in question.@ For instance, Kansas city, which is on the Kansas-Missouri boarder, is equally
divided between Kansas and Missouri. A “state” is considered as a group of MSAs[*% and
the dispersion across these groups is referred to as between-state dispersion and the dispersion
across MSAs within a group is referred to as within-state dispersion. Figure [A7] shows the
decomposition of between-MSA dispersion of log house price-to-income ratios. It is clear that
increases in within-state dispersions contributed very little to the increases in the between-
MSA dispersions during 1975-2007.

0.5

—e—The U.S.
——Between-state >
——\Vijthin-state i

1980 1985 1990 1995 2000 2005
Year

Figure AT: Dispersion of log house price-to-income ratios between- and within- U.S. states

Notes: The line designated with 'o’ shows the dispersion of log house price-to-income ratio across all MSAs.
The line designated with '+’ shows the dispersion of log house price-to-income ratio across the U.S. states.
The line designated with **’ shows the average of within-state dispersions, where within-state dispersion is
the standard deviation of log house price-to-income ratio across the MSAs that are within a given state.

ATy the sample, around 10% of the MSAs are multi-state MSAs.
A15Tn the US, around 86% of its population live in MSAs. In the most populated states, such as, California,
New York, Texas, Illinois, and Florida, more than 95% of their population live in MSAs.
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D.3 Results of the baseline simulation

Figure shows the realized and the model simulated log populations of U.S. states. Figure
[A9|shows the realized and the model simulated log annual housing rents of U.S. states. Figure
shows the realized and the model simulated log house prices of U.S. states. Figure
compares the realized and the model simulated average annual migration rates of U.S. states
during 1990-2014, where migration rate refers to the ratio of the outward migration flow of
a state to its initial population.
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S1 Existence and uniqueness of short-run equilibrium

Proposition S1 Consider the dynamic spatial equilibrium model set up in Section [ by

@). (13). (18). (29). (28). and (37). Suppose that the vectors of exogenous processes

for labor productivities, a;, land supplies, k¢, and intrinsic population growth rates, g, for

= 1,2,..., are given by (39)-(41), condition {43) holds, and the initial values for local
population and housing stocks (ly and hg) are strictly positive. Then the model has a unique
short-run equilibrium in the sense set out in Definition 1]

Proof: To prove the existence and uniqueness of the short-run equilibrium, we show that
given [;_ 1 and hy_,, then w}, qf, pf, I}, x}, h; and R} are uniquely determined by equations

([@3) to (49), which are the equilibrium conditions @ (5], (18), 22), 8), (B5) and (B7)

re—wrltten in terms of detrended variables.

We first show that [(t) > 0, and hence 1 > pj;(t) > 0, for all i and j € Z,. Consider
a population vector I that solves (43) to ([49). Note that Y7, I%(t) > 0, and I5(t) is non-
negative for any i € I Thus, I%(t ) > 0 has to hold for at least one i. Without loss of
generality, we assume

I5(t) > 0. (S.1)
Note also that since I*(t) is the first element in I}, then from we have

SOOI (52)

where, upon using (44), and ([49)), py (t) is given by

- 1-n * U -n
i () = . Qi 4y (hu 1) (15(2))

Y agtas " (b )" ()
S1

(S.3)



which implies

1

, fori=1,2,...,n. S.4
L4y (e i) ) (o) S
s#\ apYay (k)" ) @)
Note that since 7, ;s and as > 0 by assumption, and that also hy, ; > 0, fort = 1,2, ..., since

hso > 0 and the depreciation rate of housing stock ¢ is less than one. Thus, ai_ja;*” (h:,t—l)n >

0. In addition, it is supposed that ¥ (t) > 0. Hence, if [*,(t) = 0, for any s € {2,3,...,n},
then pf(t) = 0, for all ¢ € Z,,, and using it follows that [ (t) = 0, which contradicts
our supposition. The same line of reasoning can be applied to any other elements of I}, and
we must have [* () > 0, for any i € Z,,.

Second, let £;(€) with € > 0, be a set of population vector:

pa(t) =

Li(e) = {(l,*l(t), (1)

Lo > I%;(t) > € for any i, where € > 0, th,(t) = Lo}

i=1
Consider a mapping F', define
F(l)) = LR i),

where Iy | and h; ; are given, and R(l, h; ;) is the migration probability matrix with

typical element pj; (t), which is given by (S-3). Thus, for to hold, the above mapping
should have a fixed point. Consider a I € L;(¢). Note that () is the ith element of I} and
satisfies Ly > I%(t) > ¢, for i = 1,2,...,n. Then, by using (S.3)), we have

o e ()" (15(0) "

pit) = =5 -
’ PR O‘is%; ! (hs,t—l)n (I (t) ™"
- o ay ™ (h5,1)" (Lo) ™" o agta (k) (Lo)' T e

S ol () (O S antak " (W) (0" Lo’

Since n € (0,1), then 1 — 7 > 0. Suppose € is small enough such that

pi;(t) > Lio’ for i and j € 7,,.

Define I’ = F(I}) = I!_,R(I!; h;_,). Thus we have

*! . . * * . € . .
I (t) = izlpij(t)l,i(t 1) >y (L—O> Lo=¢  forany j €Z,.

i=1
In addition,

n n

SO =D A0 =) =3 =D Y g = Y- 1) = Lo,

j=1 i=1 i=1 j=1
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Therefore, when e is small enough such that pj;(t) > ¢/Lo for any 4,j € Z,, then I} €
Li(e) = I = F(IY) € Ly(e). Thus, F is a continuous mapping from L;(€) to itself, where
L(€) is a compact convex set. Thus, Brouwer Fix Point Theorem is applicable to ensure
the existence of fixed point. Then, using the solution of I}, the other variables of the model,
namely, p;, ¢/, z;, hjand R}, can be solved for using equations (44} to (49).

Third, to show the uniqueness, suppose there are l:(l), l:(z) € Li(e), with lf(l) =+ l:(Z),
and [V = F(;Y), ;? = F(;®). Define Z; = {j| I57(t) > 157(t), j € Z,} and
. ={Jj| l,*j(z)(t) < l,*j(l)(t), j € Z,}. Thus, neither ZF nor Z is empty, and we have

St > > . (S.5)

jeT,k JELY

Note that by using (S.3|), we have

> jert P:'(Q) (t) B D jert O‘i_jwajl‘_n (h;t—l)n <l-*j(2) (@)777
Ljet; p;kf) O Yiers 030y " (h5e)” (13(2) (ﬁ)_w
_ 2 jer ag;"a; " ()" (l-*j(l)(t)yn

2 jets ag;"a; " (15,)" (l-*j(l) <t))_n7

— (1)
> ez Py (8)
Note also that
*(2 *(2 (1 (1
S+ pPw =30+ i) =1.
jEI'rer JEL, je_’[f{ JE€T,

Thus,
S P < Y ) forany i€, (S.6)

GeT;t JETT

Since ;'Y = F(I'M), ? = F(I;?), thus for any j € I

0 =it -1  and L) =D g0 1)

icl el
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Then, we have

Z (l~*j(2) (t) . l* Z Zp*(z Z Z *(1 1)

JETH jer,r el jezh i€l
* 2 *
—Zz(pw” pw<>)u )
i€l jert
I DI HUEDDLACN DG
el jEI+ ]eI+
<0

Thus, the above contradicts with 1| which implies that I; ) £ 1 @ cannot be true. W

S2 Extended model with endogenously determined wages

S2.1 Theoretical derivations

In the baseline model, wage rates are exogenously determined and pinned down by local labor
productivities, as shown by . This section extends the analysis by explicitly modelling
the determination of wage rates and investigates the conditions under which the extended
model has a unique long run equilibrium. We follow Davis et al. (2014)) and [Herkenhoftf et al.
(2018), and introduce capital, denoted by x;,, land for production, denoted by &, ;, and allow
for agglomeration effects in the production function, and instead of we assume:

11—

Yit = Yy (Xit)l_)w (’fy,i)/\ﬁ [aitlz'(t)]vl ) (S.7)

where as before I%(t) is the labor used in the production sector and a;; is the exogenous labor
productivity, v; € (0,1) is the share of labor in production costs, A, € [0,1) is the share of
land in non-labor costs, and v,, stands for total factor productivity given by

Yy = &z‘y;wa (S.8)

where 1), > 0, and A\, € [0,1). It is assumed that total factor productivity increases with
production scale, which captures agglomeration effects of production. Parameter A\, governs
the magnitude of agglomeration effects, with A\, = 0 corresponding to no agglomeration
effect. Individual firms are assumed to take 1, as given.

The representative goods production firm of location 7 is endowed with r,; units of
production land, where x,; > 0. It is assumed that capital can be relocated without any
cost, and thus goods production firms rent capital in a national market and face the same
common rental rate nationally. In addition, they hire labor only from local markets. The
profit of the representative firm in location ¢ is given as

Th = Yit — TuXa — Wirl (1), (S.9)
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where w;; is the wage rate in location ¢ as before, and 7, > 0 is the capital rental rate that
is common to all locations and is assumed to be time invariant. The representative firm
chooses x,; and I%(t) to maximize its profits subject to (S.7). The resultant demand
functions are:

Yo = (L=A) @ -u) 2 (8.10)
Et) = v (i—i) (S.11)

By substituting (S.10)) and (S.8) into (S.7]), we obtain
vy

Yit = Ty [@irl’(t)] (172 ) ~a=2) (=) , (S.12)

where 7, ; is a scalar given by

(1-Xp)(1—v;)

Ty = (@ Aﬁ(l—vl)> (17>\w)7(17)\,4)(17vl) [(1 - )\n) (1 - Ul)} (1*)‘1&)*(1*)‘@(1*“0 ‘ (813)

VY 7
T

It is easily seen that 7,; > 0, since @i, 7, and ky; > 0, and A\, and v; € [0, 1). By substituting

(S.12)) into (S.11)), we obtain:

wiy = Ty (@) (L(t) 7. (S.14)
where
_ vy
Ta — )\H (]_—Ul) —Aw—’—vl, (815)
7 Ae (1= 0) = Ay (S.16)

)\H(l—Ul)—)\w—i-Ul.

To ensure that wage rates, w;;, increase with productivities, a;, and decrease with labor
inputs, [%(t), we assume

>\K, (1 - Ul) - )\111 > 07 (817)

which in turn implies 7, > 0 and 7; > 0.

As can be seen, the main difference between the baseline model in the paper and the
extended model is in the specification of the labor demand function, which is now given by
(S-14) instead of (18). All other equilibrium conditions continue to have the same form as
before. It is also worth noting that when we exclude production land and agglomeration
effects by setting,

A =0 and Ay =0, (S.18)
then 7, = 1 and 7, = 0 (see (S.15)) and (S.16))), and (S.14)) simplifies to
Wit = At (5-19)
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where a;; = v;7,;a;; is the rescaled version of a;;. The same simplified outcome follows even
if A\, and Ay, > 0, so long as
)\dj = )\,{ (1 — Ul) . (SQO)

Under , when labor inputs increase, the agglomeration effects that tends to raise pro-
ductivity are exactly offset by the diminishing marginal productivity of labor. In short, when
either (S.18) or (S.20)) is satisfied, wy = @i = viTya:. In these cases, the extended and the
baseline models have the same equilibrium conditions.

Note that, according to the estimates obtained by [Valentinyi and Herrendorf| (2008), the
share of land in non-labor costs, \., is around 0.15, and the share of labor in production
costs is around 0.67, which yields an estimate of 0.05 for A, (1 —v;). Also, estimates of
the agglomeration effect, A\, ranges from 0.02 (Davis et al. (2014))) to 0.06 (Ciccone and
Hall| (1996))). As a result, condition holds for any estimate of A\, within the interval
0.02,0.05], and we have 7, € [0.96,1] and 7; € [0,0.04] (see and (S.16)), which
suggest wage rates, w;, are mainly driven by productivities, a;;, and are not that responsive
to worker population, %(t). Therefore, allowing for capital and agglomeration effects in the
production function are not likely to significantly alter our main empirical conclusions.

In addition, we are able to show that the non-stochastic version of the extended model
has a unique balanced growth path under assumption . In addition, we are able to
show that the non-stochastic version of the extended model has a unique balanced growth
path under condition . To see this, note that on the balanced growth path, the ratio of
labor force employed in local production sectors, I%(t), to local populations, 1;(t), should be
constant overtime, with ;(t) and a;; growing at the common rates of g; and g,, respectively.
Also, local housing service prices, ¢;;, house prices, p;, and wage rates, w;;, should all grow
at the same rate. Denoting this rate by g, and using it is easily seen that

Gw = TaGa — T141- (821)

As a result, to ensure the existence of a balanced growth path, location-specific land supply
growth rates (which were given by in the baseline model) must now be changed to

(1 —agi)am

Gei =01 — Gu, fori=1,2,....n. (S5.22)
’ (6 PX

Thus, in the non-stochastic version of the extended model, local productivities, a;;, intrinsic
population growth rates, g;;, are given by and as before, and land supplies, k;,
are given by

ki = iy, fori=1,2,..n,and t = 1,2, ..., (S.23)

where gy ; is given by (S.22).

Proposition S2 (Ezistence and uniqueness) Consider the extended version of the dy-
namic spatial equilibrium model set out in Section@ and given by equations (@, (@, (@,

, (@, @, , (@ and . Suppose labor productivities, land supplies and intrin-

sic population growth rates across locations, i.e., a;, ki and g;, are given deterministically

by @, and @), and parameters A\, > 0, Ay, > 0 and v; > 0 satisfy . Then,
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there exists a unique balanced growth path, on which prices [p,, q,, w;] grow at the common
rate of g,, where g, is given by , and quantities [I(t), (), I°(t), ¢, hy] grow at the
common rate of g.

Proof. The existence of the balanced growth path of the extended model can be proved
following the same line of reasoning as in the proof of the existence of the balanced growth
path of the baseline model. To establish the uniqueness of the equilibrium, we denote the
detrended vectors on the balanced growth path by p* = lim; . p;, and q* = lim;_. g},
etc. Recall that the detrended aggregate population remains constant over time, as shown
in . Also recall that by imposing the balance growth path conditions, the equilibrium
conditions @, , , , and can be written in terms of the detrended
variables as — as shown in Section . In addition, the equilibrium conditions ,
and can be written in terms of the detrended variables as

o= 141, (S.24)
" (1 — ai)wip;

w; = lc*’ : (S.25)

wi = Ty (a)™ (1) (S.26)

In the rest of the proof, we show that given Ly, k and a, then w*, p*, ¢*, *, h*, I*, 1", [

and R* are uniquely determined by , -, and 1'1} First, recall that for

given values of I*, k and w*, the solution for p*, ¢*, * and h* is unique and can be obtained

using , , and , which is given by —. Then, by using and ,

we have
v Onliwy
T;P; = Ta
where as before I'; is given by
Mi—— 1 (1-9) (S.27)
B(1—10)

Note that 3 and 6; € (0,1), which implies 57" (1 — 91-)_1 > 1. Since § > 0, it follows that
I'; > 0 > 0. Using the above equation in (S.25)) to eliminate x}p}, we have
19 (1l —akg)nd
o I, ‘
Let v, be the equilibrium share of labor used in the production sector. Then by (/S.24]) and
(S.28]), we have

(S.28)

e al-awm

h==1-g . (S.29)

S1For the baseline model, since wage rates are exogenously determined, i.e., w* = a*, then p*, £* and
I* can be solved for given w*. Then, using the solution of p*, £* and I*, the balanced growth path labor
allocations between production and housing sectors, i.e., I¥* and I, can be solved for using and
(S.25). However, for the extended model, I¥*, I°*, and w* are jointly determined with all the other variables.
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Note that oy, o, ; and 7 all lie in the interval (0, 1), and hence oy(1 — ;)1 € (0,1). Recall
also that I'; > § > 0 as previously shown. It follows that v, € (0,1). Thus, (S.26) can be
written as

wi = (I5)7 (S.30)

where
w; = Uﬂ'y’i (Gi)Ta ’Y;Tl. (831)

It is now easily seen that w; > 0, since 7,; and v;, given by (S.13) and (S.29), are strictly
positive as previously shown. Using ([S.30)) in @ to eliminate w;, we obtain

* 577 et 1=k 6 \Qn,i—Tilakitor(l—ay o itog(1—ay 4
qi — (Tli) PZ , (ll> K, l[ m,z"l‘ l(l R,l)] (wz) n,z"!‘ l(l n,z) . (8'32)

By substituting (S.30) and (S.32)) into to eliminate w; and ¢;, then pj; can be written
as a function of I":

= e (S.33)
where

;= maw;+71i{l —nla.; + ol — o)},

~ _ ) o 1—a, i —nfa it (l—au i
wz’j — Ckijw <TZJ) Fj 7( ) (w]')l nloe,j+au (1 )l )
Note that 7, o, ; and o all lie in the interval (0,1), and under assumption Ty, given
by is non-negative. It follows that @; > 0, for any i € In@ In addition, note that
{ﬂi. > 0, for any 7 and j € Z,,, since «;;,0,7,7; and £; > 0, and I'; and @, given by (@ and
, are strictly positive as previously shown. Recall that R* is the migration probability
matrix on the balanced growth path, with a typical element pj; given by . Thus, R*
can be written as a function of I*, namely R* = R(I"). Then, can be written more
compactly as

' = IR(IY), (S.34)

which is a system of non-linear equations in I*. Lemma in the Appendix establishes that
there exists a [* that solves . Lemma establishes that cannot have more than
one solution. Therefore, I* exists and is unique. Then, using the solution of I*, the other
variables of the model, namely, w*, p*, ¢*, z*, h*, I¥*,l° and R*, can be solved for using

equations (66) to (69), (S-24)-(S.26) and (S.33).1

S2.2 Quantitative differences between models with and without
endogenously determined wages

To examine how the extended model quantitatively differs from the base-line model, we
carried out the simulations presented in Section and the counterfactual experiments

92Note that for any a and b € (0,1), it follows that a 4+ b(1 — a) € (0,1).
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reported in Section using the extended model. We calibrated the extended model by
setting the share of labor in production costs, v;, to 0.67, according to the estimates obtained
by |Valentinyi and Herrendorf| (2008). To distinguish between scale effects of 1, and a;; in
, we set 1), defined by such that 7,; = 1, where 7,; is given by . We
experimented with different values of A\, and \.. In particular, we considered the values
Ay = (0,0.02,0.05), and A, = (0.15, 0.2, 0.25 and 0.3). Given A\, and A, the values of
T, and 7; are then set by and . For each pair of A\, and A, we infer wy
using , where the worker population, I%(¢), is measured using the actual state-level
population, and the state-specific output, ¥;;, is measured by multiplying realized real per
capita disposable income of the state by its population. Labor productivities, a;;, are then
inferred using (S.14). The rest of the parameters are calibrated and estimated as before (see
Section . The comparative simulation results for dispersion of house price-to-income ratios
are reported in Table [S1] and the results of counterfactual exercises on the effects of changes
in land-use regulations in California and Texas are summarized in [S2] As can be seen from
these results, allowing for capital and agglomeration effects in production have little effects
on the simulation and counterfactual outcomes. Also as to be expected when A\, = 0.05 and
A = 0.15, which implies 7, = 1 and 7; = 0, the results of our model and the extend model
are identical. In particular, the results for the baseline and extended models are very close
even if one considers the combination of (Ay, A;) = (0.02,0.3) which results in the largest
differences in the outcomes. For example, for this parametrization the dispersion of house
price-to-income ratio in the U.S. falls from 0.39251 (baseline model) to 0.39232 (extended
model), with very similar small changes obtained for between and within region dispersions.
Similarly, the effects of changes to land-use regulations in California and Texas are only
marginally affected when we allow wages to be determined endogenously.
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S3 Extended model with mortgage loans

The cyclical fluctuations in house prices can have important implications for the macro
economy and thus have long been a topic of interest of economists. In particular, Ortalo-
Magne and Rady| (2006), Mian and Sufi (2009), [Favilukis et al. (2017), and Favara and
Imbs (2015), have shown that the supplies of mortgage credit have played an important
role in driving fluctuations in the aggregate house prices.[f] However, much less attention is
paid to the cyclical fluctuations in house price dispersions. We contribute to this strand of
literature by examining the role of credit supply shocks in generating fluctuations in house
price dispersions using an extended version of our baseline model in which landlords are
allowed to borrow mortgage loans.

S3.1 Theoretical derivations

In this extended version of the baseline model, only the optimization problems of landlords
are changed, while all the other components are kept the same. Recall that the life time
utility of landlords in location ¢ is given by

e}

Ly Z (Be?)* In(cF ), (5.35)

s=0
and that the realized net return on housing investment in location ¢ in period ¢ is given by

g + (1 — 5)]%}
Pit—1 .

T?t = (1 — 91) |: (836)

We introduce mortgage loans by assuming that landlords can finance housing investment
by borrowing from outside lenders, who passively lend at a time-invariant and exogenously
determined interest rate r. We assume that e™" > 3, which implies that the subjective
discount rate of landlords, [, is lower than the discount rate implied by the interest rate,
e~ ". Thus, landlords tend to borrow as much as possible until their borrowing constraints
bind. The outstanding balance of the mortgage debts owed by the landlord in period ¢ is
denoted by d;;. Let b;; denote the amount of new mortgage loans obtained by the landlord{f]
Thus, the landlords’ outstanding balance of mortgage debts evolves as:

dit = €rdi’t,1 —+ bit (837)

Furthermore, following Philippon and Midrigan (2016]), we assume a borrowing constraint
that limits the landlords’ ability to obtain new mortgage loans:

by < ¢tpithit7 (8-38)

93In addition, Kaplan et al. (2017) find that shifts in credit conditions are important for the dynamics of
home ownership, leverage, and foreclosures.
S4We allow b;; to be negative, and when b;; < 0, the landlord is making net repayments.
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where ¢, is the required loan-to-value (LTV henceforth) ratio for new mortgage loans, which
is assumed to be common to all locations and follow the following exogenous stochastic
process:

¢ — ¢ = P (¢t—1 - ¢*) T 0gEgt; (S.39)

where ¢* > 0 is the long-run LTV, p, € (0,1), and €4, ~ [IDN(0,1). As argued by
Philippon and Midrigan! (2016), this assumption of borrowing constraints captures the idea
that a tightening of the credit limit precludes agents from obtaining new loans, but does not
force them to prepay old debts. We consider only the cases in which the borrowing constraint
always binds in equilibrium. Thus, credit supply shocks, which refer to the exogenous
changes in ¢,, can affect the landlords’ demand for housing via tightening or loosening the
borrowing constraint 5|
Then, the landlords’ flow of funds constraint is given by

ol + pichiy = 15 (Pir—1hi—1) + (dir — €"di 1) - (S.40)

As compared to the baseline model (see (33)), the landlord now has an additional source
of funds for housing investment, which is the net borrowing from the outside lenders, i.e.,
diy — €"d;4—1. Recall that the borrowing constraint @D is assumed to always bind. Thus,
using and the binding borrowing constraint @ in to replace d;;, we have

ol + (1 — &) pithie = 5 (Pig—1hig—1) - (S.41)

Thus, the landlords’ optimization problem is reduced to the following: choosing ¢}, and
hi; to maximize the life time utility (S.35)) subject to (S.41)). Similarly to the baseline model,

the optimal housing investment of the landlord is given by
pithit (L — @) = Be” (1 — 0;) [qir + (1 — 0)pie] hip—1- (S.42)
As compared to the baseline model (see (35])), the credit supply shock, ¢,, now has a role in

determining housing investment.

S3.2 Calibration

The values of the parameters that are common in the baseline model and the extended
model are kept the same. We only calibrate the parameters that are specific to the extended
model. The long-run ratio of new mortgage loan to house value, ¢*, in , is calibrated
as follows. Note that using , d; can be re-written as

dit = b +€"b; 1 + €2Tbi,t72-~-7 +€'"bjo. (S.43)

S5We focus on the role of borrowing constraints rather than that of mortgage rates in driving fluctuations in
house price dispersions because recent literature, such as, [Favilukis et al.| (2017), have shown that relaxation
of financing constraints can lead to booms in house prices; however, low interest rates cannot explain high
house values.
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Recall that the borrowing constraint (S.38)) is assumed to always bind. Using the binding
(S.38)) in ([S.43|) to replace b;;, we have
di = ¢ypihir + € by 1Pig—1hiz—1 + € ¢ _opis—2his—2 + ... + € dopiohio. (S.44)

Consider the non-stochastic version of the extended model in which ¢, = ¢* for any ¢. On the
balanced growth path, the detrended outstanding mortgage debts, housing stocks, and house
prices are time invariant, and denoted by df = lim;_,o, e~ 9at9)td;, h* = lim, o, e~ 9%h; and
pf =limy o e 9'p;;. Thus, as t — oo, can be written as

d; = ¢hipp Y e tletan), (S.45)
s=0

" hip;

1 — e~ (Gata—1)’

which can be re-written as

d; o ‘
h;p; 1 — e(gata-r) forall i=1,2,...,n,

and since df/ (hfp}) is constant across i, then we have

Shd o .46
Z?:l hip; 1 — e~ (gatg—7)" ]

where Y7 df/ (D01 hip!) is the balanced growth path ratio of aggregate outstanding mort-
gage debt to aggregate house value. Note that the average ratio of the aggregate outstanding
mortgage debt to the aggregate house value of the U.S. over the period 1976-2014 is around
40%, and recall that g, and g; are calibrated to 1.94% and 1% as discussed in Section [5|
Recall that r is assumed to be small enough such that e™" > 3 holds. Specifically, we set r
to 0. Thus, implies that ¢* = 0.01.

Recall that in the model, ¢, is the ratio of new mortgage loan to house value in period
t, which is common to all locations. Thus, the series of ¢, are measured using the ratios of
the realized increases in the aggregate outstanding mortgage debt to the realized aggregate
house value, which are scaled to ensure that % Zthl &t = o™

T
~ . [ morty —mort;_ 1 mort, — morts_1
=9 ( ) TZ( hval )]

hUCth )

where ¢* is calibrated to 0.01 as previously discussed, mort; is the realized aggregate out-
standing mortgage debt in year ¢, and hval; is the realized aggregate house value@ Figure
plots the growth rates of the national house price index and the estimated credit supply
shocks gzﬁt. To estimate the autoregression coefficient p, and the standard deviation of inno-

vation oy in ([S.39), we regress qAbt — ¢* on &sH — ¢*, and the estimated p, and o4 are 0.94
and 0.004, respectively.

56 Aggregate home value and aggregate outstanding mortgage debt correspond to the line 4 and 34 of Table
B.101 in the Financial Accounts of the United States data from the Federal Reserve Board’s Z.1 release. For
further information, see https://wuw.federalreserve.gov/releases/z1/current/.

S14


https://www.federalreserve.gov/releases/z1/current/

003 T T T T T T T 015

—— Credit supply shock &; (left)
/ S — =TU.S. house price growth rate (right)

0.02 10.1
0.01} 10.05
0f 10
-0.01r 1-0.05
-0.02 ! 5 ; ; ; ; ; -0.1
1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Figure S1: Measured credit supply shock gAbt and growth rate of aggregate house price

S3.3 Cyclical fluctuations of house price dispersion

Note that the extended model is exactly the same as the baseline model except that is
replaced by . In addition, the stochastic processes of credit supply shock, ¢,, is given
by .

To examine the extended model’s ability in explaining the cyclical fluctuations of house
price dispersion during the period 1976-2014, we simulate the extended model using the
realized productivity and credit supply shocks. Though a;, k; and ¢,, are stochastic in the
model, we take them as deterministic variables in the following simulations, and set a; and
¢, to their actual values, and k; as

Kk, = R diag(e9=1! =2t ed=nt) fort =0,1,...,T,

where & and §,, are estimated in Section 5.5 The realized national credit supply shock,
¢,, is measured using the national mortgage data in Section [S3.2] In addition, as in the
baseline simulation in Section , the state level intrinsic population growth rates, g,,, are
set to their actual values, which are estimated in Section [5.2] The initial values, {(0) and g,
correspond to the actual 1976 economy.

Figure [S2] shows the realized and the model simulated series of the aggregate house price
and the dispersion of house prices across U.S. states. As shown in the figure, the extended
model can capture a substantial part of the cyclical fluctuations in the aggregate house price
and the dispersion of house prices.
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To investigate the impacts of a national credit supply shock on the state level house prices,
we analyze the impulse responses of the economy to a one standard deviation expansionary
national credit supply shockﬁ Figure [S3|shows the response of the dispersion of house price-
to-income ratio across U.S. states to the shock. Figures [S4) and [S5| show the responses of
house price-to-income ratios and housing stocks in U.S. states to the shock. States, ordered
by their housing supply elasticities, 1 — «,,;, are given from top to bottom and from left
to right. As shown in the figures, states with lower housing supply elasticities experience
relatively larger increases in house prices and smaller increases in housing stocks, while those
with lower supply elasticities experienced smaller increases in prices and larger increases in
housing stocks.

Bechmark model Extended model
o (without financial shock) o (with financial shock)
< <
g g
< 1.8 »\ ; =
E > '\ | B
S 16¢ So S
=] ~~ =]
© \ ©
<14 A W - - - o
1980 1990 2000 2010 1980 1990 2000 2010
Year Year
Bechmark model Extended model
(without financial shock) 06 (with financial shock)
c C
i) ie)
n n
() 6]
o o
8 0
© ©
0 0
1980 1990 2000 2010 1980 1990 2000 2010
Year Year

Figure S2: Log house price-to-income ratio of the U.S. and the dispersion of log house
price-to-income ratios across U.S. states (Solid-blue: simulated; Dashed-red: data)

STFor the details of the computation of the impulse responses, please see Section of the online supple-
ment.
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Figure S3: Reponses of the dispersion of log house price-to-income ratios across U.S. states
to a national expansionary credit supply shock
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S4 Computation of the impulse responses

The impulse responses reported in the paper are computed using the Monte Carlo techniques
developed by |[Koop et al| (1996]). As discussed in Section @, the model economy set out in
Section [3] can be written in a compact form as:

Ct = f (Ct—la ay, Ay—1, K1, gl,t; 8) ) (847)

where @ is a row vector that contains all the parameters, ¢, = [I(t), g,] is a 1 x 2n vector,
and

Xt = g (Ctv Qi, K, 9) 9 (848)

where x; = [p;, hi] is a 1 X 2n vector.
Define &, = [{;, x|, which is a 1 x 4n vector. Then, the (S.47)) and ([S.48) can be combined
and written as

€t = lb (stfla at, @1, Kt, Kt—1, gl,t; @) . (849)

The stochastic processes of a; and k;, are given by
Ina; = Ina+g,t +A fit+zas, (S.50)
fe = prlici+ogeps, (S.51)

Zat — Za,tfldiag(pzml? pza,27 "'pzam) + Eza,tdiag(aza,ly 024,25 -‘-O-za,n)v (852)

and
Ink, = Ink+ g,t+2.4, (S.53)
Zoy = Zegadiag(p, 1,0, 20 Pupn) +Ezpdiag(o., 1,0.,2,...0., ), (S.54)
and the values of state level intrinsic population growth rates, g,;, for ¢t = 0,1,2, ..., are

exogenously given.

Impulse response function: To illustrate the computation algorithm, we take the
computation of the impulse responses to a standard deviation negative productivity shock
to State i* as an example. Note that the model is Markovian. Thus, the relevant history is
only the period before the start of simulation. Let the shock hits the economy in period 1.
Then, the impulse response function is given by

GI£<t7€za,i*17€07 ao, ’430) = E(£t|€za,i*17 507 Qap, ’%0) - E(ft"im ap, Ho)
for t = 1,2,...,T,

where T is the horizon of the impulse response analyses, E(&,|&,, ao, ko) is the expectation
of &, conditional only on &,, @y and ko, and E(§,|¢.+1, &y, @, Ko) is the expectation of &,
conditional on both &, ag, Ky and ¢, ,+1. Recall that €, ;+; is the innovation to the local
productivity shock in State ¢* in period 1.
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Initial values: In our impulse response simulations, we assume that the economy is
on the balanced growth path when ¢ = 0. Recall that in Section {] we established the
uniqueness of the balanced growth path by showing that for given values of Ly, k and a, the
steady states of the detrended variables are uniquely determined by the equation system —
. Note that detrended variables equal non-detrended variables when ¢ = 0. Thus, we use
the steady state values of the detrended variables as the initial values for the corresponding
non-detrended variable in the impulse response simulations, which implies that the economy
is on the balanced growth path when ¢ = 0.

Deterministic variables: The intrinsic population growth rates of all states are set
equal to the balanced growth path level given by :

9= 1909, q],fort =1,2,..,T,

where ¢; is the balanced growth path intrinsic population growth rate, which is assumed to
be common to all states, and estimated as the average growth rate of the national population
over the period 1976-2014.

Stochastic processes: The state level productivities and land supplies, a; and k;, are
simulated using the estimated (S.50 - -, where fy, 2,0 and z.o are set to 0.

We set the numbers of replications and horizons to R and 7', and 1ndependent1y draw
innovations from the standard normal distribution. Let 5;72, s(r) and 5 , denote the

Za,t

simulated ¢4, €,; and €,,;, for replication r, where eg)t = iz)lt,giz)%, ...,&?iz)’m

S;)’t = [52),1757522%’--'752?,nt]- The innovations, 5;2, eg)zt and £, for i = 1,2,...,n

t=1,2.,...,Tandr =1,2.,..., R, are independently drawn from the standard normal distri-
bution.

Productivity processes without shock: When there is no shock, for each replication r, we
plug the simulated innovations, 55& and sz 1> into (S.50) - (S.52), and obtain a series of

and

€

2k zt7

simulated productivities, aEr), fort=1,2.,....7T.

Productivity processes with shock: When there is shock, for each rephcatlon 7‘ we plug
the simulated innovations, 6;2 and ez +» with the i*th element of € )1, Le., €, ., being
replaced by -1 (a negatlve shock), into ( - -, and obtain another series of simulated
productivities, at yfort=1,2., ...,T.

Land supply processes: For both the cases with and without shock, for each replication r,
we plug the simulated innovations, sg )t, into (S.53|) - (S.54])), and obtain a series of simulated

productivities, ngT), fort=1,2.,...,T.
Computation: To compute E(§,|€,, ao, ko) and E(&,|e.1, &, @o, Ko) numerically, we
conduct the following two simulations.

e Simulation 1 (no shock): For each replication r, given the initial values, &,, ap and
Ko, and the deterministic processes of g, ;, We simulate the model (S.49) using the

simulated productivity processes, a,g and K,t , for t =1,2,...,T, and obtain a series
of realized &,, ie., &, fort =1,2,...,T:

Ez(tr) - ’lp ( zET)D aE )7 a’zgr)h K’zgr)v K’l(tr)lv 914 6) .
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o Simulation 2 (with shock): For each replication r, given the initial values, £, ap and
Ko, and the deterministic processes of g,,, we simulate the model 1) using the

simulated productivity processes, a,S’) and mﬁ”, for t =1,2,...,T, and obtain a series
of realized &,, i.e., EET), fort=1,2,....T:

"( ~«(r r T
ét 1/)< -1, @ ) a’wg )17""15 )7K’§ )1vglta@>~

Here, 5,@ and Eir) are the simulated {, in replication r in Simulation 1 and Simulation 2,
respectively. Then, the two expectations, F(&,|&,, ao, ko) and E(&,|e., i1, &o, G0, Ko), are
approximated as the averages across replications:

HM:U

(&‘5070/0,’%0 ZStr and E(ft’@“ 1, &0, @0, Ko) =

Thus, the approximated impulse response in period t is given as
R 1 R
G[g(lf €2,*15 EO,GO,K,O = g E;Ey)

S5 Derivation of dispersion decomposition formula

Let U.S. states be indexed by 7, and denote the collection of all states by Z , where ¢ € Z, and
T =11,2,...,49}. Let j denote the index for regions and 7 be the collection of all regions,
where j € J and J = {1,2,...,5}. Let Z; be the collection of the indices of the states in
region j, with 7 = UjesZ;, and Z;, NZ;, = 0, if j; # jo. Further, let w; be the population
share of State i. Define v; = Ziezj w; to be the weight of region j in the U.S. mainland,
with > .., v; = 1. It is now easily seen that the weight of State i in region j is w;/v;, with
i €Zjand ), p wi/v; =1.
The dispersion of log house price-to-income ratios across all states is given by

AQ _ -
Oy = E w;( mzt—xt , where T = E Wi Tt

1€T 1€

The dispersion of log house price-to-income ratios within region j is given by

W; wW;
~2 _ 1 2 — _ (A
Onjt = E ., — (i — Tj1)*, where Ty = E - Tit,

and the dispersion of log house price-to-income ratios across regions is given by

620 = Y V(T — )%

jeT
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It is easy to see that the following decomposition of variance holds:

A2 L a=2
L = g E wiTit — Tjp + Tjr — Ty)

jeTJ iGIj
= Z Zwi [(Izt - Zf'jt)Q + (jfjt - Zf't)z + 2 (ZL’it - j:jt) (j:jt - [f't)}

jeJ i€,

_ —\2 Wi = \2

= Zzwz (Zje — @) + Z%‘Z; (Tit — Zjt)

J€T €T, jeg  iez; Y

+2 Z (Zje — Zt) Zwi (Tt — Tje) (Tj¢ — T4)

jed i€

= > vi@—m)’+ > vien,

JjeT jeT
= a-acrt + Z Vja-f;jt'

JjET

Finally, the average within-region dispersion, ., is given by

0.5

O pwt = (Z ijfijt> ,
JjeT

where 6, is the standard deviation of log house price-to-income ratios across states within

region j, and v; is the population weight of region j.

S6 Baseline model with costless migration

In the baseline model, we allow for route-specific migration costs by assuming a;; = 1 and
a;; > 1for all i and j € Z,, and i # j, (see equation @) To examine the importance
of migration costs in determining house price dispersions, we consider a scenario where the
migration costs, In «;;, are set to zero, namely,

a;; =1 for any 7 and j € Z,,, and @ # j. (S.55)

The values of all other parameters are kept the same as before. Note that the estimation
or calibration of other parameters do not depend on the values of «;; as shown in Section
. We then implement the baseline simulations, presented in Section , under ([S.55)).
As shown in Figure [S6, dispersions of house price to income ratios jump in the second
period and remain relatively stable throughout the rest of the periods, regardless of the
spatial heterogeneity in land supply growth rates. These results indicate that migration
can immediately equilibrate local housing markets when it is costless. Therefore, spatial
heterogeneity in land-use regulation can lead to a secular rise in dispersion only in the
presence of non-zero migration costs.
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Figure S6: Dispersions of log house price-to-income ratios between- and within- U.S. regions
(Solid-blue: simulated by model with costless migration; Dashed-red: data)

Notes: This figure compares the realized values of the dispersions of log house price-to-income ratios between-
and within- U.S. regions with the simulated values under the baseline model with costless migration as in
(1S.55]).

S7 Baseline model with homogeneous housing supply
elasticity

In the baseline model, we allow «, ; to vary across locations, where 1 — « ; is the location-
specific elasticity of housing supply with respect to non-land inputs. To examine the effects
of spatial heterogeneity in «,,; on the dispersion of house price-to-income ratio, we simulate
the baseline model while assuming « ; is the same across ¢, and set it to the national average

estimate:
n

Qi =G =1 "> Qg fori=1,2..n, (S.56)

s=1
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where ¢, ; are obtained in Section . Note that ¥,,, and thus the estimation of x; and
gx.i, depend on the values of a; (see Section . Thus, we re-estimate ~; and g, , for
i=1,2,...,n, following the same steps as in Section [5.5], and re-do the baseline simulations
using the re-estimated model. The results are summarized in Panel (3) of Table [S3, and
as can be seen, they are quite close to the results obtained when «, ; are allowed to differ
across ¢. Thus, we conclude that spatial heterogeneity in housing supply elasticity is not an
important reason for the rising house price dispersion.

Table S3: The level and the dispersion of realized and simulated
log house price-to-income ratios

Actual Simulated
(1 @ 3
Data Baseline simulation Homogeneous housing

supply elasticities

Year 1976 2014 1976 2014 1976 2014
I. Level
The U.S. 1.72 1.47 1.71 1.56 1.71 1.56
Northeast 1.63 1.57 1.67 1.73 1.67 1.72
Southeast 1.82 1.38 1.74 1.44 1.74 1.44
Midwest 1.67 1.21 1.62 1.30 1.62 1.30
Southwest 1.73 1.22 1.75 1.14 1.75 1.16
West 1.74 2.02 1.83 2.14 1.83 2.12
II. Disperison
The US 0.09 0.34 0.11 0.39 0.11 0.38
Between-region 0.07 0.29 0.07 0.33 0.07 0.32
Northeast 0.06 0.18 0.10 0.21 0.10 0.21
Southeast 0.06 0.17 0.06 0.22 0.06 0.21
Midwest 0.06 0.12 0.06 0.16 0.06 0.16
Southwest 0.07 0.22 0.05 0.26 0.05 0.26
West 0.07 0.23 0.10 0.27 0.10 0.26

Notes: This table reports the levels and the dispersions of realized and simulated log house price-to-income
ratios at different geographical levels. Panel (2) reports the results from the baseline simulations. Panel
(3) reports the simulation results of the alternative model in which state level housing supply elasticity, i.e.,
Qu..i, is assumed to be the same across locations, and set to the national average e, defined by .
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