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Abstract
This study examines the properties of equilibrium, including the stability, of discrete-
space agglomeration models with social interactions. The findings reveal that while
the corresponding continuous-space model has a unique equilibrium, the equilibrium
in discrete space can be non-unique for any finite degree of discretization by charac-
terizing the discrete-space model as a potential game. Furthermore, it indicates that
despite the above result, any sequence of discrete-space models’ equilibria converges
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1 Introduction

Beckmann’s (1976) social interaction model has been an important benchmark for the study
on spatial agglomeration. Considering the fact that face-to-face communications are impor-
tant for understanding the mechanisms behind spatial distributions of economic activities,
Beckmann (1976) presented a model in which people aiming to interact with others choose
their area of location, referred to as a cell in this study. Although people can reduce the cost
of interactions by locating close to one another, agglomeration can cause congestion, such
as increases in housing prices. Equilibrium population distributions, which are of interest
to this study, emerge as a result of the trade-off between the positive and negative effects
of agglomeration. This type of model has been of particular interest for urban economists
because the cell of an urban center is not specified a priori, unlike classical urban models
such as the monocentric city model.!

Beckmann (1976) also considered social interactions among households for a linear city
represented by a real line. After Beckmann’s (1976) study, Tabuchi (1986) and Mossay
and Picard (2011) considered social interactions among a single type of agent on the real

line.2

All these studies attained symmetric unimodal population distributions as unique
equilibria. This uniqueness result is compelling, and the shape of the equilibrium distribution
is intuitively reasonable. Moreover, this is good news for policymakers since they do not have
to worry about multiple equilibria when internalizing externalities.

Although the results attained in continuous-space models serve as important theoretical
benchmarks, examining whether these results are robust in terms of the discretization of
space is also essential. In particular, if we would like to empirically test the model, we would
have to discretize it. For example, it is virtually impossible to collect population data for
each point. Whatever micro the data is, it is still aggregated over some geographical areas.?
Thus, empirical studies cannot invoke the uniqueness result of the continuous-space model
unless the properties of equilibria of the continuous-space model are transferred to those of
the discrete-space model.

To address this issue, we consider social interactions among consumers in the discrete

space in which a finite number of cells are distributed on a line segment, and we study the

1See, for example, Section 3.3 of Fujita and Thisse (2013).

ZMossay and Picard (2011) considered consumers, whereas Tabuchi (1986) considered firms. Besides
models on the real line, O’Hara (1977) considered the social interactions of firms in a square city, and
Borukhov and Hochman (1977) considered the social interactions of consumers in a circular city. They also
obtained a symmetric unimodal distribution as a unique equilibrium. In Borukhov and Hochman (1977),
though, the cost of social interaction was not weighted by population density, so social interactions did not
cause any externality.

3In fact, Allen and Arkolakis (2014), who studied the relationship between economic activity and geog-
raphy with data, “approximate the continuous space with a discrete number of locations (p. 1113).”



properties of equilibria accordingly. To this end, this study begins by creating a model for
a general quasi-linear utility function, invoking the fact that this model of location choice
can be described as a potential game (Monderer and Shapley, 1996).* One important con-
sequence of being a potential game is that the equilibrium can be characterized with a
finite-dimensional optimization problem. Indeed, by assuming that the pairwise interaction
cost between cells is symmetric, we can identify a function, called a potential function, so that
the set of equilibria exactly coincides with the set of Kurash-Kuhn-Tucker (KKT) points
for the maximization problem of the function. Moreover, even if multiple equilibria arise, we
can conduct the stability analysis with the potential function. In fact, every local maximizer
of the potential function is a stable equilibrium under a broad class of myopic individualis-
tic evolutionary dynamics. Note that the stability of equilibria has not been addressed in
continuous-space models.® The discretization of space reduces the dimension of the stability
analysis, which enables the properties of equilibria to be scrutinized more closely.

We provide both positive and negative results for the issue raised above. Regarding the
negative result, we present cases in which the equilibrium in the discrete space is essentially
non-unique as long as the interaction cost is not too small, meaning that equilibria having
different numbers of populated cells coexist. In particular, we can pin down a range of inter-
action costs in which multiple equilibria arise for any finite number of cells. This result holds,
for example, when the equilibrium condition is described as a system of linear equations,
which is particularly relevant to empirical analysis. This also suggests that contrary to the
case of the unique equilibrium, it is important to be cautious about interpreting implications
from the analysis focusing on a particular equilibrium because it is possible that the equi-
librium is unstable and another stable equilibrium with an essentially different population
distribution exists.

Conversely, we explore the connection between continuous-space and discrete-space mod-
els by focusing on the linear interaction cost. In particular, we make each cell eventually
non-atomic by increasing the number of cells while the total size of location space remains
fixed, and study the limiting properties of equilibria. We show that any sequence of the
discrete-space model’s equilibria converges to the equilibrium of the continuous-space model
as the number of cells goes to infinity or as the distance between adjacent cells vanishes. Since
the equilibrium of the continuous-space model is unique, this means that the set of equilibria

is continuous in the number of cells at their limit. This is a positive result since we may

4The potential function approach has been recognized as a promising analytical tool for regional science
(Fujita and Thisse, 2013). See Oyama (2009a,b) and Fujishima (2013) for applications of the potential game
approach to geography models.

SNaturally, continuous-space models are not always free from the problem of multiple equilibria, as we
will discuss in the concluding remarks.



think that as long as the number of geographical zones is sufficiently large, any equilibrium
of a discrete-space model is close to the equilibrium of a limiting continuous-space model. In
other words, a continuous-space model can be viewed as the limit of a discrete-space model
with regard to the size of geographical zones.

To the best of our knowledge, few papers on spatial social interactions have utilized a
discrete-space model. Anas and Xu (1999) presented a multi-regional general equilibrium
model in which every region employs labor and produces goods. Although the technology
exhibited a constant returns to scale, the goods were differentiated over regions and the con-
sumers traveled to each region to purchase them, which yielded an agglomeration force in the
central region.® Although their model was useful for evaluating urban policies, they entirely
relied on numerical simulations, thus forcing us to consider a particular equilibrium that
might be unstable in the case of multiple equilibria. Turner (2005) and Caruso et al. (2009)
considered one-dimensional discrete-space location models with neighborhood externalities
in the sense that utility at a particular location depends on the population distribution
of the neighborhood.” Caruso et al. (2009) relied on numerical simulations, while Turner
(2005) generically attained a unique equilibrium outcome by considering an extreme type
of neighborhood externalities in which an individual located between vacant neighborhoods
receives a bonus. However, because they focused on the effects of residential locations on
open spaces, they abstracted away from the endogenous determination of an urban center,
although this remains an important feature of the model in which we are interested.® More-
over, we emphasize that none of the aforementioned works focused on the relation between
continuous- and discrete-space models.

The remainder of this study is as follows. Section 2 introduces a general class of social
interaction models and characterizes this class as a potential game. Section 3 examines
the stability of equilibria and Section 4 investigates the uniqueness of equilibria. Section
5 studies the connections between discrete- and continuous-space models by increasing the
number of cells. Finally, Section 6 concludes the study. Note that the proofs omitted in the

main text are provided in the Appendix.

6Braid (1988) considered a five-town model having a similar structure, although he abstracted away
from general equilibrium effects. He showed that, depending on the degree of product differentiation, the
equilibrium firm distribution can be bimodal.

"Caruso et al. (2007) considered a two-dimensional discrete space.

8Moreover, they made the so-called open-city assumption in which the equilibrium utility level was ex-
ogenous, whereas the total city population was endogenous.



2 The model

We start with a general class of discrete-space social interaction models, which includes the
discrete-space analogue of Beckmann’s (1976) and Mossay and Picard’s (2011) models as
special cases. This description enables us to illustrate how the potential function approach
generally works for the equilibrium characterization and the stability analysis of discrete-

space social interaction models.

2.1 Basic assumptions

We consider a region represented by the unit interval [0, 1] divided into K cells. The cells
are labeled by i € S = {1,2,--- , K} in order of distance from 0, where the width of cell i
is denoted by d;. The boundary between cells ¢ and ¢ + 1 for ¢ € {1,2,..., K — 1} is then
b; = 6; + bj_1, where by = 0 and b = 1. The center of cell i, which is % + b;_1, is denoted by
x;.9 We assume that the land is uniformly distributed, with a density of 1 over the region.
As is common in the literature, the land is owned by absentee landlords. In addition, the
opportunity cost of the land is normalized to zero.

There is a unit mass of identical consumers in this region. Let n; € [0, 1] be the mass of
consumers in cell 7, and let A = {n = (ny, - ,ng) ERE - K ;= 1} denote the set of
consumers’ spatial distributions. Each consumer travels to every other consumer for social
interaction. In each cell, they obtain the same utility u(z;,y;) for residential land y; and for
the composite good z;, which is chosen as the numéraire. Given land rent r; and population

distribution n € A, the utility maximization problem of consumers in cell 7 is expressed as

max {u(z,y;) |z + riyi + Ti(n) <Y, i€ S}, (1)

ZiyYi

where 7; denotes the land rent in cell 4, and Y is the fixed income. T;(n) is the total cost to

consumers from cell ¢ for traveling to other consumers, which is defined as
K
E(’I’L) =T Z dijnj, (2)
j=1

where 7d;; denotes the travel cost from cell ¢ to j. We make the following assumption

regarding the properties of D = (d;;):

Assumption 1 D = (d;;) fulfills the following four conditions:

9The geometric structure stated here is necessary only in Sections 4.1 and 5. For other places, it is
sufficient to state “there are K cells where the area of cell 7 is §; and the interaction cost between cells i and
J, to be defined below, is 7d;;.”



(i) di =0 foralli € S;
(i1) d;j = dj; for anyi,j € S;
(i1i) D is negative definite on TA = {z = (21, -+ ,2x) ERE : Zfil 2= 0};

In the terminology of spatial statistics, the first three conditions imply that d;; is an isotropic
variogram. This class of travel costs includes the exponential cost (d;; = el — 1) and
the linear cost (d;; = |x; — z;|), both of which are commonly assumed in the literature of
spatial interaction. From an economic point of view, condition (iii), which states that D is
negative definite on the tangent space of A, can be interpreted as self-defeating externalities.
Suppose that some players change their cells. Then, under this condition, the improvements
in the interaction costs of cells to which they switch are dominated by the improvements in
the interaction costs of cells they abandon.!”

The utility function wu(z;,y;) is assumed to be quasi-linear:

w(zi, ¥i) = 2+ f(yi), (3)
where we make the following assumptions on the utility of land consumption f:

Assumption 2 f is strictly increasing, concave, and twice continuously differentiable. More-

over, lim, . zf'(x) < cc.

If f(z) = alnx [resp. f(r) = —3-] where a > 0 is a constant, then we obtain the discrete-
space analogue of Beckmann’s (1976)[resp. Mossay and Picard’s (2011)] model.

Given a population distribution, let us derive the maximum utilities attainable in each
cell. Let population distribution n € A be given, and pick ¢ € S such that n; > 0. Then,
consumers in cell 7 solve the utility maximization problem (1). Under the quasi-linear utility

function specified in (3), the first-order condition with respect to y; is
f'(y) < i, (4)

where the equality holds whenever y; > 0. However, since the land market clears, we have
y; = 0;/n; > 0. Hence, r; = f'(d;/n;). Then, we define

hz)=f(z7") —a ' f (7). (5)

Hofbauer et al. (2009) argued that the self-defeating externalities characterize stable games. In fact, if we
consider a game in which the payoff of strategy ¢ € S is T;(n), condition (iii) is the necessary and sufficient
condition for the game to be a stable game.



This represents the net utility from the land consumption in cell i when x = n;/d;, which
is the population density in cell ¢. Since lim, ,,, xf'(x) < oo, h is bounded below, but we

allow lim,_,o h(z) = co. Given n € A, the maximum utility attained in cell 7 is then

ulm) = (¥ = Tim) = 25

7

(ﬁ) 7 i) — Y — Ty(n) + h(n;/5;). (6)

n; n;

If n; = 0 for some j € S, then we assume that the utility attained is

y(n) = Y = Ty(ny, )+ h (3], )
where (n_;,n) = (n1,...,nj—1, M, nj41, ...,n). Note that we allow vj(n) = oo for j € S such

that n; = 0, which is actually the case in Beckmann’s (1976) model.

2.2 Spatial equilibrium and potential game

We will now define the equilibrium. We consider a two-stage game in which each consumer
first settles in a cell and chooses consumptions of the composite good and land in his/her
cell. Since we impose the subgame perfection, we argue backwards to characterize equilibria.
However, we have aleady specified each cell’s utility levels given n € A (i.e., {v;(n)}ics).
Then, in the first stage, each consumer chooses a cell that provides the highest utility, given

the location decisions of other consumers. Formally, the equilibrium is defined as follows'!:

Definition 1 A spatial equilibrium is a population distribution n* € A such that given

n* € A, no one has the incentive to change the cell. That is, there exists u* € R such that

VieS. (8)
if nf=0.

)

~—

u* > v (n*

If v;(n) = oo when n; = 0 for any i € S, then only interior distribution can be an equilibrium.
This is the case for Beckmann’s (1976) model.

By writing the indirect utilities in a vector form, we obtain
v(n) = ((n))L; = Y1~ T(n) + h(n) (9)

where T'(n) = (Tj(n))X,(= 7Dn), h(n) = (h(n;/§;))E,, and 1 is a vector of ones with

an appropriate dimension. People prefer to agglomerate to reduce the social interaction

1 Gtrictly speaking, the definition of the equilibrium should state how people choose their allocations at
the second stage. However, we make it implicit here because, in what follows, we focus on equilibrium
population distributions.



costs, which are summarized by T'(n). However, people also prefer to disperse and avoid
the congestion from the land consumption that is summarized by h(n) since h'(n;/d;) =
(6; /)3 f"(6:/n;) < 0. As we will see, spatial equilibrium is attained as a result of tradeoffs
between the agglomeration force, represented by T'(n), and the dispersion force, represented
by h(n).

In what follows, to characterize spatial equilibria and their stability, we invoke the prop-
erties of a potential game introduced by Monderer and Shapley (1996). Note that our model
may be viewed as a game in which the set of players is [0, 1], the (common) action set is
S, and the payoff vector is (v;)X,.'2 Moreover, as is evident from the definition, a spatial
equilibrium is actually a Nash equilibrium of the game. Thus, let us denote our game by
G = (v;)K . Then, we define that G is a potential game if (v;)K, allows for a continuously
differentiable function W such that

oW(n) 0W(n) o
. _ o, =v(n) —vj(n) YneAVijes (10)

where W is defined on an open set that contains A so that its partial derivative is well-defined
on A. If the condition above holds, then W is referred to as a potential function.

For the moment, let us suppose that G is a potential game with the potential function
W. As mentioned in the introduction, the equilibria of a potential game are characterized
with the optimization problem of an associated potential function. Indeed, let us consider

the following problem:

max W(n). (11)
Let v be a Lagrange multiplier for the constraint Zfil n; = 1. Then, the first-order condition
is 8%’—71(1_") < v in which the equality holds whenever n; > 0. Then, by (10), we have v;(n) =

vj(n) for any populated cells i and j, and vi(n) < v;(n) if ny, = 0 and n; > 0. Thus, n is a
spatial equilibrium. By similar reasoning, it follows that the converse is also true.!® That is,
if n is a spatial equilibrium, then it satisfies the necessary condition for problem (11). As a
result, the equilibrium set of G exactly coincides with the set of KKT points of problem (11).

The necessary and sufficient condition for the existence of a potential function is given
by, for example, Hofbauer and Sigmund (1988), who referred to the condition as triangular

integrability. In our model, the agglomeration force T'(n) is linear and the dispersion force

12A game with a continuum of anonymous players is called a population game (Sandholm, 2001). In our
game, players are anonymous in that the payoff depends on only strategy distributions.
13See Proposition 3.1 of Sandholm (2001).



h(n) is separable. As a result, the condition is stated as
dij + djk -+ dkz = dzk‘ -+ dkj -+ dji for any i,j, kesS. (12)

Recall that our travel costs are pairwise symmetric (i.e., d;; = d;; for any i,j € S). Hence,
the above condition necessarily holds, and our game is, in fact, a potential game. Indeed,

the following lemma explicitly constructs a potential function for (v;)X .

Lemma 1 G is a potential game with the potential function

where
1 K
Wl(n) = — %T(n’)dn' = —E Z Zdijnmj, (14>

Walm) = f Ay’ = if (). (15)

Here, ¢ denotes the line integral over a path in A connecting 0 to n. Since d;; = dj; for any
1,] € S, it is guaranteed that the line integrals are path-independent.

Let us observe that in our potential game, we can capture the tradeoff between centrifugal
and centripetal forces as the tradeoff between the concavity and convexity of the potential
function. Indeed, Wj is strictly concave since f;’s are strictly concave, whereas W is quasi-
convex since D is non-negative and negative definite on the tangent space of A.'4 Moreover,
if the concavity of W5 dominates so that W is strictly concave, then a dispersed population
distribution (i.e., an interior point in A) is attained as a unique equilibrium. Conversely,
if the convexity of W) dominates, then the equilibrium population distributions would be
more agglomerated. Therefore, W, represents the centripetal force, whereas W5 represents

the centrifugal force.!®

14See, for example, Theorem 4.4.6 of Bapat and Raghavan (1997).

15Blanchet et al. (2016) generalize the analysis of Mossay and Picard (2011) by taking the potential func-
tion(al) approach to characterize the equilibria of a continuous-space spatial interaction model. Takayama
and Akamatsu (2010), Akamatsu et al. (2014), and this study examine the properties of discrete-space models
by using the potential function, which is a discrete analogue of their potential functional.



3 Stability of equilibrium

3.1 Adjustment dynamics

We are interested in the stability of equilibria, especially since our model generally includes
multiple equilibria, as shown in the next section. More specifically, we examine whether we
can justify an equilibrium through the existence of a learning process that makes players
settle down in their equilibrium strategies. In this study, we describe players’ learning
processes with evolutionary dynamics, or a (set-valued) dynamical system V' that maps
population distribution n® € A to a set of Lipschitz paths in A, which starts from n°.'6
Although we usually consider a specific evolutionary dynamics for stability analysis, we will
see that a more general analysis is possible owing to the existence of a potential function;
that is, the stability of equilibria can be characterized under a broad class of dynamics. In

particular, we consider the class of admissible dynamics, which is defined as follows:

Definition 2 An evolutionary dynamics V is admissible for G = (v;)X,, if, for almost all
t >0 and for all n® € A, it satisfies the following conditions:

(PC) n(t) #0 = n(t) - v(n(t)) >0 for alln(-) € V(n?),
(NS) n(t) =0 = n(t) is a Nash equilibrium of G for all m(-) € V(n°).

In order to interpret condition (PC), which is called positive correlation, we rewrite it as

(t) - v(n(0) = 3 inlt) <w<n<t>> - %van(t») . (16)

In general, it would be reasonable to expect that each term in the summation over 7
is positive: if the payoff from city ¢ is higher than the average payoff (i.e., v;(n(t)) —
= Z;il vj(n(t)) > 0), t hen the mass of consumers choosing city ¢ should increase (i.e.,
n;(t) > 0), and vice versa. Condition (PC) only requires that this be true in the aggre-
gate. Thus, in learning periods, it is possible that the mass of consumers choosing city ¢
increases even though it yields a less-than-average payoff. Condition (NS), which is called
Nash stationary, states that if there is a profitable deviation, some consumers change their
cells. Under condition (PC), the converse is also true.!” Therefore, under conditions (PC)
and (NS), nn(t) = 0 if and only if n(¢) is a Nash equilibrium of G.

Specific examples of admissible dynamics include best response dynamics (Gilboa and

Matsui, 1991), Brown-von Neumann-Nash (BNN) dynamics (Brown and von Neumann,

16Considering a general dynamical system allows us to include set-valued dynamics such as the best-
response dynamics which is important from the game-theoretic point of view.
17See Proposition 4.3 of Sandholm (2001).



18 One important remark

1950), and projection dynamics (Dupuis and Nagurney, 1993).
is that replicator dynamics (Taylor and Jonker, 1978), which is often used in spatial eco-
nomic models (e.g., Fujita et al., 1999), is not admissible. Under replicator dynamics, a rest
point is always attained on the boundary, but the boundary points are not always Nash

equilibria. Therefore, condition (NS) does not hold under replicator dynamics.'?

3.2 Stability condition of equilibrium

Admissible dynamics are closely related to the potential function and thereby to the stability
of Nash equilibria. Given such dynamics, we say that a population distribution n € A is
stable if there exists a neighborhood U C A of n such that n(t) — n for any trajectory n(-)
of the dynamics with n(0) € U. In particular, if we can consider A for U, then n is globally
stable. m € A is unstable if it is not stable.

To understand how admissible dynamics are related to potential function, let us consider
our game G = (v;)X | with the potential function W given by (15). Note that, by conditions
(PC) and (NS), any trajectory m(-) of an admissible dynamic monotonically ascends the

potential function until it reaches a Nash equilibrium since

K

() = Y- PO ) = 3 wm(®)ite) > 0 (17)

i=1 i=1

whenever 11(t) # 0.2° Hence, if Nash equilibrium n* does not locally maximize W, then we
can perturb n* so that the trajectory ascends W and moves away from the equilibrium. In
other words, assuming that each Nash equilibrium is isolated, a Nash equilibrium s stable
under any admissible dynamics if and only if it locally mazimizes an associated potential
function.?' Therefore, if a game has a potential function, we can characterize the stability

of equilibria under admissible dynamics by examining the shape of the potential function.

3.3 Instability of population distributions

In light of the stability condition stated above, we start with investigating the relation

between the interaction cost 7 and the instability of spatial equilibria. Given a population

18See Sandholm (2005) for more examples.

19 Any non-Nash rest point is never stable, where the stability is defined below, under the replicator
dynamics, though (Sandholm, 2010, Proposition 8.1.1). The replicator dynamics belongs to the class of
strict myopic adjustment dynamics due to Swinkels (1993) where Nash stationary is not imposed.

20Recall that n(t) = 0 if and only if n(t) is a Nash equilibrium.

21See Sandholm (2001) for a formal argument about this.

10



distribution, we obtain a sufficient condition under which the population distribution could
not be stable even if it were a spatial equilibrium.

Given a population distribution n € A, let supp (n) be the support of n (i.e., supp (n) =
{i € S:n; > 0}). Let us denote the cardinality of a vector & by |x|. Since a stable spatial
equilibrium locally maximizes potential function W, we may investigate its Hessian while we
have to respect the constraint n € A. To this end, let us consider the projection of A onto
RE=1 which is given by IIA = {v € RE"! : Zfi 11 v; < 1}, and represent the constraint
v € IIA with the following inequalities:

¢(v)=-1,<0 fori=12 .., K—1, (18)
K—-1

gk (V) = Z v, —1 <0, (19)

=1

for v € RE~!1. Then, the maximization problem of the potential function is written as

max  W(—q(v)) s.t.¢(v) <0forallies, (20)
veRA—

where ¢ = (¢;)X ;. Let v;(v) > 0 be the Lagrange multiplier for the constraint ¢;(v) < 0. We
assume that the problem (20) satisfies the strict complementary condition; that is, ¢;(v) =
0 = v(v) > 0 for all i € S. In our context, this means that the spatial equilibrium is
quasi-strict (i.e., the payoff of each unpopulated cell is strictly smaller than the (common)

payoff of populated cells).
Assumption 3 FEvery spatial equilibrium is quasi-strict.

Let
Q) = [Va(v) i & supp (—q(v))], (21)

where Vg;(v) is the gradient of ¢;(v) which is a (K — 1)-dimensional vector. Q(v) is the
matrix comprising the gradients of constraints that are active at v. Let us denote the matrix
of the orthogonal basis of the null space of Q(v) by Z(v).
Since ¢;(v) is linear in v for all i € S, [V¢;(v) :i € S| = is independent
0 0 - —1
11 o 1
of v € TIA. Hence, we denote it by Q. Let V2W(n) be the Hessian of W(n) at n € A.
Then, it follows that, if v € IIA locally maximizes W,

H(v) = Z(0) QW (—g(v))QZ(v), (22)

11



is negative semi-definite.??> This is the Hessian that needs to be examined.?® In other words,
—q(v) € A does not locally maximize W and, thus, is not a stable equilibrium if H(v) is not

negative semi-definite, which also indicates that the largest eigenvalue of H(v) is positive.

Example 1 Let K = 4 and consider a population distribution v € IIA = {/ € R} :
S v/ < 1} such that v, = 0,15 > 0,3 > 0, and v, 4+ v3 < 1. Then, Q(v) = (-100). The

null space of Q(v) is two dimensional, and we can take Z(v) = (§

10 0
basis. Let m = —q(v). Then, since QZ(v) = ( o _01) <

1 1 1

)" as its orthogonal

00 L9
10)=1{73291,
01

11

0 -1 0 1 0o -1 0 1\
H(V):(o 0 —1 1) Jo(m) (o 0 -1 1) (23)

I(wa(n)—va(n)) _ O(va(m)—wa(n)) O(va(n)—va(n))  O(va2(n)—va(n))
_ ong ong Ong Ona (24)
(vs(n)—va(n)) _ O(vs(m)—wa(n)) O(vs(n)—va(n))  O(vs(n)—va(n))
Ons Ony ons ongy
d42 d43 d24 d24 d22 d23
=T + -
d42 d43 d34 d34 d32 d33
i 551h/(n2/52) +5Zlh/(n4/54) 5;1h’(n4/54)
0y ' (na/ds) 0y "1 (ng/d3) + 65 "W (n4/6) )
(25)

where J,(n) is the Jacobian of v at n. W

As shown in the example above, there is room for discretion regarding how to take Z(v)
even though it does not affect the stability. If supp (—¢(v)) = {i} for some ¢ € S, then it
follows that H(v) o %nqi(y)) whatever Z(v) we take. Hence, —q(v) cannot be a stable
equilibrium if %jf")) > 0. If more than one cell is populated, then room for discretion
arises since only the payoff difference matters for the equilibrium. Hence, we may take any
cell in the support as a “reference cell” from which the payoff difference is computed. In
the following, we take the cell having the highest index in the support as the reference cell.
More specifically, given v € TIA, let n = —q(v) and supp (n) = {iy,is,...,ir}. Then, let us
take Z(v) so that

H()g = O(vi, (n) —viy (n)) _ 9wy, (n) — vy (n))

8niz (9niL

(26)

In matrix form, we have

H(v) = TDsupp (n) + H(n), (27)

22Gee the Appendix.
2H (v) is called the reduced Hessian. See, for example, Griva et al. (2009).
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where

Dsupp (n) = 1 ® (diiy, )iesupp (m)\ iz} T (it Niesupp iy @ 1 = Dsupp () (28)
/
di1iL d’iliL diliL diliL diliL di1iL
_ digiL diQiL e diQiL n digiL digiL digiL
diLfliL diL—liL diL71iL diLfliL diLfliL diLfliL
di1i1 di1i2 o di1iL—1
B dzzu dzgzz ’ di2i‘L71 ’ (29)
diLflil diL—1i2 diL71iL71
A(n) = B 4 diag [ —0(M0), B2, o () (30)
6iL iy, 52,1 iy 761'2 iy 77 ’51'L—1 dip_q

In (28), Dgypp (n) is the submatrix of D that corresponds to the indices in supp (n) and ®
denotes the Kronecker product, whereas, in (30), diag(x) is the diagonal matrix having x as
its diagonal elements.

To attain a threshold value of 7 above which the largest eigenvalue of H(v) is positive,

we invoke Weyl’s inequality, which states that

pmax(H (v)) = p11(H(W)) = 7p1—j(Dsapp (m)) + 1 (H (1)) (31)

for 2 < j < L — 1, where p;(M) is the i-th smallest eigenvalue of matrix M.2* Although
we made some adjustments to account for feasibility constraints, we can see that Dsupp (n)
corresponds to the agglomeration force Wy (n), whereas H (n) corresponds to the dispersion
force W5(n). Indeed, as shown in the proof of Proposition 1 below, f)supp (n) 1S positive
definite and all its eigenvalues are positive. Thus, Dsupp (n) acts as the destabilizing force
against interior distributions. Conversely, since h is decreasing, all of H (n)’s eigenvalues,
except for one zero eigenvalue, are negative. Hence, H (n) acts as the stabilizing force.

Furthermore, the threshold value is attained when these two forces are balanced:

Proposition 1 Under Assumptions 1-3, a population distribution n € A such that supp (n) =

2 Weyl’s inequality states that i, (B+C) < pipiq(B)+ pin—q(C) for g € {0,1,2,...,n—p} and p,(B+C) >
tp—q+1(B) + 114(C) for g € {1,2,...,p} where B and C are n x n symmetric matrices. See Theorem 4.3.1
and Corollary 4.3.3 of Horn and Johnson (2013).
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{i1,49,...,ir} where L > 2 cannot be a stable spatial equilibrium if

o min Mjfl(diag[(@*l\h'(@i/@')Die{z‘l,z‘z,...,z‘H}])_

2<<L—1 ,uL—j(Dsupp (n))

Proof. See the Appendix. m
As an illustrating example, let us consider a discrete-analogue of Mossay and Picard’s
(2011) model in which d;; = |x; — zj|, f(x) = —£, and §; = 1/K. Observe that the uniform

-2
discretization, where the same amount of land is allocated to each cell, necessarily implies

0; = 1/K for all i € S since the total area of the region is normalized to one.
Assumption 4 (Uniform discretization) 6, = 1/K for alli € S.

Let supp (n) = {i1, 42, ..., ir.}. The specifications above imply p;(diag[(6; |1/ (1n:/8;)|)iefirin,in_1})) =
aK forany j € {1,2,..., L—1}. We aim to derive explicit expressions for the threshold values
of 7.
To this end, we exploit the fact that if the interaction cost is linear, then the support
of a spatial equilibrium can be considered to be a downsized replica of the entire region.
More specifically, any populated cells in a spatial equilibrium are congregated (i.e., there is
no vacant cell between any populated cells), as shown in the following lemma?®:
Lemma 2 Suppose Assumption 2 and d;; = |x;—x;|. Then, the support of spatial equilibrium

is giwen by {iy,iz...,i.} € S, where iy =ix + 1 for any k=1,...,L — 1.

Proof. See the Appendix. m
Let n € A be a spatial equilibrium such that supp (n) = {i, i, ...,i1}, where L > 2. By

Lemma, 2, [DSUpp (n) 18 written as

L—-1L-2 L—-3 - 1
L-2 L-2 L—-3 - 1
N 2
Dawppn) = 77 | L =3 L—=3 L=3 - 1]. (32)
1 1 1 1

Note that if two equilbria have the same number of populated cells, then the Hessian is
the same in the model. This will be a key observation when addressing the multiplicity of

equilibria in the following section. When deriving eigenvalues of ﬁsupp (n), it turns out to be

Z>Mossay and Picard (2011) invoke an analogue observation for their continuous space model.
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more convenient to examine its inverse, which is given by

- _
supp (1)

(33)

v | =X
|
—_
N}
|
—_

This is an (L—1) x (L—1)-dimensional tridiagonal Toeplitz matrix in which the upper-left cor-
ner is perturbed and for which explicit expressions of eigenvalues are known. In particular, we

N . . —1
have ,uj(DS_u;p (n)) =K (1 — cos (22353”), and hence f1;( Dsupp (n)) = % (1 — cos W)

Note that these eigenvalues depend on the number of populated cells but not on the distri-

bution over the support of equilibrium. Hence, the following result is obtained:

Corollary 1 Suppose Assumptions 5-4, dij = |v;—x;|, and f(x) = —3=. Then, a population
distribution n € A having L (> 2) populated cells cannot be a stable spatial equilibrium if

3T
lry=(1_ 2
T>T(L)_(1 cos2L_1>aK. (34)

There are two remarks here. First, since 7/(2) > 74(3) > 74(4) > ---, the mazimum
possible number of populated cells that might constitute a stable spatial equilibrium is non-
increasing in 7. Second, since K ~ 7!(K) is continuous on R, and limg ,., 7/ (K) =
gcwr? < 00, it is bounded. Thus, if 7 is sufficiently large, then a population distribution with

full support cannot be a stable spatial equilibrium for any finite K.

4 Characterization of equilibria

This section characterizes the equilibrium of the discrete-space model to compare its prop-
erties with those of the continuous-space model. In the continuous-space model, it follows
that a unimodal population distribution is attained as the unique spatial equilibrium up to
translation (Mossay and Picard, 2011).2¢ Section 4.1 shows that, as in the continuous-space
model, the equilibrium population density of the discrete-space model is unimodal. How-
ever, in Section 4.2, we see that the equilibrium is essentially non-unique in the sense that

equilibria with different population distributions over the support coexist.

26Tn the next section, we will show that the spatial equilibrium of a general class of continuous-space model
is unimodal (Lemma 5)
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4.1 Equilibrium population distribution

Suppose that the interaction cost is linear (i.e., d;; = |z;—=;|). Then, by Lemma 2, populated
cells in a spatial equilibrium are congregated, i.e., supp (n) = {i_,i_ +1,....,i, — 1,9, } for
some i_,iy € S. Then, since v;(n) = v;_1(n) for all i € supp (n)\{i_}, the equilibrium

condition is written as

h (Z—) —h (g_ll) — 76,42 i g — 1 Vi € supp (n)\{i_}, (35)

k=i_

where ¢; = x; — x;_; > 0. Since Zkesupp (my e = 1, (35) implies that there exist i* € S
such that h(n;/d;) is decreasing [resp. increasing] in i for ¢ < i* [resp. ¢ > i*], as long as

o # : for any ¢ € supp (n)\ {i_}. If S g = + for some i € supp (n)\ {i_}, then
there are two cells at which h attains its bottom. In any case, {—h(n;/d;)}ics is unimodal.

Since h is strictly decreasing, this is also true for (n;/0;)cs.

Proposition 2 Suppose Assumption 2 and d;; = |x; —x;|. Then, the equilibrium population

density distribution (n;/d;)ics of the discrete-space model is unimodal.

This proposition shows that the equilibrium population density distribution (n;/d;);cs of
the discrete-space model exhibits a property similar to that of the continuous-space model.
Furthermore, the equilibrium population distribution 7 is also unimodal, especially if we

consider the uniform discretization of space (i.e., §; = % for all i € ).

4.2 Multiplicity of spatial equilibria
4.2.1 Non-uniform discretizations

In this subsection, we examine the uniqueness of equilibrium in discrete space. We first
consider the case of the non-uniform discretization of space (i.e., there exists i,j € S such
that &; # §;).2" We show through examples that different population distributions can be
KKT points of problem (11) (and thus spatial equilibria) in this case. We consider two
models: Beckmann’s (1976) model in which f(z) = alnz and Mossay and Picard’s (2011)
model in which f(z) = —3=. In either model, we consider the linear interaction cost in
which d;; = |z; — xj|. We assume that K = 3, (by,by) = (0.2,0.5), and o = 1.0. Under

these parameters, Figures 1 and 2 depict the contour plots of each model’s potential function,

2"Note that when we perform an empirical analysis, we often need to discretize a space non-uniformly
since social and economic data is aggregated over some geographical areas and, in general, these areas are
not uniformly sized.
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(a) 7=1.0 (b) 7=8.0

Figure 1: Contour plot of the potential function of Mossay and Picard’s (2011) model (e:
stable, o: unstable)

0.6 04
ny

(a) 7=1.0 (b) 7=28.0

Figure 2: Contour plot of the potential function of Beckmann’s (1976) model (e: stable, o:
unstable)

respectively. In these figures, the background color represents the value of potential function:
the regions in which the value is the largest are red, while the regions in which the value is
the smallest are blue. To characterize equilibria with these figures, we invoke the fact that
local maximizers of potential function are stable equilibria, whereas any other KKT points
are unstable equilibria.

According to Figure 1, we can see that when 7 = 1.0, the potential function is strictly
concave, and thus, there exists a unique equilibrium that is stable. However, when 7 = 8.0,
the potential function fails to concave, and three equilibria arise: 1) full agglomeration in
cell 3, the largest cell; 2) the population is agglomerated in cells 1 and 2, the two smaller
cells; and 3) full support in which all cells are populated. As shown in Figure 2, Beckmann’s

(1976) model has qualitatively similar properties to those of Mossay and Picard’s (2011)
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Figure 3: Contour plot of the potential function of uniformly discretized Mossay and Picard’s
(2011) model (e: stable equilibrium, o: unstable equilibrium)

model. These results show that if we consider a non-uniform discretization, then equilibria

with different population distributions can coexist.

4.2.2 Uniform discretizations

Based on the results above, one might think that they stem from the exogenous asymmetry
in space. Hence, we next consider uniform discretizations. In this case, the label of the
cell should not matter when discussing the multiplicity of equilibria. That is, we do not
distinguish between two equilibria such that one equilibrium is obtained by horizontally
shifting the other one, which can arise in this case. For example, let us look at two unstable
equilibria in Figure 3, which depicts a contour plot of the potential function of Mossay and
Picard’s (2011) model with K = 3, [b1, bs] = [3, 3], & = 1.0, and 7 = 15.0. One equilibrium is
(%, 5,0) whereas the other equilibrium is (0, 3, %) However the two population distributions
can be merged through translation.

In what follows, we assume that the equilibrium, if any, is unique for each possible

support.
Assumption 5 The number of equilibria is, at most, one for each possible support.

This is true for Mossay and Picard’s (2011) model in which the equilibrium solves the system
of linear equations. In this case, since the interaction cost is symmetric, we can regard any
two equilibria as qualitatively identical in the above sense whenever they have the same num-
ber of populated cells. In other words, two equilibria are indistinguishable up to translation
unless they have different numbers of populated cells. Therefore, under Assumption 5, we
say that the spatial equilibrium is essentially non-unique if equilibria with different numbers

of populated cells simultaneously exist, and we focus on this essential multiplicity.

18



We show that the equilibrium can be essentially non-unique, even if the space is uniformly
discretized. To this end, we refer to the index theorem of Simsek et al. (2007), which is
applicable to the set of KKT points (See Proposition 5.2 of the paper). This is relevant
for us since our equilibrium problem is reduced to finding KKT points of the optimization
problem of the potential function. In our context, their result is stated as follows.

Recall that the problem (20) is the optimization problem that characterizes spatial equi-
libria. Denote the map v — W (—q(v)) by W o (—q). Given the problem (20), let

L) =2() | HvagW)+ Y 7W)H, W) | Zv), (36)

i¢supp (—q(v))

where Hyyo(—g) (V) [resp. Hg,(v)] is the Hessian of W o (—q) [resp. ¢;] at v. Let KKT(W, q)
be the set of KKT points of the problem (20). Then, for each v € KKT (W, q), we define the
index by
1 if det(I'(v)) >0,
indr(v) =<0 if det(I(v)) =0, (37)
—1 if det(I'(v)) <0,

where det(I'(v)) is the determinant of I'(v). Then, under the assumptions mentioned later,

the index theorem states that

> indp(v) =1 (38)

veKKT(W,q)

Note that all of the constraints (¢;)X, are linear. Hence, H,, is the zero matrix for any i € S.
Then, since Hyo—g)(v) = Q' VW (—¢(v))Q, it turns out that I'(v) = H(v). Observe that
this is exactly the Hessian that we have used for the stability analysis. This illustrates how
useful the potential function is, not only for the stability analysis, but also for analysis of
the multiplicity of equilibria.

The index theorem holds under the following three assumptions. The first one is that
W o (—q) is twice continuously differentiable, which holds under Assumption 2. The second
one is that the problem (20) satisfies the strict complementary condition, which holds under
Assumption 3. The final one is that I'(v) is non-singular at any v € KKT(W,q). Since
I'(v) = H(v) and the KKT points of the problem (20) correspond to spatial equilibria, the

following assumption is necessary:

Assumption 6 For any v € IIA such that —q(v) € A is a spatial equilibrium, H(v) is

nonsingular.
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In order to apply the index theorem to the issue of the multiplicity of equilibria, we assume
the linear interaction cost in order to invoke Lemma 2. Lemma 2, together with Assumption
5, enables us to determine the number of equilibria for each number of populated cells. More
specifically, if an equilibrium with L populated cells exists, then there are K — L + 1 such
equilibria. Moreover, since these equilibria have the same distribution over the support (i.e.,
these equilibria are essentially indistinguishable), all their indices have the same value. These

observations lead us to the following result:

Lemma 3 Suppose Assumptions 2-6 and d;; = |v; — x;|. If there is a spatial equilibrium m

such that |supp (n)| < K, then there is another spatial equilibrium ' such that |supp (n’)| #
[supp ()]

Proof. Suppose, to the contrary, that for some L < K, |supp (n)| = L for any equilibrium
n. By Lemma 2, the number of equilibria is then K — L+1. Since the population distribution
over the support is identical for all equilibria, the index given by (37) is the same for all
equilibria. Hence, the total sum of the indices is either K — L+ 1, —(K — L+ 1), or 0. Any
of them contradicts the index theorem. m

Thus, if a spatial equilibrium having some unpopulated cells exists, then there is necessar-
ily another spatial equilibrium that is essentially different from the equilibrium. Therefore,
if the spatial equilibrium exists uniquely, then all the cells in the region must be populated
in the unique equilibrium.

Recall that, given a full-support distribution, we have obtained a sufficient condition
under which it is not an equilibrium or it is an unstable equilibrium (Proposition 1). Observe
that, since the potential function is continuous and A is compact, a stable equilibrium, which
is a maximizer of the potential function, exists. Hence, if a full-support distribution is not
an equilibrium, then Lemma 3 immediately implies the essential multiplicity of equilibria.
Furthermore, if a full-support distribution is an equilibrium but unstable, a maximizer of
the potential function, which is a stable equilibrium, does not have the full support. Thus,
even if a full-support distribution is an equilibrium, Lemma 3 applies as long as it is not

stable. Therefore, by Proposition 1, we conclude the following result.
Proposition 3 Suppose Assumptions 2-6 and d;; = |x; — x;|. If

; i iU IAINY
7= sup min py=1(diag|(5; \h~(nl/(5l) |)ies])
{neAsupp (n)=5} 2SI <K -1 pirc—j(Ds)

Y

then the equilibrium is essentially non-unique.
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For a corollary of the above result, let us consider Mossay and Picard’s (2011) model in which
f(z) = —5%. Then, the threshold value of 7 is independent of the population distribution,
and the equilibrium is essentially non-unique when 7 > 7!(K), where 7! is given by (34).
Moreover, since maxgen 7 (K) exists, the spatial equilibrium is essentially non-unique for
any finite K if 7 is larger than the maximal value.

Overall, the (essential) multiplicity of equilibria in a discrete space suggests that im-
plications derived from (theoretical/empirical) analyses focusing on a particular equilibrium
might be questionable since its equilibrium might be unstable and another stable equilibrium

with an essentially different population distribution can exist.

5 The limit of discrete-space models

5.1 Continuous-space models

This section examines the continuous limit of discrete-space model. However, we begin by
presenting the structure of a continuous-space model and consider the real line for the region,
even though we subsequently focus on the unit interval, as in the discrete-space model. Let
Ae{re L' (R): A >0, [ AMx)dx =1} be an (integrable) population density over R. In the

continuous-space model, the indirect utility at location x; is given by
o) =Y — 7‘/ |x — z;|A(x)dx + h(A(x;)), (39)

where we focus on the linear interaction cost. Let supp (A) € R be the support of population
density A. For a continuous-space model, the spatial equilibrium is defined in relation to
the population density. That is, A* is a spatial equilibrium if there exists u* € R such that
ua(x) = u* for any = € supp (\*) whereas vy« (z) < u* for any x ¢ supp (A*). In addition,

we make the following assumption on the support of the spatial equilibrium.
Assumption 7 supp (\*) is finite for every spatial equilibrium \*.

For example, this is the case for Mossay and Picard’s (2011) model.
In a discrete-space model, we have seen that the population distribution is congregated
at any spatial equilibrium when the interaction cost is linear (Lemma 2). Naturally, this

also holds for the continuous-space model:

Lemma 4 Suppose Assumptions 2 and 7, and the linear interaction cost. Then, the support

of the spatial equilibrium of the continuous-space model is a finite open interval.
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Proof. See the Appendix. =

In Section 4.1, we represented the equilibrium condition as a difference equation in order
to characterize equilibria of the discrete-space model. Likewise, we represent the equilibrium
condition as a differential equation to characterize equilibria of the continuous-space model.
To this end, let H(z) = h(A(z)) be the net utility from the land consumption at location
x. As it turns out, looking at H, instead of directly looking at A, is more convenient for

characterizing equilibria. In fact, at the equilibrium, H(z) satisfies the following condition:?®

Lemma 5 Suppose Assumptions 2 and 7, and the linear interaction cost. Then, H(x) is
the equilibrium net utility from the land consumption of the continuous-space model if and

only if it solves the following equations:

dzf) —7 {2 / g(H(2))dz — 1} Vi € [z_,24], (40a)
/r+ g(H(x))dx =1, g(H(x)) >0 Vo € [x_,x], (40b)
H(z-) = H(xy) = h(0), (40c)

for some x_,x, € R with x_ < x,, where g is the inverse function of h.

Proof. See the Appendix. m

40a) and (40b) imply that there exists 2° € [z_, ;] such that i) 0 for x € r_, 2’
+ dz
and %‘g) > (0 for z € (2 z]. That is, H(z) is U-shaped. This shows that as in the discrete-

space model (Proposition 2), the spatial equilibrium \(x) = h™Y(H(z)) of the continuous-

space model is unimodal.

5.2 Continuous limit of discrete-space models

The continuous-space model has been rigorously studied by Blanchet et al. (2016), and
we can invoke some of their results if we additionally assume that lim, o h(z) = 0.2 In
particular, since the utility of land consumption f is strictly concave and increasing, and
the interaction cost is symmetric and linear, the spatial equilibrium of the continuous-space
model is essentially unique by Theorem 3 in Blanchet et al. (2016). This is in sharp contrast

to the results of the discrete-space model obtained thus far. Nevertheless, we show in this

28Lemma 5 implies that for a given z_ (or 2 ), the equilibrium net utility from the land consumption and
24 (or z_) of the continuous-space model is obtained by solving (40).
29In this case, Beckmann’s (1976) model is excluded.
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subsection that the continuous-space model can be viewed as the continuous limit of the
discrete-space model.

For discrete-space models, we consider a finite region, whereas the region of continuous-
space models is infinite. One might worry that the boundaries of this region will affect the
analysis. However, the following lemma shows that, as long as we consider a region that is
larger than the length of the continuous-space model’s equilibrium support, a full-support
distribution cannot be an equilibrium of the discrete-space model when K is large. Observe
that, since the spatial equilibrium is unique up to translation in the continuous-space model,

the length of the continuous-space model’s equilibrium support is uniquely determined.

Lemma 6 Suppose Assumption 2 and d;; = |v; — x;|. Consider a discrete-space model
for which the region is given by [0, L] where L is larger than the length of the equilibrium
support of the continuous-space model over R. Then, a full-support distribution cannot be

an equilibrium for sufficiently large Ks.

Proof. See the Appendix. =

Hence, as long as the region can contain the equilibrium of the continuous-space model, we
do not have to worry about the exogenous boundaries. Therefore, without loss of generality,
we assume that the length of the continuous-space model’s equilibrium support is less than
one so that we can keep the original setting in which the region is given by the unit interval.

Now let us consider a sequence {n®} of equilibria of discrete-space models, where n
is an equilibrium of the discrete-space model with K cells. Given {n®}, let HE = h(A\K),
where A = nX /5, denote the equilibrium net utility from the land consumption at cell
in the discrete-space model with K cells. By Lemma 2, the support of n€ is represented by
{i%, % + 1,8 — 1,45 for some ¢ and & where 1 < % < % < K. Then, it follows
from (35) that, for each K, HX = {HE }iesupp (ni) solves the following equations:

M — H'Kl — K K K
— = 2 S)o; — 1 Vi =0 1,.. —1 41
€ ! j;go‘t])] i€ {iZ, il +1, Z+} (41a)
i
S gHE )G =1, g(HE) >0 Vie {1l -1 (41D)
j=i¥
which converge to (40a) and (40b) respectively as K — oco. Let x_ = limg_,o 2;x and

Ty = limg o0 e Since x;x, x; 5 € (0,1) for all K, x_ >0 and z, < 1. Furthermore, since
the length of the continuous-space model’s equilibrium support is unique and less than one,

we have either z_ > 0,2, < 1, or both by Lemma 6. Without loss of generality, suppose
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x4 < 1. Then, for sufficiently large K, Tir g1 S 1 for which Vite 2 Vi 4 and /\gfJrl = 0.

Hence,
h(0) = h(A(zx)) = H%H - ’Hf% < ey = h(0) — h(A(z4)) < 0. (42)

Since h is decreasing, A(z;) = 0. The symmetry of the equilibrium then implies A(z_) = 0.
Thus, the equilibrium condition of the discrete-space model eventually coincides with that
of the continuous-space model, as K — oc.

Unfortunately, the finite difference method, which studies the relationships between dif-
ference and differential equations, shows that the convergence of the equilibrium condition
does not imply that of the equilibrium.?® Therefore, in the following, we show the conver-
gence of the equilibrium.

Let n® be an equilibrium of the discrete-space model with K cells. Our aim is to show
that, for any sequence of equilibria {n®}, there exists an equilibrium A of the continuous-

space model such that

lim { max  |A(x;) — )\lK|} =0, (43)
K—o0 | i€supp (n¥)

where AKX = nX /6K, However, as the preceding arguments have demonstrated, considering
the net utility from the land consumption is more convenient than directly considering the
population density. More specifically, let H(z) = h(A(z)) and H* = {h(AE) }icsupp (nx)- The

following proposition shows that

lim { max | H(z;) —Hﬂ} =0. (44)

K—oo | i€supp (n¥)

Under Assumption 2, g, the inverse of h, is Lipschitz continuous. As a result, for some
C >0,
(M) = AT = lg(H(x:) — g(H{)| < O|H () — HE. (45)

Therefore, (44) implies (43).
In order to obtain the result, we impose a restriction on how space is discretized, by
assuming that limg .. max;cg K 51‘K < 00. Obviously, this includes the case of the uniform

discretization since 6% = 1/K for all i € S implies max;cg K0X =1 for all K.

Proposition 4 Suppose Assumptions 2 and 7, and the linear interaction cost. Moreover,

suppose limg o maxes K0X < co. Let {n®} be a sequence of the discrete-space model’s

30See LeVeque (2007).
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equilibria with support {if iX4+1,-.. if—l, sz} for each K. Then, there exists a continuous-
space model’s equilibrium X\ with support (v_,x;) C [0,1] where r— = limg_ o x;x and

xy = limg o0 5 such that (44) holds.

Proof. See the Appendix. =

Observe that the sequence of spatial equilibria is arbitrary. Thus, any sequence of spatial
equilibria converges on the unique equilibrium of the continuous-space model. In addition,
recall that the spatial equilibrium in a discrete space is generally not unique. Nevertheless,
every equilibrium converges on the single equilibrium as K — oo. This means that the set
of spatial equilibria parametrized by K is upper hemi-continuous at the limit. Furthermore,
since the spatial equilibrium in the continuous space is unique, the lower hemi-continuity is
implied by the upper hemi-continuity. Therefore, the set of spatial equilibria is continuous
in K at the limit.3! This is a positive result for the continuous-space model. As long as K
is sufficiently large, the continuous-space model can be viewed as a good approximation of

the discrete-space model, which is relevant for real economies.

6 Conclusion

We studied the discrete-space agglomeration model with social interactions and its connec-
tion to the corresponding continuous-space model. We showed that any sequence of the
discrete-space model’s equilibria converges on the unique equilibrium of the continuous-
space model, as the distance between adjacent cells vanishes. However, by appealing to the
properties of the potential game, we found that, contrary to the continuous-space model,
the spatial equilibrium can be essentially non-unique for any finite number of cells. Thus,
while all equilibria should be close to one another when the cell size is sufficiently small, the
problem of multiple equilibria is not negligible.

In this paper, we considered social interactions among a single type of agents. Hence,
the natural extension is to consider multiple types of agents. There is rich literature on
(continuous-space) social interaction models that include both consumers and firms.?> Owing
to general equilibrium effects, the properties of equilibrium are more complex than the class
of models considered here. In particular, equilibrium is generally not unique even in the

continuous-space model, although the stability of equilibria has not been explored. It is

31Recall that the equilibrium of the continuous-space model is only unique up to translation. Thus, strictly
speaking, what we are actually considering here is the set of population distributions over their supports
that are attained at equilibria, rather than the set of equilibria itself.

32Gee Chapter 6 of Fujita and Thisse (2013) and references therein.
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difficult to determine the stability of equilibria in the continuous-space model, but we may
be able to address this by approximating the model with a discrete-space model.?

Finally, although we did not engage in policy discussions, the spatial equilibrium of our
model is generally not efficient since social interactions cause externalities. Indeed, the
population distribution is more concentrated at the social optimum than at the market
equilibrium. This is a consequence of positive externalities in social interactions, which
yields under-agglomeration.?* Thus, in order to achieve the social optimum, it is necessary
that planners internalize these externalities. However, since the equilibrium under such an
intervention is not necessarily unique as in a laissez-faire case, there may exist a stable
equilibrium besides social optima. Therefore, in contrast to the continuous world, the policy
design to achieve a social optimum in the discrete world is not straightforward, owing to the

multiplicity of equilibria. This is an important subject for future research.3”

Appendix

Derivation of the Hessian (22)

Suppose that the first-order conditions of the problem (20) hold at v € R¥~!. Then, we
are interested in whether v (locally) maximizes the potential function. A feasible direction
p from v satisfies Q(v)p < 0. Let 4(v) be the vector of Lagrange multipliers for active
constraints (i.e., ¥(v) = {7V (V) }igsupp (—qv)))- If Q()p < 0, then we have

P’ VW(—q(v)) =p'Qw)¥(v) <0

under the strict complementarity. Thus, we may focus on direction p such that Q(v)p = 0.
Note that any feasible point is written as ' = v + p. Because p belongs to the null space
of Q(v), the set of feasible points is then {v': v/ = v + Z(v)z,x € RF 1}

Hence, we may study the second-order condition of the problem (20) at v € IIA by

examining the following unconstrained problem:

max W(—q(v + Z(v)x)). (46)

TeRK-1

The condition that the Hessian (22) is negative-semidefinite corresponds to the second-order

33Blanchet et al. (2016) pave the way for using a potential function(al) to characterize the equilibria of a
continuous-space model. However, they still abstract away from the stability analysis.

34Observe that the dispersion force due to the housing congestion is a pecuniary externality.

35Sandholm (2007) and Fujishima (2013) consider Pigouvian tax policies in the presence of multiple equi-
libria.
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necessary condition of the problem (46) at = 0.

Proof of Lemma 2. Suppose, on the contrary, that there exists an equilibrium n € A
in which, for some ¢, € supp(n) with j —i > 2, n, = 0 for all i < ¢ < j. Let k €
{i+1,..,7—1}. Since ny = 0 at equilibrium, A(0) < co. Without loss of generality, suppose
22:1 ne > Zf:j ng. Then, because dyg + dy; = dy; for £ < i whereas dy; +djp = dj for £ > j,

vi(n) —vj(n) > v(n) —v;(n)

=7 Z(djz — dge)ng + h(0) — h(n;/6;)

> T Z(dﬂ —dge)ng . his decreasing
¢

i K
= Tdjy, <Zne - ZW) >0,
-1 =

which contradicts the supposition 7, j € supp (n). =

Proof of Proposition 1. Given v € IIA, let n = —¢(v) and supp (n) = {iy, iz, ...,i.} C S
where L > 2 (and hence [supp (n)| = L). At first, we show that Dqupp (n) is positive definite.
Let £ € RE be a vector such that z; = 0 for all i & {iy,is,...,ir_1}, and let £ € RX be
a vector such that #; = x; for all ¢ # iy and z;, = — Zzzll x;. Note that £ € TA. Since
[Doupp (m))is = i, + diyj — dij

ir—1 ir—1 ir—1 ip—1

> (diiy, +diyj — di)wiwy = = digywis, — Y diyiFi, w5 — Y digwi

,j=t1 =11 Jj=t1 1,j=11

ir, K
= — Z dzjj'zfij = — Z d”i'lii'j > 0,
i’j:il 7’7.7:1
where the last inequality follows from the assumption that D is negative definite on TA.
Then, since (;)ic{iy is,...i, .} 1S arbitrary, Dsupp (n) 18 positive definite. Hence, all of f)supp (n)’S

eigenvalues are positive. Second, we have
H(n) = diag[(6; "1 (ni/6:) )ietir in,in 1y + 05, B (4, /83, )11, (47)

where diag(x) is a diagonal matrix having z; for its (i,7)-th element, and 1 is a row vec-
tor of ones with an appropriate dimension. The eigenvalues of 0;'h(n;, /8;,)11" are (L —
1)6;, Y1 (ni, /6;,) and 0. Accordingly, the matrix has exactly one negative eigenvalue, since h
is decreasing. Thus, by Weyl's inequality, yt;(H(n)) > ;-1 (diag[(8; B (1:/0:) )ictivin,...ir_3))+
pi2(0;, W (ngy, /63, )11') = i1 (diag[(8; "B (1/6:))icin in.ir_1}]) for each j =2.3, .., L.
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Then, by invoking Weyl’s inequality for Tf)supp m) + H(n), we obtain

pmax(H(V)) = pp—1(H(V)) = Thz—j(Dsupp (n)) + 115 (H (1)) (48)
> Tr— i (Dsupp (n)) + 11 (diag[(6; 1/ (1:/6:) )ie i innis 1}))
(49)

where 2 S ] S L—1. Since n; > 0 for all S {il, ig, ceey iL—l}, ,uj_l(diag[(5{1h’(ni/@-))ie{il71»2,,__@71}]) c
(—00,0) for any j € {2,3, ..., L — 1}. Therefore, we obtain the stated result. m
Proof of Corollaries 1. We invoke the results of Yueh and Cheng (2008), which are

restated as follows:36

Theorem 2 (Yueh and Cheng, 2008) Consider the n X n real matriz of the form

Mo + my Mg

my my M3
mp Mg Mg (50)
my Moy ms
mi Mo+ Ms
(i) Let 0 < 0 < 7. Then, the eigenvalues of the matriz above are given by
[ =mg + 2y/mymg cos 0, (51)

where 0 solves

mymgsin(n + 1)0 + myms sin(n — 1)0 — /mymg(my + ms) sinnf = 0. (52)

(ii) If p=+/mi/mg [resp. p = —+/mq/ms] solves
mimg(n + 1) + mgms(n — 1) — msp(mg + ms)n = 0, (53)

then mo + 2\/mims [resp. ma — 2\/myims/ is an eigenvalue of the matriz above (these
correspond to the case in which 6 € {0,7}).

Our matrix (33) corresponds to the case in which m; = m3 = —5 ,my = K,my =

36They consider more general matrices than (50), where upper right and lower left corners can also be
nonzero. They also allow complex matrices.
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—%,m5 =0, and n = L — 1. Then, (52) becomes

K* K* 2L —1
e (sin LO —sin(L — 1)0) = Ve sin g cos % = 0. (54)

Because 0 < 0 < , Sing # 0 and hence cos % 0=0= (22]L 1;” where j = 1,2, ..., L—1.

Moreover, (53) is given by

K2

B —aw-1=o (55)
and neither p = 1 nor p = —1 solves the equation above. Hence, the eigenvalues of matrix
(33) are given by K(1 — cos (22JL_—_1%W) where 7 = 1,2,..., L — 1. In particular, since K(1 —

coS %) is its j-th smallest eigenvalue, ,uj([)supp ) = %(1 — cos W)*l. Thus,

i1 (di hi(na)|)iefin ig,....i K
min u] 1( lag[(| 'L(n~)|> e{i1, ,~~-,L—1}]) _ a _ (56)
25jsL-1 125 (Dsupp () maxa<j<r—1 i (Dsupp (n))
= K p1r—2(Doupp (m)) " (57)
3T

=(1- K2 58
< CO8 57— 1) a (58)

[ |
Proof of Lemma 4. By Corollary 1 of Blanchet et al. (2016), the spatial equilibrium is
continuous. Hence, the support of the equilibrium is open. We argue in an analogue manner
as the proof of Lemma 2. Suppose, to the contrary, that there exists an equilibrium A for
which supp (\) = (21, xi) U (22, 23) with 2} < 2?.

Let 2! € (a:lT,x}r) r? € (m ,22), and 2 € (z},2?), respectively. Without loss of general-
ity, suppose f;ﬁ Az)dz > fgc+ A(z)dz. Then, we have

ua(z') —va(2?) > vA(2) — va(a?)
N

—T/]x A(z dz—l—7‘/|x — z|A\(2) " h is decreasing

= (2% — 3) (/;A( )dz—/ﬂc2 A(z)dZ) >0,

which contradicts the supposition z!, 2% € supp (\). =
Proof of Lemma 5. Suppose that A is an equilibrium. By Lemma 4, supp (A\) = (z_, z,)

for some z_,z, € R. Then, vy(z) = v* for all € (z_,x,) where v* is the equilibrium
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utility level. Moreover, since vy(x) is continuous in z, vy(x_) = vy(xy) = v*. Hence,

y—f/HW—yM@Mu+MM@)=W Vo € [z_, 4] (59)

Differentiating this equation with respect to z yields

) :T{ / A2 - / “Mdz} Vo € oo,y (60)

Substituting the population constraint [7* A(z)dz = 1 and A(z) = g(H(x)) into this,*" we
have (40a). Meanwhile, (40b) is obtained from the population constraint, while (40c) is
obtained from A\(z_) = A(zy) = 0.

Conversely, suppose that A solves the system (40a)-(40c) for some z_,z, € R. Let

2l 2% € [r_, ;] with 22 > z!. Then, integrating (60) over [z!, z?],

h(\(x?)) — —T{/ / dzda;—/ / dzdx}. (61)

By integration by parts,

/ / z)dzdz = 352/ / 2\ (z)dz,
Ty Ty z?
/ / z)dzdz = xg/ AMz)dz — ot / Az)dz + / 2\ (2)dz. (63)

Mz)dz — 2! Az)dz — (62)

However, observe that

Ty Ty
/ 2% — 2|A(2)dz — / |zt — 2|\ (2)dz

2 1 2

_ 2 {/ A(z)dz—/:A(z)dz} - {/ A(z)dz—/:A(z)dz} —2/: A(2)d.

(64)

Therefore, vy(x!) = vy(2?). This implies that there exists v* € R such that vy(z) = v* for

37Since h(-) is a strictly decreasing function, the inverse function g(-) exists.
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all z € [z_,z;]. Now, let < z_. Because A(z_) = A(z) =0 and [7* \(z)dz =1,

on(z) — va(z) = 7 {/:+(z — e A(2)dz — /j+(z e ta - :U))\(z)dz} (65)

=7(r—x_) <0. (66)

Similarly, we have vy(z) < vy(z4) for z > z,. Hence, A is an equilibrium. =
Proof of Lemma 6. Suppose that the region is given by [0, L] where L is larger than
the length of the equilibrium support of the continuous-space model over R. Let n* be a

full-support distribution in the discrete-space model with K cells. Then, let

Mo (z) ==t fora e b, bF) (67)
where ¢ € S and A\¥(z) = 0 otherwise. For each j € S, let z} be the middle point of

[0 1, 0] at which the discrete model’s payoff in cell j is defined. Then,

v (£K) =Y — 7 / 25— N (y)dy + B (@) (68)
K bJK nk
:Y_TZ/bK [ =yl dy + ()" /5)%) (69)
J=1 j—1 J
L LS nk
:Y—TZ/ (2 —y)sedy +7 > / (2f — )5k dy (70)
=1 Jb J j=it17 b5 J
bf( nK
—r / 25—y ™y 4 h(nk /5. (71)
by 51
We have
b K K (1. K\2 K \2
! K n_] _ KK_n_j(b]) _<b]—1)
bE 4 bl
— K (asf— — 1) (73)
oK 5K
=n (o —aff) b =af 0 =af - (Th)
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for j € S\ {i}. Moreover, since ¥ is the middle point of [bX |, bK],

1—1 Y%

Kol gy =2 K_ g
/bf& |z y'af y /bfl(xz y)@;K y
1 oF + bE oK
=2k (ﬁxf{—Tl) ‘.‘bfilzzvf(—T
1 1
= 5”5(1’5{ - bfiﬁ = an(@K
Hence,
K bf TLK K 1
K i K K| K KK
S [ et ey = el — i+ (75)
j=1""%-1 J 7=1
Therefore,
o (ef) = v(n) = 70l (76)
Let z € [0,L]. For each K, there exists i € {1,2,..., K} such that z € [bf_ ,b%).
Then, we have
U)\K(l‘g() - T|xf§< —z| <wuyk(z) < U)\K(l'g() + T|If§< — 2| (77)
& ve(n®) = Jnficdlic — 7lalk — 2 < oy (2) < vae(n®) = Jnfidli +rlalk =2l (78)

where we use the triangle inequality for (77); and (76) for (78).
Suppose that, for any K > 1, there exists K > K such that n’ is an equilibrium. Then,
we can take a sequence {K;}sen such that n¢ is an equilibrium for all £.3® Then, in light of

(78), we have

T T
v (nfr) — anfﬁg{; — T|$gfl —z| < vk (2) < v (n) — anfzdgé + T‘ZL‘?[ — z| (79)
K T, K, K, Ky oK, K
< U\Ky (1‘1 Z) + 1(51 enl £ - nifze(sifee) - 7’|ZL‘Z,§ZZ - Z|
T
<y, (2) < vk, (xff) + Z((Sf(zn{ﬂ’ _ n?zéz%) + T|ZL’§<€Z —z|, (80)
z z z

where we use the equilibrium condition of n for (79); and (76) for (80). Since 6:¢ vanishes
for all © when ¢ — oo, whereas n’¢ is finite for any ¢, 5{0”’71{(@ — n{ffléffz — 0 as ¢ — oc.
Moreover, since zh¢ = 01 /2, limy_,o0 vyx, (21) = v5(0) where A = lim_,o, A¥¢. Then, since
2t — z as € — oo, (80) implies v)(2) = v)(0). Since z € [0,L] is arbitrary, we have

obtained a spatial equilibrium A of the continuous-space model with support [0, L], but this

38There exists K7 > 1 such that n** is an equilibrium. This, in turn, enables us to take Ky > K + 1
such that n%? is an equilibrium. Continuing in this way, we obtain the desired sequence.

32



is a contradiction. m

Proof of Proposition 4. Let {n} be a sequence of discrete-space models’ equilibria with
supp (n®) = {if, % +1,--- i — 1,7%}. Since the length of the equilibrium support of the
continuous-space model is assumed to be less than one, we have either limg_, 7;x > 0 or
limg_, o Ty < 1 (or both) by Lemma 6. Without loss of generality, suppose limg_,q ;x>
0. Let X be the solution to the system (40a)-(40c) where z_ = limg_,o z;x. By Taylor’s
theorem, if i € supp (n) and A(z;) > 0 so that ) is differentiable, H(z;) is expressed as

Kd%(l'Z,l) i (EiK)Z d2H($i71 + 916{()

H(ZL‘Z) = H({Ei_l) + €; dr 9 dz2 s (81)
where 6; € (0,1). Thus, by (41a) and Lemma 5, H(x;) — HE is given by
K\2 3294 (.. K
Hw) — HE = Hw ) — HE, 4 peips 4 6 EHUT £ 0icT) (82)

2 dx? ’

where TK =2 {f;i_l g(H(2))dz = 11 g(HK)(SK}. Furthermore, Taylor’s theorem yields

j=iK Jj /Y3

. g e
[ aowenaz= [ gounar— [ otunay
i K & 9 . K
:/ 9(H(y))dy + %g(’}—[(xi)) L 22) dg(H( d; %))
" K IRV I
_/x Q(H(y))dwjg(%(:@i))_( 22) dg(H( — )

. 0K -y
+(5i8) {dg(”H(xﬁmg)) dg(H(w: %2))}, (83)

where 7; € (0,1) and v; € (0,1). Therefore, we have

i1 bE | o
T =2 | 3 (o) — g = [ e — [ )z ml |

7 _ (51)
where

N G [ dg(hlay + 0K /2)  dg((a; — 6,8/2) .

i _j:iK 8 dz dx
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By Lemma Al, ‘d?{(xl—ﬁeﬁ‘ < 27go where g is a bound of g(H(z)). Hence,

[H (i) = | < [H(ima) = Hi |+ 7 |0+ 790(e)% (86)

dg(H(z))
dz

We also have

where 6% = max;cg 6. Then,

1 i—1 5K g .
§|Tf(| < D lg(H(xy) — g(H)I6f + — -+ ol — bg71|+1151<

< Y IoCH () — g(HEV I + gl x|+ (s + 2) 5

where the last inequality follows from

Ok
v — bf;i(_1| <o —zx| + |z — bf§<_1| = |z — x| + %7

and 55;((, 5{2_1 < 6. Therefore,

| H (i) = HE| < [H(wia) = HE |+ 27ef 2_: l9(H(x;)) — g(H;)105

K

+27’€Z~K{gg|x_—$}<|+<g0+ )(SK TE} (87)

In addition, since g is continuously differentiable (and hence Lipschitz continuous), there
exists C € (0,00) such that |g(H(z;)) — g(HX)| < C|H(z;) — HE]. Thus, we obtain

i—1
M () — HE| < |[H(zim) — HE | +27Cef Z [H () — HE[6K

j Z

K
+276f({g0|x—xx|+<go+ >5K T} (88)
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Then, we consider the following difference equation: for i € supp (n) \ {i*},

i—1 _K
XE = XK, +27Ce®5% N XK 4 27K {go|:c_ zl + (50 + 2 ) 5 + 9026 } (89)
j=i¥
and X'k = [H(z;x) — HE| where € = max;eg €. By induction, X; > |H(z;) — M| for all

i € supp (n’). Hence, it suffices to show that, for all i € supp (n), XX converges to zero

as K — oo.
— — — — K K
Since limg o K0% < 00, Ke¥ < K§% < § for some § € (0,00) (c.f., eff = i Z5i*1).
Then, by X/, > X[, we have
K _K\ v K _K 91 Joe™
X < (1+27Ce™) X0, + 27¢€ {g0|x_ — T | + <go+ 4>5 —l—T}
- 1 — (1+ 2rCek)—if el
< (1+2rCe) =" XJ — ( +CT e) {g0|x_—xx|+<go+ >5K Te}
2705\ " 1 e
S(l-i- TK, ) {X§<+5(§O|QZ xK|+<go+ )5K T)} (90)

_ K B
Then, because 6% — 0,5 — 0, [z — 2;x] — 0, and <1 + %) — e¥% < 00 as K — o0,

we obtain

lim X/ =0 Vi< supp(n®) if  lim Xk =0. (91)
K—o0 K—o0 -
Because z_ > 0 by supposition, for sufficiently large K, z;x_; > 0 for which Aff(,l =0.
Since A(z_) = 0, we have Hf, | = H(x_), and thus

lim X < lim [|[H(ew) — Hi)| + [HE —Hfgy] < lim el =0 (92)

K—oo - K—oo

This and (91) yield the desired conclusion. m

Lemma A1l Let H(z) = h(A(z)) where X is an equilibrium such that supp (\) = (z_,z4).

dg(ia)) o g )

Then, under Assumption 2 and the linear interaction cost, g(H(x)), =" =

are

bounded over [x_,x].

Proof. It follows from Corollary 1 of Blanchet et al. (2016) that g(H(z)) = A(z) is continu-
ous in x at the equilibrium. In addition, g(H(x)) satisfies the population constraint. Thus,
g(H(z)) is bounded. Moreover, since dh(g‘(x =n ()\( NRE and it follows from (60) [resp.

dr
éw)) [resp. h/(A(z))] i d)‘( ) . Hence, 901=)

dx ’ dx

Assumption 2] that <
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is bounded over [z_,z]. Furthermore, differentiating (40a) with respect to =, we obtain

d*H(x)
da?

= 27g9(H(x)) Vo e [z, xq] (93)

This shows that diﬁgﬂ is bound over [z_,x,]. =
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