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1. Introduction

The evolution of economic agglomeration in cities is a vital factor of economic growth, and its study is an important topic
in economic geography.! An accepted scenario of this agglomeration is the self-organization of a few large cities from evenly
spread economic activities associated with the progress of transportation technology, trade liberalization, and economic
integration.

A question to be answered is, “Where and how is spatial agglomeration self-organized?” Where agglomeration occurs
was first studied in central place theory by Christaller (1933), who envisaged the self-organization of market areas of various
sizes in a two-dimensional space. How self-organization takes place was elucidated not by Christaller’s study, but by a study
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1 See, e.g., Clarke and Wilson (1985) and Munz and Weidlich (1990) for early studies of self-organizing patterns in geography and regional science.
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of Krugman (1991). He introduced the Dixit-Stiglitz model (1977) of monopolistic competition into spatial economics, and
modeled product market imperfections occurring in conjunction with increasing returns, transportation costs, and factor
mobility. Thereafter, this model blossomed into new economic geography, which is acknowledged as an important branch
of international, regional, and urban economics. The modeling, however, remained one-dimensional and the problem of
where agglomeration occurs is yet to be fully answered. The objective of this paper is to answer where and how economic
agglomeration takes place in a two-dimensional space based on a multi-disciplinary viewpoint of new economic geography,
central place theory, and bifurcation theory.

In central place theory of economic geography (Appendix A), Christaller (1933) envisaged self-organization of hexagonal
market areas of various sizes in an infinite uniform space in two steps: (1) formation of hexagons of a single size for a
single industry and (2) that of overlapping hexagons of various sizes for multi-industries. He demonstrated the dominance
of such self-organization in determining the distribution of central places in southern Germany, and his study contributed
to empirical investigations of several places, such as Snohomish County (Washington), Southwestern lowa, Southwestern
Ontario, the Niagara Peninsula, and so on (Dicken and Lloyd, 1990, pp.39-43). Sanglier and Allen (1989) used a dynamic
model based on central place theory and successfully calibrated the model with socio-economic data for Belgium, 1970-84.

Although “it (central place theory) is a powerful idea too good for being left as an obscure theory” (Fujita et al., 1999a),
this theory is based only on a normative and geometrical approach and is not derived from market equilibrium conditions.
To reinforce this theory not only from a geographical standpoint but also from an economic viewpoint, it is necessary to give
it the following two underpinnings: (i) a microeconomic mechanism for the location equilibrium and (ii) a two-dimensional
economic space.

An early attempt to provide central place theory with a microeconomic foundation was made by Eaton and Lipsey (1975,
1982), and a hexagonal distribution of mobile production factors (e.g., firms and workers) in two dimensions was shown
to exist as an economic equilibrium for spatial competition (Eaton and Lipsey, 1975). This, however, remained as a partial
equilibrium approach and did not investigate the stability of the equilibrium.

In new economic geography, analytical results for these models have been acquired mostly using simple geometries
of two places? and sometimes employing the racetrack economy,’ namely, an economy in which initially identical places
spread uniformly around the circumference of a circle. Most studies have dealt with a single industry, whereas a few have
developed a microeconomic mechanism for multi-industries (Fujita et al., 1999a; Tabuchi and Thisse, 2011).* Yet these
studies dealt only with one-dimensional economies and relied on the numerical simulation.

The racetrack economy, which is one-dimensional, can accommodate several patterns, and Krugman (1996, p. 91) inferred
the following based on the study of a racetrack economy:

I have demonstrated the emergence of a regular lattice only for a one-dimensional economy, but [ have no doubt that
a better mathematician could show that a system of hexagonal market areas will emerge in two dimensions.

The limitation of the one-dimensional economy and the need to extend core-periphery models into two dimensions
have come to be acknowledged, as cited by Neary (2001, p. 551): “Perhaps it will prove possible to extend the Dixit-Stiglitz
approach to a two-dimensional plain.” Stelder (2005) conducted a simulation of agglomeration for cities in Europe using a
grid of points. Barker (2012) extended the racetrack geometry to two dimensions, conducted a simulation, and compared it
with real cities. Although such naive simulations can yield some information on agglomeration patterns, it is not possible to
overcome several difficulties encountered in a two-dimensional economy, such as a plethora of multiple stable equilibria, and
theoretical classification and interpretation of these equilibria (Section 4). A firm theoretical basis to classify these equilibria
and a systematic methodology to set forth predominant ones must be established to derive implications for policy proposals.

The unification of central place theory and microeconomic mechanisms, which was first attempted by Eaton and Lipsey
(1975, 1982), seems to be in sight. Such unification is important in extending the horizon of new economic geography via
cross-fertilization with central place theory. As for the aforementioned two underpinnings for central place theory, the first
underpinning of a micro economic mechanism seems to have been satisfactorily constructed in new economic geography,
whereas the second underpinning of a two-dimensional economic space remains to be constructed.

A proper choice of a spatial platform is an important issue, and there are several candidates (cf., Golubitsky and Stewart,
2002):

¢ A continuous two-dimensional space without any discretization is an ideal spatial platform. Yet a continuous version of a
core-periphery model needs to be developed, and mathematical analysis of this space with large symmetry would become
very complicated.

2 There is a criticism that economic agglomerations, in reality, would emerge at more than two locations, as was stated by Behrens and Thisse (2007)
and was empirically evidenced by Bosker et al. (2010).

3 Agglomeration patterns of the racetrack economy were observed by Krugman (1993), Fujita et al. (1999b), Picard and Tabuchi (2010), Ikeda et al.
(2012a), and Akamatsu et al. (2012).

4 A one-dimensional continuous segment, termed the long narrow economy, was used by Fujita et al. (1999a), combining a core-periphery model for
multiple industries with an urban spatial economy. By comparative static analysis with respect to population size, they demonstrated the emergence of
an urban hierarchy. Tabuchi and Thisse (2011) studied the racetrack economy for the multi-industry model to produce Christaller-like spatial patterns.
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(a)4 x 4 regular triangular lattice (b) Spatially repeated

4 x 4 regular triangular lattices

Fig. 1. A system of places on a 4 x 4 regular triangular lattice with periodic boundaries. (a) 4 x 4 regular triangular lattice and (b) spatially repeated 4 x 4
regular triangular lattices.

e A square lattice can engender square, rectangular, and deformed triangular patterns, which are incompatible with hexag-
onal patterns of our interest.
e Aregular triangular lattice® can engender triangular, rectangular, and hexagonal patterns.

For this reason, a regular triangular lattice is employed as a two-dimensional economic space in the present study. A
finite regular triangular lattice consisting of a tightly packed set of regular triangles with periodic boundaries® is considered
(Fig. 1). The proposal of such a pertinent spatial platform engendering hexagonal distributions is one of the contributions of
this paper, whereas other patterns, such as square and rectangular ones, should be investigated in the future.

As an essential theoretical contribution of this paper, the existence of bifurcations that can engender Christaller’s hexag-
onal distributions is proved for core-periphery models with a single industry’ on a regular triangular lattice.® This is in a
sharp contrast to the search for bifurcating patterns of the racetrack economy (lkeda et al., 2012a; Akamatsu et al., 2012),
which failed to arrive at hexagonal patterns despite the use of a similar theoretical approach. Bifurcation properties, such
as the existence and classification of hexagonal bifurcating patterns, are herein presented. With the aid of these bifurcation
properties, stable equilibria are successfully found by comparative static analysis with respect to transportation costs for
two specific core-periphery models. The change of stable equilibria associated with a decrease of the transportation cost is
investigated in view of a trade-off between scale economies and transportation costs. The abrupt change of stable hexagonal
distributions with respect to the parameters is highlighted as a major finding of this paper.

As an important economic implication of this paper, the spatial period of regularly arrayed hexagons for Christaller’s
distributions is advanced as an important index for the size of the market area. Agglomeration is shown to lead to a system
with a larger spatial period when transportation cost decreases. The spatial period advanced herein thus offers a theo-
retical foundation for agglomeration shadow.® This paper is organized as follows. The governing equation for two specific
core-periphery models is presented in Section 2. The existence of bifurcating hexagonal distributions for a two-dimensional
economy is theoretically predicted in Section 3. Computational bifurcation analysis is conducted in Section4 to find sta-
ble equilibria for Christaller’s hexagonal distributions and to examine the economic interpretation of these distributions.
Technical details are given in Appendices.

5 In nonlinear mathematics, hexagonal distributions have been shown to exist on this lattice, which is often called the hexagonal lattice, for several
physical problems (Golubitsky and Stewart, 2002). In contrast, in central place theory, the infinite regular triangular lattice is suggested for use based on
geometrical discussion (Losch, 1940; 1954).

6 Since it is difficult in the framework of core-periphery models to deal with an infinite number of places on the infinite regular triangular lattice
analytically or numerically, a finite regular triangular lattice with periodic boundaries is used to express uniformity by avoiding heterogeneity due to the
boundaries and to express infiniteness by spatially repeating the finite lattice periodically to cover the infinite two-dimensional domain.

7 A simple modeling of a single industry is considered herein, as the formation of hexagonal patterns has yet to be accomplished even for this simple
modeling.

8 For example, in the convective motion of fluid in the Bénard problem, regularly arrayed hexagons are self-organized (e.g., Koschmieder, 1974). The
mechanism of this self-organization can be successfully explained by group-theoretic bifurcation analysis of the bifurcating solutions in a regular triangular
lattice (Golubitsky et al., 1988; Golubitsky and Stewart, 2002; Ikeda et al., 2012b).

9 Arthur (1990) stated: “Locations with large numbers of firms therefore cast an ‘agglomeration shadow’ in which little or no settlement takes place. This
causes separation of the industry.” See also Fujita et al. (1999b), loannides and Overman (2004), and Fujita and Mori (2005).
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2. Core-periphery models

As typical examples of core-periphery models with a single industry, let us consider the following two models, which
are endowed with analytical tractability.

(a) The FO model (Forslid and Ottaviano, 2003) that replaces the production function of Krugman with that of Flam and
Helpman (1987).

(b) The Pf model (Pfliiger, 2004) that replaces, in addition to the production function, the utility function of Krugman with
that of the international trade model of Martin and Rogers (1995).

2.1. Basic assumptions

The economy of these models is composed of K places (labeledi=1, .. ., K), two factors of production (skilled and unskilled
labor), and two sectors (manufacturing, M, and agriculture, A). Both H skilled and L unskilled workers consume two final
goods: manufacturing sector goods and agricultural sector goods. Workers supply one unit of each type of labor inelastically.
Skilled workers are mobile among places, and the number of skilled workers in place i is denoted by h; (Zf(:l h; = H).Unskilled
workers are immobile and equally distributed across all places with unit density (i.e., L =1 x K). Hence the population in place
iis equal to h; +1.

The transportation costs for M-sector goods are assumed to take the iceberg form. That is, for each unit of M-sector goods
transported from place i to place j( # i), only a fraction 1/¢;; <1 arrives. More concretely, the transport cost ¢;; between
places i and j is defined as ¢;; =exp(tDj;), where 7 is the transport parameter and Dj; represents the shortest transportation
distance between places i and j. (We define ¢;; =1.)

Core-periphery models follow two stages of equilibria: (i) market (short-run) equilibrium that is defined as the economic
state in which workers are assumed to be immobile among places, and (ii) spatial (long-run) equilibrium of the economic
state for mobile workers. The second stage, which is used in the derivation of the general form of the governing equation, is
dealt with in Section 2.2, while the first stage is presented in Appendix B.2.

2.2. General form of spatial equilibrium conditions

Although diverse core-periphery models have been developed on the basis of an ensemble of economic principles and
assumptions, it is possible to present a general form of spatial equilibrium as explained below.

The population h; of skilled workers at the ith place is chosen as an independent variable, and the vector h=(hy, ..., hg)"
is defined. As is customary in comparative static analysis, the transport parameter, say t, is chosen as the main parameter.

In the description of the spatial equilibrium of core-periphery models, the adjustment dynamics is considered

— = =F(h(t), 7) (1)

with some appropriate function F(h, 7). A stationary point of this adjustment dynamics (1) is defined as h = h(t) that satisfies
the spatial equilibrium condition:

F(h,7)=0. (2)

The stability of a solution h to (2) can be defined in relation to the associated dynamical system (1), and the solution is
termed linearly stable if every eigenvalue of the Jacobian matrix J(h, T)= OF/0h has a negative real part, and linearly unstable
if at least one eigenvalue has a positive real part.

As a specific functional form of F(h, ), we employ

F(h, )= HP(v(h, 7)) - h, (3)
where H = Zg;h,— is the total sum of the mobile population and P(v) = (P;, ..., Px)" is the choice function vector, which is
a function of the indirect utility function vector v = (v1, ..., vg)".

We employ the logit choice function P; = P;(v) given by

exp[ov;]
P(v) = ———F——, (4)
iy exploy]
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where 8 € (0, 00) is a positive parameter.!? The adjustment process described by (1) and (3) with (4) is the logit dynamics.'! In
the limit of a 0— oo, the spatial equilibrium condition (2) with this logit choice function reduces to the following well-known
complementarity condition:

(vi(h,t)-v)h; =0, vi(h,7)-v<0, h>0, i=1,... K,

K
Zh,- ~H=0.
i=1

Here, v is the equilibrium utility.
The difference of models can be ascribed to the difference of the form of the function v;(h, 7). For example, a concrete
form this function for specific models is given in (A.11) in Appendix B.

3. Bifurcation of a regular triangular lattice: theoretical analysis

As an essential theoretical contribution of this paper, Christaller’s hexagonal distributions are proved to exist as bifur-
cating solutions in an economy on a regular triangular lattice.'? The regular triangular lattice and Christaller’s hexagonal
distributions on this lattice are introduced in Section 3.1, and several important bifurcation properties are advanced in
Proposition 1 in Section 3.2.

3.1. Christaller’s hexagonal distributions in two-dimensional economic space

A regular triangular lattice with periodic boundaries is introduced as a spatial platform for the core-periphery models,
and Christaller’s hexagonal distributions on this lattice are presented.

3.1.1. Regular triangular lattice and Christaller’s hexagonal distributions

As a two-dimensional economic space, let us consider a finite regular triangular lattice with periodic boundaries compris-
ing uniformly spread n x n places (Fig. 1(a)). Goods are transported along the homogeneous transportation link of this lattice
connecting neighboring places by straight roads of the same length. By virtue of these periodic boundaries, the finite lattice
can be repeated spatially to cover an infinite two-dimensional space, and every place is linked to six hexagonal neighboring
places (Fig. 1(b)). This lattice can be considered as a discretized counterpart of the isotropic plain in central place theory.!?

Christaller’s hexagonal distributions, termed k=3, 4, and 7 systems, on the regular triangular lattice are shown in
Fig. 2(b)-(d). In central place theory (Appendix A), the k value has a geometrical implication in that it is proportional to
the size (area) of the hexagonal distribution and its square root vk is proportional to the shortest Euclidian distance L
between the first-level centers, i.e., the spatial period of these centers. Geometrically, it is shown that the spatial period L
takes some specific values (Appendix C.1 and Losch, 1940), such as
g=\ﬁ, k=1,3,4,7,9,12,13,16,19, 21,25, ..., (5)
where d is the distance between two neighboring places. The smallest value k=1 corresponds to the flat earth equilibrium
(uniform distribution). The next three smallest values of k = 3, 4, and 7 are associated with Christaller’s k=3, 4, and 7 systems,
respectively.

Remark 1. Letus consider Christaller’s k =3 system on the 3 x 3 regular triangular lattice shown in Fig. 3(a). This system has
the distribution of population h=(a,b,b;b,b,a;b,a,b)" in (A.15)in Appendix C.1, where a is the population for the first-level
centers and b is that for the second-level centers. This distribution is repeated spatially to arrive at the distribution for the
k=3 system in Fig. 3(b), which covers an infinite space. The hexagonal window in Fig. 2(b) is cut out from this distribution.
The k=4 system and k=7 system can be treated similarly. O

3.1.2. Euclidian distance and transportation distance

Recall that the distance D;; between places i and j for the transportation of goods must be defined in the core-periphery
models (Section 2.1). For the regular triangular lattice, this distance is measured along the shortest link of the lattice. On
the other hand, the spatial period L between neighboring first-level centers is measured by the Euclidian distance. These
two kinds of distances for these centers are the same for the k=4 system, but are different for the k=3 system and the k=7

10 In the spatial equilibrium, the skilled workers are assumed to be heterogeneous in their preferences for location choice; see, e.g., Tabuchi and Thisse
(2002), Murata (2003), and Akamatsu et al. (2012). The parameter 6 in (4) denotes the inverse of variance of the idiosyncratic taste, which is assumed to
follow the Gumbel distribution that is identical across places (e.g., McFadden, 1974; Anderson et al., 1992).

1 The logit dynamics has been studied in evolutionary game theory (e.g., Fudenberg and Levine, 1998; Hofbauer and Sandholm, 2007; Sandholm, 2010).

12 This proof is a generalization of a mathematical study (Ikeda et al., 2012b) conducted on a specific core-periphery model, the FO model (Appendix B).

13 The lattice satisfies Assumptions (i)-(iv) in Appendix A in a discretized sense.
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(c) Christaller’s k = 4 system (d) Christaller’s k = 7 system

Fig. 2. Hexagonal distributions on the regular triangular lattice (the larger circles represent the first-level centers and the smaller ones the second-level
centers). (a) Flat earth equilibrium (k= 1), (b) Christaller’s k=3 system, (c) Christaller’s k=4 system and (d) Christaller’s k=7 system.

system, as explained below. In this connection, it is convenient to classify the normalized spatial periods L/d into two kinds:
normalized spatial periods of integer numbers and those of non-integer numbers.
For normalized spatial periods of integer numbers:

%:ﬁ:1,2,3,4,5,..., k=1,4,9,16,25, ..., (6)
two neighboring first-level centers are connected by a straight road along the regular triangular lattice; therefore, the
transportation distance and the Euclidian distance between neighboring first-level centers are the same. For example, for
the k=4 system (Fig. 2(c)), the straight line pp’ along the hexagonal grid comprises alternation of a first-level center and
a second-level center, and the transportation between neighboring first-level centers is conducted efficiently through a
straight road with the distance D;;/d=L/d=2. Such efficient transportation is termed the traffic principle in central place
theory (Appendix A).

555
"Q'Q'Q'Q’Q'

"0'.'0'0'.’
(a) 3 x 3 lattice pattern (b) Spatially repeated pattern

Fig. 3. The pattern for k=3 system obtained by repeating the pattern for 3 x 3 places (a>b). (a) 3 x 3 lattice pattern (b) Spatially repeated pattern
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Table 1

Existence of k=3, 4, 7 systems for several values of n (O denotes existence and x denotes non-existence).
n k=3 system k=4 system k=7 system
2 X O x
3 O X X
4 X O X
5 X X X
6 O O X
41 X X X
42 O O O
43 X X X

For normalized spatial periods of non-integer numbers:
g = V3,v7,V12,V13,V19,v21, ..., k=3,7,12,13,19,21,. .., (7)

two neighboring first-level centers are not connected by a straight road but by zigzag ones along the regular triangular
lattice; therefore, those two kinds of distances are not the same. For example, for the k=3 system (Fig. 2(b)), the spatial
period of L/d = +/3 is measured along the straight line qq’ that does not trace the hexagonal grid, and is shorter than the
transportation distance D;j/d =2 between those first-level centers. The traffic principle is not applicable in this case. A similar
discussion holds for the k=7 system in Fig. 2(d).

3.2. Bifurcations for Christaller’s hexagonal distributions

In proving the existence of bifurcations engendering Christaller’s hexagonal distributions for general core-periphery
models (Section 2.2), the following fact in Lemma 1 plays an important role.

Lemma 1. A symmetry condition, termed equivariance
T(g)F(h,7)=F(T(g)h,7), ge€GC, (8)

holds for the spatial equilibrium condition (2) of core-periphery models on the regular triangular lattice. Here, G denotes the group
in (A.17) that expresses the symmetry of the regular triangular lattice and T(g) is the permutation matrix defined by (A.21).

Proof. See Appendix C.3.2.

Lemma 1 enables application of the analytical results for bifurcating hexagonal patterns on the regular triangular lattice
to general core-periphery models presented in Section 2.2. These analytical results are summarized in the proposition below
(see Appendix C for the outline of the derivation of these results).

Proposition 1. Bifurcations from the flat earth equilibria of core-periphery models on the regular triangular lattice have the
following properties:

e Property 1 (flat earth equilibria): Flat earth equilibria are preserved until bifurcation when the transport parameter t is changed.
e Property 2 (existence): Bifurcating equilibria associated with Christaller’s k=3, 4, and 7 systems exist if and only if the size n of
the lattice is equal, respectively, to

3m, k=3system,
n=<{ 2m, k=4system, (9)
7m, k=7system

(m=1,2,...).
e Property 3 (bifurcating patterns): Each of the bifurcating paths for Christaller’s k=3, 4, 7 systems has a unique symmetry and
this symmetry is preserved until further bifurcation takes place.

The use of these properties in Proposition 1 in the computational bifurcation analysis (Section 4) to obtain Christaller’s
k=3, 4, and 7 systems is explained below.

Property 1 indicates that it is necessary to investigate the occurrence of bifurcation on the flat earth equilibria, e.g., by
eigenanalysis of the Jacobian matrix J of the spatial equilibrium condition (2).

Property 3 indicates the existence of a continuous solution curve of each system with a particular symmetry. (A more
detailed account of this symmetry can be found in Appendix C.2).

Eq. (9) in Property 2 gives a pertinent choice of size n of the regular triangular lattice. Table 1 gives a complete list of
hexagons for the k=3, 4, and 7 systems existing for several values of n. If we would like to observe each of these systems, small
lattice sizes of n=3, 2, and 7, respectively, are sufficient. Yet, as demonstrated in Section 4, it is of great economic interest to
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investigate the relative relations of the stable equilibria of these three systems on the same lattice. For such investigation, a
large lattice size of n=42 must be employed (Corollary 1 below). A larger lattice size of n=43, however, would not produce
any of those hexagons. Thus, a naive choice of lattice size must be avoided. This indicates the importance of the choice of a
pertinent lattice size n, and, in turn, the importance of the theoretical analysis presented as Property 2 above.

Corollary 1. The lattice of size n admits all of Christaller’s k=3, 4, and 7 systems as bifurcated equilibria if and only if n is a
multiple of 42, i.e,n=42m(m=1, 2, ...).

Proof. This follows from (9) and the fact that the least common multiple of 2, 3, and 7 is 42.
4. Bifurcation of the regular triangular lattice: computational analysis

In Section 3, the hexagonal distributions for Christaller’s k=3, 4, and 7 systems are theoretically predicted to exist as
bifurcating equilibria in general core-periphery models on the regular triangular lattice. In this section, the actual existence
of hexagonal distributions is ensured by computational analysis of the two specific core-periphery models, the FO model and
the Pf model (Section 2), on the regular triangular lattice. A possible course of agglomeration of stable equilibria is presented.

Comparative static analysis with respect to transportation costs is conducted to obtain bifurcating hexagonal distributions
in Section4.1. The dependence of stability on transportation cost is studied in Section4.2. Robustness of the qualitative
behavior against parameter values is confirmed computationally in Section 4.3.

4.1. Bifurcating equilibria for hexagonal distributions

A 42 x 42 regular triangular lattice is used so as to ensure the co-existence of Christaller’s k=3, 4, and 7 systems and, in
turn, to investigate the transition of stable equilibria for these systems (Property 2 in Proposition 1 and Corollary 1 in Section
3.2).

The FO model and the Pf model have several parameters (Appendix B.1) that influence bifurcation phenomena. The
following set of parameter values that can engender hexagonal distributions for Christaller’s three systems is used. The
total number H of skilled workers is chosen to be H=42. The constant u expressing the expenditure share of manufactured
goods is u =0.4. The constant elasticity o of substitution between any two varieties is o =5.0. The inverse 6 of variance of the
idiosyncratic taste in (4) is =1000. The fixed input requirement « is & = 1.0. The length d of the link connecting neighboring
placesisd=1/n=1/42(Section 3.1). These parameter values satisfy the so-called no-black-hole condition (Fujita etal., 1999b):
(0 —1)]o=0.8>u=0.4. Robustness analysis for some parameter values is given in Section4.3.

Fig. 4 shows the curves of the maximum population hpax plotted against the transport parameter 7 obtained for the
FO model and the Pf model by comparative static analysis, where hmax =max(hy, ..., hg) (K=n?=42 x 42). The flat earth
equilibria corresponding to the horizontal line 00’ at hyax = H/n? = 1/42 ~ 0.024 are stable during OA shown by the solid line
(Property 1 in Proposition 1). Among a number of bifurcation points on these equilibria O0’, we specifically examine the
three bifurcation points A, B and C engendering Christaller’s k=3, 4, and 7 systems, respectively.'4 Secondary and tertiary
bifurcations from these three systems have produced k=9, 12, 21, 28, and 36 systems. By virtue of the size n of the lattice
being chosen as 42, equilibria with the five shortest spatial periods L/d = vk (k=3, 4, 7,9, 12) in (5) are successfully found.
The shapes of the bifurcated curves for the FO model and the Pf model are similar, possibly due to the similar microeconomic
mechanisms of agglomeration and dispersion of these models.

The population distributions on the bifurcated curves for k=3, 4, and 7 systems for the FO model are shown in hexagonal
windows of Fig. 4(a) (the hexagonal distributions for the Pf model are almost identical). The area of a circle indicates the size
of the population at the associated place. The first-level centers are evenly scattered and are equidistant from each other,
and each first-level center is surrounded by six regular-hexagonal second-level centers. It is possible to define the market
areas of first-level centers. These patterns are exactly the same as those in central place theory in Fig. 2 that were envisaged
based on normative and geometrical considerations. The emergence of the tilted hexagonal distribution for the k=7 system
(curve CHI) that is directed in a different direction than the lattice is the most phenomenal finding of this paper.

4.2. Dependence of stability of equilibria on transportation cost
Stable equilibria, shown by the solid curves in Fig. 4, are of most economic interest, and are discussed in detail.

4.2.1. Change of stable hexagonal distributions

All bifurcating equilibria are unstable just after bifurcation (e.g., curve AD), regain stability near flat parts of the curves
(e.g., point D), and become unstable at some bifurcation points on these flat parts (e.g., point E), except for the k=4 system in
the Pf model that is unstable throughout. Accordingly, stable equilibria for each system have an associated range of transport

14 As expounded in Appendix C, these bifurcation points can be classified by their multiplicity M, which is the dimension of the kernel space of the Jacobian
matrix J of the spatial equilibrium condition (2). The three bifurcation points A, B, and C, respectively, with M =2, 3, and 12 can be chosen as the ones which
produce Christaller’s k=3, 4, and 7 systems.
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Fig. 4. Solution curves (the maximum population hpmax versus the transport parameter t curves) for the 42 x 42 regular triangular lattice computed for
the FO model and the Pf model (solid curve: stable; dashed curve: unstable; M is the multiplicity of the bifurcation point (footnote 14); dotted arrow:
dynamical shift). (a) FO model (b) Pf model.

parameter 7. For example, the k =3 system has the stable range of 7¢ < 7 < 7p. This range tends to shift toward smaller 7 for a
larger k, showing a trade-off between transport cost and the size of a system. Relatively wide ranges of stable equilibria are
observed for k=3, 7, and 12 systems. In contrast, relatively short ranges are observed for k=4, 9 and 36 systems.

Since the stability properties of equilibria are similar in both models, we hereafter consider only the Pf model. When
the transport parameter t decreases from a very large value, the change of stable equilibria of several distinct stages can be
observed in both models.

¢ Predominance of the flat earth equilibria (t > 7p): The flat earth equilibria are the only stable ones, and agglomeration is
yet to take place.

¢ Dynamical shift!> to the k=3 system (7 < T <Tp): The flat earth equilibria cease to be stable and the equilibria for the k=3
system become stable. A dynamical shift from A to D’ is inevitable to engender agglomeration.

15 When a stable solution curve becomes unstable at a critical point where a stable bifurcated curve does not exist, the stable curve often shifts dynamically
to another stable one. This is called dynamical shift.
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(a) k =7 system (b) k= 12 system

Fig. 5. Conceivable migration of population in the shift from the k=3 system to (a) the k=7 system and to (b) the k=12 system (The size of an arrow
indicates the amount of movement; the small circle is the first-level center for the k =3 system and the large one for the k=7 or 12 system.). (a) k=7 system
(b) k=12 system.

e Predominance of the k=3 system (7y <7< 74): The equilibria for the k=3 system are the only stable ones.

e Coexistence of the k=3 system and k=7 system (tg<t<Tty): Only the k=3 system and the k=7 system have stable
equilibria, and the equilibria for the k = 3 system can dynamically shift to those for the k=7 system under some disturbances.

¢ Thereafter, k=12, 9, 21, 28, and 36 systems become stable in this order.

In an early stage of agglomeration with high transportation cost, the k=3 system serves as the most important agglom-
eration pattern that takes place first and remains predominant until the emergence of the stable k=7 system. The next
important one is the k=7 system that coexists with the k =3 system as stable equilibria.

A possible early course of change of stable equilibria in association with the decrease of the transport parameter 7 is

k=1system =— k=3system =— k=7 system
Ny k=12 system

where = and \I denote occurrences of dynamical shifts. The migration of population that is expected to take place in
the shift from the k=3 system to the k=7 system is illustrated in Fig. 5(a) and to the k=12 system in (b). The population
of the first-level centers of the k=3 system (small circles) migrates to those of the k=7 or 12 system (large circles). Such
information on the migration would give us important economic implications for policy proposals, such as the determination
of the location for public investment.

Intuitively, the size of the market area (see Fig. 6) for firms is determined by a trade-off between transportation costs and
scale economies. Namely, firms at a place with a small market area enjoy a large merit of the reduction of transportation
costs at the expense of small scale economies. In contrast, firms at a place with a large market area enjoy a large merit of
scale economies at the expense of large transportation cost. When the transportation cost is large, the merit of the reduction
of transportation costs is more important, and the k=3 system with the smallest market area becomes more advantageous.
When the transportation cost is small, the merit of scale economies is more important, and the k=7 system with a larger
market area becomes more advantageous. Such a trade-off prevails for systems with large values of k=12, 21, 28, and 36.

4.2.2. Analogy between two-dimensional economy and two-place economy
It is noteworthy that the equilibria OADE in Fig. 4 associated with the first bifurcation comprise three stages:

e Stable pre-bifurcation stage with the (uniform) population distribution on the flat solution curve OA, which loses stability
at the bifurcation point A.

e Unstable bifurcating stage with quickly changing population distribution on the rapidly ascending solution curve AD.

¢ Stable post-bifurcation stage with almost constant population distribution on the bifurcating curve DE, which loses stability
at another bifurcation point E.

Three such stages are also observed for other bifurcating equilibria in Fig. 4, and there are several common features: The
population distribution in stable equilibria tends to be preserved, whereas bifurcation is the trigger for a loss of stability
leading to the stage of unstable and rapid population change.
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k = 3 system (ADE) k = 4 system (BFG) £k =7 system (CHI)
Fig. 6. Market areas for k=3, 4, 7 systems (indicated by the dashed lines). k=3 system (ADE). k=4 system (BFG). k=7 system (CHI).

Let us now shift attention to a two-place economy consisting of Place 1 and Place 2 (Fujita et al., 1999b). Figure 7
shows the population versus transport cost curves of this economy of Krugman model (1991) obtained numerically. The
aforementioned three stages are observable also in this economy as follows:

¢ Stable uniform equilibria with a constant population (h1 =hy =1/2) on the flat solution curve OA.
e Unstable transient state with a rapid population change on the bifurcated path AE (0<h; <1/2<h;<1).
¢ Another stable equilibria representing a core—periphery pattern on the bifurcated path EF ((hy, hy)=(1, 0)).

Thus, the agglomeration behavior of the economy on the regular triangular lattice, despite its complexity, is analogous
to that of the two-place economy, which is used as the prototype geometry in the calibration of core-periphery models of
various kinds.

4.3. Robustness against parameter values

The robustness of the existence of bifurcating hexagonal distributions for Christaller’s three systems is demonstrated
against the change of the following two parameters that affect the agglomeration and dispersion: (1) The expenditure share
w of manufactured goods, and (2) the elasticity o of substitution between any two varieties. Let us focus on the direct
bifurcations producing k=3, 4, and 7 systems. Fig. 8 shows solution curves computed for the FO model for several values of
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Fig. 7. Break bifurcation of the two places of the Krugman model (¢12 =1/(1 — 7); solid curves: stable, dotted curves: unstable, O: bifurcation point, 1t =0.4,
0=5.0).
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Fig. 8. Robustness of the computed results against the values of parameter p of the utility function and constant elasticity o of substitution between any
two varieties (solid curve: stable; dashed curve: unstable). (a) (i, 0)=(0.2, 5.0), (b) (i, 0)=(0.6, 5.0), (c) (1, 0)=(0.4,7.5) and (d) (i, o) =(0.4, 2.5).

(u, o), which are to be compared with the standard case in Fig. 4 with (u«, 0)=(0.4, 5.0). The bifurcating curves for the k=3,
4, and 7 systems exist for all values of (i, o) although the locations and shapes of these curves vary with parameter values.
This suffices to demonstrate the robust existence of the distributions for those systems on the regular triangular lattice.

In addition, the influence of the increase of i can be seen from Fig. 8(a) with i = 0.2 and (b) with u = 0.6 (both with o =5.0):
The higher © enhances the expenditure share of manufactured goods, thereby accelerating agglomeration—increasing the
T values at the bifurcation points. In contrast, the lower o leads to greater differentiation of the variety of products, thereby
accelerating agglomeration (Fig. 8(c) with 0=7.5 and (d) with o =2.5 (both with ©=0.4)). Thus, the agglomeration and
dispersion properties are dependent on parameter values.

5. Conclusion

For core-periphery models in new economic geography, self-organization of hexagonal population distributions for
Christaller’s k=3, 4, and 7 systems in central place theory was investigated in this paper. The existence of those three
distributions was proved and stable equilibria were actually found by computational bifurcation analysis. This confirms the
prediction by Krugman (1996) of the emergence of a system of hexagonal market areas in two dimensions, thereby paving
the way for cross-fertilization between central place theory and new economic geography. The emergence of the tilted
hexagonal distribution for the k=7 system that is directed in a different direction than the regular triangular lattice is the
most phenomenal finding.
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Dependence of stable equilibria on the transportation cost was investigated in view of scale economies. When the trans-
portation cost is large, the merit of the reduction of the transportation cost for the k=3 system becomes predominant in
comparison with the merit of scale economies for the k=7 system with a larger market area, and vice versa when it is
small. The results of this investigation offer a theoretical foundation for agglomeration shadow (Arthur, 1990; Fujita et al,,
1999b; loannides and Overman, 2004; Fujita and Mori, 2005). In the future, the agglomeration shadow should be empirically
examined based on the study of two-dimensional economy.

For a single industry, we constructed a theoretical foundation and conducted numerical analysis based on microeconomic
underpinnings, the idea of Losch (1940), and some admittedly bold assumptions. In the future, this study should be extended
to be applicable to multiple industries so as to verify Christaller’s hierarchical principle, and to investigate the economic
implications of the agglomeration on the regular triangular lattice in detail.
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Appendix A. Christaller’s hexagonal distributions: a review

In central place theory, the flat earth, a completely homogeneous infinite two-dimensional land surface, is introduced
based on several simplifying assumptions: (i) The land surface is completely flat and homogeneous in every aspect. It is, in
technical terms, an isotropic plain. (ii) Movement can occur in all directions with equal ease and that there is only one type
of transportation. (iii) The plain is limitless or unbounded, so that complexities that tend to occur at boundaries do not need
to be dealt with. (iv) The population is spread evenly over the plain.

Central place theory is developed in two steps:

(1) In the first step, for a single industry, market areas must be hexagonal in order to minimize transportation costs for a
given density of central places (Losch, 1940).

(2) In the second step, for a hierarchical structure of industries with different sizes of demand, there emerges a nested set
of hexagonal market areas, which leads to the emergence of hierarchical hexagonal distributions of the population of
places, such as cities, towns and villages (Christaller, 1933).

For production of bundles of goods, many levels in the hierarchy of central places appear. (Dicken and Lloyd, 1990, p. 28)
stated the following:

“Christaller’s model, then, implies a fixed relationship between each level in the hierarchy. This relationship is known
as a k value (k meaning a constant) and indicates that each center dominates a discrete number of lower-order centers
and market areas in addition to its own.”

Christaller’s k=3, 4, and 7 systems are explained by market, traffic, and administrative principles, respectively (Christaller,
1933; Dicken and Lloyd, 1990):

For the k=3 system in Fig. 2(b), two neighboring first-level centers are connected by two kinked roads each of which
passes a second-level center at the kink. This system is explained by Christaller’s market principle of supplying the maximum
number of evenly distributed consumers from a minimum number of central places.

For the k=4 system in Fig. 2(c), two neighboring first-level centers are connected by a straight road that passes a second-
level center in agreement with Christaller’s statement: “The traffic principle states that the distribution of central places is
most favorable when as many important places as possible lie on one traffic route between two important towns, the route
being as straightly and as cheaply as possible.”

The distribution for the k=7 system in Fig. 2(d) agrees with Christaller’s administrative principle: “The ideal of such a
spatial community has the nucleus as the capital (a central place of a higher rank), around it, a wreath of satellite places of
lesser importance, and toward the edge of the region a thinning population density—and even uninhabited areas.”

Appendix B. Market equilibrium of core-periphery models
Two core-periphery models, the FO model and the Pf model, are introduced.
B.1. Basic assumptions

Preferences U over the M- and A-sector goods are identical across individuals. The utility of an individual in place i is

[FOmodel] UM, cA)=uInCM+(1-pw)InCh  (0<p<1), (A.1a)
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M A M A
[Pf model] uiGh, ¢ =punG" + G (u > 0), (A.1b)

where 1 is a constant parameter, C;‘\ is the consumption of the A-sector product in place i, and C,M is the manufacturing
aggregate in place i, which is defined as

o/(o-1)

nj
=1y / gi(0)\ V7 de ,
. 0
J

where g;i(£) is the consumption in place i of a variety £ € [0, n;] produced in place j, n; is the continuum range of varieties
produced in place j, often called the number of available varieties, and o > 1 is the constant elasticity of substitution between
any two varieties. The budget constraint is given as

nj
pich+> / pi()g;i(E)dE =Y, (A2)
. 0
J

where p{\ is the price of A-sector goods in place i, p;(£) is the price of a variety £ in place i produced in place j and Y;
is the income of an individual in place i. The incomes (wages) of skilled workers and unskilled workers are represented,
respectively, by w; and wl!-.

An individual in place i maximizes (A.1) subject to (A.2). This yields the following demand functions:

Y; Y; P77y
FO model CA=(1-p)—L, CM—p-t, H(0) = p , A3a
[ ] Pt = M)P? P=ny q;i(£) ,U«pﬁ(g)g (A3a)
Y; pA pApo1
Pfmodel cA=-L_yp, M= p-L, ()= p Lt A3b
[ ] = ® ; Mpi g;i(£) upﬁw)g (A.3b)

where p; denotes the price index of the differentiated product in place i, which is

1/(1-0)

1
pi = Z /0 pii(€)! ~7ae : (A4)
J

Since the total income and population in place i are w;h; + wiL and h; +1, respectively, we have the total demand Q;;({) in
place i for a variety £ produced in place j:

o—1
[Fomodel]  Qu(€) = ,Lpi‘f l( o (v + wh), (A52)
ji
phoy!
[Prmodel] Q) = i Lt (1) (A5b)
ji

The A-sector is perfectly competitive and produces homogeneous goods under constant-returns-to-scale technology,
which requires one unit of unskilled labor in order to produce one unit of output. For simplicity, we assume that the A-
sector goods are transported between places without transportation cost and that they are chosen as the numéraire. These
assumptions mean that, in equilibrium, the wage of an unskilled worker w,.L is equal to the price of A-sector goods in all
places (i.e., pA = wh =1 foreachi=1,...,K).

The M-sector output is produced under increasing returns to scale technology and Dixit-Stiglitz monopolistic compe-
tition. A firm incurs a fixed input requirement of « units of skilled labor and a marginal input requirement of § units of
unskilled labor. That is, a linear technology in terms of unskilled labor is assumed in the profit function. Given the fixed input
requirement «, the skilled labor market clearing implies n; = h;/«e in equilibrium. An M-sector firm located in place i chooses
(pii(€£)1j=1, ..., K) that maximizes its profit

T(0) =Y pi(£)Q4(0) — (aw; + Bxi(0)) ,

J

where x;(£) is the total supply.
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Recall that the transportation costs for M-sector goods are assumed to take the iceberg form. That is, for each unit of
M-sector goods transported from place i to place j( i), only a fraction 1/¢;; <1 arrives (¢; =1). Consequently, the total
supply x;(£) is given as

0= ¢;Q;0). (A6)
J

Since we have a continuum of firms, each firm is negligible in the sense that its action has no impact on the market (i.e., the
price indices). Therefore, the first-order condition for profit maximization yields

Lﬁ]@j. (A7)

p;i(6) = ——

This expression implies that the price of the M-sector products does not depend on variety £, so that Q;(£) and x;(£) do not
depend on £. Therefore, the argument £ is suppressed in the sequel. Substituting (A.7) into (A.4), we have the price index

1/(1-0)
op 1
pi= 1 &Zhjdﬁ , (A8)
J

where dj; = ¢j1l."’ is a spatial discounting factor between places j and i; from (A.5) and (A.8), dj; is obtained as (p;;Q;;)/(piiQii),
which means that d;; is the ratio of total expenditure in place i for each M-sector product produced in place j to the expenditure
for a domestic product.

B.2. Market equilibrium
In the short run, skilled workers are immobile between places, i.e., their spatial distribution (h = (h;) € RX) is assumed
to be given. The market equilibrium conditions consist of the M-sector goods market clearing condition and the zero-profit

condition because of the free entry and exit of firms. The former condition can be written as (A.G). The latter condition
requires that the operating profit of a firm be absorbed entirely by the wage bill of its skilled workers:

wi(h, ) Zpl]Qq (h,T)— Bx;(h,T) 5 . (A.9)

Substituting (A.5), (A.6), (A.7), and (A.8) into (A.9), we have the market equilibrium wage:

[FOmodel]  wj(h, 7) = “Z Wi, Dy + 1), (A.10a)

Aj(h

[Pfmodel]  wi(h, T) = “Z S+, (A.10b)

Aj(

where Aj(h, T)=> dyihy denotes the market size of the M-sector in place j. Consequently, d;j/ Aj(h, T) defines the market
share in place j of each M-sector product produced in place i.

The indirect utility v;(h, t), given the spatial distribution of the skilled workers, is obtained by substituting (A.3), (A.8),
and (A.10) into (A.1) and by putting S;(h, )= u(o —1)"1In A;(h, 7):

[FO model] vj(h, t) = Si(h, T) + In[w;(h, T)], (A.11a)

[Pfmodel] vi(h, ) = Si(h, T) + w;(h, ). (A.11Db)

Appendix C. Bifurcation analysis for the n x n regular triangular lattice

In this appendix, we outline a procedure of group-theoretic bifurcation analysis to arrive at bifurcation from the uniform
equilibria on the regular triangular lattice, as an adaptation of I[keda et al. (2012b).

C.1. Regular triangular lattice and hexagonal distributions
The isotropic plain in central place theory is endowed with uniformity (Appendix A). In order to express uniformity, let

us introduce a finite regular triangular lattice in the xy-plane comprising uniformly distributed n x n places with periodic
boundaries (Fig. 1(a) for n=4).
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A place is allocated at each node of the regular triangular lattice, expressed by
p=nid;+nxdy, ny,mp=1,...,n,

where £1=(d,0)" and £, =(-d/2, d\/§/2)T are oblique basis vectors. Two neighboring places are connected by a straight
road with nominal length d, as shown in Fig. 1(a) for a 4 x 4 regular triangular lattice.

Equilibria of various kinds branch from the uniform (flat earth) equilibria on the regular triangular lattice. If an equilibrium
has two-dimensional periodicity, then we can set a pair of independent vectors (t1, t) such that the equilibrium remains
invariant under the translations along these vectors.

Among a plethora of patterns of equilibria on this lattice, we focus on hexagonal ones, which are given by

ti =al + /3!2, t) = —,B€1 + (o — ,3)!2, (A12)
where « and S are positive integers and the angle between t; and t; is 277/3. The spatial period is given by L=| t{ || =] t; ||,
and we have

L/d= \/(a—ﬁ/2>2+<ﬁﬁ/2>2 = o2 —ap+ p2. (A13)
We introduce a positive integer

k=a®—af+ B>, (A14)
which can take some specific values, such as 1, 3,4, 7, ... .. The values of (¢, ) for k=1, 3, 4, and 7 are given uniquely as

(1,0) : uniformdistribution (k = 1),
(2,1): k=3system,
(2,0): k=4system,
(3,1): k=7system.

(aa ﬂ) =

Then (A.13) with (A.14) gives Losch’s formula (5). The spatial period vectors are given by

(41, 42): uniform distribution (k = 1),
(2€; + 45, —€; +45): k=3system,

(t1,t2) =
(2¢4,243): k = 4 system,

(381 + 45, €1 +245): k=7system.

The population distribution h for Christaller’s k=3, 4, and 7 systems can be given as

(a,b,b;b, b, a;b,a,b)", for k = 3 system (n = 3),

p_ ) (@ bibb), fork = 4 system (n = 2), (A15)
(a,b,b,b,b,b,b;b,b,b,a,b,b,b;b,b,b,b,b,b,a;b,b,a,b,b,b,
b;b,b,b,b,b,a,b;b,a,b,b,b,b,b;b,b,b,b,a,b, b)T, fork = 7 system (n = 7),

where a and b are nonnegative.
C.2. Symmetries of hexagonal distributions
The regular triangular lattice is invariant with respect to the following four transformations
r: counterclockwise rotation about the origin at an angle of r/3,
s: reflectiony — —y,
(A.16)

p1: thedq-axis(i.e., thex-axis),

p2 : periodic translationalong the £,-axis,
and its symmetry is characterized by the group generated by those four transformations:

G={r,s,p1,p2). (A17)
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Among many subgroups'® of G=(r, s, p1, p2), which express partial symmetries of the regular triangular lattice, we are
interested in those subgroups expressing hexagons for Christaller’s k=3, 4, and 7 systems:
(r,s,p2p2,p;'p2) fork = 3system,
G =< (r,5,p%,p3) for k = 4 system, (A.18)
(r,p3p2,py'p3)  fork =7system.

From the translational symmetry, we can derive a compatibility condition for the size n of the regular triangular lattice
for a specified k value:

e For k=3 with («, 8)=(2, 1), we have (p%pz) X (p1_1pz)71 = p?, which represents a translation in the direction of the £ {-axis
at a length of 3d; accordingly, n must be a multiple of 3.
* For k=4 with (&, 8)=(2, 0), the symmetry of p? and p3 implies that n is a multiple of 2.

* For k=7 with (&, 8)=(3, 1), we have (p3p, 2 x (pﬂp%f1 = p7, from which follows that n is a multiple of 7.
C.3. Symmetry of bifurcating equilibria
A procedure to determine the symmetry of bifurcating equilibria is explained.

C.3.1. Outline

The equilibria (solutions) of the spatial equilibrium condition (2) are divided into ordinary points and critical points,
according to whether its Jacobian matrix ] = (J;;) = (8Fi/8hj), which is a K x K matrix, is nonsingular or singular. A critical point
is further classified into a bifurcation point and a limit (local maximum or minimum) point of .

The symmetry-breaking bifurcation has several properties:

¢ Property 1: The symmetry of the equilibrium points is preserved until branching into a bifurcated curve.

e Property 2: The symmetry of equilibria on a bifurcated path is labeled by a subgroup, say G, of the group G.

e Property 3: In association with repeated bifurcations, one can find a hierarchy of subgroups G— G; — G, — - -- that
characterizes the hierarchical change of symmetries. Here — denotes a bifurcation.

C.3.2. Proof of equivariance of core-periphery models
The equivariance (8) (Lemma 1)
T(g)F(h, ) = F(T(g)h, ), geG (A.19)
is proved for the group G=(r, s, p1, p2) in (A.17) and
F(h,t)=HP(w(h,t))—h (A.20)

in (3) for core-periphery models.

As a preliminary, we investigate the symmetry condition of the functions v(h, t) and P(v) in these core-periphery models
on the n x nregular triangular lattice. On this lattice, each element g of G acts as a permutation among place numbers (1, ...,
K) with K=n? places. Let T(g) be a permutation matrix, expressing the permutation

i it (A.21)
of place numbersi=1, ..., Kcaused by ge G. The action in (A.21) entails
hi = h,’* , Vi VUjx, Pi (=g Pi* , (A22)

which are expressed, respectively, by the same permutation matrix T(g) as
T(g)h, T(gw, T(g)P. (A23)

The symmetry conditions for the indirect utility function vector v(h, t) and the choice function vector P are given in the
following lemma.

Lemma 2. The indirect utility function vector satisfies the symmetry condition

T(g(h, t) =v(T(g)h,7), geC. (A24)

16 A subgroup of a group G is a subset of G that forms a group with respect to the operation in G and expresses the partial symmetry of the one represented
by G.
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The choice function vector satisfies the symmetry condition

T(g)P(v) = P(T(g)v), geG. (A.25)
Proof. The symmetry condition (A.24) is proved as follows. The action of g on the vector v(h, 7) is expressed as

g:(r(h,1),..., v,—(hl, T),..,vx(h, 7))~ (..., v,—(T(é)h, 7),...),

in which the components of h and those of v are simultaneously permuted by g: i~ i". This means that the indirect utility
at the i"th place, which is v;: (h, T) before the action of g, is expressed as v;(T(g)h, T) after this action. Since the utility before
the action and that after the action must be identical, we have

vi(h, T) = vi(T(g)h, T), geG, (A.26)

which shows (A.24). The condition (A.25) can be shown by the explicit form (4) of the function P(v).
From (A.24) and (A.25) in Lemma 2, we have

T(g)P(v(h, 7)) = P(T(g)v(h, 7)) = P(u(T(g)h, 7)), geGC.
Therefore, we have

T(g)F(h, T) = HP(/(T(g)h, 7)) - T(g)h = F(T(g)h, 7), ge<GC.
This proves the equivariance (A.19).
C.3.3. Method of group-theoretic bifurcation analysis

The group-theoretic bifurcation analysis at a critical point, say (hc, t¢), of multiplicity M (>1) proceeds as follows. The full
system of equations (2), F(h, t)=0 in h, can be reduced,'” in a neighborhood of (h¢, (), to a system of M equations

Fiw,)=0 (A27)

in an M-dimensional vector w, where F is an M-dimensional function vector and = ¢ — t. denotes the increment of 7. The
reduced system (A.27) is called the bifurcation equation. In this reduction process, the equivariance of the full system, which
is formulated in (A.19), is inherited by the reduced system (A.27) in the following form:

T(e)F(w,7)=F(T(g)w,T), geG, (A28)

where T is the subrepresentation of T in the M-dimensional kernel space of the Jacobian matrix at the critical point (he, 7c).
It is this inheritance of symmetry that restricts F to be a special form.

The reduced equation F = 0 in (A.27) with such a special form is to be solved for w as w = w(%). Since (w, T) = (0, 0) is a
critical point of (A.27), there can be many equilibria w = w(7) with w(0) = 0, which give rise to bifurcation. Each w uniquely
determines an equilibrium h of the full system (2). The symmetry of h can be computed in terms of the symmetry of the
corresponding w and is expressed by a subgroup of the group G.

The symmetry of h is represented by a subgroup of G defined by

S(h;G,T)= (g € G| T(g)h = h}, (A.29)

called the isotropy subgroup of h. The isotropy subgroup X(h) can be computed in terms of the symmetry of the corresponding
w as

S(h;G, T)=X(w;G,T), (A.30)
where
Sw;G,T)={geG|T(g)w=w). (A.31)

The relation (A.30) enables us to determine the symmetry of bifurcating solutions h through the analysis of bifurcation
equations in w.

C4. Simple example

The method described in Section C.3 is illustrated here for the two-place economy (Fujita et al., 1999b). Consider Place 1
and Place 2 with a population of hy and h, (K=2), respectively, that satisfy the conservation law h; + hy =1 of population.

17 This reduction is the standard procedure called the Liapunov-Schmidt reduction with symmetry (Sattinger, 1979; Golubitsky et al., 1988).
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These two identical places are invariant with respect to the reflection s that permutes Place 1 and Place 2, as well as the
identity element e that leaves everything unchanged (s2 =e). That is, the symmetry of the two-place economy is described
by a group of reflection G = {e, s}. The action of this group is represented by matrices

T(e)= (1) ﬂ T(s) = [(1) (1)}

The equivariance condition (cf., (A.19)) reduces to

0 1] |Fi(hy, hy, 1) 0 1] M

=F( , T),
1T 0] | Fy(hy, ha, 7) 1.0]|h
which is equivalent to

Fy(hy, hy, T) = Fi(hz, hy, 1),
Fi(hy, hy, T) = Fy(hy, hy, 7).

(A32)

The pre-bifurcation flat earth (uniform) equilibria take the form of (hq, hy, 7)=(1/2, 1/2, 7). On these equilibria, a critical
point (he, T¢)=(1/2, 1/2, T¢) might be encountered at 7 = 7. for some 7. The variables w = h; — h, and T = 7 — . are defined,
and then, from F =(F;, F;)" =0 with the symmetry condition (A.32), the bifurcation equation (with M =1) can be obtained
(Ikeda and Murota, 2010, §7.2):

1+w) (1-w) 1+w) (1-w) 7)
2 2 2 02 7 (A33)

= W[A % + Bw? + (higher order terms)] = 0

F(w, T) = Fi( , T) = Fa(

(for some constants A and B). The equivariance condition (A.28) for the bifurcation equation is indeed satisfied with T given
by

Te)=1, T(s)=-1.
The bifurcation equation (A.33) has two kinds of equilibria:

w=0, flat earth equilibria (hy = hy),

T= —ng + (higher order terms), bifurcatedequilibria(h; # hy).
The pre-bifurcation flat earth equilibria w = 0 (h; =hy =1/2) have the reflection symmetry labeled G={e, s}, while the
bifurcating equilibria do not have any symmetry (labeled G’ = {e}).

C.5. Analysis by equivariant branching lemma

The emergence of Christaller’s hexagons can be proved by applying the equivariant branching lemma to the bifurcation
equation F(w, %) in (A.27); see, e.g., Golubitsky et al. (1988) for this lemma and related fundamental facts. It is known
that the bifurcation equation is associated with an irreducible representation of G and that the isotropy subgroup X(h) in
(A.29) expressing the symmetry of a bifurcated solution h is identical with the isotropy subgroup (w) in (A.31) of the
corresponding solution w for the bifurcation equation, i.e., ¥(h) = ¥(w), as shown in (A.30). A subgroup X is said to be an
isotropy subgroup if ¥ = ¥(h) for some h.

The analysis based on the equivariant branching lemma has the following steps:

1. Specify an isotropy subgroup ¥ of G for the symmetry of a possible bifurcating solution as well as an irreducible repre-
sentation T of G that can possibly be associated with the bifurcation point.
2. Obtain a fixed-point subspace Fix(X) for the isotropy subgroup X with respect to the irreducible representation T, where

Fix(Z) = {(w e RM | T(g)w = wforallg € . (A.34)

3. Calculate the dimension dim Fix(X) of this subspace.
4. If dim Fix(X)=1, a bifurcating solution with symmetry ¥ is guaranteed to exist generically by the equivariant branching
lemma.

In the present analysis, the above procedure is employed with ¥ =G for each G’ in (A.18) and for each irreducible
representation T of G; note that each G/, representing the symmetry of a Christaller’s hexagon, is an isotropy subgroup.
The dimension of T, which is equal (generically) to the multiplicity M of the critical point, is either 1, 2, 3, 4, 6, or 12.
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The main message is that such bifurcated equilibria do exist, and therefore these systems can be understood within the
framework of group-theoretic bifurcation theory. The hexagonal distributions for Christaller’s k=3, 4, and 7 systems emerge
from bifurcation points of multiplicity M=2, 3, 12, respectively, but not of M=1, 4, 6.

C5.1. k=3 system
When n is a multiple of 3, hexagonal patterns for Christaller’s k=3 system are predicted to branch from a bifurcation
point that is associated with the irreducible representation of G=(r, s, p1, p2) given by

Tr) = {1 0 cos(2mw/3) —sin(2m/3)

0 -1 sin(2m/3) cos(2w/3) | (A35)

~ 1 0| - ~
, I(s) = T =T =
ECEETE
Since this is two-dimensional, the multiplicity of the bifurcation point is M =2.
In the search for a bifurcating hexagonal distribution, let us follow the steps of the aforementioned analysis procedure

as follows:
1. Specify
¥ = (1,5, pip2. Py 'P2), (A.36)
which is an isotropy subgroup describing the symmetry of the hexagon for Christaller’s k=3 system in Fig. 2(b).
2. The fixed-point subspace Fix(X) in (A.34) with respect to T in (A.35) is given as
Fix(Z)={(weR? |w=c(1,0)", ceR}
because
Trw=w
holds if and only if w = ¢(1, 0)" for some ¢ € R, and

Tsw=w, Tpipw=w, T(p;'pw=w

are satisfied by all w, where we used the relations

T(p%pz)=T(p1>2T<pz>=[é ﬂ T(pﬂpz>=T(P1>‘1T<P2)=[:) ﬂ

3. dimFix(X)=1.
4. Since dim Fix(X)=1, a bifurcating solution with symmetry X in (A.36) exists by the equivariant branching lemma.

C5.2. k=4system
When n is a multiple of 2, hexagonal patterns for the k=4 system are predicted to branch from a bifurcation point that
is associated with the three-dimensional irreducible representation of G=(r, s, p1, p2) given by

0 01 001
Tr=11 0 of, Ts)=10 1 0]; (A.37)
010 100
-1 0 0 1 0 O
Tpy)=10 1 0 |, Tp2)=10 -1 0 |. (A.38)
0 0 -1 0 0 -1

The multiplicity of the bifurcation point is M =3.
The general procedure is applied to

T =(r,s,p%, p3), (A39)
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which is an isotropy subgroup expressing the symmetry of the hexagon for Christaller’s k=4 system in Fig. 2(c). The fixed-
point subspace Fix(X) in (A.34) with respect to T in (A.37) and (A.38) is a one-dimensional subspace of R3 spanned by (1, 1,
1)T. Then, by the equivariant branching lemma, a bifurcating path with the symmetry of (A.39) exists.

C5.3. k=7system

When n is a multiple of 7, hexagonal patterns for the k=7 system are predicted to branch from a bifurcation point
associated with a 12-dimensional irreducible representation. The multiplicity of the bifurcation point is M=12. It can be
shown, according to the aforementioned analysis procedure, that there exists a bifurcating solution with the symmetry

(r, p3p2, ' P3) (A40)
associated (see (A.18)) with the tilted hexagon for the k=7 system in Fig. 2(d). See Ikeda et al. (2012b) for details.
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