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Abstract

Self-organization of agglomeration patterns for core—periphery models in
new economic geography is investigated through dual viewpoints of central
place theory and group-theoretic bifurcation theory. A system of uniformly-
distributed places is modeled by a finite hexagonal lattice with periodic bound-
aries. Possible agglomeration patterns on this lattice predicted by group-
theoretic bifurcation theory are hexagonal distributions of various sizes. The
existence of the hexagonal distributions for the hexagonal lattice is ensured
and their stability is investigated by the comparative static bifurcation anal-
ysis with respect to transport costs. These distributions are the ones which
were envisaged by central place theory in economic geography based on a
normative and geometrical approach, and were also inferred to emerge by
Krugman (1996) in new economic geography for a core—periphery model in
two dimensions.
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1 Introduction

Self-organization of hexagonal population distributibfrem a uniformly inhab-

ited state was envisioned by central place theory in economic geography based on a
normative and geometrical approach. In new economic geography, it was inferred
to emerge by Krugman (1996) [29] for core—periphery models in two dimensions.
In this paper, we show the existence of such distributions for these models theoreti-
cally and demonstrate their existence computationally based on an interdisciplinary
study synthesizing three independent mainstreams: central place theory, new eco-
nomic geography, and group-theoretic bifurcation theory.

In central place theory of economic geograptsglf-organization of hexagonal
market areas of three kinds shown in Fig. 1 was proposed by Christaller (1966) [9]
based on market, tfizc, and administrative principles. The ten smallest hexagons
were presented as fundamental sizes of market area®$ghl(1954) [30]. The
assemblage of hexagonal market area witfedent sizes is expected to produce
hierarchical hexagonal distributions of the population of places (cities, towns, vil-
lages, etc.). This theory is accepted by geographers to present a deductive base for
the study of patterns of location. Yet it is based on a normative and geometrical
approach, and is not derived from market equilibrium conditfons.

In new economic geography, based on a full-fledged general equilibrium ap-
proach, Krugman (1991) [27] developed a core—periphery model, and demon-
strated that bifurcation serves as a catalyst to engender agglomeration of popu-
lation out of uniformly distributed state. This model expressed the microeconomic
underpinning of the spatial economic agglomeration, introduced the Dixit—Stiglitz
(1977) [14] model of monopolistic competition into spatial economics, and pro-
vided a new framework to explain interactions occurring among increasing returns,
transportation costs, and factor mobility. Thereafter, new economic geography
models sprung up worldwide, as reviewed in several books, such as Fujita et al.
(1999) [18], Brakman et al. (2001) [7], Baldwin et al. (2003) [3], and Combes et
al. (2008) [11].

Agglomeration patterns vary with models and with spatial configurations:

e The two-city model is studied extensively by virtue of its analytical tractabil-
ity. Two identical symmetric cities are in a stable state with high transport
costs, and when the costs are reduced to a certain level, a bifurcation triggers
a concentration to a single city by breaking the symmetry. The tomahawk
bifurcation that triggers a spontaneous concentration was observed, e.g., in
Krugman (1991) [27] and Fuijita et al. (1999) [18] for the Krugman model,
and in Forslid and Ottaviano (2003) [16] for an analytically solvable model.

A stable non-trivial equilibrium branching from a supercritical pitchfork was
observed by Piiger (2004) [35] for a simple, analytically-solvable model.

1See, e.g., Clarke and Wilson (1985) [10] and Munz and Weidlich (1990) [33] for early studies
of self-organizing patterns in geography and regional science.

2For books and reviews on central place theory, see, for examipdehl(1954) [30], Isard (1975)
[26], Beavon (1977) [4], and Dicken and Lloyd (1990) [12].

SFujita et al. (1999, p.27) [18] stated “Unfortunately, as soon as one begins to think hard about

central place theory one realizes that it does not quite hang together as an economic -model.
Christaller suggested the plausibility of a hierarchical structure; he gave no account of how individual
actions would produce such a hierarchy”
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Figure 1: Three systems predicted by Christaller (the area of a circle indicates the
size of population)

Yet economic agglomerations, in reality, can take place at more than two lo-
cations, as stated by Behrens and Thisse (2007) 48 as corroborated by
empirical evidence (Bosker et al., 2010 [6]).

e Racetrack economy, which represents a system of initially identical places
that spread uniformly around the circumference of a circle, has come to be
utilized as a spatial platform. A numerical simulation including 12 symmet-
ric cities of equal size revealed that the symmetric equilibrium often becomes
unstable (Krugman, 1993 [28]). Fujita et al. (1999) [18] identified the emer-
gence of several spatial frequencies by a local analysis (linearized eigen-
problem) of the racetrack economy. Picard and Tabuchi (2010) [36] studied
agglomeration to a finite number of places or atomic cities. A characteristic
process of spatial agglomeration, calkgshtial period-doubling bifurcation
cascadewas observed for*2places k is a positive integer) in Tabuchi and
Thisse (2011) [41], Akamatsu et al. (2009) [1], and lkeda et al. (2010) [23].
In this cascade,“ddentical places undergo a sequence of concentrations into
2k-1identical places, o2 identicall places,. ., en route to the emergence of
complete agglomeration into a single place, megalopolis.

“Behrens and Thisse (2007; pp.461-462) [5] stated: “in multi-regional systems the so-called
‘three-ness fect’ enters the picture and introduces complex feedbacks into the models, which sig-
nificantly complicates the analysis. Dealing with these spatial interdependencies constitutes one of
the main theoretical and empirical challenges NEG and regional economics will surely have to face
in the future.”



However, the hexagonal patterns in central place theory have yet to be found for
core—periphery models as stated by Krugman (1996; p.91) [29], based on the study
of a racetrack economy, as:

| 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.

A clue for a mathematical procedure for this purpose can be found in nonlinear
mathematics and physics, in which the emergence of patterns out of uniformity has
been treated as an important subject, called pattern formation. Sattinger (1978) [38]
elucidated the mechanism of the self-organization of hexagonal patterns by group-
theoretic bifurcation analysis under a simplifying assumption that solutions are
doubly periodic with respect to a hexagonal lattice. Hexagonal bifurcating patterns
were found by the analysis on the hexagonal lattice (Buzano and Golubitsky, 1983
[8]).

An attempt to explain the mechanism of the self-organizationdsich’s ten
smallest hexagons in light of group-theoretic bifurcation theory was conducted by
Ikeda et al. (2011) [25]. As a spatial platform, a rhombic domain with periodic
boundaries comprising uniformly distributedx n places that are connected by
roads of the same length forming a finite hexagonal lattice was employed. This
is based on the so calladfinite-periodic-domain approximatiowhich assumes
that the finite lattice is periodically repeated spatially to cover an infinite two-
dimensional domain (lkeda and Murota, 2010, Chapter 14 [24]dsch’s ten
hexagonal distributions are guaranteed to be existent by equivariant bifurcation
analysis, and some of them are obtained by computational analysis for the FO
model (Forslid and Ottaviano, 2003 [16]) that replaces the production function of
Krugman with that of Flam and Helpman (1987) [15]. Thus the mathematical
mechanism for the self-organization of hexagonal patterns has been untangled.

The objective of this paper is to demonstrate the emergence of hexagonal pop-
ulation distributions of Christallerk = 3, 4, 7 systems for core—periphery models
on the hexagonal lattice. The mathematical results in Ikeda et al. (2011) [25] are, in
principle, applicable to core—periphery models of various kinds. Yet the occurrence
and non-occurrence of bifurcations that engender hexagonal patterns of interest are
dependent on individual cases for individual models and must be investigated for
each case. To show the model independence of the existence of hexagonal distribu-
tions, we employ core—periphery models of two kinds that are readily formulated
for a system of cities (Section 2): (a) the aforementioned FO model and (b) the
Pf model by Pfliger, 2004 [35] that replaces, in addition to the production func-
tion, the utility function of Krugman with that of the international trade model of
Martin and Rogers (1995) [31]. In the computational analysis conducted in this
paper (Section 4), the two models turn out to display quantitativetergint but
qualitatively identical behaviors. Hexagonal distributions of population that give
Christaller’s three systems in Fig. 1 are found to emerge by computational bifurca-
tion analysis for a system of 4242 places, and the stability of these distributions
is investigated. It is a topic for future to deal with other important core—periphery
models to further investigate the model independence.



The economic and geographical implications of the resulting hexagonal dis-
tributions are investigated for Christalleks= 3, 4, 7 systems. The ratio of the
number of first-level centers with the largest population to that of the second-level
centers with the second largest population is studied on the basis of central place
theory. The dependence of stability of solutions on the transport cost is highlighted
as the economic implication drawn through the present study. Consequently, this
paper presents a step toward uniting central place theory and core—periphery mod-
els in light of group-theoretic bifurcation theory.

This paper is organized as follows: The two core—periphery models are pre-
sented in Section 2. A system of places that is uniformly spread on an infinite
hexagonal lattice in two dimensions is modeled, and its bifurcation mechanism
producing hexagonal distributions is predicted by group-theoretic bifurcation the-
ory in Section 3. Computational bifurcation analysis of the hexagonal lattice is
conducted in Section 4 to find bifurcated patterns that represent Christaller’'s hexag-
onal market areas. Details of the equivariant bifurcation analysis are presented in
the Appendix.



2 Core—periphery models

In the present study, we use two analytically-solvable core—periphery models that
are readily formulated for a system of places:

i) FO model (Forslid and Ottaviano, 2003 [16]) that replaces the production
function of Krugman with that of Flam and Helpman (1987) [15].

i) Pf model (Pfluger, 2004 [35]) 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) [31].

After presenting basic assumptions§ia.1, we describe the short-run equilibrium
in §2.2, and define the long-run equilibrium§a.3.

2.1 Basic assumptions

The economy is composed & regions (labeled = 1,...,K), two factors of
production (skilled and unskilled labor), and two sectors (agriculture A and manu-
facturing M). There arél skilled andL = K unskilled workers, who consume two
final goods, namely, horizontally fiérentiated M-sector goods and homogeneous
A-sector goods, and supply one unit of his type of labor inelastically. Skilled work-
ers are mobile across regions. The number of skilled workers in reggatenoted

by h;j, and the equality
K
H=>h 1)
i=1

is satisfied. Unskilled workers are immobile and equally distributed across all
places with the unit density (i.el, = 1 x K). Hence the population in plade
is equal tah; + 1.

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

[FOmode?] UCM,CY=uinCM +(1-w)InC? (O<u<1), (2a)
[Pfmodel] U(CM,C?) =puIncM+cCh (u > 0), (2b)

wherey is a constant paramet&2!* is the consumption of the A-sector product in
placei, andCi"’I is the manufacturing aggregate in pla@nd is defined as

n o/(c-1)
c E[Zfo jS(f)(g_l)/‘rdf] :
i

whereq;i(¢) is the consumption in placeof a variety¢ € [0, nj] produced in
placej, n; is the continuum range of varieties produced in plgagften called the

SWe take logarithms of the Forslid and Ottaviano (2003) [16] type (i.e., Cobb—Douglas-type)
utility function to facilitate the analysis. This transformation has no influence on the properties of
the model.



number of available varieties, amd > 1 is the constant elasticity of substitution
between any two varieties. The budget constraint is given as

Ach i i(0)d;i(O)de =Y,
e +ZJ_] fo pi (O (OdE = Y. 3)

wherepfiA is the price of A-sector goods in placepji(¢) is the price of a variety
in placei produced in place andY; is the income of an individual in plage The
incomes (wages) of the skilled worker and the unskilled worker are represented,
respectively, by andwt-.

An individual in place maximizes (2) subject to (3). This yields the following
demand functions:

. . Apor-ly.
[FO model] C/ = (1-@%, cM :“;YT:’ a;i(€) =u%, (4a)
Y, o G
[Pf model] CP = = —u, CM= uoo i () =n pji{,)g, (4b)

wherep; denotes the price index of theflidirentiated product in pladewhich is

n 1/(1-0)
pi=(2j fo p,-i(f)”df] . 5)

Since the total income and population in plaaeew; hi+w{- andh;+1, respectively,
we have the total demar@@;i (¢) in placei for a variety¢ produced in placg:

-1

[FO model] Qji(¢) = u piApi (wihy + W{‘), (6a)
p;ji ()~
plhoy !

[Pfmodel] Q) = u pji?f)(r (h + 1), (6b)

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 freely between places and that they are chosen as the
numéraire. These assumptions mean that, in equilibrium, the wage of an unskilled
workerw!- is equal to the price of A-sector goods in all places (ip8.= w- = 1
foreachi = 1,...,K).

The M-sector output is produced under increasing returns to scale technol-
ogy and Dixit-Stiglitz monopolistic competition. A firm incurs a fixed input re-
quirement ofa units of skilled labor and a marginal input requiremengBafnits
of unskilled labor. Given the fixed input requirementthe skilled labor market
clearing implies that, in equilibrium, the number of firms in plaég determined
by ni = hi/e. An M-sector firm located in placechooses§ij(¢) | j = 1,...,K)
that maximizes its profit

Mi(6) = ) pi(0Qi(0) — (awi + Bxi(0)),
j



wherex;(¢) is the total supply. The transportation costs for M-sector goods are
assumed to take the iceberg form. That is, for each unit of M-sector goods trans-
ported from place to placej # i, only a fraction J¢i; < 1 arrives. Consequently,

the total supplyx (¢) is given as

() = Z ij Qij (£). (7)
j
To put it concretely, we define the transport apgtbetween the two placesind
as

¢ij = exp@Dij), (8)

wherer is the transport parameter abg} represents the shortest distance between
placeds andj.

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 gives

pij(€) = _,8¢” 9)
This expression implies that the price of the M-sector product does not depend on
variety £, so thatQj;(£) andx;(¢) do not depend ofi. Therefore, we describe these
variables without the argumefit Substituting (9) into (5), we have the price index

5 (1 1/(1-0)
0,
pPi = o-1 [; zj: hjdji] > (10)

whered; = ¢.1i‘“ is a spatial discounting factor between plagemndi; from (6)
and (10),d;i is obtained asgji Q;ji)/(pi Qi), which means thadlj is the ratio of
total expenditure in placefor each M-sector product produced in plact the
expenditure for a domestic product.

2.2 Short-run equilibrium

In the short run, skilled workers are immobile between places, i.e., their spatial
distribution ( = (hy) € RX) is assumed to be given. The short-run 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 (7). The latter condition requires that the operating profit of a
firm is absorbed entirely by the wage bill of its skilled workers:

Wi(h’T):g{Z pijQij(h,T)—ﬁXi(h,T)}- (11)
j

Substituting (6), (7), (9), and (10) into (11), we have the short-run equilibrium
wage:

[FO model] wi(h,7) = il Z (wj(h,7)hj + 1), (12a)

Aj( )

[Pfmodel] wi(h,7) = £ Z - (h )( [+ 1), (12b)
J



whereAj(h,7) = X dkjhe denotes the market size of the M-sector in place
Consequentlydij/Aj(h, 7) defines the market share in plag®f each M-sector
product produced in plade

The indirect utilityvi(h, 7) is obtained by substituting (4), (10), and (12) into
(2):°

[FO model] vi(h,7) = Si(h,7) + In[wi(h, 7)], (13a)
[Pfmodel]  vi(h,7) = Si(h,7) + wi(h, 7), (13b)

where
Si(h,7) = p(o — 1)t InAi(h, 7).

2.3 Adjustment process and long-run equilibrium

In the long run, the skilled workers are inter-regionally mobile. They are assumed
to be heterogeneous in their preferences for location choice. That is, the indirect
utility for an individual sin placei is expressed as

VI(h,7) = vi(h,7) + €.

In this equationfi(s), which is distributed continuously across individuals, denotes
the utility representing the idiosyncratic taste for residential location.

We present the dynamics of the migration of the skilled workers to define the
long-run equilibrium. We assume that at each time petjdtie opportunity for
skilled workers to migrate emerges according to an independent Poisson process
with arrival rated. That is, for each time interval,t + dt), a fractionAdt of skilled
workers have the opportunity to migrate. Given an opportunity at timeach
worker chooses the place that provides the highest indirect uqﬁﬁ(yh, 7), which
depends on the current distributibn= h(t). The fraction of skilled workers who
choose placeunder distributiorh is P;(v(h), 7), where

Hmﬂ=Pmﬁ>ﬁ{w¢q
Therefore, we have
hi(t + dt) = (1 — adhi(t) + AdtHP,(v(h(t)), 7).

By normalizing the unit of time so that= 1, we obtain the following adjustment
process:

h(t) = F(h(t),7) = HP(v(h(t)),7) — h(t), (14)

whereh(t) denotes the time derivative @i(t), and P(v(h), ) = (P;(v(h), t)). For
the specific functional form d®; (v, 7), we use the logit choice function:

expvil
X exppvil’

5We ignore the constant terms, which have no influence on the results below.

Pi(v,7) = (15)




whered € (0, o) is the parameter denoting the inverse of variance of the idiosyn-
cratic tastes. This implies the assumption that the distributior‘é%)"s{ are Gum-
bel distributions, which are identical and independent across places (e.g., McFad-
den, 1974 [32]; Anderson et al., 1992 [2]). The adjustment process described by
(14) and (15) is the logit dynamics, which has been studied in evolutionary game
theory (e.g., Fudenberg and Levine, 1998 [17]; Hofbauer and Sandholm, 2007 [22];
Sandholm, 2010 [37]).

Next, we define the long-run equilibrium, which is a stationary point of the
adjustment process of (14).

Definition 2.1. The long-run equilibrium is defined as the distributiohthat sat-
isfies
F(h*,7) = HP(v(h*),7) - h* = 0. (16)

The heterogeneous worker case includes the conventional homogeneous worker
case. Indeed, wheh— oo, the condition given in (16) reduces to that for the ho-
mogeneous worker case:

Vi—v(h',7) =0 if >0,
Vi —v(h,7)>0 if h =0,

whereV* denotes the equilibrium utility.

10



3 System of places on a finite hexagonal lattice and their
bifurcation

A finite hexagonal lattice is introduced as the spatial platform of the core—periphery
models presented in Section 2. Christaller’s hexagonal distributions are reviewed
in §3.1 based on Christaller (1966) [9] and Dicken and Lloyd (1990) [12]. After
introducing the hexagonal lattice §8.2, we prescribe two-dimensional period-
icity and hexagonal distributions i§3.3, and study possible bifurcations of the
hexagonal lattice ii§3.4.

3.1 Christaller's hexagonal distributions: review

In central place theory, a completely homogeneous infinite two-dimensional land
surface is introduced based on the several simplifying assumptions. The assump-
tions are summarized as:

(i) The land surface is completely flat and homogeneous in every aspect. lItis,
in technical terms, aisotropicplain.

(i) 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 we do not have to deal with the
many complexities that tend to occur at boundaries.

(iv) The population is spread evenly over the plain.

When there are a number of productions of the same good on that homoge-
neous plain, the best solution that provides maximum coverage from a minimum
number of supply points is a uniform hexagonal lattice of production centers. For
production of bundles of goods, there appear many levels in the hierarchy of central
places. Dicken and Lloyd (1990, pp.28) [12]) stated:

Christaller's model, then, implies a fixed relationship between each
level in the hierarchy. This relationship is known ak aalue k
meaning a constant) and indicates that each center dominates a dis-
crete number of lower-order centers and market areas in addition to its
own.

The hexagonal market areas of three kinds shown in Fig. 1 are dake@ sys-
tem,k = 4 system, and&k = 7 system, which are respectively based on market,
traffic, and administrative principles (Christaller, 1966, pp.74—77 [9]; Dicken and
Lloyd, 1990, Chapter 1 [12]). Thk value has a geometrical implication in that
vk is proportional to the distance between the first-level centers with the largest
population. We, accordingly, has a key formula

T/d= vk (k=34,7), (17)
whered is the distance between two neighboring places. The spatial p&riod

represents the radius of hexagons.

11



A hierarchy of places with dlierent levels exists in the market area governed by
the highest-level (first-level) center with the largest population. Such a hierarchy
is often called, the first-level center, the second-level center, and $oWhen
only the first-level and the second-level centers are existent, it is called two-level
hierarchy. It is called\max-level hierarchy when up to themax-th hierarchy is
existent.

The numbemN; of the j-th level centers dominated by the first level center is
given as (Christaller, 1966, p.67 [9]):

Npi:Np:Ng:---=1:2:6:18:54:162-- fork=3system
and as (Dicken and Lloyd, 1990, Chapter 1 [12]):
Npi:Nz:Ng:---=1:3:12:48:192-- fork =4 system
It is possible to arrive at a pertinent recurrence formula
Ni=1, Nj=kI7t-Kk=2 (j=23,...,Nnax k=3,4,7). (18)

In this paper, we deal only with two-level hierarchy withy,ax = 2.

3.2 Hexagonal lattice

The infinite two-dimensional domain that is used in central place theory is incom-
patible with a naive analysis for the core—periphery models, which are formulated
for a finite number of places in a finite domain. As a remedy, we introduce a fi-
nite hexagonal lattidewith periodic boundaries comprising a system of uniformly
distributedn x n places. A place is allocated at each node ofrthen hexagonal
lattice, expressed by

pP= Nl + Nabo, (nl, Np = 1,...,n),

wheref; = (d,0)" and#, = (-d/2,d+V/3/2)T are oblique basis vectors. Two
neighboring places are connected by a straight road with the nominal ién§de
Fig. 2(a) for an example of # 4 hexagonal lattice.

To express the infiniteness, we impose periodic boundary conditfonshe
hexagonal lattice, and then this lattice can be repeated spatially to cover an infinite
two-dimensional domain. See Fig. 2(b) for an exampla ef 4 to illustrate how
the places at the boundaries are connected by roads. By virtue of these bound-
aries, every place in the hexagonal lattice is surrounded by the same hexagonal
transportation network. The lattice can satisfy Assumptions (i), (ii), and (iii) in

“Such a hierarchy is also called metropolis, city, town, village, hamlet; or A-level center, B-level

center, C-level center, and so on.

8There exist planar lattices of five kinds, rnombic, square, hexagonal, rectangular, and oblique
(Golubitsky and Stewart, 2002 [20]). The hexagonal lattice (net of hexagons) is said to be superior
to the square lattice gisch, 1954, pp.133—-134 [30]), and is often cabedic lattice(Beavon 1977,
p.83, [4]).

9By the assumption of periodic boundaries, the finite lattice is periodically repeated spatially to
cover an infinite two-dimensional domain.

12
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(a) 4x 4 hexagonal lattice (b) Spatially repeated 4 hexagonal lattices

Figure 2: A system of places in axd4 hexagonal lattice with periodic boundaries

§3.1 in a discretized sense. Assumption (iv) can be satisfied since the uniformly
distributed population

hy=---=hp=1/n? (19)
of the skilled workers is the pre-bifurcation solution to the governing equation (16)
for any value of the transport parameteand this solution is shown to be stable for
very large values of associated with primitive state of urbanization in Section 4.
The hexagonal lattice, accordingly, might be touted as a discretized counterpart of
the isotropic plain in central place theory.

3.3 Two-dimensional periodicity and hexagonal distributions

If the population distribution of a system of places (i.e., a subset of nodes) has
two-dimensional periodicity, then we can set a pair of independent vectors

(t1, t2), (20)

called the spatial period vectors, such that the system remains invariant under the
translations associated with these vectors. The spatial pefieds,| are defined
asT; = Itill (i = 1,2).

Among possible doubly-periodic distributions, we specifically examine a hexag-
onal distribution that is described by

ti=aby+plz, to=-pl1+(a-P)2, (a.p ), (21)

for which Ty = To(= T) is satisfied and the angle betwegrandt; is 2r/3. The
associated normalized spatial period is given by

T/d= \/(a/ — B2 + (BV3/2R2 = \Ja? - o + 2. (22)

We consider a positive integer

k=a’-aB+p>

13
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(c) k = 4 system (d) k = 7 system

Figure 3: Hexagonal distributions on the hexagonal lattice (Area of the circle rep-
resents the size of population)

which can take some specific integer values, such as 1, 3, 4,,4nd rewrite the
normalized spatial period in (22) as

T/d=Vk (k=1,347,..), (23)

which lies in the range kX T/d < n and take some specific values, suchik
V3, V4, VT,....
The hexagonal distribution fdr= 1 corresponds to the uniform distribution in
(19) (Fig. 3(a)), and those for othkewvalues ak = 3, 4, 7,... systems. The values
of (a, B) for these systems are not unique in general but are given, for example, as

(1,0) : uniform distributionk = 1),
] (21): k=3system
(e 8) = (2,0): k=4 system
(3,1): k=7system

We are particularly interested in the three systems associated with, 4, and 7,
which correspond to Christallefs= 3, 4, and 7 systems, as depicted in Fig. 3(b)—
(d). These three systems are observed in computational bifurcation analysis in
Section 4.

14



3.4 Bifurcating patterns on the hexagonal lattice

Bifurcating patterns on tha x n hexagonal lattice were studied by equivariant
bifurcation theory in Ikeda et al. (2011) [25] to obtain possible hexagonal patterns
of agglomeration. The results of this study related to Christallees3, 4, and 7
systems are presented briefly here (see the Appendix for theoretical details).

It is to be noted first that the uniformly distributed population solutier=
-+ = hy = 1/n? of the skilled workers in (19) is the simplest hexagonal distribu-
tion. This solution is existent for any value of the transport paramegtehich is
the bifurcation parameter, and serves as the pre-bifurcation solution. There exist
bifurcated solutions of various kinds branching from various bifurcation points on
the uniformly distributed state. Bifurcations producing Christallkes3, 4, and 7
systems are existent for some specific values of thesat¢he lattice and the mul-
tiplicity M of the bifurcation point® These bifurcations are characterized by the
(normalized) spatial perio@i/d and the spatial period vectons (t,) as expounded
in Proposition 3.1 below. This proposition turns out to be of great assistance in the
computational analysis in Section 4.

Proposition 3.1. (i) The size n of the lattice and the multiplicity M of the bi-
furcation point that can potentially engender=k3, 4, and 7 systems from
uniformly distributed state are given by

(Bm,2) k= 3system
(n,M) =< (2m 3) k=4system (24)
(7m,12) k=7 system

wherem=1,2,....

(ii) The lattice admits all of these three systems as bifurcated solutions only if
the lattice size n is a multiple of 42, i.e.,

n=42m (m=12...).

(iii) The bifurcated solutions for ¥ 3, 4, and7 systems have the spatial period
T/d= vk, (k=3,4,7), (25)
in agreement with (17), and have the spatial period vectors

(261 + to,—61 + £5), k= 3system
(t, t2) =1 (2£1,205), k =4 system
(301 + €2, —€1 + 2¢,), k= 7system

O

By Proposition 3.1(iii), we see that the spatial period becondkgimes as large
as the unit spatial period for the uniformly populated state.

10At a bifurcation point of the governing equation of the lattice, thereMr&> 1) zero eigen-
values of the Jacobian matriF(h,7) = (dFi(h,7)/dh;) of the governing equatiofr(h*,7) =
HP(v(h*),7) — h* = 0in (16). The numbeM is calledmultiplicity, and plays a key role in the
classification of bifurcation points.

15



4 Computationally obtained hexagonal distributions

We examine spatial agglomeration patterns of the population of skilled workers
among a system of places that spread uniformly omghrehexagonal lattice by the
comparative static bifurcation analysis on the governing equation (16) with respect
to transport costs. As core—periphery models, the FO model and the Pf model
are used (Section 2). Direct bifurcations from uniformly distributed population
that produce hexagonal distributions for Christallér’s 3, 4, and 7 systems are
respectively investigated i§4.1-§4.3. Dependence of stability of solutions on the
transport cost is studied §4.4.

We use the following parameter values:

e The lengthd of the road connecting neighboring placed s 1/n (§3.2).
e The parameten of the utility function isu = 0.4 (§2.1).

e The constant elasticity of substitution between any two varietiegis= 5.0
(§2.1).

e The total numbeH of skilled workers is chosen &$ = 42 (§2.1).

e The inverse of variance of the idiosyncratic tastesiss 1000 §2.3).

Recall that the hexagonal distributions foe 3, 4, and 7 systems appear, via
direct bifurcations, only for specific values of(Proposition 3.1(i) in§3.4). We
elaborately seh = 42, which is the minimum value of that can engender all of
k =3, 4, and 7 systems (Proposition 3.1(ii)).

Recall that the uniformly distributed populatitn = --- = h, = 1/n? in
(19) of the skilled workers is the pre-bifurcation solution to the governing equation
(16) that exists for any value of the transport parametéfhe comparative static
bifurcation analysis on the governing equation (16) with respect to transport costs
is conducted for the system of 4242 hexagonal lattice as follows:

e Eigenanalysis of the Jacobian matki¥ (h, r) = (0Fi(h, 7)/0h;) of the ad-
justment process of (14) is conducted on the uniform population solution
to check the stability of this solution and to find bifurcation points on this
solution.

e Bifurcated solutions branching from the uniform population distribution are
obtained and their stability is investigated by the eigenanalysis.

Figure 4 depicts solution curves (the maximum populaligry versus the trans-
port parameter curves) for the FO and Pf models obtained in this manner, where
hmax = maxy, ..., hg) (K = 42x 42). The uniform population solution corre-
sponds to the horizontal line O@thnax = H/n? = 1/42 ~ 0.024, which is stable
during OA (shown by the solid line). On the line QG number of bifurcation
points with the multiplicityM = 2, 3, 4, 6, or 12 are existent. Among these bifur-
cation points, we specifically examine the direct bifurcations from the following
three bifurcation points:

e Bifurcation point A withM = 2 engendering = 3 system.
e Bifurcation point C withM = 3 engendering = 4 system.

e Bifurcation point B withM = 12 engendering = 7 system.
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4.1 k= 3system

We deal with the FO model first. As can be seen from Fig. 4(a), a bifurcated curve
ADE branched at the double bifurcation point ¥ (= 2) on the line OOfor the
uniform population. The curve ADE lost stability at the onset of bifurcatfon,
remained unstable during AD, regained stability at D, and remained stable during
DE. Along the curve ADEhmyaxincreased from 024 to 0071, wherdnyax = 0.024
corresponds to the uniformly distributed state.

The progress of agglomeration observed on the bifurcated curve ADE is shown
in Fig. 5(a) for three dferent stages: bifurcation point Afax = 0.029), unstable
curve AD (hmax = 0.040), and stable curve DIBax = 0.071). The area of a circle
indicates the size of the population at the associated place. In view of the sizes of
population, these places are classified into:

e The first-level centers (denoted by the large circle).
e The second-level centers (denoted by the small circle).

hmax is equal to the population at a first-level center. We can observe the progress
of agglomeration:

e At bifurcation point A fmax = 0.029), the population is uniformly dis-
tributed, and there is no distinction between the-first and the second level
centers.

e For unstable curve ADh,ax = 0.040), the diference of the first-level centers
and second-level ones emerges.

e For stable curve DEhax = 0.071), the population at the second-level cen-
ters almost disappears to realize a distinctive domination of the first-level
centers over the second-level centers.

Each first-level center is surrounded by six regular-hexagonal second-level cen-
ters to display a two-dimensional core—periphery pattern. On each straight line
along the hexagonal grid, we can observe repetitions of one first-level center and
two second-level centers. This pattern istetient from the pre-existing core—
periphery patterns:

¢ For the two-city model, by bifurcation, a place grows to the first-level center
and another place shrinks to the second-level center (e.g., Krugman, 1991
[27] and Fuijita et al., 1999 [18] for the Krugman model).

¢ In the racetrack economy, after the spatial period doubling bifurcation, the
first-level center and the second-level center appear alternately on the circle,
and each first-level center is surrounded by two neighboring second-level
centers (Tabuchi and Thisse, 2011 [41], Akamatsu et al., 2009 [1], and lkeda
etal., 2010 [23]).

Such diterence indicates the importance of the study of two-dimensional core—
periphery patterns.

1Such loss of stability at the onset of bifurcation is widely observed for the two-city model of
core—periphery models (e.g., Krugman, 1991 [27] and Fujita et al., 1999 [18] for the Krugman
model).
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Figure 4: Solution curves (the maximum populatiogx versus the transport pa-
rameterr curves) for the system of 4% 42 places computed for the FO and Pf
models (Solid curve: stable, dashed curve: unstaldies the multiplicity of the
bifurcation point)
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k = 3 system (ADE)

k = 4 system (CFG or CQ

k = 7 system (BHI)

Figure 6: Enlargement of market areas for the first-level centers observed on the
bifurcated curves associated with= 3, 4, 7 systems (Hexagon drawn by the
dashed lines denotes the market area)

The first-level centers, which are evenly scattered and are equidistant from each
other with the distance/3d, form regular hexagons with the radius ¢8d. This
distribution, accordingly, is thk = 3 system with the (normalized) spatial period
T/d = V3 in Fig. 3(b) ((25) in Proposition 3.1(iii)). The bifurcation at A is the
spatial periodv3-times bifurcation associated with

T/d: 1 N V3
(t, t12) 0 (b1, 62) — (201 + b2, —b1 + £))
curve : o0 - ADE

Two neighboring first-level centers are connected by two kinked roads each of
which passes a second-level center at the kink (Fig. 5(a)). Such formation of zigzag
road between the two neighboring first-level centers is inferred in central place
theory (Christaller, 1966, p.73, [9]).

The market area, in the sense of Remark 4.1 below, of a first-level center is the
regular hexagon with the radius dfdepicted at the upper right of Fig. 6 by the
dashed lines. Each of the six second-level center is shared by three neighboring
market areas; accordingly/® = 2 second-level centers, iffect, belong to the
market area. Hence the ratio of the numbgrof the first-level centers to the
numberN, of the second-level centers is equalNg : N = 1 : 2 in agreement
with the formula (18) fok = 3 of central place theory. Consequently, commonality
exists between the computed population distribution for the core—periphery models
and the prediction by central place theory, although they are basedferedt
underpinnings.

Next, we shift eyes on the Pf model. Although the solution curves in Fig. 4(a)
and (b) for the FO and Pf models showeffeliences in the shapes of the curves and
locations of bifurcation points, the discussion above turned out to be applicable to
the Pf model as well. In particular, the emergence ofkitke3 system is a general
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phenomenon that is independent of individual models. Such model independence
is also demonstrated fér= 4 system ir§4.2 and fork = 7 system ir§4.3.

Remark 4.1. We consider a Voronoi decomposition (Okabe et al., 2000 [34]) of
the two-dimensional domain for a system of first-level centers. Then the domain is
decomposed into a set of identical hexagons. Each hexagon contains the first-level
center at its center and six second-level centers surrounding the first-level center.
Since the first-level center has the maximum market share to each of the second-
level center, this hexagon can be regarded as the market area of the first-level center.
It is to be noted, however, that for core—periphery models, the concept of market
area is fictitious because the degrees of freedom are allocated only at the nodes of
the hexagonal lattice. Yet, in this paper, this concept is used for convenience in the
description of the progress of agglomeration. O

4.2 k=4system

For both models, bifurcated curves for= 4 system branched at the triple bifur-
cation point C M = 3) on the line OOfor the uniform population (Fig. 4(a) and
(b)). The bifurcated curve CFG of the FO model was unstable just after bifurcation
(CF), and became stable during FG. The bifurcated curvedEtbe Pf model was
unstable throughout.

The progress of agglomeration observed on these bifurcated curves is shown
in Fig. 5(b) for the FO model. (The Pf model displayed similar progress of ag-
glomeration, but dferent stability.) Each first-level center is surrounded by six
regular-hexagonal second-level centers. We can see straight lines of two kinds
along the hexagonal grid. Some straight lines pass only second-level center. On
each straight line passing first-level centers along the hexagonal grid, we can ob-
serve alternating of a first-level center and a second-level center, as is the case for
the racetrack economy after the spatial period doubling bifurcation (Tabuchi and
Thisse, 2011 [41], Akamatsu et al., 2009 [1], and Ikeda et al., 2010 [23]). Thus
this agglomeration pattern can be touted as a two-dimensional counterpart of the
spatial period doubling bifurcation in the racetrack economy.

The first level centers, which are evenly scattered and are equidistant from each
other with the distance/4d, form regular hexagons with the radius 9#d. This
distribution, accordingly, is thie = 4 system with the (normalized) spatial period
T/d = V4 in Fig. 3(c) ((25) in Proposition 3.1(iii)). The bifurcation at C is the
spatial period doubling bifurcation

T/d: 1 - 2
(tr.t2) 1 (f1.62) — (204, 267)
curve : OO0 — CFGorcCC

Although the bifurcated curves for the FO and Pf models haffereént stability, a

bifurcated solution with the population distribution for tke- 4 system branched

at the bifurcation point C in each model. The emergence oktke 4 system,

accordingly, is a general phenomenon that is independent of individual models.
Two neighboring first-level centers are connected by a straight road that passes

a second-level center (Fig. 5(b)). This configuration agrees with Christallefis tra
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principle fork = 4: “The trdfic 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.” (Christaller, 1966, p.74, [9]).

The market area, in the sense of Remark 4.1 above, of a first-level center is the
regular hexagon depicted at the middle right of Fig. 6 by the dashed lines. Since
each of the six second-level centers is shared by two neighboring market areas,
6/2 = 3 second-level centers, iffect, exist in the market area. Hence the ratio
of the numberN; of the first-level centers to the numbiNp of the second-level
centers is equal tdl; : N» = 1 : 3 in agreement with the formula (18) fkr= 4 of
central place theory.

4.3 k=7system

For both models, a bifurcated curve BHI branched at the bifurcation point B of the
multiplicity M = 12 on the line OOfor the uniform population. The curve BHI
lost stability at the onset of bifurcation, remained unstable during BH, regained
stability at H, and remained stable during HI.

The progress of agglomeration observed on the bifurcated curve BHI is shown
in Fig. 5(c) for the FO model. (The Pf model displayed similar progress of agglom-
eration.) Each first-level center is surrounded by six regular-hexagonal second-
level centers. On each straight line along the hexagonal grid, we can observe repe-
titions of a first-level center and six second-level centers.

The first level centers, which are evenly scattered and are equidistant from each
other with the distance/7d, form tilted regular hexagons with the radius &f7d.

The emergence of such tilted hexagons is most phenomenal in the present study.
This distribution, accordingly, is thie = 7 system with the (normalized) spatial
periodT/d = V7 in Fig. 3(d) ((25) in Proposition 3.1(iii)). The bifurcation at B is

the spatial periodv7-times bifurcation

T/d: 1 — \7
(t.t2) : (f1.62) — (3f1— o, —C1 +20))
curve : o0 - BHI

Although the solution curves in Fig. 4 for the FO and Pf models are apparently
different, a bifurcated solution with the population distribution forkke7 system
branched at the bifurcation point B in each model.

For the bifurcated curve BHI, the market area (Remark 4.1) of a first-level
center is the regular hexagon depicted at the lower right of Fig. 6 by the dashed
lines. Since the six second-level centers are entirely within the market area of the
first-level center, the ratio of the numbiy of the first-level centers to the number
N, of the second-level centers is equalNg : N, = 1 : 6. This agrees with
Christaller's administrative principle fdr= 7 system: “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.” (Christaller,
1966, p.77 [9]). It is restated, for short, by Dicken and Lloyd (1990, Chapter 1)
[12] as “Lower-order centers are entirely within the hexagon of the higher-order
center.”
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4.4 Dependence of stability of solutions on the transport cost

Up to now, we have investigated the emergence of Christaket’8, 4, 7 systems.

We now examine stable solutions, and investigate their dependence on the transport
cost. As shown in Fig. 4, when the value of transport parameteyvery large, the
uniform population solution is the only stable solution and the solution curves for

k = 3, 4, 7 systems are non-existent. When the transport paramdtareases,

the uniform population solution becomes unstable at the bifurcation point A, and
we can have the following rough observation for stable solutions of those systems:

e For the FO model, first the solutions flhr= 3 system become stable at the
point D, next those fok = 7 system become stable at the point H, and last
those fork = 4 system become stable at the point F.

e For the Pf model, first the solutions fér= 3 system become stable at the
point D, next those fok = 7 system become stable at the point H, and those
for k = 4 system remain unstable throughout.

The solution curves for the= 3 system, accordingly, are stable for largealues,

but those for thek = 7 system are stable for smaller ones. The mechanism of
such dependence of the stability on the transport cost might be explained from a
standpoint of the trad€bbetween transport costs and economies of scale:

e When the transport cost is high, the merit of the reduction of the transport
cost becomes predominant in comparison with the merit of economies of
scale. For this reason, the= 3 system with a smaller market area is more
efficient than thek = 7 system with a larger market area that demands more
transport cost.

e When the transport cost is relatively small, the merit of economies of scale
becomes predominant; accordingly, the: 7 system with a larger market
area is moreféicient than thé = 3 system with a smaller market area.

Thus the dependence of the stability on the transport cost has economic necessity.
The curves fork = 3 andk = 7 systems are stable for wide range of the
transport cost for both models. On the other hand, those fdk the system are
stable for relatively short range for the FO model, and unstable throughout for the
Pf model. Such features are dependent on models, their parameter values, and the
modeling of the transport cost in (8). It is a topic in future to untangle the economic
mechanism of such stability by thorough studies of other important core—periphery
models.
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5 Conclusion

For a two-dimensional system modeled by core—periphery models of two kinds,
self-organization of hexagonal population distributions for Christaller’s three sys-
tems in central place theory is predicted by group-theoretic bifurcation theory, and
their existence is verified and their stability is investigated by computational bi-
furcation analysis. It demonstrates inherent model-independent capability of the
core—periphery models to express those systems provided with pertinent spatial
platforms. Moreover, it confirms the prediction by Krugman (1996) [29] 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 eco-
nomic geography.

The agglomeration patterns far= 3 system and = 7 system are dlierent
from the pre-existing core—periphery patterns for the two-city model and racetrack
economy. In contrast, the agglomeration patternkfer 4 system can be touted
as a two-dimensional counterpart of the spatial period doubling bifurcation in the
racetrack economy. Suchfliirence and similarity indicate the importance of the
study of two-dimensional core—periphery patterns.

In central place theory, the three systems are explained based on mafket, tra
and administrative principles. In contrast, the present analysis using the core—
periphery models based on microeconomic underpinning engenders a hierarchy of
different levels of centers without resort to these principles. The results obtained
using central place theory must be reconsidered in light of economic geographical
modeling to extend the horizon of core—periphery models.

Dependence of stability of solutions on the transport cost is investigated in view
of economics of scales: When the transport cost is highk tae3 system with a
smaller market area is mordfieient than the&k = 7 system. When it is small, the
k = 7 system with a larger market area is moficeent. Thus the dependence of
the stability on the transport cost has economic necessity.

Bifurcations are highlighted as a catalyst to break uniformity to engender the
patterns. Group-theoretic bifurcation theory has displayed its usefulness to pre-
dict possible agglomeration patterns among a system of places in two dimensions,
often associated with successive elongation of spatial periods. Information about
symmetries of bifurcated solution$fered by this theory is important in choosing
a bifurcation point that produces hexagonal distributions of interest.
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A Group-theoretic bifurcation analysis on the nxn hexag-
onal lattice

In this Appendix, the mathematical aspects are given as an adaptation of Ikeda et
al. (2011) [25]. Groups expressing the symmetry of the n hexagonal lattice

are presented ifA.1. Group-theoretic bifurcation analysis for the core—periphery
models is conducted i$A.2. Bifurcations that produce hexagonal distributions for
Christaller'sk = 3, 4, and 7 systems are studiec§in.3.

A.1  Groups expressing the symmetry

For the study of the agglomeration pattern of population distribution om the
hexagonal lattice, we use group-theoretic bifurcation theory: an established math-
ematical tool for investigating pattern formation. In this theory, the symmetries
of possible bifurcated solutions are determined with resort to the group that labels
the symmetry of the system. Hence the first step of the bifurcation analysis is to
identify the underlying group.

A.1.1 Symmetry of then x n hexagonal lattice

Symmetry of then x n hexagonal lattice is characterized by invariance with respect
to:

e r: counterclockwise rotation about the origin at an angle/&f
o s reflectiony — —y.
e pi: periodic translation along thg-axis (i.e., thex-axis).
e p: periodic translation along thi-axis.
Consequently, the symmetry of the hexagonal lattice is described by the group
G ={(I,s p1, P2), (A.1)

where(- - - ) denotes a group generated by the elements therein, with the fundamen-
tal relations given by

r6

£=(sP=p"=p"=e
rpr = pPap2r, rIp2= p[lr, SpL=pP1S S = pilpgls, P2pP1 = P1Pp2,

wheree is the identity element. Each element®tan be represented uniquely in
the form of

sr™pi'py), i,jef0,...,n-1}); 1€{0,1}; me{0,1,...,5).

(For group theory, see Serre, 1977 [40].)

The groupG contains the dihedral group, s) ~ Dg and cyclic groupgp;) ~
Zn and(p2) ~ Zy as its subgroups. Moreover, it has the structure of semidirect
product of Iy by Zy, x Z,,, which is denoted as

G = Dg + (Zn X Zy). (A.2)

This means, in particular, thap,, p2) is a normal subgroup @3.
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A.1.2 Subgroups

Among many subgroups & = (I, S, p1, p2) = De + (ZnXZn), we are interested in
those subgroups expressing the hexagons for Christaller's, 4, and 7 systems.
Such subgroup&” are represented as the semidirect product of a subdeup
of De by a subgrou8s;, s Of Zn x Zn; i.e.,

G =G

local

+ Girans (A.3)

It should be clear thaB,, , represents the local symmetry aG{,,sthe transla-

tional symmetry. The local symmetry is given by

, ] (s fork=3,4,
local — (r) fork = 7,
and the translational symmetry by
(Pap2, pytp2)  for k = 3 system
Ghans= (RIS PR = | (Bopd  fork=4syst
trans <p1 5 P P, ) <p1, p2> or system
(P3p2, pytp3) fork = 7 system
See Table A.1. Accordingly, the subgroups for Christallkes3, 4, 7 systems are
(r,s) + (pZp2, p;tp2) fork = 3 system
1+ Glrans=§ (.S + <p§7 p§> for k = 4 system (A.4)
(ry +(p3p2, prips)  fork =7 system

G =G

local

From the translational symmetry we can derive a compatibility condition on
the sizen of the hexagonal lattice for a specifikdalue. For example,

e Fork = 3 with (2,8) = (2,1), we have ppp) x (p;1p2)™t = p3, which
represents a translation in the direction of theaxis at the length of &
accordingly,n must be a multiple of 3. The spatial period vectors are given
by (t1, t2) = (261 + €2, —€1 + £2). The spatial period elongates®sgd = 1 —

V3 (= VK).

e Fork = 4 with (,8) = (2,0), the symmetry op? and p5 implies thatn is
a multiple of 2. The spatial period vectors are given by 1) = (21, 2£5).
The spatial period elongates igd = 1 — V4 (= VK).

e Fork = 7 with (,8) = (3,1), we have p3p,)? x (p;*ps)~* = pf, from
which follows thatn is a multiple of 7. The spatial period vectors are given
by (t1,t2) = (3€1 + €2, —€1 + 2¢5). The spatial period elongates &gd =
1 - V7 (=VK).

A.2 Exploiting symmetry of core—periphery models by group-theoretic
bifurcation theory

For investigation of the patterns of the bifurcated solutions, it is crucial to formulate
the symmetry that is inherent in the governing equation in (16):

F(h,7) = HP(h) - h = 0. (A.5)
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Table A.1: The values ofy, 8), tilted angley, local and translational symmetries,
and compatible for Christaller'sk = 3, 4, and 7 systems

Tilted Local Translational | Lattice size
k| (a,8) | angle | symmetry| symmetry n
® Glycal Gfrans (m=12..)
3/(21)| /6 ;9 | PPz, Pr'P2) 3m
20| 0 (r,s) (P2, p3) 2m
71 (3,1) | 0.1067 {r) (P3p2, p;1p3) 7m

In group-theoretic bifurcation theory, the symmetry of the equation for the system
of n x n places on the hexagonal lattice is described as

T(9)F(h,7) = F(T(9)h,7), geG, (A.6)

in terms of an orthogonal matrix representatibrof groupG = (r, s, p1, p2) in
(A.1) on theK-dimensional spacRBK. The condition (or property) (A.6) is called
the equivariance of (h, 7) to G. The most important consequence of the equivari-
ance (A.6) is that the symmetries of the whole set of possible bifurcated solutions
can be obtained and classified.

In our study of a system af x n places in the hexagonal lattice, each element
g of G acts as a permutation of place numbers (1 K) for K = n? and hence
eachT(g) is a permutation matrix. Then we can show the equivariance (A.6) to
G = (1, s, p1, p2) of the core—periphery models as below.
Proof. By expressing the action gfe G asg: i +— i* for place numbergsandi*,
we havevi(T(g)h, 1) = vi«(h, 7) andP;(T(g)h, ) = Pi-(h, ) by (15) for anyg € G.
Therefore, we have

Fi(T(g)h,7) = HPi(T(g)h,7) - h;
= HPi*(h,T) - hi*
= Fy(h,7).
This proves the equivariance (A.6). O

According to group-theoretic bifurcation theory the (bifurcation) analysis pro-
ceeds as follows. Consider, to be specific, a critical pdigi;) of multiplicity
M (> 1), at which the Jacobian matrix &fhasM zero eigenvalues.

With the use of a standard procedure called ltlEunov—-Schmidt reduction
with symmetry(Sattinger, 1979 [39]; Golubitsky et al., 1988 [21]), the full system
of equations (A.5) is reduced, in a neighborhood lnf, ¢c), to a system ofM
equations (called bifurcation equations)

F(w,7) =0 (A7)

inw e RM, whereF : RM x R — RM is a function an& = 7t — 7. denotes the
increment ofr. In this reduction process the equivariance of the full system, which
is formulated in (A.6), is inherited by the reduced system (A.7) in the following
form: o e

T(@Fw,7) =F(T(@w1), geG, (A.8)
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Table A.2: NumbeNy of d-dimensional irreducible representations @f B(Zn x
Zn)

nn\d |1 2 3 4 6 12
Ni N2 Nz Ng Neg Ni12
6m | 4 4 4 1 N-6 (MP-6n+12)/12
m+1| 4 2 0 0 J-2 (M-6n+5)/12
6m+2| 4 2 4 0 h-4 (P-6n+8)/12
6m=+3| 4 4 0 1 Zn-4 (?-6n+9)/12

whereT is the subrepresentation @fon the M-dimensional kernel space of the
Jacobian matrix. It is this inheritance of symmetry that plays a key role in deter-
mining the symmetry of bifurcating solutions.

The reduced equation (A.7) is to be solved foasw = w(t), which is often
possible by virtue of the symmetry &F described in (A.8). Sincen,7) = (0,0)
is a singular point of (A.7), there can be many solutiens w(7) with w(0) = 0,
which gives rise to bifurcation. Eaatuniquely determines a solutidnof the full
system (A.5).

The symmetry oh is represented by a subgroup®tefined by

2(h;G,T)={ge G| T(g)h = h}, (A.9)

called the isotropy subgroup bof The isotropy subgroup(h) can be computed in
terms of the symmetry of the correspondings

*(h;G,T) =2(W;G,T), (A.10)

where
W, G,T)={geG|T(gw=w}. (A.11)

The relation (A.10) enables us to determine the symmetry of bifurcated solutions
h through the analysis of bifurcation equationsin

A.3 Theoretically predicted hexagonal distributions

Possible bifurcated solutions of the governing equation (A.5) for uniformly dis-
tributed population solution representing hexagonal distributions are predicted by
group-theoretic bifurcation theory.

The multiplicity M of critical points (i.e., the dimension of the kernel space of
the Jacobian matrix dF in (A.5) at bifurcation points) is generically either 1, 2,
3, 4, 6, or 12, which is a natural consequence of the group-theoretic fact that the
dimensiond of an irreducible representation of the gra@ps eitherd = 1, 2, 3,
4, 6, or 12. The numbendy of the d-dimensional irreducible representations are
listed in Table A.2.

We present a possible bifurcation mechanism that can produce hexagonal dis-
tributions of population of skilled workers associated with Christallkrss 3, 4,
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and 7 systems expressed by the subgroups in (A.4). The main message is that such
bifurcated solutions do exist, and therefore these systems can be understood within
the framework of group-theoretic bifurcation theory. The hexagonal distributions
for Christaller'sk = 3, 4, and 7 systems emerge from bifurcation points of mul-
tiplicity M = 2, 3, 12, respectively, but not & = 1, 4, 6. It is mentioned in
particular that the distributions for Christalleks= 7 system are associated with
“simple hexagons” in Dionne, Silber, and Skeldon (1997) [13].

A.3.1 Analysis by equivariant branching lemma

The emergence of Christaller's hexagons is proved by applying the equivariant
branching lemma to the bifurcation equatiBiw, ) in (A.7); see, e.g., Golubit-
sky, Stewart, and Schfier (1988) [21] for this lemma. Recall that bifurcation
eqguation is associated with an irreducible representati@arid that the isotropy
subgroup(h) in (A.9) expressing the symmetry of a bifurcated solutiois iden-
tical with the isotropy subgroup(w) in (A.11) of the corresponding solutiamfor
the bifurcation equation, i.ex(h) = X(w) as shown in (A.10). A subgroud is
said to be an isotropy subgrougif= X(h) for someh.

The analysis based on the equivariant branching lemma proceeds as follows:

e Specify an isotropy subgroup of G for the symmetry of a possible bi-
furcated solution as well as an irreducible representaficsf G that can
possibly be associated with the bifurcation point.

e Obtain the fixed-point subspace Fj(for the isotropy subgroup with re-
spect to the irreducible representatibywhere

Fix(Z) = {w e RM | T(g)w = wfor all g € =}. (A.12)

e Calculate the dimension dim F&) of this subspace.

e If dimFix(X) = 1, a bifurcated solution with symmet®y is guaranteed to
exist generically by the equivariant branching lemma. If dimEjx£ 0, a
bifurcated solution with symmetr¥ is non-existent. If dim FixX) > 2, no
definite conclusion can be reached by the equivariant branching lemma.

Isotropy subgroups with dim FiX} = 1 are calledcaxial subgroupsand the asso-
ciated spatially doubly periodic solutions are caldal planforms(Golubitsky,
Dionne, and Stewart, 1994 [19]).

In our present analysis, we employ the above procedureXvithG’ for each
G’ in (A.4) and for each irreducible representatibof G; note that eacls’, repre-
senting the symmetry of a Christaller's hexagon, is an isotropy subgroup. Since the
dimension ofT is eitherd = 1, 2, 3, 4, 6, or 12, the multiplicit of the critical
point is generically either 1, 2, 3, 4, 6, or 12. The equivalent branching lemma
applies only if dim FixE) = 1. Fortunately, it will turn out (se@A.3.2 to§A.3.4)
that, in all cases of our interest in (A.4), we have dimE}x{ 1 and therefore we
can always rely on the equivalent branching lemma to determine the existence or
nonexistence of bifurcated solutions for Christaller's hexagons.
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A.3.2 k= 3system

Whenn is a multiple of 3, hexagons for Christalleks= 3 system appear gener-
ically as a branch from a bifurcation point that is associated with the irreducible
representation given by

1 0 10 cos /3 -sin2r/3
0 -1 } 9= [ 01 ] TP =T(P) =| Gz  coszys |-
(A.13)
This is one of the four two-dimensional irreducible representationssof [Z, x
Zn) = {1, S p1, P2) (Table A.2). Since this is two-dimensional, the multiplicity of
the bifurcation point isM = 2.
The general procedure in Section A.3.1 is applied to

T(r) =

2 =(r,s pZpp, Prp2) = (1, S + (Pap2, Py ip2), (A.14)

which describes the symmetry of the hexagon for Christaller’s 3 system in

Fig. 3(b). The fixed-point subspace Fij(with respect toT = T in (A.13) is

a one-dimensional subspace®? spanned by (10)T. Then, by the equivariant

branching lemma, there exists a bifurcated path with the symmetry of (A.14).
This is a hexagonal distribution with the spatial period vectors

(t, t2) = (201 + €2, -1 + £2),

which corresponds tax(8) = (2,1) in (21). The symmetriep%pz and pil p2 are
apparent from this expression. The spatial period elongat€¢cs 1 — V3, in
agreement with central place theory ((17) kot 3).

A.3.3 k=4system

Whenn is a multiple of 2, hexagonal patterns for tke= 4 system are predicted
using group-theoretic bifurcation analysis to branch from a bifurcation point that
is associated with the irreducible representatio® gfiven as

010 100
T(r)=1o 0 1|, T(=|0 0 1‘; (A.15)
100 010
1 0 0 -1 0 0
T(p1)={0 -1 0|, T(pz):{ 0 1 o}. (A.16)
0 0 -1 00 -1

This corresponds to one of the four three-dimensional irreducible representations
of De + (Zn X Zn) = (1, s, p1, P2) (Table A.2). Since this is three-dimensional, the
multiplicity of the bifurcation pointidM = 3.

The general procedure in Section A.3.1 is applied to

T =1, S P2, p3) = (1, S) + (P2, p3) = Dg + (Znj2 X Zny2), (A.17)

which expresses the symmetry of the hexagon for Christalkers 4 system in
Fig. 3(c). The fixed-point subspace FEy(with respect tol = T in (A.15) and
(A.16) is a one-dimensional subspaceRf spanned by (11,1)". Then, by the
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equivariant branching lemma, there exists a bifurcated path with the symmetry of
(A.17).
This is a hexagonal distribution with the spatial period vectors

(t1, t2) = (201, 202),

which corresponds ta( ) = (2,0) in (21). The symmetriepi and pg are apparent

from this expression. The spatial period elongateE/a= 1 — V4, in agreement
with central place theory ((17) fde= 4).

A.3.4 k=7system

Whenn is a multiple of 7, hexagonal patterns fer= 7 system are predicted

to branch by group-theoretic bifurcation analysis for the grogp (@, x Zy) at

a bifurcation point associated with a 12-dimensional irreducible representation.
Since this is 12-dimensional, the multiplicity of the bifurcation poinMs= 12.
There is a bifurcated solution with the symmetry (Ikeda et al., 2011 [25])

(r, P2p2, Prip2) = (NHP3p2, Pripa) = (NHP3p2, ply = Co+(ZnXZns7). (A.18)

By (A.4), this solution is associated with the tilted hexagonKot 7 system in
Fig. 3(d). The emergence of this solution is also demonstrated in the computational
bifurcation analysis fon = 42 in §4.3.

This is a hexagonal distribution with the spatial period vectors

(ty, t2) = (3f1 + €2, -1 + 205),

which corresponds tay( ) = (3,1) in (21). The symmetriep3p, and p;1p3 are
apparent from this expression. The spatial period elongat€¢cs 1 — V7, in
agreement with central place theory ((17) kot 7).
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