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Abstract

The regional specialization via differences in transport costs are observed in Japanese
manufacturing industries. Concretely, industries with high transport costs for their products,
such as iron and steel, petroleum and coal products, remained close to the core region while
industries with low transport costs, such as electrical machinery, precision instruments, have
relocated to the periphery region. The purpose of this paper is to give a theoretical foundation
for this fact by use of a new economic geography model with multiple industries. The
urban costs and congestion are explicitly included in the model. We obtain the following
results. First, if congestion does not exist, at most one industry disperses when transport
and commuting costs are sufficiently small. Furthermore, regional specialization occurs in
which industries having higher adjusted transport costs (which are defined as the ratios of
transport costs to the number of varieties) than that of the dispersing industry agglomerate
in one region. Second, in the case of strong congestion, plural industries might disperse even
if transport and commuting costs are small, but as the degree of congestion decreases, the
location will change to complete regional specialization.

Key words: regional specialization, economic geography, transport costs, urban costs, con-
gestion.
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1 Introduction

During the past four decades many Japanese manufacturing industries have spread from the

‘core’ region to the ‘periphery’ region!

. Figures 1a and 1b show changes of regional shares in
value of products and in employment, respectively. In 1960 Japanesemanufacturing produced
(resp. absorbed) nearly 55% (resp. 50%) of product-value (resp. workers) in the core, but in
2000 it only produced (resp. absorbed) nearly 35% (resp. 30%) of product-value (resp. workers)
there.

However, we should note that all manufacturing industries have not similarly dispersed but
they differ in degree. Concretely, industries with high transport costs for their products, such
as transport equipment, printing and publishing, petroleum and coal products, iron and steel,
remained close to the core while industries with low transport costs for their products, such as
electrical machinery, precision instruments, have considerably relocated to the periphery (see
Figure 2).2 For example, in precision instruments, 75% was produced in the core in 1960 but
only 32% was produced there in 2000, when the periphery share (35%) has exceeded the core
share. On the other hand, in petroleum and coal products, for example, regional shares have

been almost constant since 1960.
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Figure 1: Changes in regional shares [manufacturing total] (Source: Japanese Census of Manu-
factures)

! According to Fujita and Hisatake (1999), 47 Japanese prefectures are divided into three macroregions as
follows: Core consists of Tokyo and Kanagawa (the core of Tokyo @Metropolitan@ area [MA]), Aichi (containing
Nagoya MA), Osaka and Hyogo (the core of Osaka MA); Semi-Core consists of the Pacific belt zone excluding
the Core (18 prefectures) and Periphery is the rest of Japan.

2By the regional shares in product-value from the latest Japanese Census of Manufactures in 2000, we di-
vide 21 types of manufacturing industries into following 4 groups: (a) Core oriented industries [Core>Semi-
Core>Periphery]: General machinery, Transportation equipment, Printing and publishing, Leather and leather
products (4 types); (b) Semi-core oriented industries I [Semi-Core>Core>Periphery]: Chemicals, Petroleum
and coal products, Plastic, Rubber, Iron and steel, Non-ferrous metals, Fabricated metal products (7 types);
(¢c) Semi-core oriented industries II [Semi-Core>Periphery>Core]: Processed foods, Textiles, Apparel, Lumber
and wood, Furniture, Paper and pulp, Ceramics, stone, clay and glass (7 types); (d) Periphery oriented indus-
tries [Periphery>Semi-Core>Core|: Electrical machinery, Precision instruments, Beverage, forage and tobacco (3
types).



Frinting and publzhing Transpatation squipmeant
a.a a7
0.3
a7
0.a
1T T T S S PSP PSS USSP — Care 0d f---=---=--mmmmmmmmm - TTTTmmmmmmmmmmmmmmmmnoes — Care
— — Eemi-care _ o e e e — — = — — Semi-care
L B e ek B e -- - Paiphay
0.3
LR e e i i
0.2 e
[ih] | SScoootoaasoosanatoane P = NNl S M
a1 . e et
a a
1935 1830 1935 1970 1975 19380 1555 1990 1995 2000 1937 1990 1855 1970 1975 1930 1995 1990 1995 2000
Patralaum and saal pradusts ¥an and ste=s
a.7 0.7
L ittt 0.5
L
05 | m e el CTm=o T T a5
Od fmmmmmmmmmmmmmm s — Care 0.4 — Care
____m — — Bemi-cars - — — Semi-cars
LR B i it -- - Paiphay [ 03 [---rms=---omm oo oo -- - Paiphay
L ettt 02 F--mmmmmmmmmmmmmm oo m oo omm oo oo oo
Q4 fo-----lo-TiTiTLS FrrtaamzremeemsssIcIIlIT_ T U L R B P mewsazoi_ UL
a * a
1835 1850 1355 14970 1475 1930 1835 1990 1995 2000 1935 1850 1455 1970 1975 1930 1585 1990 1995 2000
Elactizad machinay Pracisian instuments
0.3 0.9
0.7 04
05 0.7
0.3
a5
— Care 05 — Care
a4 — — Sami-care — — Semi-care
- - - Paiphay 0.4 - Paiphay
0.3
0.3
Lt 0.2
i 01
a a
1935 1830 1953 1970 1975 1930 1935 1930 1995 2000 1935 1950 1955 1970 1975 1930 19695 1990 1995 2000

Figure 2: Changes in regional shares in value of products (Source: Japanese Census of Manu-
factures)

The differences in changes of industrial locations can be viewed as a consequence of regional
policies aiming to invite new industries with high value-added, such as electrical and informa-
tion technology (IT) related industries. Those industries are called ‘close-to-airport industries’
since their products are conveniently transported by airplanes, and some Japanese regional gov-
ernments (e.g. Ishikawa Prefecture, Chitose City, Kita-kyushu City) are actually inviting such
industries by improving facilities of local airports.

We do not deny the possibility that such regional policies in the periphery brought the
asymmetricindustrial location, i.e., regional specialization.via differences in transport costs. In

this paper, however, we show that the regional specialization occur even if regions are symmetric



without heterogeneous policies.

Our framework is based on and extends the new economic geography (NEG) model of Krug-
man (1991). The NEG model has successfully clarified the relation between transport costs and
industrial location, however, regional specialization of individual industries has not been ex-
plained in the NEG literature yet because most authors assume that there is only one industry
in the manufacturing sector for simplicity. To fill this theoretical gap, this paper establishe-
san NEG model with multiple industries, which are expected to clarify how different industries
present different locations when the transportation system improves.

Our model is roughly sketched as follows. The industries are differentiated by their transport
costs for their products. Similar to most models of NEG, we assume the consumers’ love-for-
variety and firm-level increasing returns as the agglomeration force (Krugman, 1991) and urban
costs (i.e., housing and commuting costs) as the dispersion force (Tabuchi, 1998; Helpman,
1998). The distribution of industries is determined by the balance of these two forces. The
results here show that, in a space with sufficiently developed transportation system, industries
with lower transport costs may leave the core for the periphery, since their gains from reducing
urban costs become larger than losses from increasing transport costs.

There are some authors who consider similar multi-industry location problems based on
NEG. From the viewpoint of international economics, Puga and Venables (1996) and Krug-
man and Venables (1997) have examined the situation of multiple industries. These studies
have succeeded to describe the international spread of industry under increasing in demand of
manufacturing goods and industrial clustering under decreasing trade costs, respectively. How-
ever, workers are supposed to be immobile in their models, so their results are restricted to
international situations. Fujita, Krugman and Mori (1999) first find multiple industries form a
hierarchical urban system when the whole population increases. Their model assumes a continu-
ous space and residents are mobile. Although the industries are differentiated by their transport
costs, the costs are supposed to be constant there. Recently, Tabuchi and Thisse (2003), have
investigated location patterns of industries with different transport costs and urban costs. How-
ever, their analysis has been limited to the case of only two industries, and we will find that
some properties for multiple industries do not hold for the case of only two industries. Further-
more, they have focused on location changes with only decreasing commuting costs and have
not analyzed the case with decreasing simultaneously both transport and commuting costs. A
recent paper of Zeng (2003) has also described the regional specialization by a model of multiple
industries. There are two main differences between his model and the model here. First, Zeng
(2003) differentiates the industries by the numbers of unskilled workers necessary in their pro-
ductions, and the industries are supposed to have the same transport costs in the framework. In

contrast, industries are differentiated by their transport costs in our model. Second, the disper-



sion force of Zeng (2003) is the agricultural sector, while the dispersion force here is originated
from urban costs and congestion. Both papers reveal the evolution process of a multi-industry
manufacturing sector in a complimentary way.

FEach industry requires some skilled workers in its production. This paper supposes that
different industries require different kinds of skilled workers. In other words, interindustrial
mobility of skilled workers is not allowed here. We have several reasons. First, modern indus-
tries indeed depend on peculiar and special technologies and workers choose jobs according to
their educational experiences and abilities. Second, our main goal is to describe the regional
specialization via differences in transport costs, and we will find that the basic results are true
even if there are only three industries. Someone, who rejects our assumption by the fact that
some brilliant workers change their jobs quite often, might accept the assumption when we only
divide the skills roughly into three categories. Third, the model is analytically solvable by this
assumption. In contrast, if skilled workers are mobile across industries, the model becomes
intractable. (see Tabuchi and Thisse, 2003).

This paper has two main results. First, if population externality (i.e. congestion) does not
exist, at most one industry disperses when transport costs and commuting costs are sufficiently
low. Furthermore, industries having larger (resp. smaller) adjusted transport costs (defined as
the ratio of transport costs to the size of the industry) than that of the dispersing industry ag-
glomerate in one region (resp. the other region). The reason why transport costs are discounted
by size of the industry is that demand is less elastic against prices for industries with more
firms. Second, in the case of strong congestion, more than one industry might disperse even
if transport costs are sufficiently low. However, as the degree of congestion decreases, partial
regional specialization, in which multiple industries disperse, emerges first and then complete
regional specialization occurs.

The remainder of this paper is organized as follows. In Section 2, we give the NEG model
with multiple industries in the manufacturing sector. Then we examine all possible location
patterns in the model without congestion in Section 3 and with congestion in Section 4. Section

5 concludes.

2 The model

The economy has two regions, called H and F, and three goods, i.e. an initially endowed
homogeneous good which is chosen as the numéraire, a differentiated variety produced by firms
in each industry under increasing returns technology, and land. We assume that there are K
(> 2) types of industries and a continuum N; of differentiated varieties supplied by industry @
(=1,...,K). It should be noted that there is also a continuum N; of firms in industry i since

there are no scope of economies due to increasing returns technology.



Firms use only labor for their production and there are K types of workers corresponding to
the types of industries because a special training is necessary for working in a particular industry.
In other words, for the reasons stated in Section 1, workers are immobile across industries.
Therefore, the number (measure) of workers in industry 4 is fixed to L;. On the other hand, we
assume that workers are mobile between regions. In other words, workers relocate without any
costs.

Land is not used by firms but by workers for their housing. Specifically, each region has
the central business district (CBD) as a point, and all firms in the region locate there. The
space is linearly distributed around the CBD and each location has one unit amount of land.
Each worker consumes one unit amount of land for residing and commutes to the CBD. In
addition, we assume that the commuting cost per unit of distance is 0 units of numéraire, the
opportunity cost of land is normalized to zero, and the total land rent of one region is evenly
distributed to all residence in the region. Under these assumptions, net urban cost (i.e., land
rent payment-+commuting cost—land rent revenue) per worker is given by (6/4)x (population in
the region), which is independent of workers’ locations.

Generalizing the framework of Tabuchi and Thisse (2003) from two types of industries to K
types, workers are assumed to hold the same preference, which are described by a quasi-linear

utility with quadratic subutility:

N;
Uldor (i), € 0N = 1,0 K) = Z[a [ ata

_(B- ’YN/ (4 ()]2dj — K7 (/Niqi(])d]>2]+qo, (1)

where ¢y stands for the consumption of the homogeneous good and ¢;(7) is the consumption of
variety j € [0, V;] in industry i. We assume that « > 0, § > 0, and 8 > -, which means that this
utility function represents workers’ love for variety. We should note that the second term (which
represents the degree of love for variety) in the squared parenthesis is weighted by the relative
size of its industry (V;/ Zle Ni). This means that an industry with more firms (varieties) has
a greater impact on workers’ utility than an industry with fewerfirms.> This utility function
also generalizes the one proposed by Ottaviano et al. (2002) for one industry only.

Each worker in region r (= H, F') maximizes (1) under budget constraint

K

N,
: . N, 0 _
> U pir(1)air(D)dj +  Lir | + o = wir + T,
i=1 170

where p;,(7) and ¢ () are the price and the consumption amount of variety j in industry ¢ for

workers in region 7, respectively, and where L;. and w;, are the number (measure) of workers

3This weighting also significantly simplifies our mathematical analysis later.



and the wage of workers in industry ¢ and region r, respectively. Finally, g, is the quantity of
the initially endowed homogeneous good.
Workers’ utility maximization gives the following individual demand function g;-(j) and

indirect utility function V.

K .
i) = 5 o oy () + e )
K Ka? S )b Jo e ()12
v;rzgjvk)[?(b_c) o R Oy b

K Ny, N 12 K
_ ;; {Jo p]]i%(j)dj} } +wir +qo — Z;le
where a = /3, b=1/(6—"7), c=~/[B(B—7)], and P, = fONi pir(k)dk, which is the price index
of industry ¢ in region r. Since 3 > v, we have 2b > b > c.

The demand function is linear with respect to prices. We should note that, however, coef-
ficients of prices are different between industries. Therefore, the demand is less elastic against
price for an industry with more firms (varieties). This is due to the specification of (1), where
the second term (the degree of love for variety) is weighted by the relative size of the industry.

Each firm produces a differentiated variety in a monopolistically competitive way. We assume
that each firm is negligible so its pricing has not influence on the price index P in (2). It is also
assumed that all industries could produce any amount of their varieties by using one unit of
worker, thus we obtain N; = L;. Interregional transport costs of varieties are different between
industries and the transport cost of one unit of a variety in industry 4 is denoted by 7;. Under
these assumptions, all firms in the same industry and the same region are symmetric and a

typical firm in industry ¢ and region r maximizes the following profit:

K K
1L = DirrQirr (pirr) Z Ly + (pirs - Ti)Qirs (pirs) Z Lis — Wiy,
i=1 i=1

where g;s and p;-s are the individual demand and the price in region s for firms of industry i
and located in region 7.
The FOC of the profit maximization and the assumption of free entry givethe following

equilibrium price and wage:

2a + cmi(Lis/Li) T
p;‘krr = 2(25 N Z;) : » Dirs = p:ss + 517
Wi = ZkLl (pirr)2 Z Ly, + (pirs - Ti)z Z Ls
! k=1 k=1

From these equations, we obtain the utility differential between two regions for workers of

industry i, Vig — Vip:

Vie —Vir = (Su — Sr) + (wig — wir),
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where S, is the consumer’s surplus in region r, A; is the share of workers of industry i residing
in H, and L is the total number of workers, Zle Ly.

In addition, it is assumed that 7; = w;7, 8 = pr for simplicity. This means that transport
costs and the commuting cost decrease proportionally when 7 falls. The assumption is restrictive
but it enables us to describe the progress of transportation technology by only one parameter

(7). Under this assumption, the utility differential V; — V;p is rewritten as
1 2 P
Vie — Vir :(5 - /\z) |:wi V1 — WiV + iLiT

1 .. .. p
+ Z(i —Aj) {W?M — wipy + W€y —wify + §Lj7
J#i

=G - Wi Q)

where
bLT? L L 2ab(3b — ¢)—
i = 602+ 2( = —4 )be— | — -2 =" 7T
. 2@b—@2F ! (u >c <M >C]”2 @—c?
b2(b—c)= , 20> — i L; i L;
=——2L =" Tr &l =¢=L Y =¢=2
1251 (2() - C)2 Ty K2 (2b - 0)2 T, 51 51 Liv 2 52 Li7
b(b—c)— , 2ab —
= L = L
5 w?ljli — w;Vy + gLiT, if ¢ = 7,
v w?,ul — Wiy + w%ig — ng + 5L;T, if i # .

Finally, we employ the following dynamic system to describe migration behavior between

regions.
dX; 1
g = Vim(A) = Vir(A) = 2(5 = Aj)0ij-

J

3 Regional specialization by the progress of transportation tech-
nology

Now, we investigate how the various industries relocate when the transportation technology
develops which reduces the transport costs of products and the commuting cost. It will be
shown below that the location of industry ¢ depends on the ratio of transport cost to the size of
the industry (= w;/L;), which will be called adjusted transport cost. For convenience, we give

two technical assumptions here.



e Adjusted transport costs are different between any two industries. Namely, w;/L; # w;/L;

for any different ¢ and j.

e The workers cannot be divided into two groups of the same population such that every

industry agglomerates. Namely, for any iy,...,4,...,ixg € {1,...,,..., K},

l K
Y Ly # Y Li (4)
j=1

j=l+1

Furthermore, without loss of generality, we name the industries such that

w1 w2 WK
— > = > > —. 5
Ly Lo Lk 5)

Since there are multiple types of industries, someone may worry about that there may exist
many kinds ofindustrial distributions. However, the following proposition tells us that only a
few stable location patterns are possible if the transport costs and the commuting cost are low

enough.
Proposition 1 At most one industry disperses if T is small enough.

Proof. We show that any distribution pattern in which k(> 2) types of industries disperse
is unstable for sufficiently small 7. Contrarily, assume a stable equilibrium in which & types
of industries disperse and number them by 1,--- , k. For these industries, define A = (6;;)kxk-
Then all the real parts of the eigen values of (—A) are negative, and hence, |A| > 0.

Let

2 . . .

wiv1; — Wity — wify ifi=j,

T = (Vij)kexk, Wherev-':{ : i e
(i) Y W?M + Wity —wjpy —wily i i # j,

1
.
@Z‘ = %Lz R
1 kx1
and (©;, T~%) be the matrix T where the ith column is replaced by ©;. Since vo = gy + &5, it

follows that

k
Al =T+ [0, 1.
i=1
The first term is 2k-order polynomial of 7 and the second one is (2k — 1)-order polynomial of
7. We can show that terms with orders below (2k —2) in both polynomials are all zero (see Part
(1) of Appendix A). Therefore, the terms of order (2k — 2) in the polynomials are significant if
7 is small enough. We can also show that the (2k — 2)- order term in |Y| is negative while the

(2k — 2)-order term in Zle |(©i, T77)| is zero (see Part (2) of Appendix A). Therefore, when 7



is small enough, it holds that |A| < 0. The contradiction implies that plural types of industries

could not disperse simultaneously. W

This proposition tells us that if 7 is small enough, the following two patterns of location are

the only possibly stable equilibria:

(a) Each industry agglomerates in a region;

(b) Only one industry disperses while other industries agglomerate.

In our model, two regions are supposed to be symmetric. To clarify the location patterns,
we focus on the equilibria in which the population in region H is larger than or equal to the

population in region F'. For i, =1,--- | K, let

_ ! K
4abl |w; b Zj:le_Zj:l+1wj

2b—c|L; 2b—c 2221 Lj— ZJK:IH L;

pl(i,l) =

(6)
Those notations have the following property:

Lemma 1 (i) Function p'(i,1) is strictly decreasing with respect to i. Namely, p(i,1) > pf(i +
1,1) holds fori=1,--- | K — 1.

(ii) If Y2\ Ly > Y1 Ly, then pt(1,1) < pf(1,1 - 1).

(i) If Zi-:l Lj> Z]K:Hl Lj, then p'(i,1) is positive for any i.

Proof. (i) follows directly from (5).
(ii) Since 22;11 Lj> ZjK:l L;, we have

-1 K w; -1 K
ij —ij > Ll(ZLj — ZLj) > 0,
j=1 j=l j=1 j=l

where the first inequality is from (5). The first inequality can be rewritten as

1—1 K -1 K
wl(ZLj — ZLj) < Ll<2wj — ij>,
j=1 j=l j=1 j=l

and hence
-1 K -1 K l K
Dojmi Wi = D Wi _ Do Wi T Wit 2w D wi = )i W)
-1 K -1 K - l K
Yl —>n Ly oLy -X o Li+2le YL - L
which derives pf(l,1) < pf(1,1 —1).
(iii) Since Y5y L; > 2%, | L;, then

)

l K l K
0<wl<ZLj— > Lj> <Ll<zwj_ > wj>,
j=1 j=l+1 j=1 j=l+1

10



so that the last term of (6) is positive. Therefore, pf(i,1) > 0 holds for any i. W

The following lemma provides the stability conditions of patterns (a) and (b), where we

define p'(K + 1, K) = 0 for convenience:

Lemma 2 (i) In any stable equilibrium of pattern (a), there is an industry | such that industries
1,---,1 agglomerate in the larger region, industries | + 1,--- , K agglomerate in the smaller
region, and p'(1,1) > p > pf(1 4 1,1).

(ii) If there is an industry | with Zé’:l L; > Zf:lﬂ Lj and p'(I,1) > p > p'(I + 1,1), then
the equilibrium, in which industries 1,--- 1 agglomerate in region H and industries [+1,--- | K

agglomerate in region F', is stable.
Proof. See Appendix B. W

Lemma 3 Let X* be an equilibrium of pattern (b), where industry | disperses while other in-

dustries agglomerate. Then this equilibrium is stable if and only if

(i) either X* = (1,--- ,1,A/,0,---,0) or A* = (0,---,0,A\/,1,---,1),

l K
(i) > Li> > Lj
j=1

j=l+1

-1 K
(iii) pe (p'(,1), pPLI=1))if D Ly > Lj,
j=1 j=l

-1 K
(i) p>pl0) if Y Ly<> L
j=1 j=l

Proof. See Appendix C. R

These lemmas have the following implication. First, for a sufficiently small 7, industries
with larger adjusted transport costs (w;/L;) locate separately from those with smaller adjusted
transport costs. In other words, regional specialization based on adjusted transport costs oc-
curs. Second, industries with larger adjusted transport costs locate in the region with larger
population. Third, the dispersing industry [ is determined by the relative size of the commuting
cost to transport costs, p.

Let Iy be the industry such that

ly K ly—1 K
SNLi> Y Ly, Y Li<> I
j=1 j=ly+1 j=1 j=ly

Then we obtain the next proposition from proposition 1, Lemmas 1, 2 and 3.

11



Proposition 2 (Regional specialization) If T is small enough, the location pattern X* is uniquely
determined. If p is also small enough, all industries agglomerate in a region; otherwise industries

with smaller adjusted transport costs locate in the smaller region. Specifically,
o if p<pl(K,K), then \* = (1,---,1),
o if pl(K,K) < p<p(K,K —1), then \* = (1,--- ,1,\5) [0 < X < 1],
o fp(K,K—-1)<p<pK—-1,K—1), then \* =(1,---,1,0),

o ifp(K—1,K—-1)<p<p(K—-1,K—-2), then X* =(1,--- , 1, \%_1,0) [0 < A\}_; < 1],

o if pl(ly, ly) < p, then X" = (1,---,1,A[,0,---,0) [0 < \j, < 1].

It is intuitively clear that p is significant for the location patterns since the urban cost based
on the commuting cost is the only dispersion force in our model. In contrast, it is not so
intuitive why the adjusted transport cost, w;/L;, is so important in determining the industrial
location. To understand it, we first note that the progress of the transportation technology
might enable industries with lower transport costs to leave the bigger region. This is because,
for such industries, the gain from reducing the urban cost by moving to the smaller region might
be larger than the loss from increasing transport costs by leaving the big market. However, why
the transport cost should be adjusted? Remember that when a firm relocates from the bigger
region to the smaller one, the consumer price of its product in the big market increases and
its demand decreases. The demand function (2) shows that the decreases by rising prices are
different between industries, i.e., demand is less elastic against prices for industries with more
firms (varieties). In other words, even if the consumer price of a variety rises because of the
relocation of its producer, the demand does not decrease so much if the industry contains many
firms (varieties). Thus finally, the adjusted transport cost is more proper than the transport
cost itself for determining the location pattern.

Until now, we have focused our attention on the case of small 7. The cases of intermediate
and large 7 are also important but there are too many possible equilibria. Therefore, we only
provide a conclusion about the stability of the full agglomeration pattern, A* = (1,--- ,1).

When A* = (1,---,1), from (3), the utility differential V;z — Vi is rewritten as
V;H_ViF:_[AiTz"i‘(Bi_g)T:|17 (7)

where

b 4T, K
A = ——— | —=w?+2 2)b(b - —c* >0
4(2b—6)2 |:<Llw1+ j;w]) ( C)+L‘C > )
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B ab L K
K3 ]:1

We have min; B; = Bx = p!(K, K)/4 from (5). Therefore, we conclude that (i) if Bx < p/4
(or equivalently, p > pf (K, K)), then the full agglomeration is never stable, (ii) if By > p/4 (or
equivalently, p < pf(K, K)), then the full agglomeration is stable if 7 is not too large.*

From the above conclusions, we can not find an evolution pattern ‘from full agglomeration
to regional specialization.” Such a pattern, however, might occur if we consider congestion as

we will do in next section.

4 Congestion case

Tabuchi (1998) and Helpman (1998) found that when transport costs of manufacturing goods
decrease, the industrial location shifts from agglomeration to dispersion since the urban costs
(e.g. housing and commuting costs) become relatively large. By Proposition 2, however, the
location pattern does not necessarily shift to dispersion. The difference between these results
is due to the different assumptions of urban cost. Our model assumes that the progress of the
transportation technology decreases the commuting cost and the urban cost decrease propor-
tionally with transport costs, while Tabuchi (1998) and Helpman (1998) do not assume that the
technology development reduces the urban cost.

More specifically, our model assumes the Alonso type city whose residential area changes
with population size. However, in the framework of Helpman (1998), the residential area is
limited, so that the land per worker is smaller in the region with more population, and the
loss from agglomeration is not reduced by the technology progress. Second, our model in the
preceding sections does not consider population externality such as congestion and environmental
pollution. Those factors are not decreased by the progress of the transportation technology.

To make our analysis more complete, this section introduces population externality into the
previous model and investigatesthe location pattern again. For simplicity, we further specify
that K =3, L; =L (i = 1,2,3), and w; > ws > ws. Concerning the population externality, it is
assumed that workers’ expenditure inevitably increases with increasing population. Specifically,
while the urban cost was given by (p7/4)x(population in the region) previously, it is given
by [(pT + €)/4] x (population in the region) in this section, where ¢ > 0. Therefore, even if 7 is
small, the urban cost does not disappear and hence, the dispersion force works significantly. This
implies that the population in two regions are almost equalized if 7 is small enough. Thus, it

becomes impossible for more than two industries to agglomerate in a single region (e.g., location

“Let B+ /A;» = min B;/A; and Ttraqe = min2a/{w;(2b — c)}. For trade to occur in all industries regardless of
the location patterns, it should hold that 7 < Ttrade, which is assumed to be true here. If p < 4(B;+ — A;* Ttrade),
then the full agglomeration is always stable. If 4(B;x — Ai*Tirade) < p < pT (K, K), then the full agglomeration is
stable when 0 < 7 < (B — p/4)/As~.
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patterns A* = (1,1,1), (1,1, \3), and (1, 1,0) are impossible). In other words, the following three
location patterns are the only possible distributions, where 0 < A7 <1, 0 < A5 <1, 0< A5 <1

if 7 is small enough.®:
(A) full dispersion: all industries disperse (A" = (A], A3, A\3));

(B) complete regional specialization: one industry disperses while the others agglomerate in
different regions, (A* = (A},0,1), (1,3,0), (0,1,3));

(C) partial regional specialization: two industries disperse and the remaining one agglomerates
in a region (A = (1,5, A3), (XL, 1, A5), (A1, A5, 0)).

The following lemmas give us the stability conditions of patterns (A) and (B), where

1600  w?(we — w3)? + W3 (ws — w1)? + W3 (w1 — w2)?

€0

c(2b — ¢)? wiw3 + wiw? + wiw? 7
_ 16a%0? (w1 — wa) (w1 — w3)
‘= c(2b — ¢)? w? '
_16a%? (w1 — w3)(we — w3)
2= c(2b — ¢)? w3 ’
2 2
D= At g

It holds that € > min{eé;,é2}.5

Lemma 4 If 7 is small enough, X* = (1/2,1/2,1/2) is a unique and stable equilibrium if and

only if € > €y. This is the only possible equilibrium in location pattern (A).
Proof. See Appendix D. W

Lemma 5 If 7 is small enough, X* = (1, 3,0) is a unique and stable equilibrium if and only if

€ < min{e;,€}. This is the only possible equilibrium in location pattern (B).

Proof. See Appendix E. B
These lemmas tell us that if 7 is small enough, the location pattern is uniquely determined
if € > €y or € < min{e;,€}. When € € (min{e;,e},%), a location pattern of (C) occurs, which

is also uniquely determined. Specifically, we have the following proposition:

Proposition 3 (Regional specialization with congestion) For sufficiently small T, the location
pattern XN* depends on the degree of externality e. All industries disperse evenly for large e,
industry 2 disperses while industries 1 and 3 agglomerate in different regions for small €, two

industries disperse and the 3rd one agglomerate for intermediate €. Specifically,

"By the symmetry of regions, symmetry patterns like (A}, 0,1) and ()}, 1,0) are considered to be the same.
6See Appendix F.
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o if e > 7, then \* = (1/2,1/2,1/2).

(i) When we > wa, we have € < €y < €2 and,
o ife; < e <€, then X* = (A\],A3,0),

o if e <€, then A* = (1,13,0).

(ii) When we < Wa, we have €3 < €y < €1 and,
o if s < e <€, then A* = (1,73, )3),

o if ¢ <€, then A* = (1,)3,0).

Proof. See Appendix F. R

If € is large enough, all industries disperse evenly, but as € decreases, partial regional special-
ization first emerges and then complete regional specialization occurs. Specifically, (i) when wy
is relatively large and close to w1, industry 3 first agglomerates in a region and then industry 1
agglomerates in the other region. On the other hand, (ii) when ws is relatively small and close
to ws, industry 1 first agglomerates in a region and then industry 3 agglomerates in the other
region. In the both cases, when ¢ is small enough, industry 1 and industry 3 agglomerate in
different regions.

The reason why patterns of regional specialization emerge as € decreases is understandable.
If € is small, some industries enjoy more gains from market access than suffering the losses
from congestion when they locate in the larger region. Such industries are the ones with higher
transport costs and they form the larger region. For example, we know that lim,_gA5 >
lim; o A3 and A5 + Aj converges to 1/2 from above in equilibrium (1, A3, A3) [see the end of
Appendix F.], and that A5 converges to 1/2 from above in equilibrium (1, \3,0) [see Appendix

The main result of Zeng (2003) and Proposition 1 show that at most one industry disperses
if 7 is small enough. In contrast, Proposition 3 shows that the result is true only if € is small
enough.

Finally, we will consider the case that 7 is middle or large, but we will show only a few things
about the stability of the full agglomeration pattern, as the previous section.

When A* = (1,1, 1), the utility differential of industry i, Vg — Vip, is rewritten as

Vin = Vie = = [ A + (B - Dyr - 1| L.

where A; and B; are the same parameters in (7). Therefore, we conclude that (i) if p > pf (K, K),
then the full agglomeration is never stable, (ii) if p < pf(K, K) and ¢ is small enough, then there
exists an interval of 7 where the full agglomeration is stable. In other words, with Proposition

3, there exist patterns of ‘from full agglomeration to regional specialization.’
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5 Concluding remarks

The regional specialization via differences in transport costs has been observed in Japanese
manufacturing industries. Concretely, industries with low transport costs for their goods (e.g.
electrical machinery, precision instruments) have relocated to periphery regions while industries
with high transport costs for their goods (e.g. iron and steel, petroleum and coal products)
remained close to the core. This paper provides a theoretical foundation for this fact, by inves-
tigating where various industries tend to locate when the transportation technology develops.
To this aim, we have analyzed the location of industries which are differentiated by transport
costs and size (number of firms) by use of an analytically solvable model of new economic ge-
ography. The urban costs and congestion are explicitly included in the model. The obtained
results are consistent with the observed empirical phenomenon. Furthermore, our results support
the regional policy of some Japanese local governments, which aims to invite ‘close-to-airport’
industries by improving the facilities in their local airports.

Typical industries with low transport costs are software and information processing. These
industries also contain many firms (varieties) so their adjusted transport costs are also low. Our
theoretical results predict that they should locate in periphery region. However, until now, we
have not observed such a location pattern in Japan. According to the Survey on Service Indus-
tries (2000), the revenue share of both Software industry and Information processing & providing
industry in the Core are nearly 80%. We guess that this is because these industries strongly
require inter-firm communications and market information. Communication and information

externality are strong in large cities, which are not included in our model.
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Appendix A. Calculation of |A|
(1) Terms of orders below (2k — 2)

First, we will consider |Y|. The elements of T are composed of the 72-terms (v, i1, fij )
and 7T-terms (uo, éj ). If |T| is decomposed to sum of determinants in which each column is
composed of only 72-terms or only 7-terms, then the terms of the order which is below (2k—2) in

|T| could be represented as sum of determinants with at least three columns which are composed
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of only 7-terms. One of the determinants, for example, is

L L L

—Wiloe — W1 ﬁ€2 —Waly — W1 ﬁSQ —W3ly — wlﬁé-Q V14
L L L

—Wiply —wWaptEy  —Wolly —waFEly  —wally —waTily Va4

Wit — Wk%fz —Wally — wk%ﬁfz —W3ly — Wk%i& Uk4
Wiy — Wl%fz TWaly — Wi %52 —Wafly — w1%§2
L -6 Lf-26 L - 26
L - 296 L(f -6 L - 26
—Wipy — Wl%fz (%Wl — w2y (%’Wl — w3y

Li(g — £)6 0 0

U1k
Vg

Ukk

Li(3 - %’;)52 0 0

so we can show that it is zero. Of course, this result holds even if the columns with 7-terms are

in different places.

Next, we will consider Zle |(@i, T_i)|. If }(@i, T_i)} is decomposed to sum of determinants

like above, then the term of the order which is below (2k—2) in |(©;, Y%)| could be representedas

sum of determinants with at least two columns which are composed of only 7-terms except for

ith column. One of the determinant, for example, is

L L

pTL1/2 —wapy —wi1 RSy —wapy — w172 v
L L

pTL1/2  —wapy —waTRly —wapy —waTiEy v

L L
pTL1/2 —wopy — wkfifg —W3ly — wkfiﬁz ()

pTL1/2  —wapiy — Wl%& W3t — Wl%&

|0 ek ook
N
orLn Lo(Ft — 72)82 La(Ft — )82
- 2 Wi k Wi Wi
Lo(Fr = 758 La(F — 75)&
oLy Lo(F—F)& 0
~ 9 o : " S E
Lo(7r = 75)& 0 -+

Uik
Vok

Ukk

so we can show that it is also zero. Of course, this result holds even if the columns with 7-terms

and ©; are in different places.

Therefore, we have shown that the terms of orders below (2k — 2) in |A| are all zero. B
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(2) The (2k — 2)-order

First, we will consider the

term
(2k—2)

-term in |Y|. This term could be represented as sum of

determinants which has only two columns with 7-terms by the above decomposition, and one of
the determinant, for example, is calculated as

T
—wifty — w2y
—Wifly — w3%52
—wiply —wittE

TWiHy — Wk%é} —Wally — Wk%igz w3y + W%%ﬁ& wipy + W%%& WY1k
=(Ly - L)
2 2 2 2 2 2
— Tty — 7 (T — Png %zéh + ;[%gl %51 + 2*151 %:éh + ;Zﬁ&
(o 0 G-she G- (& - e,
) 3 )
(82— ) dileom) —ole, (f -9 (7 -7
x| L L2 Ly Lot ke Ly Ly~
w w Wy lViga—p w w. w
(8- 5 TR, (4 - 28
' 2 2 2 _ 2
(2~ 596 0 (7 - & (7 - & sl - g
w1 w2
=(7= — 7 )ua(Ly -+ Ly)
Ly Lo
0 1 0 0 0
2 2 2 2 2 2
m-we 0 d-dde @ -dy GRS
(2 -)g 0 =lym) _ole (- (52 - 56
L~ Ls)52 L I,51 Is — L,/S1 Ly — I,/%1
Na-me o (Bode Hgmm oy o (B -2
1 4 4 1 4 1 4 1
(-6 0 (-2 (5 - $he R
Ly Ly /52 Ly L;/51 Ly L,/51 Ly L, 51
w w
== (2 g L)
2
w w
pow Goghe o 0
L s /hz—%fl —ﬁ(ms—m—&) e = vy = — &)
x| P (22 =16 v = — &) 0
oo (- 0 =~ &)
L4 Ly Ly L1 1 Ly, Vik lul 1
oI (%3 - )& 0 0
1 2 2 1
A B 0 0
w w UJ2 w2 (.u'2
7_(L71_L72)ﬂ2§2(L1"'Lk) S (-8 THYu 0
1 2 : .
2 2 ) 2
P (PG 0 T
where
" ¢ beL 72
EU ==& e
1¢ 13 — M 1 2(2b — C)Li’

—walty — w1726
—wally — w22,
—Wwally — w3%§f2
—walty —wWiT2Es

2 2 L3
wify + w16
2 2 L3
wipy +wi 78y

2
LU3Z/13

2 2 L3
wipy + w36y
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wipy + W%%fl

Wity +W%%§1

wipy + W%%fl
wil/14

2 2L
Wik + w6

2 2L
Wik +wr 7EE

2 2 Ly
Wik w3 TEg

2 2 Ly
Wik +wi ey




Ly Ls w; L3 (Ll L;

w2 wi w? w3l o, w3 w2
B=23 3 _ 1 N2 L

L3¢13+{(L3 L1) wiLg) L. L1) &1

k 2 2 2 k 2 2 2
%ﬂ—ﬁﬂpﬂﬁmﬁ@ﬁ—ﬂwijmmﬂ%—%ﬁglH“”“

i — wily” Ly Ly igs
2 2 k k 2
wy; Wi HL (wl wg) Z w3li o, w1 wj Wiy
@ R (Kl Py i
j ) :
Ly Iy e Ly Ly" = wils” "Ln L 1123 L
ng :
:(u}]_LQ — CLJQL]_) !wgwlg + {( — 7&]1 + L3 Z o, L3 72 —_ } ] H wl wll
1#1,2,3
k
L wsL;
- (W%Ll - W1L2) (*Swl —ws) + L3 Z( 3 l) (* - f H Wl%l
I o wils” "l Li 175123
—(wile —woln) ] wivn
141,2
L Ls
+& [ wivw {(wle —wal1) (w3 — fW%) — (Wil — L2)(fw1 - WS)}
1£1,2,3 1 1
k
L3 wsL; L;
H Wity [(W1L2 —wal) Z f s “)?(wi — flw%)
l;él 2,3 i—a 1
k
L 9, Lj
— (w3 L ﬁwl - Wk)]
7,:4
=(w1L2 —waln) H Wity
1#1,2

+ [wlwg(wl — WQ)Lg + Wng(WQ — LU3)L1 + wgwl(wg — w1 L2 H wj wll

l;él 2,3

k

L3 L3 LU3L L;

+ 51%23%3 H Wity Z [(W1L2 —waln)— I (wng) 2(w? - L—iw%)

1#1,2,3,k i=4

L3 wsL; o, L;
2 3,W3
— (W3l — 3L oy —
(@3 — AL P (o - ),
and the last term of the equation could be written as
k I L
w33 #11_2[3 sz2¢11 Zz; [(W1L2 —waLy)(w? — I “wi) — (wiLl1 — W%LQ)W?)(EWI — wj)
34,9, =
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k
= Z [wlwg(wl — wg)Li + UJQWZ'((A)Q — wi)Ll + wiwl(wi — wl)Lz] 51 H wl21[}1l.
—1

i 1#1,2,i

Therefore, the determinant which has columns with 7-terms in the first and second columns

could be represented as

—(% - ﬁ)/@&{(fﬂl[@ —waly) H Wity + & H Wity

1#£1,2 1#1,2,i

k
Z [wlwg(wl — wg)Li + wgwi(wg — wk)Ll + wiwl(wi — wl)L2:| }
=3

By the same way, the determinant which has columns with 7-terms in the mth and nth columns
could be represented as

—(% - 2)#252{@%&1 — wnLm) H Wity + & H Wity

l#m,mn l#m,n,i
k
Z [wmwn(wm — wp) L + wpwi(wn, — wi) Ly + wiwpm (w; — wm)Ln] }
i#Em,n

The 7(**~2)_term in |Y| is sum of the above determinants for all (m,n) € , where  is the

set of combinations from {1,---, K'}. We should note that

k

w w
3 {(Lm _ LJ) > {wmwn(u}m —wn)L;
(m,n)er m " itmn
+ ani(wn - Wi)Lm + Wiwm(wi - Wm)Ln] H wl%pll}
l#mn,i
is zero, then the 7(2*=2)_term in | Y| could be written as
w w
- Z (Lﬂ - fn)N2€2(Wan — wn L) H Wl2¢11
(m,n)€r m " l#mn
2
w
= —py Z (Wi Ly — Wan)Q ﬂ
L, L,
(m,n)ex l#m,n
2pk+1 k—2T 2k—2
ab" L [ 2 2|, _2k—2
= T ok—d(op _ NITT . Z (wmLn = wnLm) H wr| T
2k=4(2b — )1 ] L; (mmen il

<0,

where the last inequality holds from assumption (5).

Next, we will consider the 7(*=2)_term in Zle |(©i, Y=%)|. This term could be represented
as sum of determinants which has only one column with 7-terms except for ith column by the

above decomposition, and one of the determinant, for example, is calculated as
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L 2L L 2L
pTL1/2  —wopy — w1 72Es W%M + W1 Li’& wipy + Wit - W%Ml + u)1 L'f &
L L
pTL1/2  —wopy —waFEEs Wiy + w3 L2§1 wip + W%f‘;& o WkM + Wz L’; &
prL1/2  —wapy — w3 fﬁz w3V13 wipy +WiEAE - wkﬂl + wg L’; &
pTL1/2  —wapy — wy L4§2 Wik + wi L4§1 wivia Wi Wi 3
pTL1/2 —wapiy — Wk%fz Wiy + Wk Ly 31 wipy + wk L L8y wivlk
pT
= (2)52{(W1L2 —woly) [] wivu+& ] wivu
1#1,2 I£1,2,i

k
> [wlwz(wl — w2) Li + wawj(w2 — w) L1 + wiwr (wi — wl)LQ] }
=3

by the same way as used for the case of |Y|.

Thus, such a determinant is generally expressed as

(g)&{(men—WuLm) H W%wll‘f‘gl H W?wll

l#m,n l#mn,i
k
Z [wmwn (W — wn) Li + wpwi(wn — w;i) Ly + wiwm (w; — wm)Ln] }
i#Em,n

The 7(*=2)_term in Zle |(©;, Y79 is sum of the above determinants for all (m,n) € ,
where % is the set of permutations from {1,---, K'}. We should note that only the sign reverses
if m and n are replaced each other, then we know the 7(2*=2)_term is zero.

Therefore, the 7(2*=2)_term in |A| is negative. B

Appendix B. Proof of Lemma 2

(i) Let A* be an equilibrium of pattern (a), in which [ industries i1, .. .,4; agglomerate in region
H and K — industries i;41,...,ix agglomerate in region F'. Then for each industry i, it holds
that
A" PO o P A
Vit (X*) = Vip( )——§Zj ) n'j+§zj 1 i
K
2abL
{ (szJ > L) - e (zw% > )
j=l+1 j=l+1
X w
1
(26— ¢) (ZL% zl;l ZJ>LJ} +0(72).
J

For sufficiently small 7, the sign of the above expression is determined by the coefficient of 7.

Because of (4), the population of two regions are different, and hence Zé-:l Li; > ZjK:z 41 Lij,
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because of our assumption that H is not smaller than F'. Since industries i1,...,4; are in H,

the stability conditions requires Vi, g (A*) — Vi, p(A*) > 0 for j = 1,...,1, which implies

— ! K
4abL i b Wi — S Wy
P o [‘Z’“ +3 S ] for k=1, 1, (A.8)

—C Ly e Ly = i Ly,
On the other hand, since industries 4;11,...,ix are in F, we have V; g (A*) — Vi, p(A") <0 for
j=1014+1,..., K, which implies

! K

4abL [wzk b Zj:l Wi; — ijl—i—l Wi

j
p= o — i i ] fork=101+1,--- K. (A.9)
2b—c 2b—c ijl Li; = ijl-i—l Li

The following inequality holds directly from (A.8) and (A.9):

. : s :
min{zjz,---,?l}Zmax{Ll’l“,---,;K}. (A.10)

l +1 1K

From (5), (A.10) tells us that ¢; = [, and the industries locate in H turn out to be 1,...,1, the
industries locate in F' turn out to be [ + 1,..., K. Therefore, (A.8) and (A.9) are summarized
as pl(1,1) > p > pl(1+1,1).

(ii) Let A* be the equilibirum in which industries 1,...,[ agglomerate in regionH and indus-

tries [ — 1,..., K agglomerate in region F'. Then

* * 1 ! 1 K
Vir(A) = Vir(X) = _§Zj=1 5ij+§zj 41 000

:-é{?(é%‘jifﬂ') 2ici)Lc [<i =ZK+1 >
2b—c(ZL Ji; Oﬂ} +0(r?),

whose sign is determined by the coefficient of 7 for sufficiently small 7. From pf(l,1) > p >
pl (14 1,1), we have

)< 4abL [wik b Zé‘:l wj — Z]K:lﬂ w
2b—c

J
4 l } fork=1,---,1,
L;, Qb_Cijle_Z]K:l+1Lj
- l K
W — Y e Wy
4abL [wl’“ b lefl J Z]K*Hl ]} fork=1+1,--- ,K.
2b—c 2b_02j:1Lj_Zj:l+1Lj
Furthermore, since Zé’:l Lj> ngle L;, we soon obtain Vg (A*)—=V;p(A*) > 0forj =1,...,1
and Vg (A*) = V;p(X*) <0 for j =1+1,..., K, therefore, A" is stable.

Appendix C. Proof of Lemma 3
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We first showthat necessity. Suppose that industries 1, ...,1%;, locate in region H and industries

Ji,---,Ji, locate in region F. The remaining industry [ disperses with population A; L; in region

H. Then l; +ls + 1 = K and Vig(A*) — Vip(A*) = 0, from which we have

1
A= [MQl p2€22 +

A 1
2, *(W%fl —wiéy + PTLl)} + =

L 2

where

l2
Zw% ijk, Oy = Zwlk Zw]k, and A = ZL% Zij.
k=1

Since we are interested in the situation of sufficiently small 7, we denote

4ab® L Ly — (2b — ¢)?(A — Ly)Lip + 4ab[(2b — ¢)A — (3b — ¢) L] Lw;

A = lim A= -
T—0 2L;[(2b — ¢)?2Lyp — 4ab(3b — ¢) Lw]

which should be in (0,1). The stability conditions for A* are

VzkH()\*) _ VZ.kF()\*) >0 fork=1,---,1,

VMH()\*) — V;kF(A*) <0 for k= 1, o ,lQ,
IVin(A*) = Vir(X")]
O\

which are rewritten as

<0,

2,372 Wi, .
16a“b° L <L LZ)(QQ ALZ> +O(1 )

1k

= >0 fork=1,---,l,
2b—c[(2b—c p — 4ab(3b — ¢)L L:|+O(T)

VMH()‘*) JkF ’\*

16a2b°L° :ﬂk )(QQAL) + O(1%)
Jk

<0 fork=1,---,ls,
4(2b — ¢) [(21)—0 p— 4ab(3b—c)Lwl} + O(7)

Vir(A*) = Vir(A")]
8)\1
= —% [p = 4“b((§’:_cc))f“”] T+0(r%) <0,

(A.11)

(A.12)

(A.13)

respectively. For sufficiently small 7, the signs of the above expressions are determined by their

coefficients of 7. Therefore, (A.13) simply implies that

S 4ab(3b — c)fﬂ
P> -2 I

(A.14)

Then the denominators of (A.11) and (A.12) are positive. We consider two cases to further

clarify (A.11) and (A.12).
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o If
Qy — AL >0, (A.15)

then (A.11) and (A.12) yield

Wiy, wy Wi . . . . . .
— > —%_ for any i =i1,...,4, and jr = j1,..., Jio- A.16
l;ik 1:[ l;jk 1 2 < )
Therefore the industries in region H turn out to be 1,...,] — 1 and the industries in

region F' turn out to be [ + 1,..., K. Therefore, the equilibrium takes the form of A* =
(1,...,1,),0,...,0). On the other hand, (A.16) implies that

A lo 5 l2
wi
> =3 e (X = Y k)
k=1 k=1 k=1 k=1 !
which shows that (A.15) is true.
o If
0 — A <, (A.17)
Ly
then (A.11) and (A.12) yield
Wiy, ﬂ Wi

< <7k7 for any i = i1,...,%, and jr = j1,..., Ji,- A.18
l;ik l;l l;jk 1 2 ( )

Therefore the industries in region H turn out to be [ + 1,..., K and the industries in
region F' turn out to be 1,...,1 — 1. Therefore, the equilibrium takes the form of A\* =

(0,...,0,A\/,1,...,1). On the other hand, (A.18) implies that

l1 l2 I l2
wi
> o =Y e <( X -
k=1 k=1 k=1 k=1 !
which shows that (A.17) is true.

Summarizing the above two cases, we obtain (i) of the Lemma. To derive the others, we focus
on the case that A* = (1,...,1,A/,0,...,0). The other case can be shown similarly. Contrarily
to (i), we suppose that Zé‘:1 L; < ZJK:ZH Lj. Then \; < 1 is equivalent to p < pf(l,1).

However, we have

~ 4ab(3b — c)fﬂ

T
CdabL [w b Xyiwi— Xjaw|  4ab(3b— o)Ly
2b—c | L 2b_02§:1LJ_ZJK:l+1Lj (2b—c)?2 L
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4ab’L |:Z§':1 wj — Zf:m-l wi wl]
— )2 l K
(26 —¢) ijl Lj— Zj:l+1 Lj Ly

l Wi wy K wi Wi
— LiLi| 2 - = LiLi| = -2
wi Tt (- 5) (- 7)

(2 = ¢)? T e
Ll(zjzlLJ Zj:l_,’_lLJ)

<0, (A.19)

therefore \; < 1 contradicts (A.14), and hence we obtained (ii). In the following, we further

consider two cases to obtain the remaining conclusions.

o If Zé;ll L;> ZJK:l Lj, then \; < 1 is equivalent to p > p'(l,1) and \; > 0 is equivalent to
p < pi(l,1 —1). Furthermore, since the reverse inequality of (A.19) turns out to be true

because of (ii), (A.14) is guaranteed by p > p'(l,1). Thus, we obtained conclusion (iii).

o If Zé_:ll Lj< ZjK:l L; and Zé-:l Lj> Z]KZZH Lj, then )\, < 1 is equivalent to p > p'(l,1)
again while ); > 0 turns out to be equivalent to p > pf(l,1 — 1). Since

YW T Wi Wi T e Wi
oL Y- L
_ (2321 Lj— Z]K:Hl LJ)(Eé_:ll Wi — W — ZJI'(:lJrl wj)
O Ly = L) (e Ly — i1 L)
L - L) v S w))
(521 Ly = 250 L) (5 Ly — i L)
2300 LiL(wi/ Ly — wn/Ly) + 235 41 LiLj(w/ Ly — wj/Ly)
B (22;11 Lj - Zf:l Lj)(Eé:l L; - Z]I'(:Hl Lj)

<0,

we know that p(l,1 — 1) < pf(l,1). Furthermore, since the reverse inequality of (A.19)
holds, the conditions can be summarized by p > pf(l,1) only, and we obtained (iv).

Finally, the sufficiency holds evidently. W

Appendix D. Proof of Lemma 4

We first provide the following conclusion:

Claim For any a; and positive b; (i = 1,--- ,n), it holds that
ax an, ay+---+ap
— e, > A2
max{b1’ ,bn}_bl‘f'""{'bn ( 0)
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Proof: If n = 1, then (A.20) holds with equality. For n = 2, without loss of generality, let

a1/b1 < ag/by. Then a1by < agby so that ajbe + azby < agby + asby, which can be rewritten as

fto %2 _ x{ i “2}. (A.21)

bl —i—bg - b2 bl b2
Suppose that (A.20) holds for k, then

a ag Q41 ai Ak k41
maxq —, -+, —, = max<{ max{—, -, —},
br. " brt1 b1 b b+

zmax{alJr”'Jra’“,a’““}z (a1 + -+ ap) +aps
b1+ -+ b brs1 (by+ -+ + bi) + byt

where the first inequality is from the induction assumption while the second inequality is from
(A21). &

The only interior equilibrium is evidently A* = (1/2,1/2,1/2). Let A = (J;;)3x3 and the
characteristic equation to be 3 + At? 4+ Bt + C = 0, then the stability conditions of A* are given
by

A<0&Tr(A)>0
@%6 6ab(3b—c)(w1+wz+w3)7_

2 (2b — ¢)2
3b(6b2 — 2bc — ?)(w? + wi + wi) 5
22— )2 7= >0, (A.22)

C<0&|Al>0
81b%c 9

2/ 2 2 2 92 2
= WT {0(26 — C) (U.)l(AJQ + UJQ(UB + wal)E
— 16a2b2[u}%(w2 — w3)2 + w%(wg — w1)2 + wg(wl — wg)Q}}
+0(r%) > 0, (A.23)
AB < C < Tr(A)(611022 + 922033 + 933011 — 912021 — 923032 — 931013) > |A|
27be

= WTQ{C(% —¢)?(w? 4 w3 + wWi)e

—16a%0*{w? + w3 + Wi — (wiwa + waw3 + w3w1)]} + O(73) > 0. (A.24)

(Samuelson 1945, P. 432).

For sufficiently small 7, the above inequalities are determined by the first terms. Therefore,
(A.22) is evidently true and (A.23) is true if and only if € > €. Next, we show that (A.24) is
also true if (A.23) holds. In fact, since

w?(we —w3)? + w%(wg — w1)2 + wi(wy — w2)? B (w1 — wa)?
w? w2 + w2w3 + wgw% w% + w%
{wf(w2 —ws) — wg( w3 — wi)}?

>0,
(W] + wi)(wiwd + wiw] + wiw?) ~
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we have

2 2 2 2 2 2 2
wi(w2 —w3)® + wi(wg — w1)? + wi(wi — wa) S (w1 — w2)
w%w% + w%w% + w%w% - w% + wg

Similarly, the following two inequalities also hold:

2 2 2 2 2 2 2

wi(w2 —ws)® +wi(ws —w1)” +wi(wr —wz)” _ (w2 —ws)
2.2 22 2,2 Z 3 2

wiw; + wrws + wiwy ws + w3

2 2 2 2 2 2 2
wi(w2 —w3)? + wi(wg — wi)? + wi(wi — wa) S (w3 —w1)
w%w% + w%w% + w%w% - w% + w%

Therefore,

wi(we —w3)? + Wi (ws — w1)? + W3 (w1 — wo)?

wiw? + wiw? + wiw?

2 2 2

(w1 —w2)® (w2 —w3)” (w3 —w1)
wit+wly B Wwitwd ' witowi

2

> rnax{

(w1 — w2)2 + (UJQ — W3)2 + (w:g. — wl)
2(wf + w3 +wj)
w? + w3 + wl — (wiws + waws + waw1)
w? + w? + w?

>

where the last inequality is from (A.20). In conclusion, (A.24) holds if € > ¢,. B

Appendix E. Proof of Lemma 5
First, we will consider the stability of A* = (1,A5,0) (0 < A5 < 1). From Vo (A*) —Vap(A*) =0,
we obtain

(2b — ¢)?e + 12ab{b(w; — 3wa — w3) + cwa}T

Ay =
27 2(2b — ¢)2e — 24ab(3b — c)waT + 6b(66% — 2be — c2)w3T?

+0(7%),

where we should note that A3 converges to 1/2 from above as 7 — 0. The stability conditions

for A* are given as

VlH()\*) — VlF()\*) >0
N 9 L{16a%b* (w1 — wa) (w1 — w3) — c(2b — ¢)?w3e}r?
4(2b — ¢)3c — 48ab(6b2 — 5be + 2)war + 126(126% — 10b2¢ + c3)w3r2
+0(73) > 0,
V3H(>\*) — V3F()\*) <0
—9bL{16a%b?* (w1 — w3)(wa — w3) — ¢(2b — ¢)?wie}r?

< 4(2b — c)3e — 48ab(6b% — 5bc + c2)waT + 12b(1203 — 10b%¢ + ¢3)wir?
+0(r%) <0,
6 *\ *
Var(X) = Var(N)] _
ONg

_ Le n 6abL(3b — c)ws
2 (2b — ¢)?

74+ 0(1%) < 0.
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For sufficiently small 7, all the signs are determined by the first terms in the above expressions.

Together with our assumption that wy > wy > w3, we know that A* is stable if and only if
€ < min{e, e}.

From the symmetry, conditions min{ws, w3} < w; < max{ws,ws} and min{w;,ws} < w3 <
max{wi,ws} are required for the stability of equilibria (A],1,0) (0 < A7 < 1) and (1,0, %)
(0 < A3 < 1), respectively. Since these inequalities contradict to the assumption, these two

patterns could not be stable. l

Appendix F. Proof of Proposition 3

We provide the proof for the case of wy < @wy. The case of wy > Wy can be shown similarly.
Above all, we provide some preliminary inequalities. The following inequalities hold immediately
from wy < Way:

{wi(ws —ws3) + w2(w1 - ws)}{(% + w3) (@2 — wa)}

€1 —€ =
wi(wiw] + wiwd + wiw])

>0,

{wi(wi —wy) + wi(w1 — w3 }{(W% + w3) (W — wa)}

€ — € = > 0.

e w3(Wiw3 + wiw? + wiw?)
Therefore,

€ <€ < €. (A.25)
Substituting

a1 (w2 —wi)(wz — W3)( 0), %2 (w1 — w3)(w2 — ws) (> 0)

by w% " by w3
into (A.20), we obtain

(w1 — w3) (w2 — w3) > (w2 — ws)® (A.26)

w% o w% + w%

First, we consider the stability of A* = (1,A3,A3) (0 < A3 < 1, 0 < A3 < 1). From
Varr (A*) — Vap(A®) = 0 and Va3 (A*) — Vap(X*) = 0, we have

c(2b — ¢)%ew? + 16a2b? (w1 — wa)(wa — w3)

Ao = lim A5 = A.27

2770072 T 90e(2b — 0)2e(w + wd) — 16a2b%(ws — w3)?]’ (4.27)
c(2b — c)ewd — 16a%b* (w1 — w3) (w2 — w3)

A3 = 1 )\ . A.28

5= T 2[c(2b — ¢)%2e(w3 + w3) — 16a2b%(wg — w3)?] ( )

The conditions of Ay, A3 € (0,1) are equivalent to

c(2b — c)26 S max{ (wo2 —w3)? (w1 —w3)(wa — w3)

272 2 2 2 )
16a4b wj + w3 w3
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(w2 —w3)[2(w2 —w3) + (w1 —ws)] (w2 —ws)[2(w2 —w3) — (w1 —w3)] }

w3 + 2w} ’ 2w3 4 wi
:<w1 _w3)(2w2 _w3)’ (A29)
w3

where the last equality holds from (A.26) and

(w1 — W3>(WQ — W3) _ (wg — W3){2(WQ — wg) + (w1 — WQ)}
w3 w3 + 2w?
_ (wo —wy)f(wr —wo)wi + (w1 —wa)wi}
wi(w3 + 2w3) -

(w2 —w3){2(wz —w3) + (w1 —wa)} (w2 —ws){2(w2 — w3) — (w1 —w3)}
w% + 2w§ 2w% + w%
3wz — w3){(w1 — w3)w3 + (w1 — wo)wi}

= > 0.
(w3 + 2w3}) (2w3 + w3) -

On the other hand, the stability conditions of A* are given by

Vig(A*) = Vip(A*) >0
16a20*{w? (w2 — w3)? + w3 (ws — w1)? + Wi (w1 — w2)?}

4(2b — c){c(2b — ¢)%e(wd + w3) — 16a2b?(we — w3)?} + O(T)
c(2b — ¢)%e(wiw3 + wiw} + wiw?) 9

T 420 — ) {c(2b — 0)2¢(wd + wd) — 16a2b2(wy — w3)2} + O(r) |

O(3)
(2b — ¢){c(2b — ¢)2e(wd + W) — 16a2b2(we — w3)?} + O(7)
Tr(A1) >0« e+ 0O(T) >0,

< 9bcL

> 0,
1

2b — ¢)?e(w3 + w3) — 16a%b%(ws — w3)2}T2

9b{c(
A >0
B >0 4(2b — oy

+ 0(73) > 0,

where A; is defined to be A = (d;;)3x3 without the ¢th row and the ith column. Thus, for

sufficiently small 7, A* is stable if and only if

c(2b — ¢)? Wi ws — w3)? 4+ wWi(ws — w1)? + Wi (w] — wy)?
( 2b2) < 1(w2 —w3) i 22( i 1) ; 23( 1 — wa) 7 (A.30)
16a wiw; + wiws + wiw]

and (A.29) hold, which imply that € < € < €. Summarily, (1, A3, A\3) is a stable equilibrium if
and only if € € (€, €).

Similarly, for sufficiently small 7, the stability conditions for (A}, A5,1) (A}, A5 € (0,1) and
(A1, 1,A3) (AT, A3 €(0,1)) can be written as

c(2b — 6)26 S (w1 — w9)(wy — ws3)
16a2b2 w% ’

together with (A.30). These conditions imply that €, < € < €y, which is impossible because of
(A.25). In other words, (A], A5,1) and (A],1,\3) are unstable when wy < ws.
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Therefore, in the case of wy < wWa, A* = (1, A3, \3) is the only stable equilibrium if €& < € < €,
while A* = (1, A3, 0) is the only stable equilibrium if € < € (by Lemma 5).

Finally, we provide some remarks about the equilibrium X* = (1,3, 3). From (A.27),
(A.28), and (A.29), we have

5\2 > 5\3.
Furthermore, we obtain

M\ = 1 n 12ab20{(w1 — wg)w% + (w1 — WZ)CU%}T + O(T2)
2 3 2 2{6(2b — c)Qﬁ(w% + w%) — 16(12[)2(&)2 _ (,U3)2} + O(T)7

so, by (A.29), we conclude that A5 + A3 converges to 1/2 from above. B
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