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1 Introduction

The secular tendency for spatial agglomeration of economic activity is well known and
has always been a matter of profound debate. Recent developments have allowed a more
rigorous treatment of such phenomena, with recourse to microeconomic foundations.® The
benchmark in this literature is the Core-Periphery (CP) model, introduced by Krugman
(1991b).

An analytically solvable version of this model, dubbed the Footloose Entrepreneur (FE)
model, was introduced by Forslid and Ottaviano (2003). The only difference with respect
to the original CP model is that, in the FE model, the variable input in the mobile sector
is immobile labor instead of mobile labor. The role of mobile (footloose) labor becomes
limited to the fixed input (entrepreneurship) in the mobile sector. This subtle modification
renders the model analytically solvable because the marginal production cost becomes

€X0genous.

Theoretical insights on a 3-region model would be interesting for different reasons. As
pointed out by Fujita et al. (1999), considering only two regions stems from the attractive-
ness in dealing with manageable sized problems, although it seems implausible that the
geographical dimension of economic activity can be reduced to a 2-region analysis. It is im-
portant, therefore, to understand to what extent the main conclusions that were obtained

using 2-region models extend to models with more regions.

This motivated Castro et al.(2012) to study a 3-region version of the CP model by
Krugman (1991b).2 Comparing the behaviour of the 3-region model relatively to the 2-
region model, their main conclusion was that the 3-region model favours the agglomeration

of economic activity while the 2-region model favours the dispersion of economic activity.

The inherent technical difficulties that Castro et al. (2012) made evident in their analysis
of the 3-region CP model call for a base model that is more tractable than the original CP
model (Krugman, 1991b). This motivates us to consider (in this paper) a 3-region version
of the analytically solvable Footloose Entrepreneur model by Forslid and Ottaviano (2003).
Though we are able to obtain closed form solutions for expressions that are crucial for the
study of the model, the added complexity that stems from the inclusion of one more region

in the aforementioned framework thwarts our efforts to fully assess analytically the dynamic

! See, for example, Fujita et al. (1999) and Baldwin et al. (2003).

2 Tt is also worthwhile mentioning the core-periphery model with n equidistant regions by Puga (1999).



properties of the model.

Our main finding is that, comparing our 3-region model with the original 2-region model
by Forslid and Ottaviano, agglomeration is more likely in a 3-region framework while
dispersion is more likely in a 2-region framework.? We also establish a sufficient condition
whereby partial dispersion cannot be stable and present numerical evidence that (even

without this condition) it is never stable, whatever the parameter values.

We conclude that the impact of considering an additional region in the FE model is
analogous to that of considering an additional region in the CP model. In this sense, the
FE model behaves similarly to the CP model (as desired by its creators). However, we
also find that the difficulties faced in the analytical treatment of the 3-region CP model
are still present in the 3-region FE model. This may be interpreted as a sign that a base
model that is even more tractable than the FE model may be necessary to allow significant

advances in the analytical study of core-periphery models with more than two regions.

The remainder of the paper is structured as follows. In Section 2, we underline the
main assumptions of the FE model with 3 regions. In Section 3, we obtain the general
expressions for nominal and real wages as explicit functions of the spatial distribution of
the entrepreneurs. In Section 4, we address the dynamics of the model and find the stability
conditions for three possible kinds of equilibria: concentration, total dispersion and partial
dispersion. We also discuss how each of these outcomes becomes more or less likely as the
parameters of the model change. In Section 5, we compare the behaviour of our 3-region
model with that of the original 2-region FE model. In Section 6, we make some concluding

remarks.

2 Economic environment

The economy is composed by three regions that are assumed to be structurally identical
and equidistant from each other. The framework is exactly as that of the 2-region FE

model by Forslid and Ottaviano (2003), except for the fact that 3 regions are considered.

The endowments of skilled labour (entrepreneurs) and unskilled labour are, respectively,

3 More precisely, we conclude that: (i) the set of parameter values for which agglomeration is stable in
the 2-region model is a subset of the set of parameters for which it is stable in the 3-region model; and
(ii) the set of parameter values for which dispersion is stable in the 3-region model is a subset of the set of
parameters for which it is stable in the 2-region model.



H and L. The entrepreneurs can move freely between regions (Hy + Hy + Hy = H), while
the unskilled workers are immobile and considered to be evenly spread across the three

regions (L = Ly = Ly = £).4

The representative consumer of region ¢ has the usual utility function:
U = XFAI, 1)

where A; is the consumption of agricultural products in region ¢ and X is the consumption

of a composite of differentiated varieties of manufactures in region i, defined by:

X, - [/N di(s)aalds];_l, 2)

where d;(s) is consumption of variety s of manufactures in region ¢, N is the set of existing
varieties, and o > 1 is the constant elasticity of substitution between manufactured vari-
eties. From utility maximization, p € (0, 1) is the share of expenditure in manufactured

goods.

Production of a variety of manufactures requires, as inputs, « units of skilled labor and
[ units of unskilled labor for each unit that is produced. Therefore, the production cost of
a firm in region ¢ is:

Ci(w;) = wia + wk B, (3)

where w; is the nominal wage of skilled workers in region i and w’ is the nominal wage of

unskilled workers in region 4.

Trade of manufactures between two regions is subject to iceberg costs 7 € (1,400). Let
7,; denote the number of units that must be shipped at region ¢ for each unit that is
delivered at region j. Since the three regions are equidistant from each other, we have the

following trade cost structure:

Tijzl, lf]:’L

Tij:T, lfj;él

4 Notice that, although similar, the 2-region model cannot be derived from the present one by eliminating
skilled workers from a single region. It would also be necessary to redistribute the unksilled workers. Hence,
the 3-region model does not contain the 2-region model of Forslid and Ottaviano (2003).



The agricultural good is produced using one unit of unskilled labor for each unit that is

produced (constant returns to scale), and is freely traded across the three regions.

3 Short-run equilibrium

Let p;i(s) and d;;(s) denote the price and demand in region i of a variety, s, that is produced
in region j. Utility maximization by consumers in region ¢ yields the following aggregate

regional demand:

au(s) = Py, (@)

(2

where P; is the regional price index, associated with (2):

3 =
Pi= | pji(s)l"ds] , (5)
j=1 seN
and Y; is the regional income:
L

Turning to the supply side and starting with the agricultural sector, absence of transport

costs implies that its price is the same everywhere (pi' = p5' = p4'). Furthermore, under

perfect competition, we have marginal cost pricing: p/ = w’. Consequently, there is
unskilled workers’” wage equalization among regions: wl = w! = wf. By choosing the

agricultural good as numeraire, we can set p = wX = 1, Vi. We assume that the non-full-
specialization (NFS) condition (Baldwin et al., 2003) holds, guaranteeing that agriculture

is active in the three regions.®

In the industrial sector, given the fixed cost av in (3), the number of varieties manufactured
in region 7 is n; = H;/a. A manufacturing firm in region i facing the total cost in (3)

maximizes the following profit function:

mi(s) = ;Pz‘j(s)dij(s) — [; Tz‘jdz’j(s)] — aw;. (7)

5 This condition requires world expenditure on agricultural goods to be greater than the total production
of agricultural goods in two regions, i.e., (1 — p)(Y; + Y2 +Y3) > %L. This is guaranteed if we assume that
i < /(30 —2). In the 2-region model by Forslid and Ottaviano (2003), the corresponding assumption is
uw<o/(20—1).



Total supply to region j # i is equal to 7d;;(s), because it also includes the fraction of
the product that melts. The first order condition for maximization of (7) yields the same

pricing equation as that of the 2-region model by Forslid and Ottaviano:

g

pij<3> = Tijﬂf (8)

Note that p;;(s) is independent of s, which implies that d;;(s) also is. All varieties

produced in region ¢ are sold at the same price and are equally demanded in region j.

Using (8), the CES price index (5) becomes:

l1—0

1 o 3 1-0
P =qao-1j3 (Z ¢’L]H’L> ; (9)
=1

where ¢;; = 7,57

i © € (0,1) represents the “freeness of trade” between regions 7 and j.

Absence of entry barriers in the manufacturing industry translates into zero profits in
equilibrium. Operating profits must totally compensate fixed costs, which are equal to the

wages paid to the entrepreneurs:

3 3
aw; = Zpijdij - [Z Tijdij] )
j=1 J=1

which becomes, considering the prices in (8):

Bx;

alo —1) (10)

w; =

where x; = 3, 73;d;; is total production by a manufacturing firm in region 4.

Using (4), (8) and (9), we can derive an expression for z; that depends on regional incomes

and the number of firms in the three regions:

p(o —1) 23: ®iYi (1)

T; = .
’ OtﬂO’ j=1 Z;:l (bmjnm

Replacing (11) in (10) and knowing that n, = H;/a we have:

3
B ¢iY
=y 12
Wi g Rj’ ( )

=1



where R; = Y2 _| ¢pnjHm. By (6), income equals:

L
Y, = g +w; H;. (13>

The system of three linear equations in w;, for ¢ = 1,2,3, using (12) and (13), can be
solved to obtain the equilibrium (nominal) wages of the skilled workers as a function of

their spatial distribution.

Proposition 1. The nominal wages of skilled workers in region i are given by:

S

3
D P e - R CERE Ry § L3
R, o R; Ry, R L1R,
j= HRk ki k#i
ki
w; = ’ - . (14)
p 2y (HiHz | HrHs | HyHy ) e 9 Hj
- B g3 —sp2+ 1) [
Z 5200 (Rt g ) s B8 8 )Hle
i
Proof. See Appendix A. m

The regional distribution of skilled workers can be described, in relative terms, by a pair
(hi, h;), where h; = H;/H and h; = H;/H. The fraction of skilled workers in the third
region is hy = Hy,/H =1 — h; — h;.

We can, then, rewrite the nominal wage w; as function of h; and h;:

Dwi (hl, hj)

Wi 1) =D ()

where:

R R h+hk Py D
o= S s eyt 52 ()

s 3
+55 (20" =367 + 1) Wﬂk} (15)
ok hihy  hihg h2h3 B s e > hy
b= Z r; + o? <T1T2 rirs T2T3 > ; (2¢ 3¢ * 1) Jl;[l ?j’ (16)
with r; = % and r, = & =1+ (¢ — 1) (ki + hy).
The price index P; becomes, after (8):
o 1
o 1-0o
Pz(hl, h]) = 60_ 1 <Ozri> . (17)



4 Long-run equilibria and stability

Entrepreneurs migrate to the region that offers them the highest indirect utility. For
simplicity, we consider that the flow of entrepreneurs to a region is proportional to the
difference between the region’s real wage and the weighted average real wage in the three
regions, and that it is also proportional to the stock of skilled workers in the region. In
this dynamical system, migration to empty regions has to be started exogenously.

Given that hy 4+ he + hg = 1, the dynamics is constrained to the 2-simplex and can be

described by the following system of two ordinary differential equations:®

. 3 ) hi7hj € [07 1]7 Z%]? ’L?] € {17273}7 (18)
hj = (wj —@) h;

where w; = w; /P! stands for the real wage in region ¢ and @ (hy, hy) = hywy + hows + haws
is the weighted average of real wages in the three regions. The dynamics for the remaining
region can be obtained from hy = —hi—hj or, equivalently, from hy = (wr — @) hg. Without

loss of generality, we set ¢ = 1 and 7 = 2 when using coordinates in the 2-simplex.

On the boundary of the 2-simplex at least one of the regions is empty. The corresponding
differential equation for the dynamics is h; =0 which, given the initial condition h; = 0,
means that the region remains empty. Hence, the boundary of the 2-simplex is invariant

for the dynamics.

Direct substitution in equations (18) shows that the configurations:

)

and their permutations are equilibria. The equilibria represented by (1,0, 0) and its permu-

Y

(h17h27h3) = (17070) ) (%7 %7 %) ) (07

N[ —
DN [—=

tations correspond to full agglomeration of industry in one of the regions while the other
two remain empty. We call this outcome concentration or agglomeration. The second con-
figuration describes an even distribution of industry among the three regions. This we call
total dispersion. The last configuration represents an even distribution of industry between
only two of the three regions, while the third remains empty of industry. This is called

partial dispersion.

6 Note that, even though the model can be described using just any two coordinates, we sometimes use
all three coordinates to convey the full picture.



The description of the dynamics relies on the study of the stability of the aforementioned
equilibria. The equilibrium corresponding to total dispersion is fully symmetric, while

the other two are partially symmetric.”

The stability of each equilibrium is preserved
by permutation so that the same stability conditions hold for concentration or partial
dispersion in any of the regions. Equilibria are stable if, due to occurrence of some marginal
exogenous migration of skilled workers to any of the regions, the spatial distribution of

skilled workers is pulled back to the initial one.®

4.1 Stability of total dispersion

Since total dispersion is an interior configuration, its stability is given by the sign of the

real part of the eigenvalues of the Jacobian matrix of the system in (18) at (hq, ho, hg) =
111

(5’ 37 5)'

This matrix has a double real eigenvalue (see Appendix B), given by:

o= g"; (11), (19)

and full dispersion is stable if it is negative. When this occurs, we may write

0w1/8h1 < an‘/ahl

w1 PIM ’
and describe the stability of dispersion in terms of semi-elasticities.

Skilled workers remain equally dispersed across the three regions if a migration of skilled
workers to a region induces a percentage change in the nominal wage smaller than the
corresponding percentage change in the real prices. In this case, the loss in purchasing
power due to an increase of the share of skilled workers, h;, leads to an exodus of some
skilled workers from that region until the initial share of skilled workers is restored, that

is, until h; = %

7 We can permute either the populated or unpopulated regions but not all of the three regions.

8 For configurations in the interior of the 2-simplex, stability depends on the sign of the real part
of the eigenvalues of the jacobian matrix for the dynamics. For configurations on the boundary, such
as concentration and partial dispersion, we need to look at the difference between the real wage of the
populated regions and the weighted average real wage in the three regions.



Proposition 2. Total dispersion is a stable configuration if:?

_ (o=p)lo—p-1)
Nk pr+o(o—1)+2u(20 — 1) (20)

Note that ¢, < 1.

The proof is straightforward given that the eigenvalue of the Jacobian at full dispersion

is given by:

BP(¢) = *(¢ — 1) + (0 — 1o(é — 1) + p(—1 + 20) (1 + 2¢), (21)

which is a linear function of ¢ with positive coefficient.

As in the 2-region model, low transportation costs (high ¢), discourage dispersion. Fol-
lowing Fujita et al. (1999), we call the critical value ¢, such that BP(¢,) = 0 the break

point.

Note that if ¢, is negative, total dispersion is never a stable outcome. We rule out this
possibility throughout the paper by assuming that ¢ > u + 1 (no black-hole condition).°
With ¢, > 0, there always exists a level of transportation costs above which dispersion is
stable (for any given values of u and o). On the other hand, the fact that ¢, < 1 means

that there always exists a level of transportation costs below which dispersion is unstable.

Observing that the derivative of BP with respect to p is positive, we conclude that a
higher fraction of spending on manufacturing discourages total dispersion. In the extreme

case in which p tends to zero, ¢, approaches unity. Therefore, dispersion becomes stable.

The effect of o can be understood by noting that when ¢ tends to infinity, ¢, approaches
unity. This means that if the preference for variety is sufficiently low (high o), dispersion

is stable.

9 For a necessary condition, replace “<” with “<”.

10 The underlying economic interpretation is that if skilled workers have a very strong preference for
variety (o < 1+ p), agglomeration in a single region is always a stable equilibrium, independently of the
magnitude of transportation costs.

10



4.2 Stability of agglomeration

The equilibrium of agglomeration (hy, he, h3) = (1,0,0) is a corner solution placed on a
vertex of the 2-simplex. At this equilibrium, by symmetry, the real wages in regions 2 and
3 are the same. Given the absence of population in the other regions, the weighted average

real wage is simply w = hjw;.

Lemma 3. Full agglomeration is a stable configuration if:*!

w; < Wy,
for all j such that h; =0 and with h; = 1.

Proof. Without loss of generality, assume hy = hg = 0. Then w = wy, that is, the weighted
average real wage is the same as the real wage in region 1. That w; < w; is sufficient follows
from the fact that skilled workers migrate to regions with higher real wages, together with
continuity of real wages with respect to spatial distribution. Thus, if an empty region, j,
has a lower real wage than region 7, an exogenous migration of skilled workers from region

7 to region j will be followed by their return to region i. O]

If regions 2 and 3 are to remain empty over time, then there can be no incentives for
skilled workers to migrate to other regions. That is, skilled workers’” indirect utility must

be higher in region 1 compared to the other regions:

w1 Wa w1 P\" w1 _ w1 £
M>M<:>><> & —>7Ht & — > ¢po-1.
Py P w2 Py W2 Wa

Note that 77# < 1 so that an easily checked sufficient condition for the stability of
concentration is that the nominal wages be higher in the industrial region. Naive inspection
of the above inequality also shows that as transport costs decrease (7 — 1) the sufficient

condition w; > we becomes necessary, enhancing the stability of concentration.
Proposition 4. Full agglomeration is a stable equilibrium if:*?

SP(¢) =0 — pu+ (0 — p)p+ (0 + 2u)¢* — 3¢ 71 < 0. (22)

' For a necessary condition, replace “<” with “<”.

12 For a necessary condition, replace “<” with “<”.

11



Observe that, since SP(¢) is a convex function and we have SP(0) > 0, SP(1) = 0 and
SP'(1) > 0, the function SP(¢) has exactly one zero in ¢ € (0,1). This value, denoted
¢s, is the 3-region FE model’s sustain point (name used by Fujita et al. (1999)), i.e., it is
the threshold of ¢ above which concentration is a stable equilibrium. Strong non-linearity
of SP(¢) means that we are not able to derive an analytical expression for the sustain
point ¢,. It is expected that, for a high enough “freeness of trade”, or, conversely, for low
enough transport costs, full agglomeration of industry in one of the regions will be stable.
This is because low transport costs imply that price indices become relatively higher in the
regions that are deserted and thus real wages become relatively lower. One can also verify
that as o approaches infinity or as j approaches zero, SP becomes positive.'® This means
that ¢s — 1. For a given ¢ € (0, 1), concentration becomes unstable for a sufficiently high
o or a sufficiently low p. One limit case (u — 0) refers to a situation of absence of the
manufacturing sector, because  is the fraction of expenditure on manufactures. The other
(0 — +00) corresponds to the manufacturing sector operating under perfect competition,
since o close to infinity means that variety in good X is not valued at all, so it is as if X

were a homogenous good.

4.3 Stability of partial dispersion

Now we address the stability of a configuration in which all skilled workers are equally
dispersed between two of the three regions, leaving the remaining region empty. Without

loss of generality, we consider the point (hy, ho, h3) = (O, %, %)

Proposition 5. Partial dispersion is unstable if:*4

Proof. See Appendix B. ]

From Proposition 5, we establish the conditions for stability of partial dispersion.

13 We have lim,_.o SP(¢) = 0(1—2¢+ ¢?) > 0 and lim, .o SP(¢) = limy_00 0(1 =20+ ¢?) > 0 = +00.

14 For necessary conditions, replace “>" with “>".

12



Proposition 6. Partial dispersion is unstable if:'®

£€>0 = a+u(—1+¢)(1+2¢)+a¢[1+4¢—3(21f¢)15”(1+¢)] >0

(23)
>0 = 3u*(—14+¢)+2(-1+0)o(—1+¢) +u(-2—4¢+o(5+74)) > 0.
Consider the condition equivalent to # < 0. If we let ¢, be the single zero of the function
B (¢)'®, then partial dispersion will be unstable if ¢, < ¢ < 1, where:

(20 —2—3u)(0 — )

O = Tt 20(o 1) + p(To — 1)

The previous Proposition gives us a sufficient condition for the instability of partial disper-
sion. Further inspection also shows that if 1+ < o < 1434, we have 3(¢) > 0, rendering
partial dispersion unstable. However, we suspect that this configuration is unstable for
all parameter values. Numerical inspection of both conditions in (23) suggests that these
are never simultaneously met. We can argue that partial stability will certainly never be
a stable outcome if € (¢,) > 0. However, because of the non-linearity in ¢, this may be
impossible to prove analytically. Instead, we summarize several numerical results by means

of a graphical representation of the regions in (23) in parameter space (Figure 1).

Fig. 1: Depiction of the surfaces ¢ < 0 and 3 < 0 in parameter space. They seem to never overlap each
other, indicating that the eigenvalues are never simultaneously negative.

5 For necessary conditions, replace “>” with “>”.

16 The function 3(¢) is linear in ¢.

13



4.4 Bifurcations in the 3-region FE model

One important feature of symmetric 2-region CP models is the existence of a subcritical

pitchfork bifurcation.!” This kind of bifurcation is also present in the 3-region FE model.

There is an open subset in parameter space (¢, o, ) in which both concentration and
total dispersion are stable outcomes. For example, consider the point in parameter space
(p,0,p) = (%, 5, %).18 At this point, we have SP (%,5, %) < 0 and BP (%,5, %) < 0. There-
fore, for (¢, 0, 1) = (%, 5, %), both concentration and total dispersion are stable equilibria.
Since SP and BP are continuous functions of (¢, o, 1), we know the signs persist in a open
neighbourhood of (%, 5, %)

Numerical inspection of the conditions of agglomeration and total dispersion in (21) and
(22) suggests that, for every pair (u, o), there always exists a ¢ € (0, 1) for which both total
dispersion and agglomeration are stable equilibria. If this is true, then it must hold that
¢s < ¢p, because agglomeration is only stable for ¢ > ¢,, while the region for stability of
total dispersion implies ¢ < ¢p. If it does hold, then we have hysteresis in location, because
transport costs have to rise above the corresponding break point in order for total dispersion
to be unstable, even if agglomeration is already stable (see Forslid and Ottaviano, 2003).
If both equilibria are to be simultaneously stable, we must have SP (¢,) < 0, Vu, 0. Again,
this seems to be the case, however, nonlinearity of SP(¢) makes it impossible to fully assess
this. Figure 2 suggests that it is always possible to find a value of ¢, for any pair of 1 and

o, such that both agglomeration and total dispersion are stable.

However, the region between the surfaces is very thin, and becomes thinner for a high o
and/or low g, thus making it harder to visualize simultaneity of concentration and total
dispersion. It also appears that the distance between ¢4 and ¢ is bigger for parameter

values near the no black-hole condition.

Instead of building a three-dimensional bifurcation diagram, we adopt a similar approach
to Fujita et al. (1999, chap. 6), where the dynamics of an extension of the CP model to

three regions are portrayed inside the 2-simplex.

For the simulations that are presented, we have set ¢ = 5 and pu = 0.4. Figure 3 depicts

the migration dynamics for three different values of ¢. On the picture to the left we have

17 This is also known as tomahawk bifurcation, though the latter designation might be more suitable to
name the corresponding bifurcation diagram, rather than the bifurcation itself.

18 This point was chosen by numerical inspection.

14



Concentration and total dispersion — viewpoint |1

Fig. 2: We have the surfaces SP = 0 and BP = 0 in the parameter space (resp. top and bottom surfaces).
Concentration and total dispersion are both stable in between both surfaces, where we have SP <
0NBP <O.

high transport costs (¢ = 0.5) and we can see that total dispersion is the only stable
equilibrium, as the vector field exhibits convergence to the middle point of the simplex.
The picture in the middle corresponds to a moderate level of transport costs (¢ = 0.6),
whereby both concentration and total dispersion are stable equilibria. One can see that
the decrease in the transport costs gave rise to three new unstable equilibria between total
dispersion and the concentration configurations. These were not observed in our analysis
as the expressions are too complicated. Finally, when transport costs are low enough
(¢ = 0.9), total dispersion is no longer stable and the only possible outcome is that of full
agglomeration of skilled workers in one of the three regions. This latter case is shown in

the picture to the right, where the convergence to either vertices of the simplex is obvious.

Dynamics of the 3-region FE model inside the 2-simplex

Al NS
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High ¢

Fig. 3: The dynamics of the FE 3-region model. The pictures from the left to the right depict the change
in the stability of equilibria as transport costs fall.

Throughout the three cases described in Figure 3, partial dispersion is unsurprisingly

unstable. All these results corroborate those in Fujita et al. (1999, chap. 6).

15



The parametrization used to portray the dynamics is a strategic choice to facilitate the
explanation of bifurcations in the 3-region FE model. However, given the numerical ev-
idence presented, it seems plausible that the dynamics implicit in the model will always
undergo a “subcritical pitchfork” bifurcation. This excludes, of course, the limit cases of o

tending to infinity and p, which rule out this possibility.

5 Comparison between the 3-region with the 2-region FE model

A reason to build a 3-region model in the first place is to be able to compare it with the
2-region model in order to draw conclusions on the implications of having more than two
regions in Core-Periphery theory. In Castro et al. (2012), it is proven that, in an extension
of Krugman’s CP model to three regions, more regions favour concentration as an outcome.

Here, we obtain the following analogous result.

Proposition 7. The parameter region for which concentration is stable in the 3-region FE

model contains that of the 2-region FE model.
Proof. See Appendix C. O]

In other words, the 3-region model favours concentration over the 2-region model. Figure

4 illustrates the previous proposition.

Fig. 4: The red surface illustrates the region in parameter space where SP, < 0, while the blue surface
corresponds to SP3; < 0. Clearly, the blue surface contains the red one, hence concentration in the
3-region model is less restrictive than in the 2-region model.

The following result provides an explanation for why this happens.
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Proposition 8. Comparing agglomeration in the 3-region model with agglomeration in the
2-region model, we find that: (i) the ratio between price indices in the core and in the
periphery are the same; (ii) nominal wages in the core are the same; (iii) nominal wages

in the periphery are lower in the 3-region model than in the 2-region model.
Proof. See Appendix C. O

In the 3-region model, an entrepreneur who migrates to the periphery will find the same
cost-of-living as in the 2-region model, but an internal market composed by only one third
of the unskilled workers (instead of one half). All the other entrepreneurs and the other
two thirds of the unskilled workers (instead of the other half) would constitute the external
market. Given the existence of transportation costs to the other regions, this enterpreneur
will face a lower global demand than in the 2-region model, and, therefore, will have a lower
nominal wage than in the 2-region model. This originates the fact that agglomeration is

more likely in the 3-region model.

Besides comparing the stability conditions of full agglomeration outcomes in the 2 and
3-region models, we are also able to compare the stability conditions of total dispersion

outcomes.

Proposition 9. The parameter region for which total dispersion is stable in the 2-region

model contains that of the 3-region model.
Proof. See Appendix C. O]

We conclude that the 3-region model indeed favours agglomeration over dispersion when
compared to the 2-region model by Forslid and Ottaviano (2003). Of course, total disper-
sion is always a stable outcome in both models when we are either approaching an economy
absent of industry or consumers give almost no value to variety in good X. This fits well

with intuition.

6 Conclusion

Building on the 2-region FE model by Forslid and Ottaviano (2003), we have obtained
both analytical and numerical results from a FE model with three regions. These results

corroborate those already obtained in previous works on 3-region Core-Periphery models.
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We have shown that the 3-region FE model favours concentration in comparison with the
2-region one. Furthermore, we have proved analytically that both concentration and full
dispersion can be simultaneously stable and provided numerical evidence in that, for every
pair (u,0), there exists ¢ € (0,1) where this is possible, though this outcome is very
unlikely. This means that, like the 2-region model, the 3-region FE model exhibits a core-
periphery pattern based on a “subcritical pitchfork” bifurcation. We have also concluded
numerically that the dispersion of skilled workers among two regions is not sustainable in

a model with three regions, where it corresponds to an outcome of partial dispersion.

All of these results are tantamount to those in the CP model with three regions in Cas-
tro et al. (2012), the difference being that, additionally, we were able to obtain explicit
solutions for skilled wages and obtain relations between the relevant endogenous variables
and the spatial distribution of skilled workers. Additionally, we proved that, when the
manufacturing sector becomes irrelevant or it approaches perfect competition, migration
decisions of skilled workers are the same in both the 2-region and the 3-region FE models.
This, as was previously shown, occurs because there is convergence to zero of the criti-
cal values of the transport costs, where the stability of agglomeration and full dispersion
changes. However, if this happens, concentration can never be a stable outcome, insofar
as transport costs cannot fall below zero, while full dispersion, on the contrary, will always

be a stable equilibrium.

Although the FE model is able to give us closed form solutions, the assumptions it makes
still do not allow enough simplification to fully assess analytically the dynamic properties
when its analysis is applied to three regions. Nonlinearity in transport costs concerning
its stability conditions still makes it impossible to analytically exclude the possibility that
skilled workers might equally disperse across two regions when there are three regions
available to migrate. Whereas the 2-region FE model is useful to address issues beyond
the explanation capability of the original CP model by Krugman (1991b), doubts remain
about whether it is suitable to tackle the more complex case of n regions, though such an

analysis would certainly be of interest.
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Appendix A

Proof of Proposition 1

After (12) and (13), we have the following linear system of equations:
(2) o () () o)
o) lim) = Gw) =GR
() e () e (5 w) =5 m)

This may be written in matrix form as AW = B, where A stands for the coefficients matrix,
W the vector of nominal wages w;, while B is the column vector of independent terms in
the right-hand side of the system of equations above. Applying Cramer’s Rule, the solution

to this system is of the following form:

where the denominator D stands for the determinant of matrix A and Dw; is the deter-
minant of the matrix obtained by replacing the ¢-th column of A by the column vector B.
Using this method, we only need to solve for a specific nominal wage, e.g., wy, and easily
deduce the remaining solutions applying an argument of symmetry. Finding an expression
for D first, we have:

3
J Hj /1,2 2 H1H2 H1H3 H2H3 [1,3 3 2 Hj
D =1—--— — + = (1—- — —= (2¢° -3 1 —
(‘J‘Z '+O'2( ¢)<R1R2+R1R3+R2R3 0'3(¢ ¢ + )jl;‘[le7

which is invariant under any distribution of skilled workers across the regions, since it is a

common denominator for every solution of the nominal wage w;.

The numerator Dw;, becomes:

3
,U,L ¢1j 12 H2+H3 ¢2_1 H2 H3
Dw, =52 ) L -1 2422
w U3{<;RJ)+U|:¢(¢ )R2R3 + R1 R2+R3 +

2
1 3 2 HyH3
— (2¢° — 3 1

+O‘2 ( ¢ ¢ + ) R1R2R3}

20



The expression for the nominal wage in region 1 is:

uL 3 <Z>1J
o3 {Zjl R;

H2+H3 $%—1 (Hz +H3)

(p—1)

+Z—z (2¢° —3¢% +1) HaHs }

Ry Ra R3 Ry R2R3
wp =
M H1H2 H1H3 H2H3) u3
—+—1—2( ~Eeg3 — 382+ )]
=1 R ( ¢ R1R2 R1R3 R2R3 03( ¢ ¢ ) J=1 R

Under a given distribution of H, wy(Hy, Hy, H3) = wy(Hy, Hs, Hs), which is a consequence
of the existing symmetry in region 2 and region 3, since there is nothing to distinguish
between the two regions. This means that the nominal wage in region ¢ is invariant in the
distribution of skilled workers in the other two regions. Symmetry among the regions also
asserts that wy (Hy, Hy, H3) = wo (Ha, Hy, H3) = w3 (Hs, Hy, Hy). Finally, the denominator
is invariant in the three regions. Thus, we can easily formulate the following general
expression for the nominal wages:

S

L i k#i 2—1 H; 2 1 H;.

L g et o SIS e T
H k ’L Kt k @ ki k
k#1

12 3 3
H1H2 H1H3 H2H3 7] H
1—f§ 1— 2 _E (9g3 — 342 1||7

R 2( <z))<RlRQ + Ri1R3 +R2R3) (73( ¢ o5+ i R;

Appendix B

As a prerequisite to Proposition 2, establishing the stability of total dispersion, we have

the following Lemma.

Ow;

111 i S,

Lemma 10. At <§ '3 g) we have 87h] =0, Vi, j#i.

Proof. Assume, by way of contradiction, that 6& (%, %) > 0. It must follow that, for a
small € > 0, wy (%,%4—6 7—5) > wy (%,%,%) > wy <%,%—8,%+8).

However, the real wage in one region is invariant by the permutation of the share of skilled

workers in the other two regions. Therefore, w; (%, % + €, % — E) = w (%, % — g, % + E).

But saying that w; (3, 36 g + 8) > wy (%, %, %) is a contradiction. Hence, g% (%, %) =
0.
Symmetry establishes an analogous result for g;f ]
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This is enough to establish that the Jacobian at total dispersion is a diagonal matrix.

The values in the diagonal are equal because of the symmetry of the model.

The following result simplifies the calculation of the diagonal elements of the Jacobian.

Lemma 11. The weighted real wage average & attains a critical value when skilled workers

are equally dispersed across regions.

Proof. By lemma 12, we can conclude that both g—}i (%, %) and 5% (%, %) are zero, since

hy = 152 and also hy = 151, Because both partial derivatives are equal to zero, it means

that the real wage average is at a critical value at total dispersion. O

The following result concerns partial dispersion and is an auxiliary result for total dis-
persion.

Lemma 12. Configurations of the form h; = 1_71“, with 0 < h; < 1, satisfy 6% = 0.

Proof. We are looking at configurations of the form (b,a,a) where a = (1 — b)/2 and

b € ]0,1]. Note that if b = 1/3 we have full dispersion. Assume, without loss of generality,

that ¢ = 2. Suppose %{b, a,a) # 0. Assume it is positive. Then
2

w(b,a+e,a—¢)>wb,a,a).

But, @ is invariant by the permutation that interchanges identically populated regions and
therefore
w(b,a—e,a+¢e)>wb,a,a)

0
indicating that % < 0, which contradicts the assumption and finishes the proof. O
2

Proof of Proposition 5

First, since h; = 0, by similar arguments as those in the proof of Lemma 3, we have the
following necessary condition:

wp < Wa.

Second, we need to ensure not only that h; will remain zero but also that both hy and hg
will remain at % If any of the skilled workers migrates, e.g. to region 2, we need them to
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want to return to region 3 (symmetry implies the same in the opposite direction). This is
achieved when an increase in hy leads to a decrease in the difference between the real wage

wy and the real wage average w:

OA B %
8];’2 - 8—:2 (0.4) - 8—}‘; (0,4) <0.

However, since we have hy = % at (0, %), proposition 12 asserts that g—,i (0, 7) =0. O
Appendix C

Proof of Proposition 7

In the 2-region model by Forslid and Ottaviano (2003), concentration is a stable outcome
if:

K
1 -2y (1+“> ¢ — 20101 <. (24)
g g

The difference between the left-hand sides (LHS) in (24) and (22) is given by:

Lo —0)+0 (o7 1), (25)

which is always positive. Thus, if concentration is stable in the FE model with two regions,

then it is also stable in the model with three regions. O
Proof of Proposition 8

In our 3-region model, when h; = 1:

m
P
P ’
ulL
T
L (o—wH’
_ plL 7 1 1 1
”U)Q—wg—O_H [(U—M+3>¢+3+3¢ .
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While, in the 2-region model of Forslid and Ottaviano (2003), when h; = 1:

m
o
P ’
ulL
wy = )
(0 —wH
N RN o
“Q_“B_UH[<J—M+2>¢+2A'
We conclude the proof by observing that %qﬁQ + %(b > %qb2 + %qﬁ + % O

Proof of Proposition 9
In the article by Forslid and Ottaviano (2003), the authors determined the break-point
value ¢y 5 for the model with two regions which is presented as follows:

c—1—p

¢b,2 = ¢wmv

where

o—p
0.1) =
dw € (0,1) .

is a threshold value of ¢ above (below) which the region with more skilled workers offers a

higher (lower) skilled worker wage w;. Subtracting the 3-region break-point in (20) to this
one yields:

plp—o)d+p—o)(=1+20)

Dpp =002 = v = (=14 pu+o)u+o)(p?+(-1+0)o+pu(—2+40))

The denominator is clearly positive and, provided that the “no-black-hole” condition
holds, the numerator is also positive. Hence, Dgp > 0, Vu, 0. This means that the crit-
ical value ¢ is lower in the 3-region model compared to the 2-region model. Therefore,

dispersion is a more likely outcome in the model with two regions. O
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