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Abstract

We study urban structures driven by demand and vertical linkages in the presence of increasing
returns to scale. Individuals consume local urban varieties and firms use these varieties to produce
a national good. We prove the existence of a spatial equilibrium and obtain an invariance result
according to which more intense demand or vertical linkages have the same effect on the urban
structure as lower commuting costs. Various urban configurations can emerge exhibiting a mono-
centric, an integrated, a duocentric, or a partially integrated city structure. We discuss the role
of commuting and transport costs, intensities of demand and vertical linkages, and urbanization
in affecting these patterns. We show that multiple equilibria may arise in equilibrium involving

the monocentric city and up to a couple of duocentric and partially integrated structures.

Keywords: Urban spatial structure, demand and vertical linkages, monopolistic competition, land
use

J.E.L.: R12, R14, R31

1 Introduction

In this paper we study spatial urban structures driven by demand and vertical linkages in the presence

of increasing returns to scale. Individuals consume local urban varieties produced by firms under
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monopolistic competition. Firms also use these varieties as intermediate components to produce a
homogeneous national good under perfect competition, which is sold within and outside the city.

Our aim is to study how commuting and transport costs, intensities of demand and vertical linkages,
and urbanization affect the urban structure. For this purpose, we establish equilibrium conditions in
the product and land markets. Our results are the following. First we prove the existence of a spatial
equilibrium and obtain an invariance result according to which more intense demand or vertical linkages
have the same effect on the urban structure as lower commuting costs. We then study several urban
structures and discuss their condition of existence and properties. For the monocentric and integrated
cities, we provide explicit conditions that can be represented in terms of the parameters of interest. As
for duocentric and partially integrated cities, we derive implicit conditions that determine the borders
of business/residential districts. These restrictions on district borders make part of the equilibrium
conditions determining the emergence of duocentric and partially integrated patterns.

Our analysis confirms that a monocentric city emerges for very low commuting costs while spa-
tial integration of business and residential districts occurs when goods are shipped at low transport
costs within the city. As more intense demand or vertical linkages have the same effect as lower
commuting costs, they make the monocentric structure more likely. Furthermore, for intermediate
commuting/transport costs and moderate intensities of demand/vertical linkages, many urban struc-
tures may emerge and coexist in equilibrium. We show the existence of multiple equilibria involving
the monocentric city and up to a couple of duocentric and partially integrated urban structures. Ur-
banization via an increase in city size induces transitions from the monocentric configuration to full
integration possibly passing by duocentric or partially integrated structures depending on the mag-
nitude of the transport cost. When transport costs are high, the economy undergoes discontinuous
transitions reflecting larger benefits gained by firms when production locations separate into several
business districts.

The present paper extends the existing literature on the endogenous formation of urban areas by
uncovering the role of backward and forward linkages on the formation of cities. Whereas Fujita and
Ogawa (1982) and Lucas and Rossi-Hansberg (2002) discuss the implications of agglomeration benefits
arising from face-to-face communication and exogenous technological spillovers respectively, our paper
studies agglomeration forces that are microfounded in the existence of imperfect competition and firms’

increasing returns to scale. Accordingly, firms operating in the city have market power and earn a



positive profit before proceeding to land rent and labor wage payments. The presence of these internal
increasing returns makes our analysis more appealing in an urban context. As such, our work fills a gap
in the literature. Note that the reduced form of our model encompasses the model structure proposed
by Fujita and Ogawa (1982). Namely, in the absence of demand linkages and profit in the production
of urban varieties, the reduced form of our model is reminiscent to their seminal work. This suggests
that vertical linkages have similar agglomeration effects on the urban structure as those generated by
face-to-face communication and technological spillovers. We therefore confirm the generality of the
latter approaches. As in Lucas and Rossi-Hansberg (2002), our paper provides an existence proof of
spatial equilibrium. However, ours is based on Carlier and Ekeland (2007) and applies to Fujita and
Ogawa (1982). Regarding the analysis and computation of multiple equilibria, our approach contrasts
with methods relying on fixed point algorithms. We propose an innovative way of determining urban
structures, which consists in determining the borders of potential business/residential districts first,
and then in checking whether each structure candidate actually constitutes a spatial equilibrium or
not.

The paper is structured as follows. Section 2 presents the model and discusses the product and land
markets equilibrium. Section 3 establishes the existence of a spatial equilibrium and the invariance
result between demand /vertical linkages and commuting costs. Section 4 studies various spatial equi-
libria exhibiting a monocentric, an integrated, a duocentric, or a partially integrated city structure.
Section 5 presents numerical computations and results regarding the structure of these urban patterns.

Section 6 concludes.

2 The model

We consider a linear city hosting a continuum of N individuals and N firms along the interval
B =[-b,b] € R with unit width. The location supports of individuals and firms are denoted re-
spectively by X and Y, with X U)Y = B. Individuals occupy a unit of residential land, commute to
their workplace, and consume differentiated varieties supplied in the local urban markets as well as an
homogeneous good supplied in the national (i.e. intercity) market. In contrast to the national good,
trade of local varieties incurs iceberg transport costs. These varieties are also used as components

(inputs) to produce the national good. For these two production activities, each firm hires a worker



and uses s units of land in the production process.
Using the functional form proposed by Pfliiger (2004), an individual residing at € X and working
at z € ) is endowed with the utility function

g _
o—1

o—1
U(z,z) = aln U c(z,y) = wy)dy|  +co(w)
Yy
where ¢(z,y) is her consumption at workplace location z of a variety produced by a firm located at
y € Y, co(x) her consumption of the national good at residence location z, 1(y) the density of firms at
y € Y, 0 > 1 the elasticity of substitution between local varieties, and o > 0 the expenditure intensity

on local varieties. Her budget constraint writes as
/ p(y)e(z,y)e™ ¥ uy)dy + poco(x) +t |z — 2| + R(z) < w(z) + ¢
Y

where p(y) is the mill price of a local variety produced at y, 7 the iceberg cost, c(z,y)e™* ¥ the
quantity of a variety to be purchased at the mill so that consumption is ¢(z,y), po the price of the
national good, t the commuting cost per unit of distance between residence and work places, R(z)
the land rent at the worker’s residence, w(z) her wage at the workplace, and finally ¢, some initial
endowment of the national good.

On the production side, each firm hires a unit mass of workers, each of them supplying a unit
of labor. Each firm simultaneously produces the national good and a single component variety. To
highlight the effect of vertical linkages, we assume that the national good is made of the component
varieties available in the urban markets. For instance, think of a city exporting wood and metal
furniture: woodcraft makers could be exporting wood furniture with steel ornaments made by local
steelmakers while steelmakers would be exporting steel furniture with wood ornaments made by local
woodcraft subcontractors. Similarly, the city of London hosts law firms that use other law firms’ and
banks’ expertise to provide law services in the national market while banking firms use other banking
and law firms’ competencies to provide national banking solutions. Therefore, the productions of the
national good and local components are integrated within the same plant or office. This is because
firm’s expertise or supervision is too costly to manage over different plants. Also additional discussion
on outsourcing would bring the model out of focus. Finally, the national good is assumed to be

homogeneous across firms (and cities) and firms are price takers in this market.! In contrast, each firm

IProduct differentiation and imperfect competition in the national market would not add much to our urban structure

analysis.



is a price setter in the market of its own urban variety.
More specifically, production takes place as follows. On the one hand, the national good is made

of local inputs with the output of a firm located at y € ) given by the production function
oy o1

o(6) = 1 | [ (0,27 ule)a] )
where i(y, 2) is firm y’s local component use of a variety produced by a firm located at z € ) and 5 > 0
the intensity of vertical linkages. Because of iceberg transport costs, firm 3 purchases i(y, z)e™* %! units
of a variety produced in z and sold at mill price p(z). On the other hand, the firm produces its specific
component using the national good as input. Every component requires v units of the national good.
Therefore, firm y’s profit is given by

W@)=pw@0—1Ap@%@h@€”‘ﬂdﬂd%+@w)—vyéjd%y)+iwﬂnhdddz—wQD—sR@)(%

- > s
-~ -~

national product market urban product market

In this profit expression, the first two terms represent the operating profit in the national market (i.e.
revenue minus the cost of inputs), the third term the operating profit in the local component market
(i.e. the component markup times the demand from consumers and firms), and the two last terms the
labor and land costs. The national good is chosen as the numeraire so that its price can be normalized
to pg = 1.

We now turn to the product market equilibrium where product markets clear.

For this purpose, we consider the locations of firms and individuals as fixed. Assuming co(z) > 0,

the demand for local varieties by an individual residing at y and working at z is given by

R
(o) = a0 )

where the local price index is given by P(z) = [fyp(y)1*067(1*0)|2*y‘,u(y)dy] T3 Her spending on local
varieties is equal to apy and her demand for the national good is given by cy(z) = [w(z) — t |z — 2|
—R(z) + (¢o — )]

On the other hand, a firm located at y simultaneous chooses its input mix i(y,-) and its own
component price p(y) that maximize its profit subject to relation (1). Since the firm has a zero mass,
it is too small to influence the other firms’ local component prices and consumers’ demand. Because the

profit in the national market has the same functional form as the individual utility, the optimal input



mix is equal to i(y, z) = (8/a) c(y, z) where c(y, z) is given by expression (3). The firm’s spending on
local varieties is equal to 5. The operating profit on the national market can therefore be written as
B In(8/P(y)) — 1] so that a firm supplies the national market as long as § > P(y). Also, because the
total demand for a local variety produced in vy, fy lc(y, z) +i(y, z)] dz, has a constant price elasticity
o, the firm sets its component price to p(y) = o /(0 — 1) > =, which leads to a positive operating
profit in the local component market that turns out to be the same across firms.

The above demand functions and profit-maximizing prices allow us to derive the utility of house-

holds and the profit of firms in the product market. First, the price index becomes

T(z)

P(z) =7~

where

1—0o

76y = | [ ey (@)

is an access measure of location z corresponding to the aggregate delivery cost from all locations on
Y to location z, which increases with the transport cost 7 and the dispersion of support ).
Consumers’ and firms’ demands for local varieties are given respectively by

C<Z7 y) Z(Zu y) o—1 6_0T|Z_y|

a I6] - yo  T1=7(z) (5)

As the demand for the national good is ¢y(z) = w(z) — t|z — 2| —R(x) + (¢ — ), the indirect utility
writes as

U(z,z) =« {ln % - lnT(z)} + [w(z)+¢ —a—t|lz—z| — R(x)] (6)

where p = 1—1/0 and e is the Euler number. In this expression, the term in the first squared bracket
represents the net consumer surplus from local urban varieties while the term in the second squared
bracket reflects the net consumer surplus from the national good. The latter is indeed equal to the
income left after paying for local urban varieties, commuting cost and land rent. The firm’s output in
the national market is given by ¢*(y) = S1n(8p/v) — BInT'(y).

Using the profit-maximizing price p(y) = o /(0 — 1), the gross operating profit from the sales of a

local variety to consumers and firms can be written as

) =) [ [e(eo) + i) w(az = 0+ 6) G
y
where profit GG is defined by
G(y) = l/ Me—ﬂ\z—y\dz (7)

o g y T170(2>
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The expression (2) of the firm’s profit at location y can then be written as

n(y) = [m o 1nT<y>] (at B)Cly) — wly) — sR(y) ®)

The term in the squared bracket is the profit derived in the national market and the second term that
derived in the market of the local variety. The firm has an incentive to produce the national good
if the former profit is positive, i.e. ln% > InT(y). This holds if ~ is sufficiently small, which we
assume from now on.? The third term (a + ) G(y) aggregating the operating profits from the sales
of its variety to consumers and firms, increase with the expenditures intensities on local varieties of
consumers («) and firms (). Note that this operating profit clearly depends on the firm’s location y.
We now turn to the land market equilibrium still assuming the distributions of consumers and firms
as given. We assume that land is used either as consumption or firms’ input so that the opportunity
cost of land is nil. In competitive land markets, landowners allocate their plots of land to the highest
bidders (i.e. resident-workers or firms). By using (6), the bit rent of an individual residing at location
x and working at z = z(z) is given by
U, (2) = a {m % - lnT(z)] Fw(z) —tle — 2| +5) — U* 9)
where U* denotes the utility she can obtain outside the city. Due to free entry and relation (8), as
firm at location y can bid for land up to a level which makes its profit 7(y) equal to zero, its bid rent
is given by

wt) =+ {5102 < wT)]| + (0 4+ 5 610) - wlo)} (10

As total land consumption (1 + s) NV is equal to the total available land 2b, the city edge is given
by b= (14 s)N/2.

3 Spatial equilibrium

In this section, we define and study the spatial equilibrium of our economy where both consumers and
firms exploit spatial arbitrage opportunities. For this purpose, we rewrite the worker’s and the firm’s

bid rents as follows. The worker’s bid rent in location = corresponds to the maximum bid a worker

2That is, if v < B(1 — 1/0) /(emaxyeyT(y)). Given that maxy,eyT(y) > €2°7, a sufficient condition is v < y™m** =
B(1l—1/c)e 2b7-1,



can make on a parcel of land in x while receiving a wage from a firm located in y € Y willing to hire

her under free entry. Using (9) and (8), we get

U, (x) = yE,’)/TB(%})CER* aln % —alnT(y) +w(y) —tlz—y|+c —U" (11)
st. 7(y) = Bl 2 BT + (0 + ) ) — wly) — sBy) > 0

Similarly, the firm’s bid rent corresponds to the maximum bid that it can make on a parcel of land
in y while the wage it pays to a worker located in x € X induces her to supply her labor to the firm
given her outside utility U*. Using (10) and (6)

U(y) =  max_ ~|Bn ﬁp

reX w(y)e]R+ S

— BInT(y) + (o + B) G(y) — w(y) (12)
s.t. Ulz,y) = aln% —alnT(z)+w(y) —t|lzr —y| — R(z)+c, > U*

We now make the connection with Fujita and Ogawa (1982). In their seminal paper, urban struc-
tures endogenously emerge from agglomeration effects generated by face-to-face communication be-
tween firms’ managers and/or employees. This face-to-face communication generates a production
surplus that depends negatively on the logarithm of the average distance between firms. One could
then interpret the parameter expression(c — 1)7 in In7'(y) as Fujita and Ogawa’s parameter for face-
to-face communication. This means that from a reduced form point of view, vertical linkages have
the same role as face-to-face communication in Fujita and Ogawa. However, our vertical linkages also
stem from the production of urban varieties under imperfect competition, which generates a profit
G(y) that is absent in the face-to-face communication model. To sum up, the reduced form of our
model encompasses the structure of Fujita and Ogawa in the absence of demand linkages and profit
from production of urban varieties (that is, « = 0 and G(y) = 0).

The above problems can be solved for the wage so that

vo(o) = max o 224 5 2 (o 9)S0) e -l v - U srG)| (13)
\I!b(y)—ér;}g} {aln%—l—ﬁlnﬁp (oz+ﬂ)S(y)—t\x—y\—i—EU—U*—R(x)} (14)

where S(y) = G(y) — InT(y) is the economic surplus in location .

We can now define a competitive spatial equilibrium.

Definition 1 A competitive spatial equilibrium is defined by the residents’ and firms’ density functions

A:B —1[0,1] and p : B — [0,1/s], a land rent R : B — R*, residents’ and firms’ bid rent functions

8



V,, and ¥, : B — RY and a utility level U* € R that satisfy (i) mass conservation [z A = N, (ii) land
market clearing p(z) = (1 — X(2))/s for all z € B, (iii) land allocation to highest bidder for all z € B

{1} Zf v, >,
reld 0] if ©, =W,
{0} Zf U, < ¥,

and R = max{¥,, ¥,,0}, and (iv) zero land rent R at city borders z = =+b.

3.1 Economic gains and invariance

The urban economic activity generates gains for workers and landlords, firms making zero profit due to
free entry. It is instructive to examine those gains and disentangle the agglomeration force stemming
from demand and vertical linkages from the dispersion force due to transportation, and in particular,
commuting costs.

Consider a worker residing at x and its firm producing at y at the competitive land market equi-
librium. Land rent should correspond to their respective bid rents: U,(z) = R(z) and ¥, (y) = R(y).

Therefore, from (13) or (14), the total gains from their urban economic interaction are

U*-I—R(:L“)—f-sR(y):aln%—l—ﬁln%—i—(a%—ﬁ)S(y)—t|x—y|+60 (15)

While the left hand side expresses workers’ utility and landlords’ rents, the right hand side reflects
the consumer surplus from local varieties and the producer surplus from both consumers and firms
and from the national market (through terms in o and ). The surpluses are explicitly diminished by
commuting costs.

Observe that the spatial structure (A, 1) has an impact only on the terms (o + 3) S(y) —t|z — y|.
This means that it is possible to maintain the same equilibrium spatial structure (\*, ©*) by multiplying
both parameters (« + ) and ¢ by the same factor k£ > 0. To maintain the above equality for all x and
y, equilibrium rents need to be multiplied by this factor £ and the equilibrium utility U* increased to
the level <ka In 0‘7’23 + kB 1n %) This heuristic argument is confirmed below in a formal way.

Suppose that a spatial equilibrium exists and denote the mass of commuters moving to the right

and crossing location © by n(z) = [, [A(z) — u(z)]dz. In Appendix A, we show that the spatial



equilibrium (A, p) satisfies the identity

({1} i Wy(2) = U, (2) <0
Az)—nu(z) €9 [~L1] if Wy(z) — W (2) =0 (16)
| (-1} W) - B(2) > 0
where _
Uy(2) — U, (2) :/; é(wﬁ)%— L5 ign (n(x))| da. (17)

and z € B is a solution to A\(2) — u(2) = 0 and designates a location where commuting stops or changes
direction. There always exists is at least one such location. Bid rents equate in those locations Z since
workers and firms settle either on the same land plot or on two infinitely close residential and industrial
land plot. The first term in the integral yields the economic surplus S* (x) (up to a constant) generated
at location x. The second term reflects the travel cost of commuters crossing location x. Of course,
we can use the relationship A = 1 — sy to eliminate a density profile either A or p.

The above identity tells that workers and firms settle in the locations where they respectively place
the highest bid rents. When they offer the same bid, any share of firms and residents is possible. In
this competitive allocation, the spatial equilibrium depends on the sign of the bid rent differentials but
not on their amplitudes. Hence multiplying both the parameters (a + ) and ¢ by any scalar & > 0 has
no effect on the sign of the bid differentials and therefore is compatible with the spatial equilibrium

structure. This yields the following main result:
Proposition 1 Cities with a same parameter ratio (o + )/t have an identical spatial structure.

The ratio shows that stronger demand or vertical linkages and higher commuting costs have opposite
effects on the urban structure. The economic surplus generated by any pair of worker and a firm is
balanced with the commuting cost between the worker’s residence and her firm. A proportional
increase in the intensity of demand or vertical linkages and in commuting cost does not change this
spatial balance though each effect becomes more intense. As a result, stronger linkages have the same

impact as lower commuting costs.

3.2 Existence

Relationships (16) and (17) define a fixed point problem for the firms’ spatial distribution. Indeed,

the firms’ density p determines the values of the surplus S which in turn determines u. In Appendix
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B, we show the existence of a fixed point using Shauder’s theorem.
Proposition 2 A spatial equilibrium ezists.

The proof of spatial equilibrium existence relies on the determination of the stock of commuters
flowing over each urban location, n(x). This is referred as the ’stock of unhoused workers’ by Lucas
and Rossi-Hansberg (2002). As shown in (16), the main difficulty in establishing the existence of
spatial equilibrium lies in the discontinuity of the land allocation process across firms and workers.
As in Carlier and Ekeland (2007), we first show the existence of a fixed point for smoother land
allocation processes by replacing (16) by an equation where the land allocation decision across firms
and workers is a continuous function of their bid rent differential ¥, — ¥,. In economic terms, this
may be interpreted by the presence of exogenous uncertainty in landlords’ choices. We then prove the
convergence of those fixed points to that defined by (16) and (17) for less and less smooth allocation
processes. Using the same interpretation, the fixed point takes place at the limit of zero uncertainty
in the land allocation process. It must be noted that the above existence result applies to Fujita and
Ogawa’s (1982) model which lacks a general existence proof and displays parameter values for which no
equilibrium could be constructed. As mentioned earlier, their equilibrium conditions are structurally
the same as ours if one sets o and G to zero and interprets (o — 1)7 as a parameter for face-to-face

communication.

4 Urban structures

Our existence result in Section 3 says nothing about uniqueness of equilibrium. In this section, we

present and discuss a variety of urban structures and determine their condition of existence.

4.1 Monocentric city

We consider the business district )) = [—by, b1| surrounded by the residential districts X = [—b, —b;) U
(b1, b], see Figure 1 (a). The densities of firms and households are u(y) = 1/s and 1 respectively. The
business district edge is given by by = sN/2. In the monocentric city, workers commute from the

residential district to the business district.

11



The monocentric equilibrium conditions are as follows: (i) firms outbid households in the business
district (Vy(y) > U, (y) for all y € V), (i) households outbid firms in the residential district (¥, (x) >
Uy (z) for all x € X); (iii) the residential and the business bid rents equalize at the business district
border (¥;,(by) = W,.(b1)); (iv) the zero opportunity cost of land at the city border b requiring ¥,.(b) = 0.

As of expressions (4) and (7), we define the surplus at location z as Sy(z) = G (2) — In Ty (2),2

where the access measure T); and the profit G, are given by

1 M
T = [y (18)
G 1 by efo"r\yfz\d 19
M(Z)—E/—blmy ( )

Proposition 3 The monocentric configuration is a spatial equilibrium if and only if

where
; a+ Sy (0) — Sy (sN/2) ~ _a+BSu(sN/2) — Sy((1+5)N/2)

_ d Ty =
M sN/2 e =T N/2

When s — 0, ty = (o + B) TN < ty.

Proof. Given the symmetry of the city, our analysis focuses on the right side of the city [0, b].
Under linear commuting costs, workers can arbitrage between the different workplaces. As a result,
a firm located at y must offer individuals a wage w(y) that is as attractive as that available in other
work locations. Denoting Uy by « [In (ap/~ve) — In Ty (0)] +w(0) + ¢, we can write the following wage
arbitrage condition for any 0 <y < z:
ap _
Q ln% —InTy(y)| +w(y) +ty+co= U
so that the equilibrium wage w(y) satisfies
w(y) =Up—« {ln% — lnTM(y)} —ty—=2o
e

By using this wage expression, the household’s bid rent (9) can then be written as

U, (x) = (Up—U*) —t (20)

3The surplus Sys(z) corresponds to the profit in the market of a local variety accounting for the cost of accessing all

components in order to produce the national good.
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Similarly, the firm’s bid rent (10) writes as

\Ifﬂy):%[(aln%%—ﬁl %—Uo—l—co)—l—(a—irﬁ)SM(y)thy (21)

At the land market equilibrium, landlords reap the surplus derived by firms and households.

As the district border is given by b; = sN/2, we need to impose conditions (i), (i), (i), and
(7v) on the bid rent functions (20) and (21) of residents and firms. It is shown in Appendix C that
conditions (7) and (4) reduce to (i") W,(0) > ¥,.(0) and (") ¥,.(b) > W,(b) respectively.

Condition (i”) ¥,(0) > ¥,(0) can be rewritten as

1 1
g(@lﬂ%"‘ﬂh’l%"‘@o—Uo) 8(O¢+5)5M(0)Z(U0—U*) (22)

The equilibrium conditions (#7) and (iv) (¥y(b1) = ¥,.(by) and ¥,.(b) = 0) determine Uy and U*. In
particular, we have

Up = (aln%Jrﬁln%JrcO) + (a+B)Su(bi) +(1+5s)tby—stb

By plugging the above expression of Uy into (22) and using b; = sN/2,we get

- 2(a+p)
t<ty= M +5)sN [Sa(0) — Shr(b1)] (23)

When s — 0, we have

t N/2) — Sy (0
lim = — (a + ) limg 22202 £N>/2 u(® _ (@t

Furthermore, we also have
l(a—I—ﬁ)SM(b) +tb+ (ozln7— 1 BIn iﬂ Uy —1—60)1

@+ 8) 3(6) — Sub)] + (14 5) V]

so that the condition (ii”), Uy(b) < ¥, (b) = 0, can now be rewritten as

2(a + B)

fu (1+s)N

t

IN

[Sar(b1) — S (b)] (24)

Gathering expressions (23) and (24) leads to t < min(tyy, Ta).
When s — 0, we get
hn(l) Ty (sN/2) —InTy((1+s) N/2)] = —7N/2
1 — e*O’TN/Q

lim [Gar(sN/2) = Gur((1+5) N/2)] =

g

13



Therefore

lig%?M = 2(a + ) lim [Sar(sN/2) = Sar((1+ 5) N/2)]

= 2(a+ A)lim [Gay(sN/2) = Gar((1+ ) N/2) = In Ty (5/2) + In Tas (1 + 5) N/2)]

—oTN/2

— @+ p) (2

> —i-TN) >(Oz+ﬁ)7N:£iLI[1]ZM
so that lim, .oty < limg o7y, ™

Proposition 3 says that lower commuting costs favor the monocentric configuration as they allow
residents to commute longer distances to the business district. Larger final demand or vertical linkages
also make the monocentric configuration more likely as they increase the operating profit in the market
of local varieties due to increasing returns to scale, thus allowing firms in the business district to pay
higher wages and making people more willing to commute.

Figure 2 illustrates the shape of bid rents in a monocentric city. The firms’ bid rent curve, rep-
resented in red, is above (resp. below) the residents’ bid rent curve (in blue) around the city center
(resp. the city edge). Bid rents are equal to the zero opportunity cost of land at the city border and
intersect at the location y = 40.5, which separates business and residential districts. Workers’ bid
rents are linear in the distance to the center as longer commutes are compensated by lower rents. As
firms benefit from agglomeration economies, their bid rent is endogenous and depends on the location
of other firms. Typically it is non-linear in the distance to the city center. A priori, it is not obvious to
guarantee a single intersection between bid rents. Nevertheless, according to the above Proposition, it
turns out that only the bid rent properties at the city center and border matter. While the condition
t < T guarantees that firms do not overbid workers at the city border (¥, (b) < W,(b)), the condition
t <ty guarantees that they are not overbid by residents at the city center (V,(0) > W,.(0)).

The last statement in Proposition 3 implies that, even if the manufacturing sector makes no use
of land (s — 0), the monocentric city structure may not be a spatial equilibrium. This qualifies the
standard discussion based on the monocentric city model where firms are assumed to be located in a
city business center using no space. This paper highlights the role of the trade-off between workers’
commuting cost and goods’ transport costs.

Finally, note that, when transport costs vanish (7 — 0), the economic surplus Sy/(z) becomes
location independent and the above thresholds become %y = 3 = 0. Then, the monocentric city is

never a spatial equilibrium for any commuting cost ¢ > 0. In this case, the demand for final goods
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and intermediate goods demand is unrelated to space. There is no agglomeration force and spatial

concentration brings no benefit.

4.2 Integrated city

We consider firms and households locating in X = Y = [—b,b], see Figure 1 (b). Given the unit
demand for land of households and the s unit demand of firms, the density of firms is pu(y) = 1/(1+ s)
and the city edge is still at b = (1 + s)/N/2. The integrated configuration involves no commuting.
The integrated equilibrium conditions are as follows: (7) the business and residential bid rents
equalize (U,.(z) = ¥y(z), Vz € X = )); (ii) the no-arbitrage relocation implying |/ (2)| < ¢; (iit) the
zero opportunity cost of land at the city border b requiring ¥ (b) = 0.
As of expressions (4) and (7), we define the surplus at location z as S;(z) = G;(z) — InT7(2) with

the access measure 77 and the profit G; given by

1 b
S S 9
o) = s [ ereay (29
) b g—orly—]
pr— 2
Giz) = - 1+ s) /b T (y) dy (26)

Proposition 4 The integrated city is a spatial equilibrium if

o+
tthz——1+fS}(b)>0

When s — 0, t; = (a + 3) S;(b).

Proof. As before, we focus on [0,b]. We need to impose the above conditions (7)-(éii) on the bid

rent functions. The equilibrium condition (7), ¥, = Wy, leads to

wly) = 1o (@5 = ) Ty(y) + G2

where C' = s/(1+4 s) {U* — ¢ — alnfap/(ve)] + 5/sIn[ap/(ve)] }.

From equilibrium condition (i), ¥(b) = 0, we have

Gi(y) +C (27)

o {ln%—lnTI(b)} +w(b)+¢ —-U"=0 (28)

From relations (27) and (28), the constant C' can be determined

i (o + B) Sy(b) —l—ﬁln@

C =
1+s ve
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By plugging the wage expression (27) into (10) (or (9)), we get the equilibrium land rent

- 42

[S1(2) = S51(b)]
According to the no-arbitrage condition (4i), an urban configuration is an equilibrium if workers have no
incentive to commute to any other location, i.e., if |R'(2)| = |(a + 8)/(1 + S)S}(z)| < t, for Vz € [0, 0].
In Appendix D, it is shown that |S;(z)| < |S;(b)|, V= € [0,8], so that the no-arbitrage condition
reduces to |R'(b)| = |[(a+ 8)/(1+ s)S;(b)| < t. =

Proposition 4 states that higher commuting costs foster the integrated configuration. Intuitively,
very large commuting costs entice workers to take residence as close as possible to their workplace.
Also, weaker final demand or vertical linkages make the integrated configuration more likely. They
indeed decrease the operating profits from the production of local varieties, which reduces workers’
wages, and in turn the incentives to commute. Finally, it turns out that ¢; is an increasing function of
7 (see Appendix D). So, lower trade costs enlarge the domain of economic parameters for which firms
integrate with residents. For lower trade costs, input costs depend less on distance between firms and
vertical linkages lead to a weaker agglomeration force for the firms. Therefore, firms do not benefit
much from clustering with other firms and make land rent bids that can be matched by workers.

Figure 3 illustrates the shape of bid rents in an integrated city. The firms’ and the residents’ bid
rent curves coincide at any location in the city. Bid rents vanish at the city borders due to the zero
opportunity cost of land. As workers do not commute, rents do not reflect linear commuting costs but
rather non-linear agglomeration economies coming from demand and input-output linkages. In the
above Proposition, the equilibrium condition ¢ > t; guarantees that each worker has no incentive to
accept a job away from her residential location. This property obtains if bid rents from are not too
steep. It is ensured as long as demand and input-output linkages are weak enough (low a + f3).

When the transport cost becomes negligible (7 — 0), the economic surplus S;(z) is location in-
dependent so that Sj(z) = 0 and t; = 0. The integrated city is then a spatial equilibrium for any
commuting cost ¢ > 0. In this case, the demands for final goods and intermediate goods are indepen-
dent of space and the agglomeration force vanish.

Finally, we prove the following corollary:

Corollary 1 For s — 0, the monocentric and the integrated urban configurations never coexist. That

18, ty < tr.
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Proof. See Appendix E. m

When the manufacturing sector makes no use of land, a high commuting cost is compatible only
with the integrated structure. This results from the tension between backward and forward linkages
and commuting costs. When backward and forward linkages are too weak, firms are unable to post
land bids that are high enough to foreclose the workers to reside close to them. The above result forbids
the possibility of multiple equilibria, where the monocentric and integrated structures coexist for the
same set of parameter values. To the best of our knowledge, this property is not well emphasized in

the literature (e.g. Fujita and Ogawa 1982, and followers).

4.3 Partially integrated city

Next, we consider a city where workers and firms locate with each other in the central district (—bq, b1),
which is surrounded by business districts (—bg, —b1) U (b1, b2), themselves bordered by residential
districts (—b, —by) U (bg, b), see Figure 1 (c). The density of firms is p (y) = s/(1 + s) in the interval
(—b1,b1) and p(y) = 1/s in the intervals (—by, —b1) U (b1, ba), while that of workers is A(z) = 1/(1+ s)
in the interval (—by, b;) and A(z) = 1 in the intervals (—b, —bg) U (bs, b), with 0 < by < by < b. Because

the total mass of firms is NV, we get

1 1
2(by —by)— +2b =N
(b2 1)s+ 11+3
that is,
b1 sN
by = — 29
2 1+3+ 2 ( )

The partially integrated equilibrium conditions are as follows: (i) the bid rents of households and
firms equalize in the integrated district (V,(z) = Uy(2), Vz € (—by,b1)); (i) no-arbitrage relocation
in the integrated district implying |¥'(z)| < t, Vz € (—by,b1); (i) firms outbid households in the
business districts (Vy(y) > ¥, (y) Yy € [—be, —b1] U [by, ba]); (iv) households outbid firms in residential
districts (U, (x) > ¥y(x), Yo € [—b, —bs] U [bs, b]); and (v) the zero opportunity cost of land at the city
border b requiring V,.(b) = 0.

As of expressions (4) and (7), we define Sp(z) = Gp(z) — InTp(z) where the access measure Tp
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and the profit Gp are given by

- "\ o)y L L
T o _ o)Tlz—y d —o)Tlz=ylq
(/ / ) Y+ s / e Y (30)
b2 e—oTlz—yl 1 by e—oTlz—yl
z) = — —dy + / ———dy 31
) os (/_b /bl)Tl o(1+s) ), Tlﬁ (v) (31)

Proposition 5 The partially integrated city is a spatial equilibrium if and only if

p<t<th
where the thresholds tp and tp are given by
~ _a+f . . gz~
tp = s ax x |Sp(2)| ;tp =min{ip,tp}
with
~ _a+B8p(ba) = Sp(b) - _ . a+BSp(y) —Sp(b)
tp = ;ip = min
1+ s b— bg yelbi,ba] 1+ S bg —

The district borders (by,bs) satisfy

_ (6% +55p(bl) - Sp(bg)
1+s bg—bl

(32)
where by is given by (29) and 0 < by < by < N.

Proof. As before, we focus on [0,b]. In the integrated district of the city, condition (i) writes

R(z) = ¥, (2) = Uy(2). From expressions (9) and (10), we get

_oth ! ap L
R(Z)_1+85P(z)+1+8<a1n76+51n + G U), z€[0,b1) (33)
_as—f3 a+f
w(z) = 1T s InTp(z) + 1+8Gp(z)
S ap 6 ﬁp *
s (on I s ) e G

In the residential district, we have R(z) = V,(x), x € [bs,b]. However, since the residential bid rent

U, (x) given by (9) is independent of the workplace y in business district [by, bs], it can be written as
R(z) =V,.(z) = A —tz, x € [b, 0]

where

A=« {ln% —lnTp(y)} +w(y)+ty+c —U", yé€lb,bs
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is constant with respect to y. Condition (v) says that the land rent is nil at b, from which we get
A = tb. So, from the last two expressions, we can write the equilibrium land rent in the residential

district and the wage in the business district as

R(z)=t(b—2), € (by,b) (35)
w(y)=tb—y) —« [ln% — lnTp(y)} —C+U", ye€lb,b] (36)

Inserting the wage (36) into R(y) = ¥,(y) as given by relation (10) yields the land rent in the business
district

Bp o

R) = [(@+0)Sel) —tb=n) + ol + 50 v o U] yelibl 6D

As land rents are continuous, R(b; — 0) = R(by + 0) and R(by — 0) = R(bs + 0), we get

U*: (OZ+/6)SP(b2)_t<1+8)(b—b2)+aln%+ﬁln%+éo

and

(a + 6) [Sp(bl) — Sp(bg)] =1t (1 + 8) (bg — b1>

which is equation (32) and determines b as by is given by relation (29).
We still have to impose conditions (i), (4ii), and (iv). First, condition (4i) ensuring no commuting

within any two locations in the integrated district writes as
(@ +B)[Sp(2) <t(1+s), z€0,b)

that is,

=

t>1p= o max [Sp(2) (38)

1+ s ze0,6;
Second, condition (#i7) says that firms outbid workers in the business district: R(y) > V,(y) Yy €
b1, bo]. Subtracting (35) from (37), we get

(a+B)[Sp(y) = Sp(b2)] 2t (1+5) (b —y), y € [br, by

which gives
t<%p= min a+ B Sp(y) — Sp(bs)
yelbibe] 1+ s by —y

(39)
Finally, condition (iv) ensuring that workers outbid firms in the residential district (R(z) > Uy(z),
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Vo € [be,b]) gives
(o + B)[Sp(by) — Sp(x)] —t (1 +s)(x—bg) >0, x € [byb (40)

which is similar to relation (39). Only signs and supports differ. Note that in the interval (b, b), Sp(z)
is convex because G'(1) = 0?72Gp > 0 and (InTp “(z))” = 0. Since the LHS of inequality (40) is

zero at x = by, this inequality is satisfied for all x € [by, b] if and only if
(a+ 5)[Sp(b2) — Sp(b)] = t(1+s) (b—b2) >0

Thus, inequality (40) is equivalent to

~ Oé+65p(b2)—5p(b>
<
b=te =9 b— by

(41)

To sum up, the spatial equilibrium is given by (b1, by) that solve equations (29) and (32) and satisfy
(38), (39), and (41). =

Proposition (5) shows the partially integrated configuration can only exist for intermediate values
of the commuting cost. It also makes explicit the condition that district borders need to satisfy. By
inspection of equation (32), the commuting cost from by to b is to be proportional to the surplus
difference between locations b; and b,.

Figure 4 illustrates the shape of bid rents in a partially integrated city. Panel a) presents the case of
balanced use of space, where firms and workers use the same amount of land (s = 1). Around the city
center, firms and residents populate an integrated district where the firms’ and the residents’ bid rents
coincide. This integrated area is surrounded by two business districts where firms outbid residents.
Residential districts emerge at city edges where residents outbid firms. The condition ¢ > tp ensures
sufficiently high commuting cost so that workers have no incentive to commute within the integrated
district. The economic intuition is similar to that prevailing in the integrated city. The condition
t < tp guarantees that residents outbid firms in peripheral districts. In particular it expresses the
sufficient condition that firms producing at y = b, have no incentives to relocate production at the city
edge y = b. Firms indeed balance the effects of such a relocation on their revenues and wage bills. On
the one hand, they lose revenues at the city edge because of the lower access to their customers. On
the other hand, they pay lower wages at the city edge because workers need not be compensated for

long commuting. The latter effect gets smaller and is dominated by the former when commuting costs
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become lower. To sum up, partially integrated cities therefore exist only for intermediate commuting
costs and, by Proposition 1, only for intermediate values of demand and input-output linkages.

We provide two Corollaries exhibiting additional properties of partially integrated equilibria. The
first property relates to the contiguity and intersection of the sets of parameters supporting the inte-
grated and the partially integrated cities. In particular, we show that the partially integrated city is

a spatial equilibrium for ¢t = t; — § and 6 > 0 small enough.

Corollary 2 The parameter sets that support the integrated and the partially integrated cities do not

intersect and are contiguous.

Proof. See Appendix F. =

The second property is about the existence of partial integrated cities even when firms do not use
space. The literature generally extends Alonso’s (1964) model to multiple business centers located
on points (e.g. Fujita, Krugman and Mori 1999). The following corollary suggests that, although
insightful, this strategy does not cover the exhaustive set of urban configurations. Indeed, consider
infinitesimally small business districts (s — 0). By Corollary 1, the commuting cost interval (¢,, %)
is not empty. For such commuting costs, monocentric and integrated city structures are not spatial
equilibria. In the following corollary, we show that spatial equilibria include partially integrated cities

when businesses use no land.

Corollary 3 Suppose firms use an infinitely small amount of land (s — 0). Then, there exists a
partially integrated equilibrium with an integrated district surrounded by two infinitely small business

districts and residential districts in the periphery when commuting costs satisfy max{tM,f?D} <t<
min {tI, fop,%?g}.
Proof. Towards this aim, we rewrite equation (32) as

a+ B Sp(bi) — Sp(b2)

t:fS(bl) 1+s bg—bl

where by is given by (29). As s — 0, one can verify

lim f5(0) = t5 and lin(l) fs (b)) =1t;

s—0

Because t; > t); > 0 and f,(by) is continuous in [0, b/2], we can apply the intermediate value theorem.

There exists at least a value of b} that solves t = f,(by) for all ¢ € (tar,t7). One then computes the
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thresholds

Sp(0}) — Sp(b)
b0
tp = —(a+ B) Sp(H)

5 = (a + ) max [Sp(z)|
z€[0,b9)

tp = (a+ )

Then, if t?; <t < min {EOP, %V?;}, there exists a partially integrated equilibrium with two infinitely small
business districts at y = +09. =

Panel b) in Figure 4 presents a second example of bid rents in a partially integrated city where the
use of space is unbalanced. In such a case, firms do not use much space unlike residents and business
districts have a very small spatial extent (s = 0.01). Additional numerical exercises show that the
city configuration remains identical as s — 0. In that case, the two business districts become so small
that the central integrated district becomes contiguous to the peripheral residential districts. The
parameters fulfill the conditions of the above corollary, which therefore determine non-empty sets of
parameters. To sum up, the partially integrated city exists even in the absence of space requirement
by firms. So, although very insightful, previous discussions on city subcenters concentrated on spatial

points do not encompass the full set of urban configurations.

4.4 Duocentric city

Here, the city consists of two business districts ) = [—bs, —b1) U (b1, b3] and three residential districts
X = [=b, —b3)U[—by, b1]U(b3, b], see Figure 1 (d). Households living in [—b, —b3) commute to [—bs, —bs),
those living in [—by, 0) to [—be, —b1), those living in [0, b;] to [by, b2), and those living in (b3, b] to [ba, b3).

Given the total masses of firms and consumers, we have
1 1
blzg(bg—b1)7 b—bgzg(bg—bg) (42)

The density of firms is p(y) = 1/s on Y and district edges satisfy bs = (1 + s) by and b3 = by + sN/2.
As before, we focus on [0, b].

The duocentric equilibrium conditions are as follows: (¢) firms outbid households in the business
districts (¥, (y) > U,.(y) for all y € )); (ii) households outbid firms in the residential districts (V,.(x) >

Uy(x) for all z € X); (4i) the business and the residential bid rents equalize at district borders
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(U,.(by) = Wy(by) and U, (b3) = W,(bs)); and (iv) the zero opportunity cost of land at the city border
requiring ¥,.(b) = 0.
As of expressions (4) and (7), we define Sp(z) = Gp(z) — InTp(z), where the access measure Tp

and the profit Gp are given by

1 —by b3
Té—a(z) == {/ e(1=o)7l==vlqy, _|_/ 6(1—U)T|z—y|dy]
S L/ —bs by
1 —b1 e—m’\z—y| b3 e—m’\z—y|
GD(y) = |:/ - dz +/ —c dZ:|
S 1) —bs Tll) (Z) b1 Té (Z)
Proposition 6 The duocentric city is a spatial equilibrium if and only if

t S max(tAD, ED)

Uy(y) = ¥ (y) for ally €Y

where

~ OJ+BSD<Z)1+SN/2)—SD(O)

. and EDEQ+BSD(b1+SN/2)_SD(b)

T 14s  (1+2s)b —sN/2 1+s N/2 — b
with by € (0, N/4] satisfying

£(N — 4by) (1 +8)s/2 = (a+ B) [Sp(b1) — Sp(by + sN/2)] (43)

Proof. As in earlier sections, workers arbitrage between the different workplaces up to their
commuting cost and land rent payments. As a result, a firm located at z must offer individuals a wage
w(z) that is as attractive as in other workplaces. Since workers commute from the left and right hand
sides of the business district located on (by, b3), it is convenient to denote the business center of the
business district by by € (by,b3). This is the unique location where a firm attracts workers from each
side of its location. Since the labor market divides about y = by, the left hand side’s labor demand
and supply balance so that by — by = sb; while its right hand side clears so that by — by = s (b — b3).
Denoting the utility of a worker working at by by Uy = a[In (ap/ve) — InTp(bs)] +w(bs) + ¢o, we can
write the following wage arbitrage condition for any y > 0:

@ |22 ()| + wo) + tly - bl + 70 = U
so that the equilibrium wage w(y) satisfies
wly) = U= w2~ Tp)]| ~ tly— el - (a4)
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This is also the wage that a firm should pay to attract a worker when it relocates in a residential
district.

By plugging the wage expression into (9) and setting y = by, the household’s bid rent can be
rewritten as

\IJT(QC) = U2 - U* —t‘x—bg‘
Similarly, the firm’s bid rent (10) writes as

Bp
e

\Ifb(y):iK In 7+51 U2+EO)+(a+ﬁ)SD(y)+t|y—b2|

Landlords reap the surplus of the production and consumption of each pair of individuals and firms
up to the level of the individual’s utility.

As before, we focus on [0,b] when imposing the equilibrium conditions (7)-(iv) on the bid rents
from households and firms. Using the wage (44) from the wage arbitrage condition and applying it for
x > by >y > by, one can express the relations U, (b) = 0 and ¥,.(b3) = W, (b3) as functions of Uy, U*, by
and b3. Using the same wage (44) and applying it for z < b; < y < by, one can also express the relation
U, (by) = Wy(b1) as function of the same variables. Therefore, conditions (éii) and (iv) together with
the identities by = (1 + s) b; and by = b; + sN/2 provide five equations for the five variables Us, U*,
b1, b and b3. The solution for U; and U* is given by

U2: <aln%+ﬁln@+co) +(O[+6)SD(b1)+t(b2—b1)—St(b—2b2+b1)

U* = (aln%+5m%+c@) + (a+ B8) Sp(by) — (14 8)t (b — 2by + by)

while b; solves (43).

The equilibrium inequality condition (i) ¥, (x) > U,(x) for all x € X, writes as

Bp

\I!r(x)—\lfb(:v):Ug—U*—é{ In 7+ﬁ1 —e—Uz—i‘Co‘{'(CY—i‘ﬁ)SD( ):|—1+S

t’$—b2’>0

where Sp(z) can be shown to be convex on the intervals (0,b1) and (b3, b): Sf) = G — = (In Té‘”)”
where G = 0?72Gp > 0 and (InT}7)" = {(TE"’)”T})"’ - (TE"’)ﬂ] /T;(lfa); the last expression is
equal to 0 on (b3, b) and to [2(0 — 1)7’/(3T,§"’)}2 :bb; e(1=0)7(y=2)q 5 f:bzl e=7=9)dz > 0 on (0,b;).
Then, VU, (x) — W,(x) is concave on those two intervals. Since W, (b1) — Wy(by) = 0, we have ¥, (z) —
Uy(xz) > 0 for all z € (0,by) if and only if ¥,.(0) — U,(0) > 0, which can be rewritten as t <
tp = (a + B)[Sp(bs) — Sp(0)]/[(2by — bs) (1 + s)]. Similarly, since W, (bs) — W;(bs) = 0, we have
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U,.(x) — Uy(x) > 0 for all x € (b3, b) if and only if ¥, (b) — ¥,(b) > 0, which can be rewritten
as t < tp = (a+ ) [Sp(bs) — Sp(b)]/[(b—b3)(1 + s)]. This means that condition (i) reduces to
t < max(tp,1p). The equilibrium inequality condition (i) remains as it is: W,(y) > W,(y) for all
yey.

Finally, it can easily be shown that b; should not exceed N/4. Otherwise, the residential bid rent
would be negative at z =0. m

To understand, the equilibrium condition in Proposition (43),we rewrite it as

a+p

t(b3_62)_t(b2_bl):m

[Sp(b1) — Sp(b3)]

The LHS corresponds to the difference in the commuting cost to workplace by from district borders
bs and by, while the RHS is proportional to the surplus difference between locations b3 and b;. This
means that these commuting costs and surplus differences should balance.

Figure 5 illustrates the shape of bid rents in a duocentric city. Residential districts are located
at the city center and peripheries where the residents’ bid rent (in blue) is above the firms’ bid rent
curve (in red). In between these residential districts, two business districts gather firms outbidding
residents. Panel a) and b) of Figure 5 show two different duocentric city structures for the same set
of economic parameters, for which equation (43) accepts two solutions. It can be checked on Figure 5
show that W,(y) > VU,(y) for all y in the business districts. So, this means that multiple duocentric
equilibria can arise.

In Proposition 6, the endogenous border b; is the solution to (43), which accepts no closed-form
solution. Proposition 6 also imposes the bid rent condition ¥,(y) > ¥, (y), for any location y in the
business districts ). As the purpose will be to determine the duocentric configurations by use of
numerical computations, we shall replace the condition ¥,(y) > ¥, (y), for all y € ), by the necessary
condition Wy(bg) > W, (bs), which is equivalent to ¢ < tp where

Z/ _ Oé—i‘ﬁSD(bg)—SD(bl)
D_1+8 bg—bl

Note that we did not find any example where this condition was not also sufficient. So, the threshold

value of the commuting cost is given by

t S tD = max(tAD,fD,%vD)
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5 Numerical analysis

The theoretical analysis of urban structures in the previous section allows us to determine and study
the nature of city structures in terms of economic parameters. Given the complex nature of duocentric
and partially integrated configurations, we determine them by numerical computations. This is done
in two steps. First, given some fixed parameter values, district borders are determined by solving (43)
and (42) for the duocentric configuration (resp. (32) for the partially integrated configuration). Note
that up to two roots are found in either case. Second, additional restrictions reflecting rent conditions
at district borders are imposed. The role of these restrictions is to retain only the candidates that

actually lead to an equilibrium configuration.

Equilibrium city structures Figure 6 gathers the central results of our numerical analysis. It
presents the equilibrium structures derived in Propositions 3, 4, 5, and 6 in the plane of transport
and commuting costs (7,t) for fixed values of other parameters, ie. @« = f =y = s = 1 and
o = 3. The figure displays the monocentric "m", the integrated "¢", the partially integrated "p",
and the duocentric "d" configurations. The concatenation of several letters indicates the presence of
multiple equilibria with different urban structures for the same set of parameters. For instance, "mdd"
indicates the co-existence of a monocentric equilibrium and two different duocentric equilibria. For
some parameter configurations, up to four equilibria can co-exist (see "dmpp" at the center of Figure
6). In Section 2, existence of a spatial equilibrium was proved. Indeed, numerical computations always
deliver at least an equilibrium for any point in (7,¢) plane. This contrasts with Fujita and Ogawa
(1982) where some parameter configurations were shown to support no equilibrium.

Figure 6 displays the curve corresponding the threshold t,; below which parameters support the
monocentric city. The monocentric city arises only if commuting costs are relatively low. By definition
of £y, residents and businesses make the same land bid at the city center for any value of ¢ lying on
the curve t,;. For slightly higher commuting costs -and as long as transport costs are low enough-,
residents are willing to match the firms’ bid rent at the city center. Some residents and firms can then
gather at the city center, while many other workers are still willing to commute. Hence the curve ¢,
refers to a transition between the monocentric and the partially integrated configurations.

Figure 6 also displays the curve corresponding to the threshold ¢; above which parameters support

the integrated city. In the integrated city, residents work and reside in the same location. By definition
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of threshold ¢;, when commuting costs equate t;, some individuals are indifferent between working at
their residence location and commuting to a firm located further away. For commuting costs slightly
below t;, residents located at the city border have an incentive to commute and choose a workplace
between the city center and the city border, so that a partially integrated city structure emerges. Hence
the curve ¢; refers to a transition between the the partially integrated and the integrated configurations.

The partially integrated configuration exists only for intermediate commuting costs. Consider such
a partially integrated structure. When the commuting cost rise becomes too high, the business centers
and the residential peripheries shrink, and ultimately vanish when the commuting cost reaches the
threshold ¢;. Hence the partially integrated configuration converges smoothly to the integrated city.
For low transport costs (i.e., when only one partially integrated equilibrium exists), the two business
centers get closer to each other to finally join each other as the commuting cost approaches ¢y, from
above: the partial integrated structure then converges smoothly to the monocentric configuration. For
higher transport costs (i.e., when the partially integrated and the monocentric cities co-exist), one par-
tially integrated configuration converges continuously to the monocentric structure as the commuting
cost approaches t,; from below.

Duocentric cities are equilibria only for high transport costs and intermediate commuting costs
(see the right-hand side of Figure 6). Indeed, when shipping goods are costly, firms benefit from
clustering their production activities in two separate business centers so as to decrease the average
distance to suppliers and consumers. Consider commuting costs rising from zero (i.e., a rising path in
the right-hand side of Figure 6). When commuting costs are very low, workers accept long journeys
to their workplace and benefit from a concentrated business district, i.e. the monocentric pattern
"m". However, when commuting costs reach intermediate values, an urban structure with two activity
centers becomes beneficial to them because long commutes can be avoided. When this happens, two
duocentric configurations emerge (see transition from "m" to "mdd" in Figure 6). As commuting costs
keep on increasing, one duocentric configuration persists while the other disappears (transition from
"dmd" to "dm"). Finally, for even higher commuting costs, the remaining duocentric city pattern
ceases to exist as households want to locate closer to their workplace, which gives rise to a transition

to a partially integrated configuration.
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Multiple equilibria Figure 6 also illustrates the multiplicity of equilibria. In many regions of
the parameter space, a unique equilibrium emerges (see "m", "i", "p" and "d"). There are also large
sets of parameters for which several structures among the monocentric, the duocentric, or the partially
integrated configurations co-exist. Note that all structures can co-exist for a narrow set of parameter
values. The fully integrated structure cannot co-exist with any other configuration. As mentioned
in the above paragraph, multiple equilibria can involve different urban structures of the same type:
either two partially integrated structures like in "mpp" and "dmpp" or two duocentric structures like
in "dmd" and "mdd". This can only happen for intermediate commuting costs. For higher commuting
costs, one of the two equilibria always disappears. It is interesting to describe how two equilibria of the
same type emerge. When commuting costs increase, it can be shown that the transition from "m" to
"mpp" (resp. from "m" to "mdd") implies that the monocentric city keeps the same structure while a
partially integrated city (resp. a duocentric city) initially emerges and immediately separates into two

distinct partially integrated structures (resp. a duocentric) with business centers evolving at different

locations.

Welfare ranking Importantly, the ordering of letters in Figure 6 indicates the ranking of equi-
libria in terms of aggregate welfare (i.e., the sum of residents’ utility plus aggregate land rents). For
instance, the ordering "mdd" indicates that the monocentric configuration has the highest welfare
while the two duocentric configurations have lower and distinct welfare values. The welfare ranking
can be obtained from Figure 7, which plots the aggregate welfare in terms of the transport cost for
nine values of commuting cost. The top left panel shows that for ¢ = 0.2, the aggregate welfare falls
with higher transport costs as they indeed reduce consumption and therefore profits, wages and utility.
The panel shows continuous welfare transitions between the integrated, the partially integrated and
the monocentric cities as transport costs rise. For high transport costs, two duocentric configurations
emerge but yield lower welfare levels. The next two top panels show that for higher commuting costs
t = 0.32 and 0.56 respectively, duocentric structures can bring higher welfare. The central panel illus-
trates equilibria and the welfare ranking for ¢t = 0.64: two partially integrated equilibria rank below
the monocentric city equilibrium. In the next panels, commuting cost are so high that the monocentric
configuration is not part of equilibria. It can be observed that the duocentric city abruptly emerges

as commuting costs increase and yields a higher aggregate welfare.
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Population growth Finally, we look at the impact of urbanization on spatial structures by
considering gradual increases in the city size N for given commuting and transport costs. According
to our numerical analysis, three cases arise depending on transport costs 7.

(i) For low transport costs 7, transitions are smooth. The configuration is initially monocentric for
small N (i.e. t < tpr), then it becomes partially integrated for intermediate N (i.e. ty <t < t).

(ii) For intermediate transport costs 7, the configuration is initially monocentric. Then it bifur-
cates into either a partially integrated or duocentric city. These patterns are quite different from the
monocentric city so that the transition is discontinuous, the resulting path being undetermined. In
the case of a duocentric city, it will partially integrate at a later stage, and will finally approach full
integration.

(iii) For large transport costs 7, the configuration is initially monocentric. When it bifurcates, it
becomes a duocentric city. Then, it becomes partially integrated, and finally fully integrated. Figure 8
plots this case with 7 = 3 and ¢ = 0.7 for an increasing population N. It shows that the configuration
is initially monocentric (black). When it breaks, it becomes duocentric (red), and then partially
integrated (blue).

These results show that transitions are continuous (resp. discontinuous) for small (resp. large)
transport costs. This reflects the fact that when transport costs are large, firms can gain more when

firms locate in several business districts.

6 Conclusion

We have studied urban structures driven by demand and vertical linkages in the presence of increasing
returns to scale, which in contrast to the existing literature on the topic, are internal to the firm.
Existence of equilibrium has been proved and an invariance result has been obtained regarding the
equivalent role of more intense demand and vertical linkages and lower commuting costs. Various
urban configurations can emerge in equilibrium exhibiting a monocentric, an integrated, a duocentric,
or a partially integrated city structure. We have discussed the role of commuting and transport costs,
intensities of demand/vertical linkages, and urbanization in affecting these patterns. We have finally

presented a numerical approach to discuss the emergence of multiple equilibria.
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Appendix A: Equilibrium conditions

Let B=[—b,b], b € R, be the support of the city. The densities of residents and firms are given
by A : B —[0,1] and g : B —[0,1/s]. The land market clearing imposes that A + sy = 1 while labor
market clearing imposes that the mass of workers is equal to mass of firms |, gA= / st =N. With the
city border b = N(1+ s)/2, every worker and every firm find a job match. So, we just need to impose
Jsn=N.

While worker’s bid rent is the maximum bid a worker makes on a parcel of land as of (13), the firm’s
bid rent is the maximum bid that it can make on land as of (14). The necessary and sufficient conditions
for spatial equilibrium are given by identities (16) and (17). Remind that S(y) = G(y) —InT(y), where
T(y) = [[geP = ¥p(2)dz] ™7 and Gly) = £ [ ¢ z)dz. Note that G, T and therefore S :

e—oTlz— yl

Tl o'(z

B —R" are integrals and therefore continuous functions of y. Functions G' and T are also strictly

positive because their integrands are positive as p has positive measure.

No cross commute At every location, the flow of commuters is unidirectional. The proof can be
found in Ogawa and Fujita (1980, Property 1). The authors show that workers commuting in opposite

directions have no incentives to cross each other in equilibrium.

City edges Spatial equilibrium involves workers residing at city edges. Suppose this is not the
case: A(b) =0 and p(b) = 1/s. Then, there would be workers at x < b facing a positive land rent and
commuting to a firm located at b. These workers would benefit from relocating to b 4 ¢, with § > 0
infinitely small, because of a zero land rent and an infinitely small commuting cost ¢, which violates
equilibrium. The same argument applies at x = —b.

More generally, spatial equilibrium involves more residents than firms at city edges. Otherwise,
A(b) < u(b), and the above argument still applies as there would be workers at = < b facing a positive
land rent and commuting to a firm in b, who would benefit from relocating to b+4, with 6 > 0 infinitely

small.

Lemma 1 City edges host more residents than firms: A > 0, A\ > u for z = +b.

Land rent continuity The bid rents ¥, and W, are the maximum values of programs (13) and

(14), which involve not only the continuous functions S and |-|, but also the land rent function R which
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is not a priori continuous. Therefore, the Maximum Theorem cannot be applied in order to show the
continuity of bid rents ¥, and ¥,. Instead, the continuity of bid rents is shown by the fact that they

are linear functions of the land rent R.

Lemma 2 The bid rents ¥, and ¥, in (18) and (14) are continuous functions B — R. So ¥, — ¥,

and R = max{¥,, U, 0} are also continuous functions B — R.

Proof. Indeed, each bid rent can be written as the function ¥(z) = max, fi(z) + fo(2) + f3(z — 2),
where f; : B — R and f3: [—2b,2b] — R are continuous functions and f; : B — R is not necessarily a
continuous function. For ¥ = ¥, take f; =0, fy = aln% + Bln% + (a+p)S+7¢ —U*—sR and
fs(@ = 2) = —t|r — z|. For ¥ =V, take f; = («In £ —i—ﬁln%f +(a+p)S+c —U*)/s, fo=—R/s
and f3(x — z) = —t|r — z| /s. Remember that S is a continuous function. In contrast, the land rent
R is not a priori a continuous function. Let y and ¢’ be the maximizers of ¥ respectively at x and x’.
By the definition of a maximum, we have U(z) = fi(x) + fo(y) + fs(x —y) > fi(z) + fo(y') + f3(z — )
and ¥(z') = fi(2') + f2(v) + fs(@ —v') > fi(@') + fo(y) + f3(2’ —y). Using the conditions, we have

S =y) = fsx —y) < foly) = L2(y)) < fs(&" = ¢) = fs(a" = y) (45)
Then, we compute the difference
U(z) = ¥(z') = filz) = [1(@") + foly) = Lo(¥) + fs(x —y) = fs(2" =)
and therefore
L) = Ly) =¥(@) = V(@) = (filx) = fila) = (fsz —y) = fs(2" =)
Plugging this in (45), we get
fi(@) = A@) + fslz =) = fs(2 — o) < V(z) = V(') = fi(z) = [ila") = fs(a" —y) + fs(z —y)

Then, because f; and f3 are continuous functions, lim,_, | f1(z) — fi(2')| = 0 and lim,/_,,, | f3(z — ¢/') — f3(2' — ¢/

lim, . | f3(2" —y) — fs(z — y)| = 0, we have that lim,/_, |¥(z) — ¥(2')| =0. =

Commuting flows Let n : B —R be the number of commuters flowing in the right hand direction

(i.e. toward positive ). Since there is no resident and no firm at the left of x = —b and at the right of
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x = b, we have n(£b) = 0. This flow increases with the mass of residents who start their commuting
trip in the right direction and decreases with the mass of firms that hire commuters located on their

left: n = X\ — p. Given the definition of spatial equilibrium, we have

{1} if ¥, >,
neq [-11] if U, =1y, (46)
{—% if U, <W¥,

Given the absence of cross commuting, a location is a ‘source’ of commuters if n > 0 and a ‘sink’ of
commuters if n < 0. The flow of commuters points to the right direction (z < y) when n > 0 and to
the left direction (z > y) if n < 0. By the first fundamental theorem of calculus, the flow of commuters
n(z) = [7,ndz is a continuous function. At city edges, because A > p at z = +b, we have n(+b) > 0.
Also, when n(#£b) > 0, the function n is equal to 0 at least twice in order to satisfy n(b) = f_bb ndz = 0.

It is useful to introduce some terminology about the sets of sources and sinks of commuters moving
to right or left direction. Let the set of sources S* = {z € B: n > 0 and xn > 0} and the set of sinks
(destinations) D* = {2z € B: n < 0 and xn > 0} where k = 1 if commuters flow to the right direction
and x = —1 otherwise. For example, S! includes source locations of commuters flowing to the right
direction and S~! those flowing to the left direction. Obviously, commuters departing from S* and
arriving in D" flow to the right direction (resp. the left direction) if k = 1 (resp. —1). Locations that
are neither origin nor destination of commuters define the set P = {z € B : n = 0}. Locations that
involve a change in commuting direction are denoted by the set Q = {z € B: n = 0 and n # 0}.
Because n is a continuous function and either n > 0 or n < 0 for z € Q, any location z € Q has zero
measure, i.e. it is an isolated point. Finally, note that those definitions determine six disjoint sets:
D, D1, 8, S P and Q.

We now study the land rent properties on these sets.

Wage arbitrage in S U D". Consider two disjoint, open and convex intervals, S’ C S§" and
D' C D", such that (i) workers residing in &’ commute to firms located in D" and labor flows in the
same direction within each interval (S’ND’ = &). Since n (z) and n (y) have the same sign for z € §’
and y € D', one readily checks that |z — y| = (y — x) sign(n (z)) = ysign(n (y)) — xsign(n (z)) where
sign(n) = 1,0, —1 depending on whether n is positive, zero, or negative. Since n has the same sign

in each interval, each function sign(n) is a constant. The first order conditions for the maximum
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problems (13) and (14) are given by

(a+p) S—t sign(n) — sR=0, yeD (47)

t sign(n) — R=0, z€8 (48)

While the first identity includes only residents irrespective of their workplaces, the second one involves
only firms irrespective of workers’ residences. These identities apply for any infinitesimal interval where
workers start to commute in the same direction and firms hire from the same side of the city. Since
these conditions hold for all &’ C §® and D' C D", they hold a.e. in S" and D", where a.e. (almost

everywhere) means for all points except on a zero-measure set.

Lemma 3 The land bid rent differential is given by

U=, = —(a+8)S - "8”

tsign(n), a.e. z€ S"UD"

Proof. Consider again the two disjoint, open and convex intervals S’ C §* and D’ C D*. Then,
conditions (47) and (48) imply that the equilibrium land rent R is equal to workers’ and firms’ bid
rents. Applying the envelope theorem to (13) and (14) yields

\I}r:tsign(n), red

\Ifb:g (a+B)S —tsign(n)|, yeD

We construct the ‘highest losing’ bids ¥, on D" and ¥, on S’. We first look at the set S’. Because
workers depart from their residence = € S’ to work, they must reside on S’ and win the land market
competition. Because workers reside in &', her bid ¥, must be equal to the equilibrium land price R.
Consider then a firm that would produce at x € §" and hire a resident at 2’ € S’. Because of (48), any
resident in S’ has the same incentive to work in the firm. So, we can say that the firm hires a worker
residing at @’ = x. The firm’s highest (losing) bid ¥, is given by (14) evaluated at y = z. Using this,

the bid rent differential writes as

1 1
U, -V, = - aln%—l—ﬁln@—l—(ajtﬁ)S%—Eo—U* - +$R (49)
s e e 5
Differentiating this expression and using (48), we have the bid rent differential
U, -0, =-(a+p0)S — +Stsign(n), ze 8 (50)
s
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which holds for any &’ in §*, and thus for any measurable set in S*.

We then look at the set D’. Because D’ hosts firms, it must be that ¥, = R. Consider a resident
who would choose to reside at y € D’ and be hired by a firm in D’. Because of (47), the worker is
indifferent to any firm producing at iy’ € D’, so that we can focus on the case where the hiring firm
produces at y' = y. The worker’s highest (losing) bid is given by (13) evaluated at = = y. The bid

rent difference writes as
wb—wr:—(aln7+ﬁl Bp)—(a+B)S—EO+U*+(1+s)R (51)

Differentiating this expression and using (48), we get the bid rent differential

U, -V, =—-(a+p)S — +Stsignn, yeD
s

which holds for any D’ in D*, and thus for any measurable set in D*. =

Wage arbitrage in P. Consider a location z € P, which is neither a source nor a sink of
commuters. Since there is no empty hinterland, this location must host both workers and firms, so

that land market clearing imposes R = ¥, = V¥,.. So,

1 ﬁp
R = aln — 1
1+s ’ye—i_ﬁn

+(a+p)S+c—-U"|, =z€P

Furthermore, let P be the interior set of P so that z € P is not an isolated point in P. Then, we
have
1 : :

R:\I]T:\Ijbzl—ﬂ(a‘i‘ﬁ)s, zeP

and

o

Uy~ 0, =0, zeP (52)

Bid rent differential at city borders. The zero opportunity cost of land imposes R = 0 at
the city border z = —b. By Lemma 1, there must be workers with residences at z = —b so that the
highest bid is that of workers: ¥, = R = 0 at 2z = —b. The edge location z = —b also belongs to
the set S* since A(—b) > 0 and workers there cannot commute to the left direction. We can therefore

apply (49) and get the land rent differential

ﬂp

1
U~ ¥, =¥ = |aln 7+51n t(a+B)S+T—U|, z=-b (53)
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Equilibrium condition We summarize the above results as follows. Let us define ¢ : B — R,

1+s

6() =1 0+ )8 (2) = "t sign(n (2)) (54)

Note that n and ¢ may not be continuous in z. However ¢ is bounded because S is bounded.
A spatial equilibrium is defined by the rent differential function ¥, — ¥, and the commuting function

n such that ¥, — U, is continuous everywhere on B, ¥, — ¥, =¥, andn >0=nat 2z € {=b,b}, and

2eSTuUDt = \ifb—\ifrqu(z) a.e.
zeP = \ifb—\ifrzo a.e.

(55)

Remind that Q has zero measure and therefore is not affected by the above implications.

Lemma 4 A spatial equilibrium is such that

2€S8"UD" = ¢(2)#0 ae

z€eP — ¢(2)=0 a.e

Note that any equilibrium commuting function n has two possible patterns: it is either such that
n=mn=¢=0,Vz € B (fully integrated city) or such that the city space is partitioned with n > 0
for some source locations z and n < 0 for some sink locations z. In the latter case, we have ¢ > 0 for
some z and ¢ < 0 for some other z. This means that ¢ always accepts a zero. Let Z be the set of
zeroes or changes in the sign of ¢, Z ={z € B:lim. ¢ (2 +¢)- ¢ (2 —¢e) < 0}.

Then, the spatial equilibrium is given by the function n : B — R, which is the solution to

{1} if ®(2)<
n(z) €9 [-11] if &(z)

s

(-1} if ®(2) >

0
0
0

withn > 0=nat z==2band ®(z) = [Z_, ¢ (x)dz. Using n(x) = [, (A — p) dz yields condition (16)
in the text.

Invariance To check invariance, one can replace t and (a+ ) by t = mt and (&+§) =m(a+p),
m € Rg. This yields ¢ (n) = m¢ (n), which gives the same set of roots Z = {z € B : ¢ (n) = 0} =
{z € B:¢(n) =0} As a result, the sign of ® (n) is the same as that of ® (n), and thus, the
equilibrium must be the same. We therefore have invariance with respect to changes in parameters as

long as (« + )/t remains constant.
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Appendix B: Existence of a spatial equilibrium

Formulation of a fixed point

We denote the set of continuous functions on B =[—b, b] by C°(B) and the set of functions with con-
tinuous first derivative by C'(B). To formulate the fixed point problem, we work with the commuting
flow function n which is continuous: that is, n € N” where N' = {n € C°(B) : n(—=b) = n(b) = 0,
n € [~1/s,1] a.e.} where a.e. means almost everywhere, that is everywhere except on a zero measure
set. We also use a concise notation for operators where Mn expresses the application of operator
M : N — C°B) on a function n € N" and Mn (z) expresses the value returned by Mn at z € B.

We redefine the economic surplus as the operator S : N' — C'(B) and its slope SN — C°(B)
so that Sn(z) = Sn(—b) + fB Sn ) - 1{zs0yda where 1p4y is the indicator function that returns 1 if
A is true and 0 otherwise. Then, we denote the rent differential by A¥ : N — C(B), (AV) (2) =
fB <\11b — \IJT) - 1{z>,ydz. Using the value for \ifb — \ifT in (54) and (55), integrating from z = —b, and

using rent differential (53) at this location, we get

AUn (2) :%(aln%—l—ﬁln@—i—co—U*) +§(0¢+5)Sn(z)— 1—:8t /_Zszgn(n(x))dx

We rewrite the bid rent differential in a more compact form as
1
AV =—(A+A;—-0)
s

where the operator A : N'— C%(B) is defined by A = (a+ 3) S — (1 + s) tL, the operator L : N' —
C°(B) by Ln(z) = [zsign(n (z)) - 1{z5s3dz, and the scalar Aq by s (a In%2 + 31n 2 be 4 co>
A spatial equlhbrlum is then defined by the function n : [—b,b] — R and the scalar U which are

the solutions to
{1} if An+A—U<0

nel [-11] if An+Ay—U=0 (56)
{—% if An+A—-U>0
with n > 0=n at z = +b.
We now formulate the fixed point problem in terms of the continuous function n rather than the

discontinuous function n. Towards this aim, we integrate the previous condition (56). To take care

of the three subconditions, we define the correspondence F : R — [—1/s,1] such that F(z) = —1/s if
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2 <0, F(z)=[-1/s,1]if z =0, and F(z) =1 if z > 0. We define the functional U* : N' — R that for

any function n, gives the scalar U that solves
0= /BF[U—AO—An(Z)]dz
and the operator O : N — N,
(On) (2) = /BF[U*TL — Ao — An (2)] - 1zspyde (57)

The definition of U* guarantees that n(b) = 0 while n(—b) = 0 is trivially satisfied. By construction,

the operator O returns a function n such that n € [—1/s,1]. So, O maps N into itself.

Lemma 5 The existence of a spatial equilibrium is equivalent to the existence of a fixed point n € On.

Sequences of fixed points

The Schauder theorem applies on a set of continuous mappings of continuous functions. So, we
use continuous approximations of F' and sign functions and then prove convergence. We define the
continuous, differentiable and strictly increasing functions Fj, : R — [—1/s,1], & € N, such that F}
converges to ' as k — oo and 0 < F] < k, and the continuous, differentiable and strictly increasing
function H; : R — [—1,1], | € N, such that H; converges to sign as | — oo and 0 < H| < I.
In particular, we consider logistic functions with images on [—1/s,1] and [—1,1]: Fi(z) = —1 +
(1+s)/[1+exp(—4kz/(s+1)] and H;(z) = —1 + 2/ [1 + exp(—2lz)]. The type of convergence will
be defined formally below.

We use the subset of continuous functions N and the sup norm ||n||_ = sup,cz|n(z)|. We define

the operators A; and L; : N' — C°(B) by

An(z) = (a+p)Sn(z) — (1 + s)tLn(z)

Lln / Hl 1{Z>I}dl‘

Furthermore we define the functional Uy; : N' — R as being the solution U to [, Fi[U — Ay —
An (z)]dx = 0 and the operator Oy : N'— N by

Oun(z) = / F[Ugn — Mo — Ain (z)] - 1anmyda
B
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Note that U}, is a unique solution because Fj, is strictly increasing.
Our strategy is to prove the existence of fixed points nj; to ny; = Oynj, Vk,l € N and prove that
the limit n* = limy,_o lim;_o, n}, satisfies n* = On*. We first prove that the set N is a closed convex

set in the Banach space C°(B) and the mapping Oy; is well defined and continuous.
Lemma 6 The set N is a closed convez set in the Banach space C°(B).

Proof. The space C°(B) is a vector space of continuous scalar functions on the real compact
interval B =[—b, b] for the operation of addition and scalar multiplication. It is equipped with the sup
norm ||n|| = sup,ci|n|. Every Cauchy sequence {n;}>, with n, € N converges to some function
n € N. It is thus a Banach space. The set of continuous functions N' = {n € C°(B) : n(—b) = n(b) =
0,n € [~1/s,1]} is closed and convex. Indeed, any convex combination an + (1 — a)m, n,m € N,
belongs to N. It is also closed because every sequence {n}3°, with ny € N converges to some n € N.

We now check that Oy, is a well-defined continuous mapping. We remind that an operator is well
defined if it actually maps its domain into the defined set of images. An operator M : X — Y, with
X,Y € C°%B), is a continuous mapping if for all § > 0, there exists k¥ > 0 such that for any n,m € X,
In—ml|, < 1/k = [|[Mn— Mm|_,_ < d. It must be noted that the composition of continuous
mappings is also a continuous mapping. Also, the convolution M : X — Y, Mn(z) = [, f(z—x)n(x)dx

is a continuous mapping for any bounded valued function f: R — R, |f| < oc.
Lemma 7 S is a well defined continuous mapping.

Proof. We first prove the following useful statement: An operator M : N' — C°(R), Mn(z) =
J f(@,n)g(x — z)n(z)dz is a continuous mapping when we consider f : B x N' =R as a continuous

function in m with bounded image (i.e. |f| < f™**) and g : R—R" with bounded image (i.e. |g| <
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9

max)  We indeed successively get

||Mn—Mm||OO:sup/fxn T —2z)n dm—/fxm (x — 2)m(z)dw

z€B

= sup [z [(@,n)g(z — z)n(x)dz — [, f(z,m)g(x — z)m(z)dz
2B | — [ f(x,n)g(x — z)m(x d$+f3 n)g(z — z)ym(z)dz

< sup / [ mg(x = 2) (n(x) = m(z) ) da| + / [f(z,m) = f(x,n)] g(x — 2)m(x)de
/B (n(a;)—m(x)> dz| + g

Note that [, (n(a:) — m(m)) dzr = Lbb dn(z) — Lbb dm(z) = n(b) — n(=b) — [m(b) — m(—b)] = 0 since
n(£b) = m(£b) = 0 for any n,m € N. Also, for any m € N, one has that m € [~1/s,1] and therefore
‘m, < max{1,1/s}. Using this,

max

S fmaxgmax

/B F@,m) — fla,n)]m()dz

sup

1
< max{l,-}-
z2€B S

/B flxm) — fen))m(a)de

/B flw,m) — f(,n))da

< max{1, 1} -2bsup | f(z,m) — f(z,n)|
S zeB

Finally, by continuity of f, for any § > 0, there exists ¢ > 0 such that ||m —n| < e implies
|f(z,m) — f(z,n)| < ¢ for all z, or equivalently, sup,.z|f(z,m) — f(2,n)| < . Thus, for any §’ we can
use the same e such that ||m — n|| < e= [|[Mn — Mm| < ¢’ where weset § = ¢’/ [2bg™** max{1,1/s}].
This proves the continuity of M.

Second, the operator T'~7 : N' — C%(R) with T 7n(z) = [, e~ (2)dz is a well-defined
continuous operator. Indeed, using y = (1 — h) /(1 +s), we have T""7n(z) = [ e=7=ldz /(1 +
s) — g e=olz=zlndy /(1 + s). The first term is independent of n. Regarding the second term,

= e1=9)712=2l " which have bounded images for z,z € B. The

just set f(z,n) = 1 and g(z — )
operator is well defined as it returns continuous functions having images in a strictly positive range:
T'=n (B) C (2be=9)%7 /(1 + 5) ,2b/s). For the highest bound, we simply plug n = —1/s in the first

. . l1-0o — 1—0)7|z—y| 1=n(2)
line of the above expression. For the lowest bound, we compute 7" "n(y) = [, e(l=o)l y‘wdz >

e(1- 02b7’f n(2) g, — 2bel=)27
B

e o > 0 where we use |z —y| < 2b in the inequality and [;ndz = 0 in

the last equality. Therefore, 1/[cT 1~ 7n(x)] is also a continuous function having images in a strictly

positive range while In [T "9n(z)] is a continuous functions having real bounded images.
Third, the operator G : N' — C°(R) with Gn (z) = £ [, % e T (x)da is a well-defined contin-

(TT=7n)(z) “n)(x

uous operator. Indeed, one just has to set f(z,n) = 1/ (0T n(z)] and g (z — ) = e °"*~% in the
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above statement. It is clear that the operator returns a function with bounded positive images.

Finally, since S = G —InT = G + ﬁ InT*~°, it is a linear combination of well defined continuous

operators. Thus, we can conclude that S : N — C°(B) is a well-defined continuous mapping. =

Lemma 8 L; is a well-defined continuous mapping.

Proof. For any 0 > 0, we must find € such that ||m —n| < e = ||Lin — Lim|, < §. We

successively get

|Lun — Luml| = sup / Hi(n (@) -1(z > ) dz — / Hy(m () - 1onyda
z€ B B

= sup| [ [Hi(n (@) = Hifm (0)] 1y

z€B

= sup / 0 (@) — m (2) B, (p(x)) - Lpsayde

zeB
where p(z) € [min(n (z),m (x)), max(n (z),m (z))] by the mean value theorem and the continuity and

the differentiability of H,. Using the fact that H, <[ and that n(—b) = m(—b) = 0, we have

| @ - m @)

glsup/_zb]n(:v)—m(x)\dx

zeB

| Lin — Lym||, < lsup
zeB

= 2blsup|n(z) —m(z)|

z€B

= 20l ||n — m||

So, for any §, choose € < ¢/I. Therefore, L; : N — C°(B) is a continuous mapping. Since H; has
image on [—1, 1], the image of L; lies in the interval [—2b, 2b]. So, it is well defined. =

Since A; : N' — C%(B) is composition of well-defined continuous mappings with bounded images,
it is also a well defined continuous mapping. We finally need to show the corresponding result for Oy

which depends on Uy);.
Lemma 9 Uy, is a well-defined continuous functional.
Proof. For readability we here temporarily write U}, as U. Then, U : N' — R is the unique

solution to fB Fr[lU — Ag — Ayn (z)]dz = 0 because Fy, is strictly increasing. Also, it is clear that the
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solution U must lie between min,cp [Ag + Ayn (2)] and max,ep [Ao + Ayn (z)]. Since Ajn has bounded

image, Un has also bounded images and is well defined.

Let us consider two commuting functions n and m : N — R. Let also p™™ and p™* : ' x N — R

be the minimum and the maximum functions of Un — Ayn and Um — Aym. By the mean value theorem

and the differentiability of F}, we have
FiplUn — Ay — An (x)] — Fp[lUm — Ay — Aym (2)] = Fy(p(z)) - [Un — An () — Um + Aym ()]
where p : B — R such that p € [p™", p™2*]. This yields

F(p(z)) - (Un = Uym) = F[lUn — Ay — A (2)] — Fx[Um — Ag — Aym (2)]
+ Fi(p(x)) - [Am () — Aom ()]

Integrating, applying [, Fi[U — Ag — Ayn (x)]dz = 0 to n and m, and subtracting expressions, we
get

(Un—Um)~/

B

Filpla)do = [ Fi(p(a) - [Arm (@) — g (a)}d

B

Since Fj > 0, we have

fBFlé(p( z)) - [Ain (z) — Aym (z)]d
Js Fi(p(x))dz

_ Js Filp(@) - [Am () —

- Js Fi(p(x))dz

_ Js Fi(p(@) - sup. [An (2) — Aim (2)] da

- Js Fi(p(x))dx

= Sup A (z) — Aym(2))]

|Un — Um| =

Aym (x)| dx

= [[An — Ayml|

In other words Un is a continuous mapping of A;n. Since Ajn is a continuous mapping of n, Un is also

a continuous mapping of n. m
Lemma 10 For any k,l € N, O : N — N is a continuous mapping.
Proof. The operator Oy, is defined by
Opn(z) = /stk[U]:ln — A (2)] - 1pospyde (58)
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where U};n was discussed in the previous lemma. By construction, the image functions m € Oyn are
continuous and satisfy m(—b) = m(b) = 0 and m € [—1/s, 1]. The operator Oy, is well defined as it is
a mapping N' — N.

For readability we temporarily dispense U}; and Oy; with the subscripts kl and superscript *. Using
the mean value theorem and the differentiability of F} and p defined in the previous lemma, we get

|On — Om|| = sup / {FelUn — An(2)] = FplUn — A (2)]} - Lpaspyda
B

zEB

= sup /BF,;(p(x)) [Un—An(z) —U(m)+ Am ()] - 1pspde

zeB

< sup /B Fp(@)) - [Am (2) = A (@)] - 1oy

zeEB

+|Un — Um)| - sup
z€B

/B Fi(p(x)) - Lpsayde

We successively have

sgg/ |FL(p(x))[Amn (2) — Ay (2)]] - 1 (z < 2)de < sgg/ |F(p(2))| - [Am (2) — Ay ()] - 1psnda
< Blei(p(l'))\ A () = Aym ()| d
< [ I (@) = Aom ()]
< 2bk sgg |An (2) — Aym (2)|

= 2bk ||Al77, — AlmHOO

and
Un = Um|-sup | | Fipla)) -1 (@ < 2)de| < Aim = A -sp / IF(p@))|1(x < 2)da
< I — A, / IFL(p(2))| dz
< 2k A — Ay
Finally,

|On — Om|| < 4bk |Ain — Aym|

For any ¢, we can then choose € = ¢/(4bk) so that ||[Ajn — Aym|| < € implies ||On — Om|| < 6
Hence, putting back the subscripts kl, Oy; is a continuous mapping of A;. Since A; is a continuous

mapping of n, we have that Oy, is also a continuous mapping of n. =
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Lemma 11 The image Oy (N) is a relatively compact subset of N.

Proof. By Arzela-Ascoli theorem, this is true if n € Og(N) are uniformly bounded and equicon-
tinuous on B. To say that n € Oy (N) are uniformly bounded means that there exists M > 0 such that
In|l, =sup,cp|n(z)] < M for all n € O (N). This is true since F}, has image on [—1/s, 1]. Therefore,
Oy generates functions n : B — R such that n(—b) = n(b) = 0 and n € [~1/s,1]. These functions
have image in [—2n, 2b]. To say that n is equicontinuous on B means that for every 6 > 0 there exists
an e such that for every x,y € B and every n € N, we have |z — y| < ¢ = |n(z) —n(y)| < . This
follows from the continuity of n € C°(B). m

To sum up, the set A is a closed convex set in the Banach space C°(B). The operator Oy : N — N
is a continuous mapping such that Oy (N) is a relatively compact subset of A'. We can then apply

Schauder fixed point theorem.

Lemma 12 For each k,l € N, there exists a fized point nj; € N such that n}, = Ognj,.

Convergence

We now turn to the question about whether the sequence of fixed points {nj,;}ren converges to a
function that is also a fixed point of (57). Because N is relatively compact and any nj, belongs to N,
the sequence {n},}ren converges uniformly on B to a function n’, € N.

Note that F' is a correspondence because F/(0) = [—1/s,1]. In turn, the operator O : N' — N is a
correspondence. We therefore want to check whether n’ € On . Formally, we ask whether for any

§ > 0, there exists a function n* € On’_ and two positive integers k and [ such that we have
[Orng — 'l <0

for k >k and [ > [.

We here assume that the sequence {H;},cy converges to the sign function under the norm ||-|f,.
Formally, for any & > 0, there exists [ € N such that [ |H;(¢) — sign(¢)|d¢ < 4. Similarly, we assume
that { F} }xen converges to F under the norm |-||,. That is, for any § > 0, there exists k € N such that
[ 1Fp(§) — F(§)]d€ < 4. The last integral returns a scalar because the correspondence F' returns a set

only on the zero measure set at £ = 0.

Lemma 13 A; converges to A uniformly under the norm ||-|| .
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Proof. The mapping A; uniformly converges to the mapping A if for any § > 0, we can find [ such
that |A; — Al < dforalll > 1. Notethat |A; — All, = [[(a+8)S — (1+s)tL; — (a+ B8) S+ (1 + s) tL|
=(1+ s)t |L; — LJ| .. So, we just need to check the uniform convergence of the mapping L; : N' — R,
Lin(z) = [z Hi(n(x)) - 1{z5y3da to the mapping Ln(z) = [;sign(n (2)) - 1{.5,3dz. By the definition of
the convergence for H,, for any § > 0, we can find [ such that [ |H; (£) — sign(¢)|d¢ < § for all [ > 1.

Furthermore we have

[ Li — L| o, = sup
z€B

[ [0 &) = sgn(n ()] 1y

B

< / |Hy(n (2)) — sign(n (2))] d

— [ 1#e) = signl©)] - Mo+ € < (o) < €+ )
<2 / |H(€) — sign(€)] ¢

< 2bo

where M (&) denotes the measure of the set £ C B so that M(B) = 2b. So, for any ', we can use the
above integer [ for § = §'/2b and get ||L; — L||,, < & for all I > [. Therefore, L; converges uniformly
to L. The same conclusion applies to A; and A. That is, the sequence {Ajn}cn converges to An. m
Let the function F : R — [ — 1/s,1] be such that F(¢) = 1if &€ > 0, F(¢) = 0if £ = 0, and
F(&) = —1/sif € < 0. Tt is clear that F € F and that {F},}ren converges to F' under the norm -1l
For any § > 0, there indeed exists k € N such that [~ - ’Fk (f)‘ d¢ < 4. This is true because
{Fi}ren converges to F and [~ ’Fk ‘df’ 22 | Fu(€) — F(€)] de since F and F differ only

on a zero measure set.

Lemma 14 For any operator Z : N' — C°(B) and function n € N, fB Fy [Zn(x)]- 1{z>x}dx converges
uniformly to fB [Zn(x)] - 1z>pydaz under the norm ||-||  and fB (2)] - Lpzsmypde € [ F[Zn(z)] -
1{Z>$}d$.

Proof. We first prove that for any d > 0 there exists a positive integer k& € N such that

]k:‘ <0

/ F(Zn(z)) - lisgyde — / Fi[Zn(x)] - 1spde
B B

oo
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for k > k. We indeed successively have

I = ‘ /B [F(zn(2)) ~ F[Zn()]} - 1eonda

oo
= sup

ap | [ {ﬁ<2n<x>> )} sy

/ F(zn(x)) ~ B[ Zn(@)]] da

/)F ) M{m < Zn(x)<é+deydE

where Mg denotes the measure of a set £ C B so that Mg = 2b. We can use the fact that the measure

is always smaller than 2b and get

ne<2 [ |Fio) - Fuo)]ag

Finally, using the definition of convergence of Fj, to ﬁ we can find a positive integer k such that
f‘F 1 (€)] d€ < 6/2b, so that I, < 6 for any k > k.
We finally prove that [, F[Zn(x)] - lisoyde € [ F [Zn(x)] - 11.5,d2. For any z € B, we have

/ FZn(z)]  1zspyde = / F(&) - M{za<ze<an(e)<e+de, zn(@)£0ydE + 0 - Miziocz zn(x)=0}

B

/ FlZn(z)]  1zspyde = / F(8) - Miwiocze<zn(w)<erde, zZn(x)20yd€ + / F(0) - Mizio<zzn(x)=0ydE
B

where M¢ denotes the measure of a set £ C B. For any 2z € B,

/F [Zn(a:)] : 1{Z>x}dx = / F\ [Zn(:r:)] . 1{Z>x}d$ + /F(O) : M{zw<z,;zn(x):0}d€
B B

The last term in the RHS is equal to either {0} if Myz.oc. .zn(z)=0y = 0 or the interval [—m/s, m]
where m = Mpacz . zn@)=0y if M{zacz.zn@)=0y > 0. It is then clear that fBF [Zn(x)] - 1pospda 2
Js FZn(z)] - 1pz5pydz. =

Given these lemmas, for any n € N and U € R, we get

lim lim Oyn (2) = lim lim [ F, [U — Ay — A (2)] - 1ospyda

k—oo [—oo k—oo [—o0 B
— /B —00

= khm F}, [U — Ao — An (1')] : 1{z>x}dm

_ / FIU = Ao — An (2)] - Lpssyda
B
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where the second equality stems from the continuity of F), the third one from Lemma 13, and
the last one from Lemma 14. Also, from Lemma 14, we have fBﬁ U —=Ao—An(2)] - 1zspyda €
Js F U= Ay — An (2)] - 1pzsgpdz. So, limy oo limy oo On (2) € On(2). Applying this to the fixed
point solution n}, = limy_,o lim;_,o, nf; and UZ = limy_, o limy_,o Uy, we get n’, = limy_o lim;_ o Ognl, €

On? . Hence, n’, is a fixed point of O, which proves Proposition 2.

Appendix C: Monocentric city
The proof makes uses of the following lemma.

Lemma 15 (i) Sy is conver in [0,b) then concave in [b,b1) for some b € [0,by) with S4,;(0) = 0. (i)
Sy is convex in (by,b]. (iii) Sy € C* in the interval of [0,b] with Sy, (by) < 0 and S§,;(by —0) < 0 <
Si(br +0).

Proof. (i) The access measure T); given by (18) can be written as

Ti=o(2) = ﬁﬂ — = coshl(o — 1)72]} (59)

Because — cosh () is strictly concave and decreasing for z > 0, so is T3;7. As (InT,;°)" =
(T\ )" Ty 7 — (Tj\ljg)’Q]/TJ\i(l_a) < 0, InT}y;“ is strictly concave and decreasing for z > 0, and so is

—InT)y(z). Differentiating G, as given by (19), we successively get

1 z e—m’(z—y) b e—ch(y—z)
Gyz)=— {—07’/ —dy+07'/ —dy} (60)

os () Tar ()
z  —o7(z—y) b1 e—ar(y—z) 2
Gy (2) = u [07’/ ery—i-JT/ ——dy — —— ]
wl) =T ) T L T YT T
T 9 2
= — G - -
. [5” ) T]bf—ff(z)]

Given the above expression of G, and the fact 2/T,; 7 is strictly increasing for z > 0, the curve
sT702G)yy is convex (resp. concave) when above (resp. below) the curve 2/T); 7. Two possibilities
actually arise: sT02G)y, is either concave and below the curve 2/T5,° or there exists some b € (0, b;)
such that s7o?G)y is convex on [0,b] and concave on [b, b;] with b necessarily corresponding to the
single intersection point of s702G) with the curve 2/T,; 7. See the illustration in Figure Al. It can

also be shown that S,(0) = G,(0) = (—InT},)'(0) = 0.
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(ii) We now prove that Sy, is convex in (b1, b]. For z € (by, b], we have

1 b1 e—UT(x—y)

0S J_b T]%/;U(y)
b1 —or(z—y)
G (:U:—Z/ e—dy<0
M ) S J-b TJ\l/[_G(y)
2 b1 —or(z—y)
G (z) =2 / C  dy>0 (61)
M S J-by ij “(y)

and

1 1 M
InTy(z) =12+ In (—/ e(l")”’dy)
l—-0o s J_p,

which is linear in z. Hence, Sy is convex in (by, b].

(iii) We showed that — InTy;(z) is concave, decreasing and C' on [0, b]. For z — b; — 0, we have

G (b —0) = -~ / e 0
=0 =— | oy
M S —by T]b (y)

o (b 0) . |: /b1 e—UT(b1—y)d 2 :| 0
1—U0)=—|oT - Y— o5 <
. s o Thr 7 (y) Ty (b1)

as (G is concave in z = by by part (i). For z — by + 0, we have

b1 _—o7(bi—y)
St 0= [T gy

s Jou Tar%(y)
2 b1 _—o7(b1—y)
(&
G”(b1+0):UT/ —_ _dy>0
M S —b1 T]%/[ U(y)

by using expression (61). Therefore, S,(by —0) = S},(b1 + 0) but S7,(by —0) < 0 < S,(by +0). So,
Sy is Cton [0,b]. Tt also appears that S, (b;) < 0. =

INSERT FIGURE Al HERE
Figure A1l: Concavity and convexity of G ;.
Note: The figure represents STO e M and 2 / T’y with plain and dashed curves respectively.

Parameters: left panel: 0 = 3, 7 = 1, s = 1; right panel 0 =6, 7 = 2,5 = 1.

We now show that the equilibrium conditions W(y) > ¥, (y) for all y € [0,b,] and ¥,.(x) > ¥;(x)
for all = € [by, b] can be reduced to ¥,(0) > ¥,.(0) and ¥,(b) < ¥, (b) = 0 respectively.
Proof. In the interval of [0, b], the bid rents of residents and firms are given by
U, (y) = ¥, (0) — ty
1 Bp

w) = (@ )5l + oyt (a4 sm v 13,
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Given Lemma 15(i), ¥, is convex in [0,b) then concave in [b,b;) for some b € [0,b;) with ¥} (0) = t.
Therefore Uy,(y) — ¥,.(y) is quasiconcave on [0,b;]. As W,(by) = ¥, (b1), the equilibrium condition
Uy(y) > U,.(y) for all y € [0, by] reduces to ¥,(0) > ¥,.(0). According to Lemma 15(ii), ¥,(z) is convex
for z € [by,b]. As ¥,(2) is linear and Wy(by) = ¥,.(b;), the equilibrium condition ¥,(x) < ¥, (x) for all
x € [by, b] reduces to ¥, (b) < U, (b)) =0. m

Appendix D: Integrated city

We show that |S7(b)| > |S7(2)], Yz € [0, b].

Proof. Given the similarity of expression of 77 (25) with that corresponding to the monocentric
case (18), the argument used in Appendix A showing that In T}, 7 is strictly concave and decreasing
in z in Appendix A, can be applied here. Thus, — In(77) is strictly concave and decreasing for y > 0.
]

By differentiating G;(z) as given by expression (26), we get
1 z p—o7(2—y) b g—o7(y—2)
G’ (Z) = — |:—O'T/ Tdy —+ UT/ —O'dy:|
! o(1+s) - T777(y) )
F 7 por(z) b o—or(y—>) )

T e e e
= Tdy+/ Tdy—?/ Tdy}
UL et T L TE)

: -
e {EIORY| e—dy]

1+s| o T (y)
G1e) = —— |1+ 8) ro2Gy(z) — —2—
A | ! TIo(2)

It suffices to show that G;(b) + G7(z) < 0 in order to have

G (0)] = [G(2)], ¥z € [0,0] (62)
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as G (b) < 0. To show that G’ (b) + G’ (2) < 0, we develop G’ (b) + G(2) into

-
1+s

T
1+

T

’/b e—o‘T(b—y)
s T2 (y)
b e—UT(y—z)

e

[a (14 s)[Gr(b) + Gy(2)] —

4 z e—UT(Z—y)
o [0
—b Tll (v)

4 2/2 e*UT(Z*y)d }
Yy — e Y
—b Tll (y)
b e—oT(b—y)

b ,—o7(b—y)
2 / e
- 17 (y)
b —o1(y—=2)
e
dy—2/ o, N
—b Tll (y)

1 q ) ze—m-(z—y)
o [l o [
- T77%(y) - T (y)

.

—o7(b—y)

v L
Yy —= oo, Ay — o N Ay
= T (y) o T (y)
[ b o—or(y—2) z ,—o1(b—y) b ,—or(b—y) z ,—o7(z—y)
e e e e
/ 1-c dy—/ Tdy_/ Tdy_/ l—o/ \
L. 17 () b T; (y) 2 17 (y) b 17 (y)
Z e_UT(Z_y)
dy — / dy}

rrb e—m’(y—z) . e—aT(b—y) z e—m’(b—y)d /
Yy— s
—b Tll (y)

/ T/ (y) b T4 (y)

As T; 77 is decreasing for z > 0, we have f:(e’”(y*z) — e 70 /T (y)dy < 0, ¥z > 0, because the

/

- 1+s T}_”(y)

G
145
T

14

.

increasing function e=77W=2) is the reflected image of e=77®~¥) over the line y = (z +b)/2. This proves
G’ (b) + G (z) < 0. Finally, using the fact that —In 77 is strictly concave and decreasing and relation
(62) leads to

157(0)] = 157(2)], V= € [0,0]

Also, note that S}(b) < 0 as both G'(b) and —(InT})'(b) are negative. Therefore, S;(z) is concave and
decreasing in the neighborhood of z = b.

We next prove that ¢; is an increasing function of 7.

Proof. We need to show that S7(b) is a decreasing function of 7. First, it can be shown that

d [~ (InT) (b)] /dr = —1. Second, by using expression (26) we have G7(b) = —7/(1+s) Lbb e~ oT=2) /177 (2)dz

and

d 1 b e—o—T(b—z) oT b (b . Z)e—m’(b—z) T b d

_Gl b) = — d dz — —UT(b—z)_TU—l d
77 C10) 1+s/bT}”(Z) Z+1+s/b Tz 1+3/b6 gl (B
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As d[T}77(2)]/dr < 0, it suffices to show that the sum of the first two terms is negative. We have

1 b —or(b—2) b b — —o7(b—z)
/ e s+ oT / (b—2)e &

14/, TI(2) l+s/), T(0)
1 ’ —o7(b—z)po—
:1+S/J@—zw7—ue 0-701()d>
1 2071b .
::ﬁi?ﬁ?/ (r— D)e " T7 b — 7/ (o)]dr

+SUT(/ /%w)r—l e — (o) dr
) (L

as T?~'[b—r/(o7)] a decreasing function of r and fo r—1)e"dr <0. m

Appendix E: Cut-offs t); and ¢;

We prove that lim, oty < lims ot;. As s — 0, tyy =ty = (o + 5) 7. We need to check that
(InTy)'(b) — G4(b) > T

when s — 0. Given the expressions (25), (26) of T}~ and G, we have

1 d
(InTy) (b) = T2, In [1 — =™ cosh[(o — 1)72]] .

e ginh[(o — 1)72]

1o cosh((o — 1)72]|,_,

=T

and
_ 1) 72 b eng(bfy)
Gi(b) 2 _p 1 —e=9)7 cosh[(o — 1)7Y] Y

where G;(b) is negative because the denominator of this integrand is positive as
I g g
(o—1)7b + ef(afl)Tb
2

1 — el cosh[(o — 1)72] > 1 — e(l=o)b”

1 —2(c—1)7b
_q_tre™
2

1— e—2(0’—1)7’b
2
>0

Hence, we get (InT7)'(b) — G%(b) > 7
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Appendix F: Proof of Corollary 2

We show that the partially integrated city is a spatial equilibrium for ¢ = ¢; — 6 and small enough
d > 0. By continuity, Sp(z) tends to S;(z) for any z when b; tends to b. This is also true for S, (2)
and S} (z). It is shown in Appendix D that S;(z) is decreasing and concave in the neighborhood of
z =0band |S}(b)| > |S;(2)], z € [0,b]. Hence, we have Sh(z) < 0 and S%(z) < 0 for z close enough to
b while |S%(D)| > |Sp(2)|, Vz € [0,b]. By continuity, |S%(b1)| > |S%(2)|, Yz € [0,b1] when b; tends to
b. In this case, Sp(z) is decreasing and concave in z within the intervals [by, b] for small § > 0. So, by

concavity of Sp(z), we compute

Fo— g 2P 5P) — Spbs) _ a+t B Sp(bi) — Sp(be)
p = min —
yelbi,ba] 1+ s bg — U 1+s b2 — b1

~ +BSP(b2) - Sp(b)

P =1 b— by
N _Oé‘i_ﬁ / _O‘"i_ﬁ !
tp = s e x |Sp(2)] 1T s |Sp(b1)]
while
f— Oz+65p(b1) — Sp(bg)

1+s bg — b1
We now check that #p < t < min(fp,tp). Indeed, t = Ip and tp <t <tp by concavity of Sp(z).
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Figure 2: Monocentric city: residential (blue) and business (red) bid rents.
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Figure 7: Aggregate welfare of urban configurations
in terms of transport cost Tt for various values of commuting cost t
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Figure 8: City structure as population size increases
The horizontal axis is population and the vertical axis location. Diagonal straight lines display city borders. Residential districts
are represented in white, monocentric business districts in grey, duocentric business districts in red, and the business and the
integrated districts of the partially integrated city in plain and dash blue respectively. Overlaps indicate multiple equilibria.



Figure Al: Concavity and convexity of G,,
£10°G,, (resp. 2/T,,}°) is represented by the plain (resp. the dashed) curve
Left panel: 0=3, t=1, €=1,; right panel =6, 1=2, €=1



