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d
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e
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d
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f
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h
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d
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p
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b
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econ
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p
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b
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reak

w
as

even
tu

ally
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p
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con
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e
likelih

o
o
d

of
a

resid
en

ce
b

ein
g

stru
ck

b
y

ch
olera

as
d

eterm
in

ed
b
y

its
lo

catio
n

rela
tive

to
th

e
sou

rce
of

th
e

1854
ep

id
em

ic
is

correlated
w

ith
real

estate
p

rices
so

on
afterw

a
rd

s
an

d
lon

g
after

th
e

ep
id

em
ic

en
d

ed
.

A
lth

ou
gh

th
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con
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n
b
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n
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a
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f
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p
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f
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e
ep

id
em

ic.
M

ore
su

rp
risin

gly,
d

iff
eren

ces
in

p
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p
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p
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b
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attern

is
co

n
sisten

t
w

ith
h

istoric
accou

n
ts

of
ren

tors
tak

in
g

in
sh
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b
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a
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b
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l
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w
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d
p
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o
r
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d
b
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ck
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in
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w
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e
lan
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tim
al

strategy
to

attract
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a
n
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w
h
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m

u
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h
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b
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u
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p
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a

n
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e
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o
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a
t
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s
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p
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u
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b
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s
w
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e
p

a
p
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th
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n
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h
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s
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e
b
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p
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h
igh
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b

eco
m

e
p
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b
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r
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e
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d
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a
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p

rice
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an
d
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s

p
o
or
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an

ts
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th
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th
a
n

o
ff

erin
g

a
d
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u

n
t

to
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an
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a
p

o
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b
lo

ck
th

at
w

ill
on
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n

b
a
ck

to
rich

.

C
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t

w
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th
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ry,

w
e
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th
at,

in
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e
th
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m
en

t
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of
th

e
ep

id
em

ic,
h
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th
at

d
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n
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ex
p

erien
ce

a
d

eath
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ch
olera
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p

erien
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a
ch

an
ge

in
ren
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e
n
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th
at

d
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.
T

h
is

su
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e
n
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a
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p

act
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on
h
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seh
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com
e
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u
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th
e
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e

1
N

o
t

o
n
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d
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a
n
d

city
o
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in
v
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a
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g
th

e
o
u
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rea
k
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d
eta

iled
m
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d
a
ta

fro
m

th
e

p
a
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a
t

th
e

tim
e

o
f

th
e

sh
o
ck

,
b
u
t

la
n
d
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x

a
ssessm

en
t

reco
rd

s
fro

m
S
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J
a
m

es
a
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ila

b
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fo
r

n
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rly
ev
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d
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d
e

u
n
til

th
e

m
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0
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ry.
In

m
a
n
y
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e

city
la

n
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reco
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w

ere
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of
a
ll

p
rop

erties
w

ith
in

th
e

n
eigh

b
orh

o
o
d

n
ot

on
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th
ose

th
at

w
ere

h
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b
y

th
e

d
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M
oreover,

th
e

m
agn

itu
d

e
o
f

th
e

lo
ss

in
ren

ta
l
va
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e
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a

p
articu

lar
p

rop
erty

d
ep

en
d

s
fu

n
d

am
en

tally
on

th
e
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of
h

o
u

seh
o
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s
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e
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m

ed
ia
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v
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ity
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p
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a
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d
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D
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b
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5
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a
n

d
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4
in

d
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te
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th

e
d

egree
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n
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b
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o
d

im
p
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m
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t

en
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th

e

u
n

aff
ected

to
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d

th
e
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t
w
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a
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in

w
h

ich
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d
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u
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p

o
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r

n
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h
b
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a
n

d
a
n

en
d
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o
u

s
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tal
p
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s

th
e

n
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ly
p
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or

to
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a

h
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h
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b

lo
ck

.
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u
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literatu
re

in
econ

om
ic

geograp
h
y

on
lon

g-ru
n

p
ersisten

ce
of

in
com

e

d
iff

eren
ces

acro
ss

sp
ace.

P
articu

la
rly

related
to

ou
rs

are
a

h
an

d
fu

l
of

p
ap

ers
th

at
sh

ow
ev

id
en

ce

of
p

ersisten
t

in
com

e
d

iff
eren

ces
a
cross

cities
or

tow
n

s
even

lon
g

after
sp

ecifi
c

sou
rces

of
econ

om
ic

ad
va

n
tag

e
h
ave

b
ecom

e
o
b

so
lete.

F
or

in
stan

ce,
B

leak
ley

an
d

L
in

(2012)
sh

ow
h

ow
geograp

h
ic

featu
res

(p
o
rtag

e)
th

at
co

n
trib

u
ted

to
econ

om
ic

activ
ity

h
istorically

b
u

t
stop

p
ed

m
atterin

g
in

th
e

19
th

cen
tu

ry
are

correla
ted

w
ith

th
e

lon
g-ru

n
in

com
e

grow
th

of
cities.

S
im

ilarly,
H

an
lon

(2014)

sh
ow

s
th

a
t

a
sh

o
rt-lived

p
rice

sh
o
ck

to
th

e
cotton

in
d

u
stry

in
19th

-cen
tu

ry
E

n
glan

d
is

asso
ciated

w
ith

th
e

lo
n

g-ru
n

eco
n

om
ic

grow
th

of
cities

an
d

tow
n

s
th

at
relied

on
cotton

at
th

e
tim

e
of

th
e

sh
o
ck

d
esp

ite
th

e
fa

ct
th

a
t

th
e

p
rice

o
f

co
tton

reb
ou

n
d

ed
w

ith
in

a
d

ecad
e.

O
f

th
e

sam
e

fl
avor

is
a

p
ap

er

b
y

D
ell

(20
1
0),

w
h

ich
sh

ow
s

th
a
t

th
e

econ
om

ic
p

erform
an

ce
of

tow
n

s
in

ru
ral

P
eru

is
correlated

w
ith

th
eir

p
ositio

n
w

ith
resp

ect
to

th
e

b
ou

n
d

ary
of

a
colon

ial
lab

or
tax

catch
m

en
t

area
th

at
w

as

ab
olish

ed
in

th
e

early
19

th
cen

tu
ry.

O
u

r
p

ap
er

b
u

ild
s

o
n

th
e

a
b

ove
literatu

re
b
y

u
n

d
ertak

in
g

a
sim

ilar
ex

ercise
w

ith
in

th
e

m
icro

en
-

v
iron

m
en

t
o
f

on
e

L
o
n

d
on

p
a
rish

.
T

h
e

con
trib

u
tion

of
th

is
ap

p
roach

is
th

at
th

e
cen

tral
m

ech
an

ism
s

fo
r

p
ersisten

ce
th

a
t

h
ave

b
een

em
p

h
a
sized

in
p

rev
iou

s
w

ork
are

n
ot

ap
p

licab
le

w
ith

in
th

e
p

arish
set-

tin
g
,

w
h

ich
co

n
stitu

tes
a

sin
gle

econ
o
m

ic
an

d
in

stitu
tion

al
en

v
iron

m
en

t.
In

p
articu

lar,
th

e
fi

rst
tw

o

p
ap

ers
cited

ab
ove

in
terp

ret
th

eir
fi

n
d

in
gs

largely
th

rou
gh

ch
an

ges
in

p
op

u
lation

grow
th

th
at

ac-

com
p

an
ied

econ
o
m

ic
d

evelo
p

m
en

t
o
r

econ
om

ic
sh

o
ck

s,
an

d
th

e
p

ath
d

ep
en

d
en

ce
th

at
d

em
ograp

h
ic

tren
d

s
created

v
ia

econ
om

ies
o
f

sca
le

in
in

d
u

stry.
T

h
e

last
p

ap
er

in
terp

rets
p

ersisten
ce

th
rou

gh
th

e

len
s

of
in

stitu
tio

n
s,

a
rg

u
in

g
th

a
t

lon
g-ru

n
d

iff
eren

ces
in

econ
om

ic
d

evelop
m

en
t

in
sid

e
an

d
ou

tsid
e

th
e

catch
m

en
t

area
for

th
e

colo
n

ia
l

lab
or

tax
w

ou
ld

n
ot

h
ave

o
ccu

rred
in

th
e

ab
sen

ce
of

p
ersisten

t

d
iff

eren
ces

in
lo

ca
l

in
stitu

tio
n

s.

O
u

r
settin

g
is

su
ffi

cien
tly

sm
all

to
p

reclu
d

e
eith

er
in

terp
retation

-
d

iff
eren

ces
in

p
rop

erty
valu

es

3



w
ith

in
a

sin
gle

ad
m

in
istrative

d
istrict

o
ccu

p
y
in

g
m

erely
164

acres
of

lan
d

can
n

ot
p

ossib
ly

b
e

at-

trib
u

ted
to

d
iff

eren
ces

in
th

e
evolu

tion
o
f

lo
cal

in
stitu

tion
s

or
to

a
restru

ctu
rin

g
of

econ
om

ic
activ

ity

in
resp

o
n

se
to

th
e

d
isease

ep
id

em
ic.

A
s

a
resu

lt,
w

h
at

ou
r

resu
lts

ad
d

to
th

e
ex

istin
g

literatu
re

on

p
ersisten

ce
is

ev
id

en
ce

for
an

altern
a
tive

m
ean

s
th

rou
gh

w
h

ich
tem

p
orary

an
d

lo
calized

econ
om

ic

sh
o
ck

s
ca

n
lea

d
to

lo
n

g
-term

ch
a
n

g
es

in
th

e
sp

atial
d

istrib
u

tion
of

p
overty.

A
s

su
ch

,
th

e
m

ech
an

ism

w
e

h
igh

lig
h
t

is
releva

n
t

fo
r

u
n

d
erstan

d
in

g
u

rb
an

gh
etto

form
ation

m
ore

gen
erally.

M
oreover,

th
is

p
articu

la
r

ch
a
n

n
el

o
f

p
ersisten

ce
m

ay
con

trib
u

te
to

in
com

e
d

ivergen
ce

across
lo

cal
econ

om
ies

th
at

h
as

b
een

d
o
cu

m
en

ted
in

th
e

literatu
re.

In
th

is
sen

se,
o
u

r
fi

n
d

in
gs

su
gg

est
a

b
road

er
set

of
ch

an
n

els
related

to
resid

en
tial

sortin
g

th
rou

gh

w
h

ich
w

e
m

igh
t

ob
serve

p
ersisten

t
eff

ects
of

h
istoric

sh
o
ck

s
on

th
e

lon
g-ru

n
econ

om
ic

grow
th

of

n
eig

h
b

o
rh

o
o
d

s
o
r

co
m

m
u

n
ities

th
an

is
often

con
sid

ered
in

th
e

literatu
re.

T
h

ey
also

illu
strate

th
e

p
oten

tia
l

econ
o
m

ic
co

st
of

sp
a
tia

lly
co

rrelated
sh

o
ck

s
w

h
en

th
ere

are
sign

ifi
can

t
ex

tern
alities

from

n
eig

h
b

o
rs’

so
cio

-eco
n

o
m

ic
statu

s,
an

d
in

th
at

m
an

n
er

tie
in

to
th

e
large

literatu
re

d
o
cu

m
en

tin
g

an
d

m
o
d

elin
g

n
eigh

b
o
rh

o
o
d

ex
tern

alities
in

real
estate

valu
es.

B
ecau

se
th

e
resu

lts
su

ggest
a

p
o-

ten
tia

l
so

u
rce

o
f

m
isallo

ca
tio

n
o
f

h
ou

seh
old

s
across

sp
ace,

th
ey

also
p

rov
id

e
a

ration
ale

for
th

ird

p
arty

in
terv

en
tion

s
in

rea
l

esta
te

m
a
rkets

su
ch

as
u

rb
an

ren
ew

al
p

ro
jects

freq
u

en
tly

u
n

d
ertaken

b
y

m
u

n
icip

al
g
overn

m
en

ts,
as

d
o

resu
lts

from
ex

istin
g

w
ork

su
ch

as
H

orn
b

eck
an

d
K

en
iston

(2014).

O
u

r
th

eo
retical

m
o
d

el
is

clo
sely

related
to

sp
atial

m
o
d

els
of

lo
cation

ch
oice

an
d

segregation

(S
ch

ellin
g

(196
9
,
197

1
,
197

8
),

P
an

cs
a
n

d
V

rien
d

(2007)),
b

u
t

th
ere

are
several

key
d

iff
eren

ces.
F

irst,

ag
en

ts
in

th
e

ab
ove

m
o
d

els
follow

sim
p

le
b

eh
av

ioral
ru

les,
w

h
ile

in
ou

r
m

o
d

el
th

ey
are

fu
lly

forw
ard

-

lo
o
k
in

g
u

tility
m

ax
im

izers.
S

econ
d

,
in

ou
r

m
o
d

el
ren

t-settin
g

lan
d

lord
s

co
ord

in
ate

th
e

m
ovem

en
t

of
ten

an
ts

in
an

d
o
u

t
o
f

th
e

b
lo

ck
.

T
h

ird
,

in
stead

of
a

self-con
tain

ed
city,

ou
r

m
o
d

el
featu

res
a

b
lo

ck
situ

ated
in

an
op

en
w

o
rld

,
w

h
ere

ten
an

ts
can

m
ov

e
in

an
d

ou
t.

T
h

e
fo

cu
s

of
ou

r
p

ap
er

is

also
d

iff
eren

t:
it

is
rela

tively
ea

sy
to

estab
lish

in
ou

r
m

o
d

el
th

at
u

ltim
ately

th
e

b
lo

ck
con

tain
s

on
ly

on
e

ty
p

e
o
f

ten
an

t,
in

stea
d

m
o
st

of
o
u
r

fo
cu

s
is

on
ch

aracterizin
g

th
e

in
itial

con
d

ition
s

u
n

d
er

w
h

ich

th
e

b
lo

ck
con

verg
es

to
p

overty. 2
O

n
a

tech
n

ical
level,

ou
r

p
ap

er
is

related
to

asy
n

ch
ron

ou
s-m

ove

2
M

o
b
iu

s
(2

0
0
0
)

a
n
d

G
u
errieri

et
a
l.

(2
0
1
3
)

fea
tu

re
d
y
n
a
m

ic
m

o
d
els

o
f

lo
ca

tio
n

ch
o
ices,

w
ith

m
a
rk

et
clea

rin
g

ren
ta

l
p
rices,

m
a
in

ly
fo

cu
sin

g
o
n

th
e

issu
e

o
f

h
ow

a
n

in
fl
ow

o
f

n
ew

a
g
en

ts
ch

a
n
g
es

seg
reg

a
tio

n
in

a
city.

T
h
ese

m
o
d
els

d
o

n
o
t

fea
tu

re
p
rice-settin

g
la

n
d
lo

rd
s

co
o
rd

in
a
tin

g
lo

ca
tio

n
ch

o
ices

o
f

d
iff

eren
t

ty
p

es
o
f

a
g
en

ts,
ca

u
sin

g
m

u
ltip

licity
o
f

eq
u
ilib

ria
a
n
d

lim
ited

p
red

ictiv
e

p
ow

er
reg

a
rd

in
g

th
e

lo
n
g
-term

co
m

p
o
sitio

n
o
f

a
p
a
rticu

la
r

b
lo

ck
o
f

th
e

city,
w

h
ich

is
th

e
m

a
in

fo
cu

s
o
f

o
u
r

a
n
a
ly

sis.
A

co
m

m
o
n

a
ssu

m
p
tio

n
w

e
sh

a
re

w
ith

G
u
errieri

et
a
l.

(2
0
1
3
)

is
th

a
t

p
o
o
r

a
g
en

ts
ex

ert
n
eg

a
tiv

e
ex

tern
a
lity

o
n

th
eir

n
eig

h
b

o
rs.

H
o
rn

b
eck

a
n
d

K
en

isto
n

(2
0
1
4
)

a
lso

in
v
estig

a
te

h
o
u
sin

g
ch

o
ices

w
ith

ex
tern

a
lities,

b
u
t

in
a

v
ery

d
iff

eren
t

co
n
tex

t,
in

w
h
ich

th
e

q
u
a
lities

o
f

n
eig

h
b

o
rin

g
b
u
ild

in
g
s

4



d
y
n

a
m

ic
g
a
m

es,
an

d
th

e
role

of
a
sy

n
ch

ron
icity

of
m

oves
in

co
ord

in
ation

p
rob

lem
s. 3

T
h

e
rem

ain
d

er
of

th
is

p
a
p

er
p

ro
ceed

s
as

follow
s.

S
ection

2
d

escrib
es

th
e

stu
d

y
con

tex
t

an
d

d
ata

set.
S

ection
3

d
escrib

es
th

e
em

p
irical

strategy.
S

ection
4

ex
am

in
es

th
e

im
m

ed
iate

an
d

lon
g-

term
im

p
a
cts

of
th

e
ch

o
lera

ou
tb

rea
k

on
h

ou
sin

g
p

rices.
S

ection
5

p
rov

id
es

a
th

eoretical
an

aly
sis

of
th

e
ch

a
n

n
els

o
f

p
ersisten

ce,
w

h
ile

o
th

er
p

oten
tial

con
trib

u
tin

g
factors

are
con

sid
ered

in
S

ection

6.
L

a
stly,

S
ectio

n
7

con
clu

d
es.

2
B

a
ck

g
ro

u
n

d

W
e

stu
d

y
th

e
ev

o
lu

tion
o
f

p
rop

erty
va

lu
es

of
all

resid
en

ces
in

th
e

L
on

d
on

p
arish

of
S

t.
J
am

es,

W
estm

in
ster,

in
th

e
d

istrict
o
f

S
o
h

o,
from

im
m

ed
iately

p
rior

to
th

e
ch

olera
ep

id
em

ic
of

1854
to

m
ore

th
an

a
cen

tu
ry

a
fter.

B
elow

w
e

d
escrib

e
th

e
settin

g
an

d
n

atu
ral

ex
p

erim
en

t,
an

d
th

e
d

ata

sou
rces

u
tilized

in
th

e
em

p
irica

l
in

vestigation
.

2
.1

T
h
e

B
ro

a
d

S
tre

e
t

C
h
o
le

ra
O

u
tb

re
a
k

o
f

1
8
5
4

In
1
85

4
,

S
t.

J
am

es
w

a
s

a
w

o
rk

in
g-cla

ss
n

eigh
b

orh
o
o
d

of
35,000

resid
en

ts
an

d
a

h
eav

y
com

m
er-

cia
l

d
istrict

th
at

h
ou

sed
a

la
rge

n
u

m
b

er
of

self-em
p

loyed
. 4

T
h

e
m

ost
com

m
on

o
ccu

p
ation

in
th

e

n
eig

h
b

o
rh

o
o
d

w
a
s

tailo
r,

fo
llow

ed
b
y

sh
o
em

aker,
d

om
estic

servan
t

an
d

m
ason

.
It

w
as

also
th

e

m
ost

crow
d

ed
p

a
rish

o
f

L
o
n

d
o
n

at
th

e
tim

e,
h

ou
sin

g
432

p
eop

le
p

er
acre.

D
en

sity
w

as
h

igh
largely

b
ecau

se
it

h
ad

b
een

a
p

rev
io

u
sly

w
ea

lth
y

n
eigh

b
orh

o
o
d

con
tain

in
g

m
an

y
m

u
lti-story

b
u

ild
in

gs
th

at

b
ecam

e
w

o
rk

in
g

class
as

th
e

city
ex

p
a
n

d
ed

.
O

n
average,

a
sin

gle
ad

d
ress

in
th

e
n

eigh
b

orh
o
o
d

con
ta

in
ed

fou
r

fa
m

ilies.

W
h

ile
it

w
a
s

crow
d

ed
an

d
eco

n
om

ically
d

iverse,
S

t.
J
am

es
w

as
n
ot

a
p

articu
larly

p
o
or

L
on

d
on

n
eig

h
b

o
rh

o
o
d

.
A

s
d

escrib
ed

b
y

h
istorian

S
teven

J
oh

n
son

,
“B

y
th

e
[1850s],

th
e

n
eigh

b
orh

o
o
d

h
ad

tu
rn

ed
itself

in
to

th
e

k
in

d
of

classic
m

ix
ed

-u
se

econ
om

ically
d

iv
erse

n
eigh

b
orh

o
o
d

th
at

to
d

ay
’s

“n
ew

u
rb

a
n

ists”
celeb

ra
te

as
th

e
b

ed
ro

ck
of

su
ccessfu

l
cities:

tw
o-to-fou

r
story

resid
en

tial
b

u
ild

in
gs

w
ith

a
ff

ects
th

e
in

cen
tiv

es
o
f

a
h
o
u
se

ow
n
er

to
in

v
est

in
th

e
q
u
a
lity

o
f

h
er

h
o
u
se.

T
h
is

lea
d
s

to
v
ery

d
iff

eren
t

lo
n
g
-term

d
y
n
a
m

ics
th

a
n

in
o
u
r

p
a
p

er,
a
n
d

in
p
a
rticu

la
r

th
ey

sh
ow

th
a
t

a
n
eg

a
tiv

e
sh

o
ck

to
co

lla
tera

l
va

lu
e

ca
n

in
crea

se
th

e
q
u
a
lity

o
f

a
n
eig

h
b

o
rh

o
o
d
,

b
y

co
o
rd

in
a
tin

g
th

e
ow

n
ers’

in
v
estm

en
ts

d
u
rin

g
th

e
reb

u
ild

in
g

p
h
a
se.

3
S
em

in
a
l

p
a
p

ers
in

th
is

litera
tu

re
in

clu
d
e

F
a
rrell

a
n
d

S
a
lo

n
er

(1
9
8
5
),

M
a
sk

in
a
n
d

T
iro

le
(1

9
8
8
a
,b

)
a
n
d

L
a
g
u
n
o
ff

a
n
d

M
a
tsu

i
(1

9
9
7
).

4
P

a
rish

p
o
p
u
la

tio
n

estim
a
te

(3
5
,4

0
6
)

fro
m

th
e

1
8
5
1

U
K

C
en

su
s.

T
h
e

p
o
p
u
la

tio
n

w
a
s

n
ea

rly
sta

tio
n
a
ry

b
etw

een
1
8
4
1

a
n
d

1
8
6
1

(T
h
e

C
h
o
lera

In
q
u
iry

C
o
m

m
ittee,

1
8
5
5
).
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storefro
n
ts

a
t

n
ea

rly
every

ad
d

ress,
in

terlaced
w

ith
th

e
o
ccasion

al
larger

com
m

ercial
sp

ace.
(...)

T
h

e
n

eig
h
b

o
rh

o
o
d

’s
resid

en
ts

w
ere

a
m

ix
of

th
e

w
ork

in
g

p
o
or

an
d

en
trep

ren
eu

rial
m

id
d
le-class.”

(J
oh

n
so

n
,

2
00

7
,

“T
h
e

G
h

ost
M

ap
”

p
.

1
8).

T
h

e
m

a
jority

o
f

o
ccu

p
a
n
ts

of
S

t.
J
a
m

es
w

ere
ren

ters
(93%

)
w

ith
ab

sen
tee

lan
d

lord
s

th
at

ow
n

ed

m
u

ltip
le

fl
a
ts

on
th

e
b
lo

ck
.

R
en

ta
l

con
tracts

at
th

is
tim

e
m

ain
ly

to
ok

th
e

form
of

y
early

ten
an

cy

ag
reem

en
ts,

m
ean

in
g

th
at

eith
er

lan
d

lo
rd

or
ten

an
t

cou
ld

term
in

ate
or

ren
egotiate

th
e

agreem
en

t

w
ith

ou
t

ca
u

se,
th

o
u

g
h

on
ly

w
h

en
th

e
12-m

on
th

lease
ex

p
ired

(B
eeton

,
1861). 5

L
egally

-sp
eak

in
g,

lo
n

g-term
leases

w
ere

also
p

o
ssib

le,
as

w
ere

“ten
an

cy
-at-w

ill”
agreem

en
ts,

in
w

h
ich

eith
er

p
arty

cou
ld

leav
e

a
t

an
y

tim
e.

P
resu

m
a
b

ly,
th

e
latter

w
ere

to
o

costly
to

b
e

d
esirab

le
for

ab
sen

tee
lan

d
lord

s

an
d

ten
a
n
ts

alik
e.

W
ith

resp
ect

to
lon

g
leases,

w
h

ile
w

e
can

n
ot

ob
serve

th
e

d
istrib

u
tion

of
con

tract

len
g
th

s
in

ou
r

sa
m

p
le,

an
ecd

otally
3
-year

an
d

5-year
con

tracts
w

ere
also

com
m

on
. 6

T
h
u

s,
w

h
ile

ten
an

ts
h

a
d

w
ea

k
righ

ts
b
y

2
0th

-cen
tu

ry
U

K
stan

d
ard

s,
th

eir
ten

an
cy

righ
ts

w
ere

com
p

arab
le

to

co
n
tem

p
ora

ry
U

S
stan

d
a
rd

s.

In
A

u
g
u

st
1
8
54,

S
t.

J
a
m

es
ex

p
erien

ced
a

su
d

d
en

ou
tb

reak
of

ch
olera

w
h

en
on

e
of

th
e

th
irteen

sh
a
llow

w
ells

th
at

serv
iced

th
e

p
a
rish

–
th

e
B

road
S

treet
p

u
m

p
–

b
ecam

e
con

tam
in

ated
w

ith
ch

olera

b
acteria

a
n

d
rem

ain
ed

so
for

w
eek

s
u

n
til

grou
n

d
w

ater
grad

u
ally

fl
u

sh
ed

it
aw

ay. 7
A

t
th

at
tim

e,
th

e

m
o
d

e
o
f

ch
o
lera

tra
n

sm
issio

n
w

a
s

still
u

n
k
n

ow
n

,
so

resid
en

ts
w

ere
u

n
aw

are
th

ey
sh

ou
ld

stop
u

sin
g

th
e

lo
ca

l
w

a
ter

sou
rce

in
ord

er
to

av
o
id

in
fection

.
A

s
a

resu
lt,

th
e

b
acteria

q
u

ick
ly

in
fected

a
large

fra
ction

of
th

e
p

a
rish

p
op

u
la

tio
n

th
a
t

lived
w

ith
in

th
e

catch
m

en
t

area
of

th
e

B
road

S
treet

p
u

m
p

(h
en

cefo
rth

B
S

P
),

w
h
ich

en
com

p
assed

57
d

en
sely

p
ack

ed
b

lo
ck

s. 8

T
h

e
ep

id
em

ic
w

as
fa

st
an

d
fu

rio
u

s,
an

d
-

b
ecau

se
th

e
sou

rce
of

tran
sm

ission
w

as
stagn

an
t

rath
er

th
an

circu
la

tin
g

-
h

ig
h

ly
geogra

p
h

ically
con

cen
trated

.
B

y
th

e
ep

id
em

ic’s
close

w
ith

in
a

m
on

th
,

660

resid
en

ts
o
f

S
t.

J
am

es
h

a
d

d
ied

from
ch

olera,
or

3%
of

th
e

p
op

u
lation

.
W

ith
in

th
e

B
S

P
catch

m
en

t

5
F

u
rth

erm
o
re,

la
n
d
lo

rd
s

w
ere

req
u
ired

to
n
o
tify

ten
a
n
ts

o
f

ch
a
n
g
es

to
co

n
tra

ct
term

s
o
r

ev
ictio

n
w

ith
in

6
m

o
n
th

s
o
f

th
e

en
d

o
f

th
e

co
n
tra

ct
else

ten
a
n
ts

w
ere

en
titled

to
o
n
e

m
o
re

y
ea

r
o
f

o
ccu

p
a
n
cy

u
n
d
er

cu
rren

t
term

s.
6

A
cco

rd
in

g
to

ten
a
n
cy

law
a
t

th
e

tim
e,

“
W

h
ere

a
n

a
n
n
u
a
l

ren
t

is
a
tta

ch
ed

to
th

e
ten

a
n
cy,

in
co

n
stru

ctio
n

o
f

law
,

a
lea

se
o
r

a
g
reem

en
t

...
is

a
lea

se
fro

m
y
ea

r
to

y
ea

r,
a
n
d

b
o
th

la
n
d
lo

rd
a
n
d

ten
a
n
t

a
re

en
titled

to
n
o
tice

b
efo

re
th

e
ten

a
n
cy

ca
n

b
e

d
eterm

in
ed

b
y

th
e

o
th

er.
(B

eeto
n
,

1
8
6
1
)”

T
h
e

fa
ct

th
a
t

la
n
d

ta
x

d
a
ta

p
rov

id
e

a
n

a
n
n
u
a
l

ren
ta

l
a
m

o
u
n
t

fo
r

a
lm

o
st

a
ll

p
ro

p
erties

in
th

e
sa

m
p
le

su
g
g
ests

th
a
t

m
o
st

w
ere

n
o
t

sh
o
rt-term

lea
se

a
g
reem

en
ts.

7
M

o
st

o
f

th
e

h
isto

ric
d
eta

ils
p
rov

id
ed

in
th

is
sectio

n
co

m
e

fro
m

J
o
h
n
so

n
(2

0
0
7
),

a
d
eta

iled
a
cco

u
n
t

o
f

th
e

1
8
5
4

ep
id

em
ic

a
n
d

its
a
fterm

a
th

.
8

T
h
e

ep
id

em
ic

w
a
s

la
ter

a
ttrib

u
ted

to
a

lea
k
in

g
cessp

it
a
d
ja

cen
t

to
th

e
w

ell.
It

w
a
s

sta
n
d
a
rd

p
ra

ctice
a
t

th
e

tim
e

to
lo

ca
te

w
ells

aw
ay

fro
m

a
ctiv

e
cessp

its,
a
n
d

th
e

cessp
it

th
a
t

ca
u
sed

th
e

o
u
tb

rea
k

h
a
d

in
fa

ct
b

een
o
u
t

o
f

u
se

fo
r

sev
era

l
y
ea

rs
sin

ce
th

e
p
a
rish

h
a
d

g
a
in

ed
a
ccess

to
sew

er
lin

es.
H

ow
ev

er,
w

h
en

a
b
a
b
y

in
S
t.

J
a
m

es
ca

m
e

d
ow

n
w

ith
ch

o
lera

,
h
er

m
o
th

er
ev

en
tu

a
lly

m
a
d
e

u
se

o
f

th
e

in
a
ctiv

e
cessp

it,
ca

u
sin

g
b
a
cteria

fro
m

th
e

in
itia

l
v
ictim

to
b

eco
m

e
tra

p
p

ed
in

th
e

w
ell

b
elow

th
e

B
ro

a
d

S
treet

p
u
m

p
.
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area,
a
n

estim
a
ted

16
%

of
resid

en
ts

h
a
d

con
tracted

th
e

d
isease

an
d

ap
p

rox
im

ately
8%

d
ied

. 9

O
n

e
p

articu
la

r
p

u
b

lic
h

ea
lth

au
th

ority,
D

r.
J
oh

n
S

n
ow

,
h

ad
p

ostu
lated

after
stu

d
y
in

g
p

attern
s

of
p

a
st

ch
o
lera

ou
tb

rea
k
s

th
a
t

w
ater

m
ay

b
e

th
e

m
ain

tran
sm

ission
ch

an
n

el
of

ch
olera.

In
ord

er
to

collect
ev

id
en

ce
to

su
p

p
o
rt

h
is

th
eo

ry,
h

e
im

m
ed

iately
b

egan
m

ap
p

in
g

th
e

v
ictim

s
of

th
e

S
t.

J
am

es

ou
tb

rea
k

alon
g
sid

e
in

fo
rm

a
tio

n
o
n

th
e

lo
cation

of
w

ells
w

ith
in

th
e

d
istrict.

H
e

q
u

ick
ly

saw
a

stark

p
attern

of
d

isea
se

in
cid

en
ce

in
w

h
ich

n
early

all
v
ictim

s
w

ere
clu

stered
arou

n
d

B
road

S
treet

p
u

m
p

.

A
cco

rd
in

g
to

h
is

d
iagra

m
s,

tw
o
-th

ird
s

of
th

e
resid

en
ts

of
th

is
tigh

tly
p

acked
p

arish
w

ere
at

alm
ost

zero
risk

o
f

co
n
tra

ctin
g

ch
o
lera

b
ecau

se
th

ey
h

ap
p

en
ed

to
live

closer
to

on
e

of
th

e
tw

elve
d
iff

eren
t

w
ater

p
u
m

p
s

in
th

e
p

a
rish

.

S
n

ow
b

ro
u

gh
t

th
e

d
ata

to
h

ea
lth

au
th

orities
an

d
con

v
in

ced
th

em
to

d
isab

le
th

e
p

u
m

p
.

S
o
on

after

th
e

ch
o
lera

ep
id

em
ic

su
b

sid
ed

,
g
overn

m
en

t
offi

cials
rem

oved
all

old
cessp

its
from

th
e

n
eigh

b
orh

o
o
d

an
d

rep
laced

th
e

B
roa

d
S

treet
p

u
m

p
h

a
n

d
le.

T
h

e
ep

id
em

iological
an

aly
sis

con
d

u
cted

b
y

J
oh

n
S

n
ow

p
rov

id
ed

th
e

key
ev

id
en

ce
to

p
rove

th
e

oral-fecal
m

eth
o
d

of
d

isease
tran

sm
ission

,
w

h
ich

fu
eled

a

lo
n

g
era

of
p

u
b

lic
h

ea
lth

in
vestm

en
t

in
w

ater
an

d
sew

erage
in

frastru
ctu

re.

2
.2

T
h
e

Im
p
a
ct

o
f

C
h
o
le

ra
o
n

N
e
ig

h
b

o
rh

o
o
d

P
o
v
e
rty

In
th

is
p

a
p

er
w

e
m

a
ke

u
se

o
f

th
e

n
a
tu

ral
ex

p
erim

en
t

p
rov

id
ed

b
y

th
e

sw
ift

an
d

u
n

an
ticip

ated

ch
o
lera

ou
tb

rea
k

of
185

4
to

ex
a
m

in
e

h
ow

geograp
h

ically
con

cen
trated

in
com

e
sh

o
ck

s
can

in
fl

u
en

ce

th
e

lon
g
-ru

n
sp

a
tia

l
d

istrib
u

tio
n

o
f

p
overty

w
ith

in
a

n
eigh

b
orh

o
o
d

.

It
is

fi
rst

w
o
rth

con
sid

erin
g

th
e

scale
of

th
e

ch
olera

ep
id

em
ic

w
ith

in
th

e
B

road
S

treet
p

u
m

p

n
eig

h
b

o
rh

o
o
d

,
w

h
ich

con
ta

in
ed

ap
p

rox
im

ately
500

p
rop

erties
an

d
2000

fam
ilies. 1

0
B

y
ou

r
estim

ates,

42%
o
f

a
ll

p
ro

p
erties

in
th

e
n

eigh
b

orh
o
o
d

ex
p

erien
ced

at
least

on
e

ch
olera

d
eath

d
u

rin
g

th
e

cou
rse

of
th

e
ep

id
em

ic,
som

e
of

w
h

ich
lo

st
m

u
ltip

le
resid

en
ts:

19%
of

h
ou

seh
old

s
lost

ju
st

on
e

m
em

b
er

an
d

23%
o
f

h
o
u

seh
old

s
ex

p
erien

ced
th

e
lo

ss
of

m
ore

th
an

on
e

life,
w

h
ich

im
p

lies
th

at
ap

p
rox

im
ately

5%

9
T

h
e

rep
o
rted

m
o
rta

lity
ra

te
w

a
s

a
ro

u
n
d

5
0
%

a
t

th
a
t

tim
e

(T
h
e

C
h
o
lera

In
q
u
iry

C
o
m

m
ittee,

1
8
5
5
).

T
h
e

m
a
in

rea
so

n
th

a
t

so
m

a
n
y

resid
en

ts
w

ere
sp

a
red

fro
m

co
n
ta

g
io

n
is

th
a
t

a
la

rg
e

n
u
m

b
er

fl
ed

th
e

n
eig

h
b

o
rh

o
o
d

d
u
rin

g
th

e
fi
rst

few
d
ay

s
to

w
a
it

o
u
t

th
e

ep
id

em
ic.

A
n
o
th

er
lim

itin
g

fa
cto

r
w

a
s

th
e

in
freq

u
en

cy
w

ith
w

h
ich

m
a
n
y

resid
en

ts
d
rew

w
a
ter

fro
m

th
e

p
u
m

p
.

A
n
ecd

o
ta

lly
it

w
a
s

co
m

m
o
n

fo
r

h
o
u
seh

o
ld

s
to

ta
k
e

w
a
ter

o
n
ly

o
n
ce

ev
ery

few
d
ay

s.
F

in
a
lly,

h
eav

y
co

n
su

m
p
tio

n
o
f

tea
a
n
d

a
lco

h
o
l,

w
h
ich

h
av

e
a
n
tim

icro
b
ia

l
p
ro

p
erties,

p
ro

tected
m

a
n
y

resid
en

ts
fro

m
ex

p
o
su

re.
1
0

S
o
u
rce:

1
8
5
1

U
K

C
en

su
s.

A
cco

rd
in

g
to

ta
x

reco
rd

s
fro

m
1
8
5
3

th
ere

a
re

4
9
1

a
d
d
resses

th
a
t

lie
w

ith
in

th
e

B
S
P

ca
tch

m
en

t
a
rea

.
A

cco
rd

in
g

to
th

e
1
8
5
1

cen
su

s,
th

e
d
istrict

co
n
ta

in
s

1
6
5
0

a
d
d
resses,

4
4
3
9

fa
m

ilies
a
n
d

2
0
,8

0
7

in
d
iv

id
u
a
ls.
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of
fam

ilies
lost

on
e

m
em

b
er

an
d

an
o
th

er
9%

of
fam

ilies
lost

at
least

tw
o

m
em

b
ers. 1

1

C
on

cep
tu

a
lly,

w
e

a
n
ticip

ate
ch

an
g
es

in
th

e
ren

tal
valu

e
of

p
rop

erty
arisin

g
ou

t
of

th
e

su
d

d
en

im
p

overish
m

en
t

of
resid

en
ts

in
sid

e
th

e
B

road
S

treet
p

u
m

p
catch

m
en

t
area.

In
p

articu
lar,

on
th

e

eve
of

th
e

ep
id

em
ic

a
large

n
u

m
b

er
o
f

th
ese

fam
ilies

(an
d

an
ev

en
larger

n
u

m
b

er
of

p
rop

erties)

w
ere

su
d

d
en

ly
sign

ifi
ca

n
tly

w
o
rse

o
ff

econ
om

ically
d

u
e

to
th

e
d

eath
of

a
p

oten
tial

w
age-earn

er.
T

h
e

ava
ilab

le
d

a
ta

d
o

n
ot

d
eta

il
w

h
ich

h
ou

seh
old

s
ex

p
erien

ced
d

eath
s

of
w

ork
in

g-age
m

em
b

ers
versu

s

econ
om

ic
d

ep
en

d
en

ts,
b

u
t

a
g
greg

a
te

fi
gu

res
p

u
b

lish
ed

after
th

e
ou

tb
reak

sh
ow

th
at

w
ork

in
g-age

ad
u

lts
w

ere
th

e
m

o
st

v
u

ln
erab

le
to

ch
o
lera

tran
sm

ission
-

76%
of

d
eath

s
o
ccu

rred
am

on
g

in
d

iv
id

u
als

ag
ed

10
to

60
(C

h
olera

In
q
u

iry
C

o
m

m
ittee,

1855).
T

h
is

im
p

lies
th

at,
in

ex
p

ectation
,
13%

of
fam

ilies

in
sid

e
th

e
B

roa
d

S
treet

p
u

m
p

catch
m

en
t

area
an

d
on

ly
1%

in
th

e
rest

of
S

t.
J
am

es
lost

a
w

age-

earn
er. 1

2
A

s
a

resu
lt

of
th

is
trag

ed
y,

overn
igh

t
th

e
B

road
S

treet
area

h
ad

b
ecom

e
a

n
eigh

b
orh

o
o
d

w
ith

m
a
n
y

m
ore

d
estitu

te
fa

m
ilies

th
a
n

th
e

rest
of

th
e

p
arish

:
ap

p
rox

im
ately

on
e

in
seven

fam
ilies

an
d

tw
o

in
fi

ve
p

rop
erties

are
likely

to
h

ave
tran

sition
ed

su
d

d
en

ly
from

p
o
or

to
d

estitu
te.

N
o
t

o
n

ly
w

ere
m

an
y

h
ou

seh
old

s
in

th
e

n
eigh

b
orh

o
o
d

h
it

b
y

th
e

ep
id

em
ic,

b
u
t

b
ecau

se
th

e
area

w
a
s

d
en

sely
p

acked
,
m

o
st

resid
en

ts
liv

ed
on

b
lo

ck
s

th
at

w
ere

h
eav

ily
h

it.
In

total,
80%

of
h

ou
seh

old
s

in
th

e
B

roa
d

S
treet

p
u

m
p

catch
m

en
t

a
rea

lived
on

a
b

lo
ck

in
w

h
ich

at
least

25%
of

resid
en

ces
h

ad

ex
p

erien
ced

a
ch

olera
d

ea
th

,
a
n

d
2
5%

lived
on

a
b

lo
ck

in
w

h
ich

at
least

h
alf

of
resid

en
ces

h
ad

ex
p

erien
ced

a
d
eath

.
T

h
e

corresp
o
n

d
in

g
fi

gu
res

in
th

e
rest

of
th

e
p

arish
w

ere
10%

an
d

less
th

an

1%
.

T
h

e
d

en
sity

of
d

ea
th

s
w

ith
in

th
e

n
eigh

b
orh

o
o
d

w
as

relativ
ely

u
n

iform
,

con
sisten

t
w

ith
th

e

assu
m

p
tio

n
th

at
n

early
all

resid
en

ts
relied

on
th

at
p

u
m

p
for

d
rin

k
in

g
w

ater.
W

ith
in

30
m

eters

of
th

e
ca

tch
m

en
t

area
b

ou
n

d
a
ry,

73%
of

resid
en

ts
lived

on
a

b
lo

ck
in

w
h

ich
at

least
a

q
u

arter
of

resid
en

ces
ex

p
erien

ced
a

loss,
relative

to
on

ly
31%

ou
tsid

e
of

th
e

b
ou

n
d

ary.

W
e

fu
rth

er
p

resu
m

e
th

at
th

e
d

eath
of

a
w

age-earn
er

lead
s

very
q
u

ick
ly

to
ch

an
ges

in
h

ou
seh

old

b
eh

av
io

r
th

at
p

ro
d

u
ce

im
m

ed
ia

te,
sa

lien
t

n
egative

ex
tern

alities
on

n
eigh

b
ors

w
h

o
live

on
or

n
ear

1
1

T
h
ese

ca
lcu

la
tio

n
s

a
re

a
p
p
rox

im
a
te

b
eca

u
se

w
e

la
ck

d
a
ta

o
n

th
e

fa
m

ily
m

em
b

ersh
ip

o
f

in
d
iv

id
u
a
l

v
ictim

s,
th

o
u
g
h

w
e

k
n
ow

fro
m

a
g
g
reg

a
te

p
o
p
u
la

tio
n

fi
g
u
res

th
a
t

th
e

av
era

g
e

resid
en

ce
in

S
o
h
o

h
o
u
sed

th
ree

fa
m

ilies
a
n
d

co
n
ta

in
ed

1
3

m
em

b
ers.

In
a
p
p
rox

im
a
tin

g
th

e
in

cid
en

ce
o
f

d
ea

th
s

a
cro

ss
fa

m
ilies,

w
e

a
ssu

m
e

th
a
t

d
ea

th
s

a
re

clu
stered

w
ith

in
fa

m
ily,so

w
e

d
iv

id
e

th
e

to
ta

l
n
u
m

b
er

o
f

d
ea

th
s

reco
rd

ed
fo

r
a

p
a
rticu

la
r

resid
en

ce
b
y

tw
o

w
h
en

th
e

to
ta

l
n
u
m

b
er

is
u
n
d
er

eig
h
t,

a
n
d

d
iv

id
e

th
e

to
ta

l
n
u
m

b
er

o
f

d
ea

th
s

b
y

th
ree

w
h
en

th
e

n
u
m

b
er

is
u
n
d
er

1
2
.

O
n
ly

o
n
e

p
ro

p
erty

ex
p

erien
ced

a
n
u
m

b
er

o
f

d
ea

th
s

g
rea

ter
th

a
n

1
2

(1
8

d
ea

th
s),

w
h
ich

w
e

estim
a
te

a
ff

ected
fo

u
r

fa
m

ilies
in

th
e

h
o
u
seh

o
ld

.
1
2

A
u
th

o
r’s

ca
lcu

la
tio

n
s

b
a
sed

o
n

in
fo

rm
a
tio

n
o
n

th
e

a
g
e

d
istrib

u
tio

n
o
f

d
ea

th
s

p
u
b
lish

ed
in

th
e

T
h
e

C
h
o
lera

In
q
u
iry

C
o
m

m
ittee

(1
8
5
5
),

th
e

d
istrib

u
tio

n
o
f

d
ea

th
s

a
cro

ss
h
o
u
ses

a
s

co
llected

b
y

C
o
o
p

er
(1

8
5
4
),

a
n
d

th
e

av
era

g
e

n
u
m

b
er

o
f

fa
m

ilies
p

er
h
o
u
se

a
s

reco
rd

ed
in

th
e

cen
su

s
o
f

1
8
5
1
.
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th
e

b
lo

ck
.

T
h

e
fo

rm
s

o
f

b
eh

av
io

r
ch

an
ge

th
at

are
likely

to
create

th
e

largest
an

d
m

ost
im

m
ed

iate

ex
tern

alities
in

th
is

settin
g

are
crow

d
in

g
of

b
oth

p
eop

le
an

d
an

im
als.

A
ccord

in
g

to
h

istorical
sou

rces,

it
w

a
s

com
m

o
n

fo
r

ten
an

ts
try

in
g

to
m

ake
en

d
s

m
eet

to
take

in
ad

d
ition

al
ten

an
ts

on
sh

ort-term

su
b

-lease.
A

s
n

oted
b
y

h
istorian

S
h

erw
ell

(1897),
“T

h
e

an
n

ou
n

cem
en

t
th

at
m

ay
som

etim
es

b
e

seen

in
S

o
h

o
of

“
P

art
o
f

a
ro

o
m

to
let,”

rep
resen

ts
w

h
at

is
freq

u
en

tly
a

very
seriou

s
aggravation

of
th

e

ev
ils

o
f

overcrow
d

in
g
.

In
on

e
ca

se
a

sm
all

b
ack

-ro
om

w
as

o
ccu

p
ied

b
y

a
you

n
g,

n
ew

ly
-m

arried

cou
p

le,
w

h
o

to
ok

in
a

sin
gle-m

a
n

lo
d
g
er

w
h

o
slep

t
in

a
ch

air.
In

th
e

sam
e

h
ou

se
tw

o
b

ack
-ro

om
s,

b
oth

sm
a
ll,

w
ere

o
ccu

p
ied

b
y

a
m

an
an

d
h

is
w

ife
an

d
th

ree
m

en
-lo

d
gers,

an
d

th
e

ro
om

s
w

ere
fu

rth
er

let
ou

t
a
t

n
ig

h
t

for
ga

m
b

lin
g

p
u

rp
oses

a
t

th
e

rate
of

on
e

sh
illin

g
p

er
h

ou
r.

S
u

b
seq

u
en

tly
th

e
w

om
an

(w
h

ose
h
u

sb
an

d
w

a
s

a
b

a
ker

an
d

th
erefore

aw
ay

all
n

igh
t)

got
rid

of
th

e
m

en
-lo

d
gers

an
d

b
oard

ed

a
p

ro
stitu

te,
a
n

d
let

h
er

ro
o
m

s
o
u

t
to

th
is

w
om

an
as

a
com

m
on

b
roth

el.”

A
n

ecd
o
ta

lly,
it

w
a
s

a
lso

com
m

on
for

ten
an

ts
even

in
th

e
d

en
sest

section
of

L
on

d
on

to
raise

cash
b
y

crow
d

in
g

th
e

ap
a
rtm

en
t

w
ith

farm
an

im
als

an
d

sellin
g

m
ilk

,
eggs

or
d

u
n

g.
A

s
d

etailed

in
J
o
h

n
son

(2
007

),“R
esid

en
ts

co
n
verted

trad
ition

al
d

w
ellin

gs
in

to
“cow

h
ou

ses”
-

h
erd

in
g

25
or

30

cow
s

in
to

a
sin

gle
ro

o
m

(...)
O

n
e

m
a
n

w
h

o
lived

on
th

e
u

p
p

er
fl

o
or

of
38

S
ilv

er
S

t.
kep

t
27

d
ogs

in

a
sin

gle
ro

o
m

.
H

e
w

ou
ld

leave
(...)

p
ro

d
igiou

s
am

ou
n
ts

of
can

in
e

ex
crem

en
t

to
b

ake
on

th
e

ro
of

of

th
e

h
o
u

se”
(J

o
h

n
son

,
20

0
7,

p
.28).

It
is

sa
fe

to
say

th
a
t,

p
a
rticu

larly
in

su
ch

a
tigh

tly
p

acked
sp

ace,
b

oth
m

ore
h
u

m
an

s
an

d
m

ore

an
im

a
ls

in
n

eigh
b

orin
g

h
om

es
w

o
u

ld
lead

alm
ost

im
m

ed
iately

to
salien

t
w

ith
in

-b
lo

ck
ex

tern
alities

in
th

e
fo

rm
o
f

g
reater

sm
ell

an
d

n
o
ise,

v
isib

le
ex

crem
en

t
(crow

d
ed

sew
ers

an
d

cessp
its,

few
er

street

sw
eep

ers),
d

isease
a
n

d
g
en

era
l

m
isery

(e.g.
d

om
estic

v
iolen

ce,
d

ru
n

ken
b

raw
ls). 1

3

2
.3

D
a
ta

C
o
lle

ctio
n

T
o

test
w

h
eth

er
p

ro
p

erty
va

lu
es

resp
o
n

d
to

th
e

ou
tb

reak
,

w
e

gath
er

several
w

aves
of

d
ata

on

h
ou

sin
g

p
rices

o
f

th
e

rou
g
h

ly
1,7

00
h

o
u
sin

g
u

n
its

in
S

t.
J
am

es
p

arish
from

1853
to

th
e

p
resen

t.

T
h

is
sectio

n
d

escrib
es

th
e

d
ata

u
sed

to
d
efi

n
e

th
e

catch
m

en
t

areas,
real

estate
ou

tcom
es,

an
d

th
e

b
aselin

e
covariates

em
p

loyed
in

th
e

an
a
ly

sis.

T
o

d
eterm

in
e

th
e

lo
ca

tio
n

o
f

w
a
ter

p
u

m
p

s
in

S
oh

o
at

th
e

tim
e

of
th

e
ch

olera
ou

tb
reak

,
w

e
u
se

1
3

O
th

er
so

u
rces

o
f

ex
tern

a
lities

a
re

a
lso

p
o
ssib

le,
fo

r
in

sta
n
ce

h
ig

h
er

ex
p

o
su

re
to

crim
e,

d
isea

se,
low

er
p
u
b
lic

g
o
o
d

co
n
trib

u
tio

n
s

a
n
d

sa
n
ita

tio
n
,

etc.
F

o
r

a
n

em
p
irica

l
m

ea
su

rem
en

t
o
f

ex
tern

a
lities

a
m

o
n
g

n
eig

h
b

o
rin

g
resid

en
ts,

see
R

o
ssi-H

a
n
sb

erg
et

a
l.

(2
0
1
0
).
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J
oh

n
S

n
ow

’s
ch

olera
m

ap
(S

n
ow

,
1
855

),
d

ep
icted

in
F

igu
re

1a. 1
4

T
o

track
ch

an
ges

in
real

estate

valu
es,

w
e

co
n

stru
ct

a
p

rop
erty

-lev
el

p
a
n

el
d

atab
ase

en
com

p
assin

g
all

resid
en

ces
in

S
t.

J
am

es
th

at

con
ta

in
s

m
ea

su
res

of
p

ro
p

erty
valu

es
fo

r
th

e
years

1853
(p

re-ou
tb

reak
),

1864,
1936,

1995-2013,
an

d

20
15

o
b

ta
in

ed
fro

m
th

ree
sep

a
rate

d
atasets.

F
irst,

for
th

e
y
ears

1853,
1864,

an
d

1936,
w

e
collect

d
ata

on
th

e
ren

tal
va

lu
e

a
n

d
assessed

lan
d

tax
es

from
th

e
N

ation
al

L
an

d
T

ax
A

ssessm
en

t
record

s. 1
5

T
h

e
L

an
d

T
a
x

w
a
s

fi
rst

in
tro

d
u

ced
in

E
n

glan
d

in
1692

an
d

form
ed

th
e

m
ain

sou
rce

of
govern

m
en

t

reven
u

e
u

n
til

th
e

la
te

1
9
th

cen
tu

ry
(D

ow
ell,

1965). 1
6

G
iven

th
eir

im
p

ortan
ce

for
p

u
b

lic
fi

n
an

ce,

covera
g
e

in
ta

x
reco

rd
s

is
very

co
m

p
lete.

In
ou

r
stu

d
y

area,
very

few
p

rop
erties

are
m

issin
g

from

th
e

reco
rd

s
w

h
en

com
p

a
red

to
m

ap
s

o
f

th
e

area.
W

e
also

m
atch

th
e

n
am

es
of

th
e

p
rim

ary
o
ccu

p
an

t

at
each

ad
d

ress
acro

ss
th

e
185

3
a
n

d
1
86

4
record

s
to

ob
tain

a
m

easu
re

of
resid

en
tial

tu
rn

over
b

efore

an
d

after
th

e
ep

id
em

ic.

T
h

e
L

a
n

d
T

ax
A

ssessm
en

t
(a

n
d

p
ro

p
erty

tax
es

m
ore

gen
erally

)
en

d
ed

in
1963.

H
en

ce,
for

th
e

yea
rs

1
9
9
5
-20

1
3

w
e

ob
ta

in
p

ro
p

erty
sa

les
p

rices
from

th
e

L
an

d
R

egistry
of

E
n

glan
d

(L
an

d
R

egistry
,

20
14

).
R

eco
rd

s
in

clu
d

e
th

e
p

ro
p

erty
a
d

d
ress

as
w

ell
as

th
e

sale
p

rice
an

d
d

ate
of

sale.
W

e
also

ob
ta

in
d

a
ta

on
ren

ta
l

p
rices

p
o
sted

on
th

e
form

al
m

arket
for

S
oh

o
over

th
e

p
ast

5
years.

L
astly,

fo
r

th
e

y
ear

2
015

,
w

e
o
b

ta
in

h
o
u

se
valu

e
estim

ates
from

zoo
p
la

.co
.u

k,
U

K
’s

largest
p

rop
erty

listin
g

w
eb

site
(Z

o
op

la
,

201
5
).

W
e

d
ig

itized
a
ll

valu
atio

n
s

an
d

a
d
d

resses
ob

tain
ed

from
th

e
record

s
d

escrib
ed

ab
ove

an
d

em
-

p
loyed

tw
o

m
eth

o
d

s
to

geo
co

d
e

ad
d

resses.
F

or
h

istoric
record

s
(1853,

1864,
an

d
1936),

w
e

m
atch

ad
d

resses
to

d
eta

iled
h

o
u

sin
g

m
ap

s
from

th
e

relevan
t

tim
e

p
erio

d
. 1
7

F
or

cu
rren

t
h

ou
se

record
s,

w
e

geo
co

d
e

a
d

d
resses

u
sin

g
G

o
o
gle’s

g
eo

co
d
er

to
ol. 1

8

N
ex

t,
to

a
ssess

th
e

sp
atia

l
d

istrib
u
tion

of
ch

olera
d

eath
s

in
an

d
arou

n
d

th
e

B
S

P
area,

w
e

m
ap

1
4

P
u
m

p
lo

ca
tio

n
s

a
re

a
lso

g
iv

en
o
n

th
e

C
h
o
lera

In
q
u
iry

C
o
m

m
issio

n
m

a
p
.

1
5

W
e

o
b
ta

in
th

ese
reco

rd
s

th
ro

u
g
h
A
n
cestry.co

m
(A

n
cestry.co

m
,

2
0
1
1
).

T
h
e

d
a
ta

set
a
lso

co
n
ta

in
s

in
fo

rm
a
tio

n
o
n

w
h
eth

er
a

sp
ecifi

c
p
ro

p
erty

h
a
d

b
een

ex
o
n
era

ted
.

In
1
7
9
8
,

th
e

L
a
n
d

T
a
x

R
ed

em
p
tio

n
O

ffi
ce

w
a
s

crea
ted

u
n
d
er

a
reg

istra
r,

a
n
d

th
e

L
a
n
d

T
a
x

b
eca

m
e

a
p

erp
etu

a
l
ch

a
rg

e,
w

h
ich

co
u
ld

b
e

red
eem

ed
b
y

th
e

p
ay

m
en

t
o
f

a
lu

m
p

su
m

a
n
d

la
n
d
ow

n
ers

w
ere

th
ereb

y
ex

o
n
era

ted
.

T
h
e

lu
m

p
su

m
eq

u
a
led

1
5

y
ea

rs
ta

x
,

b
u
t

th
e

ta
x

co
u
ld

b
e

red
eem

ed
b
y

p
u
rch

a
sin

g
3

p
er

cen
t

co
n
so

ls
in

g
ov

ern
m

en
t

sto
ck

w
h
ich

w
o
u
ld

y
ield

a
n

a
n
n
u
ity

ex
ceed

in
g

th
e

ta
x

b
y

a
fi
fth

.
1
6

T
h
e

A
ct

sp
ecifi

ed
th

a
t

rea
l
esta

te
(b

o
th

b
u
ild

in
g
s

a
n
d

la
n
d
)

w
ere

to
b

e
ta

x
ed

p
erm

a
n
en

tly
(b

eg
in

n
in

g
in

1
7
9
8
).

It
n
o
m

in
a
ted

fo
r

ea
ch

b
o
ro

u
g
h

a
n
d

co
u
n
ty

in
E

n
g
la

n
d

a
n
d

W
a
les

lo
ca

l
co

m
m

issio
n
ers

to
su

p
erv

ise
th

e
a
ssessm

en
ts

a
n
d

lo
ca

l
co

llectio
n
.

R
o
u
g
h
ly

ev
ery

d
eca

d
e

p
ro

p
erties

w
ere

a
ssessed

fo
r

ta
x

va
lu

e.
In

d
iv

id
u
a
l

ta
x

a
ssessm

en
ts

w
ere

m
a
d
e

b
a
sed

o
n

th
e

a
ctu

a
l

ren
ta

l
va

lu
es

o
f

la
n
d
,

w
h
ich

w
ere

reco
rd

ed
b
y

a
ssesso

rs.
1
7

In
th

e
ca

se
o
f

1
8
5
3

a
n
d

1
8
6
4
,

w
e

u
se

th
e

M
etro

p
o
lita

n
C

o
m

m
issio

n
o
f

S
ew

ers’
1
8
5
4

h
o
u
sin

g
m

a
p

a
s

b
a
se

m
a
p

(C
o
o
p

er,
1
8
5
4
).

W
e

m
a
tch

1
9
3
6

a
d
d
resses

u
sin

g
th

e
E
n
gla

n
d
a
n
d
W

a
les

O
rd
n
a
n
ce

S
u
rvey

m
a
p

a
s

b
a
se

m
a
p

(O
rd

n
a
n
ce

S
u
rv

ey
,

1
9
5
1
).

1
8

T
o

a
ssess

th
e

q
u
a
lity

o
f

g
eo

co
d
in

g
,

w
e

ra
n
d
o
m

ly
selected

1
0

p
ercen

t
o
f

th
e

sa
m

p
le

a
n
d

m
a
n
u
a
lly

ch
eck

ed
th

e
g
eo

co
d
ed

a
d
d
resses

u
sin

g
G

o
o
g
le

m
a
p
s.

A
ll

reco
rd

s
m

a
tch

ed
p

erfectly.
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th
e

to
ta

l
n
u

m
b

er
o
f

d
ea

th
s

b
y

h
ou

se
u

sin
g

th
e

C
h

olera
In

q
u

iry
C

om
m

ittee’s
1855

m
ap

(C
h

olera

In
q
u

iry
C

o
m

m
ittee,

1
8
55).

T
h

ese
d

a
ta

w
ere

gath
ered

im
m

ed
iately

after
th

e
ep

id
em

ic
as

p
art

of
an

ep
id

em
io

lo
g
ical

stu
d

y
in

to
th

e
m

o
d

e
of

tran
sm

ission
of

ch
olera.

S
n

ow
an

d
lo

cal
ch

ap
lain

R
ich

ard

W
h

iteh
ea

d
con

d
u

cted
a

cen
su

s
of

th
e

n
eigh

b
orh

o
o
d

in
w

h
ich

all
resid

en
ces

w
ere

v
isited

an
d

asked

to
rep

ort
a
n
y

d
ea

th
s

from
ch

olera
o
r

d
iarrh

eal
d

isease
th

at
h

ad
o
ccu

rred
ov

er
th

e
p

ast
m

on
th

.
T

h
e

m
ap

p
rov

id
es

in
fo

rm
a
tio

n
on

b
o
th

h
o
u

se
lo

cation
s

an
d

n
u

m
b

er
of

d
eath

s
p

er
h

ou
se.

F
igu

re
?
?

p
resen

ts
a

p
ortion

of
th

is
m

ap
.

T
h

ese
d

eath
s

w
ere

later
verifi

ed
b
y

th
e

C
om

m
ission

u
sin

g
d

eath

certifi
ca

tes
reg

istered
in

th
e

v
ita

l
statistics

d
atab

ase.
M

issin
g

from
th

e
C

IC
m

ap
,

w
h

ich
record

s

632
d

ea
th

s,
are

28
ch

olera
d

ea
th

s
reg

istered
on

d
eath

certifi
cates

from
in

d
iv

id
u

als
w

h
o

w
ere

n
ot

rep
o
rted

in
th

e
cen

su
s. 1

9

W
e

also
ga

th
er

d
ata

on
n

eig
h
b

o
rh

o
o
d

am
en

ities
from

th
e

sam
e

m
ap

s.
In

p
articu

lar,
in

in
vesti-

gatin
g

th
e

ou
tb

rea
k

to
d

eterm
in

e
its

origin
,

scien
tists

an
d

city
p

lan
n

ers
con

stru
cted

carefu
l

record
s

of
th

e
lo

ca
tio

n
of

ch
olera

d
eath

s
in

th
e

n
eigh

b
orh

o
o
d

alon
g

w
ith

a
w

id
e

set
of

n
eigh

b
orh

o
o
d

am
en

i-

ties
a
n

d
in

frastru
ctu

re
in

a
n

d
a
rou

n
d

S
t.

J
am

es
p

arish
.

A
p

articu
larly

rich
sou

rce
of

d
ata

w
as

th
e

m
ap

o
f

th
e

area
con

stru
cted

b
y

M
etro

p
olitan

S
ew

age
C

om
m

ission
er

E
d

m
u

n
d

C
o
op

er
im

m
ed

iately

after
th

e
ep

id
em

ic
a
s

p
art

of
th

e
“
R

ep
o
rt

to
th

e
M

etrop
olitan

C
om

m
ission

of
S

ew
ers

on
th

e
h

ou
se-

d
rain

ag
e

in
S

t.
J
am

es,
W

estm
in

ster
d

u
rin

g
th

e
recen

t
ch

olera
ou

tb
reak

”.
C

o
op

er
w

orked
w

ith
an

ex
istin

g
m

a
p

of
th

e
n

eig
h
b

orh
o
o
d

s
sew

er
lin

es
an

d
resid

en
ces,

an
d

ad
d
ed

v
isu

al
co

d
es

to
in

d
icate

th
e

lo
ca

tio
n

o
f

ch
o
lera

d
eath

s
a
n

d
th

e
site

of
th

e
p

resu
m

ed
an

d
actu

al
17th

cen
tu

ry
p

lagu
e

p
it

(b
elieved

to
b

e
a

p
oten

tial
sou

rce
o
f

ch
olera

at
th

at
tim

e).
A

s
d

escrib
ed

b
y

h
istorian

s,
th

e
m

ap

w
as

“su
p

erb
ly

d
eta

iled
:

o
ld

a
n

d
n

ew
sew

er
lin

es
w

ere
d

o
cu

m
en

ted
w

ith
d

istin
ct

m
ark

in
gs;

each

gu
lley

h
ole

w
as

rep
resen

ted
b
y

a
n

ico
n

on
th

e
m

ap
,

alon
g

w
ith

ven
tilators

an
d

sid
e

en
tran

ces
an

d

th
e

street
n
u

m
b

er
o
f

every
h

ou
se

in
th

e
p

arish
”

(J
oh

n
son

,
2007,

p
.129).

In
a
d

d
ition

to
th

e
lo

cation
o
f

sew
ers

an
d

sew
er

ven
ts,

th
e

m
ap

also
con

tain
s

th
e

lo
cation

of
all

13

w
ater

p
u

m
p

s,
p

u
b

lic
u

rin
a
ls,

a
s

w
ell

as
n

eigh
b

orh
o
o
d

am
en

ities
in

clu
d

in
g

p
u

b
lic

sq
u

ares,
ch

u
rch

es,

p
olice

station
,

fi
re

station
s,

th
eaters,

b
an

k
s,

an
d

p
rim

ary
sch

o
ol,

to
w

h
ich

w
e

create
m

easu
res

of

w
alk

in
g

d
istan

ce
fro

m
ea

ch
resid

en
ce.

F
rom

th
e

sam
e

m
ap

w
e

also
calcu

late
th

e
d

istan
ce

to
oth

er

n
eigh

b
o
rh

o
o
d

featu
res

th
a
t

m
ay

in
fl

u
en

ce
h

ou
sin

g
p

rices,
in

clu
d

in
g

th
e

p
resu

m
ed

lo
cation

of
a

large

p
lag

u
e

p
it

in
S

o
h

o
(th

is
lo

cation
w

a
s

la
ter

p
roved

in
correct),

an
d

th
e

d
istan

ce
to

th
e

cen
ter

of
S

oh
o.

1
9

U
n
fo

rtu
n
a
tely

w
e

d
o

n
o
t

k
n
ow

th
e

ex
a
ct

a
d
d
ress

o
f

th
ese

2
8

in
d
iv

id
u
a
ls,

so
m

u
st

ex
clu

d
e

th
em

fro
m

th
e

a
n
a
ly

sis.
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W
e

u
se

a
sim

ila
rly

d
eta

iled
m

a
p

fro
m

1
9
51

to
assess

th
e

lo
cation

of
am

en
ities

p
ertain

in
g

to
th

e
1936

p
ro

p
erties.

In
b

oth
cases

w
e

d
ig

itized
an

d
geo

co
d

ed
m

ap
d

ata
an

d
calcu

lated
d

istan
ce

m
easu

res
to

each
resid

en
ce

in
th

e
d

ataset.

W
e

co
llect

d
ata

o
n

p
op

u
latio

n
d

en
sity

an
d

com
p

osition
from

in
d

iv
id

u
al

record
s

in
th

e
U

n
ited

K
in

g
d

om
P

op
u

latio
n

C
en

su
s

o
f

185
1

an
d

1861.
F

or
each

ad
d

ress
in

S
t.

J
am

es,
w

e
record

n
u

m
b

er

of
resid

en
ts,

n
u

m
b

er
o
f

fam
ilies,

an
d

th
e

cou
n
try

of
origin

of
each

fam
ily

h
ead

.
A

s
w

ith
th

e
lan

d

tax
d

a
ta

,
a
d

d
resses

a
re

tran
scrib

ed
an

d
geo

co
d

ed
.

F
in

a
lly,

w
e

com
p

a
re

th
e

so
cio

econ
o
m

ic
statu

s
of

h
ou

seh
old

s
across

th
e

B
S

P
b

ou
n

d
ary

ab
ou

t

45
yea

rs
a
fter

th
e

ou
tb

rea
k

u
sin

g
C

h
a
rles

B
o
oth

’s
1899

p
overty

su
rvey

of
L

on
d

on
(B

o
oth

,
1902).

T
h

e
su

rv
ey

co
n
tain

s
h

ou
seh

old
-lev

el
so

cio
econ

om
ic

statu
s

ob
tain

ed
from

a
com

b
in

ation
of

in
ter-

v
iew

s
w

ith
L

o
n

d
o
n

S
ch

o
ol

B
oa

rd
v
isitors

an
d

ex
istin

g
record

s
collected

b
y

B
oard

v
isitors

d
u

rin
g

th
eir

yearly
h

om
e

in
sp

ectio
n

s. 2
0

W
e

tran
scrib

e
th

ese
d

ata
an

d
th

en
geo

co
d
e

h
ou

ses
b

ased
on

th
e

h
ou

se
n
u

m
b

er
an

d
street

n
am

e
p

rov
id

ed
in

th
e

su
rvey

an
d

create
fou

r
in

d
icators

of
h

ou
seh

old
-level

so
cio

eco
n

om
ic

statu
s

(very
p

o
o
r,

p
o
o
r,

w
ork

in
g

p
o
or,

an
d

m
id

d
le

class)
from

th
e

record
ed

so
cial

class
cla

ssifi
ca

tio
n
s. 2

1

3
E

m
p

irica
l

S
tra

te
g
y

P
rop

erty
-level

d
ata

allow
u

s
to

assess
th

e
ch

an
ge

in
ren

tal
valu

e
of

p
rop

erties
lo

cated
in

sid
e

versu
s

ou
tsid

e
of

th
e

B
ro

ad
S

treet
p

u
m

p
ca

tch
m

en
t

area
w

h
ere

th
e

ch
olera

ep
id

em
ic

w
as

con
cen

trated
.

In
p

articu
lar,

w
e

em
p

loy
a

reg
ressio

n
d

iscon
tin

u
ity

(R
D

)
d

esign
th

at
m

akes
u

se
of

th
e

ch
an

ge
in

d
isease

ra
tes

th
a
t

o
ccu

rred
at

th
e

b
ou

n
d

ary
of

th
e

catch
m

en
t

area.

2
0

P
a
ssa

g
e

o
f

th
e

E
d
u
ca

tio
n

A
ct

in
1
8
7
0

a
n
d

fu
rth

er
leg

isla
tio

n
in

1
8
7
6

to
en

fo
rce

p
rim

a
ry

sch
o
o
l

a
tten

d
a
n
ce

led
to

th
e

crea
tio

n
o
f

S
ch

o
o
l

B
o
a
rd

v
isito

rs
w

h
o

w
ere

in
ch

a
rg

e
o
f

v
isitin

g
h
o
u
seh

o
ld

s,
in

v
estig

a
tin

g
in

sta
n
ces

o
f

n
o
n
-a

tten
d
a
n
ce,

etc.
P

a
rt

o
f

th
eir

o
b
lig

a
tio

n
s

w
a
s

to
k
eep

reco
rd

s
o
f

a
ll

h
o
u
seh

o
ld

s
in

th
eir

d
istricts

a
n
d

to
u
p

d
a
te

th
em

a
n
n
u
a
lly

(W
ein

er
(1

9
9
4
),

p
3
1
).

T
h
ese

sets
o
f

reco
rd

s
co

n
stitu

te
th

e
p
rim

a
ry

so
u
rce

o
f

C
h
a
rles

B
o
o
th

’s
su

rv
ey

o
f

L
o
n
d
o
n
.

2
1

W
e

fo
llow

O
’d

ay
a
n
d

E
n
g
la

n
d
er

(1
9
9
3
)

w
h
en

tra
n
sla

tin
g

B
o
o
th

’s
p

ov
erty

cla
ssifi

ca
tio

n
s

in
to

th
e

fo
u
r

so
cio

eco
-

n
o
m

ic
ca

teg
o
ries

u
sed

in
o
u
r

a
n
a
ly

sis.
S
p

ecifi
ca

lly,
w

e
cla

ssify
ca

teg
o
ries

A
a
n
d

B
a
s

“
V

ery
P

o
o
r”

,
C

a
n
d

D
a
s

“
P

o
o
r”

,
E

a
s

“
W

o
rk

in
g

P
o
o
r”

,
a
n
d

F
a
n
d

G
a
s

“
M

id
d
le

C
la

ss”
.

R
efer

to
A

p
p

en
d
ix

T
a
b
le

B
6

fo
r

th
e

o
rig

in
a
l

eig
h
t-tier

cla
ssifi

ca
tio

n
u
sed

b
y

C
h
a
rles

B
o
o
th

.
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3
.1

C
a
tch

m
e
n
t

A
re

a
B

o
u
n
d
a
ry

A
s

orig
in

a
lly

p
rop

osed
b
y

S
n

ow
,

w
e

d
efi

n
e

th
e

catch
m

en
t

area
accord

in
g

to
a

n
etw

ork
V

oron
oi

d
iagram

o
f

S
o
h

o
,

in
w

h
ich

ea
ch

of
th

e
1
3

w
ater

p
u

m
p

s
d

efi
n

es
a

p
oin

t
an

d
th

e
cells

are
d

eterm
in

ed

accord
in

g
to

th
e

w
a
lk

in
g

d
istan

ce
to

each
p

oin
t.

W
e

calcu
late

th
e

sh
ortest

travel
d

istan
ce

b
y

p
lottin

g
th

e
w

ells
o
n

a
g
eo

referen
ced

18
54

street
m

ap
.

H
en

ce,
th

e
catch

m
en

t
area

en
com

p
asses

all

resid
en

ts
fo

r
w

h
om

th
e

B
ro

ad
S

treet
p

u
m

p
w

as
th

e
w

ater
sou

rce
in

closest
w

alk
in

g
d

istan
ce. 2

2
A

p
ictu

re
of

th
e

m
ap

w
e

em
p

loy
in

ou
r

an
aly

sis
is

sh
ow

n
in

F
igu

re
1a,

alon
gsid

e
th

e
origin

al
b

ou
n

d
ary

m
ap

p
in

g
o
f

S
n

ow
in

F
ig

u
re

2
a
.

F
igu

re
1b

d
ep

icts
th

e
catch

m
en

t
areas

for
all

p
u

m
p

s
w

h
ere

each

d
ot

in
d

ica
tes

th
e

lo
ca

tio
n

of
th

e
w

ater
p

u
m

p
s

at
th

e
tim

e
of

th
e

ou
tb

reak
,

an
d

th
e

B
S

P
catch

m
en

t

area
is

o
u

tlin
ed

in
red

. 2
3

In
b

oth
fi

gu
res,

ch
olera

d
eath

s
are

m
arked

b
y

b
lack

b
ars,

an
d

a
p

ortion

of
th

e
m

a
p

is
en

la
rged

for
cla

rity
in

F
ig

u
re

3.

A
s

is
ev

id
en

t
from

b
oth

m
a
p

s,
th

e
con

stru
cted

catch
m

en
t

areas
m

ap
closely

w
ith

th
e

sp
atial

p
attern

o
f
d

eath
s

fro
m

ch
o
lera.

A
cco

rd
in

g
to

ou
r

calcu
lation

s,
76%

of
ch

olera
d

eath
s

o
ccu

rred
w

ith
in

th
e

catch
m

en
t

area
,

w
h

ich
is

clo
se

to
th

e
fi

gu
res

calcu
lated

b
y

S
n

ow
.

C
on

tem
p

orary
accou

n
ts

also

su
gg

est
th

e
ex

isten
ce

o
f

a
d

iscon
tin

u
ity

in
ch

olera
d

eath
s

at
th

e
B

road
S

treet
p

u
m

p
b

ou
n

d
ary.

F
or

in
sta

n
ce,

J
o
h

n
S

n
ow

h
im

self
sta

ted
th

a
t

“d
eath

s
eith

er
very

m
u

ch
d

im
in

ish
ed

,
or

ceased
altogeth

er,

at
every

p
o
in

t
w

h
ere

it
b

eco
m

es
d

ecid
ed

ly
n

earer
to

sen
d

to
an

oth
er

p
u

m
p

th
an

to
th

e
on

e
in

B
road

S
treet”

(S
n

ow
,
185

5
).

F
igu

re
5a

p
lo

ts
th

e
sh

are
of

h
ou

ses
w

ith
at

least
on

e
ch

olera
d

eath
an

d
F

igu
re

5b
p

lots
th

e
sh

a
re

of
h

ou
ses

fo
r

w
h

ich
at

least
25%

of
h

ou
ses

on
th

e
b
lo

ck
ex

p
erien

ced
a

casu
alty,

p
rov

id
in

g
fu

rth
er

co
n

fi
rm

a
tio

n
of

th
is

p
attern

.

T
h

is
is

a
p

a
rticu

larly
strik

in
g

p
attern

given
th

at
th

e
b

ou
n

d
aries

d
o

n
ot

d
eterm

in
e

actu
al

assign
-

m
en

t
to

a
p

a
rticu

lar
w

ater
p

u
m

p
,

b
u

t
m

erely
d

elin
eate

th
e

likelih
o
o
d

of
u

tilizin
g

a
p

articu
lar

p
u

m
p

.

S
om

e
resid

en
ts

ju
st

o
u

tsid
e

th
e

b
ou

n
d

a
ry

m
ay

get
w

ater
from

th
e

p
u

m
p

b
ecau

se
it

is
con

v
en

ien
t

or

p
referred

for
som

e
rea

so
n

.
F

or
in

sta
n

ce,
B

road
S

treet
p

u
m

p
w

as
lo

cated
close

to
th

e
lo

cal
p

rim
ary

2
2

F
o
r

a
fo

rm
a
l

d
efi

n
itio

n
o
f

n
etw

o
rk

V
o
ro

n
o
i

d
ia

g
ra

m
s

refer
to

E
rw

ig
(2

0
0
0
),

O
ka

b
e

et
a
l.

(2
0
0
0
).

F
o
r

a
d
efi

n
itio

n
a
p
p
lied

to
th

e
J
o
h
n

S
n
ow

’s
ch

o
lera

m
a
p
,

refer
to

S
h
io

d
e

(2
0
1
2
).

W
e

d
eterm

in
e

ca
tch

m
en

t
a
rea

s
u
sin

g
th

e
C
lo
sest

F
a
cility

so
lv

er
in

A
rcG

IS
N

etw
o
rk

A
n
a
ly

st.
2
3

F
o
llow

in
g

p
rev

io
u
s

litera
tu

re
(e.g

.,
S
h
io

d
e

(2
0
1
2
))

a
n
d

J
o
h
n

S
n
ow

’s
ow

n
a
cco

u
n
ts,

w
e

d
isca

rd
th

e
p
u
m

p
lo

ca
ted

o
n

L
ittle

M
a
rlb

o
ro

u
g
h

S
t.

w
h
en

co
n
stru

ctin
g

th
e

ca
tch

m
en

t
a
rea

s.
In

h
is

ch
o
lera

rep
o
rt,

J
o
h
n

S
n
ow

sta
tes

th
a
t

“
th

e
w

a
ter

o
f

th
e

p
u
m

p
in

M
a
rlb

o
ro

u
g
h

S
treet,

a
t

th
e

en
d

o
f

C
a
rn

a
b
y

S
treet,

w
a
s

so
im

p
u
re

th
a
t

m
a
n
y

p
eo

p
le

av
o
id

ed
u
sin

g
it.

A
n
d

I
fo

u
n
d

th
a
t

th
e

p
erso

n
s

w
h
o

d
ied

n
ea

r
th

is
p
u
m

p
in

th
e

b
eg

in
n
in

g
o
f

S
ep

tem
b

er,
h
a
d

w
a
ter

fro
m

th
e

B
ro

a
d

S
treet

P
u
m

p
”

(S
n
ow

,
1
8
5
5
)
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sch
o
ol,

a
n

d
an

ecd
otally

ch
ild

ren
d

ran
k

from
th

e
p

u
m

p
on

th
eir

w
ay

to
sch

o
ol. 2

4

A
few

d
iscrep

a
n

cies
b

etw
een

th
e

tw
o

m
ap

s
in

F
igu

re
2

m
erit

ex
p

lan
ation

.
F

irst,
th

ere
are

tw
o

reg
ion

s
o
f

th
e

m
a
p

in
w

h
ich

o
u

r
ca

lcu
la

tion
of

m
in

im
u

m
w

alk
in

g
d

istan
ce

d
iff

ers
from

th
at

of
S

n
ow

.

In
th

e
low

er
rig

h
t-h

a
n

d
co

rn
er

of
S

t.
J
am

es,
S

n
ow

assign
s

a
clu

ster
of

h
ou

ses
on

B
erw

ick
S

t.
to

th
e

B
ro

ad
S

treet
p

u
m

p
catch

m
en

t
a
rea,

w
h

en
th

ey
are

clearly
closer

to
th

e
R

u
p

ert
S

t.
p

u
m

p
(on

b
oth

h
is

m
a
p

a
n

d
th

e
C

o
o
p

er
m

a
p

).
W

h
ile

it
is

tru
e

th
at

a
d

isp
rop

ortion
ate

n
u

m
b

er
of

d
eath

s
o
ccu

rred
in

th
ese

h
o
u

ses,
th

ere
is

n
o

record
ed

in
form

ation
on

resid
en

ts
of

th
is

n
eigh

b
orh

o
o
d

fav
orin

g
th

e
B

road

S
treet

p
u

m
p

,
so

w
e

ch
o
ose

to
in

clu
d

e
th

em
in

th
e

catch
m

en
t

area.
S

econ
d

,
b

ased
on

n
u

m
erou

s

h
isto

rica
l

a
cco

u
n
ts,

th
e

p
u

m
p

a
t

L
ittle

M
arlb

orou
gh

S
t.

w
as

v
ery

rarely
u

sed
for

d
rin

k
in

g
w

ater

b
ecau

se
o
f

th
e

fo
u

l
sm

ell
a
n

d
taste

of
su

lp
h
u

r.
A

s
S

n
ow

an
d

W
h

iteh
ead

d
o
cu

m
en

ted
in

in
terv

iew
s

w
ith

resid
en

ts
o
f

h
o
u

ses
lo

cated
closest

to
th

is
p

u
m

p
,

b
ecau

se
B

road
S

treet
p

u
m

p
w

as
less

th
an

10
0

m
eters

from
L

ittle
M

arlb
o
rou

g
h

p
u

m
p

,
th

ey
p

referred
to

get
d

rin
k
in

g
w

ater
from

B
road

S
treet,

a
fact

S
n

ow
u

n
covered

in
seek

in
g

to
ex

p
lain

w
h
y

so
m

an
y

resid
en

ts
of

th
e

area
b

ecam
e

in
fected

w
ith

ch
o
lera

w
h

en
th

e
M

a
rlb

oro
u
gh

p
u

m
p

w
as

n
ot

con
tam

in
ated

.
G

iv
en

th
is,

w
e

ex
clu

d
e

th
e

L
ittle

M
a
rlb

o
rou

g
h

p
u

m
p

fro
m

a
m

on
g

th
e

p
oin

ts
on

th
e

V
oron

oi
m

ap
.

S
in

ce
it

is
p

ossib
le

th
at

S
n
ow

h
ad

b
etter

in
fo

rm
a
tio

n
on

actu
al

w
alk

in
g

d
istan

ce
th

an
w

e
d

o
n

ow
,

in
S

ection
4

w
e

verify
th

at
ou

r

estim
ates

a
re

rob
u

st
to

th
ose

u
sin

g
th

e
catch

m
en

t
area

as
d

raw
n

b
y

S
n

ow
.

3
.2

R
D

S
p

e
cifi

ca
tio

n

W
e

u
se

a
sp

atial
reg

ressio
n

d
iscon

tin
u

ity
(R

D
)

d
esign

th
at

takes
ad

van
tage

of
th

e
d

iscon
tin

u
ity

in
d

ea
th

s
ca

u
sed

b
y

w
ell

a
ccess

to
estim

ate
th

e
eff

ect
of

ch
olera

on
real

estate
ou

tcom
es.

W
e

p
resen

t
resu

lts
u

sin
g

tw
o

ap
p

ro
ach

es
ty

p
ically

follow
ed

in
th

e
sp

atial
R

D
literatu

re.
F

irst,
w

e

ex
p

lo
it

th
e

tw
o-d

im
en

sion
al

n
a
tu

re
o
f

th
e

B
S

P
b

ou
n

d
ary

to
estim

ate
co

n
d
itio

n
a
l

trea
tm

en
t

eff
ects

at
variou

s
p

o
in

ts
alon

g
th

e
treatm

en
t

b
ou

n
d

ary
follow

in
g

Im
b

en
s

an
d

Z
a
jon

c
(2011). 2

5
S

econ
d

,
w

e

fo
llow

th
e

u
su

a
l

ap
p

ro
ach

in
th

e
litera

tu
re

b
y

sp
ecify

in
g

a
on

e-d
im

en
sion

al
forcin

g
variab

le,
n

am
ely

2
4

It
is

a
lso

p
o
ssib

le
th

a
t,

a
fter

th
e

o
n
set

o
f

th
e

ep
id

em
ic,

th
ere

m
ay

h
av

e
b

een
so

u
rces

o
f

seco
n
d
a
ry

in
fectio

n
o
f

a
n

in
d
eterm

in
a
te

lo
ca

tio
n
.

T
h
a
t

is,
sin

ce
th

e
d
isea

se
is

sp
rea

d
th

ro
u
g
h

feca
l-o

ra
l

p
a
th

o
g
en

s,
w

a
ste

fro
m

ch
o
lera

v
ictim

s
co

u
ld

h
av

e
in

fected
o
th

ers
th

ro
u
g
h

th
e

sta
n
d
a
rd

ch
a
n
n
els

o
f

d
ia

rrh
ea

l
d
isea

se
tra

n
sm

issio
n

(e.g
.

d
irty

h
a
n
d

o
f

in
d
iv

id
u
a
ls

ten
d
in

g
to

v
ictim

s).
H

ow
ev

er,
ch

o
lera

is
h
a
rd

to
ca

tch
sin

ce
th

e
b
a
cteria

m
u
st

b
e

in
g
ested

so
so

u
rces

o
f

in
fectio

n
a
re

lik
ely

to
h
av

e
b

een
lim

ited
to

w
ith

in
th

e
sa

m
e

h
o
u
seh

o
ld

w
h
ere

w
a
ter

in
sto

ra
g
e

m
ay

b
eco

m
e

co
n
ta

m
in

a
ted

.
2
5

A
lth

o
u
g
h

th
ere

a
re

m
u
ltip

le
stu

d
ies

ex
p
lo

rin
g

R
D

m
eth

o
d
s

w
ith

a
m

u
ltid

im
en

sio
n
a
l

fo
rcin

g
va

ria
b
le

(e.g
.

R
ea

r-
d
o
n

a
n
d

R
o
b
in

so
n

(2
0
1
0
),

W
o
n
g

et
a
l.

(2
0
1
2
),

K
eele

a
n
d

T
itiu

n
ik

(2
0
1
3
)),

w
e

m
o
stly

fo
llow

th
e

n
o
ta

tio
n

a
n
d

term
in

o
lo

g
y

in
Im

b
en

s
a
n
d

Z
a
jo

n
c

(2
0
1
1
).
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th
e

d
ista

n
ce

to
th

e
closest

p
o
in

t
in

th
e

B
S

P
b

ou
n

d
ary. 2

6
T

h
is

is
th

e
eq

u
ivalen

t
of

su
b

tractin
g

th
e

cu
toff

va
lu

e
from

th
e

forcin
g

variab
le

in
th

e
on

e-d
im

en
sion

al
d

esign
an

d
th

en
u

sin
g

th
is

tran
sform

ed

fo
rcin

g
va

ria
b

le
to

estim
a
te

a
sin

g
le,

b
ou

n
d

ary
-w

id
e

av
erage

eff
ect.

B
ro

a
d

ly
sp

eak
in

g,
th

e
fi

rst
ap

p
ro

ach
estim

ates
treatm

en
t

eff
ects

u
sin

g
ob

servation
s

w
ith

in
a

n
eig

h
b

o
rh

o
o
d

of
a

sp
ecifi

c
p

oin
t

in
th

e
treatm

en
t

b
ou

n
d

ary.
T

h
is

ex
ercise

is
th

en
rep

eated
for

var-

io
u

s
p

o
in

ts
alon

g
th

is
b

ou
n

d
ary

th
u

s
p

rov
id

in
g

a
d

istrib
u

tion
of

th
ese

eff
ects

alon
g

th
is

d
im

en
sion

.

F
orm

a
lly,

let
b
j

w
ith

j
=

1,...,J
d

en
ote

th
e

co
ord

in
ate

vector
of

p
oin

t
j

on
th

e
B

S
P

b
ou

n
d

ary

an
d

let
N
h

(b
j )

d
en

o
te

a
n

eig
h
b

o
rh

o
o
d

of
size

h
m

eters
arou

n
d

th
is

p
oin

t.
T

o
ob

tain
th

e
im

p
act

o
f

ch
olera

ex
p

o
su

re
o
n

p
rop

erty
va

lu
es

at
b

ou
n

d
ary

p
oin

t
b
j ,

w
e

u
se

lo
cal

p
oly

n
om

ial
regression

.

S
p

ecifi
cally,

w
e

estim
a
te

th
e

eq
u

a
tio

n
b

elow
for

p
rop

erties
w

ith
in

n
eigh

b
orh

o
o
d
N
h

(b
j ):

y
it

=
α

+
γ
B
S
P
i
+
f

(X
i )

+
W
′it β

+
ε
it

for
X
i
<
h

(1)

w
h

ere
y
it

is
a

m
easu

re
o
f

p
ro

p
erty

i’s
valu

e
in

year
t;
B
S
P
i

is
an

in
d

icator
eq

u
al

to
1

if
p
rop

erty
i

fa
lls

in
sid

e
th

e
B

S
P

catch
m

en
t

a
rea;

X
i

is
th

e
d

istan
ce

in
m

eters
b

etw
een

p
rop

erty
i

an
d

p
oin

t
b
j

on

th
e

B
S

P
b

o
u

n
d

a
ry

;
an

d
f

(.)
is

a
p

oly
n

om
ial

of
ord

er
K

w
ith

f
(X

i )
=

K∑k
=
1

δ
kX

ki
w

h
ere

th
e

op
tim

al

ch
oice

o
f
K

is
d

eterm
in

ed
u

sin
g

A
ka

ik
e’s

criterion
as

in
B

lack
et

al.
(2007)

an
d

su
ggested

in
L

ee

a
n

d
L

em
ieu

x
(20

1
0).

W
h

ile
b
aselin

e
covariates

are
n

ot
n

eed
ed

for
id

en
tifi

cation
in

th
e

R
D

setu
p

,

th
ey

ca
n

im
p

rove
th

e
p

recisio
n

of
th

e
estim

ates
(e.g.,

L
ee

(2008),
Im

b
en

s
an

d
L

em
ieu

x
(2008)),

th
erefore

w
e

in
clu

d
e

vector
W

it
of

p
rop

erty
an

d
street

level
ch

aracteristics
in

year
t.

T
ab

le
1

p
rov

id
es

su
m

m
ary

sta
tistics

fo
r

th
ese

covariates
in

th
e

p
re-ou

tb
reak

p
erio

d
.

B
an

d
w

id
th
h

is
ch

osen

op
tim

ally
fo

llow
in

g
Im

b
en

s
an

d
K

a
lyan

aram
an

(2012). 2
7

In
th

e
ab

ove
eq

u
ation

,
γ

is
th

e
cau

sal

eff
ect

o
f

ex
p

osu
re

to
ch

o
lera

on
y
it

a
t

p
oin

t
b
j . 2

8

A
s

d
iscu

ssed
in

Im
b

en
s

a
n

d
Z

a
jo

n
c

(2011)
an

d
d

en
otin

g
th

e
estim

ate
of

th
e

con
d

ition
al

treat-

2
6

S
ee

H
o
lm

es
(1

9
9
8
),

B
la

ck
(1

9
9
9
),

K
a
n
e

et
a
l.

(2
0
0
6
),

L
a
liv

e
(2

0
0
8
),

a
n
d

D
ell

(2
0
1
0
)

fo
r

ex
a
m

p
les

o
f

p
a
p

ers
em

p
loy

in
g

a
n

R
D

d
esig

n
w

ith
d
ista

n
ce

to
th

e
trea

tm
en

t
th

resh
o
ld

a
s

th
e

fo
rcin

g
va

ria
b
le.

2
7

In
th

e
lo

ca
l
R

D
settin

g
,

o
u
r

ch
o
ice

o
f

b
a
n
d
w

id
th

ca
n

b
e

in
terp

reted
a
s

u
sin

g
a

recta
n
g
u
la

r
k
ern

el
w

ith
b
a
n
d
w

id
th

h
.

A
lth

o
u
g
h

so
m

e
stu

d
ies

su
g
g
est

a
n
d

u
se

a
tria

n
g
u
la

r
k
ern

el
(e.g

.,
F

a
n

a
n
d

G
ijb

els
(1

9
9
6
),

Im
b

en
s

a
n
d

Z
a

jo
n
c

(2
0
1
1
),

K
eele

a
n
d

T
itiu

n
ik

(2
0
1
3
)),

o
u
r

ch
o
ice

o
f

a
sim

p
le

recta
n
g
u
la

r
k
ern

el
is

fo
r

p
ra

ctica
l

p
u
rp

o
ses.

L
ee

a
n
d

L
em

ieu
x

(2
0
1
0
)

sta
te

th
a
t,

in
th

e
R

D
settin

g
,

k
ern

el
ch

o
ice

h
a
s

little
im

p
a
ct

in
p
ra

ctice
th

erefo
re

sim
p
le

k
ern

els
(i.e.,

recta
n
g
u
la

r)
ca

n
b

e
u
sed

fo
r

co
n
v
en

ien
ce.

2
8

N
o
te

th
a
t

th
e

m
eth

o
d

u
sed

in
th

is
p
a
p

er
d
iff

ers
fro

m
Im

b
en

s
a
n
d

Z
a
jo

n
c

(2
0
1
1
)

in
tw

o
a
sp

ects.
F

irst,
w

e
u
se

lo
ca

l
p

o
ly

n
o
m

ia
l

reg
ressio

n
in

stea
d

o
f

lo
ca

l
lin

ea
r

reg
ressio

n
.

S
eco

n
d
,

w
e

d
o

n
o
t

sp
ecify

a
n
y

k
ern

el
fu

n
ctio

n
to

w
eig

h
t

o
b
serva

tio
n
s

n
ea

r
th

e
trea

tm
en

t
b

o
u
n
d
a
ry.

T
h
is

is
p
rim

a
rily

d
o
n
e

fo
r

co
n
v
en

ien
ce

sin
ce,

in
th

e
R

D
settin

g
,

k
ern

el
ch

o
ice

h
a
s

little
im

p
a
ct

o
n

resu
lts

(L
ee

a
n
d

L
em

ieu
x
,

2
0
1
0
).
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m
en

t
eff

ect
at

p
o
in

t
b
j

a
s
γ̂

(b
j ),

w
e

estim
ate

a
b

ou
n

d
ary

average
eff

ect
γ

as:

γ̂
= ∑

Jj=
1
γ̂

(b
j )·

ĝ
(b

j )
∑

Jj=
1
ĝ
(b

j )
(2)

w
h

ere
ĝ
(.)

is
th

e
estim

a
ted

b
iva

ria
te

d
en

sity
of

p
rop

erties’
co

ord
in

ate
vectors

evalu
ated

at
b

ou
n

d
ary

p
o
in

ts
b
j

a
n

d
each

γ̂
(b

j )
is

estim
ated

u
sin

g
E

q
u

ation
(1)

ab
ov

e
w

ith
in

n
eigh

b
orh

o
o
d
N
h

(b
j ). 2

9

L
ettin

g
s
∈

S
d

en
o
te

th
e

co
o
rd

in
a
te

vector
of

a
p

rop
erty

an
d
B

d
en

ote
th

e
set

of
all

b
ou

n
d

ary

p
oin

ts
(i.e.,

n
o
t

on
ly

th
e
J

p
o
in

ts
u

sed
in

estim
ation

),
th

e
ex

p
ression

ab
ov

e
p

rov
id

es
an

estim
ate

of

th
e

av
era

ge
eff

ect
γ

given
b
y ∫

s∈
B
γ

(s)g
(s
|
S
∈
B

)d
s

= ∫
s∈

B
γ

(s)·g
(s)d

s
∫
s∈

B
g
(s)d

s
.

In
su

b
seq

u
en

t
d

iscu
ssion

s

of
resu

lts,
w

e
refer

to
th

e
estim

a
te

in
E

q
u

ation
2

as
th

e
a
vera

ged
co

n
d
itio

n
a
l

trea
tm

en
t

eff
ects.

F
o
llow

in
g

Im
b

en
s

a
n
d

Z
a

jon
c

(2
0
11),

w
e

ch
o
ose

a
n
u

m
b

er
of

even
ly

sp
aced

b
ou

n
d

ary
p

oin
ts

b
j

th
at

cover
th

e
b

ou
n

d
ary

rea
so

n
ab

ly
w

ell.
W

e
in

itially
ch

o
ose

80
b

ou
n

d
ary

p
oin

ts
b

u
t

to
as-

sess
th

e
sen

sitiv
ity

of
th

e
resu

lts
w

e
rep

eat
th

e
ex

ercise
u

sin
g

h
alf

th
e

n
u

m
b

er
of

p
oin

ts
b
j .

T
o

sa
tisfy

th
e

B
o
u

n
d

ary
P

o
sitiv

ity
assu

m
p

tion
(Im

b
en

s
an

d
Z

a
jon

c,
2011),

w
e

restrict
th

e
an

aly
sis

to

n
eigh

b
o
rh

o
o
d

s
N
h

(b
j )

w
ith

a
t

least
on

e
p

rop
erty

on
each

sid
e

an
d

w
ith

in
close

d
istan

ce
of

th
e

treatm
en

t
b

ou
n

d
ary. 3

0
A

fter
th

ese
restriction

s
an

d
giv

en
th

e
sp

atial
d

istrib
u

tion
of

ou
r

1853-64,

193
6

an
d

19
9
5-2

013
sa

m
p
les

alon
g

th
e

B
S

P
b

ou
n

d
ary,

w
e

are
ab

le
to

estim
ate

con
d

ition
al

treatm
en

t

eff
ects

fo
r

4
7
,

25
,

an
d

26
b

ou
n

d
a
ry

p
oin

ts
b
j ,

resp
ectiv

ely,
ou

t
of

th
e

80
p

oin
ts

d
raw

n
in

itially.
F

or

illu
stra

tion
,

F
ig

u
re

1
1

p
resen

ts
th

e
set

of
b

ou
n

d
ary

p
oin

ts
b
j

for
w

h
ich

w
e

are
ab

le
to

estim
ate

con
d

itio
n

a
l

trea
tm

en
t

eff
ects

u
sin

g
th

e
1853-1864,

1936,
an

d
cu

rren
t

h
ou

se
valu

es
sam

p
les.

F
or

th
e

ca
se

w
h

ere
w

e
follow

th
e

o
n

e-d
im

en
sion

al
ap

p
roach

,
w

e
estim

ate
E

q
u

ation
(1)

for
all

p
ro

p
erties

w
ith

in
d

istan
ce

h
of

th
e

en
tire

B
S

P
b

ou
n

d
ary

rath
er

th
an

for
sp

ecifi
c

n
eigh

b
orh

o
o
d

s

N
h

(b
j )

a
lon

g
th

is
b

ou
n

d
a
ry.

2
9

W
e

estim
a
te

th
e

b
iva

ria
te

d
en

sity
v
ia

k
ern

el
d
en

sity
estim

a
tio

n
u
sin

g
th

e
K
ern

el
D
en

sity
to

o
l

in
A

rcG
IS

S
p
a
tia

l
A

n
a
ly

st.
3
0

B
o
u
n
d
a
ry

P
o
sitiv

ity
req

u
ires

th
e

ex
isten

ce
o
f

o
b
serva

tio
n
s

n
ea

r
th

e
b

o
u
n
d
a
ry

in
o
rd

er
to

id
en

tify
th

e
trea

tm
en

t
eff

ect
in

th
e

m
u
ltid

im
en

sio
n
a
l

R
D

settin
g
.

M
o
re

sp
ecifi

ca
lly,

lettin
g
L

i
d
en

o
te

th
e

la
titu

d
e

a
n
d

lo
n
g
itu

d
e

o
f

p
ro

p
erty

i,
B

o
u
n
d
a
ry

P
o
sitiv

ity
req

u
ires

th
a
t

fo
r

a
ll

b
j

a
n
d
ε
>

0
,

th
ere

a
re

p
ro

p
erties

fo
r

w
h
ich

P
(L

i
∈

N
h

(b
j ))

>
0
.

In
th

e
estim

a
tio

n
,

w
e

o
n
ly

u
se

n
eig

h
b

o
rh

o
o
d
s

fo
r

w
h
ich

th
ere

is
a
t

lea
st

o
n
e

p
ro

p
erty

w
ith

in
1
5

to
2
0

m
eters

(d
ep

en
d
in

g
o
n

th
e

sp
ecifi

ca
tio

n
)

o
n

ea
ch

sid
e

o
f

th
e

trea
tm

en
t

b
o
u
n
d
a
ry.

T
h
e

ch
o
ice

o
f

1
5

to
2
0

m
eters

co
rresp

o
n
d
s

to
a
b

o
u
t

o
n
e-q

u
a
rter

o
f

th
e

o
p
tim

a
l

b
a
n
d
w

id
th
h

fo
r

th
e

co
rresp

o
n
d
in

g
sp

ecifi
ca

tio
n
.

A
u
th

o
rs

ca
n

p
rov

id
e

resu
lts

u
sin

g
d
iff

eren
t

cu
to

ff
s

u
p

o
n

req
u
est.16



3
.3

V
a
lid

ity
o
f

R
D

d
e
sig

n

Id
en

tifi
ca

tio
n

o
f

th
e

treatm
en

t
eff

ect
in

E
q
u

ation
(1)

req
u

ires
th

at
p

oten
tial

ou
tcom

e
fu

n
ction

s

E
[v
i (1

)|X
i ]

a
n

d
E

[v
i (0

)|X
i ],

w
h

ere
v
i (1

)
an

d
v
i (0)

d
en

ote
th

e
ou

tcom
e

u
n

d
er

treatm
en

t
an

d
con

trol,

resp
ectively,

m
u
st

b
e

con
tin

u
ou

s
at

th
e

treatm
en

t
b

ou
n

d
ary.

B
road

ly
sp

eak
in

g,
th

e
assu

m
p

tion

im
p

lies
th

a
t

all
p

ro
p

erty
ch

ara
cteristics

(i.e.,
d

eterm
in

an
ts

of
v
i )

m
u

st
b

e
a

con
tin

u
ou

s
fu

n
ction

of

d
istan

ce
to

th
e

B
S

P
b

ou
n

d
ary.

T
h

is
a
llow

s
p

rop
erties

th
at

are
geograp

h
ically

close
to

th
e

B
S

P

b
ou

n
d

a
ry

to
serve

as
p

la
u

sib
le

cou
n
terfactu

als
for

sim
ilar

p
rop

erties
in

sid
e

th
e

B
S

P
area.

W
e

test
th

e
va

lid
ity

o
f

th
is

a
ssu

m
p

tion
b
y

ex
am

in
in

g
th

e
sim

ilarity
across

th
e

b
ou

n
d

ary
of

n
eigh

b
o
rh

o
o
d

featu
res

in
th

e
yea

r
p

rio
r

to
th

e
ep

id
em

ic,
in

clu
d

in
g

ren
tal

p
rices

an
d

p
rop

erty
tax

assessm
en

ts
reco

rd
ed

in
1
853

,
a
n

d
n

eig
h
b

orh
o
o
d

am
en

ities
m

easu
red

at
th

e
tim

e
of

th
e

ep
id

em
ic.

T
ab

le
1

co
m

p
a
res

va
rio

u
s

p
rop

erty
ch

aracteristics
in

sid
e

an
d

ou
tsid

e
of

B
S

P
b

ou
n

d
ary.

C
olu

m
n

s

(1
)

a
n

d
(2)

p
rov

id
e

m
ean

ch
ara

cteristics
for

th
e

fu
ll

estim
ation

sam
p

le,
C

olu
m

n
s

(4)
an

d
(5)

p
rov

id
e

th
e

sa
m

e
in

fo
rm

a
tio

n
fo

r
p

rop
erties

w
ith

in
100

m
eters

of
th

e
b

ou
n

d
ary,

an
d

C
olu

m
n

s
(3)

an
d

(6)

p
resen

t
th

e
stan

d
ard

erro
r

for
th

e
d

iff
eren

ce
in

m
ean

s
for

th
eir

resp
ective

sp
ecifi

cation
s

clu
stered

at
th

e
b

lo
ck

level. 3
1

A
lth

o
u

gh
th

ere
are

sign
ifi

can
t

d
iff

eren
ces

in
m

ean
s

across
all

p
rop

erties,

w
h

en
w

e
con

sid
er

on
ly

p
ro

p
erties

w
ith

in
a

100-m
eter

b
an

d
w

id
th

–
th

e
largest

w
e

con
sid

er
in

th
e

em
p

irical
an

a
ly

sis
–,

th
e

d
iff

eren
ce

in
ch

aracteristics
b

etw
een

catch
m

en
t

area
an

d
n

on
-catch

m
en

t

a
rea

p
ro

p
erties

d
ecreases

in
m

ag
n

itu
d

e
an

d
m

an
y

b
ecom

e
statistically

in
sign

ifi
can

t.

F
o
r

a
b

etter
d

ep
iction

of
th

e
con

tin
u
ity

of
b

aselin
e

covariates
across

th
e

B
S

P
b

ou
n

d
ary,

refer

to
F

ig
u

re
7

w
h

ich
p

resen
ts

averag
es

for
con

tin
u

ou
s

20-m
eter

d
istan

ce
b

in
s.

T
o

p
rov

id
e

a
m

ore

m
ean

in
gfu

l
a
ssessm

en
t

o
f

th
e

con
tin

u
ity

assu
m

p
tion

,
C

olu
m

n
s

(7)
an

d
(8)

in
T

ab
le

1
p

resen
t

th
e

co
effi

cien
ts

a
n

d
ro

b
u

st
stan

d
ard

erro
rs

from
th

e
estim

ation
of

a
m

o
d

ifi
cation

of
E

q
u

ation
(1)

u
sin

g

ea
ch

va
ria

b
le

in
T

a
b

le
1

as
th

e
d

ep
en

d
en

t
variab

le. 3
2

F
or

com
p

arab
ility,

all
estim

ation
s

in
C

olu
m

n

(7)
u

se
th

e
sam

e
b

an
d

w
id

th
(2

7.5
m

eters). 3
3

T
ab

le
2

verifi
es

th
at

ren
tal

p
rices

in
1853

are
sm

o
oth

at
th

e
b

ou
n

d
ary

in
p

aram
etric

R
D

sp
ecifi

-

3
1

F
o
r

referen
ce,

T
a
b
le

B
1

p
rov

id
es

C
o
n
ley

(1
9
9
9
)

sta
n
d
a
rd

erro
rs

a
d
ju

sted
fo

r
sp

a
tia

l
co

rrela
tio

n
a
lo

n
g

th
e

b
lo

ck
lev

el
clu

stered
sta

n
d
a
rd

erro
rs.

S
ta

n
d
a
rd

erro
rs

u
sin

g
eith

er
m

eth
o
d

d
o

n
o
t

va
ry

sig
n
ifi

ca
n
tly.

3
2

M
o
re

sp
ecifi

ca
lly,

C
o
lu

m
n

(7
)

p
resen

ts
th

e
estim

a
te

o
f
γ

in
w

it
=
α

+
γ
B
S
P
i
+
f

(X
i )

+
ε
it

fo
r
X

i
<
h

,
w

h
ere

w
it

is
a

b
a
selin

e
cova

ria
te

in
T

a
b
le

1
.

F
o
r

th
e

R
D

p
o
ly

n
o
m

ia
l,

w
e

u
se

a
lo

ca
l

lin
ea

r
reg

ressio
n

sp
ecifi

ca
tio

n
w

h
ere

f
(X

i )
=
ρ
X

i
+
φ
B
S
P
i ∗
X

i
3
3

U
sin

g
a

d
iff

eren
t

o
u
tco

m
e

va
ria

b
le

y
ield

s
a

d
iff

eren
t

o
p
tim

a
l

b
a
n
d
w

id
th

in
ea

ch
estim

a
tio

n
,

h
ow

ev
er,

fo
r

co
m

p
a
-

ra
b
ility

a
m

o
n
g

a
ll

va
ria

b
les,

w
e

p
resen

t
th

e
resu

lts
u
sin

g
th

e
m

in
im

u
m

o
f

a
ll

o
p
tim

a
l

b
a
n
d
w

id
th

s.
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cation
s

th
a
t

con
d

ition
o
n

a
th

ird
-ord

er
p

oly
n

om
ial

in
d

istan
ce

to
b

ou
n

d
ary

rath
er

th
an

lo
cal

lin
ear

reg
ressio

n
s,

w
ith

stan
d

a
rd

erro
rs

clu
stered

at
th

e
b

lo
ck

level. 3
4

T
h

e
regression

s
in

T
ab

le
2

d
iff

er

w
ith

resp
ect

to
th

e
b

a
n

d
w

id
th

ch
o
sen

,
con

trol
variab

les
in

clu
d

ed
,

an
d

th
e

level
of

clu
sterin

g.
In

C
olu

m
n

(2),
th

e
sa

m
p

le
is

restricted
to

ob
servation

s
th

at
fall

w
ith

in
th

e
op

tim
al

b
an

d
w

id
th

(28)

ch
osen

a
s

su
g
g
ested

b
y

Im
b

en
s

a
n

d
K

a
lyan

aram
an

(2012),
an

d
in

clu
d

es
con

trols
for

all
covariates

listed
in

T
a
b

le
1

a
n

d
sta

n
d

a
rd

erro
rs

clu
stered

at
th

e
b

lo
ck

level.

W
e

a
lso

a
lter

th
e

b
a
n

d
w

id
th

to
a

n
arrow

er
(C

olu
m

n
(3))

an
d

a
w

id
er

m
argin

(n
ot

sh
ow

n
)

to

test
th

e
sen

sitiv
ity

o
f

o
u

r
resu

lts
to

ex
clu

d
in

g
an

d
in

clu
d

in
g

ob
servation

s
farth

er
aw

ay
from

th
e

b
ord

er.
T

h
e

b
an

d
w

id
th

s
ch

o
sen

fo
r

th
e

n
arrow

an
d

w
id

e
sp

ecifi
cation

refl
ect

th
e

n
arrow

est
an

d

w
id

est
b

a
n

d
w

id
th

s
in

w
h

ich
o
u

r
estim

a
tes

rem
ain

statistically
rob

u
st,

alth
ou

gh
it

is
w

orth
n

otin
g

th
a
t

th
e

p
o
in

t
estim

ates
a
re

sim
ila

r
in

m
agn

itu
d

e
u

n
d

er
a

b
road

er
ran

ge
of

b
an

d
w

id
th

valu
es.

In

C
olu

m
n

(4
)

w
e

verify
th

a
t

ou
r

estim
a
tes

are
rob

u
st

to
a

larger
lev

el
of

clu
sterin

g
(street)

an
d

in

C
olu

m
n

(5)
w

e
in

clu
d

e
fi

x
ed

eff
ects

for
th

e
d

iff
eren

t
segm

en
ts

alon
g

th
e

b
ou

n
d

ary.

O
vera

ll,
T

ab
le

1
a
n

d
2

reveal
a

ro
b

u
st

ab
sen

ce
of

d
iff

eren
ces

b
etw

een
h

ou
ses

in
sid

e
an

d
ou

tsid
e

th
e

B
S

P
b

o
u

n
d

ary
w

ith
resp

ect
to

real
estate

valu
es.

N
o

d
iff

eren
ces

in
ren

tal
p

rices
th

e
year

p
rio

r
to

th
e

ep
id

em
ic

em
erg

e
w

h
en

w
e

con
trol

for
all

p
ossib

le
covariates,

n
or

w
h

en
w

e
alter

th
e

b
a
n

d
w

id
th

to
b

e
as

n
a
rrow

as
24

m
eters

n
or

as
w

id
e

as
70,

w
h

ich
en

com
p

asses
92%

of
th

e
B

road

S
treet

p
u

m
p

catch
m

en
t

area
.

R
esu

lts
are

also
rob

u
st

to
clu

sterin
g

stan
d

ard
errors

b
y

street,
as

w
ell

a
s

con
trols

fo
r

catego
ries

o
f

street
w

id
th

(n
ot

sh
ow

n
).

T
h

e
p

attern
s

in
T

ab
le

1
in

d
icate

th
at,

p
rio

r
to

th
e

o
u

tb
reak

,
p

ro
p

erties
o
n

eith
er

sid
e

of
th

e
B

S
P

b
ou

n
d

ary
are

very
sim

ilar:
for

18
ou

t
of

th
e

1
9

b
aselin

e
ch

ara
cteristics

th
e

R
D

co
effi

cien
ts

are
statistically

in
sign

ifi
can

t.
M

ore
im

p
ortan

tly,

m
easu

res
o
f

p
rop

erty
valu

e
(i.e.,

ren
ta

l
p

rices,
assessed

an
d

ex
on

erated
tax

es)
d

o
n

ot
d

iff
er

across

th
e

b
o
u

n
d

ary,
so

sig
n

ifi
can

t
d

iff
eren

ces
b

etw
een

p
rop

erties
on

eith
er

sid
e

of
th

e
b

ou
n

d
ary

in
th

e

p
ost-ou

tb
reak

p
erio

d
can

n
ot

b
e

attrib
u

ted
to

p
re-ex

istin
g

d
iff

eren
ces.

Id
en

tifi
ca

tio
n

of
th

e
trea

tm
en

t
eff

ect
in

E
q
u

ation
s

(1)
an

d
(2)

also
req

u
ires

th
at

th
ere

b
e

n
o

en
d

o
gen

ou
s

sortin
g

o
f
p

rop
erties

(an
d

in
d

iv
id

u
als)

w
ith

in
a

close
w

in
d

ow
arou

n
d

th
e

B
S

P
b

ou
n

d
ary.

S
u

p
p

o
rt

fo
r

th
is

assu
m

p
tio

n
com

es
fro

m
th

e
fact

th
at

th
e

B
S

P
b

ou
n

d
ary

is
solely

d
eterm

in
ed

b
y

w
h

eth
er

p
ro

p
erties

h
av

e
b

etter
access

to
th

e
w

ater
p

u
m

p
on

B
road

S
treet

relative
to

th
e

oth
er

3
4

O
p
tim

a
l

p
o
ly

n
o
m

ia
l

o
rd

er
o
f

th
ree

w
a
s

d
eterm

in
ed

u
sin

g
A

ka
ik

e’s
criterio

n
a
s

d
eta

iled
in

B
la

ck
et

a
l.

(2
0
0
7
)

a
n
d

su
g
g
ested

in
L

ee
a
n
d

L
em

ieu
x

(2
0
1
0
).
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p
u

m
p

s
in

S
o
h

o
a
t

th
e

tim
e. 3

5
T

h
u

s
co

n
sid

erin
g

th
at

th
ere

is
n

o
ob

v
iou

s
d

istin
ction

b
etw

een
p

u
m

p
s

a
n

d
th

a
t

w
a
ter

is
a

rela
tively

h
o
m

og
en

eou
s

go
o
d

,
th

ere
is

n
o

clear
in

cen
tive

for
p

rop
erties

or

in
d

iv
id

u
als

to
so

rt
n

ea
r

th
e

b
ou

n
d

ary
o
f

th
e

catch
m

en
t

area
of

a
sp

ecifi
c

p
u

m
p

.

In
ord

er
to

p
rov

id
e

a
m

o
re

q
u

an
tita

tive
assessm

en
t

on
th

e
valid

ity
of

th
is

assu
m

p
tion

,
F

igu
re

6a

sh
ow

s
a

h
isto

gra
m

o
f

th
e

fo
rcin

g
va

ria
b

le
(d

istan
ce

to
th

e
B

S
P

b
ou

n
d

ary
)

th
at

u
ses

15-m
eter

b
in

s.

“
N

eg
ative”

d
ista

n
ces

rep
resen

t
th

e
d

istan
ces

of
p

rop
erties

ou
tsid

e
th

e
B

S
P

area.
N

ote
th

at
th

ere
is

n
o

clea
r

ev
id

en
ce

o
f

a
ju

m
p

in
th

e
d

en
sity

of
p

rop
erties

across
th

e
treatm

en
t

b
ou

n
d

ary
(rep

resen
ted

b
y

th
e

solid
lin

e
a
t

zero).
A

d
d

ition
ally,

w
e

p
erform

M
cC

rary
(2008)

test
for

b
reak

s
in

th
e

d
en

sity
of

th
e

forcin
g

va
ria

b
le,

as
sh

ow
n

in
F

igu
re

6b
.

S
im

ilarly,
th

e
d

en
sity

d
o
es

n
ot

ch
an

ge
d

iscon
tin

u
ou

sly

a
cross

th
e

b
o
u

n
d

a
ry

su
ggestin

g
th

a
t,

fo
r

a
n

arrow
w

in
d

ow
arou

n
d

th
e

B
S

P
b

ou
n

d
ary,

th
ere

seem
s

to
b

e
n

o
en

d
o
gen

ou
s

sortin
g

of
p

ro
p

erties.

T
h

e
p

attern
w

e
o
b

serve
in

th
e

R
D

p
lots

an
d

regression
estim

ates
is

con
sisten

t
w

ith
th

e
less

rigo
ro

u
s

a
ssessm

en
t

of
th

ose
in

vestig
atin

g
th

e
ch

olera
ep

id
em

ic
at

th
e

tim
e

of
th

e
ou

tb
reak

,
w

h
o

h
a
iled

th
e

p
attern

of
con

tam
in

ation
as

p
rov

in
g

th
e

role
of

th
e

w
ater

p
u

m
p

b
y

v
irtu

e
of

th
e

fact
th

at

resid
en

ts
served

b
y

va
rio

u
s

p
u

m
p

s
in

S
oh

o
w

ere
oth

erw
ise

of
sim

ilar
so

cio-econ
om

ic
b

ack
grou

n
d

.

In
p

articu
lar,

u
n

lik
e

p
rev

iou
s

ch
o
lera

ou
tb

reak
s

in
th

e
city

th
at

stru
ck

relatively
p

o
or

d
istricts,

J
oh

n
W

h
iteh

ead
d

eta
iled

in
h

is
rep

ort
to

th
e

C
h

olera
In

q
u

iry
C

om
m

ittee
(1855)

th
at

th
e

p
attern

o
f

con
ta

g
io

n
in

S
oh

o
w

as
n

ot
rela

ted
to

th
e

so
cio-econ

om
ic

statu
s

of
resid

en
ts:

“W
h

at
class

of

p
erson

s
d

id
th

e
d

isease
p

rin
cip

a
lly

d
estroy

?
(...)

it
attacked

an
d

d
estroyed

all
sorts

an
d

classes

a
like”

(W
h
iteh

ea
d

,
1
854

,
p

.7
).

4
R

e
su

lts

W
e

start
b
y

ex
am

in
in

g
h

ow
ex

p
osu

re
to

ch
olera

in
fl

u
en

ces
real

estate
p

rices
an

d
resid

en
tial

m
ob

ility

in
th

e
sh

ort
ru

n
(T

a
b

les
4

to
7),

a
n

d
th

en
in

vestigate
h

ow
valu

ation
s

evolve
over

th
e

n
ex

t
cen

tu
ry

(T
a
b

les
9

a
n

d
1
0).

3
5

“
B

etter
a
ccess”

in
th

is
co

n
tex

t
refers

to
sh

o
rter

w
a
lk

in
g

d
ista

n
ce.
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4
.1

F
irst

sta
g
e

T
a
b

le
B

2
sh

ow
s

th
e

estim
a
ted

a
sso

ciation
b

etw
een

liv
in

g
w

ith
in

th
e

catch
m

en
t

area
an

d
ex

p
osu

re

to
ch

olera.
S

in
ce

w
e

h
av

e
n

o
relia

b
le

m
easu

res
of

ch
olera

ex
p

osu
re

oth
er

th
an

d
eath

rep
orts

(e.g.

in
cid

en
ce

o
f

in
d

iv
id

u
a
ls

ex
h

ib
itin

g
ch

o
lera

sy
m

p
tom

s),
w

e
gau

ge
th

e
stren

gth
of

ou
r

fi
rst

stage
b
y

em
p

loy
in

g
th

e
R

D
fra

m
ew

ork
o
f

T
ab

le
B

2
w

h
ere

th
e

ou
tcom

e
is

d
eath

s
from

ch
olera

at
th

e
h

ou
se

level,
th

e
b

lo
ck

level,
a
n

d
th

e
n

eigh
b

orh
o
o
d

level.
O

u
r

d
efi

n
ition

of
n
eigh

b
orh

o
o
d

en
com

p
asses

th
e

b
lo

ck
o
n

w
h

ich
th

e
resid

en
ce

is
lo

cated
alon

g
w

ith
all

con
tigu

ou
s

b
lo

ck
s,

so
con

tain
s

an
y
w

h
ere

from

2
to

7
b

lo
ck

s
(m

ea
n

n
u

m
b

er
o
f

b
lo

ck
s

is
3.5).

W
e

lo
ok

at
b

oth
th

e
fraction

of
h

ou
seh

old
s

th
at

ex
p

erien
ced

a
ch

olera
d

eath
an

d
th

e
n
u

m
b

er
of

d
eath

s
d

iv
id

ed
b
y

th
e

n
u

m
b

er
of

resid
en

ces.

T
h

e
resu

lts
in

d
icate

a
rou

gh
ly

d
ou

b
lin

g
in

th
e

d
eath

rate
in

sid
e

an
d

ou
tsid

e
of

th
e

catch
m

en
t

area
w

ith
in

a
3
1
-m

eter
ra

d
iu

s
o
f

th
e

b
ou

n
d

ary.
W

h
ile

ou
tsid

e
th

e
b

ou
n
d

ary,
19%

of
h

ou
seh

old
s

ex
p

erien
ce

a
loss

from
ch

o
lera,

th
e

ra
te

is
32%

in
sid

e
th

e
b

ou
n

d
ary.

A
s

d
escrib

ed
earlier,

th
e

con
trast

is
even

sta
rker

w
h

en
w

e
co

n
sid

er
a

d
u

m
m

y
in

d
icator

of
liv

in
g

on
a

b
lo

ck
in

w
h

ich
m

ore

th
an

a
q
u

a
rter

of
h

ou
seh

old
s

a
re

a
ff

ected
b
y

ch
olera:

In
sid

e
th

e
b

ou
n

d
ary

73%
of

h
ou

seh
old

s
live

on
a

h
eav

ily
h

it
b

lo
ck

,
w

h
ile

o
u

tsid
e

th
e

b
ou

n
d

ary
on

ly
30%

d
o.

E
ven

w
ith

in
on

ly
20

m
eters

of
th

e

b
ou

n
d

a
ry,

th
e

ra
te

o
f

b
ein

g
h
eav

ily
h

it
ap

p
rox

im
ately

d
ou

b
les

in
an

d
ou

t
of

th
e

catch
m

en
t

area.

4
.2

R
e
n
ta

l
p
rice

s

T
a
b

le
4

p
resen

ts
estim

ates
of

th
e

eff
ect

of
th

e
ep

id
em

ic
on

th
e

evolu
tion

of
p

rop
erty

valu
es

a
d

ecad
e

afterw
a
rd

s.
T

h
e

o
u

tco
m

e
va

ria
b

le
in

th
e

fi
rst

set
of

estim
ates

is
th

e
ch

an
ge

in
(th

e
logarith

m
of)

th
e

ren
tal

p
rice

of
a

p
a
rticu

lar
p

rop
erty

b
etw

een
1853

an
d

1864,
an

d
th

e
secon

d
set

of
estim

ates

lo
o
k
s

sim
p

ly
at

(th
e

loga
rith

m
of)

th
e

ren
tal

valu
es

in
1864

as
an

ou
tcom

e.
W

h
ile

th
e

fi
rst

ou
tcom

e

p
resu

m
ab

ly
in

crea
ses

p
recision

b
y

accou
n
tin

g
for

tim
e-in

varian
t

p
rop

erty
ch

aracteristics,
th

ere
are

severa
l

o
b

servation
s

in
th

e
d

ataset
th

a
t

can
n

ot
b

e
m

atch
ed

across
years

an
d

are
th

erefore
ex

clu
d

ed

from
th

o
se

estim
a
tes.

In
p

articu
la

r,
41

p
rop

erties
(2%

)
w

ith
valu

e
d

ata
in

1864
h

av
e

n
o

corresp
on

d
-

in
g

d
a
ta

in
1
853

,
a
n

d
52

p
rop

erties
(3

%
)

w
ith

valu
e

d
ata

in
1853

h
av

e
n

o
d

ata
in

1864.
W

h
ile

w
e

su
sp

ect
th

a
t

th
e

m
a

jo
rity

of
th

ese
resid

en
ces

b
elon

g
in

th
e

p
an

el
b

u
t

can
n

ot
b

e
m

atch
ed

d
u

e
to

ad
d

ress
erro

rs
in

th
e

tax
d

ata,
w

e
ca

n
n

ot
ru

le
ou

t
p

rop
erty

creation
an

d
d

estru
ction

across
years.

A
s

sh
ow

n
in

C
o
lu

m
n

s
(1)

a
n

d
(2

)
o
f

T
ab

le
4,

p
rop

erties
in

sid
e

th
e

b
ou

n
d

ary
ex

p
erien

ce
a

10-
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13
%

loss
in

ren
tal

valu
e

in
th

e
d

ecad
e

after
th

e
ep

id
em

ic.
T

h
ere

is
little

d
iff

eren
ce

b
etw

een
th

e

on
e-d

im
en

sion
al

a
n

d
tw

o-d
im

en
sio

n
al

R
D

sp
ecifi

cation
s.

T
h

e
p

attern
is

alm
ost

id
en

tical
w

h
en

w
e

lo
o
k

sim
p

ly
at

ren
ta

l
p

rice
in

1
8
64

as
th

e
ou

tcom
e,

w
h

ich
allow

s
u

s
to

in
clu

d
e

all
ob

servation
s

ava
ilab

le
in

th
e

1
8
64

d
ata

set.
W

e
estim

ate
a

d
iff

eren
ce

in
ren

tal
p

rices
at

th
e

b
ou

n
d

ary
of

13%
at

th
e

op
tim

a
l

b
a
n

d
w

id
th

of
5
1,

a
n

d
th

e
estim

ates
ch

an
ge

v
ery

little
w

h
en

w
e

n
arrow

th
e

b
an

d
w

id
th

to
24

(C
o
lu

m
n

(5))
or

w
id

en
it

to
71

(n
ot

sh
ow

n
),

clu
ster

stan
d

ard
errors

at
th

e
street

rath
er

th
an

b
lo

ck
level

(C
o
lu

m
n

(6)),
o
r

red
u

ce
th

e
set

of
covariates

to
on

ly
th

e
th

ree
m

ost
im

p
ortan

t
p

red
ictors

of
p

ro
p

erty
va

lu
es

in
th

e
n

eig
h
b

o
rh

o
o
d

-
w

h
eth

er
th

e
p

rop
erty

h
as

n
o

sew
er

access
or

old
sew

er

access,
a
n
d

d
istan

ce
to

th
e

closest
p

u
b

lic
u

rin
al

(C
olu

m
n

(7)). 3
6

In
T

ab
le

B
5,

w
e

sh
ow

th
e

sa
m

e
regression

estim
ates

u
sin

g
th

e
assessed

tax
b

u
rd

en
of

th
e

p
ro

p
erty

in
p

la
ce

o
f

th
e

ren
ta

l
valu

e,
w

h
ich

allow
s

u
s

to
in

clu
d

e
an

ad
d

ition
al

325
p

rop
erties

(19
%

)
th

a
t

w
ere

eith
er

ex
o
n

erated
fro

m
tax

ation
or

ow
n

er-o
ccu

p
ied

,
so

h
ave

n
o

record
ed

ren
tal

valu
es.

In
clu

d
in

g
th

ese
a
d

d
itio

n
al

o
b
servation

s
h

as
n

o
eff

ect
on

th
e

estim
ates,

in
p
art

b
ecau

se

th
e

ra
te

of
ex

o
n

eration
an

d
ow

n
er-o

ccu
p

an
cy

is
p

articu
larly

low
n

ear
th

e
b

ou
n

d
ary,

lead
in

g
to

th
e

in
clu

sio
n

o
f

on
ly

4
4

ad
d

ition
a
l

ob
serva

tion
s

to
th

e
m

ain
regression

estim
ates. 3

7
T

ax
assessm

en
ts

of
ex

on
era

ted
p

ro
p

erties
p

resu
m

a
b

ly
refl

ect
th

e
rate

as
it

w
as

assessed
at

th
e

tim
e

of
ex

on
eration

,

alth
ou

g
h

acco
rd

in
g

to
in

terp
retatio

n
s

of
H

istorian
s,

th
e

L
an

d
T

ax
A

ssessm
en

t
D

atab
ase

rem
ain

s

vag
u

e
o
n

th
is

m
atter.

B
ecau

se
o
f

th
e

u
n

certain
ty

in
th

e
con

stru
ction

of
th

e
valu

ation
s,

ou
r

p
referred

sp
ecifi

ca
tio

n
u

ses
o
n
ly

ren
tal

p
rices

as
ou

tcom
es.

4
.3

M
ig

ra
tio

n

W
h

a
t

eff
ect

d
id

ch
olera

h
ave

on
m

ig
ration

ou
t

of
th

e
n

eigh
b

orh
o
o
d

?
T

ab
les

5
an

d
6

lo
ok

at
lin

ear

p
ro

b
ab

ly
estim

a
tes

of
resid

en
tia

l
tu

rn
over

as
a

fu
n

ction
of

lo
cation

in
sid

e
th

e
B

road
S

t.
p

u
m

p

catch
m

en
t

area
.

A
n

im
p

o
rtan

t
cav

ea
t

is
th

at
ou

r
m

easu
re

of
m

igration
cap

tu
res

on
ly

w
h

eth
er

th
e

p
rim

ary
o
ccu

p
an

t
of

th
e

resid
en

ce
is

record
ed

as
h

av
in

g
th

e
sam

e
last

n
am

e
in

1853
an

d
1864,

so

d
o
es

n
o
t

cap
tu

re
th

e
rate

o
f
m

ig
ration

o
f
all

fam
ilies

or
in

d
iv

id
u

als
in

th
e

resid
en

ce.
H

ow
ever,

d
eath

s

from
ch

o
lera

w
ere

d
escrib

ed
a
s

b
ein

g
eq

u
ally

d
istrib

u
ted

am
on

g
p

rim
ary

o
ccu

p
an

ts
an

d
su

b
-leasin

g

3
6

It
is

a
lso

th
e

ca
se

th
a
t

estim
a
ted

m
a
g
n
itu

d
es

a
re

sim
ila

r
w

h
en

em
p
loy

in
g

a
cu

b
ic

p
o
ly

n
o
m

ia
l

sp
ecifi

ca
tio

n
o
r

a
m

o
re

fl
ex

ib
le

sp
ecifi

ca
tio

n
in

w
h
ich

th
e

d
ista

n
ce

fu
n
ctio

n
is

a
llow

ed
to

ta
k
e

o
n

a
d
iff

eren
t

sh
a
p

e
o
n

th
e

tw
o

sid
es

o
f

th
e

b
o
u
n
d
a
ry

(A
p
p

en
d
ix

T
a
b
le

X
).

3
7

F
o
r

u
n
clea

r
rea

so
n
s,

ex
o
n
era

ted
p
ro

p
erties

a
re

h
eav

ily
co

n
cen

tra
ted

in
th

e
u
p
p

er
w

est
co

rn
er

o
f

S
t.

J
a
m

es,
w

h
ich

lies
o
u
tsid

e
o
f

ev
en

th
e

w
id

e
b
a
n
d
w

id
th

w
e

co
n
sid

er
in

th
e

a
n
a
ly

sis.
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ten
an

ts
(a

s
m

easu
red

b
y

o
ccu

p
a
n

cy
o
n

th
e

fi
rst

fl
o
or

or
u

p
p

er
fl

o
ors

of
th

e
h

om
e)

(W
h

iteh
ead

,

18
54

).

O
vera

ll,
th

e
n

eig
h
b

orh
o
o
d

is
on

e
o
f

relatively
h

igh
tu

rn
over:

56%
of

p
rim

ary
ten

an
ts

of
S
t.

J
am

es
p

a
rish

ch
an

ged
resid

en
ce

b
etw

een
1853

an
d

1864,
an

d
th

e
rate

is
65%

w
ith

in
th

e
B

road

S
treet

p
u
m

p
catch

m
en

t
a
rea.

H
ow

ever,
at

th
e

b
ou

n
d

ary
of

th
e

catch
m

en
t

area
th

e
d

iff
eren

ce
is

m
in

im
a
l.

A
s

sh
ow

n
in

C
olu

m
n

(1
)

o
f

T
ab

le
5,

th
e

d
iff

eren
ce

in
m

ob
ility

is
on

ly
7.6%

w
ith

in
44

m
eters

o
f

th
e

b
o
u

n
d

ary.
W

h
en

w
e

in
crease

th
e

b
an

d
w

id
th

to
87

m
eters,

th
e

d
iff

eren
ce

is
11%

an
d

stro
n

gly
sign

ifi
ca

n
t

a
s

sh
ow

n
in

C
o
lu

m
n

(2).

In
C

o
lu

m
n

s
(3)

a
n

d
(4

),
w

e
co

n
sid

er
th

e
w

id
er

b
an

d
w

id
th

in
ord

er
to

in
vestigate

th
e

relation
sh

ip

b
etw

een
d

iff
eren

ces
in

m
ob

ility
a
n

d
ex

p
erien

ces
w

ith
ch

olera.
A

s
sh

ow
n

in
C

olu
m

n
(3),

h
ou

seh
old

s

th
at

w
ere

h
it

b
y

ch
o
lera

w
ere

n
o

m
o
re

likely
to

leav
e

th
eir

resid
en

ce
–

h
ou

seh
old

s
in

sid
e

th
e

catch
-

m
en

t
area

th
a
t

escap
ed

ch
olera

w
ere

a
lso

10%
m

ore
likely

to
m

ove.
H

ow
ever,

as
sh

ow
n

in
C

olu
m

n

(4),
th

e
d

iff
eren

ce
in

m
ob

ility
in

sid
e

an
d

ou
tsid

e
of

th
e

b
ord

er
is

fu
lly

accou
n
ted

for
b
y

th
e

n
u

m
-

b
er

of
d

eath
s

ex
p

erien
ced

b
y

n
ea

rb
y

h
o
u

seh
old

s
(con

trollin
g

for
th

e
total

n
u

m
b

er
of

h
ou

ses
in

th
e

n
eig

h
b

o
rh

o
o
d

).
W

e
see

th
e

sa
m

e
p

a
ttern

in
ren

tal
p

rices
(C

olu
m

n
s

(5)
an

d
(6)):

T
h

e
d

ecrease
in

ren
ta

l
p

rices
is

n
o
t

ex
p

la
in

ed
b
y

th
e

h
ou

ses
th

at
ex

p
erien

ced
a

ch
olera

d
eath

-
su

rrou
n

d
in

g
h

ou
ses

fa
ll

eq
u

ally
in

va
lu

e.
H

ow
ever,

th
e

ren
tal

p
rice

d
iff

eren
ce

at
th

e
b

ou
n

d
ary

is
ex

p
lain

ed
b
y

th
e

n
u

m
b

er
o
f

d
eath

s
th

at
o
ccu

rred
a
t

th
e

n
eigh

b
orh

o
o
d

level.

In
T

a
b

le
6

w
e

lo
ok

a
t

th
e

in
tera

ction
b

etw
een

h
ou

seh
old

d
eath

s
an

d
n

eigh
b

orh
o
o
d

d
eath

s
on

th
e

p
rop

en
sity

to
m

ov
e

ou
t

to
b

etter
u

n
d

erstan
d

th
e

im
p

act
of

n
eigh

b
orh

o
o
d

im
p

overish
m

en
t

on
th

e

relo
catio

n
in

cen
tives

o
f

th
o
se

th
at

b
ecam

e
im

p
overish

ed
b
y

th
e

ep
id

em
ic

versu
s

th
ose

th
at

escap
ed

it.
C

olu
m

n
s

(1)
an

d
(2

)
con

sid
er

all
resid

en
ces

in
th

e
p

arish
,

w
h

ile
C

olu
m

n
s

(3)
an

d
(4)

lo
ok

o
n

ly
w

ith
in

th
e

B
roa

d
S

treet
p

u
m

p
a
rea

w
h

ere
th

e
ep

id
em

ic
w

as
con

cen
trated

.
A

s
sh

ow
n

in
th

e

secon
d

a
n

d
th

ird
row

o
f

C
olu

m
n

s
(3)

an
d

(4),
th

e
greater

th
e

n
u

m
b

er
of

d
eath

s
in

th
e

n
eigh

b
orh

o
o
d

(ex
clu

d
in

g
ow

n
d

ea
th

)
th

e
m

o
re

likely
a
re

th
ose

th
at

escap
ed

ch
olera

to
leav

e,
w

h
ereas

th
e

op
p

osite

is
tru

e
for

th
o
se

w
h

o
ex

p
erien

ced
a

d
eath

(th
e

su
m

of
co

effi
cien

t
estim

ates
in

row
s

2
an

d
3

is

n
eg

ative).
A

m
o
n

g
ch

olera
v
ictim

s,
th

e
m

ore
h

ou
ses

in
th

e
n

eigh
b

orh
o
o
d

th
at

w
ere

h
it

b
y

th
e

ep
id

em
ic,

th
e

m
ore

likely
th

ey
a
re

to
stay.

W
e

in
terp

ret
th

ese
p

attern
s

as
ev

id
en

ce
of

n
eigh

b
orh

o
o
d

ex
tern

alities
h

av
in

g
tw

o
d

istin
ct

eff
ects

o
n

n
eigh

b
o
rh

o
o
d

com
p

o
sitio

n
:

O
n

th
e

on
e

h
an

d
,

ex
tern

alities
from

p
o
or

n
eigh

b
ors

(th
ose

w
h
o

lost
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a
h

o
u

seh
o
ld

m
em

b
er

to
ch

o
lera

)
d

rive
p

eop
le

aw
ay,

p
resu

m
ab

ly
for

th
e

reason
s

d
iscu

ssed
in

th
e

p
rev

iou
s

sectio
n

.
B

u
t

w
h
y

w
o
u

ld
th

ey
en

cou
rage

th
e

n
ew

ly
im

p
overish

ed
to

stay
?

T
h

e
m

ost

ob
v
io

u
s

ex
p

la
n

atio
n

is
th

a
t

ren
tal

p
rice

resp
on

ses
to

n
eigh

b
orh

o
o
d

im
p

overish
m

en
t

in
creased

th
e

aff
o
rd

a
b

ility
o
f

h
o
u

sin
g

in
a
ff

ected
a
reas.

F
rom

th
e

m
igra

tio
n

d
ata

w
e

can
ga

u
ge

th
e

d
egree

to
w

h
ich

n
eigh

b
orh

o
o
d

im
p

overish
m

en
t

from

ch
o
lera

w
a
s

still
a

con
trib

u
tin

g
factor

in
1864.

W
h

ile
tu

rn
over

w
ith

in
th

e
B

S
P

n
eigh

b
orh

o
o
d

w
as

h
igh

er
th

a
n

it
w

a
s

ju
st

o
u

tsid
e

th
e

catch
m

en
t

area,
it

is
also

th
e

case
th

at
m

an
y

h
ou

seh
old

s
th

at

ex
p

erien
ced

a
ch

olera
d

eath
stayed

in
th

e
n

eigh
b

orh
o
o
d

.
In

total,
on

e
th

ird
of

h
ou

seh
old

s
th

at

ex
p

erien
ced

a
ch

olera
d

ea
th

w
ere

record
ed

as
liv

in
g

in
th

e
sam

e
resid

en
ce

ten
y
ears

later. 3
8

T
h

e

co
n
tin

u
ed

p
resen

ce
o
f

h
o
u

seh
o
ld

s
th

at
ex

p
erien

ced
a

sh
o
ck

certain
ly

h
ad

an
eff

ect
on

th
e

overall

p
overty

o
f

th
e

b
lo

ck
in

m
u

ch
of

th
e

catch
m

en
t

area:
A

m
on

g
a

th
ird

of
h

ou
seh

old
s

in
th

e
B

S
P

a
rea,

at
least

1
5%

of
b

lo
ck

resid
en

ts
w

ere
h

ou
seh

old
s

th
at

h
ad

b
een

h
it

b
y

ch
olera

an
d

stayed
in

th
e

n
eig

h
b

orh
o
o
d

.
F

u
rth

erm
o
re,

it
is

lik
ely

th
at

m
an

y
m

ore
of

th
ose

w
h

o
ex

p
erien

ced
a

n
egative

so
cio-econ

o
m

ic
sh

o
ck

as
a

resu
lt

o
f

th
e

ep
id

em
ic

stayed
on

for
p

art
of

th
e

d
ecad

e.

4
.4

R
e
sid

e
n
tia

l
C

ro
w

d
in

g

W
e

u
se

cen
su

s
d

a
ta

from
ju

st
b

efo
re

(1
851,

P
an

el
A

)
an

d
so

on
after

(1861,
P

an
el

B
)

th
e

ep
id

em
ic

to

m
o
re

d
irectly

ex
am

in
e

so
rtin

g
of

resid
en

ts
b
y

so
cio-econ

om
ic

statu
s

on
to

b
lo

ck
s

in
sid

e
an

d
ou

tsid
e

o
f

th
e

b
ou

n
d

ary
a
fter

th
e

ep
id

em
ic.

T
w

o
relevan

t
p

ieces
of

in
form

ation
are

availab
le

in
th

e
cen

su
s:

th
e

n
u

m
b

er
of

in
h

a
b

itan
ts

w
ith

in
ea

ch
d

w
ellin

g,
an

d
th

e
cou

n
try

of
origin

of
in

h
ab

itan
ts.

W
e

a
re

in
terested

in
th

e
fi

rst
as

a
m

ea
su

re
of

crow
d

in
g,

on
e

of
th

e
p

rim
ary

ch
an

n
els

th
rou

gh
w

h
ich

b
lo

ck
-level

ex
tern

a
lities

a
re

b
elieved

to
op

erate.
Im

m
igran

t
statu

s
is

also
a

reason
ab

le
p

rox
y

for

so
cio-econ

o
m

ic
sta

tu
s

in
th

is
settin

g.

R
esu

lts
from

th
ese

estim
a
tes

a
re

p
resen

ted
in

T
ab

le
7.

In
C

olu
m

n
(1),

w
e

see
th

at
p

op
u

lation

d
en

sity
is

sm
o
o
th

at
th

e
B

S
P

b
o
u

n
d

ary
in

1851,
b

u
t

in
1861

a
sh

arp
in

crease
in

p
op

u
lation

d
en

sity

em
erg

es
w

ith
in

th
e

a
ff

ected
catch

m
en

t
area.

In
1861,

d
w

ellin
gs

in
sid

e
th

e
b

ou
n

d
ary

h
ave

34%
m

ore

p
eop

le
th

a
n

th
o
se

o
u

tsid
e

th
e

b
ou

n
d

a
ry,

or
rou

gh
ly

fi
ve

ad
d

ition
al

resid
en

ts.
F

u
rth

erm
ore,

th
e

in
crease

in
d

en
sity

is
a
cco

m
p

an
ied

b
y

a
n

in
crease

in
th

e
p

rop
ortion

of
im

m
igran

t
fam

ilies
resid

in
g

3
8

W
h
ile

h
ig

h
,

th
is

ra
te

o
f

resid
en

tia
l

m
ov

em
en

t
is

n
o
t

su
b
sta

n
tia

lly
h
ig

h
er

th
a
n

th
e

reg
u
la

r
tu

rn
ov

er
ra

te
in

th
e

n
eig

h
b

o
rh

o
o
d
:

A
m

o
n
g

h
o
u
seh

o
ld

s
th

a
t

w
ere

n
eith

er
h
it

b
y

ch
o
lera

n
o
r

liv
in

g
w

ith
in

th
e

ch
o
lera

-a
ff

ected
a
rea

(B
S
P

),
o
n
ly

4
8
%

resid
ed

a
t

th
e

sa
m

e
a
d
d
ress

a
fter

a
d
eca

d
e.
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in
th

e
d

w
ellin

g.
In

18
6
1,

th
ere

are
n

ea
rly

tw
ice

as
m

an
y

im
m

igran
t

fam
ilies

in
sid

e
relative

to
ou

tsid
e

th
e

b
ou

n
d

a
ry.

F
or

b
o
th

ou
tcom

es,
b

ou
n

d
ary

eff
ects

p
ersist

an
d

rem
ain

sign
ifi

can
t

as
th

e
b

an
d

w
id

th

n
arrow

s
to

3
0

m
eters.

4
.5

L
o
n
g
-te

rm
e
ff

e
cts

W
e

n
ow

ex
a
m

in
e

th
e

p
ersisten

ce
of

th
e

d
iff

eren
ce

in
p

rop
erty

valu
es

th
at

em
erged

b
y

1864.
T

h
e

fi
rst

set
o
f

estim
a
tes

(T
a
b

le
8
)

lo
ok

s
at

ch
aracteristics

of
resid

en
ts

in
sid

e
an

d
ou

tsid
e

of
th

e
catch

m
en

t

area
b

ou
n

d
a
ry

u
sin

g
d

ata
o
n

so
cio-eco

n
om

ic
statu

s
com

p
iled

b
y

C
h

arles
B

o
oth

in
1899.

B
y

th
is

p
oin

t
in

tim
e,

all
of

S
oh

o
h

as
p

ip
ed

w
a
ter,

so
th

e
w

ater
p

u
m

p
catch

m
en

t
areas

h
ave

tru
ly

b
ecom

e

irreleva
n
t

fea
tu

res
o
f

th
e

p
ro

p
erty

m
a
rket.

N
everth

eless,
w

e
see

stron
g

ev
id

en
ce

of
d

iscon
tin

u
ities

at
th

e
b

ord
er

in
term

s
o
f

h
ou

seh
old

p
overty

level.
S

p
ecifi

cally,
h

ou
seh

old
s

in
sid

e
th

e
b

ou
n

d
ary

are

64
%

m
o
re

likely
to

b
e

v
ery

p
o
o
r

(th
e

low
est

w
ealth

class)
an

d
66%

less
likely

to
b

e
m

id
d

le
class

(th
e

h
ig

h
est

w
ea

lth
cla

ss
p

resen
t

in
th

is
n
eigh

b
orh

o
o
d

)
com

p
ared

w
ith

h
ou

seh
old

s
ju

st
ou

tsid
e

th
e

b
ou

n
d

a
ry,

an
d

th
e

d
iff

eren
ce

is
statistically

sign
ifi

can
t

at
th

e
5%

level.

T
h

e
secon

d
set

o
f

estim
a
tes

(T
ab

le
9)

con
sid

ers
p

rop
erty

assessm
en

ts
from

th
e

lan
d

tax
assess-

m
en

t
d

a
ta

in
1
9
36.

T
w

o
p

o
in

ts
a
b

ou
t

th
e

1936
d

ata
are

w
orth

n
otin

g.
F

irst,
for

reason
s

th
at

are

u
n

clea
r,

d
a
ta

on
a
lm

ost
h

a
lf

o
f

p
ro

p
erties

in
th

e
low

er
th

ird
of

th
e

p
arish

are
m

issin
g

from
th

e
1936

record
s

th
at

h
ave

b
een

d
igitized

,
leav

in
g

a
total

of
793

p
rop

erty
record

s
from

S
t.

J
am

es.
F

igu
re

10
sh

ow
s

th
e

coverag
e

o
n

a
m

ap
,

w
h

ere
it

is
clear

th
at

sp
ecifi

c
logs

w
ere

eith
er

n
ever

collected
,

n
ot

p
reserved

,
o
r

n
ev

er
d

igitized
.

S
econ

d
ly,

ou
r

sam
p

le
size

is
con

sid
erab

ly
sm

aller
b

ecau
se,

b
y

19
36

,
4
5
%

of
p

ro
p

erties
h

av
e

b
een

ex
o
n

erated
from

tax
ation

. 3
9

F
or

b
oth

reason
s

ou
r

d
ataset

is

con
sid

erab
ly

sm
a
ller

in
th

is
y
ea

r,
alth

ou
gh

im
p

ortan
tly

attrition
for

b
oth

reason
s

is
b

alan
ced

in
sid

e

an
d

ou
tsid

e
th

e
b

ou
n

d
a
ry. 4

0

A
s

sh
ow

n
in

T
a
b

le
9,

p
rop

erty
va

lu
es

con
tin

u
e

to
b

e
sign

ifi
can

tly
h
igh

er
ou

tsid
e

relative
to

in
sid

e

th
e

B
ro

a
d

S
treet

p
u

m
p

ca
tch

m
en

t
area

in
1936.

O
n

ce
again

,
th

e
resu

lts
are

rob
u

st
to

con
sid

erin
g

a
relatively

n
a
rrow

an
d

rela
tively

w
id

e
b

an
d

w
id

th
,

an
d

to
clu

sterin
g

stan
d

ard
errors

b
y

street
or

in
clu

d
in

g
b

o
u

n
d

ary
seg

m
en

t
fi

x
ed

eff
ects.

In
fact,

th
e

p
oin

t
estim

ates,
w

h
ich

ran
ge

from
30%

to

37
%

d
ep

en
d

in
g

o
n

th
e

sp
ecifi

ca
tion

,
su

g
gest

th
at

p
rop

erty
valu

es
h

ave
d

iv
erged

sin
ce

1864,
alth

ou
gh

3
9

E
x
o
n
era

tio
n

a
t

th
e

tim
e

o
f

p
ro

p
erty

sa
le

b
eca

m
e

a
law

in
1
9
4
9
,

a
n
d

ta
x

w
a
s

fu
lly

a
b

o
lish

ed
in

1
9
6
3
.

4
0

T
h
e

R
D

estim
a
te

o
f

th
e

d
iff

eren
ce

in
ex

o
n
era

tio
n

ra
tes

a
t

th
e

b
o
u
n
d
a
ry

in
1
9
3
6

y
ield

s
a

p
o
in

t
estim

a
te

o
f

-0
.0

0
5

a
n
d

sta
n
d
a
rd

erro
r

o
f

0
.0

7
4

u
sin

g
th

e
m

a
in

sp
ecifi

ca
tio

n
(cu

b
ic

in
d
ista

n
ce

p
lu

s
co

n
tro

ls
a
n
d

b
lo

ck
clu

sters).
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th
e

d
iff

eren
ce

in
m

a
g
n

itu
d

e
across

yea
rs

is
n

ot
statistically

sign
ifi

can
t.

In
T

a
b

le
10

w
e

co
n

d
u

ct
th

e
sa

m
e

ex
ercise

u
sin

g
d

ata
from

con
tem

p
orary

S
t.

J
am

es
(n

ow
S

oh
o

d
istrict).

A
s

d
escrib

ed
p

rev
iou

sly,
sin

ce
lan

d
valu

e
assessm

en
ts

are
n

o
lon

ger
con

d
u

cted
b
y

th
e

state,

w
e

u
se

real
esta

te
tra

n
sactio

n
s

b
etw

een
1995

an
d

2013,
alon

g
w

ith
cu

rren
t

ren
tal

p
rice

estim
ates

from
a
n

o
n

lin
e

d
a
tab

ase.
T

o
g
eth

er,
th

ese
sou

rces
p

rov
id

e
1877

ob
servation

s
on

p
rop

erty
p

rices
in

w
h

a
t

u
sed

to
b

e
S

t.
J
am

es
p

arish
.

U
sin

g
th

e
sam

e
R

D
sp

ecifi
cation

,
w

e
estim

ate
a

p
rop

erty
valu

e

d
iff

eren
tia

l
in

sid
e

a
n

d
ou

tsid
e

th
e

b
o
u

n
d

ary
of

th
e

B
road

S
treet

p
u

m
p

catch
m

en
t

area
of

b
etw

een

16
%

a
n

d
30

%
,

d
ep

en
d

in
g

o
n

th
e

d
ata

so
u

rce.
B

ou
n

d
ary

eff
ects

on
ren

tal
p

rices
are

also
sign

ifi
can

tly

n
ega

tive,
a
n
d

alm
o
st

id
en

tica
l

to
th

e
estim

ates
from

1864.

T
h

is
p

a
ttern

is
im

p
orta

n
t

a
s

w
ell

as
reassu

rin
g.

T
h

e
fact

th
at

d
iff

eren
ces

are
refl

ected
in

actu
al

p
ro

p
erty

tra
n

sa
ction

s
a
n

d
n
ot

on
ly

d
a
ta

from
th

e
L

an
d

T
ax

A
ssessm

en
t

assu
age

con
cern

s
over

m
ea

su
rem

en
t

error
o
r

p
o
ten

tia
lly

b
iased

rep
ortin

g
of

ren
tal

valu
es

in
th

e
offi

cial
record

s.

4
.6

R
o
b
u
stn

e
ss

ch
e
ck

s

4
.7

J
o
h
n

S
n
o
w

’s
B

S
P

b
o
u
n
d
a
ry

d
e
fi
n
itio

n

H
ere

w
e

assess
th

e
ro

b
u

stn
ess

of
th

e
resu

lts
to

th
e

treatm
en

t
b

ou
n

d
ary

u
sed

.
S

p
ecifi

cally,
w

e

com
p

are
resu

lts
u

sin
g

a
n

altern
ative

d
efi

n
ition

of
th

e
B

S
P

catch
m

en
t

area
b

ou
n

d
ary

p
rop

osed
b
y

J
oh

n
S

n
ow

in
h

is
ch

o
lera

rep
o
rt

sh
ortly

after
th

e
ou

tb
reak

(S
n

ow
,

1855).

F
ig

u
re

2a
d

ep
icts

J
oh

n
S

n
ow

’s
origin

al
b

ou
n

d
ary

(in
b

lu
e)

an
d

a
m

o
d

ifi
cation

of
th

e
b

ou
n

d
ary

th
at

ex
clu

d
es

th
e

p
u

m
p

a
t

L
ittle

M
a
rlb

orou
gh

S
t.

(in
b

lack
). 4

1
F

or
com

p
arison

,
F

igu
re

2b
in

clu
d

es

th
e

n
etw

o
rk

V
o
ron

o
i
b

o
u

n
d

ary
u

sed
in

th
e

m
ain

an
aly

sis.
N

ote
th

e
sign

ifi
can

t
overlap

b
etw

een
J
oh

n

S
n

ow
’s

m
o
d

ifi
ed

b
o
u

n
d

a
ry

a
n

d
th

e
n

etw
ork

V
oron

oi
b

ou
n

d
ary.

In
fact,

for
all

years,
th

e
p

ercen
tage

of
h

o
u

ses
in

sid
e

th
e

n
etw

o
rk

V
oro

n
oi

b
ou

n
d

ary
th

at
are

also
in

sid
e

S
n

ow
’s

m
o
d

ifi
ed

b
ou

n
d

ary
is

clo
se

to
1
0
0
%

. 4
2

F
o
llow

in
g

p
rev

iou
s

literatu
re

(e.g.,
S

h
io

d
e

(2012)),
w

e
u

se
th

e
m

o
d

ifi
ed

v
ersion

of

S
n

ow
’s

b
o
u

n
d

a
ry

in
th

e
resu

lts
b

elow
sin

ce
it

ex
clu

d
es

th
e

L
ittle

M
arlb

orou
gh

S
t.

p
u

m
p

w
h

ich
w

as

n
ot

b
ein

g
u

sed
a
t

th
e

tim
e

o
f

th
e

ou
tb

reak
.

T
ab

le
11

p
resen

ts
th

e
estim

ated
R

D
co

effi
cien

ts
u

sin
g

4
1

R
eca

ll
th

a
t

th
e

p
u
m

p
a
t

L
ittle

M
a
rlb

o
ro

u
g
h

S
t.

w
a
s

n
o
t

b
ein

g
u
sed

a
t

th
e

tim
e

o
f

th
e

o
u
tb

rea
k

(S
n
ow

,
1
8
5
5
).

W
e

o
b
ta

in
J
o
h
n

S
n
ow

’s
m

o
d
ifi

ed
b

o
u
n
d
a
ry

fro
m

S
h
io

d
e

(2
0
1
2
).

4
2

S
p

ecifi
ca

lly,
fo

r
th

e
y
ea

r
1
8
5
3
,

4
5
5

o
u
t

o
f

th
e

4
5
8

h
o
u
ses

in
sid

e
th

e
n
etw

o
rk

V
o
ro

n
o
i

b
o
u
n
d
a
ry

a
re

a
lso

w
ith

in
S
n
ow

’s
m

o
d
ifi

ed
b

o
u
n
d
a
ry.

T
h
e

n
u
m

b
ers

fo
r

th
e

rem
a
in

in
g

y
ea

rs
a
re,

4
4
5

o
u
t

o
f

4
4
8

fo
r

1
8
6
4
,

3
1
1

o
u
t

o
f

3
1
2

fo
r

1
9
3
6
,

a
n
d

7
2
9

o
u
t

o
f

7
3
4

fo
r

th
e

1
9
9
5
-2

0
1
3

p
erio

d
.
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S
n

ow
’s

b
o
u

n
d

a
ry

a
s

th
e

trea
tm

en
t

b
ou

n
d

ary.
N

ote
th

at
th

e
m

agn
itu

d
e

an
d

statistical
sign

ifi
can

ce

of
th

e
co

effi
cien

ts
are

sim
ilar

to
th

e
o
n

es
ob

tain
ed

u
sin

g
th

e
n

etw
ork

V
oron

oi
d

efi
n

ition
.

4
.7

.1
F
a
lsifi

c
a
tio

n
te

sts

M
a
n
y

o
th

er
featu

res
o
f

th
e

n
eig

h
b

orh
o
o
d

m
ay

b
e

ch
an

gin
g

an
d

con
trib

u
tin

g
to

cross-b
lo

ck
variation

in
real

estate
p

rices
th

at
coin

cid
e

w
ith

th
e

em
ergen

ce
of

a
b

ou
n

d
ary

eff
ect

b
etw

een
1853

an
d

1864.

It
is

d
iffi

cu
lt

to
im

a
gin

e
w

h
y

ch
a
n

g
es

in
am

en
ities

w
ou

ld
gen

erate
a

d
iscon

tin
u

ity
w

ith
in

th
e

sp
ace

of
a

b
lo

ck
o
r

so,
least

of
a
ll

on
e

th
at

h
ap

p
en

s
to

coin
cid

e
w

ith
th

e
B

road
S

treet
p

u
m

p
catch

m
en

t

area.
N

on
eth

eless,
it

is
p

ossib
le

th
a
t

cro
ss-b

lo
ck

p
rice

d
iff

eren
ces

of
th

e
m

agn
itu

d
e

of
ou

r
treatm

en
t

eff
ect

estim
a
tes

are
su

ffi
cien

tly
co

m
m

o
n

in
th

is
settin

g
as

to
raise

con
cern

s
ab

ou
t

th
e

valid
ity

of

ou
r

in
terp

retatio
n

.
T

h
is

is
p

a
rticu

larly
com

p
ellin

g
given

th
at

ou
r

estim
ates

are
con

cen
trated

in
on

e

very
sm

all
g
eo

gra
p

h
ic

a
rea

th
a
t

m
ay

h
ave

b
een

u
n

d
ergoin

g
n
u

m
erou

s
ch

an
ges

at
th

is
p

oin
t

in
tim

e.

T
w

o
p

oin
ts

are
w

o
rth

n
o
tin

g
.

F
irst,

ou
r

b
ou

n
d

ary
eff

ect
estim

ates
are

rob
u

st
to

ch
an

ges
in

ob
serva

b
le

ch
ara

cteristics
of

th
e

n
eigh

b
orh

o
o
d

(e.g.
n

ew
sch

o
ols

or
road

s
b

u
ilt)

th
at

ap
p

ear
on

a
d

etailed
m

a
p

o
f

S
oh

o,
w

h
ich

w
e

a
d

d
as

con
trols

in
th

e
regression

.
S

econ
d

,
ou

r
con

d
ition

al

treatm
en

t
eff

ect
estim

ates
in

d
icate

treatm
en

t
eff

ects
at

several
p

oin
ts

on
th

e
b

ou
n

d
ary,

m
ak

in
g

it
less

lik
ely

th
ey

are
p

ick
in

g
u

p
n

eigh
b

orh
o
o
d

ch
aracteristics

w
e

d
o

n
ot

ob
serve

th
at

coin
cid

e
in

m
u

ltip
le

lo
cation

s
w

ith
th

e
em

ergen
ce

of
a

b
ou

n
d

ary
eff

ect
b

etw
een

1853
an

d
1864.

N
o
n

eth
eless,

to
g
a
u

ge
th

e
lik

elih
o
o
d

th
at

ou
r

treatm
en

t
eff

ects
sim

p
ly

refl
ect

regu
lar

fl
u

ctu
a-

tio
n

s
in

p
rices

a
cro

ss
sp

ace,
w

e
ex

am
in

e
th

e
d

istrib
u

tion
of

d
iff

eren
ces

an
d

stan
d

ard
d

ev
iation

s
in

avera
ge

h
o
u

se
p

rices
a
cro

ss
n

eig
h
b

orin
g

cells
of

a
grid

coverin
g

th
e

G
reater

L
on

d
on

area,
avail-

ab
le

fro
m

a
d

atab
a
se

o
f

co
n
tem

p
ora

ry
real

estate
tran

saction
s.

If
sh

arp
d

iff
eren

ces
in

p
rices

across

n
eig

h
b

o
rin

g
b

lo
ck

s
are

a
com

m
o
n

o
ccu

rren
ce,

th
e

d
iff

eren
ces

in
p

rices
w

e
ob

serve
across

n
eigh

b
orin

g

b
lo

ck
s

w
ith

in
th

e
b
a
n

d
w

id
th

o
f

ou
r

treatm
en

t
eff

ect
estim

ates
sh

ou
ld

fall
n

ear
th

e
cen

ter
of

su
ch

d
istrib

u
tio

n
s.

F
o
r

th
is

ex
ercise,

w
e

geo
co

d
e

1
8

y
ears

of
h

ou
se

sales
d

ata
from

th
e

L
an

d
R

egistry
of

E
n

glan
d

(L
an

d
R

egistry
,

201
4
). 4

3
T

h
e

d
ata

con
tain

in
form

ation
on

ad
d

resses
an

d
sales

p
rice

for
all

h
ou

ses

so
ld

in
th

e
G

reater
L

o
n

d
o
n

area
b

etw
een

1995
an

d
2013.

T
h

is
y
ield

s
a

total
of

ab
ou

t
2

m
illion

4
3

R
efer

to
F

ig
u
re

?
?

fo
r

a
p
lo

t
o
f

th
e

av
era

g
e

rea
l

p
rices

b
y

b
lo

ck
fo

r
th

e
G

rea
ter

L
o
n
d
o
n

a
rea

.
P

rices
a
re

in
2
0
1
3

p
o
u
n
d
s.
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tra
n

sactio
n

s. 4
4

W
e

ov
erlay

geo
co

d
ed

a
d

d
resses

on
a

grid
coverin

g
th

e
area

w
ith

each
graticu

le
cell

h
av

in
g

len
g
th

eq
u

al
to

th
e

o
p

tim
al

b
a
n

d
w

id
th

u
sed

to
calcu

late
b

ou
n

d
ary

eff
ects

on
con

tem
p

orary

real
esta

te
p

rices
(4

3
m

eters).
T

o
avoid

p
oten

tial
variation

s
in

p
rice

d
u

e
to

p
h
y
sical

b
arriers

th
at

d
o

n
ot

ch
a
racterize

o
u

r
stu

d
y

area
,

cells
th

at
are

in
tersected

b
y

a
p

rim
ary

road
,

railw
ay,

m
on

orail,

river,
o
r

ca
n

al
are

ex
clu

d
ed

fro
m

th
e

an
aly

sis.
F

or
a

given
cell,

ad
jacen

t
cells

are
d

efi
n

ed
as

th
e

fou
r

cells
ad

ja
cen

t
to

each
sid

e
o
f

th
e

cell.
R

efer
to

F
igu

re
?
?

for
an

ex
am

p
le

of
th

e
grid

w
ith

sam
p

le

ad
jacen

t
cells

h
igh

lig
h
ted

.

F
ig

u
res

1
2a

an
d

1
2
c

p
resen

t
th

e
d

istrib
u

tion
of

log
p

rice
d

iff
eren

ces
an

d
stan

d
ard

d
ev

iation
of

lo
g

p
rices

b
etw

een
a
d

jacen
t

cells,
resp

ectively.
T

h
e

solid
vertical

lin
es

give
th

e
average

d
iff

eren
ce

in

lo
g

p
rices

b
etw

een
h
ou

ses
in

sid
e

a
n

d
ou

tsid
e

th
e

B
S

P
b

ou
n

d
ary

(F
igu

re
12a)

an
d

th
e

varian
ce

in

lo
g

p
rice

w
ith

in
o
u

r
op

tim
a
l

b
a
n

d
w

id
th

(F
igu

re
12c).

D
ash

ed
lin

es
in

d
icate

key
p

ercen
tiles

of
th

e

corresp
o
n

d
in

g
d

istrib
u

tion
s.

N
o
te

from
F

igu
re

12a
th

at
p

rice
d
iff

eren
ces

are
clu

stered
arou

n
d

zero

in
d

icatin
g

th
a
t

p
rices

d
iff

er
very

little
for

ad
jacen

t
cells.

S
im

ilarly,
th

e
h

igh
ly

skew
ed

d
istrib

u
tion

of
stan

d
a
rd

d
ev

ia
tion

s
in

p
rice

su
ggest

th
at

very
few

ad
jacen

t
cells

ex
h

ib
it

h
igh

p
rice

variation
.

T
h

is
is

n
o
t

th
e

ca
se

in
ou

r
settin

g
.

In
fact,

th
e

stan
d

ard
d
ev

iation
of

p
rices

in
S

oh
o

is
w

ell
ab

ove

th
e

95
th

p
ercen

tile
of

th
e

d
istrib

u
tio

n
w

h
ile

less
th

an
10

p
ercen

t
of

ad
jacen

t
cells

ex
h

ib
it

p
rice

d
iff

eren
ces

h
igh

er
th

an
w

h
at

w
e

estim
a
te

as
ou

r
b

ou
n

d
ary

eff
ect.

T
h

e
ev

id
en

ce
rem

ain
s

rob
u

st
if

th
e

d
istrib

u
tion

s
a
re

lim
ited

to
cells

w
ith

average
p

rices
w

ith
in

th
e

ran
ge

ob
serv

ed
in

S
oh

o
(F

igu
res

12
b

a
n

d
1
2
d
)

In
a

related
ex

ercise,
w

e
rep

lica
te

th
e

R
D

d
esign

u
sin

g
th

e
catch

m
en

t
areas

of
p
u

m
p

s
th

at
w

ere

n
ot

th
e

so
u

rce
o
f

th
e

ch
o
lera

o
u

tb
reak

.
T

h
e

p
u

rp
ose

of
th

is
ex

ercise
is

to
assess

th
e

valid
ity

of
th

e

B
S

P
b

o
u

n
d

ary
resu

lts
b
y

co
m

p
a
rin

g
p

rop
erty

valu
es

across
th

e
b

ou
n

d
aries

of
relatively

u
n

aff
ected

catch
m

en
t

a
reas.

W
e

refer
to

th
e

b
o
u

n
d

aries
in

th
is

ex
ercise

as
fa

lse
trea

tm
en

t
bo

u
n

d
a
ries.

T
h

e
ch

o
ice

of
a

fa
lse

trea
tm

en
t

b
o
u

n
d

ary
is

d
eterm

in
ed

b
y

d
ata

availab
ility

n
ear

th
e

b
ou

n
d

ary.

F
ig

u
re

1
0

p
resen

ts
fou

r
fa

lse
b

ou
n

d
a
ries

h
igh

ligh
ted

in
red

alon
g

w
ith

th
e

fu
ll

sam
p
le

an
d

th
e

estim
atio

n
sam

p
le

a
rou

n
d

th
e

b
ou

n
d

a
ry

h
igh

ligh
ted

in
green

.
F

or
referen

ce,
F

igu
re

10
sh

ow
s

all

p
u

m
p

s
an

d
th

eir
resp

ective
catch

m
en

t
areas

w
ith

in
S

oh
o.

W
h

en
a

false
p

u
m

p
is

ad
jacen

t
to

B
S

P
,

w
e

ex
clu

d
e

ob
servation

s
fa

llin
g

in
sid

e
th

e
B

S
P

area.
W

e
ch

o
ose

b
an

d
w

id
th

s
arou

n
d

th
e

b
ou

n
d

aries

4
4

F
o
r

th
e

a
n
a
ly

sis
p
resen

ted
in

th
is

sectio
n
,

w
e

u
se

in
fo

rm
a
tio

n
o
n

a
b

o
u
t

1
.2

m
illio

n
tra

n
sa

ctio
n
s

a
s

th
e

g
eo

co
d
in

g
p
ro

cess
is

n
o
t

co
m

p
lete

y
et.

R
esu

lts
w

ill
b

e
u
p

d
a
ted

o
n
ce

th
e

p
ro

cess
en

d
s.
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fo
llow

in
g

Im
b

en
s

a
n

d
K

alya
n

ara
m

a
n

(2
012).

P
an

els
A

th
rou

g
h

D
in

T
a
b

le
1
2

p
resen

t
th

e
R

D
co

effi
cien

ts
from

th
e

estim
ation

of
E

q
u

ation
(1)

u
sin

g
ea

ch
o
f

th
e

fou
r

b
o
u

n
d

a
ries

in
F

igu
re

10
as

th
e

treatm
en

t
b

ou
n
d

aries.
W

e
u

se
false

b
ou

n
d

aries

1,
2,

an
d

3
in

th
e

p
re-ou

tb
rea

k
(1

8
53)

an
d

p
ost-ou

tb
reak

(1864)
p

erio
d

s
(C

olu
m

n
s

(1)-(6)),
an

d

fa
lse

b
o
u

n
d

a
ries

2
a
n

d
4

fo
r

th
e

ex
ercise

u
sin

g
cu

rren
t

p
rop

erty
valu

es
(C

olu
m

n
s

(7)
an

d
(8)).

B
eca

u
se

of
d

ata
availab

ility,
w

e
can

n
ot

p
erform

an
y

falsifi
cation

tests
for

th
e

1936
d

ata.

C
olu

m
n

(1
)

sh
ow

s
th

e
resu

lts
fo

r
th

e
p

re-ou
tb

reak
p

erio
d

(1853).
S

im
ilar

to
th

e
p

re-ou
tb

reak

resu
lts

a
t

th
e

B
S

P
b

ou
n

d
ary,

th
ere

is
n
o

ev
id

en
ce

of
a

p
re-ou

tb
reak

“p
u

m
p

eff
ect”.

T
h

is
is

an

im
p

orta
n
t

resu
lt

co
n

sid
erin

g
th

a
t

th
e

p
resen

ce
of

su
ch

eff
ect

cou
ld

con
fou

n
d

th
e

ch
olera

eff
ect

fou
n

d

at
th

e
B

S
P

b
ou

n
d

ary.
C

olu
m

n
s

(2)
an

d
(3)

sh
ow

s
th

at
n

o
sign

ifi
can

t
ch

an
ges

in
d

eath
s

o
ccu

r
at

th
e

b
ou

n
d

a
ries

o
f

u
n

aff
ected

p
u

m
p

s.
T

h
is

is
ex

p
ected

con
sid

erin
g

th
at

B
S

P
is

th
e

con
tam

in
ated

p
u

m
p

. 4
5

C
o
lu

m
n

s
(4)

a
n

d
(5)

g
ive

R
D

estim
ates

for
ren

tal
p

rices
in

1864
an

d
ch

an
ge

in
ren

tal
p

rice

b
etw

een
1
8
64

an
d

1
853

,
resp

ectively.
F

or
all

th
ree

cases,
th

e
d

iff
eren

ce
in

p
rop

erty
p

rices
across

th
e

b
ou

n
d

a
ries

tested
are

n
o
t

sta
tistically

sign
ifi

can
t.

F
or

b
ou

n
d

aries
1

an
d

3,
th

e
m

agn
itu

d
e

of

th
e

d
iff

eren
ce

in
ren

ta
l

p
rices

(a
rou

n
d

5%
)

is
less

th
an

h
alf

th
e

m
agn

itu
d

e
ob

served
at

th
e

B
S

P

b
ou

n
d

a
ry

(a
rou

n
d

1
3%

).
C

olu
m

n
(6

)
sh

ow
s

th
at

th
e

likelih
o
o
d

of
a

ch
an

ge
in

resid
en

cy
from

1853
to

18
64

,
a
lth

o
u

g
h

rela
tively

h
ig

h
in

th
e

ca
se

of
false

b
ou

n
d

aries
1

an
d

2,
is

n
ot

statistically
sign

ifi
can

t.

In
th

e
ca

se
of

b
ou

n
d

ary
3
,

th
is

likelih
o
o
d

is
alm

ost
zero.

L
astly,

C
olu

m
n

(7)
rep

orts
d

iff
eren

ces
in

sales
p

rice
a
n

d
C

o
lu

m
n

(8
)

sh
ow

s
Z

oo
p
la

h
ou

se
valu

e
estim

ates
p

rop
erties

n
ear

b
ou

n
d

aries
2

an
d

4.

U
n

like
th

e
resu

lts
o
b

served
a
t

th
e

B
S

P
b

ou
n

d
ary,

h
ou

se
p

rices
an

d
estim

ated
valu

es
vary

sm
o
oth

ly

across
th

e
fa

lse
b

ou
n

d
aries.

In
ad

d
ition

,
th

e
estim

ated
R

D
co

effi
cien

ts
are

statistically
in

sign
ifi

can
t

in
a
ll

ca
ses.

4
.8

P
o
ssib

le
In

te
rp

re
ta

tio
n
s

B
efore

tu
rn

in
g

to
o
u

r
in

terp
retatio

n
of

th
e

m
ech

an
ism

u
n

d
erly

in
g

th
e

ch
an

ge
in

real
estate

p
rices

at

th
e

b
o
rd

er,
ou

tlin
ed

in
th

e
in

tro
d

u
ctio

n
,

w
e

d
iscu

ss
th

e
valid

ity
of

tw
o

altern
ative

in
terp

retation
s

fo
r

th
e

p
attern

s
th

at
em

erged
.

4
5

N
o
te

th
a
t,

a
lth

o
u
g
h

th
e

d
iff

eren
ce

in
th

e
lik

elih
o
o
d

o
f

a
h
o
u
se

w
ith

a
t

lea
st

o
n
e

d
ea

th
a
t

b
o
u
n
d
a
ry

3
is

m
a
rg

in
a
lly

sig
n
ifi

ca
n
t,

th
e

m
a
g
n
itu

d
e

o
f

th
e

co
effi

cien
t

is
less

th
a
n

h
a
lf

th
e

m
a
g
n
itu

d
e

o
b
serv

ed
a
cro

ss
th

e
B

S
P

b
o
u
n
d
a
ry.
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4
.8

.1
S

tig
m

a
o
f

d
ise

a
se

It
is

p
ossib

le
th

a
t

h
ou

ses
h

it
b
y

ch
olera

su
ff

ered
a

loss
in

valu
e

n
ot

b
ecau

se
of

th
e

gen
eral

d
isu

tility

of
liv

in
g

a
m

o
n

g
n

ew
ly

im
p

overish
ed

n
eigh

b
ors,

b
u

t
b

ecau
se

th
e

d
eath

s
from

ch
olera

carried
a

p
articu

la
r

stig
m

a
th

a
t

red
u

ced
ren

ters’
w

illin
gn

ess
to

live
in

sid
e

th
e

catch
m

en
t

area.
W

h
ile

it

is
im

p
o
ssib

le
to

ru
le

o
u

t
a
n
y

role
of

stigm
a,

tw
o

p
oin

ts
are

w
orth

n
otin

g.
F

irst,
w

e
ob

serve
n

o

d
iff

eren
ce

in
p

rop
erty

p
rices

in
sid

e
th

e
B

S
P

area
b

etw
een

h
ou

ses
h

it
an

d
h

ou
ses

n
ot

h
it

b
y

ch
olera,

con
d

itio
n

a
l

on
th

e
fractio

n
o
f

o
th

er
h

o
u

ses
on

th
e

b
lo

ck
th

at
ex

p
erien

ced
a

ch
olera

d
eath

(T
ab

le

13
).

H
en

ce,
th

ere
is

n
o

ev
id

en
ce

of
p

ro
p

erty
-sp

ecifi
c

stigm
a

eff
ects.

B
lo

ck
-level

stigm
a

eff
ects

-
th

e

id
ea

th
a
t

p
rop

erties
o
n

a
b

lo
ck

th
a
t

w
a
s

h
eav

ily
h

it
b
y

ch
olera

fall
in

valu
e

b
ecau

se
of

p
rosp

ectiv
e

ren
ters’

fea
r

o
f

in
h

a
b

itin
g

th
a
t

b
lo

ck
-

a
re

v
irtu

ally
im

p
ossib

le
to

d
isen

tan
gle

from
oth

er
sou

rces
of

d
isu

tility
p

ro
sp

ective
ren

ters
m

ig
h
t

ex
p

erien
ce

from
liv

in
g

am
on

g
th

e
p

o
or.

H
ow

ever,
it

is
argu

ab
le

th
at

a
n
y

in
co

m
e

sh
o
ck

th
a
t

lea
d

s
to

p
overty

w
ill

carry
w

ith
it

a
certain

am
ou

n
t

of
stigm

a,
so

in

th
at

sen
se

th
e

d
istin

ctio
n

m
ay

b
e

irrelevan
t

to
th

e
ex

tern
al

valid
ity

of
ou

r
resu

lts.

S
eco

n
d

,
th

e
R

D
d

esign
o
n

ce
a
gain

w
ork

s
again

st
a

p
u

re
stigm

a
story

in
th

at,
for

stigm
a

to

p
ro

d
u

ce
stro

n
g

b
ou

n
d

a
ry

eff
ects,

p
ro

sp
ectiv

e
ren

ters
w

ou
ld

n
eed

to
h

ave
a

clear
id

ea
of

th
e

ex
act

lo
ca

tio
n

(w
ith

in
60

m
eters)

at
w

h
ich

d
isease

rates
rap

id
ly

fell.
W

h
ile

n
ew

sp
ap

er
accou

n
ts

freq
u

en
tly

d
iscu

ssed
th

e
ch

olera
ep

id
em

ic
in

th
e

con
tex

t
of

S
oh

o
an

d
B

road
S

treet
p

u
m

p
,

an
d

even
sp

ecifi
c

streets
w

ith
in

th
e

n
eigh

b
orh

o
o
d

th
a
t

w
ere

h
eav

ily
h

it,
it

w
as

u
n

likely
th

ere
w

ere
referen

ces
to

sp
ecifi

c
b

lo
ck

s.
H

en
ce,

it
is

h
a
rd

to
im

agin
e

th
at

stigm
a

w
ou

ld
ch

an
ge

sh
arp

ly
alon

g
an

in
v
isib

le

b
ou

n
d

a
ry

u
n

less
it

is
th

e
stigm

a
o
f

p
overty

m
ore

gen
erally,

w
h

ich
w

ou
ld

b
e

v
isib

le
to

p
rosp

ective

ren
ters.

4
.8

.2
D

e
v
a
lu

a
tio

n
o
f

w
a
te

r
in

fra
stru

c
tu

re

Is
it

p
ossib

le
th

at
th

e
p
rice

d
iff

eren
ces

th
at

em
erge

as
a

resu
lt

of
th

e
ch

olera
ep

id
em

ic
are

sim
p

ly
th

e

m
arket

rea
ction

to
u

p
d

a
ted

b
eliefs

a
b

ou
t

th
e

q
u

ality
of

th
e

lo
cal

w
ater

sou
rce

or
d

isease
en

v
iron

m
en

t

m
ore

g
en

era
lly

(e.g.
b

ad
a
ir

q
u

a
lity,

o
r

“m
iasm

a”
th

at
m

an
y

p
eop

le
at

th
e

tim
e

b
elieved

to
b

e
th

e

sou
rce

o
f

th
e

ep
id

em
ic)?

T
h

e
m

a
in

a
d

van
tage

of
a

regression
d

iscon
tin

u
ity

ap
p

roach
to

estim
atin

g

d
isea

se
eff

ects
is

to
ru

le
ou

t
an

y
su

ch
story.

T
h

at
is,

even
if

th
e

w
ater

p
u

m
p

w
as

d
eem

ed
com

p
letely

u
n
u

sa
b

le,
su

ch
th

at
a
ll

resid
en

ts
o
f

S
t.

J
am

es
relied

on
th

e
oth

er
tw

elve
p

u
m

p
s

p
ost-ep

id
em

ic,
w

e
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w
ou

ld
n

o
t

ex
p

ect
to

see
a

ju
m

p
in

real
estate

p
rices

at
th

e
b

ou
n

d
ary

of
th

e
catch

m
en

t
area.

R
eal

estate
p

rices
w

ou
ld

d
ecrease

sm
o
o
th

ly
w

ith
d

istan
ce

to
p

u
m

p
,

w
h

ich
sh

ou
ld

b
e

ab
sorb

ed
b
y

th
e

R
D

p
o
ly

n
o
m

ial.

F
u

rth
erm

o
re,

th
e

fa
ct

th
at

b
o
u

n
d

a
ry

eff
ects

p
ersist

ov
er

150
years

in
d

icates
th

at
th

ey
d

o
n

ot

sim
p

ly
refl

ect
b

eliefs
a
b

ou
t

th
e

q
u

ality
of

th
e

lo
cal

w
ater

sou
rce

or
d

isease
en

v
iron

m
en

t.
B

y
th

e

en
d

of
th

e
19th

cen
tu

ry,
p

ip
ed

w
ater

h
a
d

rep
laced

w
ell

w
ater

in
S

oh
o,

so
p

rop
erty

p
rices

cou
ld

n
ot

p
ossib

ly
refl

ect
u
p

d
ated

b
eliefs

a
b

o
u

t
w

ell
q
u

ality.
S

im
ilarly,

b
eliefs

ab
ou

t
oth

er
sou

rces
of

d
isease

tra
n

sm
issio

n
a
ttrib

u
ted

to
sp

ecifi
c

lo
cation

s
w

ou
ld

h
ave

d
isap

p
eared

w
ith

in
80

years.

5
T

h
e
o
re

tica
l

a
n

a
ly

sis

In
th

is
sectio

n
w

e
in

vestig
a
te

th
e

m
o
d
el

of
a

ren
tal

m
arket

in
w

h
ich

an
u

n
ex

p
ected

an
d

lo
calized

n
ega

tive
in

co
m

e
sh

o
ck

h
its

so
m

e
o
f

th
e

ten
an

ts
on

p
articu

lar
b

lo
ck

s.
W

e
are

p
articu

larly
in

terested

in
ch

a
racterizin

g
co

n
d
ition

s
for

su
ch

a
sh

o
ck

to
b

e
ab

le
to

p
erm

an
en

tly
ch

an
ge

th
e

com
p

osition
of

ren
ters.

5
.1

B
a
se

lin
e

m
o
d
e
l

F
or

sim
p

licity,
in

th
e

b
a
selin

e
m

o
d

el
w

e
assu

m
e

th
at

th
ere

are
tw

o
ty

p
es

of
ten

an
ts,

rich
(r)

an
d

p
o
or

(p
).

W
e

co
n

sid
er

th
e

p
rob

lem
o
f

a
sin

gle
p

rofi
t-m

ax
im

izin
g

ow
n

er
of

a
b

lo
ck

w
ith

n
≥

2

a
p

artm
en

ts,
a
fter

som
e

ten
an

ts
o
n

a
b

lo
ck

of
p

rev
iou

sly
rich

ten
an

ts
are

h
it

b
y

a
d

isease
sh

o
ck

a
n

d
b

ecam
e

p
o
or.

L
a
ter

w
e

w
ill

ex
ten

d
th

e
an

aly
sis

to
th

e
case

w
h

en
th

ere
are

m
u

ltip
le

lan
d
lord

s

o
n

th
e

b
lo

ck
.

W
e

con
sid

er
a

d
iscrete

tim
e

m
o
d

el
w

ith
tim

e
p

erio
d

s
t

=
0
,1,2,...,

w
h

ere
t

=
0

is

n
o
rm

alized
to

b
e

th
e

fi
rst

in
sta

n
ce

after
th

e
sh

o
ck

th
at

a
ren

tal
agreem

en
t

p
ertain

in
g

to
on

e
of

th
e

ap
artm

en
ts

o
n

th
e

b
lo

ck
is

ren
ego

tiated
.

W
e

assu
m

e
th

at,
after

th
e

sh
o
ck

,
x
∈
{0
,...,n

−
1}

of
th

e

cu
rren

t
ten

an
ts

are
p

o
or

an
d

th
e

rem
ain

in
g
n
−

1
−
x

are
rich

.
A

t
every

su
b

seq
u

en
t

p
erio

d
,

th
ere

is
a

p
ro

b
a
b

ility
q
∈

(0,1
]

th
at

a
ren

ta
l

agreem
en

t
on

th
e

b
lo

ck
(u

n
iform

ly
ran

d
om

ly
selected

)
is

ren
ego

tiated
.

T
h

ese
ren

ego
tiation

op
p

ortu
n

ities
arise

p
artly

b
ecau

se
ex

istin
g

con
tracts

w
ith

ten
an

ts

ex
p

ire
a
t

id
io

sy
n

cratic
tim

es,
b

u
t

p
ossib

ly
also

b
ecau

se
a

ten
an

t
fi

n
d

s
an

ou
tsid

e
op

tion
th

at
m

akes

h
er

b
etter

off
th

an
rem

ain
in

g
in

th
e

cu
rren

t
ap

artm
en

t
w

ith
th

e
cu

rren
t

ren
t.

F
or

sim
p

licity
w

e
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m
o
d

el
a
ll

th
ese

even
ts

th
ro

u
gh

a
sin

gle
tim

e-in
d

ep
en

d
en

t
sto

ch
astic

p
ro

cess.
A

k
ey

featu
res

of
th

is

set-u
p

is
th

a
t

th
e

co
m

p
osition

of
th

e
b

lo
ck

can
on

ly
ch

an
ge

grad
u

ally. 4
6

W
e

assu
m

e
th

a
t

ten
an

ts
h

ave
ad

d
itiv

ely
sep

arab
le

u
tility

fu
n

ction
s

in
h

ou
sin

g
an

d
m

on
ey.

T
h

e

p
er

p
erio

d
u

tility
a

ten
a
n
t

o
b

ta
in

s
w

h
en

liv
in

g
on

th
e

b
lo

ck
d

ep
en

d
s

on
th

e
com

p
osition

of
th

e
b

lo
ck

.

W
e

a
ssu

m
e

th
at

p
o
o
r

resid
en

ts
on

th
e

sam
e

b
lo

ck
ex

ert
a

n
egative

ex
tern

ality
on

th
eir

n
eigh

b
ors. 4

7

In
p

articu
la

r,
th

e
u

tility
a

ty
p

e
s
∈
{p
,r}

ten
an

t
ob

tain
s

w
h

en
p

ay
in

g
ren

t
r

is
−
r−

c
sk ,

w
h

ere
k

is

th
e

n
u

m
b

er
o
f

p
o
or

oth
er

ten
a
n
ts

in
th

e
b

lo
ck

.
H

en
ce
c
s0 −

c
sk

can
b

e
in

terp
reted

as
th

e
p

rem
iu

m

th
at

a
ty

p
e
s

ten
a
n
t

is
w

illin
g

to
p

ay
n

ot
to

h
ave

an
y

p
o
or

oth
er

ten
an

ts
in

th
e

b
lo

ck
,

relative
to

h
av

in
g
k

o
f

th
em

.
A

s
a

sim
p

lify
in

g
a
ssu

m
p

tion
,

for
m

ost
of

th
e

an
aly

sis
w

e
assu

m
e

th
at
c
pk

=
0

fo
r

every
k
∈
{0,...,n

−
1}

–
th

at
is,

p
o
or

ten
an

ts’
w

illin
gn

ess
to

p
ay

to
red

u
ce

th
e

n
u

m
b

er
of

p
o
or

n
eig

h
b

o
rs

is
zero

–
b

u
t

sh
ow

in
an

ex
ten

sion
th

at
ou

r
resu

lts
ex

ten
d

to
allow

in
g

p
o
or

ten
an

ts

to
h

ave
p

o
sitive

w
illin

gn
ess

to
p

ay
fo

r
avoid

in
g

p
o
or

n
eigh

b
ors

as
lon

g
as

it
is

less
th

an
th

at
of

rich
ten

a
n
ts.

W
e

assu
m

e
th

at
c
r0
≥

0,
an

d
th

at
c
rk

is
strictly

in
creasin

g
in
k
.

W
e

allow
for

th
e

p
o
ssib

ility
o
f
c
r0
>

0
b

ecau
se,

ev
en

if
th

ere
is

n
o

cu
rren

t
p

o
or

ten
an

t
on

h
er

b
lo

ck
,

p
o
or

resid
en

ts
of

n
eigh

b
orin

g
b

lo
ck

s
m

igh
t

ex
ert

n
eg

a
tive

ex
tern

ality
on

a
rich

ten
an

t.
If

on
e

assu
m

es
th

ere
are

n
o

n
ega

tive
ex

tern
a
lities

a
cro

ss
b

lo
ck

s
th

en
it

is
n
atu

ral
to

set
c
r0

=
0.

T
h

e
ou

tsid
e

op
tion

of
a

ty
p

e

s
ten

a
n
t

is
−
W

s
p

er
p

erio
d

,
w

h
ich

ca
n

b
e

in
terp

reted
as

liv
in

g
at

an
oth

er
lo

cation
w

h
ere

ren
t

is

W
s

an
d

th
ere

a
re

n
o

p
o
or

n
eigh

b
ors.

T
o

m
ake

th
e

lan
d

lord
’s

p
rob

lem
n

on
triv

ial,
w

e
assu

m
e

th
at

W
r−

c
r0
>
W

p.

A
n

im
p

o
rtan

t
a
ssu

m
p

tio
n

th
a
t

w
e

m
ain

tain
is

th
at

th
e

area
of

im
p

act
of

th
e

n
egative

sh
o
ck

,
an

d

in
p

a
rticu

lar
th

e
size

o
f

th
e

b
lo

ck
,

is
sm

all
relative

to
th

e
w

h
ole

econ
om

y
an

d
th

erefore
w

h
atever

strategy
th

e
la

n
d

lo
rd

follow
s

h
as

n
o

in
fl

u
en

ce
on

ren
t

levels
ou

tsid
e

th
e

b
lo

ck
.

T
h

e
la

n
d

lord
m

a
x
im

izes
th

e
ex

p
ected

p
resen

t
valu

e
of

cu
rren

t
an

d
fu

tu
re

ren
ts,

tak
in

g
in

to

a
cco

u
n
t

th
e

fact
th

at
th

e
co

m
p

osition
of

ten
an

ts
on

th
e

b
lo

ck
in

fl
u

en
ces

th
e

am
ou

n
t

of
ren

t
a

rich
ren

ter
is

w
illin

g
to

p
ay.

A
ll

a
gen

ts
are

fu
lly

forw
ard

-lo
ok

in
g

an
d

d
iscou

n
t

fu
tu

re
p

ayoff
s

b
y

a

4
6

W
h
ile

it
is

a
d
va

n
ta

g
eo

u
s

fo
r

a
la

n
d
lo

rd
to

sy
n
ch

ro
n
ize

th
e

tim
in

g
o
f

ren
eg

o
tia

tio
n
s

a
cro

ss
a
p
a
rtm

en
ts

o
n

th
e

b
lo

ck
,

th
a
t

is
u
n
lik

ely
to

b
e

p
o
ssib

le
g
iv

en
id

io
sy

n
cra

tic
tu

rn
ov

er
o
f

ten
a
n
ts

co
u
p
led

w
ith

th
e

d
iscrete

n
a
tu

re
o
f

ten
a
n
cy

a
g
reem

en
ts

a
t

th
e

tim
e,

w
h
ich

to
o
k

th
e

fo
rm

o
f

1
-,

3
-,

5
-

a
n
d

1
0
-y

ea
r

co
n
tra

cts,
a
n
d

w
ere

g
ov

ern
ed

b
y

d
iff

eren
t

reg
u
la

tio
n

o
f

term
s

(su
ch

a
s

h
ow

m
a
n
y

m
o
n
th

s
o
f

n
o
n
-p

ay
m

en
t

b
efo

re
p
ro

p
erty

co
u
ld

b
e

co
n
fi
sca

ted
fro

m
th

e
ten

a
n
t

a
s

co
m

p
en

sa
tio

n
,

etc.).
4
7

F
u
rth

er
m

o
tiva

tio
n

is
p
rov

id
ed

in
G

u
errieri

et
a
l.

(2
0
1
3
),

w
h
o

im
p

o
se

a
sim

ila
r

a
ssu

m
p
tio

n
.

W
e

n
o
te

th
a
t

a
s

th
e

lev
els

o
f

u
tilities

a
re

free
to

m
ov

e
a
ro

u
n
d

in
o
u
r

m
o
d
el,

w
e

ca
n

eq
u
iva

len
tly

th
in

k
a
b

o
u
t

a
ssu

m
in

g
th

a
t

rich
n
eig

h
b

o
rs

ex
ert

p
o
sitiv

e
ex

tern
a
lities

o
n

ten
a
n
ts,

in
stea

d
o
f

p
o
o
r

n
eig

h
b

o
rs

ex
ertin

g
n
eg

a
tiv

e
ex

tern
a
lities.
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fa
cto

r
δ.

In
th

e
b

a
selin

e
m

o
d

el
w

e
allow

th
e

lan
d

lord
to

p
erfectly

screen
p

oten
tial

n
ew

ten
an

ts
an

d

essen
tia

lly
ch

o
o
se

th
e

ty
p

e
o
f

ten
an

t. 4
8

T
h

e
am

ou
n
t

of
ren

t
th

e
ten

an
t

is
w

illin
g

to
p

ay
d

ep
en

d
s

on
th

e
ten

a
n
t’s

ty
p

e,
an

d
in

case
of

a
rich

ten
an

t,
on

b
oth

th
e

cu
rren

t
com

p
osition

of
ten

an
t

ty
p

es

on
th

e
b

lo
ck

a
n

d
th

e
ex

p
ected

co
m

p
osition

in
th

e
fu

tu
re

(w
h
ich

d
ep

en
d

s
on

th
e

lan
d

lord
’s

fu
tu

re

ex
p

ected
ch

oices).
T

h
e

la
n

d
lord

is
in

d
iff

eren
t

b
etw

een
ren

egotiatin
g

th
e

con
tract

w
ith

an
ex

istin
g

ten
a
n
t

or
acq

u
irin

g
a

n
ew

ten
a
n
t

o
f

th
e

sam
e

ty
p

e
as

th
e

cu
rren

t
ten

an
t,

sin
ce

th
e

m
ax

im
u

m

am
ou

n
t

o
f

ren
t

h
e

ca
n

g
et

is
th

e
sam

e.
S

im
ilarly,

a
ten

an
t

is
in

d
iff

eren
t

b
etw

een
ren

egotiatin
g

th
e

con
tract

o
r

m
ov

in
g

o
u
t

if
th

e
ren

t
o
ff

ered
m

akes
h

er
ex

actly
as

w
ell

off
as

h
er

ou
tsid

e
op

tion
.

W
e

assu
m

e
th

a
t

in
su

ch
ca

ses
p

a
rties

ch
o
o
se

to
ren

egotiate
th

e
ren

tal
con

tract
(w

h
ich

can
b

e
m

otivated

b
y

sm
a
ll

tra
n

sa
ction

s
costs

asso
cia

ted
w

ith
m

ov
in

g
on

th
e

ten
an

t’s
sid

e,
an

d
w

ith
acq

u
irin

g
a

n
ew

ten
a
n
t

on
th

e
lan

d
lord

’s
sid

e),
h
en

ce
a

ten
an

t
on

ly
m

oves
ou

t
for

n
on

-ex
ogen

ou
s

reason
s

if
sh

e
is

rep
la

ced
w

ith
a

d
iff

eren
t

ty
p

e
of

ten
an

t.

T
ech

n
ica

lly,
th

e
lan

d
lord

’s
p

ro
b
lem

is
n

ot
a

sim
p

le
on

e-p
erson

d
ecision

p
rob

lem
,

b
ecau

se
th

e

ren
t

h
e

ca
n

ch
arg

e
at

d
iff

eren
t

n
eg

o
tia

tio
n

s
d

ep
en

d
s

on
ten

an
ts’

ex
p

ectation
s

of
th

e
lan

d
lord

’s
fu

tu
re

actio
n

s.
W

e
a
ssu

m
e

th
a
t

th
e

lan
d

lo
rd

can
ch

o
ose

a
strategy

at
th

e
b

egin
n

in
g

of
th

e
gam

e,
an

d
th

at

ten
a
n
ts

h
ave

correct
ex

p
ectatio

n
s

of
fu

tu
re

action
s

d
ictated

b
y

th
is

strategy.
W

e
also

sh
ow

th
at

th
e

op
tim

a
l

stra
teg

y
for

th
e

la
n

d
lord

is
seq

u
en

tially
ration

al,
so

it
is

n
ev

er
in

h
is

in
terest

to
d

ep
art

from
it.

5
.2

M
a
in

p
re

d
ictio

n
s

T
h

e
fi

rst
p

red
iction

w
e

ob
tain

from
th

e
b

aselin
e

m
o
d

el
is

th
at

th
e

lan
d

lord
’s

op
tim

al
strategy

is

eith
er

to
(i)

retain
a
ll

rich
ten

a
n
ts

a
n

d
over

tim
e

fi
ll

all
n

ew
vacan

cies
w

ith
n

ew
rich

ten
an

ts,

or
(ii)

reta
in

a
ll

p
o
o
r

ten
an

ts
a
n

d
ov

er
tim

e
fi

ll
all

n
ew

vacan
cies

w
ith

n
ew

p
o
or

ten
an

ts
(m

ore

p
recisely,

a
t

lea
st

o
n

e
of

th
ese

strategies
is

alw
ay

s
am

on
g

th
e

op
tim

al
strategies).

W
e

w
ill

refer
to

th
ese

stra
teg

ies
a
s

“
a
lw

ay
s

rich
”

an
d

“alw
ay

s
p

o
or.”

T
h

e
in

tu
ition

is
th

at,
if

at
a

certain
state

it

is
op

tim
al

to
a
cq

u
ire

a
rich

(resp
ectively,

p
o
or)

ten
an

t,
th

en
it

rem
ain

s
op

tim
al

to
d

o
so

in
fu

tu
re

tim
es

w
h
en

th
e

ratio
o
f

rich
(p

o
or)

ten
a
n
ts

is
h

igh
er.

A
lan

d
lord

follow
in

g
th

e
alw

ay
s

rich
strategy

fi
n

d
s

stick
in

g
to

th
e

strategy
m

ore
an

d
m

ore
p

rofi
tab

le
over

tim
e,

sin
ce,

as
th

e
b

lo
ck

tran
sition

s
to

4
8

In
a
n

a
ltern

a
tiv

e
v
ersio

n
o
f

th
e

m
o
d
el

b
elow

w
e

sh
ow

h
ow

th
e

m
a
in

resu
lts

ex
ten

d
to

a
settin

g
in

w
h
ich

th
e

la
n
d
lo

rd
ca

n
n
o
t

d
irectly

d
iscrim

in
a
te

b
etw

een
ten

a
n
t

ty
p

es,
o
n
ly

th
ro

u
g
h

p
o
sted

p
rices.
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rich
,

h
e

can
ch

arg
e

rich
ten

an
ts

h
igh

er
an

d
h

igh
er

ren
ts.

S
im

ilarly,
a

lan
d

lord
follow

in
g

th
e

alw
ay

s

p
o
or

stra
teg

y
fi

n
d

s
it

less
an

d
less

p
ro

fi
tab

le
to

d
ev

iate
an

d
go

after
a

rich
ten

an
t,

sin
ce

ov
er

tim
e

h
e

h
as

to
off

er
m

o
re

d
iscou

n
t

for
a

lo
n

ger
tim

e
to

rich
ty

p
es

in
ord

er
to

attract
th

em
.

W
h
ile

th
e

in
tu

itio
n

is
sim

p
le,

th
e

p
recise

sta
tem

en
t

an
d

p
ro

of
of

th
e

resu
lt

is
tech

n
ical,

an
d

so
is

relegated
to

th
e

A
p

p
en

d
ix

.

W
h

eth
er

th
e

lan
d

lord
sh

o
u

ld
ch

o
o
se

th
e

alw
ay

s
rich

v
ersu

s
th

e
alw

ay
s

p
o
or

strategy
d

ep
en

d
s

on
th

e
n
u

m
b

er
of

cu
rren

t
p

o
o
r

ten
a
n
ts

on
th

e
b

lo
ck

,
x

,
at

th
e

tim
e

of
th

e
fi

rst
vacan

cy.
If

th
e

b
lo

ck
is

h
it

b
y

a
severe

en
ou

g
h

n
ega

tive
in

com
e

sh
o
ck

so
th

at
x

is
larger

th
an

a
critical

th
resh

old
,

it
can

b
e

to
o

costly
for

th
e

lan
d

lo
rd

to
start

acq
u

irin
g

rich
ten

an
ts

an
d

b
u

ild
b

ack
an

all-rich
b

lo
ck

.

In
stea

d
,

it
b

eco
m

es
o
p

tim
a
l

to
let

th
e

rem
ain

in
g

rich
ten

an
ts

m
ove

ou
t

an
d

let
th

e
b

lo
ck

b
ecom

e

p
o
or.

N
o
tice

th
a
t,

in
ca

se
of

a
n

a
ll

p
o
or

strategy,
ren

ts
from

all
fu

tu
re

n
ew

ten
an

ts
an

d
from

all

cu
rren

t
ten

a
n
ts

stay
in

g
a
fter

th
e

fi
rst

ren
egotiation

is
in

d
ep

en
d

en
t

of
x

,
an

d
eq

u
al

to
W

p.
H

ow
ever,

ex
p

ected
p

ay
o
ff

s
o
f

th
e

la
n

d
lo

rd
w

h
en

follow
in

g
an

alw
ay

s
rich

strategy
strictly

d
ecrease

in
x

.

T
h

e
n

ex
t

resu
lt

ch
ara

cterizes
th

e
critical

th
resh

old
d

eterm
in

in
g

th
e

lan
d
lord

’s
op

tim
al

strategy.

P
ro

p
o
sitio

n
1
:

T
h

e
lan

d
lord

p
refers

th
e

alw
ay

s
rich

strategy
to

th
e

alw
ay

s
p

o
or

strategy
iff

:

W
r−

W
p
>

x
∑i=

0

(1
−
δ)
x
!i! (x

+
1
−
i)(δ

qn
)
x−

i(1
−
δ(1
−

qn
))

x
+
1

∏m
=
i (1
−
δ(1
−
q
mn

))

c
ri

(3)

N
o
te

th
a
t

an
in

crea
se

in
W

r
relative

to
W

p
in

creases
th

e
left

h
an

d
sid

e
of

(3),
an

d
so

in
creases

th
e

th
resh

old
x
∗

a
t

w
h

ich
th

e
la

n
d
lo

rd
sw

itch
es

to
th

e
alw

ay
s

p
o
or

strategy.
T

h
e

righ
t

h
an

d
sid

e

of
(3

)
is

in
creasin

g
in

ea
ch

c
ri

(i
∈
{0
,...,x}),

h
en

ce
an

in
crease

in
an

y
of

th
ese

cost
p

aram
eters

d
ecrea

ses
th

e
th

resh
o
ld

.
T

h
is

in
p

articu
lar

h
old

s
for

c
r0 ,

w
h

ich
m

ean
s

th
at

in
case

th
ere

are
across

b
lo

ck
ex

tern
alities,

a
n

in
crea

se
in

th
e

n
u

m
b

er
of

p
o
or

ten
an

ts
in

n
eigh

b
orin

g
b

lo
ck

s
m

akes
it

less

likely,
ceteris

p
a
rib

u
s,

th
at

th
e

la
n

d
lo

rd
ch

o
oses

th
e

alw
ay

s
rich

strategy.
T

h
e

com
p

arative
statics

in
δ

a
re

m
o
re

co
m

p
licated

,
b

u
t

as
δ
→

1
th

e
righ

t
h

an
d

sid
e

of
(3)

con
verges

to
c
r0 ,

h
en

ce,
given

ou
r

a
ssu

m
p

tion
of
W

r−
W

p
>
c
r0 ,

a
very

p
atien

t
lan

d
lord

ch
o
oses

th
e

alw
ay

s
rich

strategy
for

an
y
x

.

A
lso

n
ote

th
a
t

th
e

la
n

d
lord

ch
o
o
sin

g
th

e
alw

ay
s

rich
strategy

im
p

lies
th

at
th

e
in

itial
rich

ten
an

ts

stay
on

th
e

b
lo

ck
,

w
h

ile
th

e
in

itia
l

p
o
or

ten
an

ts
grad

u
ally

m
ove

ou
t.

T
h

e
lan

d
lord

ch
o
osin

g
th

e

a
lw

ay
s

p
o
o
r

strategy
im

p
lies

th
e

op
p

o
site:

in
itial

p
o
or

ten
an

ts
stay

on
th

e
b

lo
ck

,
w

h
ile

in
itial

rich
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ten
an

ts
m

ove
o
u

t. 4
9

C
om

b
in

in
g

th
is

w
ith

P
rop

osition
(1)

estab
lish

es
th

at
an

in
crease

in
th

e
d

egree

to
w

h
ich

th
e

b
lo

ck
is

aff
ected

b
y

th
e

n
egativ

e
sh

o
ck

,
as

su
m

m
arized

b
y
x

,
in

creases
th

e
rate

at

w
h

ich
rich

ten
an

ts
m

ove
ou

t
rela

tive
to

th
e

rate
at

w
h
ich

p
o
or

ten
an

ts
m

ove
ou

t.

W
h

ile
th

e
d

erivation
o
f

co
n

d
ition

(3
)

for
gen

eral
n

is
relegated

to
th

e
A

p
p

en
d

ix
,

h
ere

w
e

d
em

on
-

stra
te

th
e

d
erivatio

n
for

th
e

case
of
n

=
2,

w
h

en
th

e
ex

istin
g

ten
an

t
at

th
e

start
of

th
e

gam
e

is
a

p
o
or

ty
p

e. 5
0

W
e

h
ig

h
lig

h
t

th
is

case
b

ecau
se,

for
tractab

ility,
m

ost
of

th
e

ex
ten

sion
s

of
th

e
b

aselin
e

m
o
d

el
p

rov
id

ed
b

elow
a
re

in
th

e
con

tex
t

of
n

=
2.

C
o
n

sid
er

a
rich

ten
an

t,
w

h
o

p
ay

s
ren

t
r

p
er

p
erio

d
.

If
sh

e
realizes

h
er

ou
tsid

e
op

tion
,

sh
e

gets

V
(ou

t)
=
−
W

r

1−
δ .

It
is

ea
sy

to
see

th
a
t

th
e

ren
t

th
at

m
akes

th
e

ten
an

t
in

d
iff

eren
t

b
etw

een
ren

tin
g

versu
s

th
e

o
u

tsid
e

o
p

tion
is
r

=
W

r−
c
r0 ,

w
h

ich
is

th
e

ren
t

th
e

lan
d

lord
can

n
egotiate

w
ith

rich
ty

p
es

if
th

eir
n

eig
h
b

o
r

is
rich

.
N

ow
let

V
(p
oor)

an
d
V

(rich
)

d
en

ote
th

e
ex

p
ected

con
tin

u
ation

u
tility

of
a

rich
ten

a
n
t

ren
tin

g
a
n

a
p

a
rtm

en
t

for
a

gen
eral

fi
x
ed

r,
given

a
p

o
or

an
d

a
rich

n
eigh

b
or,

assu
m

in
g

th
at

th
e

la
n

d
lord

is
fo

llow
in

g
th

e
alw

ay
s

rich
strategy.

N
ex

t
p

erio
d

th
ree

situ
ation

s
are

p
ossib

le:

n
o

ch
an

g
e,

th
e

n
eig

h
b

o
r’s

ren
ta

l
con

tra
ct

is
ren

egotiated
,

or
th

e
ten

an
t’s

con
tract

is
ren

egotiated
:

V
(rich

)
=
−

(r
+
c
r0 )

+
δ[(1
−
q)V

(rich
)

+
q2
V

(rich
)

+
q2
V

(ou
t)]

V
(rich

)
=
−

(r
+
c
r0 )

+
δ
q2 V

(ou
t)

1
−
δ(1
−

q2 )
=
−

(r
+
c
r0 )−

q2
δ

1−
δ W

r

1
−
δ(1
−

q2 )
(4)

an
d

V
(p
oor)

=
−

(r
+
c
r1 )

+
δ[(1
−
q)V

(p
oor)

+
q2
V

(rich
)

+
q2
V

(ou
t)].

A
p

ro
fi

t-m
a
x
im

izin
g

la
n
d

lo
rd

ch
o
o
ses

ren
t
r ∗

su
ch

th
at
V

(p
oor)

=
V

(ou
t).

H
en

ce:

r ∗
=
W

r−
12 δq

1
−
δ

+
δq
c
r0 −

1
−
δ

+
12 δq

1
−
δ

+
δq

c
r1

T
o

su
m

m
arize,

a
la

n
d

lo
rd

fo
llow

in
g

an
alw

ay
s

rich
strategy

at
th

e
b

egin
n

in
g

of
th

e
gam

e
acq

u
ires

4
9

If
w

e
m

a
d
e

th
e

m
o
d
el

m
o
re

rea
listic

b
y

a
lso

a
llow

in
g

fo
r

ten
a
n
ts

m
ov

in
g

o
u
t

fo
r

ex
o
g
en

o
u
s

rea
so

n
s

th
en

ov
er

tim
e

b
o
th

rich
a
n
d

p
o
o
r

ten
a
n
ts

leav
e

th
e

b
lo

ck
,

b
u
t

if
th

e
la

n
d
lo

rd
ch

o
o
ses

th
e

a
lw

ay
s

rich
stra

teg
y,

in
itia

l
p

o
o
r

ten
a
n
ts

in
ex

p
ecta

tio
n

leav
e

ea
rlier

th
a
n

in
itia

l
rich

ten
a
n
ts.

S
im

ila
rly,

in
ca

se
th

e
la

n
d
lo

rd
ch

o
o
ses

th
e

a
lw

ay
s

p
o
o
r

stra
teg

y,
in

itia
l

rich
ten

a
n
ts

in
ex

p
ecta

tio
n

leav
e

ea
rlier

th
a
n

in
itia

l
p

o
o
r

ten
a
n
ts.

5
0

If
n

=
2

a
n
d

th
e

ex
istin

g
resid

en
t

a
t

th
e

b
eg

in
n
in

g
o
f

th
e

g
a
m

e
is

a
rich

ty
p

e
th

en
in

d
ep

en
d
en

tly
o
f

o
th

er
p
a
ra

m
eters,

th
e

la
n
d
lo

rd
ca

n
a
ch

iev
e

h
is

m
a
x
im

u
m

p
o
ssib

le
p
ay

o
ff

in
th

e
g
a
m

e
b
y

th
e

a
lw

ay
s

rich
stra

teg
y,
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a
rich

ten
a
n
t,

a
n

d
n

ego
tiates

a
ren

t
o
f
r ∗.

T
h

en
at

th
e

fi
rst

ren
egotiation

op
p

ortu
n

ity
w

ith
th

e

oth
er

ten
a
n
t,

h
e

lets
th

e
ten

an
t

leave
a
n

d
acq

u
ires

a
n

ew
rich

ten
an

t,
w

ith
a

ren
t

of
W

r−
c
r0 .

T
h

is

ren
t

p
revails

in
a
ll

fu
tu

re
n

eg
o
tia

tion
s.

G
iven

th
is,

th
e

lan
d

lord
’s

p
ayoff

w
h

en
follow

in
g

th
e

alw
ay

s

rich
stra

teg
y,

n
et

of
th

e
ex

ogen
ou

sly
g
iven

ren
ts

p
aid

b
y

th
e

in
itial

p
o
or

ren
ter,

is:

U
r
ich

=
(1

+
δ
q

1−
δ )W

r−
δ
q

1−
δ c
r0 −

c
r1

1
−
δ(1
−

q2 )

U
sin

g
th

e
fact

th
at,

in
case

of
an

alw
ay

s
p

o
or

strategy
at

th
e

b
egin

n
in

g
of

th
e

gam
e

an
d

at

every
fu

tu
re

n
eg

o
tia

tion
a

ren
t

o
f
W

p
is

agreed
u

p
on

,
th

e
ex

p
ected

p
ayoff

from
follow

in
g

an
alw

ay
s

rich
stra

teg
y

y
ield

s
a

h
igh

er
p

ayoff
th

a
n

follow
in

g
an

alw
ay

s
p

o
or

strategy
iff

:

W
r−

W
p
>

δq

1
−
δ

+
δq
c
r0

+
1
−
δ

1
−
δ

+
δq
c
r1 .

5
.3

E
x
te

n
sio

n
s

o
f

th
e

m
o
d
e
l

In
vestm

en
ts/

m
a
in

ten
a
n

ce

S
u

p
p

o
se

th
e

la
n

d
lord

in
every

p
erio

d
h

as
to

m
ake

an
ad

d
ition

al
ch

oice
of

m
ak

in
g

eith
er

h
igh

in
vestm

en
t/m

ain
ten

an
ce

(H
)

in
to

th
e

b
lo

ck
,

or
low

in
vestm

en
t/m

ain
ten

an
ce

(L
).

T
h

e
cost

of
L

is

n
orm

a
lized

to
0
.

T
h

e
co

st
o
f
H

p
er

p
erio

d
is
k
>

0.
F

or
sim

p
licity,

assu
m

e
th

at
p

o
or

ten
an

ts
d

o

n
ot

care
a
b

o
u

t
th

e
level

of
in

vestm
en

t,
b

u
t

rich
ten

an
ts

in
each

p
erio

d
su

ff
er

a
d

isu
tility

of
d

w
h

en

th
e

p
rev

io
u

s
in

vestm
en

t
d

ecisio
n

w
a
s
L

. 5
1

A
ssu

m
e

th
at

a
co

st-to-d
isu

tility
ra

tio
kd

is
low

en
ou

gh
th

at
in

case
of

th
e

“alw
ay

s
rich

”
strategy

it
is

p
ro

fi
ta

b
le

to
a
lw

ay
s

ch
o
ose

H
.

In
th

e
S

u
p

p
lem

en
tary

A
p

p
en

d
ix

w
e

sh
ow

th
at

th
is

is
eq

u
ivalen

t

to
a
ssu

m
in

g
th

a
t:

kd
≤
δ
qn
[n
−
x
δ

+
x
(n

+
1
)

n
δq]

1
−
δ

+
x
+
1

n
δq

.

If
th

is
co

n
d

itio
n

h
o
ld

s
th

en
in

th
e

case
of

alw
ay

s
rich

strategy
is

ch
osen

b
y

th
e

p
rin

cip
al,

it
is

alw
ay

s
a
cco

m
p

an
ied

b
y

in
v
estm

en
t

level
H

,
an

d
all

ren
ts

stay
th

e
sam

e
as

in
th

e
b

aselin
e

m
o
d

el.

H
ow

ever
th

e
ow

n
er

h
as

ex
tra

lo
sses

from
th

e
costs

of
H

,
resu

ltin
g

in
th

e
ex

p
ected

p
ayoff

from

5
1

T
h
e

resu
lts

b
elow

rea
d
ily

g
en

era
lize

to
th

e
ca

se
w

h
en

rich
ten

a
n
ts

h
av

e
h
ig

h
er

w
illin

g
n
ess

to
p
ay

fo
r

H
v
s

L
in

v
estm

en
t

th
a
n

p
o
o
r

ten
a
n
ts.
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fo
llow

in
g

a
n

alw
ay

s
rich

stra
teg

y
d

ecreasin
g

to:

(1
−
δ

+
δq)

(1
−
δ)(1
−
δ(1
−

qn
)) W

r−
x
∑i=

0

b
ix c

ri −
k

1
−
δ
.

T
h

is
im

p
lies

th
a
t

th
e

m
o
d

el
w

ith
in

v
estm

en
ts

is
eq

u
ivalen

t
to

th
e

b
aselin

e
m

o
d

el
w

ith
(W

r) ′
=

W
r
−

1−
δ
+
δ
qn

1−
δ
+
δ
q
k

in
stea

d
of
W

r.
T

h
erefore,

th
e

q
u

alitative
con

clu
sion

s
of

th
e

m
o
d

el
are

th
e

sam
e

as
b

efo
re,

b
u

t
an

in
crea

se
in

th
e

cost
o
f
H

in
vestm

en
t

m
ake

ch
o
osin

g
th

e
alw

ay
s

rich
strategy

less

p
rofi

ta
b

le,
h

en
ce

m
a
k
in

g
it

m
ore

lik
ely

th
at

th
e

lan
d
lord

’s
op

tim
al

strategy
is

alw
ay

s
p

o
or.

P
oo

r
types

a
lso

w
illin

g
to

pa
y

p
rem

iu
m

fo
r

rich
n

eigh
bo

rs

A
s

lo
n

g
as

w
e

assu
m

e
th

a
t
c
rk
−
c
rk−

1
>
c
pk
−
c
pk−

1
for

every
k
∈
{1
,...,n

−
1},

th
at

is
th

e

m
arg

in
a
l

w
illin

g
n

ess
to

p
ay

to
red

u
ce

th
e

n
u

m
b

er
of

p
o
or

n
eigh

b
ors

is
alw

ay
s

h
igh

er
for

rich
ty

p
es

th
an

for
p

o
o
r

ty
p

es,
th

e
resu

lt
th

at
eith

er
th

e
alw

ay
s

p
o
or

or
th

e
alw

ay
s

rich
strategy

is
op

tim
al

con
tin

u
es

to
h

o
ld

.
In

th
e

S
u

p
p

lem
en

ta
ry

A
p

p
en

d
ix

w
e

d
erive

th
e

con
d

ition
s

in
th

is
ex

ten
d

ed
m

o
d

el

fo
r

th
e

o
p

tim
ality

of
th

e
alw

ay
s

rich
versu

s
th

e
alw

ay
s

p
o
or

strategy.
F

ix
in

g
all

oth
er

p
aram

eters,

in
crea

sin
g

a
n
y

of
th

e
co

st
p

a
ram

eters
c
pk

for
k
∈
{x
,...,n

−
1}

d
ecreases

th
e

p
ayoff

s
from

th
e

alw
ay

s

p
o
or

stra
teg

y,
w

h
ile

n
ot

aff
ectin

g
th

e
p

ayoff
s

from
th

e
alw

ay
s

rich
strategy.

In
th

e
case

of
n

=
2,

th
e

co
n

d
itio

n
for

alw
ay

s
rich

b
ein

g
a
n

op
tim

al
strategy

is
th

e
follow

in
g

sim
p

le
m

o
d

ifi
cation

of
th

e

o
rigin

al
con

d
itio

n
:

W
r−

W
p
>

δq

1
−
δ

+
δq
c
r0

+
1
−
δ

1
−
δ

+
δq
c
r1 −

c
p1 .

M
u

ltip
le

o
w

n
ers

If
n

o
t

all
a
p

artm
en

ts
o
n

th
e

b
lo

ck
are

ow
n

ed
b
y

th
e

sam
e

ow
n

er,
th

ere
are

ad
d

ition
al

co
ord

i-

n
ation

issu
es

a
risin

g
am

on
g

ow
n

ers,
a
s

w
ell

as
a

free
rid

er
p

rob
lem

(it
is

b
etter

if
an

oth
er

ow
n

er

starts
ch

an
g
in

g
th

e
co

m
p

osition
o
f

th
e

b
lo

ck
at

th
e

ex
p

en
se

of
cu

rren
t

losses)
an

d
m

u
ltip

licity
of

eq
u

ilib
ria

.
T

h
e

latter
m

igh
t

resu
lt

in
th

e
b

lo
ck

con
vergin

g
to

b
ein

g
all

p
o
or

even
w

h
en

ow
n

ers
are

very
p

atien
t.

T
h

e
fa

ct
th

a
t

ten
a
n
ts

receive
asy

n
ch

ron
ou

s
op

p
ortu

n
ities

to
m

ove
ou

t
can

still
im

p
ly

th
at

in
a
ll

eq
u
ilib

riu
m

u
ltim

a
tely

th
e

b
lo

ck
con

verges
b

ack
to

b
ein

g
all

rich
, 5
2

b
u

t
th

is
req

u
ires

a

m
ore

d
em

a
n

d
in

g
con

d
itio

n
th

an
th

e
o
n

e
im

p
ly

in
g

th
at

th
e

all
rich

strategy
is

op
tim

al
for

a
sin

gle

5
2

O
n

h
ow

a
sy

n
ch

ro
n
icity

o
f

m
ov

es
ca

n
so

lv
e

co
o
rd

in
a
tio

n
p
ro

b
lem

s,
see

fo
r

ex
a
m

p
le

L
a
g
u
n
o
ff

a
n
d

M
a
tsu

i
(1

9
9
7
),

T
a
ka

h
a
sh

i
(2

0
0
5
),

D
u
tta

(2
0
1
2
),

C
a
lca

g
n
o

et
a
l.

(2
0
1
4
)

a
n
d

A
m

b
ru

s
a
n
d

Ish
ii

(2
0
1
5
).
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ow
n

er.
In

sh
ort,

m
u

ltip
le

ow
n

ers
m

a
ke

it
m

ore
lik

ely
th

at
after

a
con

cen
trated

n
egative

in
com

e

sh
o
ck

th
e

b
lo

ck
co

n
verg

es
to

b
e

all
p

o
or,

an
d

less
lik

ely
th

at
it

con
verges

b
ack

to
b

e
all

rich
.

W
e

d
em

o
n

stra
te

th
is

in
th

e
ca

se
w

h
en

th
ere

are
tw

o
ap

artm
en

ts,
ow

n
ed

b
y

tw
o

d
iff

eren
t

ow
n

ers.
W

e

restrict
a
tten

tion
to

M
ark

ov
p

erfect
eq

u
ilib

ria
of

th
e

gam
e

b
etw

een
th

e
lan

d
lord

s,
w

h
ich

for
b

rev
ity

w
e

ju
st

refer
to

as
eq

u
ilib

ria.

F
irst,

n
o
te

th
a
t

a
n

ecessa
ry

co
n

d
ition

for
th

ere
to

ex
ist

an
eq

u
ilib

riu
m

w
ith

tw
o

ow
n

ers
su

ch

th
at

an
ow

n
er

is
w

illin
g

to
a
cq

u
ire

a
rich

ten
an

t
w

h
en

th
e

cu
rren

t
ten

an
t

in
th

e
oth

er
ap

artm
en

t

is
p

o
o
r

is
th

a
t

it
is

p
ro

fi
tab

le
to

d
o

so
assu

m
in

g
th

at
th

is
triggers

th
e

oth
er

ow
n

er
to

ch
an

ge
h

is

ten
an

t
to

a
rich

ty
p

e,
a
t

th
e

fi
rst

p
o
ssib

le
op

p
ortu

n
ity

in
th

e
fu

tu
re.

T
h

is
also

tu
rn

s
ou

t
to

b
e

a

su
ffi

cien
t

co
n

d
ition

fo
r

th
e

ex
isten

ce
o
f

an
eq

u
ilib

riu
m

in
w

h
ich

th
e

b
lo

ck
con

verges
to

all
rich

,
in

case
x

=
1.

T
h

e
m

ax
im

a
l

ren
t

a
rich

ty
p

e
is

w
illin

g
to

accep
t

given
th

e
ab

ove
p

rofi
le

is:

r ∗
=
W

r−
12 δq

1
−
δ

+
δq
c
r0 −

1
−
δ

+
12 δq

1
−
δ

+
δq

c
r1 .

G
iven

th
is

ren
t

a
n

d
th

e
ab

ove
strategy

p
rofi

le,
th

e
lan

d
lord

’s
ex

p
ected

p
ayoff

is:

U
r
ich

=
W

r

1
−
δ
−

δ
q2

(1
−
δ)(1
−
δ(1
−

q2 )) c
r0 −

1

1
−
δ(1
−

q2 ) c
r1

If
in

stea
d

th
e

lan
d

lo
rd

a
lw

ay
s

h
ires

p
o
or

ten
an

ts,
th

en
h

is
u

tility
is
U
p
o
o
r

=
W

p

1−
δ .

T
h
e

ap
artm

en
t

ow
n

er
p

refers
th

e
a
lw

ay
s

rich
stra

tegy
w

h
en

:

W
r−

W
p
>

δ
q2

1
−
δ(1
−

q2 ) c
r0

+
1
−
δ

1
−
δ(1
−

q2 ) c
r1 .

(5)

N
o
te

th
at

th
is

con
d

itio
n

is
stricter

th
a
n

th
e

con
d

ition
for

a
m

on
op

olist
lan

d
lord

’s
op

tim
al

strategy

b
ein

g
a
lw

ay
s

rich
.

H
en

ce
m

u
ltip

le
la

n
d
lord

s
on

th
e

b
lo

ck
m

ak
e

it
m

ore
likely

th
at

a
b

lo
ck

h
it

b
y

a

n
eg

ative
in

co
m

e
sh

o
ck

tran
sitio

n
s

to
p

o
or,

even
if

th
e

b
est

eq
u

ilib
riu

m
is

p
layed

b
y

th
e

lan
d

lord
s.

M
o
reover,

ev
en

w
h

en
con

d
itio

n
(5

)
h

old
s,

th
ere

m
igh

t
b

e
an

oth
er

eq
u

ilib
riu

m
,

cau
sed

b
y

th
e

co-

ord
in

atio
n

p
ro

b
lem

b
etw

een
th

e
tw

o
lan

d
lord

s,
in

w
h

ich
b

oth
lan

d
lord

s
follow

th
e

all
p

o
or

strategy.
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In
th

e
S

u
p
p

lem
en

tary
A

p
p

en
d

ix
w

e
sh

ow
th

at
su

ch
eq

u
ilib

riu
m

can
b

e
ru

led
ou

t
iff

:

W
r−

W
p
>

1
−
δ

+
12 δq

1
−
δ

+
δq

c
r0

+
12 δq

1
−
δ

+
δq
c
r1 .

(6)

N
o

p
rice

d
iscrim

in
a
tio

n

In
th

e
b

aselin
e

m
o
d

el
w

e
assu

m
ed

th
at

a
lan

d
lord

can
p

erfectly
d

iscrim
in

ate
b

etw
een

rich
an

d

p
o
o
r

ty
p

es,
eff

ectively
ch

o
osin

g
w

h
ich

ty
p

e
of

ten
an

t
h

e
w

an
ts

to
fi

ll
a

vacan
cy.

H
ere

w
e

fo
cu

s
on

th
e

ca
se

of
n

=
2,

an
d

sh
ow

th
a
t

ev
en

if
su

ch
d

iscrim
in

ation
is

n
ot

p
ossib

le,
an

d
th

e
lan

d
lord

can

on
ly

ch
o
o
se

a
p

osted
ren

t
fo

r
a

vacan
cy,

h
av

in
g

to
accep

t
an

y
ten

an
t

w
illin

g
to

p
ay

th
e

p
osted

ren
t,

th
e

q
u

a
litative

con
clu

sion
s

of
th

e
m

o
d

el
rem

ain
u

n
ch

an
ged

.
M

oreover,
it

b
ecom

es
m

o
re

likely
th

at

th
e

la
n

d
lo

rd
ch

o
o
ses

th
e

a
lw

ay
s

p
o
or

strategy.

If
th

e
a
p

a
rtm

en
t

ow
n

er
can

n
o
t

d
iscrim

in
ate

again
st

p
o
or

ap
p

lican
ts,

an
d

th
e

m
ax

im
al

ren
t

a

rich
ten

an
t

is
w

illin
g

to
a
ccep

t
is

less
th

an
w

h
at

a
p

o
or

ten
an

t
is

w
illin

g
to

p
ay

(b
ecau

se
of

th
e

cu
rren

t
h

ig
h

n
u

m
b

er
o
f

p
o
or

ten
an

ts)
th

en
a

p
osted

p
rice

eq
u

al
to

th
e

m
ax

im
al

w
illin

gn
ess

to
p

ay

of
th

e
rich

ty
p

es
attra

cts
b

o
th

ty
p

es
of

ten
an

ts.
In

su
ch

cases
w

e
assu

m
e

th
at

th
e

p
rob

ab
ility

th
at

th
e

ten
a
n
t

a
ccep

tin
g

th
e

off
er

is
a

rich
ty

p
e

is
π
∈

(0,1).
L

et
r ∗

b
e

th
e

m
ax

im
al

ren
t

th
at

a
rich

ty
p

e
is

w
illin

g
to

p
ay

w
h

en
th

e
cu

rren
t

oth
er

ten
an

t
is

p
o
or,

b
u

t
at

th
e

fi
rst

p
ossib

le
ren

egotiation

op
p

ortu
n

ity
sh

e
is

ex
p

ected
to

b
e

sw
itch

ed
to

a
rich

ten
an

t.
A

ssu
m

e
r ∗
<
W

p,
so

h
irin

g
a

p
o
or

ten
an

t
h

a
s

sh
ort-term

b
en

efi
ts

fo
r

th
e

lan
d

lord
.

In
th

e
S

u
p

p
lem

en
ta

ry
A

p
p

en
d

ix
w

e
sh

ow
th

at
in

th
is

m
o
d

ifi
ed

en
v
iron

m
en

t
th

e
alw

ay
s

rich

strategy
y
ield

s
a

h
igh

er
p

ay
off

fo
r

th
e

lan
d
lord

th
an

th
e

alw
ay

s
p

o
or

strategy
iff

:

W
r−

W
p
>
δ
q2 [(1
−
δ)(1

+
π

)
+

2
δqπ

]

(1
−
δ

+
δq)(1

−
δ

+
δqπ

)
c
r0

+
(1
−
δ)(1
−
δ

+
δ
q2 (1

+
π

))

(1
−
δ

+
δq)(1

−
δ

+
δqπ

)
c
r1 .

T
h

is
co

n
d

itio
n

is
stricter

th
an

th
e

con
d

ition
for

th
e

alw
ay

s
rich

strategy
b

ein
g

m
ore

p
rofi

tab
le

th
a
n

th
e

a
lw

ay
s

p
o
or

strategy
in

th
e

b
aselin

e
m

o
d

el,
h

en
ce

in
ab

ility
of

th
e

lan
d

lord
to

p
rice

d
is-

crim
in

a
te

in
creases

th
e

likelih
o
o
d

th
at

a
b

lo
ck

h
it

b
y

a
n

egative
in

com
e

sh
o
ck

tran
sition

s
to

b
e

all

p
o
o
r.G

en
trifi

ca
tio

n
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D
iff

eren
ces

b
etw

een
tw

o
b

lo
ck

s
in

ty
p

e
com

p
osition

,
created

b
y

ran
d

om
lo

cally
correlated

sh
o
ck

s,

can
p

revail
even

after
a

gen
eral

in
crease

in
d

em
an

d
for

h
ou

sin
g

in
th

e
d

istrict
(com

p
risin

g
b

oth

b
lo

ck
s)

th
a
t

sh
ifts

th
e

ty
p

e
d

istrib
u

tio
n

in
b

oth
b

lo
ck

s
tow

ard
s

w
ealth

ier
ten

an
ts.

S
u

ch
a

tren
d

ch
a
racterizes

S
o
h

o
over

th
e

la
st

tw
o

d
ecad

es,
d

u
rin

g
w

h
ich

tim
e

av
erage

sales
p

rices
h

ave
in

creased

b
y

13
9%

.
M

ean
w

h
ile,

o
u

r
em

p
irical

resu
lts

in
d

icate
th

at
th

e
w

ed
ge

in
ren

tal
p

rices
rem

ain
s

even

as
th

e
d

istrict
h

as
gen

trifi
ed

.

T
o

d
em

o
n

strate
h

ow
th

is
is

p
ossib

le
in

th
e

con
tex

t
of

ou
r

m
o
d

el,
w

e
ex

ten
d

th
e

b
aselin

e
m

o
d

el

to
in

clu
d

e
fo

u
r

ty
p

es
o
f

p
ro

sp
ective

ren
ters:

p
o
or,

m
id

d
le-class,

rich
an

d
very

rich
.

T
h

eir
ou

tsid
e

op
tion

s
a
re

co
rresp

on
d

in
g
ly
−
W

p,−
W

m
,−

W
r,−

W
v

p
er

p
erio

d
,

w
h

ere
W

p
<
W

m
<
W

r
<
W

v.

L
et
c
mi

b
e

th
e

cost
to

a
m

id
d

le-cla
ss

ten
an

t
of

h
av

in
g
i

p
o
or

n
eigh

b
ors,

an
d

assu
m

e
it

is
in

creasin
g

in
i.

A
lso

assu
m

e
th

a
t
W

r
−
c
mn−

1
<
W

p,
b

u
t
W

r
−
c
m0
>
W

p.
L

et
c
ri,j

b
e

th
e

cost
for

a
rich

ten
an

t
o
f

h
av

in
g
i

p
o
or

n
eigh

b
ors

an
d
j

m
id

d
le-class

n
eigh

b
ors,

an
d

let
c
ri,j

b
e

in
creasin

g
in

b
oth

i
a
n

d
j.

F
u

rth
erm

ore,
a
ssu

m
e

th
at

if
i

+
j

=
i ′

+
j ′

an
d
i
>
i ′

th
en

c
ri,j
>
c
ri ′,j ′ .

L
et
c
vi,j,k

b
e

th
e

co
st

fo
r

a
very

rich
ten

a
n
t

im
p

o
sed

b
y

h
av

in
g
i

p
o
or

n
eigh

b
ors,

j
m

id
d

le-class
n

eigh
b

ors
an

d
k

rich
n

eig
h
b

ors,
a
n

d
let

c
vi,j,k

b
e

in
crea

sin
g

in
i

,
j

an
d
k
.

A
ssu

m
e

also
th

at
if
i

+
j

=
i ′

+
j ′′

an
d

i
>
i ′,

th
en

c
vi,j,k

>
c
vi ′,j ′,k

an
d

if
j

+
k

=
j ′+

k
′

an
d
j
>
j ′,

th
en

c
vi,j,k

>
c
vi,j ′,k

′ .
L

astly,
assu

m
e

th
at

W
p
<
W

m
−
c
m0
<
W

r−
c
r0
,0
<
W

v−
c
v0
,0
,0 .

In
tu

itively,
th

ese
assu

m
p

tion
s

im
p

ly
th

at
all

ty
p

es
are

w
illin

g
to

p
ay

a
p

rem
iu

m
to

avo
id

h
av

in
g

n
eigh

b
ors

of
low

er
ty

p
e,

an
d

h
igh

er
ty

p
es

h
ave

a
h

igh
er

w
illin

gn
ess

to
p

ay.

In
th

e
S

u
p

p
lem

en
tary

A
p

p
en

d
ix

w
e

sh
ow

th
at

th
ere

is
a

p
aram

eter
ran

ge
for

w
h

ich
origin

ally

b
o
th

an
a
ll

p
o
or

an
d

a
n

all
rich

b
lo

ck
are

stab
le,

an
d

after
th

e
in

crease
in

th
e

attractiven
ess

of

th
e

d
istrict,

th
e

p
o
o
r

b
lo

ck
tran

sitio
n
s

to
a

m
id

d
le-class

on
e,

w
h

ile
th

e
rich

b
lo

ck
tran

sform
s

to
a

very
rich

o
n

e.
T

h
erefore,

it
ca

n
b

e
th

e
case

th
at,

if
tw

o
origin

ally
rich

b
lo

ck
s

are
h

it
b
y

a
n

egative

in
com

e
sh

o
ck

d
iff

eren
tially,

o
n

e
con

verg
es

b
ack

to
rich

an
d

on
e

slid
es

d
ow

n
to

b
ein

g
p

o
or,

an
d

th
ere

rem
a
in

s
a

d
iff

eren
ce

b
etw

een
th

ese
b

lo
ck

s
even

if
later

th
e

com
p

osition
of

ty
p

es
tran

sition
s

u
p
w

ard
s

in
b

o
th

o
f

th
e

b
lo

ck
s,

d
u

e
to

an
ex

ogen
ou

s
in

crease
in

th
e

attractiv
en

ess
of

th
e

b
lo

ck
s.
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5
.4

B
a
ck

o
f

th
e

E
n
v
e
lo

p
e

C
a
lcu

la
tio

n
s

T
h

e
resu

lts
ab

ove
sh

ow
th

a
t

it
is

th
eo

retically
p

ossib
le

th
at,

w
h

en
a

n
egative

in
com

e
sh

o
ck

h
its

m
an

y

of
th

e
cu

rren
t

ten
a
n
ts,

a
p

ro
fi

t-m
a
x
im

izin
g

lan
d

lord
ch

o
oses

to
let

th
e

b
lo

ck
tran

sition
from

rich
to

p
o
or,

d
esp

ite
th

e
fact

th
at

an
all

rich
b

lo
ck

w
ou

ld
m

ake
h

im
b

etter
off

in
th

e
lon

g
ru

n
.

H
ow

ev
er,

to

len
d

cred
ib

ility
to

ou
r

in
terp

reta
tion

o
f

th
e

em
p

irical
resu

lts,
it

is
im

p
ortan

t
to

estab
lish

th
at

th
is

can
b

e
th

e
case

for
rea

listic
p

a
ram

eter
valu

es,
for

ex
am

p
le

w
ith

ou
t

req
u

irin
g

th
e

lan
d

lord
’s

level
of

im
p

atien
ce

b
e

im
p

la
u

sib
ly

h
igh

.
H

ere
w

e
p

rov
id

e
som

e
b

ack
of

th
e

en
velop

e
calcu

lation
s

to
verify

th
at

th
e

all
p

o
o
r

strategy
can

in
d

eed
b

e
op

tim
al

for
p

lau
sib

le
p
aram

eter
valu

es.

B
elow

w
e

a
ssu

m
e

a
lin

ea
r

d
isu

tility
fu

n
ction

for
rich

ty
p

es
from

p
o
or

n
eigh

b
ors:

c
rx

=
x
×
y
,

w
h

ere
y

is
th

e
in

crem
en

tal
d

isu
tility

o
f

an
ex

tra
p

o
or

n
eigh

b
or,

in
a

b
lo

ck
of

40
ap

artm
en

ts
(th

e

averag
e

b
lo

ck
size

in
th

e
p

a
rish

).
B

a
sed

on
A

llen
(2005,

2009),
w

e
set

th
e

retu
rn

s
to

cap
ital

arou
n

d

th
e

tim
e

o
f

th
e

ch
o
lera

ep
id

em
ic

to
2
0%

,
h

en
ce

th
e

relevan
t

d
iscou

n
t

factor
for

a
lan

d
lord

to
11
.2 .

O
u

r
estim

a
te

o
f

th
e

p
rice

d
iff

eren
ce

b
etw

een
th

e
ren

t
a

lan
d

lord
can

get
in

an
all

rich
b

lo
ck

versu
s

in
a
n

a
ll

p
o
or

b
lo

ck
ten

years
after

th
e

ep
id

em
ic

(b
y

w
h

ich
tim

e
tran

sition
s

fi
n

ish
ed

w
ith

very

h
igh

p
ro

b
a
b

ility
)

is
26%

,
m

o
tiva

tin
g

u
s

to
set

W
p

=
1

an
d
W

r
=

1.26.
W

e
h

ave
n

o
d

ata
on

th
e

d
iff

eren
tia

l
in

vestm
en

t
a
n

d
m

a
in

ten
an

ce
costs

for
b

lo
ck

s
targetin

g
rich

ten
an

ts,
an

d
th

erefore
m

ake

altern
ative

ca
lcu

la
tion

s
u

sin
g
d

ra
n

gin
g

from
0

to
0.1

(th
e

latter
d

ecreasin
g

th
e

reven
u

e
d

iff
eren

ce

fo
r

th
e

la
n

d
lord

to
16%

).
W

e
set

th
e

tim
e

b
etw

een
p

erio
d

s
to

b
e

a
w

eek
,

an
d

set
q

su
ch

th
at

con
tracts

o
n

averag
e

get
ren

eg
otia

ted
in

every
tw

o
years.

S
u

p
p

o
se

th
e

critical
th

resh
old

for
a

b
lo

ck
tran

sition
in

g
to

p
o
or

is
25%

,
th

at
is

ten
in

itial
p

o
or

h
ou

seh
o
ld

s
in

a
b

lo
ck

of
4
0

ap
a
rtm

en
ts.

F
or
d

=
0,

th
e

in
crem

en
tal

d
isu

tility
in

th
e

lin
ear

d
isu

tility

fu
n

ctio
n

al
sp

ecifi
ca

tion
th

a
t

m
a
kes

a
la

n
d

lord
in

d
iff

eren
t

b
etw

een
th

e
alw

ay
s

p
o
or

an
d

th
e

alw
ay

s

rich
stra

teg
y

a
t
x

=
1
0

is
y

=
0.1

68.
W

ith
th

is
d

isu
tility

p
aram

eter,
th

e
in

itial
ren

t
th

at
th

e

lan
d

lord
w

o
u

ld
h

ave
to

o
ff

er
to

retain
a

p
o
or

ten
an

t
is

0.29,
im

p
ly

in
g

a
71%

d
iscou

n
t

relative
to

W
p.

F
or
d

=
0.1

,
th

e
d

isu
tility

p
ara

m
eter

m
ak

in
g

th
e

lan
d

lord
in

d
iff

eren
t

d
ecreases

to
y

=
0.104,

in
creasin

g
th

e
in

itia
l

ren
t

off
ered

to
rich

ten
an

ts
to

0
.56

(a
44%

d
iscou

n
t). 5

3

W
e

th
in

k
th

e
ab

ove
levels

o
f

d
isu

tilities
for

ad
d

ition
al

p
o
or

n
eigh

b
ors,

an
d

related
ly,

th
e

am
ou

n
t

o
f

d
isco

u
n
t

a
lan

d
lo

rd
in

itially
h

a
s

to
off

er
to

retain
rich

ten
an

ts,
are

n
ot

u
n

reason
ab

ly
h

igh
.

5
3

P
lea

se
co

n
ta

ct
th

e
a
u
th

o
rs

fo
r

th
e

M
a
th

em
a
tica

fi
les

w
ith

th
e

co
m

p
u
ta

tio
n
s.
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F
u

rth
erm

o
re,

recall
fro

m
th

e
p

rev
iou

s
an

aly
sis

th
at

n
eigh

b
orin

g
p

o
or

b
lo

ck
s

(w
h

ich
are

m
ore

likely

fo
r

a
b
lo

ck
h

it
h

ard
b
y

th
e

n
ega

tiv
e

in
com

e
sh

o
ck

)
in

crease
th

e
relative

attractiven
ess

of
th

e
all

p
o
or

stra
teg

y,
lead

in
g

to
even

sm
aller

levels
o
f

d
isu

tility
from

p
o
or

n
eigh

b
ors

req
u

ired
to

ration
alize

su
ch

a
strateg

y.
S

im
ilarly,

m
u

ltip
le

ow
n

ers
w

ith
in

th
e

b
lo

ck
m

ake
it

m
ore

likely
th

at
th

e
ow

n
ers

ch
o
ose

th
e

a
ll

p
o
or

strategy,
ag

a
in

red
u

cin
g

th
e

lev
el

of
d

isu
tility

from
p

o
or

n
eigh

b
ors

th
at

is
req

u
ired

fo
r

th
e

b
lo

ck
to

con
verg

e
to

all
p

o
or.

T
h
u

s,
b

oth
of

th
e

ab
ove

asp
ects

d
ecrease

th
e

in
crem

en
tal

d
isu

tility
p

a
ram

eter
im

p
ly

in
g

a
th

resh
old

of
25%

for
th

e
b

lo
ck

tran
sition

in
g

to
p

o
or

(an
d

also
th

e

in
itia

l
d

isco
u

n
t

req
u

ired
to

retain
a

rich
ten

an
t

at
th

e
th

resh
old

ratio
of

in
itial

p
o
or

h
ou

seh
old

s).

W
e

also
d

id
co

m
p

u
tation

s
w

ith
a

strictly
con

cave
d

isu
tility

fu
n

ction
(th

e
very

fi
rst

p
o
or

n
eigh

b
or

im
o
ses

th
e

h
ig

h
est

in
crem

en
tal

d
isu

tility,
th

e
secon

d
on

e
th

e
n

ex
t

h
igh

est,
etc.),

an
d

for
th

e
sam

e

p
aram

eter
valu

es
th

e
in

itial
d

iscou
n
ts

th
at

a
lan

d
lord

h
as

to
off

er
to

retain
a

rich
ten

an
t

at
th

e

th
resh

o
ld

a
re

low
er

th
a
n

in
th

e
lin

ea
r

d
isu

tility
sp

ecifi
cation

.

T
h

e
a
b

ove
co

m
p

u
ta

tion
s

a
re

b
ased

on
a

relatively
low

d
iscou

n
t

factor
of

11
.2 .

O
v
er

tim
e,

th
e

retu
rn

s
to

cap
ital

d
ecreased

to
lev

els
sign

ifi
can

tly
low

er
th

an
th

e
20%

A
llen

(2005)
estim

ates
for

arou
n

d
1
8
60

.
T

h
is

ra
ises

th
e

q
u

estio
n

of
w

h
eth

er
b

lo
ck

s
th

at
tran

sition
ed

to
p

o
or

sh
ou

ld
b

e

ex
p

ected
to

tran
sitio

n
b

a
ck

to
rich

,
g
iven

th
e

ab
ove

p
aram

eter
valu

es
of

th
e

m
o
d

el,
on

ce
th

e

d
isco

u
n
t

fa
ctor

in
creases

to
recen

t
levels.

T
h

e
an

sw
er

is
n

o.
O

n
ce

tran
sition

in
g

fi
n

ish
ed

an
d

all

cu
rren

t
ten

a
n
ts

are
p

o
o
r,

in
a
ll

of
th

e
cases

con
sid

ered
ab

ove
th

e
estim

ated
d

isu
tility

p
aram

eters

im
p

ly
th

a
t

alw
ay

s
p

o
o
r

rem
ain

s
th

e
o
p

tim
al

strategy
for

th
e

lan
d

lord
,

even
w

h
en

in
terest

rates

d
ecrease

to
5
-10

%
.

M
o
reover,

if
w

e
assu

m
e

th
at

th
e

h
igh

retu
rn

to
cap

ital
p

revailed
th

rou
gh

ou
t

th
e

p
erio

d
o
f

h
eav

y
in

d
u

stria
liza

tio
n

,
u

n
til

arou
n

d
1915, 5

4
th

en
even

w
h

en
assu

m
in

g
th

at
lan

d
lord

s

in
1
86

0
fo

resaw
th

e
d

rop
of

cap
ital

retu
rn

s
after

th
is

p
erio

d
to

5-10%
,

th
e

th
resh

old
level

of
x

th
at

m
a
kes

th
e

la
n

d
lord

in
d

iff
eren

t
b

etw
een

th
e

alw
ay

s
p

o
or

an
d

th
e

alw
ay

s
rich

strategy
rem

ain
s

essen
tia

lly
u

n
ch

an
ged

,
a
s

55
yea

rs
is

fa
r

en
ou

gh
in

th
e

fu
tu

re
th

at
w

ith
th

e
ab

ove
in

terest
rates

it

on
ly

h
a
s

a
m

in
iscu

le
im

p
act

o
n

th
e

th
e

lan
d

lord
s’

ex
p

ected
p

ayoff
s.

T
h

e
ab

ov
e

calcu
lation

s
sh

ow
th

a
t

th
e

ou
tcom

e
th

at
b

lo
ck

s
tran

sition
to

p
erm

an
en

tly
all

p
o
or

on
ce

a
sig

n
ifi

can
t

fra
ction

o
f

th
em

b
eco

m
e

p
o
or

is
n

ot
ju

st
a

th
eoretical

p
ossib

ility,
b

u
t

th
at

it
can

h
ap

p
en

w
ith

reason
a
b

le
p

a
ram

eter
va

lu
es.

5
4

T
h
is

is
ex

a
ctly

th
e

p
erio

d
d
u
rin

g
w

h
ich

th
e

n
u
m

b
er

o
f

ra
il

p
a
ssen

g
ers

g
rew

ex
p

o
n
en

tia
lly

in
G

rea
t

B
rita

in
.

S
ee

A
sso

cia
tio

n
o
f

T
ra

in
O

p
era

tin
g

C
o
m

p
a
n
ies

(2
0
0
8
)

41



6
O

th
e
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s,

for
an

y
seq

u
en

ce
of

n
ego

tiatio
n

s
t

th
e

n
u

m
b

er
o
f

p
o
o
r

ten
an

ts
u

n
d

er
s

is
w

eak
ly

h
igh

er
th

an
u

n
d

er
s ′.

H
en

ce,
at

an
y

fu
tu

re
n

eg
o
tia

tio
n

n
ew

ly
h

ired
ten

a
n
ts

ex
p

ect
in

an
y

fu
tu

re
p

erio
d

w
eak

ly
h

igh
er

n
u

m
b

er
of

p
o
or

n
eig

h
b

o
rs

u
n

d
er
s

a
n

d
a
re

rea
d

y
to

p
ay

w
eak

ly
low

er
ren

t.
A

s
a

resu
lt,

th
e

p
ayoff

th
at
s

y
ield

s
to

th
e

lan
d

lo
rd

giv
en

h
is

w
ea

k
ly

low
er

th
an

th
e

p
ay

off
s ′

y
ield

s
giv

en
h
′.

T
h

e
o
re

m
1
:

T
h

e
lan

d
lo

rd
a
lw

ay
s

h
as

an
op

tim
al

strategy
of

th
e

follow
in

g
form

:
th

ere
is

x
∗
∈
{0,...,n

−
1}

su
ch

th
at

a
t

every
h

istory
h
∈
H

,
if
x

(h
)≤

x
∗

th
en

ch
o
ose

rich
,

an
d

if
x

(h
)
>
x
∗

th
en

ch
o
o
se

p
o
o
r.

P
ro

o
f:

T
o

sim
p

lify
n

o
ta

tio
n

b
elow

,
d
en

ote
th

e
in

itial
h

istory,
at

t
=

0,
sim

p
ly

as
h

in
th

is

p
ro

of.
F

irst
n

ote
th

at
if
x

(h
)

=
0

th
en

ch
o
osin

g
rich

at
h

an
d

in
all

fu
tu

re
n

egotiation
s

is
an

op
tim

al
con

tin
u

atio
n

stra
teg

y,
as

it
resu

lts
in

th
e

m
ax

im
u

m
p

ossib
le

n
egotiated

w
age

(W
r)

at

every
n

eg
o
tiatio

n
of

th
e

co
n
tin

u
ation

g
am

e.
M

oreover,
if
h
′∈

H
is

on
th

e
p

ath
of

p
lay

given
th

e

lan
d

lord
’s

con
tin

u
a
tio

n
stra

teg
y

at
h

,
an

d
x

(h
′)

=
0

th
en

an
op

tim
al

strategy
h

as
to

ch
o
ose

rich

a
t
h
′

an
d

a
t

all
su

ccesso
r

h
isto

ries
o
n

th
e

p
ath

of
p

lay.
T

h
is

is
b

ecau
se

on
ly

th
ose

strategies
can

m
a
x
im

ize
th

e
lan

d
lo

rd
’s

ex
p

ected
p

ay
o
ff

given
h
′,

an
d

at
th

e
sam

e
tim

e
m

ax
im

ize
th

e
ren

t
for

rich

ten
an

ts
reta

in
ed

/
h

ired
p

reced
in

g
h
′.

L
et
x
∗

b
e

la
rgest

n
u

m
b

er
of

in
itia

l
p

o
or

ten
an

ts
su

ch
th

at
w

h
en

ev
er
x

(h
)≤

x
∗,

th
ere

ex
ists

an

op
tim

al
stra

tegy
s

g
iven

h
su

ch
th

at
rich

is
ch

osen
at
h

.
A

s
sh

ow
n

ab
ove,

th
e

req
u

irem
en

t
h

old
s

for
x

=
0
.

A
ssu

m
e
x
∗
≥

1
an

d
con

sid
er
x

(h
)

=
1.

A
ssu

m
e

th
at

th
e

lan
d

lord
is

p
lay

in
g

an
op

tim
al

strategy

w
h

ich
sp

ecifi
es

acq
u

irin
g

a
rich

ten
an

t
at
h

.
N

ote
th

at
for

every
im

m
ed

iate
su

ccessor
h

istory
h
′
of
h

,

eith
er
x

(h
′)

=
1

o
r
x

(h
′)

=
0
.

A
s

sh
ow

n
ab

ove,
in

th
e

latter
case

an
op

tim
al

strategy
of

th
e

lan
d

lord
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h
as

to
ch

o
o
se

rich
a
t
h
′.

N
ex

t,
for

all
h
′

su
ch

th
at
x

(h
′)

=
1,

ch
an

ge
th

e
con

tin
u

ation
strategy

th
at

s
sp

ecifi
es

a
t
h
′

to
s

itself
(w

ith
th

e
la

b
el

of
th

e
n

egotiated
ap

artm
en

t
at
h

ex
ch

an
ged

w
ith

th
e

la
b

el
o
f

th
e

n
ego

tiated
a
p

a
rtm

en
t

at
h
′).

S
in

ce
s

is
op

tim
al

at
h

,
an

d
th

e
gam

e
startin

g
at
h
′

is

eq
u

iva
len

t
(u

p
to

relab
elin

g
a
p

a
rtm

en
ts)

to
th

e
gam

e
startin

g
at
h

,
th

e
n

ew
strategy

s ′
is

op
tim

al

co
n

d
itio

n
al

on
h
′

an
d

y
ield

s
w

eak
ly

h
igh

er
con

tin
u

ation
p

ayoff
s

at
every

im
m

ed
iate

su
ccessor

h
′

of

h
.

F
o
r

n
ow

,
fi

x
th

e
rich

ren
t

at
h

a
t

th
e

level
it

w
ou

ld
b

e
w

h
en

s
is

p
layed

.
T

h
en

s ′
w

ith
th

e
old

ren
t

a
t
h

y
ield

s
a

w
ea

k
ly

h
igh

er
p

ayoff
for

th
e

lan
d

lord
th

an
s.

N
ex

t,
w

e
can

rep
lace

con
tin

u
ation

strategies
at

all
h
′′

th
a
t

a
re

im
m

ed
ia

te
su

ccessors
of
h
′

th
at

are
im

m
ed

iate
su

ccessors
of
h

,
w

ith

x
(h
′′)

=
1

to
s.

A
n

a
lo

g
ou

s
arg

u
m

en
ts

a
s

b
efore

estab
lish

th
at
s ′′

is
op

tim
al

con
d

ition
al

on
h
′′

an
d

y
ield

s
w

ea
k
ly

h
ig

h
er

con
tin

u
atio

n
p

ayo
ff

s
at

every
im

m
ed

iate
su

ccessor
h
′′

of
h
′

th
an

s ′.
F

or
n

ow
,

keep
rich

ren
t

lev
els

a
g
reed

u
p

on
p

rio
r

to
h
′′

u
n

ch
an

ged
.

T
h

en
s ′′

w
ith

th
e

old
ren

t
levels

p
rior

to

h
′′

y
ield

s
a

w
ea

k
ly

h
igh

er
p

ay
off

for
th

e
lan

d
lord

th
an

s ′.
Iteratin

g
th

e
argu

m
en

t
estab

lish
es

th
at

a

co
n
tin

u
atio

n
strategy

th
a
t

fo
r

an
y

su
ccessor

h
′

of
h

w
ith

x
(h

)
=

1
ch

o
oses

rich
,

fi
x
in

g
p

rev
iou

s
rich

ren
ts,

y
ield

s
a

w
ea

k
ly

h
igh

er
p

ay
o
ff

th
an

s.
N

ow
rev

isit
all

th
e

ren
ts

th
at

w
ere

fi
x
ed

at
d

iff
eren

t

step
s

o
f

th
e

iteration
.

C
on

d
itio

n
a
l

on
an

y
h

istory,
th

e
rich

ren
t

is
m

ax
im

ized
if

lan
d

lord
p

lay
s

a
lw

ay
s

rich
stra

teg
y

fro
m

th
a
t

p
o
in

t
on

.
T

h
erefore

all
th

e
ren

ts
fi

x
ed

b
efore

can
on

ly
in

crease.

H
en

ce,
a

co
n
tin

u
a
tion

strategy
th

a
t

fo
r

an
y

su
ccessor

h
′

of
h

w
ith

x
(h

)
=

1
ch

o
oses

rich
y
ield

s
a

w
ea

k
ly

h
ig

h
er

p
ayoff

th
an

s,
th

erefo
re

it
is

op
tim

al.
M

oreover,
for

an
y
h
∈
H

,
th

ere
is

an
op

tim
al

strategy
th

at
fo

r
an

y
h
′

th
a
t

is
a

su
ccessor

of
h

an
d

satisfi
es
x

(h
′)
∈
{
0
,1}

,
it

sp
ecifi

es
ch

o
osin

g

rich
a
t
h
′,

sin
ce

th
e

latter
is

th
e

o
p

tim
al

con
tin

u
ation

strategy
at
h
′

an
d

am
on

g
all

con
tin

u
ation

stra
teg

ies
a
t
h
′,

it
m

ax
im

izes
th

e
ren

t
for

rich
ten

an
ts

retain
ed

/h
ired

p
reced

in
g
h
′.

Itera
tin

g
th

e
p

rev
io

u
s

arg
u

m
en

t
estab

lish
es

th
at

th
ere

is
an

op
tim

al
strategy

of
th

e
lan

d
lord

,

th
at

fo
r

a
n
y
h
′

th
at

is
a

su
ccessor

of
h

an
d

statisfi
es
x

(h
′)∈
{0
,...,},

sp
ecifi

es
ch

o
osin

g
rich

at
h
′.

A
ssu

m
e

n
ex

t
th

a
t

in
every

o
p

tim
a
l

strategy
s

given
h

,
p

o
or

is
ch

osen
at
h

(th
is

in
p

articu
lar

req
u

ires
x

(h
)
>
x
∗),

b
u

t
th

e
alw

ay
s

p
o
or

strategy
is

n
ot

op
tim

al
given

h
.

T
h

en
th

ere
ex

ists
a

su
ccessor

h
′
∈
H

su
ch

th
a
t

for
every

h
istory

h
′′

p
reced

in
g
h
′

p
o
or

is
ch

osen
,

b
u

t
at

h
′

rich
is

ch
osen

.
N

ote
th

a
t
s

h
as

to
sp

ecify
a

co
n
tin

u
ation

strategy
at
h
′

th
at

is
op

tim
al

given
h
′,

sin
ce

at

every
h

isto
ry

p
reced

in
g
h
′

a
p

o
or

ty
p

e
is

h
ired

/retain
ed

,
h

en
ce

th
e

ren
t

ob
tain

ed
b
y

th
e

lan
d

lord

is
in

d
ep

en
d

en
t

o
f

th
e

con
tin

u
a
tio

n
stra

tegy
at
h
′.

B
u

t
b

elow
w

e
sh

ow
th

at
it

can
n

ot
b

e
th

at
s

is

op
tim

a
l

given
b

oth
h

an
d
h
′,

lead
in

g
to

a
con

trad
iction

.
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L
et
W

(x
)

b
e

th
e

ex
p

ected
d

isco
u

n
ted

p
resen

t
valu

e
of

all
ren

ts
from

ren
tal

agreem
en

ts
n

egotiated

at
or

after
tim

e
0

w
h

en
th

e
in

itia
l

n
u

m
b

er
of

p
o
or

ten
an

ts
is
x

an
d

th
e

lan
d

lord
ch

o
oses

an
op

tim
al

stra
teg

y.

W
(x

)
is

th
e

su
m

o
f

th
e

ren
t

th
at

is
received

from
th

e
ten

an
t

cu
rren

tly
b

ein
g

h
ired

p
lu

s
th

e

con
tin

u
a
tio

n
u

tility
received

from
fu

tu
re

n
egotiated

ren
ts,

given
an

op
tim

al
strategy.

A
ssu

m
e

th
at

th
ere

is
a
n

op
tim

a
l
strategy

for
th

e
ow

n
er

to
fi

rst
h

ire
a

p
o
or

p
erson

,
b

u
t
W

(x
)

is
greater

th
an

w
h

at

h
e

co
u

ld
g
et

fro
m

a
n

a
lw

ay
s

p
o
or

stra
tegy,

w
h

ich
is

eq
u

ivalen
t

to
W

(x
)
>
g
∗

=
(1−

δ
(1−

q
))W

p

(1−
δ
)(1−

δ
(1−

qn
)) .

T
h

en
th

e
con

tin
u

atio
n

u
tility

a
fter

cu
rren

t
h

ire:

W
(x

)−
W

p

1
−
δ(1
−

qn
)
≤
δ(1
−
q) (

W
(x

)−
W

p

1
−
δ(1
−

qn
) )

+

+
δq
x

+
1

n
W

(x
)

+
δq (

1
−
x

+
1

n )
W

(x
+

1)

F
rom

L
em

m
a

1
w

e
k
n

ow
th

a
t
W

(x
+

1
)
>
W

(x
)

can
n

ot
b

e
th

e
case

b
ecau

se
if

at
th

e
gam

e
startin

g

w
ith

x
p

o
o
r

th
e

ow
n

er
u

ses
a

seq
u

en
ce

eq
u

ivalen
t

strategy
to

an
op

tim
al

strategy
of

th
e

gam
e

sta
rtin

g
w

ith
x

+
1

p
o
or,

h
is

p
ay

off
s

(fro
m

n
on

in
itial

ren
tors)

are
w

eak
ly

h
igh

er.
B

u
t

if
W

(x
+

1)≤

W
(x

),
th

en
fro

m
th

e
in

eq
u

a
lity

for
th

e
con

tin
u

ation
u

tility
w

e
h
ave

(1
−
δ)W

(x
)
≤

(1−
δ
(1−

q
))W

p

1−
δ
(1−

qn
)

o
r,

eq
u

ivalen
tly,

W
(x

)
≤
g
∗,

w
h

ich
con

trad
d

icts
ou

r
assu

m
p
tion

.
T

h
is

lead
s

to
a

con
trad

iction
,

estab
lish

in
g

th
at
W

(x
)

=
g
∗

a
n

d
if

it
is

op
tim

al
to

start
w

ith
h

irin
g

a
p

o
or,

th
en

alw
ay

s
p

o
or

m
u

st

b
e

a
n

o
p

tim
al

stra
teg

y.

T
h

e
a
b

ove
a
rgu

m
en

t
estab

lish
es

th
a
t

if
in

every
op

tim
al

strategy
s

given
h

,
p

o
or

is
ch

osen
at
h

th
en

th
e

a
lw

ay
s

p
o
or

stra
teg

y
is

op
tim

a
l

given
h

.
In

p
articu

lar,
th

e
alw

ay
s

p
o
or

strategy
is

op
tim

al

if
x

(h
)

=
x
∗

+
1

(p
rov

id
ed

x
∗
<
n
−

1
).

N
ow

assu
m

e
th

at
x
∗
<
n
−

2,
x

(h
)

=
x
∗

+
2,

an
d

th
ere

ex
ists

a
n

op
tim

a
l

strategy
s

given
h

su
ch

th
at

rich
is

ch
osen

at
h

.
B

u
t

L
em

m
a

1
estab

lish
es

th
at

fo
r

a
h

istory
h
′

w
ith

x
(h
′)

=
x
∗

+
1,

th
e

gam
e

startin
g

at
h
′

h
as

a
strategy

th
at

ch
o
oses

rich
at

h
′,

a
n

d
y
ield

s
a

w
eak

ly
h

ig
h

er
ex

p
ected

p
ayoff

to
th

e
lan

d
lord

th
an

s
d

o
es

in
th

e
gam

e
startin

g
at

h
.

M
o
reover,

n
o
te

th
at

th
e

a
lw

ay
s

p
o
o
r

strategy
y
ield

s
th

e
sam

e
ex

p
ected

p
ay

off
to

th
e

lan
d

lord

in
b

oth
g
am

es.
B

u
t

th
en

th
ere

ex
ists

an
op

tim
al

strategy
in

th
e

gam
e

startin
g

at
h
′

th
at

ch
o
oses

rich
at
h
′,

co
n
trad

ictin
g

th
e

d
efi

n
itio

n
of
x
∗.

H
en

ce
x

(h
)

=
x
∗

+
2

im
p

lies
th

at
th

ere
is

an
op

tim
al

stra
teg

y
given

h
su

ch
th

at
p

o
or

is
ch

osen
at

every
h
′

w
ith

x
(h
′)
>
x

(h
).

Iteratin
g

th
e

ab
ove

arg
u

m
en

t
esta

b
lish

es
th

e
sa

m
e

co
n

clu
sion

for
an

y
h

su
ch

th
at
x

(h
)
>
x
∗.
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P
u

ttin
g

togeth
er

th
e

a
b

ove-d
eriv

ed
resu

lts
y
ield

s
th

at
th

e
strategy

th
at

sp
ecifi

es
ch

o
osin

g
rich

at
a

h
isto

ry
h
′

iff
x

(h
′)≤

x
∗

is
op

tim
al

given
h

,
for

an
y
x

(h
).

�

N
o
te

th
at

th
e

ab
ove

o
p

tim
al

stra
teg

y
of

th
e

lan
d

lord
is

op
tim

al
n

ot
on

ly
given

h
,

b
u

t
also

given

an
y

su
ccessor

h
istory

h
′.

T
h

erefo
re

th
e

lan
d

lord
d

o
es

n
ot

n
eed

to
b

e
ab

le
to

com
m

it
to

follow
th

e

stra
teg

y
-

it
is

in
h

is
ow

n
in

terest
to

stick
to

it.
A

lso
n

ote
th

at
th

e
strategy

im
p

lies
eith

er
alw

ay
s

retain
in

g
/h

irin
g

p
o
or

ty
p

es
o
r

alw
ay

s
retain

in
g/h

irin
g
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p
o
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p
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=
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p
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con
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b
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p
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con
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−
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c
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−
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−
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−
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c
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−
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p
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p
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e
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−
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−
q
k

+
1

n
)V
k

+
q
kn
V
k−
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−
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b
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−
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c
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−
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−
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−
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Table 1: House Characteristics (1853)

Full sample Within 100 m Opt. Bandwidth

Inside Outside S.E. Inside Outside S.E. RD S.E.
(1) (2) (3) (4) (5) (6) (7) (8)

Rental characteristics:
Rental price (in logs) 3.723 3.780 (0.059) 3.719 3.743 (0.067) 0.126 (0.113)
Tax assessed (in logs) 0.456 0.518 (0.058) 0.453 0.496 (0.065) 0.110 (0.114)
Tax exonerated (yes = 1) 0.067 0.230 (0.040)*** 0.067 0.220 (0.052)*** -0.005 (0.059)

Sewer access:
Old/Existing 0.477 0.564 (0.085) 0.473 0.589 (0.091) 0.082 (0.135)
New sewer 0.396 0.276 (0.081) 0.399 0.260 (0.084)* 0.116 (0.105)
No access 0.127 0.159 (0.055) 0.128 0.151 (0.063) -0.198* (0.100)

Distance (m/100) to:
Closest pump 1.046 0.957 (0.079) 1.052 1.066 (0.093) 0.111 (0.079)
Soho centroid 1.320 2.471 (0.119)*** 1.325 2.177 (0.131)*** -0.104 (0.202)
Presumed plague pit 2.359 3.135 (0.224)*** 2.358 2.630 (0.215) 0.260 (0.301)
Public square 2.586 2.717 (0.135) 2.584 2.715 (0.138) -0.109 (0.189)
Church 1.322 1.712 (0.129)*** 1.323 1.609 (0.141)** 0.071 (0.163)
Police station 4.361 5.413 (0.261)*** 4.364 4.797 (0.221)* -0.078 (0.438)
Fire station 3.603 2.664 (0.187)*** 3.597 2.864 (0.227)*** 0.452 (0.353)
Theater 4.004 5.306 (0.232)*** 4.011 4.679 (0.219)*** -0.397 (0.335)
Pub 0.286 0.408 (0.037)*** 0.287 0.406 (0.046)** -0.184 (0.111)
Urinal 0.878 1.122 (0.087)*** 0.874 1.019 (0.088) -0.144 (0.141)
Sewer vent 0.429 0.555 (0.048)*** 0.431 0.563 (0.050)*** -0.023 (0.100)
Primary school 1.306 2.474 (0.132)*** 1.306 2.023 (0.109)*** -0.152 (0.195)
Bank 3.949 4.694 (0.316)** 3.947 4.095 (0.315) -0.005 (0.520)

Observations 495 1230 491 815 534

Notes: Columns (1), (2), (4), and (5) give the mean of the corresponding variable. Columns (3) and(6) give the clustered standard error at
the block level for the difference in means. “Inside” and “Outside” indicate whether a house is inside or outside the BSP area respectively.
Columns (7) and (8) give the estimated coefficient and standard error for the RD specification that uses the corresponding variable as its
outcome. Optimal bandwidth is determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Column (7) uses the minimum
of all optimal bandwidths (27.50 meters). *, **, and *** indicate 10, 5, and 1 percent significance respectively.
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Table 2: Boundary Effects on Rental Prices, 1853

Log Rental Price, 1853

Boundary RD One-dimensional RD

Averaged Conditional Optimal Band Narrow Band Optimal Band
Treatment Effects Parametric Form Parametric Form Cluster by Street Segment FE

(1) (2) (3) (4) (5)

Inside BSP area -0.0373 -0.0401 -0.0162 -0.0401 -0.0293
(0.0542) (0.0654) (0.0560) (0.0676) (0.0666)

Distance to BSP boundary -0.829 0.0669 -0.829 -0.997
(1.320) (0.242) (1.467) (1.279)

(Distance to BSP boundary)2 2.218 -0.0531 2.218 2.961
(8.068) (0.238) (8.875) (7.961)

(Distance to BSP boundary)3 0.807 0.0306 0.807 0.213
(13.31) (0.0568) (14.55) (13.26)

Observations . 674 426 674 674
Boundary points 47
Mean outside BSP area 53.31 54.4 45.71 54.4 54.4
Bandwidth (meters) 57 44.03 24 44.03 44.03

Notes: Clustered standard errors shown in parenthesis. Standard errors in Column (1) obtained via bootstrap with 1,000 replications. Bandwidth chosen
optimally as in Imbens and Kalyanaraman (2012). Analysis in Column (1) uses minimum of all optimal bandwidths for each boundary point. Since sample
size used in analysis at each boundary point varies, Column (1) does not report a specific number of observations. Boundary points are chosen randomly
along the boundary and indicate the number of points at which the treatment effect is evaluated. Analysis restricted to boundary points with at least one
observation on each side of the BSP boundary within the optimal bandwidth (Boundary Positivity Assumption). Columns (2), (3), and (5) use blocks as
clusters. Column (4) uses street clusters. Narrow bandwidth is defined as the smallest bandwidth for which the RD coefficient is statistically significant.
Segments in Column (5) are determined by dividing the BSP boundary into five segments of equal length. An observation is assigned to a segment based on
its proximity to the segment. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 3: Change in Exposure to Cholera at Boundary of Broad Street Pump Catchment Area

Averaged Conditional Treatment Effects

Number of
Deaths in
Household

House has at
Least one Death

Proportion of
Deaths to Houses

on Block

Percent of Houses
hit by Cholera on

Block

Proportion of
Deaths to Houses
in Neighborhood

Percent of Houses
hit by Cholera in

Neighborhood
(1) (2) (3) (4) (5) (6)

Inside BSP area 0.231** 0.123** 0.160** 0.082*** 0.232*** 0.104***
(0.101) (0.051) (0.064) (0.026) (0.045) (0.019)

Boundary points 47 47 47 47 47 47
Bandwidth (meters) 57 57 57 57 57 57
Mean outside BSP area 0.241 0.139 0.248 0.142 0.255 0.146

Notes: In Columns (3) and (4), we define a neighborhood to include all houses on the block of the respective house, in addition to all of the houses on surrounding adjacent
blocks. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. The minimum of all optimal bandwidths for each boundary point is
used. Since sample size used in analysis at each boundary point varies, no specific number of observations is reported. Boundary points are chosen randomly along the boundary
and indicate the number of points at which the treatment effect is evaluated. Analysis is restricted to boundary points with at least one observation on each side of the BSP
boundary within the optimal bandwidth (Boundary Positivity Assumption). Clustered standard errors by street block are shown in parenthesis. *, **, *** indicate 10, 5, and
1 percent significance respectively.
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Table 4: Boundary Effects on Rental Prices, 1864

Change in Log Rental Price, 1853-1864 Log Rental Price, 1864

Boundary RD
One-dimensional

RD
Boundary

RD
One-dimensional RD

Averaged
Conditional

Treatment Effects

Optimal Band
Parametric Form

Averaged
Conditional
Treatment

Effects

Optimal
Band

Parametric
Form

Narrow
Band

Parametric
Form

Cluster by
Street

Infrastruc-
ture
Only

(1) (2) (3) (4) (5) (6) (7)

Inside BSP area -0.112* -0.138* -0.139** -0.149** -0.110* -0.149* -0.119*
(0.0639) (0.0712) (0.0653) (0.0662) (0.0633) (0.0844) (0.0690)

Distance to BSP boundary -2.199 -3.000** -1.582 -0.453* -3.000**
(2.408) (1.384) (3.712) (1.427)

(Distance to BSP boundary)2 10.81 11.90** 1.153 0.455* 11.90*
(16.83) (5.989) (31.82) (0.240) (6.452)

(Distance to BSP boundary)3 -18.43 -13.50* 9.343 -0.0723 -13.50
(35.43) (7.575) (81.49) (8.381)

Observations 491 737 415 737 743
Boundary points 47 . 47 . . . .
Mean outside BSP area 0.0234 0.0252 54.74 55.42 48.48 55.42 55.42
Bandwidth (meters) 57 29.60 57 50.57 24 50.57 50.57

Notes: Clustered standard errors shown in parenthesis. Standard errors in Columns (1) and (3) obtained via bootstrap with 1,000 replications. Columns (2), (4), (5) and (7) use
street blocks as clusters. Column (6) uses street clusters. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012). Analysis in Columns (1) and (3) uses minimum of
all optimal bandwidths for each boundary point. Since sample size used in analysis at each boundary point varies, Columns (1) and (3) do not report a specific number of observations.
Boundary points are chosen randomly along the boundary and indicate the number of points at which the treatment effect is evaluated. Analysis is restricted to boundary points with
at least one observation on each side of the BSP boundary within the optimal bandwidth (Boundary Positivity Assumption). Narrow bandwidth is defined as the smallest bandwidth
for which the RD coefficient is statistically significant. Wide bandwidth is defined as the largest bandwidth for which the RD coefficient remains significant. *, **, *** indicate 10, 5,
and 1 percent significance respectively.
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Table 5: Boundary Effects on Residential Mobility

Resident is Different in 1864 than in 1853 Log Rental Price, 1864

(1) (2) (3) (4) (5) (6)

Inside BSP area 0.0728 0.110** 0.103** 0.00972 -0.118* 0.00575
(0.0464) (0.0422) (0.0438) (0.0594) (0.0692) (0.0631)

House has at least one death 0.0712* 0.0468 -0.0983** -0.0618
(0.0410) (0.0406) (0.0472) (0.0418)

Number of deaths within neighborhood 0.00274** -0.00426*
(0.00132) (0.00232)

Total number of houses in neighborhood -0.00232** 0.00441**
(0.00102) (0.00198)

Distance to BSP boundary -0.567 1.563 1.559 1.455 -3.090** -3.410**
(1.689) (1.185) (1.180) (1.075) (1.459) (1.482)

(Distance to BSP boundary)2 4.325 -7.223 -7.203 -6.934* 12.84* 14.40**
(9.191) (4.630) (4.598) (4.112) (6.684) (6.704)

(Distance to BSP boundary)3 -9.338 7.627 7.626 7.296* -15.08* -16.46*
(14.10) (4.746) (4.711) (4.168) (8.773) (8.658)

Observations 765 1,056 1,031 1,031 724 724
Mean outside BSP area 0.576 0.656 0.656 0.656 55.42 55.42
Bandwidth (meters) 0.437 0.520 0.520 0.520 0.506 0.506

Notes: Clustered standard errors by street block shown in parenthesis. We define a neighborhood to include all of the houses on the block of the respective
house, in addition to all of the houses on surrounding adjacent blocks. Columns (1), (5), and (6) use the optimal bandwidth as determined in Imbens and
Kalyanaraman (2012) using a triangular kernel. Columns (2), (3), and (4) use the wide bandwidth defined as the largest bandwidth for which the RD coefficient
remains statistically significant. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 6: Boundary Effects on Migration Patterns by Cholera Exposure

All of St. James Broad Street Pump Catchment Area

(1) (2) (3) (4)
Resident is Different
in 1864 than in 1853

Resident is Different
in 1864 than in 1853

Resident is Different
in 1864 than in 1853

Resident is Different
in 1864 than in 1853

House has at least one death 0.142** 0.142** 0.255*** 0.317***
(0.0603) (0.0665) (0.0820) (0.0907)

Number of deaths within neighborhood 0.00371*** 0.00352***
(0.00105) (0.000979)

(Household death)*(neighborhood deaths) -0.00284** -0.00519***
(0.00130) (0.00151)

Number of houses with death in neighborhood 0.00900*** 0.00911***
(0.00238) (0.00283)

(Household death)*(neighborhood houses with death) -0.00618* -0.0149***
(0.00329) (0.00396)

Total number of houses in neighborhood -0.00167 -0.00197 -0.000124 -0.000134
(0.00123) (0.00126) (0.00126) (0.00140)

Number of deaths in household -0.00360 -0.00424 0.0151 0.0148
(0.0176) (0.0178) (0.0196) (0.0198)

Log total sums Assessed, 1853 -0.0375 -0.0326 -0.145** -0.146**
(0.0367) (0.0367) (0.0731) (0.0722)

Observations 1,698 1,698 491 491
Mean among HHs with no deaths 0.521 0.521 0.602 0.602

Notes: This table shows the marginal effects of a probit estimation, with clustered standard errors by block shown in parenthesis. The number of deaths within the neighborhood
and the number of houses in the neighborhood visited by cholera exclude the current household. In Columns (1) and (2), the mean outcome is reported among households with
no deaths both within house and within neighborhood. In Columns (3) and (4), mean outcome is reported among households with no deaths within house and less than 5 deaths
within their neighborhood - a lower bound of neighborhood deaths within the BSP subsample. We define a neighborhood to include all of the houses on the block of the respective
house, in addition to all of the houses on surrounding adjacent blocks. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 7: Boundary Effects on House Occupancy Characteristics

Optimal Bandwidth Narrow Bandwidth

(1) (2) (3) (4) (5) (6)

Number of
occupants at

address

Number of
immigrant
families at

address

Proportion of
immigrant
families at

address

Number of
occupants at

address

Number of
immigrant
families at

address

Proportion of
immigrant
families at

address

CENSUS DATA: 1851

Inside BSP area 1.610 0.109 0.0159 1.840 0.107 0.0196
(1.297) (0.106) (0.0264) (1.339) (0.111) (0.0284)

Distance to BSP boundary -0.385 0.00913 0.00199 -0.475 0.0419 -0.00129
(0.577) (0.0452) (0.0121) (0.825) (0.0615) (0.0173)

(Distance to BSP boundary)2 0.0238 -0.00116 -0.000138 0.0308 -0.00409 0.000333
(0.0431) (0.00334) (0.000880) (0.0802) (0.00591) (0.00158)

(Distance to BSP boundary)3 -0.000464 3.06e-05 3.32e-06 -0.000608 9.68e-05 -1.37e-05
(0.000925) (6.93e-05) (1.86e-05) (0.00226) (0.000156) (4.12e-05)

Observations 547 547 547 423 423 423
Bandwidth (meters) 31 31 31 24 24 24
Mean Outside BSP Area 13.569 0.413 0.119 13.628 0.393 0.110

CENSUS DATA: 1861

Inside BSP area 4.707** 0.281** 0.0355 5.192** 0.318*** 0.0555**
(1.785) (0.107) (0.0240) (1.975) (0.110) (0.0228)

Distance to BSP boundary -0.425 0.00682 0.0103 -0.552 -0.0751 -0.00703
(0.500) (0.0548) (0.0135) (0.704) (0.0843) (0.0168)

(Distance to BSP boundary)2 0.0339 0.000228 -0.000548 0.0489 0.00939 0.00139
(0.0404) (0.00378) (0.00104) (0.0682) (0.00749) (0.00166)

(Distance to BSP boundary)3 -0.000707 -1.39e-05 1.00e-05 -0.00118 -0.000288 -4.89e-05
(0.000890) (7.75e-05) (2.31e-05) (0.00185) (0.000194) (4.52e-05)

Observations 483 483 483 377 377 377
Bandwidth (meters) 31 31 31 24 24 24
Mean Outside BSP Area 12.560 0.399 0.127 12.207 0.374 0.109

Notes: Clustered standard errors shown in parenthesis. Regressions include controls for proximity to latrines and sewage. Immigrant families are defined by a household with a head born
outside of England, Wales, or Scotland. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Narrow bandwidth is defined as the smallest bandwidth
for which the RD coefficient is statistically significant. Wide bandwidth is defined as the largest bandwidth for which the RD coefficient remains significant. Census data acquired from The
National Archives of the UK: Public Record Office. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 8: Boundary Effects on House Socioeconomic Status (1899)

Very Poor Poor Working Poor Middle Class

Averaged Optimal Averaged Optimal Averaged Optimal Averaged Optimal
CTEs Band CTEs Band CTEs Band CTEs Band

(1) (2) (3) (4) (5) (6) (7) (8)

Inside BSP area 0.124** 0.086* 0.010 0.027 -0.031 -0.051 -0.103** -0.072**
(0.054) (0.046) (0.033) (0.051) (0.058) (0.064) (0.049) (0.036)

Distance to BSP boundary 0.001 0.066 0.658 -1.438
(0.747) (1.326) (2.086) (1.583)

(Distance to BSP boundary)2 -0.302 -1.450 0.177 8.822
(2.176) (7.317) (13.512) (10.846)

(Distance to BSP boundary)3 0.218 2.853 -3.805 -17.151
(1.929) (11.340) (23.952) (20.640)

Observations . 1,138 . 774 . 722 . 670
Boundary points 23 . 23 . 23 . 23 .
Bandwidth (meters) 0.93 76.1 0.93 43.2 0.93 38.2 0.93 34.9
Mean outside BSP Area 0.195 0.207 0.233 0.236 0.416 0.384 0.156 0.150

Notes: Clustered standard errors shown in parenthesis. Standard errors in Columns (1), (3), (5), and (7) obtained via bootstrap with 500
replications. Columns (2), (4), (6) use street blocks as clusters. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012). Analysis
in Columns (1), (3), and (5) uses minimum of all optimal bandwidths for each boundary point. Since sample size used in analysis at each boundary
point varies, Columns (1), (3), (5), and (7) do not report a specific number of observations. Boundary points are chosen randomly along the
boundary and indicate the number of points at which the treatment effect is evaluated. Analysis restricted to boundary points with at least one
observation on each side of the BSP boundary within the optimal bandwidth (Boundary Positivity Assumption). All specification include controls
for distances to Soho centroid, public squares, theaters, police stations, primary schools, pubs, churches, and banks. *, **, *** indicate 10, 5, and
1 percent significance respectively.
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Table 9: Boundary Effects on Rental Prices, 1936

Log Rental Price, 1936

Boundary RD One-dimensional RD

Averaged Conditional Optimal Band Narrow Band Optimal Band Optimal Band
Treatment Effects Parametric Form Parametric Form Cluster by Street Segment FE

(1) (2) (3) (4) (5)

Inside BSP area -0.346* -0.366** -0.301* -0.366** -0.356**
(0.195) (0.152) (0.175) (0.125) (0.167)

Distance to BSP boundary -2.362 -8.098 -2.362 -2.975
(5.323) (11.128) (4.049) (5.657)

(Distance to BSP boundary)2 6.020 64.594 6.020 7.167
(29.531) (84.175) (22.094) (32.117)

(Distance to BSP boundary)3 -1.745 -158.127 -1.745 -2.488
(47.328) (183.920) (36.583) (51.402)

Observations . 230 180 230 230
Boundary points 25 . . . .
Mean outside BSP area (in £) 448.12 459.22 440.18 459.22 459.22
Ave. monthly rental price (in 2014 £) 2397.22 2,371.81 2,306.17 2,371.81 2,371.81
Clusters . 51 39 22 51
Bandwidth (meters) 70 39.85 29 39.85 39.85

Notes: Clustered standard errors shown in parenthesis. Standard errors in Column (1) are obtained via bootstrap with 1,000 replications. Columns (2), (3), and (5)
use blocks as clusters. Column (4) uses street clusters. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012). Analysis in Column (1) uses minimum
of all optimal bandwidths for each boundary point. Since sample size used in analysis at each boundary point varies, Column (1) does not report a specific number
of observations. Boundary points are chosen randomly along the boundary and indicate the number of points at which the treatment effect is evaluated. Analysis
is restricted to boundary points with at least one observation on each side of the BSP boundary within the optimal bandwidth (Boundary Positivity Assumption).
Narrow bandwidth is defined as the smallest bandwidth for which the RD coefficient is statistically significant. Segments in Column (5) are determined by dividing
the BSP boundary into five segments of equal length respectively. An observation is assigned to a segment based on its proximity to the segment. *, **, *** indicate
10, 5, and 1 percent significance respectively.
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Table 10: Boundary Effects on House Prices, Zoopla House Value Estimates, and Rental Prices 1995-2013, 2015

House Prices and Zoopla Estimates Zoopla Estimates Only House Prices Only House Rental Prices

Averaged Optimal Narrow Averaged Optimal Narrow Optimal Narrow Optimal Narrow
CTEs Band Band CTEs Band Band Band Band Band Band

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Inside BSP area -0.158** -0.238** -0.231*** -0.124** -0.168** -0.199** -0.286** -0.302** -0.163** -0.123*
(0.069) (0.095) (0.079) (0.054) (0.073) (0.090) (0.128) (0.121) (0.076) (0.068)

Distance to BSP boundary 3.610 10.665** 11.229*** 5.585 -3.674 -5.698 1.446 -2.566
(3.802) (4.439) (4.232) (4.601) (3.361) (8.489) (2.713) (3.209)

Distance to BSP boundary2 -19.227 -73.187** -85.607*** -29.055 28.713 41.640 -0.001 0.001
(22.110) (29.806) (28.159) (35.783) (17.744) (56.658) (0.001) (0.001)

Distance to BSP boundary3 29.066 133.860** 166.638*** 28.963 -48.880* -71.147 0.000 -0.000
(34.124) (53.740) (52.307) (77.702) (27.656) (99.511) (0.000) (0.000)

Observations . 717 679 . 466 311 221 211 176 141
Boundary points 26 . . 26 . . . . . .
Mean outside BSP area (in 2014 £) 963.83 930.92 931.81 963.84 945.28 967.82 902.88 904.53 0.752 0.752
Clusters . 218 198 . 191 169 30 27 53 50
Bandwidth (meters) 85.0 41.2 37 85.0 35.1 30 43.5 37 50 44.5

Notes: Clustered standard errors shown in parenthesis. Standard errors in Columns (1) and (3) obtained via bootstrap with 1,000 replications. Columns (2), (3), (5)-(10) use postal
codes as clusters. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012). Analysis in Columns (1) and (3) uses minimum of all optimal bandwidths for each boundary
point. Since sample size used in analysis at each boundary point varies, Columns (1) and (3) do not report a specific number of observations. Boundary points are chosen randomly
along the boundary and indicate the number of points at which the treatment effect is evaluated. Analysis is restricted to boundary points with at least one observation on each side of
the BSP boundary within the optimal bandwidth (Boundary Positivity Assumption). Narrow bandwidth is defined as the smallest bandwidth for which the RD coefficient is statistically
significant. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 11: Boundary Effects using John Snow’s boundary definition

Pre-outbreak Cholera Exposure Post-outbreak
Rental price Number of Deaths House has at Rental price Rental price House value

1853 in Household least one death 1864 1936 1995-2013, 2015
(1) (2) (3) (4) (5) (6)

Inside BSP -0.054 0.488*** 0.272*** -0.127* -0.277* -0.226**
(0.069) (0.089) (0.031) (0.068) (0.154) (0.090)

Observations 777 818 818 754 208 756
R-squared 0.464 0.067 0.100 0.379 0.506 0.384
Clusters 104 94 94 104 45 224
Bandwidth (meters) 55.6 47.6 47.6 55.8 38.6 41.0

Notes: Bandwidth chosen optimally as in Imbens and Kalyanaraman (2012). *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table 12: False Treatment Boundary Tests

Pre-Outbreak (1853) Cholera Exposure Post-outbreak (1864) Current (1995-2013, 2015)
Rental price Number of

Deaths in
Household

House has
at least one
death

Rental
price

Change
in Rental
price

Different
Resident
in 1864

Sales price Price and
Zoopla es-
timates

(1) (2) (3) (4) (5) (6) (7) (8)

Panel A. False Boundary 1
RD coeffcient 0.132 -0.009 0.016 0.049 0.035 0.177

(0.173) (0.036) (0.053) (0.178) (0.058) (0.163)
Observations 153 274 236 129 139 224
Bandwidth 0.440 0.728 0.619 0.370 0.401 0.584

Panel B. False Boundary 2
RD coeffcient -0.035 -0.254 0.012 -0.166 -0.115 -0.133 0.045 -0.181

(0.162) (0.204) (0.073) (0.141) (0.069) (0.145) (0.159) (0.150)
Observations 227 266 267 303 249 308 190 455
Bandwidth 0.497 0.515 0.520 0.663 0.565 0.584 0.550 0.550

Panel C. False Boundary 3
RD coeffcient 0.038 0.069 -0.025 0.055 0.053 -0.180*

(0.115) (0.084) (0.036) (0.054) (0.127) (0.105)
Observations 230 507 567 341 249 649
Bandwidth 0.300 0.646 0.744 0.462 0.338 0.993

Panel D. False Boundary 4
RD coeffcient -0.050 -0.069

(0.199) (0.125)
Observations 217 453
clusters 31 90
Bandwidth 0.551 0.551

Notes: Clustered standard errors in parentheses. Columns (1)-(6) use street blocks as clusters. Columns (7) and (8) use post codes. Optimal
bandwidth chosen using Imbens and Kalyanaraman (2012)

77



Table 13: Rental Price, House Occupancy and Cholera Exposure within BSP Area

(1) (2) (3)

Log Rental
Price

Number of
Immigrant
Families at

Address

Proportion of
Immigrant
Families at

Address

Panel A. Pre-Outbreak (1851,1853)

House had at least one death (1854) -0.069 0.080 0.010
(0.045) (0.085) (0.022)

Observations 457 458 458
Mean (houses with no deaths) 48.76 0.407 0.105

Panel B. Post-Outbreak (1861,1864)

House had at least one death (1854) -0.050 0.186 0.025
(0.043) (0.132) (0.042)

Observations 447 414 414
Mean (houses with no deaths) 50.35 0.665 0.162

Notes: Clustered standard errors shown in parenthesis. All regressions restricted to properties inside
the BSP boundary. Column (1) uses Land Tax records. Columns (2)-(4) use Census records. Column
(1) gives results for the year 1853 and 1864 for the pre-outbreak and post-outbreak period, respectively.
Columns (2)-(4) give results for the year 1851 and 1861 for the pre-outbreak and post-outbreak period,
respectively. Immigrant families are defined by a household with a head born outside of England,
Wales, or Scotland. Analysis uses block fixed effects. Optimal bandwidth determined as in Imbens and
Kalyanaraman (2012) using a triangular kernel. Census data acquired from The National Archives of
the UK: Public Record Office. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table B2: Change in Exposure to Cholera at Boundary of Broad Street. Pump Catchment Area

(1) (2) (3) (4) (5) (6)

Number of deaths
in household

House has at
least one death

Proportion of
deaths to houses

on block

Percent of houses
hit by cholera on

block

Proportion of
deaths to houses
in neighborhood

Percent of houses
hit by cholera in

neighborhood

Inside BSP area 0.548*** 0.238*** 0.427*** 0.191*** 0.459*** 0.210***
(0.0939) (0.0404) (0.0885) (0.0363) (0.0655) (0.0297)

Distance to BSP boundary 1.472 0.890 -0.969 -0.218 0.152 0.390
(2.241) (0.979) (2.361) (0.693) (1.101) (0.429)

(Distance to BSP boundary)2 -2.151 -2.972 6.618 1.140 2.711 -0.762
(8.982) (4.065) (10.44) (3.493) (4.959) (1.984)

(Distance to BSP boundary)3 -0.682 2.337 -10.67 -1.773 -5.577 0.320
(10.45) (4.791) (13.59) (5.093) (6.189) (2.518)

Observations 949 929 825 792 885 922
Bandwidth (meters) 57.55 55.54 48.38 45.83 50.10 52.90
Mean outside BSP area 0.239 0.141 0.286 0.165 0.267 0.149

Notes: In Columns (3) and (4), we define a neighborhood to include all of the houses on the block of the respective house, in addition to all of the houses on surrounding adjacent
blocks. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Clustered standard errors by street block shown in parenthesis. *, **, ***
indicate 10, 5, and 1 percent significance respectively.
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Table B3: Change in Exposure to Cholera at Boundary of Broad Street. Pump Catchment Area, Narrow BW

(1) (2) (3) (4) (5) (6)

Number of deaths
in household

House has at least
one death

Proportion of
deaths to houses

on block

Percent of houses
hit by cholera on

block

Proportion of
deaths to houses
in neighborhood

Percent of houses
hit by cholera in

neighborhood

Inside BSP area 0.336*** 0.140*** 0.250*** 0.113*** 0.220*** 0.107***
(0.114) (0.0483) (0.0725) (0.0294) (0.0496) (0.0247)

Distance to BSP boundary -0.0142 -0.0254 -0.0554 -0.0187* 0.0217 0.00254
(0.0991) (0.0355) (0.0445) (0.0109) (0.0194) (0.00658)

(Distance to BSP boundary)2 0.00411 0.00383 0.00592* 0.00210** -0.00139 0.000138
(0.00854) (0.00314) (0.00340) (0.000945) (0.00180) (0.000627)

(Distance to BSP boundary)3 -0.000166 -0.000129 -0.000177** -6.60e-05** 2.29e-05 -1.15e-05
(0.000213) (8.00e-05) (8.54e-05) (2.59e-05) (4.98e-05) (1.79e-05)

Observations 462 462 473 473 473 473
Bandwidth (meters) 24 24 24 24 24 24
Mean outside BSP area 0.312 0.202 0.338 0.195 0.339 0.185

Notes: In Columns (3) and (4), we define a neighborhood to include all of the houses on the block of the respective house, in addition to all of the houses on
surrounding adjacent blocks. Narrow bandwidth is defined as the smallest bandwidth for which the RD coefficient is statistically significant. Clustered standard
errors by street block shown in parenthesis. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table B4: Change in Exposure to Cholera at Boundary of Broad Street. Pump Catchment Area, Wide BW

(1) (2) (3) (4) (5) (6)

Number of deaths
in household

House has at least
one death

Proportion of
deaths to houses

on block

Percent of houses
hit by cholera on

block

Proportion of
deaths to houses
in neighborhood

Percent of houses
hit by cholera in

neighborhood

Inside BSP area 0.531*** 0.242*** 0.492*** 0.222*** 0.523*** 0.220***
(0.0944) (0.0404) (0.0905) (0.0362) (0.0692) (0.0299)

Distance to BSP boundary 0.00737 0.0104 0.00616 0.00161 0.0145 0.00511
(0.0232) (0.00962) (0.0205) (0.00609) (0.0105) (0.00399)

(Distance to BSP boundary)2 0.000157 -0.000377 -0.000180 -5.94e-05 -0.000408 -0.000135
(0.000959) (0.000397) (0.000789) (0.000248) (0.000447) (0.000174)

(Distance to BSP boundary)3 -5.72e-06 3.44e-06 1.49e-06 3.65e-07 4.21e-06 1.13e-06
(1.14e-05) (4.66e-06) (8.99e-06) (2.87e-06) (5.38e-06) (2.12e-06)

Observations 933 933 956 956 956 956
R-squared 0.072 0.093 0.226 0.329 0.417 0.442
Bandwidth (meters) 56 56 56 56 56 56
Mean outside BSP area 0.244 0.141 0.250 0.143 0.257 0.146

Notes: In Columns (3) and (4), we define a neighborhood to include all of the houses on the block of the respective house, in addition to all of the houses on
surrounding adjacent blocks. Wide bandwidth is defined as the largest bandwidth for which the RD coefficient remains significant. Clustered standard errors by
street block shown in parenthesis. *, **, *** indicate 10, 5, and 1 percent significance respectively.
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Table B5: Boundary Effects on Total Taxes Assessed, 1864

Change in Taxes Assessed, 1853-1864 Log Total Taxes, 1864

(1) (2) (3) (4) (5) (6) (7)

Optimal Band
Parametric

Form

Optimal Band
Local Linear
Regression

Optimal
Band

Parametric
Form

Narrow Band
Parametric

Form

Wide Band
Parametric

Form

Optimal
Band Cluster

by Street

Optimal
Band

Infrastructure
Only

Inside BSP area -0.129* -0.166* -0.131** -0.115* -0.0720 -0.131* -0.139*

(0.0701) (0.0949) (0.0608) (0.0623) (0.0660) (0.0779) (0.0724)
Distance to BSP boundary -1.637 -0.610 -4.143** -0.449* -1.220 -4.143** -2.341

(2.219) (0.411) (1.874) (0.229) (0.762) (1.901) (1.844)
(Inside BSP)*(Distance to boundary) 0.00432

(0.00431)
(Distance to BSP boundary)2 5.609 19.08* 0.497** 2.726 19.08* 7.407

(14.79) (10.49) (0.231) (2.272) (10.25) (10.80)
(Distance to BSP boundary)3 -5.959 -25.97 -0.0821 -1.811 -25.97 -5.415

(29.63) (16.87) (0.0561) (1.889) (15.95) (18.30)

Observations 568 568 689 1,662 1,123 689 693
Mean outside BSP area 0.316 0.316 0.395 24 0.395 0.395 0.395
Bandwidth (meters) 19.9 19.9 212.5 187.2 212.5 212.5 212.5

Notes: Clustered standard errors shown in parenthesis. Columns (1), (2), (3), (4), (5) and (7) use street blocks as clusters. Column (6) uses street clusters. Optimal
bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Narrow bandwidth is defined as the smallest bandwidth for which the RD
coefficient is statistically significant. Wide bandwidth is defined as the largest bandwidth for which the RD coefficient remains significant. *, **, *** indicate 10, 5,
and 1 percent significance respectively.
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Table B6: Charles Booth class categorization

Class
code

Description of class

A The lowest class which consists of some occasional labourers, street sellers, loafers, crim-
inals and semi-criminals. Their life is the life of savages, with vicissitudes of extreme
hardship and their only luxury is drink.

B Casual earnings, very poor. The labourers do not get as much as three days work a week,
but it is doubtful if many could or would work full time for long together if they had
the opportunity. Class B is not one in which men are born and live and die so much as
a deposit of those who from mental, moral and physical reasons are incapable of better
work.

C Intermittent earning. 18s to 21s per week for a moderate family. The victims of com-
petition and on them falls with particular severity the weight of recurrent depressions of
trade. Labourers, poorer artisans and street sellers. This irregularity of employment may
show itself in the week or in the year: stevedores and waterside porters may secure only
one of two days’ work in a week, whereas labourers in the building trades may get only
eight or nine months in a year.

D Small regular earnings. poor, regular earnings. Factory, dock, and warehouse labourers,
carmen, messengers and porters. Of the whole section none can be said to rise above
poverty, nor are many to be classed as very poor. As a general rule they have a hard
struggle to make ends meet, but they are, as a body, decent steady men, paying their way
and bringing up their children respectably

E Regular standard earnings, 22s to 30s per week for regular work, fairly comfortable. As a
rule the wives do not work, but the children do: the boys commonly following the father,
the girls taking local trades or going out to service.

F Higher class labour and the best paid of the artisans. Earnings exceed 30s per week. Fore-
men are included, city warehousemen of the better class and first hand lightermen; they
are usually paid for responsibility and are men of good character and much intelligence.

G Lower middle class. Shopkeepers and small employers, clerks and subordinate professional
men. A hardworking sober, energetic class.

H Upper middle class, servant keeping class.
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Table B7: Boundary Effect on Total Taxes Assessed, 1936

(1) (2) (3) (4) (5)
Optimal band Narrow band Wide band Optimal band Optimal band

Parametric Form Parametric Form Parametric Form Cluster by Street Segment FE

Inside BSP area -0.198* -0.195* -0.437*** -0.198 -0.162

(0.117) (0.115) (0.135) (0.130) (0.131)
Distance to BSP boundary -2.167 -1.678 -1.208 -2.167 -2.765

(2.578) (2.781) (1.285) (2.362) (2.387)
(Distance to BSP boundary)2 8.081 5.381 4.120 8.081 11.633

(11.762) (13.748) (3.192) (10.337) (11.116)
(Distance to BSP boundary)3 -6.282 -2.158 -2.916 -6.282 -11.527

(15.834) (19.746) (2.302) (13.607) (15.037)

Observations 450 427 699 450 450
Mean outside BSP area 2.123 2.128 2.153 2.123 2.123
Clusters 62 61 83 26 62
Bandwidth (meters) 48.4 45.0 96.8 48.4 48.4

Notes: Clustered standard errors shown in parenthesis. Columns (1), (2), (3), and (5) use street blocks as clusters. Column (4)
uses streets. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Narrow bandwidth
is defined as the smallest bandwidth for which the RD coefficient is statistically significant. Wide bandwidth is defined as the
largest bandwidth for which the RD coefficient remains significant. Segments in Column (5) are determined by dividing the BSP
boundary into five segments of equal length respectively. An observation is assigned to a segment based on its proximity to the
segment. *, **, *** indicate 10, 5, and 1 percent significance respectively.86



Table B8: Boundary Effects on House Prices Only, 1995-2013, 2015

(1) (2) (3) (4) (5)
Optimal band Narrow band Wide band Optimal band Wide band

Parametric Form Parametric Form Parametric Form Cluster by Street Segment FE

Inside BSP area -0.318** -0.302** -0.170 -0.286 -0.066

(0.133) (0.121) (0.162) (0.169) (0.220)
Distance to BSP boundary 0.335 -5.698 3.426* -3.674 4.996***

(5.273) (8.489) (1.722) (3.971) (1.720)
(Distance to BSP boundary)2 7.462 41.640 -9.582* 28.713 -14.723***

(28.188) (56.658) (5.681) (21.645) (5.458)
(Distance to BSP boundary)3 -20.224 -71.147 7.181 -48.880 11.401**

(42.474) (99.511) (4.821) (33.996) (4.440)

Observations 221 211 490 221 490
Mean outside BSP area 902,881 904,533 1.019e+06 902,881 1.019e+06
Segments . . . . 4
Clusters 30 27 64 16 64
Bandwidth (meters) 0.435 0.370 0.869 0.435 0.869

Notes: Clustered standard errors shown in parenthesis. Columns (1), (2), (3), and (5) use postal codes as clusters. Column (4) uses streets as
clusters. Optimal bandwidth determined as in Imbens and Kalyanaraman (2012) using a triangular kernel. Narrow bandwidth is defined as the
smallest bandwidth for which the RD coefficient is statistically significant. Wide bandwidth is defined as the largest bandwidth for which the RD
coefficient remains significant. Clusters in Column (4) and segments in (5) are determined by dividing the BSP boundary into ten and five segments
of equal length respectively. An observation is assigned to a segment based on its proximity to the segment. *, **, *** indicate 10, 5, and 1 percent
significance respectively.
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