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Abstract

How do geographically concentrated income shocks influence the long-run spatial distribution of
poverty within a city? We examine the impact on housing prices of a cholera epidemic in 19th
century London in which one in seven families living in one neighborhood experienced the death
of a wage earner. Ten years after the epidemic, housing prices are significantly lower just inside
the catchment area of the water pump that transmitted the disease, despite being the same
before the epidemic. Moreover, differences in housing prices persist and grow in magnitude over
the following century. Census data reveal that price changes coincide with a sharp increase in
population density at the border, consistent with anecdotes of impoverished residents taking in
subtenants to make ends meet. To illustrate a mechanism through which idiosyncratic shocks to
individuals that have no direct effect on infrastructure can have a permanent effect on housing
prices, we build a model of a rental market with frictions, with poor tenants exerting a nega-
tive externality on their neighbors, in which a locally concentrated negative income shock can
permanently change the tenant composition of the affected areas.
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“Indeed, it is the peculiar nature of epidemic disease to create terrible urban carnage and leave almost

no trace on the infrastructure of the city.” [Steven Johnson, The Ghost Map, p.277]

1 Introduction

Can disease outbreaks exert a permanent effect on the geography of urban poverty? While it
is well understood that illness is impoverishing, because health shocks have no direct impact on
infrastructure or land, it is not obvious that epidemics that affect a small number of residents would
leave an economic footprint on a city. As the quote above illustrates, a common presumption is that
residential migration will preserve the spatial distribution of income in the long run, erasing such
shocks from the map over time. In this manner, idiosyncratic income shocks to households should
not lead to lasting “pockets of poverty” within a city. Yet, in reality, spatial discontinuities in the
value of urban land are frequently observed and do not always appear to be related to discrete
changes in local amenities.

We examine this question in the context of a cholera epidemic that hit a single urban parish
in the metropolis of London in 1854. Over the course of one month, 660 residents living in the
0.5-mile radius of St. James Parish died from cholera, implying that roughly 5% of families were
suddenly impoverished because of the loss of a potential wage earner. The outbreak was eventually
attributed to contaminated groundwater that leached into one of the thirteen wells serving the
parish. As a result, the impact was concentrated in one particular neighborhood of the parish
wherein a much higher fraction of families — 13% — experienced a loss.

In this paper, we test empirically whether the likelihood of a residence being struck by cholera
as determined by its location relative to the source of the 1854 epidemic is correlated with real
estate prices soon afterwards and long after the epidemic ended. Although the research question
can be generalized to any setting, there are two main reasons for focusing on this specific event.
First, the 1854 outbreak in London provides a unique natural experiment that helps isolate the
causal influence of a locally concentrated income shock on long-run outcomes. As illustrated in
elegant detail by the 19th-century epidemiologist John Snow, since the outbreak was traced to

one particular water pump, there are sharp changes in rates of cholera at the boundary of the



catchment area for the contaminated well, where other property attributes such as access to public
goods can be assumed to change smoothly. This makes it possible to isolate the causal effect of
cholera exposure using a regression discontinuity framework.

A second important advantage is that very detailed microdata on deaths and property charac-
teristics are available from this particular neighborhood at the time of the epidemic, which allows
for careful examination of the identifying assumptions and causal mechanisms giving rise to changes
in property prices post-epidemic.!

Our results reveal that houses inside the cholera-affected catchment area suffer a roughly 15%
loss in rental value within a decade of the epidemic. More surprisingly, differences in property values
persist for 150 years, and show no signs of convergence: In 1936 we estimate 37% lower property
values just outside relative to just inside the catchment area. Differences remain significantly higher
in contemporary real estate sales prices. Associated with the fall in rental prices is a significant
increase in residential crowding inside but not outside the catchment area that emerges shortly
after the epidemic. This pattern is consistent with historic accounts of rentors taking in short-term
tenants when money is tight, which had the potential to produce significant block-level externalities
in an already crowded neighborhood.

We make sense of these patterns by building a simple model of a landlord’s rent-setting behavior
in a rental market with rich and poor tenants and block-level externalities from living among the
poor. In this setting, we consider what happens to the landlord’s optimal strategy to attract or
retain rich tenants when multiple tenants on his block simultaneously experience a negative income
shock that transforms them from rich to poor, producing immediate block-level externalities. As we
show in the paper, if the fraction of households on the block that transition to poverty is sufficiently
high, it can become preferable for the landlord to set a rental price that attracts and retains poor
tenants rather than offering a discount to rich tenants to live on a poor block that will only slowly
transition back to rich.

Consistent with this story, we show that, inside the catchment area of the epidemic, houses that
did not experience a death from cholera experience a change in rental value nearly as large as those

that did. This suggests that the negative impact of cholera on household income reduces the value

! Not only did scientists and city officials investigating the outbreak collect detailed microdata from the parish

at the time of the shock, but land tax assessment records from St. James are available for nearly every decade
until the mid-20th century. In many parts of the city land tax records were not well-preserved.



of all properties within the neighborhood not only those that were hit by the disease. Moreover, the
magnitude of the loss in rental value of a particular property depends fundamentally on the fraction
of households in the immediate vicinity that experienced a cholera death. Data on migration
between 1853 and 1864 indicate that the degree of neighborhood impoverishment encourages the
unaffected to leave and the affected to stay, consistent with a story in which individuals get disutility
from poor neighbors and an endogenous rental price response allows the newly poor to stay on a
heavily hit block.

Our results tie into a vast literature in economic geography on long-run persistence of income
differences across space. Particularly related to ours are a handful of papers that show evidence
of persistent income differences across cities or towns even long after specific sources of economic
advantage have become obsolete. For instance, Bleakley and Lin (2012) show how geographic
features (portage) that contributed to economic activity historically but stopped mattering in the
19th century are correlated with the long-run income growth of cities. Similarly, Hanlon (2014)
shows that a short-lived price shock to the cotton industry in 19th-century England is associated
with the long-run economic growth of cities and towns that relied on cotton at the time of the shock
despite the fact that the price of cotton rebounded within a decade. Of the same flavor is a paper
by Dell (2010), which shows that the economic performance of towns in rural Peru is correlated
with their position with respect to the boundary of a colonial labor tax catchment area that was
abolished in the early 19th century.

Our paper builds on the above literature by undertaking a similar exercise within the microen-
vironment of one London parish. The contribution of this approach is that the central mechanisms
for persistence that have been emphasized in previous work are not applicable within the parish set-
ting, which constitutes a single economic and institutional environment. In particular, the first two
papers cited above interpret their findings largely through changes in population growth that ac-
companied economic development or economic shocks, and the path dependence that demographic
trends created via economies of scale in industry. The last paper interprets persistence through the
lens of institutions, arguing that long-run differences in economic development inside and outside
the catchment area for the colonial labor tax would not have occurred in the absence of persistent
differences in local institutions.

Our setting is sufficiently small to preclude either interpretation - differences in property values



within a single administrative district occupying merely 164 acres of land cannot possibly be at-
tributed to differences in the evolution of local institutions or to a restructuring of economic activity
in response to the disease epidemic. As a result, what our results add to the existing literature on
persistence is evidence for an alternative means through which temporary and localized economic
shocks can lead to long-term changes in the spatial distribution of poverty. As such, the mechanism
we highlight is relevant for understanding urban ghetto formation more generally. Moreover, this
particular channel of persistence may contribute to income divergence across local economies that
has been documented in the literature.

In this sense, our findings suggest a broader set of channels related to residential sorting through
which we might observe persistent effects of historic shocks on the long-run economic growth of
neighborhoods or communities than is often considered in the literature. They also illustrate the
potential economic cost of spatially correlated shocks when there are significant externalities from
neighbors’ socio-economic status, and in that manner tie into the large literature documenting
and modeling neighborhood externalities in real estate values. Because the results suggest a po-
tential source of misallocation of households across space, they also provide a rationale for third
party interventions in real estate markets such as urban renewal projects frequently undertaken by
municipal governments, as do results from existing work such as Hornbeck and Keniston (2014).

Our theoretical model is closely related to spatial models of location choice and segregation
(Schelling (1969, 1971, 1978), Pancs and Vriend (2007)), but there are several key differences. First,
agents in the above models follow simple behavioral rules, while in our model they are fully forward-
looking utility maximizers. Second, in our model rent-setting landlords coordinate the movement
of tenants in and out of the block. Third, instead of a self-contained city, our model features a
block situated in an open world, where tenants can move in and out. The focus of our paper is
also different: it is relatively easy to establish in our model that ultimately the block contains only
one type of tenant, instead most of our focus is on characterizing the initial conditions under which

the block converges to poverty.? On a technical level, our paper is related to asynchronous-move

2 Mobius (2000) and Guerrieri et al. (2013) feature dynamic models of location choices, with market clearing

rental prices, mainly focusing on the issue of how an inflow of new agents changes segregation in a city. These
models do not feature price-setting landlords coordinating location choices of different types of agents, causing
multiplicity of equilibria and limited predictive power regarding the long-term composition of a particular block
of the city, which is the main focus of our analysis. A common assumption we share with Guerrieri et al. (2013)
is that poor agents exert negative externality on their neighbors. Hornbeck and Keniston (2014) also investigate
housing choices with externalities, but in a very different context, in which the qualities of neighboring buildings



dynamic games, and the role of asynchronicity of moves in coordination problems.?

The remainder of this paper proceeds as follows. Section 2 describes the study context and
dataset. Section 3 describes the empirical strategy. Section 4 examines the immediate and long-
term impacts of the cholera outbreak on housing prices. Section 5 provides a theoretical analysis
of the channels of persistence, while other potential contributing factors are considered in Section

6. Lastly, Section 7 concludes.

2 Background

We study the evolution of property values of all residences in the London parish of St. James,
Westminster, in the district of Soho, from immediately prior to the cholera epidemic of 1854 to
more than a century after. Below we describe the setting and natural experiment, and the data

sources utilized in the empirical investigation.

2.1 The Broad Street Cholera Outbreak of 1854

In 1854, St. James was a working-class neighborhood of 35,000 residents and a heavy commer-
cial district that housed a large number of self-employed.* The most common occupation in the
neighborhood was tailor, followed by shoemaker, domestic servant and mason. It was also the
most crowded parish of London at the time, housing 432 people per acre. Density was high largely
because it had been a previously wealthy neighborhood containing many multi-story buildings that
became working class as the city expanded. On average, a single address in the neighborhood
contained four families.

While it was crowded and economically diverse, St. James was not a particularly poor London
neighborhood. As described by historian Steven Johnson, “By the [1850s], the neighborhood had
turned itself into the kind of classic mixed-use economically diverse neighborhood that today’s “new

urbanists” celebrate as the bedrock of successful cities: two-to-four story residential buildings with

affects the incentives of a house owner to invest in the quality of her house. This leads to very different long-term
dynamics than in our paper, and in particular they show that a negative shock to collateral value can increase
the quality of a neighborhood, by coordinating the owners’ investments during the rebuilding phase.

Seminal papers in this literature include Farrell and Saloner (1985), Maskin and Tirole (1988a,b) and Lagunoff
and Matsui (1997).

Parish population estimate (35,406) from the 1851 UK Census. The population was nearly stationary between
1841 and 1861 (The Cholera Inquiry Committee, 1855).



storefronts at nearly every address, interlaced with the occasional larger commercial space. (...)
The neighborhood’s residents were a mix of the working poor and entrepreneurial middle-class.”
(Johnson, 2007, “The Ghost Map” p. 18).

The majority of occupants of St. James were renters (93%) with absentee landlords that owned
multiple flats on the block. Rental contracts at this time mainly took the form of yearly tenancy
agreements, meaning that either landlord or tenant could terminate or renegotiate the agreement

without cause, though only when the 12-month lease expired (Beeton, 1861).7

Legally-speaking,
long-term leases were also possible, as were “tenancy-at-will” agreements, in which either party
could leave at any time. Presumably, the latter were too costly to be desirable for absentee landlords
and tenants alike. With respect to long leases, while we cannot observe the distribution of contract
lengths in our sample, anecdotally 3-year and 5-year contracts were also common.® Thus, while
tenants had weak rights by 20th-century UK standards, their tenancy rights were comparable to
contemporary US standards.

In August 1854, St. James experienced a sudden outbreak of cholera when one of the thirteen
shallow wells that serviced the parish — the Broad Street pump — became contaminated with cholera
bacteria and remained so for weeks until groundwater gradually flushed it away.” At that time, the
mode of cholera transmission was still unknown, so residents were unaware they should stop using
the local water source in order to avoid infection. As a result, the bacteria quickly infected a large
fraction of the parish population that lived within the catchment area of the Broad Street pump
(henceforth BSP), which encompassed 57 densely packed blocks.®

The epidemic was fast and furious, and - because the source of transmission was stagnant rather
than circulating - highly geographically concentrated. By the epidemic’s close within a month, 660

residents of St. James had died from cholera, or 3% of the population. Within the BSP catchment

5

Furthermore, landlords were required to notify tenants of changes to contract terms or eviction within 6 months
of the end of the contract else tenants were entitled to one more year of occupancy under current terms.
According to tenancy law at the time, “Where an annual rent is attached to the tenancy, in construction of law,
a lease or agreement ... is a lease from year to year, and both landlord and tenant are entitled to notice before
the tenancy can be determined by the other. (Beeton, 1861)” The fact that land tax data provide an annual
rental amount for almost all properties in the sample suggests that most were not short-term lease agreements.
Most of the historic details provided in this section come from Johnson (2007), a detailed account of the 1854
epidemic and its aftermath.

The epidemic was later attributed to a leaking cesspit adjacent to the well. It was standard practice at the time
to locate wells away from active cesspits, and the cesspit that caused the outbreak had in fact been out of use for
several years since the parish had gained access to sewer lines. However, when a baby in St. James came down
with cholera, her mother eventually made use of the inactive cesspit, causing bacteria from the initial victim to
become trapped in the well below the Broad Street pump.



area, an estimated 16% of residents had contracted the disease and approximately 8% died.”

One particular public health authority, Dr. John Snow, had postulated after studying patterns
of past cholera outbreaks that water may be the main transmission channel of cholera. In order to
collect evidence to support his theory, he immediately began mapping the victims of the St. James
outbreak alongside information on the location of wells within the district. He quickly saw a stark
pattern of disease incidence in which nearly all victims were clustered around Broad Street pump.
According to his diagrams, two-thirds of the residents of this tightly packed parish were at almost
zero risk of contracting cholera because they happened to live closer to one of the twelve different
water pumps in the parish.

Snow brought the data to health authorities and convinced them to disable the pump. Soon after
the cholera epidemic subsided, government officials removed all old cesspits from the neighborhood
and replaced the Broad Street pump handle. The epidemiological analysis conducted by John Snow
provided the key evidence to prove the oral-fecal method of disease transmission, which fueled a

long era of public health investment in water and sewerage infrastructure.

2.2 The Impact of Cholera on Neighborhood Poverty

In this paper we make use of the natural experiment provided by the swift and unanticipated
cholera outbreak of 1854 to examine how geographically concentrated income shocks can influence
the long-run spatial distribution of poverty within a neighborhood.

It is first worth considering the scale of the cholera epidemic within the Broad Street pump
neighborhood, which contained approximately 500 properties and 2000 families.'® By our estimates,
42% of all properties in the neighborhood experienced at least one cholera death during the course
of the epidemic, some of which lost multiple residents: 19% of households lost just one member and

23% of households experienced the loss of more than one life, which implies that approximately 5%

o The reported mortality rate was around 50% at that time (The Cholera Inquiry Committee, 1855). The main

reason that so many residents were spared from contagion is that a large number fled the neighborhood during
the first few days to wait out the epidemic. Another limiting factor was the infrequency with which many
residents drew water from the pump. Anecdotally it was common for households to take water only once every
few days. Finally, heavy consumption of tea and alcohol, which have antimicrobial properties, protected many
residents from exposure.

10 Source: 1851 UK Census. According to tax records from 1853 there are 491 addresses that lie within the BSP
catchment area. According to the 1851 census, the district contains 1650 addresses, 4439 families and 20,807
individuals.



of families lost one member and another 9% of families lost at least two members.!!

Conceptually, we anticipate changes in the rental value of property arising out of the sudden
impoverishment of residents inside the Broad Street pump catchment area. In particular, on the
eve of the epidemic a large number of these families (and an even larger number of properties)
were suddenly significantly worse off economically due to the death of a potential wage-earner. The
available data do not detail which households experienced deaths of working-age members versus
economic dependents, but aggregate figures published after the outbreak show that working-age
adults were the most vulnerable to cholera transmission - 76% of deaths occurred among individuals
aged 10 to 60 (Cholera Inquiry Committee, 1855). This implies that, in expectation, 13% of families
inside the Broad Street pump catchment area and only 1% in the rest of St. James lost a wage-
earner.'? As a result of this tragedy, overnight the Broad Street area had become a neighborhood
with many more destitute families than the rest of the parish: approximately one in seven families
and two in five properties are likely to have transitioned suddenly from poor to destitute.

Not only were many households in the neighborhood hit by the epidemic, but because the area
was densely packed, most residents lived on blocks that were heavily hit. In total, 80% of households
in the Broad Street pump catchment area lived on a block in which at least 25% of residences had
experienced a cholera death, and 25% lived on a block in which at least half of residences had
experienced a death. The corresponding figures in the rest of the parish were 10% and less than
1%. The density of deaths within the neighborhood was relatively uniform, consistent with the
assumption that nearly all residents relied on that pump for drinking water. Within 30 meters
of the catchment area boundary, 73% of residents lived on a block in which at least a quarter of
residences experienced a loss, relative to only 31% outside of the boundary.

We further presume that the death of a wage-earner leads very quickly to changes in household

behavior that produce immediate, salient negative externalities on neighbors who live on or near

1 These calculations are approximate because we lack data on the family membership of individual victims,

though we know from aggregate population figures that the average residence in Soho housed three families and
contained 13 members. In approximating the incidence of deaths across families, we assume that deaths are
clustered within family,so we divide the total number of deaths recorded for a particular residence by two when
the total number is under eight, and divide the total number of deaths by three when the number is under 12.
Only one property experienced a number of deaths greater than 12 (18 deaths), which we estimate affected four
families in the household.

Author’s calculations based on information on the age distribution of deaths published in the The Cholera
Inquiry Committee (1855), the distribution of deaths across houses as collected by Cooper (1854), and the
average number of families per house as recorded in the census of 1851.
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the block. The forms of behavior change that are likely to create the largest and most immediate
externalities in this setting are crowding of both people and animals. According to historical sources,
it was common for tenants trying to make ends meet to take in additional tenants on short-term
sub-lease. As noted by historian Sherwell (1897), “The announcement that may sometimes be seen
in Soho of “Part of a room to let,” represents what is frequently a very serious aggravation of the
evils of overcrowding. In one case a small back-room was occupied by a young, newly-married
couple, who took in a single-man lodger who slept in a chair. In the same house two back-rooms,
both small, were occupied by a man and his wife and three men-lodgers, and the rooms were further
let out at night for gambling purposes at the rate of one shilling per hour. Subsequently the woman
(whose husband was a baker and therefore away all night) got rid of the men-lodgers and boarded
a prostitute, and let her rooms out to this woman as a common brothel.”

Anecdotally, it was also common for tenants even in the densest section of London to raise
cash by crowding the apartment with farm animals and selling milk, eggs or dung. As detailed
in Johnson (2007),“Residents converted traditional dwellings into “cow houses” - herding 25 or 30
cows into a single room (...) One man who lived on the upper floor of 38 Silver St. kept 27 dogs in
a single room. He would leave (...) prodigious amounts of canine excrement to bake on the roof of
the house” (Johnson, 2007, p.28).

It is safe to say that, particularly in such a tightly packed space, both more humans and more
animals in neighboring homes would lead almost immediately to salient within-block externalities
in the form of greater smell and noise, visible excrement (crowded sewers and cesspits, fewer street

sweepers), disease and general misery (e.g. domestic violence, drunken brawls).!3

2.3 Data Collection

To test whether property values respond to the outbreak, we gather several waves of data on
housing prices of the roughly 1,700 housing units in St. James parish from 1853 to the present.
This section describes the data used to define the catchment areas, real estate outcomes, and the
baseline covariates employed in the analysis.

To determine the location of water pumps in Soho at the time of the cholera outbreak, we use

13 Other sources of externalities are also possible, for instance higher exposure to crime, disease, lower public good

contributions and sanitation, etc. For an empirical measurement of externalities among neighboring residents,
see Rossi-Hansberg et al. (2010).



John Snow’s cholera map (Snow, 1855), depicted in Figure 1a.!* To track changes in real estate
values, we construct a property-level panel database encompassing all residences in St. James that
contains measures of property values for the years 1853 (pre-outbreak), 1864, 1936, 1995-2013, and
2015 obtained from three separate datasets. First, for the years 1853, 1864, and 1936, we collect
data on the rental value and assessed land taxes from the National Land Tax Assessment records.!®
The Land Tax was first introduced in England in 1692 and formed the main source of government
revenue until the late 19th century (Dowell, 1965).1¢ Given their importance for public finance,
coverage in tax records is very complete. In our study area, very few properties are missing from
the records when compared to maps of the area. We also match the names of the primary occupant
at each address across the 1853 and 1864 records to obtain a measure of residential turnover before
and after the epidemic.

The Land Tax Assessment (and property taxes more generally) ended in 1963. Hence, for the
years 1995-2013 we obtain property sales prices from the Land Registry of England (Land Registry,
2014). Records include the property address as well as the sale price and date of sale. We also
obtain data on rental prices posted on the formal market for Soho over the past 5 years. Lastly,
for the year 2015, we obtain house value estimates from zoopla.co.uk, UK’s largest property listing
website (Zoopla, 2015).

We digitized all valuations and addresses obtained from the records described above and em-
ployed two methods to geocode addresses. For historic records (1853, 1864, and 1936), we match
addresses to detailed housing maps from the relevant time period.'” For current house records, we
geocode addresses using Google’s geocoder tool.'®

Next, to assess the spatial distribution of cholera deaths in and around the BSP area, we map

14
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Pump locations are also given on the Cholera Inquiry Commission map.

We obtain these records through Ancestry.com (Ancestry.com, 2011). The dataset also contains information on
whether a specific property had been exonerated. In 1798, the Land Tax Redemption Office was created under a
registrar, and the Land Tax became a perpetual charge, which could be redeemed by the payment of a lump sum
and landowners were thereby exonerated. The lump sum equaled 15 years tax, but the tax could be redeemed
by purchasing 3 per cent consols in government stock which would yield an annuity exceeding the tax by a fifth.
The Act specified that real estate (both buildings and land) were to be taxed permanently (beginning in 1798). It
nominated for each borough and county in England and Wales local commissioners to supervise the assessments
and local collection. Roughly every decade properties were assessed for tax value. Individual tax assessments
were made based on the actual rental values of land, which were recorded by assessors.

In the case of 1853 and 1864, we use the Metropolitan Commission of Sewers’ 1854 housing map as base map
(Cooper, 1854). We match 1936 addresses using the England and Wales Ordnance Survey map as base map
(Ordnance Survey, 1951).

To assess the quality of geocoding, we randomly selected 10 percent of the sample and manually checked the
geocoded addresses using Google maps. All records matched perfectly.
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the total number of deaths by house using the Cholera Inquiry Committee’s 1855 map (Cholera
Inquiry Committee, 1855). These data were gathered immediately after the epidemic as part of an
epidemiological study into the mode of transmission of cholera. Snow and local chaplain Richard
Whitehead conducted a census of the neighborhood in which all residences were visited and asked
to report any deaths from cholera or diarrheal disease that had occurred over the past month. The
map provides information on both house locations and number of deaths per house. Figure 7?7
presents a portion of this map. These deaths were later verified by the Commission using death
certificates registered in the vital statistics database. Missing from the CIC map, which records
632 deaths, are 28 cholera deaths registered on death certificates from individuals who were not
reported in the census.'®

We also gather data on neighborhood amenities from the same maps. In particular, in investi-
gating the outbreak to determine its origin, scientists and city planners constructed careful records
of the location of cholera deaths in the neighborhood along with a wide set of neighborhood ameni-
ties and infrastructure in and around St. James parish. A particularly rich source of data was the
map of the area constructed by Metropolitan Sewage Commissioner Edmund Cooper immediately
after the epidemic as part of the “Report to the Metropolitan Commission of Sewers on the house-
drainage in St. James, Westminster during the recent cholera outbreak”. Cooper worked with an
existing map of the neighborhoods sewer lines and residences, and added visual codes to indicate
the location of cholera deaths and the site of the presumed and actual 17th century plague pit
(believed to be a potential source of cholera at that time). As described by historians, the map
was “superbly detailed: old and new sewer lines were documented with distinct markings; each
gulley hole was represented by an icon on the map, along with ventilators and side entrances and
the street number of every house in the parish” (Johnson, 2007, p.129).

In addition to the location of sewers and sewer vents, the map also contains the location of all 13
water pumps, public urinals, as well as neighborhood amenities including public squares, churches,
police station, fire stations, theaters, banks, and primary school, to which we create measures of
walking distance from each residence. From the same map we also calculate the distance to other
neighborhood features that may influence housing prices, including the presumed location of a large

plague pit in Soho (this location was later proved incorrect), and the distance to the center of Soho.

19 Unfortunately we do not know the exact address of these 28 individuals, so must exclude them from the analysis.
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We use a similarly detailed map from 1951 to assess the location of amenities pertaining to the 1936
properties. In both cases we digitized and geocoded map data and calculated distance measures to
each residence in the dataset.

We collect data on population density and composition from individual records in the United
Kingdom Population Census of 1851 and 1861. For each address in St. James, we record number
of residents, number of families, and the country of origin of each family head. As with the land
tax data, addresses are transcribed and geocoded.

Finally, we compare the socioeconomic status of households across the BSP boundary about
45 years after the outbreak using Charles Booth’s 1899 poverty survey of London (Booth, 1902).
The survey contains household-level socioeconomic status obtained from a combination of inter-
views with London School Board visitors and existing records collected by Board visitors during
their yearly home inspections.?’ We transcribe these data and then geocode houses based on the
house number and street name provided in the survey and create four indicators of household-level
socioeconomic status (very poor, poor, working poor, and middle class) from the recorded social

class classifications.?!

3 Empirical Strategy

Property-level data allow us to assess the change in rental value of properties located inside versus
outside of the Broad Street pump catchment area where the cholera epidemic was concentrated.
In particular, we employ a regression discontinuity (RD) design that makes use of the change in

disease rates that occurred at the boundary of the catchment area.

20 Pagsage of the Education Act in 1870 and further legislation in 1876 to enforce primary school attendance led

to the creation of School Board visitors who were in charge of visiting households, investigating instances of
non-attendance, etc. Part of their obligations was to keep records of all households in their districts and to
update them annually (Weiner (1994), p 31). These sets of records constitute the primary source of Charles
Booth’s survey of London.

We follow O’day and Englander (1993) when translating Booth’s poverty classifications into the four socioeco-
nomic categories used in our analysis. Specifically, we classify categories A and B as “Very Poor”, C and D as
“Poor”, E as “Working Poor”, and F and G as “Middle Class”. Refer to Appendix Table B6 for the original
eight-tier classification used by Charles Booth.
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3.1 Catchment Area Boundary

As originally proposed by Snow, we define the catchment area according to a network Voronoi
diagram of Soho, in which each of the 13 water pumps defines a point and the cells are determined
according to the walking distance to each point. We calculate the shortest travel distance by
plotting the wells on a georeferenced 1854 street map. Hence, the catchment area encompasses all
residents for whom the Broad Street pump was the water source in closest walking distance.?? A
picture of the map we employ in our analysis is shown in Figure 1a, alongside the original boundary
mapping of Snow in Figure 2a. Figure 1b depicts the catchment areas for all pumps where each
dot indicates the location of the water pumps at the time of the outbreak, and the BSP catchment
area is outlined in red.?3 In both figures, cholera deaths are marked by black bars, and a portion
of the map is enlarged for clarity in Figure 3.

As is evident from both maps, the constructed catchment areas map closely with the spatial
pattern of deaths from cholera. According to our calculations, 76% of cholera deaths occurred within
the catchment area, which is close to the figures calculated by Snow. Contemporary accounts also
suggest the existence of a discontinuity in cholera deaths at the Broad Street pump boundary. For
instance, John Snow himself stated that “deaths either very much diminished, or ceased altogether,
at every point where it becomes decidedly nearer to send to another pump than to the one in Broad
Street” (Snow, 1855). Figure 5a plots the share of houses with at least one cholera death and Figure
5b plots the share of houses for which at least 25% of houses on the block experienced a casualty,
providing further confirmation of this pattern.

This is a particularly striking pattern given that the boundaries do not determine actual assign-
ment to a particular water pump, but merely delineate the likelihood of utilizing a particular pump.
Some residents just outside the boundary may get water from the pump because it is convenient or

preferred for some reason. For instance, Broad Street pump was located close to the local primary

22 For a formal definition of network Voronoi diagrams refer to Erwig (2000), Okabe et al. (2000). For a definition
applied to the John Snow’s cholera map, refer to Shiode (2012). We determine catchment areas using the Closest
Facility solver in ArcGIS Network Analyst.

Following previous literature (e.g., Shiode (2012)) and John Snow’s own accounts, we discard the pump located
on Little Marlborough St. when constructing the catchment areas. In his cholera report, John Snow states that
“the water of the pump in Marlborough Street, at the end of Carnaby Street, was so impure that many people
avoided using it. And I found that the persons who died near this pump in the beginning of September, had
water from the Broad Street Pump” (Snow, 1855)
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school, and anecdotally children drank from the pump on their way to school.?*

A few discrepancies between the two maps in Figure 2 merit explanation. First, there are two
regions of the map in which our calculation of minimum walking distance differs from that of Snow.
In the lower right-hand corner of St. James, Snow assigns a cluster of houses on Berwick St. to the
Broad Street pump catchment area, when they are clearly closer to the Rupert St. pump (on both
his map and the Cooper map). While it is true that a disproportionate number of deaths occurred in
these houses, there is no recorded information on residents of this neighborhood favoring the Broad
Street pump, so we choose to include them in the catchment area. Second, based on numerous
historical accounts, the pump at Little Marlborough St. was very rarely used for drinking water
because of the foul smell and taste of sulphur. As Snow and Whitehead documented in interviews
with residents of houses located closest to this pump, because Broad Street pump was less than
100 meters from Little Marlborough pump, they preferred to get drinking water from Broad Street,
a fact Snow uncovered in seeking to explain why so many residents of the area became infected
with cholera when the Marlborough pump was not contaminated. Given this, we exclude the Little
Marlborough pump from among the points on the Voronoi map. Since it is possible that Snow
had better information on actual walking distance than we do now, in Section 4 we verify that our

estimates are robust to those using the catchment area as drawn by Snow.

3.2 RD Specification

We use a spatial regression discontinuity (RD) design that takes advantage of the discontinuity
in deaths caused by well access to estimate the effect of cholera on real estate outcomes. We
present results using two approaches typically followed in the spatial RD literature. First, we
exploit the two-dimensional nature of the BSP boundary to estimate conditional treatment effects
at various points along the treatment boundary following Imbens and Zajonc (2011).2> Second, we

follow the usual approach in the literature by specifying a one-dimensional forcing variable, namely

24 Tt is also possible that, after the onset of the epidemic, there may have been sources of secondary infection of

an indeterminate location. That is, since the disease is spread through fecal-oral pathogens, waste from cholera
victims could have infected others through the standard channels of diarrheal disease transmission (e.g. dirty
hand of individuals tending to victims). However, cholera is hard to catch since the bacteria must be ingested
so sources of infection are likely to have been limited to within the same household where water in storage may
become contaminated.

Although there are multiple studies exploring RD methods with a multidimensional forcing variable (e.g. Rear-
don and Robinson (2010), Wong et al. (2012), Keele and Titiunik (2013)), we mostly follow the notation and
terminology in Imbens and Zajonc (2011).
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the distance to the closest point in the BSP boundary.?® This is the equivalent of subtracting the
cutoff value from the forcing variable in the one-dimensional design and then using this transformed
forcing variable to estimate a single, boundary-wide average effect.

Broadly speaking, the first approach estimates treatment effects using observations within a
neighborhood of a specific point in the treatment boundary. This exercise is then repeated for var-
ious points along this boundary thus providing a distribution of these effects along this dimension.
Formally, let b; with 7 = 1,...,J denote the coordinate vector of point j on the BSP boundary
and let NVj, (b;) denote a neighborhood of size h meters around this point. To obtain the impact
of cholera exposure on property values at boundary point b;, we use local polynomial regression.

Specifically, we estimate the equation below for properties within neighborhood N}, (b;):
yit = a+yBSP; + f(X;) + WS +€¢;  for X; <h (1)

where y;; is a measure of property i’s value in year ¢; BSP; is an indicator equal to 1 if property @
falls inside the BSP catchment area; X; is the distance in meters between property ¢ and point b; on
the BSP boundary; and f(.) is a polynomial of order K with f(X;) = f: 6k X¥ where the optimal
choice of K is determined using Akaike’s criterion as in Black et al. (];?)67) and suggested in Lee
and Lemieux (2010). While baseline covariates are not needed for identification in the RD setup,
they can improve the precision of the estimates (e.g., Lee (2008), Imbens and Lemieux (2008)),
therefore we include vector W;; of property and street level characteristics in year t. Table 1
provides summary statistics for these covariates in the pre-outbreak period. Bandwidth h is chosen
optimally following Imbens and Kalyanaraman (2012).2” In the above equation, v is the causal

effect of exposure to cholera on y;; at point b;.?®

As discussed in Imbens and Zajonc (2011) and denoting the estimate of the conditional treat-

26 See Holmes (1998), Black (1999), Kane et al. (2006), Lalive (2008), and Dell (2010) for examples of papers
employing an RD design with distance to the treatment threshold as the forcing variable.

In the local RD setting, our choice of bandwidth can be interpreted as using a rectangular kernel with bandwidth
h. Although some studies suggest and use a triangular kernel (e.g., Fan and Gijbels (1996), Imbens and Zajonc
(2011), Keele and Titiunik (2013)), our choice of a simple rectangular kernel is for practical purposes. Lee and
Lemieux (2010) state that, in the RD setting, kernel choice has little impact in practice therefore simple kernels
(i.e., rectangular) can be used for convenience.

Note that the method used in this paper differs from Imbens and Zajonc (2011) in two aspects. First, we use
local polynomial regression instead of local linear regression. Second, we do not specify any kernel function
to weight observations near the treatment boundary. This is primarily done for convenience since, in the RD
setting, kernel choice has little impact on results (Lee and Lemieux, 2010).
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ment effect at point b; as §(b;), we estimate a boundary average effect v as:

>/ 4(by) - 4(by)
> 4(bj)

(2)

y =

where §(.) is the estimated bivariate density of properties’ coordinate vectors evaluated at boundary

points b; and each 4(b;) is estimated using Equation (1) above within neighborhood N}, (b;).?

Letting s € S denote the coordinate vector of a property and B denote the set of all boundary

points (i.e., not only the J points used in estimation), the expression above provides an estimate of

Jsez 1(s) - g(s)ds

fsEIB g(S)dS
of results, we refer to the estimate in Equation 2 as the averaged conditional treatment effects.

the average effect v given by [._p v(s)g(s | S € B)ds = . In subsequent discussions

Following Imbens and Zajonc (2011), we choose a number of evenly spaced boundary points
b; that cover the boundary reasonably well. We initially choose 80 boundary points but to as-
sess the sensitivity of the results we repeat the exercise using half the number of points b;. To
satisfy the Boundary Positivity assumption (Imbens and Zajonc, 2011), we restrict the analysis to
neighborhoods N, (b;) with at least one property on each side and within close distance of the
treatment boundary.? After these restrictions and given the spatial distribution of our 1853-64,
1936 and 1995-2013 samples along the BSP boundary, we are able to estimate conditional treatment
effects for 47, 25, and 26 boundary points b, respectively, out of the 80 points drawn initially. For
illustration, Figure 11 presents the set of boundary points b; for which we are able to estimate
conditional treatment effects using the 1853-1864, 1936, and current house values samples.

For the case where we follow the one-dimensional approach, we estimate Equation (1) for all
properties within distance h of the entire BSP boundary rather than for specific neighborhoods

N}, (bj) along this boundary.

29 We estimate the bivariate density via kernel density estimation using the Kernel Density tool in ArcGIS Spatial

Analyst.
30 Boundary Positivity requires the existence of observations near the boundary in order to identify the treatment
effect in the multidimensional RD setting. More specifically, letting L; denote the latitude and longitude of
property i, Boundary Positivity requires that for all b; and € > 0, there are properties for which P(L; €
Np, (bj)) > 0. In the estimation, we only use neighborhoods for which there is at least one property within 15 to
20 meters (depending on the specification) on each side of the treatment boundary. The choice of 15 to 20 meters
corresponds to about one-quarter of the optimal bandwidth & for the corresponding specification. Authors can
provide results using different cutoffs upon request.
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3.3 Validity of RD design

Identification of the treatment effect in Equation (1) requires that potential outcome functions
Elv;(1)|X;] and E[v;(0)|X;], where v;(1) and v;(0) denote the outcome under treatment and control,
respectively, must be continuous at the treatment boundary. Broadly speaking, the assumption
implies that all property characteristics (i.e., determinants of v;) must be a continuous function of
distance to the BSP boundary. This allows properties that are geographically close to the BSP
boundary to serve as plausible counterfactuals for similar properties inside the BSP area.

We test the validity of this assumption by examining the similarity across the boundary of
neighborhood features in the year prior to the epidemic, including rental prices and property tax
assessments recorded in 1853, and neighborhood amenities measured at the time of the epidemic.
Table 1 compares various property characteristics inside and outside of BSP boundary. Columns
(1) and (2) provide mean characteristics for the full estimation sample, Columns (4) and (5) provide
the same information for properties within 100 meters of the boundary, and Columns (3) and (6)
present the standard error for the difference in means for their respective specifications clustered
at the block level.3! Although there are significant differences in means across all properties,
when we consider only properties within a 100-meter bandwidth — the largest we consider in the
empirical analysis —, the difference in characteristics between catchment area and non-catchment
area properties decreases in magnitude and many become statistically insignificant.

For a better depiction of the continuity of baseline covariates across the BSP boundary, refer
to Figure 7 which presents averages for continuous 20-meter distance bins. To provide a more
meaningful assessment of the continuity assumption, Columns (7) and (8) in Table 1 present the
coefficients and robust standard errors from the estimation of a modification of Equation (1) using
each variable in Table 1 as the dependent variable.3? For comparability, all estimations in Column
(7) use the same bandwidth (27.5 meters).33

Table 2 verifies that rental prices in 1853 are smooth at the boundary in parametric RD specifi-

31 For reference, Table B1 provides Conley (1999) standard errors adjusted for spatial correlation along the block

level clustered standard errors. Standard errors using either method do not vary significantly.

More specifically, Column (7) presents the estimate of v in w;s = o+ yBSP; + f(X;) + €+ for X; < h, where
wjt 18 a baseline covariate in Table 1. For the RD polynomial, we use a local linear regression specification where
Using a different outcome variable yields a different optimal bandwidth in each estimation, however, for compa-
rability among all variables, we present the results using the minimum of all optimal bandwidths.

32

33

17



cations that condition on a third-order polynomial in distance to boundary rather than local linear
regressions, with standard errors clustered at the block level.3* The regressions in Table 2 differ
with respect to the bandwidth chosen, control variables included, and the level of clustering. In
Column (2), the sample is restricted to observations that fall within the optimal bandwidth (28)
chosen as suggested by Imbens and Kalyanaraman (2012), and includes controls for all covariates
listed in Table 1 and standard errors clustered at the block level.

We also alter the bandwidth to a narrower (Column (3)) and a wider margin (not shown) to
test the sensitivity of our results to excluding and including observations farther away from the
border. The bandwidths chosen for the narrow and wide specification reflect the narrowest and
widest bandwidths in which our estimates remain statistically robust, although it is worth noting
that the point estimates are similar in magnitude under a broader range of bandwidth values. In
Column (4) we verify that our estimates are robust to a larger level of clustering (street) and in
Column (5) we include fixed effects for the different segments along the boundary.

Overall, Table 1 and 2 reveal a robust absence of differences between houses inside and outside
the BSP boundary with respect to real estate values. No differences in rental prices the year
prior to the epidemic emerge when we control for all possible covariates, nor when we alter the
bandwidth to be as narrow as 24 meters nor as wide as 70, which encompasses 92% of the Broad
Street pump catchment area. Results are also robust to clustering standard errors by street, as
well as controls for categories of street width (not shown). The patterns in Table 1 indicate that,
prior to the outbreak, properties on either side of the BSP boundary are very similar: for 18 out of
the 19 baseline characteristics the RD coefficients are statistically insignificant. More importantly,
measures of property value (i.e., rental prices, assessed and exonerated taxes) do not differ across
the boundary, so significant differences between properties on either side of the boundary in the
post-outbreak period cannot be attributed to pre-existing differences.

Identification of the treatment effect in Equations (1) and (2) also requires that there be no
endogenous sorting of properties (and individuals) within a close window around the BSP boundary.
Support for this assumption comes from the fact that the BSP boundary is solely determined by

whether properties have better access to the water pump on Broad Street relative to the other

34 Optimal polynomial order of three was determined using Akaike’s criterion as detailed in Black et al. (2007) and

suggested in Lee and Lemieux (2010).
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pumps in Soho at the time.?® Thus considering that there is no obvious distinction between pumps
and that water is a relatively homogeneous good, there is no clear incentive for properties or
individuals to sort near the boundary of the catchment area of a specific pump.

In order to provide a more quantitative assessment on the validity of this assumption, Figure 6a
shows a histogram of the forcing variable (distance to the BSP boundary) that uses 15-meter bins.
“Negative” distances represent the distances of properties outside the BSP area. Note that there is
no clear evidence of a jump in the density of properties across the treatment boundary (represented
by the solid line at zero). Additionally, we perform McCrary (2008) test for breaks in the density of
the forcing variable, as shown in Figure 6b. Similarly, the density does not change discontinuously
across the boundary suggesting that, for a narrow window around the BSP boundary, there seems
to be no endogenous sorting of properties.

The pattern we observe in the RD plots and regression estimates is consistent with the less
rigorous assessment of those investigating the cholera epidemic at the time of the outbreak, who
hailed the pattern of contamination as proving the role of the water pump by virtue of the fact that
residents served by various pumps in Soho were otherwise of similar socio-economic background.
In particular, unlike previous cholera outbreaks in the city that struck relatively poor districts,
John Whitehead detailed in his report to the Cholera Inquiry Committee (1855) that the pattern
of contagion in Soho was not related to the socio-economic status of residents: “What class of
persons did the disease principally destroy? (...) it attacked and destroyed all sorts and classes

alike” (Whitehead, 1854, p.7).

4 Results

We start by examining how exposure to cholera influences real estate prices and residential mobility
in the short run (Tables 4 to 7), and then investigate how valuations evolve over the next century

(Tables 9 and 10).

35

“Better access” in this context refers to shorter walking distance.
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4.1 First stage

Table B2 shows the estimated association between living within the catchment area and exposure
to cholera. Since we have no reliable measures of cholera exposure other than death reports (e.g.
incidence of individuals exhibiting cholera symptoms), we gauge the strength of our first stage by
employing the RD framework of Table B2 where the outcome is deaths from cholera at the house
level, the block level, and the neighborhood level. Our definition of neighborhood encompasses the
block on which the residence is located along with all contiguous blocks, so contains anywhere from
2 to 7 blocks (mean number of blocks is 3.5). We look at both the fraction of households that
experienced a cholera death and the number of deaths divided by the number of residences.

The results indicate a roughly doubling in the death rate inside and outside of the catchment
area within a 31-meter radius of the boundary. While outside the boundary, 19% of households
experience a loss from cholera, the rate is 32% inside the boundary. As described earlier, the
contrast is even starker when we consider a dummy indicator of living on a block in which more
than a quarter of households are affected by cholera: Inside the boundary 73% of households live
on a heavily hit block, while outside the boundary only 30% do. Even within only 20 meters of the

boundary, the rate of being heavily hit approximately doubles in and out of the catchment area.

4.2 Rental prices

Table 4 presents estimates of the effect of the epidemic on the evolution of property values a decade
afterwards. The outcome variable in the first set of estimates is the change in (the logarithm of)
the rental price of a particular property between 1853 and 1864, and the second set of estimates
looks simply at (the logarithm of) the rental values in 1864 as an outcome. While the first outcome
presumably increases precision by accounting for time-invariant property characteristics, there are
several observations in the dataset that cannot be matched across years and are therefore excluded
from those estimates. In particular, 41 properties (2%) with value data in 1864 have no correspond-
ing data in 1853, and 52 properties (3%) with value data in 1853 have no data in 1864. While we
suspect that the majority of these residences belong in the panel but cannot be matched due to
address errors in the tax data, we cannot rule out property creation and destruction across years.

As shown in Columns (1) and (2) of Table 4, properties inside the boundary experience a 10-
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13% loss in rental value in the decade after the epidemic. There is little difference between the
one-dimensional and two-dimensional RD specifications. The pattern is almost identical when we
look simply at rental price in 1864 as the outcome, which allows us to include all observations
available in the 1864 dataset. We estimate a difference in rental prices at the boundary of 13% at
the optimal bandwidth of 51, and the estimates change very little when we narrow the bandwidth
to 24 (Column (5)) or widen it to 71 (not shown), cluster standard errors at the street rather than
block level (Column (6)), or reduce the set of covariates to only the three most important predictors
of property values in the neighborhood - whether the property has no sewer access or old sewer
access, and distance to the closest public urinal (Column (7)).36

In Table B5, we show the same regression estimates using the assessed tax burden of the
property in place of the rental value, which allows us to include an additional 325 properties
(19%) that were either exonerated from taxation or owner-occupied, so have no recorded rental
values. Including these additional observations has no effect on the estimates, in part because
the rate of exoneration and owner-occupancy is particularly low near the boundary, leading to the

37 Tax assessments

inclusion of only 44 additional observations to the main regression estimates.
of exonerated properties presumably reflect the rate as it was assessed at the time of exoneration,
although according to interpretations of Historians, the Land Tax Assessment Database remains

vague on this matter. Because of the uncertainty in the construction of the valuations, our preferred

specification uses only rental prices as outcomes.

4.3 Migration

What effect did cholera have on migration out of the neighborhood? Tables 5 and 6 look at linear
probably estimates of residential turnover as a function of location inside the Broad St. pump
catchment area. An important caveat is that our measure of migration captures only whether the
primary occupant of the residence is recorded as having the same last name in 1853 and 1864, so
does not capture the rate of migration of all families or individuals in the residence. However, deaths

from cholera were described as being equally distributed among primary occupants and sub-leasing

36 Tt is also the case that estimated magnitudes are similar when employing a cubic polynomial specification or a

more flexible specification in which the distance function is allowed to take on a different shape on the two sides
of the boundary (Appendix Table X).

For unclear reasons, exonerated properties are heavily concentrated in the upper west corner of St. James, which
lies outside of even the wide bandwidth we consider in the analysis.

37
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tenants (as measured by occupancy on the first floor or upper floors of the home) (Whitehead,
1854).

Overall, the neighborhood is one of relatively high turnover: 56% of primary tenants of St.
James parish changed residence between 1853 and 1864, and the rate is 65% within the Broad
Street pump catchment area. However, at the boundary of the catchment area the difference is
minimal. As shown in Column (1) of Table 5, the difference in mobility is only 7.6% within 44
meters of the boundary. When we increase the bandwidth to 87 meters, the difference is 11% and
strongly significant as shown in Column (2).

In Columns (3) and (4), we consider the wider bandwidth in order to investigate the relationship
between differences in mobility and experiences with cholera. As shown in Column (3), households
that were hit by cholera were no more likely to leave their residence — households inside the catch-
ment area that escaped cholera were also 10% more likely to move. However, as shown in Column
(4), the difference in mobility inside and outside of the border is fully accounted for by the num-
ber of deaths experienced by nearby households (controlling for the total number of houses in the
neighborhood). We see the same pattern in rental prices (Columns (5) and (6)): The decrease in
rental prices is not explained by the houses that experienced a cholera death - surrounding houses
fall equally in value. However, the rental price difference at the boundary is explained by the
number of deaths that occurred at the neighborhood level.

In Table 6 we look at the interaction between household deaths and neighborhood deaths on the
propensity to move out to better understand the impact of neighborhood impoverishment on the
relocation incentives of those that became impoverished by the epidemic versus those that escaped
it. Columns (1) and (2) consider all residences in the parish, while Columns (3) and (4) look
only within the Broad Street pump area where the epidemic was concentrated. As shown in the
second and third row of Columns (3) and (4), the greater the number of deaths in the neighborhood
(excluding own death) the more likely are those that escaped cholera to leave, whereas the opposite
is true for those who experienced a death (the sum of coefficient estimates in rows 2 and 3 is
negative). Among cholera victims, the more houses in the neighborhood that were hit by the
epidemic, the more likely they are to stay.

We interpret these patterns as evidence of neighborhood externalities having two distinct effects

on neighborhood composition: On the one hand, externalities from poor neighbors (those who lost
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a household member to cholera) drive people away, presumably for the reasons discussed in the
previous section. But why would they encourage the newly impoverished to stay? The most
obvious explanation is that rental price responses to neighborhood impoverishment increased the
affordability of housing in affected areas.

From the migration data we can gauge the degree to which neighborhood impoverishment from
cholera was still a contributing factor in 1864. While turnover within the BSP neighborhood was
higher than it was just outside the catchment area, it is also the case that many households that
experienced a cholera death stayed in the neighborhood. In total, one third of households that
experienced a cholera death were recorded as living in the same residence ten years later.3® The
continued presence of households that experienced a shock certainly had an effect on the overall
poverty of the block in much of the catchment area: Among a third of households in the BSP
area, at least 15% of block residents were households that had been hit by cholera and stayed in
the neighborhood. Furthermore, it is likely that many more of those who experienced a negative

socio-economic shock as a result of the epidemic stayed on for part of the decade.

4.4 Residential Crowding

We use census data from just before (1851, Panel A) and soon after (1861, Panel B) the epidemic to
more directly examine sorting of residents by socio-economic status onto blocks inside and outside
of the boundary after the epidemic. T'wo relevant pieces of information are available in the census:
the number of inhabitants within each dwelling, and the country of origin of inhabitants. We
are interested in the first as a measure of crowding, one of the primary channels through which
block-level externalities are believed to operate. Immigrant status is also a reasonable proxy for
socio-economic status in this setting.

Results from these estimates are presented in Table 7. In Column (1), we see that population
density is smooth at the BSP boundary in 1851, but in 1861 a sharp increase in population density
emerges within the affected catchment area. In 1861, dwellings inside the boundary have 34% more
people than those outside the boundary, or roughly five additional residents. Furthermore, the

increase in density is accompanied by an increase in the proportion of immigrant families residing

38 While high, this rate of residential movement is not substantially higher than the regular turnover rate in the

neighborhood: Among households that were neither hit by cholera nor living within the cholera-affected area
(BSP), only 48% resided at the same address after a decade.
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in the dwelling. In 1861, there are nearly twice as many immigrant families inside relative to outside
the boundary. For both outcomes, boundary effects persist and remain significant as the bandwidth

narrows to 30 meters.

4.5 Long-term effects

We now examine the persistence of the difference in property values that emerged by 1864. The first
set of estimates (Table 8) looks at characteristics of residents inside and outside of the catchment
area boundary using data on socio-economic status compiled by Charles Booth in 1899. By this
point in time, all of Soho has piped water, so the water pump catchment areas have truly become
irrelevant features of the property market. Nevertheless, we see strong evidence of discontinuities
at the border in terms of household poverty level. Specifically, households inside the boundary are
64% more likely to be very poor (the lowest wealth class) and 66% less likely to be middle class
(the highest wealth class present in this neighborhood) compared with households just outside the
boundary, and the difference is statistically significant at the 5% level.

The second set of estimates (Table 9) considers property assessments from the land tax assess-
ment data in 1936. Two points about the 1936 data are worth noting. First, for reasons that are
unclear, data on almost half of properties in the lower third of the parish are missing from the 1936
records that have been digitized, leaving a total of 793 property records from St. James. Figure
10 shows the coverage on a map, where it is clear that specific logs were either never collected,
not preserved, or never digitized. Secondly, our sample size is considerably smaller because, by
1936, 45% of properties have been exonerated from taxation.?? For both reasons our dataset is
considerably smaller in this year, although importantly attrition for both reasons is balanced inside
and outside the boundary.4?

As shown in Table 9, property values continue to be significantly higher outside relative to inside
the Broad Street pump catchment area in 1936. Once again, the results are robust to considering
a relatively narrow and relatively wide bandwidth, and to clustering standard errors by street or
including boundary segment fixed effects. In fact, the point estimates, which range from 30% to

37% depending on the specification, suggest that property values have diverged since 1864, although

39
40

Exoneration at the time of property sale became a law in 1949, and tax was fully abolished in 1963.
The RD estimate of the difference in exoneration rates at the boundary in 1936 yields a point estimate of -0.005
and standard error of 0.074 using the main specification (cubic in distance plus controls and block clusters).
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the difference in magnitude across years is not statistically significant.

In Table 10 we conduct the same exercise using data from contemporary St. James (now Soho
district). As described previously, since land value assessments are no longer conducted by the state,
we use real estate transactions between 1995 and 2013, along with current rental price estimates
from an online database. Together, these sources provide 1877 observations on property prices in
what used to be St. James parish. Using the same RD specification, we estimate a property value
differential inside and outside the boundary of the Broad Street pump catchment area of between
16% and 30%, depending on the data source. Boundary effects on rental prices are also significantly
negative, and almost identical to the estimates from 1864.

This pattern is important as well as reassuring. The fact that differences are reflected in actual
property transactions and not only data from the Land Tax Assessment assuage concerns over

measurement error or potentially biased reporting of rental values in the official records.

4.6 Robustness checks
4.7 John Snow’s BSP boundary definition

Here we assess the robustness of the results to the treatment boundary used. Specifically, we
compare results using an alternative definition of the BSP catchment area boundary proposed by
John Snow in his cholera report shortly after the outbreak (Snow, 1855).

Figure 2a depicts John Snow’s original boundary (in blue) and a modification of the boundary
that excludes the pump at Little Marlborough St. (in black).*! For comparison, Figure 2b includes
the network Voronoi boundary used in the main analysis. Note the significant overlap between John
Snow’s modified boundary and the network Voronoi boundary. In fact, for all years, the percentage
of houses inside the network Voronoi boundary that are also inside Snow’s modified boundary is
close to 100%.4? Following previous literature (e.g., Shiode (2012)), we use the modified version of
Snow’s boundary in the results below since it excludes the Little Marlborough St. pump which was

not being used at the time of the outbreak. Table 11 presents the estimated RD coefficients using

41 Recall that the pump at Little Marlborough St. was not being used at the time of the outbreak (Snow, 1855).
We obtain John Snow’s modified boundary from Shiode (2012).

Specifically, for the year 1853, 455 out of the 458 houses inside the network Voronoi boundary are also within
Snow’s modified boundary. The numbers for the remaining years are, 445 out of 448 for 1864, 311 out of 312 for
1936, and 729 out of 734 for the 1995-2013 period.
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Snow’s boundary as the treatment boundary. Note that the magnitude and statistical significance

of the coefficients are similar to the ones obtained using the network Voronoi definition.

4.7.1 Falsification tests

Many other features of the neighborhood may be changing and contributing to cross-block variation
in real estate prices that coincide with the emergence of a boundary effect between 1853 and 1864.
It is difficult to imagine why changes in amenities would generate a discontinuity within the space
of a block or so, least of all one that happens to coincide with the Broad Street pump catchment
area. Nonetheless, it is possible that cross-block price differences of the magnitude of our treatment
effect estimates are sufficiently common in this setting as to raise concerns about the validity of
our interpretation. This is particularly compelling given that our estimates are concentrated in one
very small geographic area that may have been undergoing numerous changes at this point in time.

Two points are worth noting. First, our boundary effect estimates are robust to changes in
observable characteristics of the neighborhood (e.g. new schools or roads built) that appear on
a detailed map of Soho, which we add as controls in the regression. Second, our conditional
treatment effect estimates indicate treatment effects at several points on the boundary, making
it less likely they are picking up neighborhood characteristics we do not observe that coincide in
multiple locations with the emergence of a boundary effect between 1853 and 1864.

Nonetheless, to gauge the likelihood that our treatment effects simply reflect regular fluctua-
tions in prices across space, we examine the distribution of differences and standard deviations in
average house prices across neighboring cells of a grid covering the Greater London area, avail-
able from a database of contemporary real estate transactions. If sharp differences in prices across
neighboring blocks are a common occurrence, the differences in prices we observe across neighboring
blocks within the bandwidth of our treatment effect estimates should fall near the center of such
distributions.

For this exercise, we geocode 18 years of house sales data from the Land Registry of England
(Land Registry, 2014).*3 The data contain information on addresses and sales price for all houses

sold in the Greater London area between 1995 and 2013. This yields a total of about 2 million
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Refer to Figure 77 for a plot of the average real prices by block for the Greater London area. Prices are in 2013
pounds.
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transactions.** We overlay geocoded addresses on a grid covering the area with each graticule cell
having length equal to the optimal bandwidth used to calculate boundary effects on contemporary
real estate prices (43 meters). To avoid potential variations in price due to physical barriers that
do not characterize our study area, cells that are intersected by a primary road, railway, monorail,
river, or canal are excluded from the analysis. For a given cell, adjacent cells are defined as the four
cells adjacent to each side of the cell. Refer to Figure 7?7 for an example of the grid with sample
adjacent cells highlighted.

Figures 12a and 12c¢ present the distribution of log price differences and standard deviation of
log prices between adjacent cells, respectively. The solid vertical lines give the average difference in
log prices between houses inside and outside the BSP boundary (Figure 12a) and the variance in
log price within our optimal bandwidth (Figure 12c). Dashed lines indicate key percentiles of the
corresponding distributions. Note from Figure 12a that price differences are clustered around zero
indicating that prices differ very little for adjacent cells. Similarly, the highly skewed distribution
of standard deviations in price suggest that very few adjacent cells exhibit high price variation.
This is not the case in our setting. In fact, the standard deviation of prices in Soho is well above
the 95th percentile of the distribution while less than 10 percent of adjacent cells exhibit price
differences higher than what we estimate as our boundary effect. The evidence remains robust if
the distributions are limited to cells with average prices within the range observed in Soho (Figures
12b and 12d)

In a related exercise, we replicate the RD design using the catchment areas of pumps that were
not the source of the cholera outbreak. The purpose of this exercise is to assess the validity of the
BSP boundary results by comparing property values across the boundaries of relatively unaffected
catchment areas. We refer to the boundaries in this exercise as false treatment boundaries.

The choice of a false treatment boundary is determined by data availability near the boundary.
Figure 10 presents four false boundaries highlighted in red along with the full sample and the
estimation sample around the boundary highlighted in green. For reference, Figure 10 shows all
pumps and their respective catchment areas within Soho. When a false pump is adjacent to BSP,

we exclude observations falling inside the BSP area. We choose bandwidths around the boundaries

44 For the analysis presented in this section, we use information on about 1.2 million transactions as the geocoding

process is not complete yet. Results will be updated once the process ends.
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following Imbens and Kalyanaraman (2012).

Panels A through D in Table 12 present the RD coefficients from the estimation of Equation (1)
using each of the four boundaries in Figure 10 as the treatment boundaries. We use false boundaries
1, 2, and 3 in the pre-outbreak (1853) and post-outbreak (1864) periods (Columns (1)-(6)), and
false boundaries 2 and 4 for the exercise using current property values (Columns (7) and (8)).
Because of data availability, we cannot perform any falsification tests for the 1936 data.

Column (1) shows the results for the pre-outbreak period (1853). Similar to the pre-outbreak
results at the BSP boundary, there is no evidence of a pre-outbreak “pump effect”. This is an
important result considering that the presence of such effect could confound the cholera effect found
at the BSP boundary. Columns (2) and (3) shows that no significant changes in deaths occur at
the boundaries of unaffected pumps. This is expected considering that BSP is the contaminated
pump.?® Columns (4) and (5) give RD estimates for rental prices in 1864 and change in rental price
between 1864 and 1853, respectively. For all three cases, the difference in property prices across
the boundaries tested are not statistically significant. For boundaries 1 and 3, the magnitude of
the difference in rental prices (around 5%) is less than half the magnitude observed at the BSP
boundary (around 13%). Column (6) shows that the likelihood of a change in residency from 1853 to
1864, although relatively high in the case of false boundaries 1 and 2, is not statistically significant.
In the case of boundary 3, this likelihood is almost zero. Lastly, Column (7) reports differences in
sales price and Column (8) shows Zoopla house value estimates properties near boundaries 2 and 4.
Unlike the results observed at the BSP boundary, house prices and estimated values vary smoothly
across the false boundaries. In addition, the estimated RD coefficients are statistically insignificant

in all cases.

4.8 Possible Interpretations

Before turning to our interpretation of the mechanism underlying the change in real estate prices at
the border, outlined in the introduction, we discuss the validity of two alternative interpretations

for the patterns that emerged.

45 Note that, although the difference in the likelihood of a house with at least one death at boundary 3 is marginally

significant, the magnitude of the coefficient is less than half the magnitude observed across the BSP boundary.
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4.8.1 Stigma of disease

It is possible that houses hit by cholera suffered a loss in value not because of the general disutility
of living among newly impoverished neighbors, but because the deaths from cholera carried a
particular stigma that reduced renters’ willingness to live inside the catchment area. While it
is impossible to rule out any role of stigma, two points are worth noting. First, we observe no
difference in property prices inside the BSP area between houses hit and houses not hit by cholera,
conditional on the fraction of other houses on the block that experienced a cholera death (Table
13). Hence, there is no evidence of property-specific stigma effects. Block-level stigma effects - the
idea that properties on a block that was heavily hit by cholera fall in value because of prospective
renters’ fear of inhabiting that block - are virtually impossible to disentangle from other sources of
disutility prospective renters might experience from living among the poor. However, it is arguable
that any income shock that leads to poverty will carry with it a certain amount of stigma, so in
that sense the distinction may be irrelevant to the external validity of our results.

Second, the RD design once again works against a pure stigma story in that, for stigma to
produce strong boundary effects, prospective renters would need to have a clear idea of the exact
location (within 60 meters) at which disease rates rapidly fell. While newspaper accounts frequently
discussed the cholera epidemic in the context of Soho and Broad Street pump, and even specific
streets within the neighborhood that were heavily hit, it was unlikely there were references to
specific blocks. Hence, it is hard to imagine that stigma would change sharply along an invisible
boundary unless it is the stigma of poverty more generally, which would be visible to prospective

renters.

4.8.2 Devaluation of water infrastructure

Is it possible that the price differences that emerge as a result of the cholera epidemic are simply the
market reaction to updated beliefs about the quality of the local water source or disease environment
more generally (e.g. bad air quality, or “miasma” that many people at the time believed to be the
source of the epidemic)? The main advantage of a regression discontinuity approach to estimating
disease effects is to rule out any such story. That is, even if the water pump was deemed completely

unusable, such that all residents of St. James relied on the other twelve pumps post-epidemic, we

29



would not expect to see a jump in real estate prices at the boundary of the catchment area. Real
estate prices would decrease smoothly with distance to pump, which should be absorbed by the
RD polynomial.

Furthermore, the fact that boundary effects persist over 150 years indicates that they do not
simply reflect beliefs about the quality of the local water source or disease environment. By the
end of the 19th century, piped water had replaced well water in Soho, so property prices could not
possibly reflect updated beliefs about well quality. Similarly, beliefs about other sources of disease

transmission attributed to specific locations would have disappeared within 80 years.

5 Theoretical analysis

In this section we investigate the model of a rental market in which an unexpected and localized
negative income shock hits some of the tenants on particular blocks. We are particularly interested
in characterizing conditions for such a shock to be able to permanently change the composition of

renters.

5.1 Baseline model

For simplicity, in the baseline model we assume that there are two types of tenants, rich (r) and
poor (p). We consider the problem of a single profit-maximizing owner of a block with n > 2
apartments, after some tenants on a block of previously rich tenants are hit by a disease shock
and became poor. Later we will extend the analysis to the case when there are multiple landlords
on the block. We consider a discrete time model with time periods ¢ = 0,1,2, ..., where £t = 0 is
normalized to be the first instance after the shock that a rental agreement pertaining to one of the
apartments on the block is renegotiated. We assume that, after the shock, x € {0,...,n — 1} of the
current tenants are poor and the remaining n — 1 — x are rich. At every subsequent period, there
is a probability ¢ € (0,1] that a rental agreement on the block (uniformly randomly selected) is
renegotiated. These renegotiation opportunities arise partly because existing contracts with tenants
expire at idiosyncratic times, but possibly also because a tenant finds an outside option that makes

her better off than remaining in the current apartment with the current rent. For simplicity we
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model all these events through a single time-independent stochastic process. A key features of this
set-up is that the composition of the block can only change gradually.*6

We assume that tenants have additively separable utility functions in housing and money. The
per period utility a tenant obtains when living on the block depends on the composition of the block.
We assume that poor residents on the same block exert a negative externality on their neighbors.4”
In particular, the utility a type s € {p,r} tenant obtains when paying rent r is —r — ¢, where k is
the number of poor other tenants in the block. Hence c§ — ¢j can be interpreted as the premium
that a type s tenant is willing to pay not to have any poor other tenants in the block, relative to
having k of them. As a simplifying assumption, for most of the analysis we assume that ¢, = 0
for every k € {0,...,n — 1} — that is, poor tenants’ willingness to pay to reduce the number of
poor neighbors is zero — but show in an extension that our results extend to allowing poor tenants
to have positive willingness to pay for avoiding poor neighbors as long as it is less than that of
rich tenants. We assume that ¢ > 0, and that ¢} is strictly increasing in k. We allow for the
possibility of ¢j > 0 because, even if there is no current poor tenant on her block, poor residents of
neighboring blocks might exert negative externality on a rich tenant. If one assumes there are no
negative externalities across blocks then it is natural to set ¢ = 0. The outside option of a type
s tenant is —W? per period, which can be interpreted as living at another location where rent is
W?# and there are no poor neighbors. To make the landlord’s problem nontrivial, we assume that
W" —cpy > WP,

An important assumption that we maintain is that the area of impact of the negative shock, and
in particular the size of the block, is small relative to the whole economy and therefore whatever
strategy the landlord follows has no influence on rent levels outside the block.

The landlord maximizes the expected present value of current and future rents, taking into
account the fact that the composition of tenants on the block influences the amount of rent a

rich renter is willing to pay. All agents are fully forward-looking and discount future payoffs by a

46 While it is advantageous for a landlord to synchronize the timing of renegotiations across apartments on the

block, that is unlikely to be possible given idiosyncratic turnover of tenants coupled with the discrete nature of
tenancy agreements at the time, which took the form of 1-, 3-, 5- and 10-year contracts, and were governed by
different regulation of terms (such as how many months of non-payment before property could be confiscated
from the tenant as compensation, etc.).

Further motivation is provided in Guerrieri et al. (2013), who impose a similar assumption. We note that as
the levels of utilities are free to move around in our model, we can equivalently think about assuming that rich
neighbors exert positive externalities on tenants, instead of poor neighbors exerting negative externalities.
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factor 6. In the baseline model we allow the landlord to perfectly screen potential new tenants and
essentially choose the type of tenant.*® The amount of rent the tenant is willing to pay depends
on the tenant’s type, and in case of a rich tenant, on both the current composition of tenant types
on the block and the expected composition in the future (which depends on the landlord’s future
expected choices). The landlord is indifferent between renegotiating the contract with an existing
tenant or acquiring a new tenant of the same type as the current tenant, since the maximum
amount of rent he can get is the same. Similarly, a tenant is indifferent between renegotiating the
contract or moving out if the rent offered makes her exactly as well off as her outside option. We
assume that in such cases parties choose to renegotiate the rental contract (which can be motivated
by small transactions costs associated with moving on the tenant’s side, and with acquiring a new
tenant on the landlord’s side), hence a tenant only moves out for non-exogenous reasons if she is
replaced with a different type of tenant.

Technically, the landlord’s problem is not a simple one-person decision problem, because the
rent he can charge at different negotiations depends on tenants’ expectations of the landlord’s future
actions. We assume that the landlord can choose a strategy at the beginning of the game, and that
tenants have correct expectations of future actions dictated by this strategy. We also show that
the optimal strategy for the landlord is sequentially rational, so it is never in his interest to depart

from it.

5.2 Main predictions

The first prediction we obtain from the baseline model is that the landlord’s optimal strategy is
either to (i) retain all rich tenants and over time fill all new vacancies with new rich tenants,
or (ii) retain all poor tenants and over time fill all new vacancies with new poor tenants (more
precisely, at least one of these strategies is always among the optimal strategies). We will refer to
these strategies as “always rich” and “always poor.” The intuition is that, if at a certain state it
is optimal to acquire a rich (respectively, poor) tenant, then it remains optimal to do so in future
times when the ratio of rich (poor) tenants is higher. A landlord following the always rich strategy

finds sticking to the strategy more and more profitable over time, since, as the block transitions to

48 In an alternative version of the model below we show how the main results extend to a setting in which the

landlord cannot directly discriminate between tenant types, only through posted prices.
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rich, he can charge rich tenants higher and higher rents. Similarly, a landlord following the always
poor strategy finds it less and less profitable to deviate and go after a rich tenant, since over time
he has to offer more discount for a longer time to rich types in order to attract them. While the
intuition is simple, the precise statement and proof of the result is technical, and so is relegated to
the Appendix.

Whether the landlord should choose the always rich versus the always poor strategy depends
on the number of current poor tenants on the block, x, at the time of the first vacancy. If the
block is hit by a severe enough negative income shock so that z is larger than a critical threshold,
it can be too costly for the landlord to start acquiring rich tenants and build back an all-rich block.
Instead, it becomes optimal to let the remaining rich tenants move out and let the block become
poor. Notice that, in case of an all poor strategy, rents from all future new tenants and from all
current tenants staying after the first renegotiation is independent of z, and equal to WP. However,
expected payoffs of the landlord when following an always rich strategy strictly decrease in x.

The next result characterizes the critical threshold determining the landlord’s optimal strategy.

Proposition 1: The landlord prefers the always rich strategy to the always poor strategy iff:

ST YRt { e k[ i U U L 5
=0 1 (1-8(1-q%)

Note that an increase in W relative to WP increases the left hand side of (3), and so increases
the threshold x* at which the landlord switches to the always poor strategy. The right hand side
of (3) is increasing in each ¢} (i € {0,...,z}), hence an increase in any of these cost parameters
decreases the threshold. This in particular holds for ¢j, which means that in case there are across
block externalities, an increase in the number of poor tenants in neighboring blocks makes it less
likely, ceteris paribus, that the landlord chooses the always rich strategy. The comparative statics
in 0 are more complicated, but as § — 1 the right hand side of (3) converges to c{, hence, given our
assumption of W" — WP > ¢, a very patient landlord chooses the always rich strategy for any x.

Also note that the landlord choosing the always rich strategy implies that the initial rich tenants
stay on the block, while the initial poor tenants gradually move out. The landlord choosing the

always poor strategy implies the opposite: initial poor tenants stay on the block, while initial rich
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tenants move out.*® Combining this with Proposition (1) establishes that an increase in the degree
to which the block is affected by the negative shock, as summarized by z, increases the rate at
which rich tenants move out relative to the rate at which poor tenants move out.

While the derivation of condition (3) for general n is relegated to the Appendix, here we demon-
strate the derivation for the case of n = 2, when the existing tenant at the start of the game is a
poor type.®® We highlight this case because, for tractability, most of the extensions of the baseline
model provided below are in the context of n = 2.

Consider a rich tenant, who pays rent r per period. If she realizes her outside option, she gets
V(out) = —%. It is easy to see that the rent that makes the tenant indifferent between renting
versus the outside option is 7 = W" —¢(j, which is the rent the landlord can negotiate with rich types
if their neighbor is rich. Now let V' (poor) and V (rich) denote the expected continuation utility of a
rich tenant renting an apartment for a general fixed r, given a poor and a rich neighbor, assuming
that the landlord is following the always rich strategy. Next period three situations are possible:

no change, the neighbor’s rental contract is renegotiated, or the tenant’s contract is renegotiated:

. —(r+cp) +03V(out) —(r+cp) = 550"
V(rich) = s _2%) — o1 (4)

and

V(poor) = —(r + ¢}) + 0[(1 — q)V (poor) + %V(M’ch) + gV(out)].
A profit-maximizing landlord chooses rent 7* such that V(poor) = V(out). Hence:

%5q . 1—5+%6qr

W - 2% o - T T 27H
" 1—(5+5ch 1—5—|—5q61

To summarize, a landlord following an always rich strategy at the beginning of the game acquires

49 If we made the model more realistic by also allowing for tenants moving out for exogenous reasons then over

time both rich and poor tenants leave the block, but if the landlord chooses the always rich strategy, initial poor
tenants in expectation leave earlier than initial rich tenants. Similarly, in case the landlord chooses the always
poor strategy, initial rich tenants in expectation leave earlier than initial poor tenants.

If n = 2 and the existing resident at the beginning of the game is a rich type then independently of other
parameters, the landlord can achieve his maximum possible payoff in the game by the always rich strategy,

50
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a rich tenant, and negotiates a rent of r*. Then at the first renegotiation opportunity with the
other tenant, he lets the tenant leave and acquires a new rich tenant, with a rent of W" — ¢j;. This
rent prevails in all future negotiations. Given this, the landlord’s payoff when following the always

rich strategy, net of the exogenously given rents paid by the initial poor renter, is:

(1+ %)WT — 15—_‘1506 -

Um’ch =
-9

Using the fact that, in case of an always poor strategy at the beginning of the game and at
every future negotiation a rent of WP is agreed upon, the expected payoff from following an always

rich strategy yields a higher payoff than following an always poor strategy iff:

oq 1-9

T T

1 —6+0q0 T T 555"

W™ - WP >
5.3 Extensions of the model

Investments/maintenance

Suppose the landlord in every period has to make an additional choice of making either high
investment /maintenance (H) into the block, or low investment/maintenance (L). The cost of L is
normalized to 0. The cost of H per period is £ > 0. For simplicity, assume that poor tenants do
not care about the level of investment, but rich tenants in each period suffer a disutility of d when
the previous investment decision was L.5!

Assume that a cost-to-disutility ratio % is low enough that in case of the “always rich” strategy
it is profitable to always choose H. In the Supplementary Appendix we show that this is equivalent

to assuming that:
0dn —xd + x(nﬂ)dq]

n

+1

k
- <
g

If this condition holds then in the case of always rich strategy is chosen by the principal, it is
always accompanied by investment level H, and all rents stay the same as in the baseline model.

However the owner has extra losses from the costs of H, resulting in the expected payoff from

51 The results below readily generalize to the case when rich tenants have higher willingness to pay for H vs L

investment than poor tenants.
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following an always rich strategy decreasing to:

(1—6+68q) &k
(1—6)(1—5(1_%))”/ Zngmci “1_s

This implies that the model with investments is equivalent to the baseline model with (W")" =

1-6+6L , . . . .
wr — T—:égk instead of W”. Therefore, the qualitative conclusions of the model are the same
as before, but an increase in the cost of H investment make choosing the always rich strategy less

profitable, hence making it more likely that the landlord’s optimal strategy is always poor.

Poor types also willing to pay premium for rich neighbors

As long as we assume that ¢ — cj_; > ¢ — ¢,_; for every k € {1,..,n — 1}, that is the
marginal willingness to pay to reduce the number of poor neighbors is always higher for rich types
than for poor types, the result that either the always poor or the always rich strategy is optimal
continues to hold. In the Supplementary Appendix we derive the conditions in this extended model
for the optimality of the always rich versus the always poor strategy. Fixing all other parameters,
increasing any of the cost parameters CZ for k € {x,...,n—1} decreases the payoffs from the always
poor strategy, while not affecting the payoffs from the always rich strategy. In the case of n = 2,
the condition for always rich being an optimal strategy is the following simple modification of the

original condition:

oq 1-96

T T

1—5+5q60+1—5+5q61_6€'

W —wp >

Multiple owners

If not all apartments on the block are owned by the same owner, there are additional coordi-
nation issues arising among owners, as well as a free rider problem (it is better if another owner
starts changing the composition of the block at the expense of current losses) and multiplicity of
equilibria. The latter might result in the block converging to being all poor even when owners are
very patient. The fact that tenants receive asynchronous opportunities to move out can still imply
that in all equilibrium ultimately the block converges back to being all rich,?? but this requires a

more demanding condition than the one implying that the all rich strategy is optimal for a single

52 On how asynchronicity of moves can solve coordination problems, see for example Lagunoff and Matsui (1997),

Takahashi (2005), Dutta (2012), Calcagno et al. (2014) and Ambrus and Ishii (2015).
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owner. In short, multiple owners make it more likely that after a concentrated negative income
shock the block converges to be all poor, and less likely that it converges back to be all rich. We
demonstrate this in the case when there are two apartments, owned by two different owners. We
restrict attention to Markov perfect equilibria of the game between the landlords, which for brevity
we just refer to as equilibria.

First, note that a necessary condition for there to exist an equilibrium with two owners such
that an owner is willing to acquire a rich tenant when the current tenant in the other apartment
is poor is that it is profitable to do so assuming that this triggers the other owner to change his
tenant to a rich type, at the first possible opportunity in the future. This also turns out to be a
sufficient condition for the existence of an equilibrium in which the block converges to all rich, in
case x = 1.

The maximal rent a rich type is willing to accept given the above profile is:

%5q , 1—(5+%5qT

w24 o - T T2
" 1—6+(5ch 1—(54—5qc1

Given this rent and the above strategy profile, the landlord’s expected payoff is:

wr 64

Urich = - 2 cy — ct

T1-s 1-0(1-61-9)"° 1-sa-9H
If instead the landlord always hires poor tenants, then his utility is Upoor = %. The apartment

owner prefers the always rich strategy when:
6 1-6
W’ — WP > 2 ch + cf. (5)
A

Note that this condition is stricter than the condition for a monopolist landlord’s optimal strategy
being always rich. Hence multiple landlords on the block make it more likely that a block hit by a
negative income shock transitions to poor, even if the best equilibrium is played by the landlords.

Moreover, even when condition (5) holds, there might be another equilibrium, caused by the co-

ordination problem between the two landlords, in which both landlords follow the all poor strategy.
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In the Supplementary Appendix we show that such equilibrium can be ruled out iff:

1 -0+ 1dq . 15q .
2 2 (6)

W —wPp .
= 1—90+dq “ 1—5—1—5(]61

No price discrimination

In the baseline model we assumed that a landlord can perfectly discriminate between rich and
poor types, effectively choosing which type of tenant he wants to fill a vacancy. Here we focus on
the case of n = 2, and show that even if such discrimination is not possible, and the landlord can
only choose a posted rent for a vacancy, having to accept any tenant willing to pay the posted rent,
the qualitative conclusions of the model remain unchanged. Moreover, it becomes more likely that
the landlord chooses the always poor strategy.

If the apartment owner cannot discriminate against poor applicants, and the maximal rent a
rich tenant is willing to accept is less than what a poor tenant is willing to pay (because of the
current high number of poor tenants) then a posted price equal to the maximal willingness to pay
of the rich types attracts both types of tenants. In such cases we assume that the probability that
the tenant accepting the offer is a rich type is 7 € (0,1). Let r* be the maximal rent that a rich
type is willing to pay when the current other tenant is poor, but at the first possible renegotiation
opportunity she is expected to be switched to a rich tenant. Assume r* < WP, so hiring a poor
tenant has short-term benefits for the landlord.

In the Supplementary Appendix we show that in this modified environment the always rich

strategy yields a higher payoff for the landlord than the always poor strategy iff:

02[(1 = 0)(1 + 7) + 20¢7]
(1—56+6dq)(1 -6+ dgm)
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This condition is stricter than the condition for the always rich strategy being more profitable
than the always poor strategy in the baseline model, hence inability of the landlord to price dis-
criminate increases the likelihood that a block hit by a negative income shock transitions to be all

poor.

Gentrification
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Differences between two blocks in type composition, created by random locally correlated shocks,
can prevail even after a general increase in demand for housing in the district (comprising both
blocks) that shifts the type distribution in both blocks towards wealthier tenants. Such a trend
characterizes Soho over the last two decades, during which time average sales prices have increased
by 139%. Meanwhile, our empirical results indicate that the wedge in rental prices remains even
as the district has gentrified.

To demonstrate how this is possible in the context of our model, we extend the baseline model
to include four types of prospective renters: poor, middle-class, rich and very rich. Their outside
options are correspondingly —W?, —W™ —W" —W?" per period, where WP < W™ < W™ < WV,
Let ¢* be the cost to a middle-class tenant of having i poor neighbors, and assume it is increasing
in . Also assume that W" — ¢y < WP, but W" — " > WP. Let ¢j; be the cost for a rich
tenant of having ¢ poor neighbors and j middle-class neighbors, and let ¢ ; be increasing in both

i and j. Furthermore, assume that if i +j = ¢’ + j" and i > ¢’ then ¢ ; > ¢, ;. Let ¢f,; be the

Iz
cost for a very rich tenant imposed by having ¢ poor neighbors, j middle-class neighbors and k
rich neighbors, and let ¢ ;. be increasing in ¢ , j and k. Assume also that if i + 7 = ¢’ + j” and
i >, then ¢, > ¢ ;v and if j+ k= j'+ k" and j > j', then ¢}, > ¢}, ;. Lastly, assume that
WP <W™—cg <W" =g <W"—cf- Intuitively, these assumptions imply that all types are
willing to pay a premium to avoid having neighbors of lower type, and higher types have a higher
willingness to pay.

In the Supplementary Appendix we show that there is a parameter range for which originally
both an all poor and an all rich block are stable, and after the increase in the attractiveness of
the district, the poor block transitions to a middle-class one, while the rich block transforms to a
very rich one. Therefore, it can be the case that, if two originally rich blocks are hit by a negative
income shock differentially, one converges back to rich and one slides down to being poor, and there

remains a difference between these blocks even if later the composition of types transitions upwards

in both of the blocks, due to an exogenous increase in the attractiveness of the blocks.
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5.4 Back of the Envelope Calculations

The results above show that it is theoretically possible that, when a negative income shock hits many
of the current tenants, a profit-maximizing landlord chooses to let the block transition from rich to
poor, despite the fact that an all rich block would make him better off in the long run. However, to
lend credibility to our interpretation of the empirical results, it is important to establish that this
can be the case for realistic parameter values, for example without requiring the landlord’s level of
impatience be implausibly high. Here we provide some back of the envelope calculations to verify
that the all poor strategy can indeed be optimal for plausible parameter values.

Below we assume a linear disutility function for rich types from poor neighbors: ¢ = z X y,
where y is the incremental disutility of an extra poor neighbor, in a block of 40 apartments (the
average block size in the parish). Based on Allen (2005, 2009), we set the returns to capital around
the time of the cholera epidemic to 20%, hence the relevant discount factor for a landlord to %
Our estimate of the price difference between the rent a landlord can get in an all rich block versus
in an all poor block ten years after the epidemic (by which time transitions finished with very
high probability) is 26%, motivating us to set WP = 1 and W" = 1.26. We have no data on the
differential investment and maintenance costs for blocks targeting rich tenants, and therefore make
alternative calculations using d ranging from 0 to 0.1 (the latter decreasing the revenue difference
for the landlord to 16%). We set the time between periods to be a week, and set ¢ such that
contracts on average get renegotiated in every two years.

Suppose the critical threshold for a block transitioning to poor is 25%, that is ten initial poor
households in a block of 40 apartments. For d = 0, the incremental disutility in the linear disutility
functional specification that makes a landlord indifferent between the always poor and the always
rich strategy at x = 10 is y = 0.168. With this disutility parameter, the initial rent that the
landlord would have to offer to retain a poor tenant is 0.29, implying a 71% discount relative to
WP. For d = 0.1, the disutility parameter making the landlord indifferent decreases to y = 0.104,
increasing the initial rent offered to rich tenants to 0.56 (a 44% discount).53

We think the above levels of disutilities for additional poor neighbors, and relatedly, the amount

of discount a landlord initially has to offer to retain rich tenants, are not unreasonably high.

53 Please contact the authors for the Mathematica files with the computations.
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Furthermore, recall from the previous analysis that neighboring poor blocks (which are more likely
for a block hit hard by the negative income shock) increase the relative attractiveness of the all poor
strategy, leading to even smaller levels of disutility from poor neighbors required to rationalize such
a strategy. Similarly, multiple owners within the block make it more likely that the owners choose
the all poor strategy, again reducing the level of disutility from poor neighbors that is required
for the block to converge to all poor. Thus, both of the above aspects decrease the incremental
disutility parameter implying a threshold of 25% for the block transitioning to poor (and also the
initial discount required to retain a rich tenant at the threshold ratio of initial poor households).
We also did computations with a strictly concave disutility function (the very first poor neighbor
imoses the highest incremental disutility, the second one the next highest, etc.), and for the same
parameter values the initial discounts that a landlord has to offer to retain a rich tenant at the
threshold are lower than in the linear disutility specification.

The above computations are based on a relatively low discount factor of ﬁ Over time, the
returns to capital decreased to levels significantly lower than the 20% Allen (2005) estimates for
around 1860. This raises the question of whether blocks that transitioned to poor should be
expected to transition back to rich, given the above parameter values of the model, once the
discount factor increases to recent levels. The answer is no. Once transitioning finished and all
current tenants are poor, in all of the cases considered above the estimated disutility parameters
imply that always poor remains the optimal strategy for the landlord, even when interest rates
decrease to 5-10%. Moreover, if we assume that the high return to capital prevailed throughout
the period of heavy industrialization, until around 1915,°* then even when assuming that landlords
in 1860 foresaw the drop of capital returns after this period to 5-10%, the threshold level of x
that makes the landlord indifferent between the always poor and the always rich strategy remains
essentially unchanged, as 55 years is far enough in the future that with the above interest rates it
only has a miniscule impact on the the landlords’ expected payoffs.

The above calculations show that the outcome that blocks transition to permanently all poor
once a significant fraction of them become poor is not just a theoretical possibility, but that it can

happen with reasonable parameter values.

5 This is exactly the period during which the number of rail passengers grew exponentially in Great Britain. See

Association of Train Operating Companies (2008)
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6 Other contributing factors

Aside from the mechanism we highlight in this paper, several other factors are likely to have
contributed to the persistence of income differences at the boundary of the cholera epidemic. First,
the optimal property investment path of a landlord should depend on the landlord’s expectation that
the block remains poor. Hence, for houses on blocks above the threshold level of impoverishment,
the epidemic should reduce incentives to invest in property, making it even more likely that the
block gets stuck in a poor equilibrium over the long run.

Second, demographic trends could play a similar role if renters derive additional disutility from
living among ethnic minorities such as Irish and Jewish immigrants, who moved into Soho in large
numbers in the late nineteenth and early twentieth centuries. If immigrants sort onto slightly lower-
priced blocks, this will further encourage low-rent blocks to remain so over time since it further
lowers the willingness of the rich to live in a poor neighborhood, and hence the discount a landlord
would need to offer them.

Another potential contributing factor is the license procedure for sex establishments, of which
there have historically been many located in the Soho district. Essentially the city council has
full jurisdiction over which establishments are granted licenses, which could lead to a sorting of
SEV onto impoverished neighborhood blocks. Assuming such establishments generate negative
externalities on residents of the same block, the segregation of SEVs could contribute to persistent
differences in the sorting of individuals across neighborhood blocks.

Finally, a major factor contributing to the persistence of residential patterns in the twentieth
century are tenancy laws that were in effect between 1915 and 1985, which gave existing tenants
extremely strong occupancy rights and rent control. The Increase of Rent and Mortgage Interest
(War Restrictions) Act of 1915 restricted the right of landlords to eject their tenants and prevented
them from raising the rent except for limited purposes. Before the 1915 Act, the relationship
between landlord and tenant had been purely contractual; at the expiration or termination of the
contract, the landlord could recover possession. Various rent control laws went into effect until the

Housing Act of 1988, which almost fully deregulated the rental market.
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7 Conclusion

Our findings provide novel evidence that idiosyncratic shocks to individuals can have a permanent
effect on the spatial distribution of poverty within a city, even in a thick rental market with few
frictions in which only renters (rather than owners) are shocked. More broadly, they imply the
existence of a simple channel through which we may observe persistence of historic events in any
setting - the resorting of individuals can put a neighborhood onto a different growth trajectory
even when its infrastructure is untouched.

As a result, one potential cost of spatially correlated shocks is the resulting misallocation of
land if entire blocks house lower income residents than is optimal according to their intrinsic value.
Such a possibility provides rationale for third-party interventions such as “urban renewal” projects
or other attempts to upgrade poor neighborhoods located on intrinsically valuable property. On
the other hand, the sorting process also implies a form of insurance to those who experience disease
or other income shocks that are spatially correlated: the more that their network is hit, the less
likely they are to be priced out of their neighborhood. The smaller scale the spatial variability, the

more valuable it is for the newly poor to remain on previously high rent land.
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Appendix A: Proofs

Label apartments in the block ¢ = 1,...,n. Define a history at a negotiation opportunity at period
t € Z4, denoted by hy, as a list comprising of the time, the apartment label and the negotia-
tion outcome (previous tenant retained, new poor tenant hired, new rich tenant hired) for realized
renegotiation opportunities preceding period ¢, plus the apartment label for the renegotiation op-
portunity at ¢t. Let H; be the set of all time ¢ histories as above, and let H = t€%+Ht. Strategies of
the landlord are defined as mappings from H to {poor,rich} (where it is implicitly assumed that
action poor means retaining the previous tenant if her type is poor and hiring a new poor tenant
otherwise; similarly action rich means retaining the old tenant if her type is rich and hiring a new
rich tenant otherwise). For every h € H, let x(h) be the current number of poor tenants in other
apartments at the time of the negotiation associated with h.

We assume that agreed upon rents are determinded by the landlord’s strategy, through the
maximum rent the chosen tenant is willing to pay, given the landlord’s strategy. Thus, we assume
that tenants correctly foresee the landlord’s actions in the future, and that they have correct
expectations on how the composition of the block changes over time. The landlord chooses a
strategy maximizing his expected discounted rent revenue.?®

An alternative, and simpler way of thinking about the landlord’s strategies is the following. Let
T be the set of all possible sequences of negotiation opportunities over time, with each member
of the sequence indicating the time and apartment label of the negotiation. A typical LI € T is of
the form (tg,1p), (t1,1), ... where tg = 0 and ip is the label of the initially vacant apartment. We
refer to (tx,ix) as the kth negotiation in the sequence. Then we can define the landlord’s strategy
as a mapping that for every negotiation of every possible sequence in 7 allocates an action from
{poor,rich}, in a way that if U,/ € T are such that (¢;,4;) = (¢},4)) for I =1, ...,k then the action
allocated to the kth negotiation has to be the same for the two sequences (actions can only be
conditioned on past events, not on future ones). Defining strategies this way has the convenient

feature that the set of strategies the same for different initial compositions of tenants. In particular,

given two different histories h and h’, and a continuation strategy s in the game starting at h, we

55 Below we show that the landlord never has an incentive to deviate from his ex ante optimal strategy, hence we

do not need to assume that he can commit at ¢ = 0 to follow it.
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can define a sequence-equivalent strategy s’ in the game starting at h’ as a strategy allocating the

same action as s to every negotiation of every possible negotiation sequence.

Lemma 1: Let h € H and relabel apartments in the game starting at A’ such that every
apartment having a poor tenant at h also has a poor tenant at h’. Let s be any strategy in the
game starting at h and let s’ be a sequence equivalent strategy to s in the game starting with A'.
Then the payoff that s yields to the landlord given h is weakly lower than the payoff s’ yields given
n.

Proof: Since xz(h) > x(h') and s’ is a sequence equivalent strategy to s, for any sequence of
negotiations LI the number of poor tenants under s is weakly higher than under s’. Hence, at any
future negotiation newly hired tenants expect in any future period weakly higher number of poor
neighbors under s and are ready to pay weakly lower rent. As a result, the payoff that s yields to

the landlord given h is weakly lower than the payoff s’ yields given h'.

Theorem 1: The landlord always has an optimal strategy of the following form: there is
x* €{0,...,n—1} such that at every history h € H, if z(h) < z* then choose rich, and if z(h) > x*
then choose poor.

Proof: To simplify notation below, denote the initial history, at ¢ = 0, simply as h in this
proof. First note that if z(h) = 0 then choosing rich at A and in all future negotiations is an
optimal continuation strategy, as it results in the maximum possible negotiated wage (W") at
every negotiation of the continuation game. Moreover, if h' € H is on the path of play given the
landlord’s continuation strategy at h, and z(h’) = 0 then an optimal strategy has to choose rich
at h' and at all successor histories on the path of play. This is because only those strategies can
maximize the landlord’s expected payoff given h’, and at the same time maximize the rent for rich
tenants retained /hired preceding h’.

Let 2* be largest number of initial poor tenants such that whenever z(h) < z*, there exists an
optimal strategy s given h such that rich is chosen at h. As shown above, the requirement holds
for x = 0.

Assume z* > 1 and consider z(h) = 1. Assume that the landlord is playing an optimal strategy
which specifies acquiring a rich tenant at h. Note that for every immediate successor history b’ of h,

either x(h') = 1 or x(h') = 0. As shown above, in the latter case an optimal strategy of the landlord
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has to choose rich at h'. Next, for all A’ such that z(h’) = 1, change the continuation strategy that
s specifies at h' to s itself (with the label of the negotiated apartment at h exchanged with the
label of the negotiated apartment at h’'). Since s is optimal at h, and the game starting at b’ is
equivalent (up to relabeling apartments) to the game starting at h, the new strategy s’ is optimal
conditional on A’ and yields weakly higher continuation payoffs at every immediate successor h’ of
h. For now, fix the rich rent at h at the level it would be when s is played. Then s’ with the old
rent at h yields a weakly higher payoff for the landlord than s. Next, we can replace continuation
strategies at all h” that are immediate successors of I’ that are immediate successors of h, with
xz(h") =1 to s. Analogous arguments as before establish that s” is optimal conditional on h” and
yields weakly higher continuation payoffs at every immediate successor h” of h' than s’. For now,
keep rich rent levels agreed upon prior to h” unchanged. Then s” with the old rent levels prior to
1" yields a weakly higher payoff for the landlord than s’. Iterating the argument establishes that a
continuation strategy that for any successor h’ of h with z(h) = 1 chooses rich, fixing previous rich
rents, yields a weakly higher payoff than s. Now revisit all the rents that were fixed at different
steps of the iteration. Conditional on any history, the rich rent is maximized if landlord plays
always rich strategy from that point on. Therefore all the rents fixed before can only increase.
Hence, a continuation strategy that for any successor b’ of h with z(h) = 1 chooses rich yields a
weakly higher payoff than s, therefore it is optimal. Moreover, for any h € H, there is an optimal
strategy that for any h’ that is a successor of h and satisfies x(h’) € {0,1}, it specifies choosing
rich at A/, since the latter is the optimal continuation strategy at h’ and among all continuation
strategies at h', it maximizes the rent for rich tenants retained/hired preceding h'.

Iterating the previous argument establishes that there is an optimal strategy of the landlord,
that for any A’ that is a successor of h and statisfies z(h') € {0, ..., }, specifies choosing rich at h'.

Assume next that in every optimal strategy s given h, poor is chosen at A (this in particular
requires x(h) > x*), but the always poor strategy is not optimal given h. Then there exists a
successor h/ € H such that for every history h” preceding h’ poor is chosen, but at h’ rich is
chosen. Note that s has to specify a continuation strategy at h’ that is optimal given h’, since at
every history preceding h' a poor type is hired/retained, hence the rent obtained by the landlord
is independent of the continuation strategy at h’. But below we show that it cannot be that s is

optimal given both h and 1/, leading to a contradiction.
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Let W (z) be the expected discounted present value of all rents from rental agreements negotiated
at or after time 0 when the initial number of poor tenants is x and the landlord chooses an optimal
strategy.

W (x) is the sum of the rent that is received from the tenant currently being hired plus the
continuation utility received from future negotiated rents, given an optimal strategy. Assume that
there is an optimal strategy for the owner to first hire a poor person, but W (x) is greater than what

(1-6(1—g))WP

he could get from an always poor strategy, which is equivalent to W(x) > ¢* = B (R

Then the continuation utility after current hire:

W(x)_l—;(‘f—g) <6(1—q) (W(fﬂ)—l_;vf_g)>+
z+1 z+l
+0g— W(fv)+6q<1— >W<x+1)

From Lemma 1 we know that W(x+1) > W (x) cannot be the case because if at the game starting
with x poor the owner uses a sequence equivalent strategy to an optimal strategy of the game

starting with x + 1 poor, his payoffs (from noninitial rentors) are weakly higher. But if W (z+1) <

(1-4(1—g))W?

W (z), then from the inequality for the continuation utility we have (1 — §)W (z) < (1)

or, equivalently, W(x) < ¢*, which contraddicts our assumption. This leads to a contradiction,
establishing that W (x) = ¢* and if it is optimal to start with hiring a poor, then always poor must
be an optimal strategy.

The above argument establishes that if in every optimal strategy s given h, poor is chosen at h
then the always poor strategy is optimal given h. In particular, the always poor strategy is optimal
if x(h) = 2* + 1 (provided z* < n — 1). Now assume that z* < n — 2, z(h) = z* + 2, and there
exists an optimal strategy s given h such that rich is chosen at h. But Lemma 1 establishes that
for a history b’ with z(h') = z* 4+ 1, the game starting at h’ has a strategy that chooses rich at
I/, and yields a weakly higher expected payoff to the landlord than s does in the game starting at
h. Moreover, note that the always poor strategy yields the same expected payoff to the landlord
in both games. But then there exists an optimal strategy in the game starting at h’ that chooses
rich at A/, contradicting the definition of x*. Hence x(h) = z* + 2 implies that there is an optimal
strategy given h such that poor is chosen at every h’ with z(h’) > z(h). Iterating the above

argument establishes the same conclusion for any h such that x(h) > x*.

52



Putting together the above-derived results yields that the strategy that specifies choosing rich

at a history b’ iff z(h') < 2* is optimal given h, for any z(h). B

Note that the above optimal strategy of the landlord is optimal not only given &, but also given
any successor history h'. Therefore the landlord does not need to be able to commit to follow the
strategy - it is in his own interest to stick to it. Also note that the strategy implies either always
retaining /hiring poor types or always retaining/hiring rich types, since if at the initial history a
rich type is hired then the number of poor tenants is wekly lower at all subsequent negotiations,
while if at the initial history a poor type is hired then the number of poor tenants is wekly lower

at all subsequent negotiations.

Proof of Proposition 1
Consider a rich tenant, who pays r per period. If he realizes his outside option, he gets V (out) =

r

—%. Let Vj, denotes the expected continuation utility of a rich tenant renting an apartment for
a general fixed r, given k current poor tenants, assuming that the landlord is following the always
rich strategy. If the tenant has no poor neighbours, then next period three situations are possible:
with probability 1 — ¢ no changes; with probability q”T_l one rich neighbour’s contract expires;

with probability % the tenant’s contract expires, in which case his continuation utility is equal to

V(out). Hence, we can write:

1
Vo = —(r+¢§) +6[(1 = q)Vo + g——Vo + =V (out)]

n—
n
v —(r+cp) + 0LV (out) _ —(r+c) — %%Wr (7)
0 1—6(1—9) 1-0(1-1)

If the tenant has & > 1 poor neighbours, then next period four situations are possible: with

probability 1 — q% no changes; with probability q% one poor neighbour is replaced by a rich one;
with probability %x the tenant’s contract expires and her continuation utility is equal to V' (out).

Hence, we get:

\ k1 k
Vi = =(r+ )+ 0[(1 = g~ )Vic + ¢~ Vies + 2V (out)] (8)
Vi — gk N 04V (out) — (r +c},)

s gB) T 151 - B
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Iterating, we obtain:

0LV (out) — r

k ! ;
__n _ i\ n r
V’“_1—5(1—%) Z K

The apartment owner chooses rent r, by making a rich tenant indifferent between renting and

outside option: V, = V(out). Hence:

3 I

L HEHT y
Ty = Wr —1- 5(]— - = x - = ¢ = WT - a’ixcqin (9)
( )Zo [1(1—6(1—q¢ithy) z;
]Zl
e = (100 - ) O (10)
[1(1—6(1—q%)

j=i

Consider the apartment owner, who has x poor tenants and follows the always rich strategy.
His expected utility U,;cp(Sy, ) can be divided into the expected payoff from contacts agreed upon
before time 0, Uy (Sy), and the expected payoff from contracts negotiated time 0 on, under the
always rich strategy, f;. The latter consists of the expected payoff from the time 0 contract and

the expected payoff from all future contracts, denoted by h,.

Sy
Uricn(Sr, @) = Ueurr (Sr) + fa = 1 5(1 “n st
W i —cO B (1 —5+(5q)(Wr—66)
h=1=sa=1 25 e Sy Bl (R T gy

As there are k£ > 1 poor tenants in the current period, then next period with probability ¢(1 — %)
a rich tenant’s rent gets renegotiated to i, and with probability q% a rich tenant replaces a poor

one with a negotiated rent r;_1. Therefore:

= 1 = @) + a1 = 5 i+ i)

(1= 000 -0) (= =iy ) = 0001 = 2V + 00 i
fo = 5q5 foit 1—-0(1—gq)
e T T A — s - ) -1 — k)"
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Solving the difference equation, we get:

1—0+dq ., k
fi= (1—5)(1—5(1—g))W _gbz‘kci (11)
L} -1 q\k—i
b = (1= 6(1 — ) L1 = 00%) »
[T(1=001—a3))

Now consider the always poor strategy. The owner’s expected utility Upoor can be divided into
expected payments from current contracts negotiated before time 0, Uy (Sy), and the expected
payments from contracts negotiated at time 0 on when the landlord is playing the always poor

strategy, denoted by g.

UpOOT(ST‘7 l‘) = Ucurr(sr) +9

B (1—0+0dq)
I A= -s1-19)

w? (13)

We can conclude that the apartment owner, having x poor tenants, prefers the always rich strategy

to the always poor strategy if f, > g or, equivalently,

W s - (1= ) (320
T80 )
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Figures and Tables

(a) John Snow’s 1854 cholera map (b) Catchment areas
Figure 1: John Snow’s 1854 Cholera Map with Pump’s Catchment Areas

Notes: Green dots indicate the location of a pump. Broad Street pump catchment area highlighted in red. Each
catchment area is defined by a network Voronoi polygon.

R W RN\

(a) John Snow’s boundaries (b) John Snow’s boundaries and Voronoi boundary
Figure 2: John Snow’s BSP Boundaries
Notes: Boundary colored blue depicts John Snow’s original boundary. Boundary in black is a modification of John

Snow’s original boundary that excludes the pump on Little Marlborough St. Boundary colored red depicts the
shortest walking distance boundary used in previous specifications (i.e., Voronoi boundary)
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Figure 3: Cholera Inquiry Committee (1855)

Notes: Black bars represent a cholera death
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Figure 4: Land Tax records, Broad Street, 1853
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Figure 5: Cholera Deaths and BSP Boundary (1854)

Notes: Each point represents the average value of the specified variable for distance-to-boundary bins that are 20
meters wide. Negative/positive values of distance give the distance of houses inside/outside BSP catchment area,
respectively. Solid line trends are the predicted values and corresponding 95 percent confidence intervals from a
regression of the specified variable on a third degree polynomial in distance to the boundary.
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(a) Distance to BSP boundary histogram (b) McCrary’s (2008) test

Figure 6: Histogram and Density of Forcing Variable (Distance to BSP boundary)

Notes: “Distance to boundary” refers to the distance between a house and the closest point in the BSP boundary.
Positive/negative values of distance give the distance of houses inside/outside BSP area respectively. Distance is
measured in meters. Bins width is 15 meters. Solid vertical line represents the treatment boundary.
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Figure 7: Covariate RD Plots (1853) - Continues
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Notes: Solid dots give the average value of the specified variable for houses falling within 20 meter distance bins. Dots
are plotted at the start of the bin (i.e. the dot representing the average for houses in the 0-20 meter bin is located
at 0.). “Distance to boundary” refers to the distance between a house and the closest point in the BSP boundary.
Distance is measured in meters. The solid vertical line represents the BSP boundary. Negative/positive values of
distance give the distance of houses inside/outside BSP area respectively. The solid line trends are the predicted
values from a regression of the specified variable on a second degree polynomial in distance to the boundary that uses
a rectangular kernel and a bandwidth of 200 meters.
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(a) Rental price (1853)

(c) Rental price (1936) (d) House price (1995-2013)

Figure 8: RD Plots, Outcome Variables

Notes: Monochromatic scale gives the predicted values from an RD model using a first degree polynomial in
distance to BSP boundary and baseline controls. Color scale is smoothed using the Raster Stretch tool in ArcGIS.
Panels (a), (b), and (c) share the same color scale. Panel (d) uses a different scale since model uses house price
instead of rental price as outcome variable.

61



. K T~ _
= 5 \ e~ -d —
l\//f\_ ,’\.n\ "~
Vo \ / ~
SN V2 d \ aT T —
\ v DA P
T ——— — v, s—"
o = \\ P
ALY 7
= = NP
Q |7} ks
Q Q
o \ o
Q< L o Q<
o HL‘," o, L ) ST ~ o
\\ - ’ T
"'v\ﬂ s ST A ——
~ | v ~ | B TN A
! | > e
NN, L, 7
u \,r . “//
o | g J
! T T T T T T T T T T T ! T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Bandwidth (meters) Bandwidth (meters)
(a) RD coefficient (1853) (b) RD coefficient (1864)
0 w0
A
\
1
\r,
1 \\
o o
= -~ - =
Q |7
Q Q
o o
fa) fa)
[i4 [i4
n n
2 2
- -
! T T T T T T T T T T T ! T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Bandwidth (meters) Bandwidth (meters)
(¢) RD coefficient (1936) (d) RD coefficient (1995-2013)

Figure 9: Bandwidth Sensitivity

Notes: Dashed lines represent 90 percent confidence intervals. “RD coefficient” refers to the coefficient estimate of
BSP in the main estimation equation.
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(c) Boundary 3 (d) Boundary 4

Figure 10: False Treatment Boundaries and Estimation Samples

Notes: False boundaries are selected based on sample availability. Observations inside BSP were excluded from the
analysis. Highlighted observations fall inside the optimal bandwidth used for the corresponding RD analysis.
Optimal bandwidth is determined as in Imbens and Kalyanaraman (2012). The resulting bandwidths are: 37m for
Boundary 1, 50m for Boundary 2 in 1853 and 1864 sample, 55m for Boundary 2 in current sample (not shown), 34m
for Boundary 3, 55m for Boundary 4.
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(¢) Boundary points, 1936
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(d) Boundary points, 1995-2013, 2015

Figure 11: Boundary Points b; (80)

Notes: Black dots indicate the location of boundary points for which we estimate a conditional treatment effect.
Gray dots indicate the points for which we are unable to obtain an effect due to lack of observations close the BSP

boundary
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Figure 12: Difference and Standard Deviation of Log House Prices for Neighboring Blocks, London
1995-2013

Notes: Histogram of log price differences and standard deviations of log price for houses in adjacent blocks for the
Greater London area. Dashed lines give the 5th and 10th percentile of the distribution in the case of the log
difference (panels (a) and (b)) and the 90th and 95th percentile in the case of the distribution of standard
deviations (panels (c) and (d)). Solid line gives the standard deviation of log house prices observed in the Soho
area. Adjacent blocks are determined using a grid covering the Greater London area with each graticule cell having
length equal to the average block size observed inside the Soho area. For a given cell, adjacent cells are defined as
the four cells adjacent to each side of that cell. Sample excludes cells within the Soho area and cells intersected by a
primary road, railway, monorail, river, or canal and cells with a single observation. The grid is determined using the
“Create Fishnet” tool in ArcGIS.
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Appendix B: Additional Figures and Tables

(a) 1853 |

(c) 1936

Kernel density (1853)

@® broad_pump
<VALUE=>
[ 10-0.0014
[710.0015 - 0.0029
ET90.003 - 0.0043
[ 0.0044 - 0.0058
I 0.0059 - 0.0072
W 0.0073 - 0.0087
I 0.0088 - 0.0101
N 0.0102 -0.0115
00116 -0.013

Kernel density (1936)

@ broad_pump
<VALUE=>
[10-0.0013
[7710.0014 - 0.0026
[F710.0027 - 0.004
[ 0.0041 - 0.0053
[ 0.0054 - 0.0066
[ 0.0067 - 0.0079
I 0.008 - 0.0093
[ 0.0094 - 0.0106
I 0.0107 - 0.0119

Figure B1: Kernel Density Estimates

(d) 1995-2013, 2015

Kernel density (1853)

@® broad_pump
<VALUE=>
[ 10-0.0014
[710.0015 - 0.0029
ET90.003 - 0.0043
[ 0.0044 - 0.0058
I 0.0059 - 0.0072
W 0.0073 - 0.0087
I 0.0088 - 0.0101
N 0.0102 -0.0115
00116 -0.013

Kernel density
(1995-2015)

@ broad_pump
<VALUE=>

| 10-0.0036

[7710.0037 - 0.0072
[7710.0073 - 0.0109
[ 0.011 -0.0145

[ 0.0146 - 0.0181
[ 0.0182 - 0.0217
N 0.0218 - 0.0254
N 0.0255 - 0.029

N 0.0291 - 0.0326

Notes: Kernel estimates of the density of properties around the BSP boundary using 50-meter bandwidth. Obtained using the Kernel Density

tool in ArcGIS Spatial Analyst package.



Table B1: House characteristics (1853) with Conley (1999) Standard errors

Full sample

Within 100 m

Optimal bandwidth

Inside Outside S.E. Inside Outside S.E. RD S.E.
(1) ) () (4) () (6) M ©®)
Rental characteristics:
Rental price (in logs) 3.723 3.780 (0.059) 3.719 3.743  (0.067) 0.126  (0.113)
[0.052] [0.058] [0.112]
Tax assessed (in logs) 0.456 0.518 (0.058) 0.453 0.496 (0.065) 0.110  (0.114)
[0.051] [0.056] 0.112]
Tax exonerated (yes=1)  0.067 0.230 (0.040)*** 0.067 0.22 (0.052)*** -0.005 (0.059)
[0.037] %+ [0.048]*** 0.057]
Sewer access:
Old/Existing 0477 0564  (0.085) 0473 0580  (0.091) 0.082  (0.135)
[0.074] [0.079] [0.135]
New sewer 0.396  0.276  (0.081) 0.399  0.260  (0.084) 0.116  (0.105)
[0.072]* [0.075]* [0.108]
No access 0.127  0.159  (0.055) 0.128  0.151  (0.063) -0.198  (0.100)*
[0.047] [0.052] [0.100]*
Distance (m/100) to:
Closest pump 1.046  0.957  (0.079) 1.052  1.066  (0.093) 0.111  (0.079)
[0.068] [0.079] [0.078]
Soho centroid 1.320 2.471 (0.119)*** 1.325 2.177 (0.131)*** -0.104  (0.202)
[0.101 )% [0.114]% [0.199]
Presumed plague pit 2.359 3.135  (0.224)*** 2.358 2.630  (0.215) 0.260  (0.301)
[0.181] [0.184] [0.296]
Public square 2.586 2.717 (0.135) 2.584 2.715 (0.138) -0.109  (0.189)
0.114] 0.121] 0.194]
Church 1322 1712 (0.129)%** 1323 1.609  (0.141)** 0.071  (0.163)
[0.112]% [0.124]%* [0.168]
Police station 4361 5413 (0.261)%** 4364 4797 (0.221)* 0.078  (0.438)
[0.210] [0.191]** [0.420]
Fire engine 3.603 2664  (0.187)%** 3507 2.864  (0.227)%** 0452 (0.353)
[0.163]*+* [0.196] %+ 0.339]
Theater 4.004 5.306 (0.232)*** 4.011 4.679 (0.219)*** -0.397  (0.335)
[0.189]*** [0.189]*** [0.327]
Pub 0.286  0.408  (0.037)*** 0.287  0.406  (0.046)** 0.184  (0.111)
[0.032)%** [0.038]**+* [0.105]*
Urinal 0.878 1.122 (0.087)*** 0.874 1.019 (0.088) -0.144  (0.141)
[0.075] %+ [0.080]* [0.143]
Sewer ventilator 0420 0555  (0.048)%** 0431 0563  (0.050)***  -0.023 (0.100)
[0.042]F** [0.045]*** [0.098]
Primary school 1.306 2474 (0.132)%** 1.306  2.023  (0.109)*** 0.152  (0.195)
[0.110]%** [0.099]*** [0.196]
Bank 3.949 4694  (0.316)** 3.947  4.095  (0.315) -0.005  (0.520)
[0.255]*+* 0.268] 0.502]
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 street block level in parenthesis and Conley (1999) standard errors in brackets for the difference in
means. Conley (1999) standard errors use a distance cutoff equal to the average length of a street block and a Bartlett spatial
weighting kernel. “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 errors 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).

respectively.

ko oksk
)

, and *** indicate 10, 5, and 1 percent significance
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