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ABSTRACT

The first chapter studies a dynamic model of a fee-for-service healthcare system
in which healthcare providers compete for patients by prescribing antibiotics. Using
antibiotics limits antibiotic-treatable infections, but fosters the development of
antibiotic-resistant infections. The chapter first demonstrates a ‘Goldilocks’ effect
from competition. A perfectly competitive market for providers over-prescribes
antibiotics because providers do not bear the cost of antibiotic-resistant infections.
A patient monopolist under-prescribes antibiotics in order to increase the level of
treatable infection. This is because while infection is a ‘bad’ for society, infection is a
‘good’ for a provider of antibiotics under a fee-for-service regime. Due to more mod-
erate antibiotic use, oligopolistic competition can be the optimal market structure.
The chapter then demonstrates how the model can be used for policy analysis by

computing the optimal licensing regime, prescription quota, and tax on antibiotics.

The second chapter studies a model in which court delay limits a court’s ability to
implement a welfare enhancing liability scheme. The model describes how court delay
affects a firm’s decision to enter a market and invest in worker safety. Workers are
unaware of the risk at a particular firm, but can demand a wage that compensates for
the expected risk of employment in the industry. Delay causes firms to under-invest in
safety. When firms are symmetric, firms fully bear the burden of the under-investment
in safety through the market wage. As delay increases, profits can decrease to the point

that efficient firms do not enter the market. When firms are asymmetric, the wage
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over-compensates workers at the high-type firm and under-compensates workers at
the low-type firm. As delay increases, this wage subsidy from a high-type to a low-
type firm can increase and induce inefficient firms to enter the market. The model
provides support for applying prejudgment interest to accident damages.

INDEX WORDS: Antibiotic resistance, Healthcare competition, Markov
equilibria, Court delay, Worker safety
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CHAPTER 1

STRATEGIC DYNAMICS OF ANTIBIOTIC USE AND THE EVOLUTION OF

ANTIBIOTIC-RESISTANT INFECTIONS

1.1 INTRODUCTION

Antibiotics have long been a boon to human well-being by fighting infection. However,
using antibiotics also fosters the development of antibiotic-resistant infections (Levy
1992; Seppéilad et al 1995). While antibiotic use has tempered the level of treatable
infection, antibiotic-resistant infections have grown to become a costly public health
problem (Klevens et al 2007; Roberts et al 2009). The Center for Disease Control and
Prevention goes so far as to say “antimicrobial resistance is one of our most serious
health threats” (CDC 2013). Understanding how economic incentives affect antibiotic
use and the infection /resistance balance is a problem of first-order importance.

This chapter develops a model of a fee-for-service healthcare system in which
healthcare providers compete for patients and must choose whether to prescribe
antibiotics. This a natural component of the provider-patient relationship to model,
as numerous studies have found that patients frequently request antibiotics from their
providers and that providers comply to keep patients satisfied, even when use is inap-
propriate (Bauchner et al 1999; Stivers 2005). A recent study found that providers in
the United States prescribe antibiotics to patients with a sore throat about seventy

percent of the time, even though antibiotics are only required about ten percent of the



time (Barnett and Linder 2014). Providers are thus an important source of antibiotic
misuse.

The model is used to study two questions. First, what is the optimal market
structure of healthcare providers? There is significant variation in the market concen-
tration of providers across counties in the United States (Schneider et al 2008). More
competitive markets for providers are associated with more frequent antibiotic use
than less competitive markets (Bennet et al 2014; Fogelberg 2013). However, given
the competing, dynamic effects of antibiotic use on treatable and resistant infection,
the optimal market structure of providers is an open question in the economics liter-
ature on antibiotic resistance. Second, what role can public policy play in correcting
the misuse of antibiotics by providers?

The chapter embeds an economic model of the provider-patient matching process
into an epidemiological model of infection and antibiotic resistance. The economic
model describes how provider and patient behavior determine antibiotic use and the
epidemiological model describes how infection evolves in response to antibiotic use.

The epidemiological model describes an infection that has two strains: an
antibiotic-treatable strain and an antibiotic-resistant strain. The two strains com-
pete for resources (healthy bodies) in the ecosystem. When a patient infected with
treatable bacteria takes the antibiotic, the patient raises his probability of recovery.
The patient is then less likely to infect other healthy agents. However, by removing
a source of competition for the resistant bacteria, the patient’s use of the antibiotics

allows the resistant bacteria to grow and spread at a faster rate in the future.



Figures 1.1 and 1.2 show the evolution of Penicillin-treatable and Penicillin-
resistant invasive Streptoccocus Pneumoniae infections in Baltimore City, Maryland
and the Nashville-Davidson region of Tennessee from 2003-2009.!

Baltimore City, featured on the top, displays patterns typical from antibiotic use:
a decrease in the rate of treatable infections and an increase in the rate of resistant
infections. Nashville-Davidson, on the other hand, displays the opposite pattern: an
increase in the rate of treatable infections and a decrease in the rate of resistant
infections. Interestingly, in 2001, Nashville-Davidson started a campaign to reduce
antibiotic use.? The graphs highlight competition between the resistant and treatable
infections for resources: one strain of the infection grows at the expense of the other.
It is this competition between the resistant and treatable infections, the winner of
which is determined by antibiotic use, that the epidemiological model captures.

The economic model describes a matching process between providers and patients.
Providers choose how frequently to prescribe antibiotics for their patients and patients
choose whether to see a provider and which provider to see. Patients gain utility from
a provider’s antibiotic prescription behavior, the effectiveness of the antibiotic, and an
idiosyncratic component related to the quality of their match with a provider. Patients
choose whether or not to pay a fixed fee to see their most preferred provider, ignoring
the external effects of their antibiotic use on infection and resistance. Providers choose
a prescription rate to maximize profits, given the behavior of other providers and
patients, internalizing their own effect on the future levels of infection and resistance.
Provider and patient behavior together determine the aggregate amount of antibiotic

use, which is then embedded into the epidemiological model.

1T thank Dr. David Blythe and the Maryland Department of Health and Mental
Hygiene for access to the Baltimore City data. The Tennessee data is available online at:
http://health.tn.gov/Ceds/WebAim/

2http://health.state.tn.us/ceds/Antibiotics /index.htm
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The fully fleshed model is a variant of the resource extraction “fish war” model,
where treatable infection is a scarce resource that gets extracted as providers treat
patients with antibiotics. In the classic extraction models a la Levhari and Mirman
(1980), the social objective is to extract the resource so as to maximize the lifetime
utility from consumption. In the set-up here, the social goal is to use antibiotics to
extract the treatable disease so as to minimize the lifetime disutility from total infec-
tion, taking into account the effect that extracting the treatable infection accelerates
the growth of the resistant infection.

Due to the idiosyncratic utility shocks, providers sell differentiated products to
patients. This allows for the model to study antibiotic provision under any number
of providers.

I first study the market allocation under perfect competition. When the market
is competitive, providers have a negligible effect on the evolution of the system and
therefore no incentive to conserve the treatable infection. This incentivizes providers
to perpetually over-prescribe antibiotics in order to attract as many patients in the
current period as possible. While this is initially a boon for society as the level of
treatable infection quickly falls, the resistant infection grows at a quicker rate than is
socially optimal.

At the other end of the competitive spectrum, a patient monopolist under-
prescribes antibiotics relative to the planner. This increases profit along two margins
for the monopolist. First, the monopolist maintains a higher antibiotic effectiveness,
which increases the value of the monopolist’s product and, in the long run, induces
more patients to pay the fee. Second, the monopolist can maintain a perpetually
higher total level of infection than the social planner desires, which results in a
larger pool of potential fee-payers. The paper finds conditions for the monopolist to

maintain a steady-state characterized by an undesirably high level of infection.



Increasing the level of competition from monopoly to duopoly generates a steady-
state with a lower level of infection. Competition for patients induces the duopolists
to prescribe antibiotics more frequently than the monopolist, leading to a steady-state
that yields strictly lower treatable infection and higher welfare than the monopolist’s
steady-state. However, as the market structure becomes increasingly competitive,
antibiotics eventually become over-prescribed. Using numerical analysis, I show that
social welfare as a function of the number of providers can take on an inverted U-shape
(illustrated in Section 4.4). Social welfare can initially increase as the market becomes
more competitive from monopoly, peak at some level of oligopolistic competition,
and then decrease as the market moves towards perfect competition. Oligopolistic
competition can thus be the optimal market structure.

This “Goldilocks” effect arises because fee-for-service rewards patient volume. At
low levels of competition, this aspect of fee-for-service incentivizes providers to use
their market power to manipulate the epidemiological states to increase the number of
patients willing to pay the fee. This is accomplished by under-prescribing antibiotics
to prevent the growth of the resistant infection and encourage the growth of the
treatable infection.

At high levels of competition, the reward for patient volume incentives providers
who lack any market power to try to attract as many patients as possible in the current
period. This leads to over-prescription of antibiotics that, while it quickly limits the
treatable infection, encourages faster long-run growth of the resistant infection than
is desirable.

An intermediate level of competition creates a better incentive structure for
providers to trade off limiting the growth of the treatable infection in the current
and limiting the growth of the resistant infection in the future. This is because an

intermediate level of competition prevents providers from letting treatable infection



grow as a monopolist does, but gives enough of a stake in the future that providers do
not drive down the treatable infection as quickly as a perfectly competitive market
does, thus slowing the growth of the resistant infection.

I then demonstrate how the model can evaluate the welfare effects of different
public policies. Using numerical analysis, I compute the optimal provider licensing
regime, quota on providers’ prescription rates and tax on antibiotics and compare the
welfare associated with each policy.

The chapter makes two primary contributions to the economics literature on
antibiotic resistance (which is discussed in detail in Section 2). First, the chapter pro-
vides a novel model of imperfectly competitive provision of antibiotics. The chapter
demonstrates new results about the optimality of oligopolistic competition and gen-
eralizes results previously discussed in the literature. Second, the chapter develops a
framework for policy analysis.

The rest of the chapter will proceed as follows: Section 2 discusses the related
literature. Section 3 presents the epidemiological model of infection and antibiotic
resistance and the economic model of provider competition. Section 4 studies the
market allocation of antibiotics. Section 5 studies the effect of public policy. Section

6 concludes. For ease of exposition, all proofs can be found in the appendix.

1.2 RELATED LITERATURE

This section reviews the economics literature on infection and antibiotic resistance.
Layton and Brown (1996) first formalize the competing externalities from antibiotic
use. Laxminarayan and Brown (2001) and Laxminarayan and Weitzman (2002) study
the optimal use of antibiotics. Recently, attention has turned to how markets allocate

antibiotics. Elbasha (2003) estimates a static model of market provision of antibiotics



in which use only causes a negative externality. Tisdell (1982) is an early contri-
bution of a stylized two period model in which a competitive market over-uses an
antibiotic-like good relative to the planner. Herrmann and Gaudet (2009) extend the
analysis to an infinite-horizon model of infection and resistance. Mechoulan (2007)
uses numerical simulations to show that a monopolist can settle into a steady-state
with a positive level of infection whereas a planner may prefer to use antibiotics to
achieve full eradication of the disease. Finally, Herrmann (2010) studies the pricing
behavior of a pharmaceutical company that produces an antibiotic that is temporarily
protected by a patent after which there is open-access to the antibiotic.

Mechoulan (2007) and Herrmann and Gaudet (2009) are the closest to the present
chapter. These papers study an environment with market demand for antibiotics given
by a demand curve that gets supplied by a monopolist and competitive pharmaceutical
companies respectively. The primary contribution of this chapter is a model that
allows for the study of antibiotic provision under imperfect market competition. This
is useful because, as the chapter shows, oligopolistic competition can be the optimal
market structure.

Further, a theory of imperfectly competitive antibiotics provision in a dynamic
setting is necessary to study the effects of public policy. While the literature has
started examining policy responses to the problem of antibiotic resistance, most of
the work has focused on policy in simplified settings. Elbasha (2003), for example,
describes the optimal tax in a static model of market provision of antibiotics. This
chapter develops a broad framework for policy analysis in a dynamic model of infection
and resistance.

The chapter also generalizes results discussed in the aforementioned literature. For

example, this chapter finds conditions for which a monopolist has an undesirably high



steady-state level of infection, a broad extension of the numerical results in Mechoulan

(2007).

1.3 THE MODEL

The model is infinite-horizon and in discrete time. There are two components: an epi-
demiological model describing how infection evolves in response to antibiotic use and
an economic model describing how provider and patient behavior determine antibiotic

use. Each are considered in turn.

1.3.1 EPIDEMIOLOGICAL MODEL

The model of infection and antibiotic resistance is based on the Susceptible - Infected
- Susceptible model of disease transmission (Kermack and McKendrick 1927). Related
models of antibiotic resistance have appeared in the epidemiological literature such
as Bonhoeffer et al (1997), Débarre et al (2009), and Porco et al (2012) as well as
in the economics literature such as Herrmann and Gaudet (2009) and Laxminarayan
and Brown (2001).

Resistant and non-resistant bacteria compete for resources (healthy bodies) in the
ecosystem. When a patient infected with non-resistant bacteria takes the antibiotic,
the patient raises his probability of recovery. The patient is then less likely to infect
other healthy people. However, by removing a source of competition for the resistant
bacteria, the patient’s use of the antibiotics allows the resistant bacteria to grow and
spread at a faster rate in the future. This is referred to as the ‘natural selection’ effect
in the literature.

There is a society of measure one. Agents in the society cycle between being

susceptible to an infection (), being infected with a treatable infection (I7), or being



infected with an antibiotic-resistant strain (I7). Critically, agents can be infected
with the treatable or the resistant strain, but not both. This captures the notion of
‘bacterial interference’ (Reid et al. 2001), a feature that has been observed in the
data.?

Agents know if they are infected, but do not know the strain of the infection.
Antibiotic effectiveness, F, is defined as the ratio of treatable disease to total disease
in society:

IT
E = T4 IR (1.1)

E is the probability that, conditional on being infected, an agent is infected with
the treatable strain of the infection.

Both strains of the infection are equally contagious. Let 3 reflect the contagious-
ness of the disease. Infected agents recover naturally from the infection with some
probability. Let p? denote the probability that an agent infected with the treatable
disease recovers. Let pf denote the probability that an agent infected with the resis-

B — pT'. I assume that the difference is strictly

tant disease recovers. Let Ap = p
positive. A positive Ap describes what is known in the epidemiological literature as
the ‘fitness cost of resistance’. The intuition is that resistance comes at a cost to the
bacteria that allows the treatable bacteria to outcompete the resistant bacteria “if the
selective pressure from antibiotics is reduced” (Anderson and Hughes 2010).

If an agent is infected with the treatable disease and takes the antibiotic, then they

have an increase in their recovery probability of p#, for a total recovery probability

of pT + pA. T assume that p? < p® < pT 4 p?. That is, agents who are infected with

3In a more elaborate epidemiological framework, patients could be colonized with both
the treatable and resistant bacteria. The externalities from antibiotic use would operate
through a similar albeit more complicated mechanism than the one studied here.
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the treatable disease and are treated with antibiotics recover quickest while agents
infected with the treatable disease and are not treated recover slowest. Agents infected
with the resistant disease recover at an intermediate rate. This ordinal ranking of
recovery probabilities makes antibiotic effectiveness a renewable resource in the model.

I denote the fraction of the infected population that is treated with antibiotics at

time ¢t by F;. The law of motion describing the evolution of treatable disease is given

by:

1Ly =1+ 11[BS, — p" — p*F)] (1.2)

The law of motion describing the evolution of resistant disease is similar, except

that there is no benefit of taking antibiotics. This is given by:

Iy = I + I(BS: — p"] (1.3)

For simplicity, I impose a “no-death” condition.* Because the population measure
stays constant, the change in the susceptible population is simply the inverse of the

change in the infected population:

St+1 = St - ([3;1 - ItT) - (]t]il - ItR) (1'4)

The mechanism through which antibiotic use affects the evolution of the system

can be understood through the following sequence of diagrams:

4The paper studies infinitely-lived agents. However, the model can be extended to one
with finitely lived agents that die due to the infection.

11



Susceptible

| 1 A
N N
Treatable Resistant
E
time t

Figure 1.3: Initial state

The relative size of each segment in the box represents the proportion of society in
that state. There is some natural flow from the susceptible population into the infected
states and vice versa. Antibiotic use at time ¢ increases the flow of agents moving from
being infected with the treatable strain to being susceptible in the following period

(captured by an increase Sii1).

Susceptible
| 1 1
\l’ > <>
Treatable Resistant
E
time t+1

Figure 1.4: Antibiotic use clears the treatable infection
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Susceptible

| 0 1
N N
Treatable Resistant
E
time t+2

Figure 1.5: The resistant infection has more room to grow

However, because there is now a larger susceptible population at ¢+1, the resistant
infection will grow at a faster rate than if there was no antibiotic treatment. This is
captured by an increase in [[,.5

The dynamic externalities can be understood as follows: patients who are treat-
able and take the antibiotic recover quicker, which means they infect less of the
susceptible population with the treatable strain (the positive externality). However,
the patients that recovered are now susceptible to reinfection by the resistant strain,
which accelerates its growth (the negative externality). This notion that patients who
take antibiotics to clear a treatable infection can quickly be reinfected with resis-
tant bacteria is observed in Kuster et al 2014, who find that patients who recently

received a course of antibiotics were more likely to be infected with a resistant strain

SEpidemiological models frequently include some period of immunity to becoming
infected again after recovery. In the set-up here, agents are immediately susceptible to the
disease again after recovery. Were the immune response to be included, the mechanism
through which antibiotics affects the system would fundamentally remain the same, only
with a time lag.

13



of Streptoccocus Pneumoniae than patients who had not recently received a course of
antibiotics.

Combining the definition of antibiotic effectiveness with the laws of motion gov-
erning susceptibility and infection, the dynamics of the system can succinctly be

written as:

Iyyr = I+ L[B(1 = I) — p™ + Ey(Ap — p* F)) (1.5)

and

Ey(1— E)(Ap — p'F)

By =E +
T 14 8(1— 1) — pR + E(Ap — p*F)

(1.6)

Equation (5) describes the evolution of total infection. Equation (6) describes the
evolution of antibiotic effectiveness - the proportion of treatable to total infection.
Notice that for F; > %, antibiotic effectiveness is decreasing. Effectiveness decreases
at high levels of antibiotic use because sufficiently high antibiotic use drives out
the treatable infection at a quicker rate than the resistant infection (the natural
selection effect). For F; < %, effectiveness is increasing. When there is sufficiently
low antibiotic use, patients with the resistant strain recover quicker on average than
patients with the treatable strain (the fitness cost effect), leading to an increase in
antibiotic effectiveness. At F; = %, the two effects exactly offset and effectiveness
stays constant.

A steady-state is a fixed point of Equations (5) and (6) - the laws of motion
governing infection and antibiotic effectiveness. For a constant treatment rate F', the
dynamic system tends to one of three possible steady-states described below.

(1) For F > %, the treatable strain clears the system at a faster rate than the

resistant strain due to the natural selection effect. The system tends to a corner

14



steady-state where the treatable strain goes extinct and only the resistant strain

remains. This steady-state is reached asymptotically:

B —ph
B

(2) For F < %, the resistant strain clears the system faster than the treatable

(1. E) = (

,0) (1.7)

strain due to the fitness cost effect. The system tends to a corner steady-state where
the resistant strain goes extinct and only the treatable strain remains. This steady-
state is also reached asymptotically. Note that this steady-state has a higher level of

infection than the other two steady-states:

B—p" —p'F
B

(3) For F' = %, the fitness cost effect and the natural selection effect exactly

(I,E) = ( 1) (1.8)

offset. The system maintains an interior steady-state level of antibiotic effectiveness:

B —ph
B

When applicable, the chapter characterizes the steady-states of economic actors.

(I,E) = ( ,E) for E € (0,1) (1.9)
However, the time horizon of the chapter is the human time-scale rather than the
evolutionary time-scale, and so, particularly in the case of asymptotic steady-states,
the analysis of the steady-state is intended largely as a point of reference. The ‘action’

in the chapter occurs along the transition path.

1.3.2 EconoMIC COMPONENT

I now introduce an economy with a provider-patient matching process and a fee-
for-service healthcare system. Infected patients search for healthcare providers, who

are the gatekeepers of antibiotics. Patients gain utility from a provider’s prescription
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rate, the current effectiveness of the antibiotic (higher antibiotic quality increases the
utility that agents get from providers), and some idiosyncratic component related to
the quality of their match with a provider. Patients choose whether or not to pay
a fee to see their most preferred medical provider, who in turn chooses whether or
not to prescribe antibiotics. Providers prescribe antibiotics to maximize their profits
given the behavior of the other providers, patients, and the laws of motion governing
the system.

Whether or not providers maximize profits is a debated issue in the literature.
While financial incentives affect providers’ treatment behavior (Clemens and Gottlieb
2014), many models of the provider-patient interaction study environments in which
providers maximize a convex combination of profits and patient welfare (see Choné
and Ma 2011 or Jacobson et al 2013 for two recent examples). It would be possible to
build this feature or an ethical constraint (e.g. the Hippocratic oath) into the model,
but in order to both make the model more tractable and not impose structure that
could assume the problem away, I refrain from doing so.

Patients are risk neutral. Each patient knows if he is infected, but does not know
if he is infected with the treatable or resistant version of the disease. Patients and
providers have common knowledge of the states I and FE. Utility is comprised of a
component related to a patient’s health status and a component related to the medical

care they may purchase. The health status portion of utility is given by:

U if healthy
(1.10)

[Ep? + (1 — E)pR|U  if infected
Infected patients can choose to be seen by a provider who may possibly prescribe
antibiotics. I assume that providers cannot diagnose whether patients have the treat-

able or resistant version of the disease and that their prescription rates are public

16



knowledge. Patients pay the provider a fixed price whether or not an antibiotic is
prescribed. The price is taken to be exogenous, but can be imagined to be set by an
insurance company or government. The exogoneity of the price reflects the fact that
providers often have limited price-setting capacity and instead compete based on the
quantity of services offered. I normalize the price to 1. Providers incur a constant
marginal cost of ¢ in administering antibiotics.

Providers pick a prescription rate, which from a patient’s perspective is the proba-
bility that the provider will prescribe him antibiotics. Patients randomly draw idiosyn-
cratic utility for each provider at time 0. This can be thought of as the degree to which
a healthcare provider’s non-medical features, e.g. bed-side manner, distance, etc. agree
with a patient. I introduce this match-specific utility component so that providers sell

differentiated products. Patient m’s idiosyncratic utility for provider ¢ is given by:

e ~U0,1] (1.11)

If f*is provider i’s prescription rate, then the net utility that patient m receives
from seeing provider i is:

Ul (fief E)= flEp*U +¢' —1 (1.12)

Y m?

The first term captures the utility gained from healthcare, the second the idiosyn-
cratic utility from provider ¢, and the third the cost of the visit. I assume three
additional conditions. First, that p*U < 1. This assumption ensures that demand
for provider care is elastic over the entire range of admissible values in the model.
Second, that U > (pT + p*)U — ¢ + 1. Third, that U > p®U + 1. These latter two
assumptions ensure that from a social welfare perspective, being healthy is always

preferred to being infected and receiving care from a provider.
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1.3.3 SOCIAL PLANNER’'S PROBLEM

To provide a benchmark for future analysis, I now describe the social planner’s
problem. The social planner treats a fraction of the infected population with antibi-

otics to solve the problem:

[max 3 SN — 1)U + L([Ep" + (1 — E)p™ + BEEp*U +1) — cF )] (1.13)

such that (5), (6), Io, Eo, F; €[0,1]

The discount rate is 0 < 1. The first term is the utility of healthy agents, the
second is the utility of infected patients, and the third is the cost of treating patients
with antibiotics. Note that the utility of infected patients is based on the expected
recovery probability given the planner’s prescription rate and the upper bound on
the support of idiosyncratic utility.> Equations (5) and (6) are the laws of motion
describing the evolution of infection and antibiotic effectiveness. Iy and Ej are the
initial levels of infection and effectiveness.

The planner’s objective is to minimize the disutility from total infection, taking
into account the cost of antibiotic use and the effect of treatment on the growth

resistant infection. The planner’s solution can be characterized recursively through

the Bellman equation:

VSP(I, E) = max {(1—I)U+I([EpT—|—(1—E)pR—i—FEpA]U—i—l) —cFI+6VSP(I, E’)}
(1.14)
such that (5), (6), F' € [0,1]

For a positive I, the planner has the first-order condition:

6] assume that the planner is able to give the best possible idiosyncratic provider service
to each infected patient.
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oVSP(I' E) oI’ OVSP(I', E') OE

A —_
Ep UL —cl + 0| = oplrr + — 55—

lpepe| >0 (1.15)

The first-order condition reconciles the benefit of treating patients with antibi-
otics today and the benefit from the future decrease in infection due to treatment
today with the cost of treating agents with antibiotics today and the cost of lower
effectiveness in the future. Let F'57 (I, E) refer to the planner’s prescription rate when
the states are are (I, E).

I use value function iteration to numerically investigate the planner’s problem. I
use the parameter values 6 = .9,U = 2,8 = 4,p% = 25, p" = 1,p* = 5, and c = .9
for the numerical analysis of the paper.

The planner’s value function is displayed in Figure 1.6.

Social Planner Value Function
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Figure 1.6: Planner’s value function

The value function is convex in both infection and effectiveness. Convexity in infec-

tion is due to the non-linear spread of infection. Recall that new infections are given
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by I3(1 —I). Note that the rate of increase is decreasing in /. Intuitively, increasing
infection generates a larger negative externality when there is a large susceptible pop-
ulation than when there is a small susceptible population. Hence, while the planner’s
value function is decreasing in infection, it decreases at a less-than-linear rate.

The non-monotonicity in effectiveness stems from the cost of using antibiotics. As
an extreme example, consider the case in which effectiveness is zero, i.e. every infection
is resistant. Infected patient recovers in each period with probability p”. Now suppose
that effectiveness E is in the interior. For a low enough effectiveness, using antibiotics
is not cost-justified. Initially, the average recovery probability is (1—E)p®+EpT < p~.
Therefore, initially, patients are infected for on average a longer time than when
effectiveness is zero. Due to this effect, the planner’s value function initially decreases
in effectiveness. However, as effectiveness increases, prescribing antibiotics eventually
becomes worthwhile. Welfare begins to increase as the average recovery time decreases
and the spread of infection is lessened.

The value function can be used to compute the optimal prescription rate, which
is displayed in Figure 1.7.

The optimal prescription rate tends to be either zero or one. Note that at low
levels of antibiotic effectiveness, the optimal prescription rate is one when infection
is low but zero when infection is high. When infection is lower, the planner faces a
smaller marginal cost of antibiotic treatment and a higher marginal future benefit
from the decrease in infection than when infection is higher. The planner is therefore
willing to use antibiotics even when they are ineffective if the level of infection is low,
but not when the level of infection is high.

The policy function can be used to compute the dynamic path of infection and

effectiveness in Figure 1.8. For initial values, I use Iy = .6 and Ey = .92.
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Figure 1.7: Optimal prescription rate
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Figure 1.8: Planner’s dynamic path
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Note that the planner does not drive out the treatable strain entirely (because of
the crowding out effect it has on the resistant strain), nor does the planner drive the
resistant strain out entirely (because doing so would generate perpetually higher level
of infection). Rather than settle into a steady-state, the planner cycles antibiotic use.
This stems from the convexity of the planner’s value function and the renewability of
antibiotic effectiveness. Given the parameter values, the level of infection in an interior

steady-state is 2 _/Bp "~ 375 By cycling antibiotic use rather than prescribing at the

constant steady-state fraction %, the planner is able to induce a level of infection
that is on average lower than .375 at a cost that is on average lower than the cost of

maintaining the steady-state.

1.3.4 MARKET PAYOFFS

If there are n total providers, then an infected agent m is willing to pay the fee to see
provider 1 if:

Ul(fiel JEY>Ul(fl,el E) j=0,.,i—1,i+1,..n (1.16)

Y m?

where j = 0 denotes the outside alternative of not seeing a provider and j >
0 denotes provider i’s competitors. This condition means that m is willing to see
provider ¢ if provider ¢ is preferred to all other providers and provider 7 is preferred
to not seeking treatment.

I denote provider i’s market share at time ¢ by Q(f7, f;*, E;), where f! is provider
i’s prescription rate at time ¢ and f;* is a vector of the other providers’ prescription

rates at time t. Market share can be written as:
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Q(ftiaftiaEt) = Pr<UTZn<fZ7€?ln7Et) Z Uﬂn(ftjﬂggnﬂEt) .] = 07 7Z - 172 + 17 7n)

(1.17)
Provider ¢’s per period payoff is:
(1= cfIQUf £ B (1.18)
Provider and patient behavior determines an aggregate prescription rate:
Fo=) [ f7 B (1.19)
i=1

which can be inserted into Equations (5) and (6) to determine how infection and
antibiotic effectiveness evolve. Critically, both provider prescription behavior and
patient matching behavior determine the aggregate prescription rate.

Given a sequence of prescription rates, the lifetime profits of provider ¢ are:

Z(st[ Cft} (i o B (1.20)

such that (5), (6), F, = Y"1, fiQ(fl, f*, Ev), 1o, Eo

The chapter studies symmetric Markov Perfect Equilibrium. Focusing on sym-
metric equilibrium makes the analysis more tractable and yields intuitive insights. In
equilibrium, for example, patients will either match with the provider for whom they
have drawn the highest idiosyncratic utility for or they will not pay the fee to any
provider. Patient choice of provider in the model is therefore sticky, a feature that
has been empirically observed in previous studies of patient-provider choice (Mold et
al 2004).

A Markov strategy for provider 7 is a mapping:
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o' [0,1]* = [0,1] (1.21)

where o'(I, E) = f'. The strategy function takes the level of infection and effective-
ness as inputs and gives a prescription rate as an output. Given a strategy function,

lifetime profits for provider ¢ can be written recursively using the value function:

Vi(I, B;0) = [1 — co'(I, B)|Q <ai(1, E),o7i(1, E), E)J LV, Eho)  (1.22)

such that (5),(6), F =1, 0'(I, E)Q(o"(I,E),0 (I,E), E)
A Markov strategy profile o = (0!, 02, ...,0™) constitutes a Markov Perfect Equi-
librium if o constitutes a sub-game perfect equilibrium in Markov Strategies. That

is, o is a Markov Perfect Equilibrium if for all i = 1, ..., n:

VI, E;0) > VI, E;6",07"),¥(I, E),¥&" Markov strategies (1.23)

The equilibrium is symmetric if every provider plays the same strategy function.
The Markov Perfect equilibrium can be characterized as the solution to the system

of Bellman equations. Provider i’s Bellman equation is:

VI, E; ) = max {[1 — efJQUfE £ B + VT a)} (1.24)

such that (5), (6), F = Z?:l FQf7 7, E), felo1]

The first-order condition for a positive f* in the symmetric equilibrium is:

oQf', f7, E)
ofi
+0

[1—cf] gimped = QU T B

oVl E; a)@_['| _ +5@Vi(p’El9") 8E’| _
or  ofil=r o ofi

_p >0 (1.25)
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The first-order condition reconciles the marginal benefit from increasing the pre-
scription rate and attracting more patients today with the cost of using more antibi-
otics and the future effects from decreasing infection and effectiveness. The equilib-

rium first-order condition is derived in Appendix B.

1.4 MARKET PROVISION

This section studies the market allocation of antibiotics. I first study the limit case
as the number of providers, n, tends towards infinity, a perfectly competitive market.
I then study the case in which n = 1, monopoly, before analyzing the model under

arbitrary n, oligopoly.

1.4.1 PERFECT COMPETITION

The equilibrium under perfect competition can be computed analytically. Let
FFC(I,E) denote the aggregate prescription rate under perfect competition when
the states are (I, F).

Theorem 1

1. The symmetric equilibrium outcome under perfect competition is for every
provider to set *(I, E) =1 for all (I, E).

2. FPC(I,E) > FSP(1,E) for all (I, E) and strictly greater for some (I, E).

3. The steady-state level of antibiotic effectiveness is Epc = 0.

Bt

4. The steady-state level of infection is Ipc = 3

Competition with other providers for patients induces providers to prescribe

antibiotics at rate one in all periods, i.e. every patient that the provider sees is pre-

scribed antibiotics. Intuitively, when other providers prescribe at rate one, provider
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7 has no incentive to deviate because he will not gain any patients in the current
period and, due to the behavior of others, his own behavior has a negligible effect on
the evolution of the system. Under perfect competition, providers have no incentive
to preserve antibiotic effectiveness for future use, and so they extract the treatable
infection as quickly as the market will allow.

This generates perpetual over-use of antibiotics by a competitive market relative
to the planner and leads to a steady-state in which the treatable strain is driven out
in the limit. Contributing to this strong over-use result is the assumption that the
upper bound on the support of idiosyncratic utility is the same as the provider fee
(both equal to 1). This assumption means that the idiosyncratic utility patients can
gain from providers is sufficiently high that patients are willing to purchase healthcare
from their most preferred provider in a competitive setting along the entire dynamic
path as effectiveness tends to zero. While it simplifies the remaining analysis, the key
takeaways from the paper do not explicitly depend on this assumption.

[ display the dynamic path of infection and effectiveness under perfect competition
in Figure 1.9. The competitive market extracts the treatable infection as quickly as
possible. This causes total infection to initially fall, but then rebound towards the
steady-state level as the resistant infection quickly grows to fill the void left from

antibiotic use.
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Figure 1.9: Perfect competition’s dynamic path

1.4.2 MONOPOLIST

In contrast to provision under perfect competition, under monopoly, the provider
completely controls the flow of antibiotics to patients. The monopolist therefore has
a large effect on the evolution of the system which he fully internalizes as he chooses
his prescription rate. Before characterizing the monopolist’s steady-state, I introduce
the following two assumptions.

First, that % < pAU. If this assumption did not hold, then regardless of the
monopolist’s prescription behavior, the resistant infection would clear the system at
a faster rate than the treatable infection and effectiveness would tend towards one.”

I use this assumption to ensure that, if such behavior arises, then it is due in part to

economic considerations by the monopolist.

"The monopolist’s market share is Pr(prAU +e—-12> 0) = fEpAU and so the
aggregate prescription rate is F = f2EpAU. If % > pAU, then the aggregate prescription

rate is always F' < % and effectiveness tends to one.
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Second, that:

} . [1 T C(p,%—ng)%}
B —pt

I refer to this assumption in later text as Assumption Al.

Ap
)

NI

[1—2¢( 2Ap <0 (A1)

Theorem 2

1. The monopolist’s steady-state level of effectiveness Eyy — 1 as 6 — 1.

B—pf

2. A sufficiently patient monopolist has a steady-state level of infection Iy > 5

The patient monopolist has a steady-state with an inefficiently high level of infec-

B—pf

tion: any steady-state with infection I such that I, > I > 5

generates strictly
higher welfare than the monopolist’s steady-state.
Three reasons compel a monopolist provider to under-prescribe antibiotics. These

effects can be understood through the monopolist’s first-order condition:

infection a good
. VM(I' E' o) oI ovVM(I'E'\0) OF
Ll _2fMC]EpAU£ + 5 61/ a_flf:fj*v[—'— 6E/ af |f:f1*v1 2 O

7
positive marginal payoff requirement

TV
demand-inducement effect

(1.26)

First, the monopolist has a positive current period marginal payoff requirement.
When the monopolist increases his prescription rate, he has a marginal benefit from
attracting new patients, but bears a loss from increasing costly treatment on patients
already purchasing his services.® As elaborated on below, the latter two terms in the

monopolist’s first-order condition are negative. This means that in order to satisfy

8This effect is analogous to the standard case in which a price-setting monopolist lowers
his price to attract more consumers but takes a loss on the consumers already purchasing
his product. As in the case of the standard monopolist, this effect can cause under-provision.
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the first-order condition, the monopolist requires that his steady-state current period

marginal payoff is positive. This implies that:

> fiy (1.27)

This positive current period marginal payoff requirement puts an upper bound
on the monopolist’s prescription rate. If the upper bound is low enough, then the
aggregate steady-state prescription rate will be less than the critical threshold %,
which implies a steady-state antibiotic effectiveness of one (note this also implies a
steady-state with a strictly higher level of infection than is desirable).

Second, the monopolist’s steady-state payoff is strictly increasing in antibiotic
effectiveness. This is because of a demand-inducement effect: at higher levels of antibi-
otic effectiveness, more patients are willing to pay the fee to see the monopolist.
Increasing his prescription rate to attract more patients today causes a future loss to
the monopolist by lowering the willingness of future patients to purchase his services.
As the monopolist becomes patient, his steady-state level of antibiotic effectiveness
tends towards one because of this effect. Interestingly, although more patients are
willing to pay the monopolist when the steady-state level of antibiotic efficacy is one,
patients are not, on net, better off because of the higher antibiotic efficacy. This is
because the monopolist’s under-use of antibiotics causes patients to be sick in expec-
tation for a longer time.

Third, under fee-for-service, infection is a good for a healthcare provider.
Increasing his prescription rate to attract more patients today causes a future
loss to the monopolist by lowering the number of infected patients and hence the size
of the monopolist’s future market. A monopolist can under-prescribe antibiotics so
that there is a higher level of infection - resulting in a greater amount of potential

fee-payers - than is socially optimal.
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Monopolist Value Function
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Figure 1.10: Monopolist’s value function

These distortions arise because of the linear payment structure of fee-for-service.
By tying revenue to the volume of patients, fee-for-service incentivizes the monopolist
to use his market power to manipulate the epidemiological states so as to increase
the total number of patients willing to pay the fee.

I use value function iteration to study the behavior of the monopolist outside of
the steady-state. The monopolist’s value function is displayed in Figure 1.10.

Note that the value function is strictly increasing in both infection and antibiotic
effectiveness. This reflects the fact that fee-for-service makes infection and antibiotic
effectiveness ‘goods’ for the monopolist. The value function can be used to derive the
monopolist’s optimal policy rule, which is displayed in Figure 1.11.

Note that this is not the aggregate prescription rate, but rather the rate that the

monopolist prescribes antibiotics to patients who pay the fee. The policy rule can
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Figure 1.11: Monopolist’s prescription rate

be used to simulate the evolution of infection and antibiotic effectiveness under the
monopolist, which is displayed in Figure 1.12. The monopolist uses his market power
to let infection and effectiveness grow towards a corner steady-state with a higher

level of infection than is socially optimal.
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Figure 1.12: Monopolist’s dynamic path

1.4.3 OLIGOPOLY

I now turn to imperfectly competitive provision of antibiotics. Critically, unlike in
the case of monopoly or perfectly competitive provision, providers now act strate-
gically. The strategic interaction affects providers in several ways. First, whereas a
patient would pay the fee to the monopolist if his individual rationality constraint
was met, a patient will only pay the fee to the oligopolist if his individual ratio-
nality constraint is met and the oligopolist is preferred to all other providers. The
oligopolist’s prescription behavior thus affects his competitors’ market share (and
similarly, the oligopolist’s market share is affected by his competitors’ prescription
behavior). Second, whereas the monopolist fully internalizes the effects of his prescrip-
tion behavior, the oligopolist only partially internalizes the effects of his prescription
behavior. The oligopolist’s prescription behavior affects his competitors by changing

the levels of infection and effectiveness in the future (and similarly, the oligopolist is
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affected by his competitors in this fashion). The chapter’s next result contrasts the
steady-state conditions of the monopolist and duopolist.

Theorem 3

A sufficiently patient duopolist has a strictly lower steady-state level of infection
than the equally patient monopolist, i.e. Ip < Iy;.

When there is competitive pressure in the market, the higher levels of infection
that a monopolist can maintain in the steady-state are unsustainable. The presence
of a competitor lowers an individual provider’s benefit from withholding antibiotic
treatment to generate more favorable states in the future. This forces more weight on
attracting patients in the current period, which leads to higher antibiotic use and a
welfare gain for society.

I use numerical analysis to compute the Markov Perfect equilibrium. The numer-
ical algorithm used is described below.

Computational Algorithm

Step 1. Start with an initial value function v°(I, E') = 0.

Step 2. Plug the proposed valued function into the oligopolist’s first-order con-
dition. Solve for the optimal symmetric prescription rate f*.

Step 3. Use f* to update the value function. Specifically, v**1(I,E) = [1 —
cf*|1Qf*, 75, E) + ovk (I, E).

Step 4. Iterate until the difference between v**1(I, E) and v*(I, E) becomes small.

The algorithm computes the Markov Perfect equilibrium of a finite horizon game
and takes the limit as the time horizon tends to infinity. I display the duopolist’s

symmetric equilibrium value function in Figure 1.13.
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Figure 1.13: Duopolist’s value function

The value function can be used to derive the policy function, displayed in Figure
1.14. In the simulation, the duopolist prescribes at a strictly higher rate than the
monopolist for all values of infection and antibiotic effectiveness. The presence of
another provider cuts into a provider’s market share, as well as diminishes the
marginal effect of one’s own prescription behavior on the future levels of infection
and resistance relative to monopoly provision. These factors encourage greater antibi-
otic use under duopoly than monopoly. The policy rule can be used to simulate the
dynamic path of infection and effectiveness under the duopolist, which is shown in
Figure 1.15

Notice that the duopolist has a strictly lower level of infection and effectiveness
than the monopolist along the entire dynamic path. While fee-for-service still incen-
tives infection as a good for the duopolist, competition for patients with the other

provider prevents a provider from letting infection grow as a monopolist would prefer.
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Figure 1.14: Duopolist’s prescription rate
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Figure 1.15: Duopolist’s dynamic path
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Figure 1.16: Effectiveness under different market structures

Intuitively, increasing the level of competition increases antibiotic use as providers
focus less on maintaining favorable states in the future and more on attracting
patients in the present. Figure 1.16 shows the evolution of antibiotic effectiveness
under increasing levels of competition.

When there is more competition, antibiotic effectiveness decreases at a quicker
rate and reaches a lower steady-state level than when there is less competition. This
is because higher antibiotic use in more competitive markets results in quicker and
more prolonged extraction of the treatable infection. The effect of competition on
total infection is shown in Figure 1.17.

Due to the increased antibiotic use, more competitive market structures generate a
quicker initial decrease in total infection than less competitive markets as the treatable

strain is cleared from the system. However, this also allows the resistant strain to grow
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Figure 1.17: Infection under different market structures

at a faster rate. In fact, the resistant strain can grow sufficiently faster that the total
level of infection in more competitive markets can eventually exceed the total level of
infection in less competitive markets. This effect can be seen on the graph above by
following the dynamic path of infection for n = 10.

Note that all the market structures illustrated converge to the same steady-state
level of infection, i.e. they all implement the same aggregate prescription rate in the
steady-state. To see how this can occur, suppose that the market is in the steady-state
and the level of competition is increased. Increased competition induces individual
providers to prescribe at a higher prescription rate. However, this drives down the
level of antibiotic effectiveness, which makes patients less willing to see a provider.

Hence, even though individual providers are prescribing at a higher rate, enough
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patients become unwilling to see a provider so that the aggregate prescription rates

eventually become the same.

1.4.4 OprPTIMAL NUMBER OF PROVIDERS

One of the central questions of the chapter asks about the welfare effects of provider

competition. Figure 1.18 gives an answer.

Social Welfare
17.71 .

17.705

172.7

17.695}

17.69¢

17.685

17.68

17.675

S0 100 1018 10000 Perf Comp
Number of Providers

Figure 1.18: Oligopolistic competition is the optimal market structure

This graph plots social welfare as a function of the number of providers in a 200
period simulation. One of the key takeaways from this chapter is that the graph
can take on an inverted U-shape. That is, social welfare can initially increase as the
market structure becomes more competitive from monopoly, peak at some level of
oligopolistic competition, and then decrease as the market structure becomes perfectly
competitive.

Intuitively, welfare initially increases as competition increases from monopoly

because this generates lower steady-state level of infection. The reason that welfare
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can decrease at high levels of competition is more subtle. As the market becomes more
competitive, treatable infection decreases at a quicker rate, which initially generates
higher welfare for society since the level of total infection becomes lower. Further, as
competition increases, so too does the idiosyncratic utility patients gain from their
providers (since they are more likely to draw a higher quality match). However, the
future loss from the increase in resistant infections eventually becomes sufficiently
high so as to outweigh those benefits.

The growth of the resistant infection causes two sources of welfare loss. First, it
makes it less likely that the antibiotic will work for future users. Second, it increases
the level of total infection. As illustrated in the previous section, this effect can cause
the total level of infection to become higher in a more competitive market than a less
competitive market.

The model thus features a ‘Goldilocks’ effect: to a rough approximation, low levels
of competition use too few antibiotics and high levels of competition use too much
antibiotics. The optimal number of providers in the simulation is n* = 1018. An
interpretation is that a provider should serve about Wloo of their market. While n*
does not implement the planner’s solution, n* better treads the balance between
limiting the current growth of the treatable infection and the future growth of the
resistant infection given the economic constraints in the model than other market

structures.

1.5 PusLic PoLicy

The model can be used to study the effects of public policies aimed at mitigating

the misuse of antibiotics by providers. I consider three types of policies: restricting
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the numbers of providers (licensing), capping how frequently a provider can prescribe
antibiotics (a prescription quota) and charging a fee to use antibiotics (a tax).

Up to this point, this chapter has studied the normative effects of market structure
without explicitly considering the number of providers as a policy variable. However,
a possible public policy is restricting the number of providers through licensing. The
optimal licensing regime implements the optimal decentralized market structure. The
model provides a simple way to compute this: compute the equilibrium and welfare
of different market structures and choose the maximum. Given the parameter values
used for the simulation, the optimal number of providers is 1018 and this generates
total social welfare of 17.707.

Another possible public policy takes the market structure as given and restricts
antibiotic prescriptions instead. In the context of the model, a prescription quota sets
a ceiling on a provider’s prescription rate. The process of computing equilibrium is
essentially unchanged, except now rather than being bounded by one, a provider’s
prescription rate is bounded by the prescription quota. Again, the model provides a
simple tool to determine the optimal quota: compute and the equilibrium and welfare
induced by different quotas and choose the maximum. I set the number of providers
n = 10,000. The optimal quota caps the prescription rate at f = .93 and generates
social welfare of 17.703.

The final policy considered here is a tax on antibiotics. I impose the tax, 7, on
providers. The tax increases the provider’s marginal cost of prescribing antibiotics
from ¢ to ¢ + 7. Given n = 10,000, the optimal tax on antibiotics sets 7 = 0.17 and
generates social welfare of 17.722. Given the parameter values, the model predicts

that a tax on antibiotics is a better policy than licensing or a prescription quota.
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1.6 CONCLUSION

This chapter studies a model of provider competition embedded within a dynamic
epidemiological model of infection and antibiotic resistance. One of the main findings
is that oligopolistic competition can be the optimal decentralized market structure.
This is because a perfectly competitive market over-uses antibiotics because providers
do not bear the cost of antibiotic resistance and a monopolist under-uses antibiotics
to increase infection and antibiotic efficacy. An interior level of competition has more
moderate antibiotic use which generates higher welfare. The chapter also demon-
strates how the model can be used for public policy analysis.

A precise determination of the optimal market structure or public policy depends
on the parameter values of the model. Estimating the model is an important empirical
exercise for future work. Other extensions of the model include incorporating innova-
tion of new antibiotics by pharmaceutical companies and extending the analysis to a

global setting.

1.7 APPENDIX A

Throughout, I use the notation f* to denote a provider’s optimal prescription rate
and f to denote the steady-state prescription rate.

Proof of Theorem 1

Suppose that all providers prescribe at rate one for all states. Without loss of
generality, suppose that provider 1 defects and prescribes at a rate less then one. Let

N denote the set of providers and n the number of providers. Note that:

limy, oo PT <flEpAU—i-£1 > Ep“U + max 5j) = Pr (flEpAU—i-al > EpAU—i-l) =0

JEN\
(1.28)
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Under perfect competition, patients can always find a provider who is preferred
to provider 1. Hence, by deviating, provider 1 attracts no patients and has a cur-
rent period payoff of zero. Since provider 1 attracts a non-measurable set of patients
whether he adheres to the equilibrium strategy or not, deviating has no effect on his
continuation payoff. Therefore there is no incentive to defect from prescribing at rate
one.

Since the price to see a provider is 1 and the upper bound on the support of
idiosyncratic utility is also 1, given the prescription behavior of providers, the utility
a patient gains from their most preferred provider is EpAU > 0. Thus all patients
are seen by a provider and prescribed antibiotics. This generates an aggregate pre-

scription rate of FPY(I, E) = 1 for all (I, E). The prescription behavior generates the

asymptotic steady-state in which Epc = 0 and Ipe = 2 _ﬁpR.

To show perpetual overuse by the competitive market, it suffices to show that the
the social planner does not prescribe at rate one for all state variables. The planner’s
first-order condition for a positive F'97* is:

ovSE(I', E") oI OVSE(I', E') OF

A
J— s — _ Px _— Px > .
Ep Ul —cl+9 oI 8F|F_FS + BYox aF‘F_FS >0 (1 29)
By (5) and (6):
or .,
and
OF' E(1l—E)p 1 +p1—1)—pF

1+ 6(1—1)—plit+ E[Ap — pAF)|
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Assuming differentiability of the value function, the envelope conditions are:

SP
Wa—(II’E) = [-1+Ep" + (1 — B+ FS"*EpA|U + 1 — e+
ovsP(I' BN oI OVSP(I',E'") OF"
ar a1 T am oI (132)
and
OVSE (I, E) oVSE(I', E"OE" 9V P(I',E') oI
) — ] T_ R SPx, A ) ) - (1.
OF P U e o o 1Y)

Suppose by contradiction that the planner prescribes at rate one for all state

variables. Then, I — B_/BPR and £ — 0. Notice that g—g — 0 and %—% — 0 as well,

and that the derivatives of the value function are finite in the limit. The planner’s

first-order condition converges to:

B —pt
B

which is incompatible with a positive F'*, a contradiction.

—C

<0 (1.34)

O
Proof of Theorem 2

The monopolist’s market share is:

Pr (prAU +e—1> 0) = fEpU (1.35)

Hence the Bellman equation is:

VM(I,E;0) = max {[1 — cf|fEp*UT 4 VM (I, E; 0)} (1.36)
such that (5), (6), f € [0,1],F = f2Ep*U
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The first-order condition for a positive f}; is:

oVM(I' E';0) 0l OVM(I' E' o) OF'
1-2f1,c| Ep UI+6 e 2 _p | >0 (137
The effect of the monopolist’s prescription rate on the states is:
I/
or _ —EIp*(2fEptU) (1.38)
of
and
OE' E(l—E)pA[1+8(1—1)—p~

L+ B(1—1)—pft+ E[Ap — pA f(fEpAU)]

Assuming differentiability of the value function, the envelope conditions are:

OVM(I, E;0) .1 o A OVM(I' E'so)0l'  OVM(I' E';0)OF'
e L T T A TR
(1.40)
and
OVM(I, E;0) .o A OVM(I' E';0)0E"  OVM(I' E';0) 0l
o Ll U e e e YO ok

(1.41)

In the steady-state, I = I’ and F = E’. The monopolist cannot have a steady-state

in which E = 0 because F = f2EpAU which for low enough FE is below the threshold
%. Enough patients stop going to see the monopolist that he cannot maintain an

aggregate prescription rate high enough to drive effectiveness to 0. There are two
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possible steady-state configurations: one with an interior level of effectiveness and
one in which effectiveness equals one.

In an interior steady-state, the envelope conditions are:

aVM(I_M,EM;O') [1 —ch]fMEMpAU

= 1.42
o1 T3~ (3 - )] 142
and
VM (Ly, By) 11— cful 3 fup’U e
OF B 1-46 ‘
Using the fact that in an interior steady-state, fZ EypiU = %, the interior

steady-state first-order condition can written as:

Ap f—p
Py B
) 51 — ¢l Ap* 01— cfu] _ A
([1_26]0]\/[]_1 T —pr)]Q(pA2Uf]%4)_ 1= 2A (1_(pA2Uf]%/[))) >0

such that fi; € (pﬁ—ng]%a 1]

In the steady-state in which effectiveness equals one, the steady-state envelope

condition governing infection is:

aVM(jM,EM;O') _ [1 —CfM]fMpAU (1 45)
oI 1—6(1—(8—p" — f3p*20)) '
and since g—? = 0 in this steady-state, the monopolist’s the steady-state first-order
condition when effectiveness is one can be written as:
= ; [1 — cfa2p™U f3;
LuptU (1—2ch ) 7 =0 1.46
e O\ = 26h] = 05— = = o) 140
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r = _ T _r2 A2
such that fy € |0, pAA—sz]%],[M — W

Notice that either Equation 1.44 or 1.46 admits a solution.

I now argue that the monopolist’s steady-state level of effectiveness Ey; — 1 as
§ — 1. Suppose by contradiction that Ej; is bounded away from 1 for all §. This
means that fj; is bounded above [pﬁ—fU]% for all 0.

Notice that for all values of 9, the first two terms in the monopolist’s interior-steady
state first-order condition (1.44) are finite. However, because fj; is bounded above
[pf—QpU]%, the third term of the monopolist’s first-order condition becomes arbitrarily
small as 6 — 1. Hence for high enough 9, the monopolist’s first-order condition
becomes negative, a contradiction. Therefore, the monopolist’s steady-state level of

antibiotic effectiveness tends towards one as the monopolist becomes patient.

I now argue that for sufficiently high o, the monopolist’s steady-state level of

infection is Ip; > ﬂ_‘%. Suppose this was not the case. Since Ey; — 1 and I, = 5_ﬁpr’
as 0 — 1, the monopolist’s first-order condition tends to:
Ap \1
Ap 1 [1 — A2U)2}
1—-2 2| — P 2Ap < 0 1.47

which is negative by assumption Al. Hence, a sufficiently patient monopolist has
an inefficiently high steady-state level of infection.

OJ

Lemma 1

I now state and prove a lemma that will be used in proving Theorem 3.

Lemma 1: Suppose that 1.46 is negative for some f € [0, 1]. Then, the the equation
is negative for all f > f.

Proof:

Re-write (1.46) as:
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[1 — cfll2f*p**U]
1=06(1—=BI(f))

where I(f) = M. Suppose that the expression is negative at f. Differen-

[1—2¢f] -6 (1.48)

tiating with respect to f gives:

Afp*?U[1 - Scf) (1 —6(1— 5I(f))> — (1= cf)2fpUs5;
(1-6(1—p1())’

(1.49)

which is negative unless [1 — Scf] (1 —5(1 - B](f))) is sufficiently negative.
However, if [I — S¢f] < 0, then [1 — 2¢f] < 0, which means that 1.46 is negative
anyway. Hence, if 1.46 evaluated at f is negative, then 1.46 is negative for all f' > f.

O

Proof of Theorem 3

Let ¢ be sufficiently high that the monopolist’s steady-state level of infection is

I > %. By the analysis in Appendix B, the duopolist’s first-order condition is:

1 aVO(I'. E'- 3 )
[1—QCfZS]EpAUI+§C(EpAUfB)21+5%(—EIPA)(2EpAUfD—§(EpAUfD)2)+
OVP(I' E';0) —E(1— E)p*[1+ (1 —1)—pR|(2Ep*U f}, — 3(Ep*U f})?)

OF' :
1+p(1—1)—pi+ E(Ap —pA(fp(1—(1—- EpAUfE)Q)))}
1

J

>0 (1.50)

The envelope condition governing infection is:

OVP(I, E; o)
ol

OVP(I' ;o) £+58VD([,’ E':0)0F
or ol OFE' oI
(1.51)

= (el 5 (- Bp U f3) 5
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The envelope condition governing effectiveness is:

ovV(l,E;o) . v per Arr e OVP(' E0)0I  OVP(I',E';0) O
(1.52)

If the duopolist has an interior steady-state level of effectiveness, then the monopo-
list automatically has a higher level of infection. Suppose the duopolist has a steady-
state in which effectiveness is one. For notational convenience, let a = pAU. The
steady-state first-order condition in which antibiotic effectiveness is one can be written

as:

[1— cfpllafp — @2V

[1 — QCf_D]CLTD + %C(CLJFD)21D + (5 <_[BpA)(2af_ - ;(af_D)2> = 0

1—6(1—BIp)
(1.53)
such that (fp(2afp — (afp)?)) < %JFD €0, f]
where f is defined implicitly by the equality:
- = A
2af? —a*f* = =L (1.54)
p

I will show that if the monopolist were to implement the duopolist’s steady-state
level of infection, then his first-order condition would be negative. By Lemma 1, this
means that the monopolist must pick a higher level of infection, proving the claim.

The aggregate prescription rate in the duopolist’s steady-state is:

F = fp(2afp — (afp)?) (1.55)

For the monopolist to implement the duopolist’s steady-state level of infection,

the aggregate prescription rate must be the same, so the monopolist must set:
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fira= fp(2afp — (afp)?) (1.56)

or fM = fD<2 - CLJFD)W-
The monopolist’s steady-state first-order condition evaluated at the duopolist’s

steady-state level of infection is:

_ _ _ _ A f A f.\1/2 2 r2 A N\NT. A
[1_2CfD(2_afD)1/2]CL[D—5(1 cfo(2 Cifi)>5(1)ia@>][il;§2 afp)lpp

The objective is to show that this expression is negative. Recall the positive current

(1.57)

period marginal payoff requirement. In order for this expression to be non-negative,

it is required that:

[1—2¢fp(2 —afp)/?] >0 (1.58)

Because [1 — 2cfplalp + ic(afp)?Ip >[I — 2¢fp(2 — afp)'/*|alp, Equation 1.57

is less than:

[1— efpllafp — 2L
1— 681 — BIp]

(1—cfp(2 — afp)'/?)2d*[3(2 — afp)[pp”
1—6(1 - BIp)
(1.59)

(Top") 205 (fp)?) 0

It suffices to show that 1.59 is either negative (which would imply that 1.57 is
negative) or that the monopolist’s current period positive marginal payoff requirement

is violated (which would also imply that 1.57 is negative). 1.59 is negative if:

(a.fp)”

(1—CfD(Q—afD)1/2>2a2f%(2—af0) > [1—cfpllafp— 5

]@mb—gmﬁﬁ%(Lm)

Dividing both sides by 2a2f2(1 — %) and subtracting the right-hand side from

the left-hand side yields:
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1—2cf4(2— afy)? +Cfd+§1afd(1_c) (1.61)

This expression is positive unless the monopolist’s positive current period marginal
payoff requirement is violated. Either way, the implication is that Equation 1.57, the
monopolist’s steady-state first-order condition evaluated at the duopolist’s solution,
is negative. By Lemma 1, the monopolist’s first-order condition is negative for all
higher prescription rates, and so to reconcile the first-order condition, the monopolist

must have a strictly higher steady-state level of infection than the duopolist.

O

1.8 APPENDIX B

In this appendix, I derive the oligopolist’s equilibrium first-order condition. The

oligopolist’s Bellman equation when there are n total providers is:

V(I E;0) = max {[1 — efIQF, fL B 4+ V(T B 0)} (1.62)

such that (5), (6), F = S0, fiQ(f, f~, E), f € [0,1]

The first-order condition for a positive f* is:

o(f' f, E)

[1—cf]

fi:fz‘*[ — CQ(fi*, fﬁi*, E)I-'-

af

OV(I', E';0) OT OF OV(I', E';0) OF OF

- < == 1 — fix | fi— fix > .
o arop T am  arpapirm =0 (169
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To calculate the first-order condition, I need the functions that govern the marginal
effect of the oligopolist increasing his prescription rate on his market share, the equi-
librium market share, the aggregate prescription rate, and the marginal effect of the
oligopolist increasing his prescription rate on the aggregate prescription rate.

Let N denote the set of doctors and suppose there are n total doctors. Consider
doctor i who prescribes antibiotics at rate f*. Let the remaining n—1 doctors prescribe
antibiotics at the symmetric rate f. Then the probability that a consumer is willing

to pay the fee to see provider i is:

Qf', f ", E) = Pr (Ui(fi,si,E) > U'(f, el E) for j=0,...,i—1,i+1, n> (1.64)

This is the probability that a patient prefers provider ¢ to all other providers and
is preferred to the outside option. Since the other n — 1 providers prescribe at the

symmetric rate f, this can be written as:

Q(ft, f,E) = Pr (fiEpAU+6i—1 > oﬂfiEpAU+ai > prAUerjz\x[}\; €j> (1.65)
JE€ 7

To ease notation, let a = EpAU. Using the Law of Conditional Probability,

Q(f,f,E)=Pr(c">1— fla)Pr(¢" — max &’ > (f — fi)a|5i >1— f'a) (1.66)

JEN\i
since ' ~ U[0, 1] Equation 1.66 can be re-written as:
QS E) = flaPr(e’ — maxe! > (f = fale’ > 1~ f'a) (1.67)
JE 7
I now focus on the latter term of Equation (81). This is the probability that
provider i is preferred to all other providers conditional on i being preferred to the
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gl -max e =(f-fi)a
gl -maxg =0

fi=f

gl -max g =(f-fila
fi<f

max &j

0 1-afi 1
i

Figure 1.19: Illustration of parameter values for which ¢ is preferred

outside option. Note that since there are n total providers including ¢, the distribution
governing the maximum idiosyncratic utility a patient receives from the other (n —1)

providers is

I~ —1.1 1.68
max e p(n—1,1) (1.68)

which has the probability density function f(x) = (n — 1)z" 2.

I illustrate graphically the probability that provider ¢ is preferred to all other
providers conditional on ¢ being preferred to the outside option in Figure 1.19.

e’ runs along the x-axis and Jlgj%ii ¢’ runs along the y-axis. Conditioning on the fact
that ' > 1— f'a, restricts the range of admissible values for . The iso-difference line

gt— m]%>\< e/ = (f — f")a gives the value of & that makes the patient indifferent between
VISIAAY
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seeing provider ¢ and the next best provider, given prescription rates and a value for
]renj%:i{z 7. The region below (above) the iso-difference line are the parameter values for
which provider i is preferred (not preferred) to the best of the other providers.

The probability that provider i is preferred to all other providers conditional on
being preferred to the outside option is the weighted region of admissible values
under the iso-difference line divided by the weighted region of all admissible values.
The region of admissible values has weight af*.

The probability - and hence Equation 1.67 - is a piecewise function. I derive this
expression for f* > f. In equilibrium, all providers will prescribe antibiotics at the
same rate, but this more general derivation is necessary to describe the marginal effect
of the oligopolist increasing his prescription rate on his market share. It can easily be
verified by performing the equivalent exercise for f¢ < f that the derivative at f* = f
exists.

For simplicity, I calculate the weighted region of values for which ¢ is not preferred,
divide by the weight of admissible values af*, and then subtract from one. The region
for which i is not preferred is the triangle demarcated by the vertical line at &' =

1 — af?, the corresponding the iso-difference line, and the top of the graph.

Lra(f—r 1
/ [ (n—1)y"Ddydx
1afi aa(f—fi)

Pr(ai —max e’ > a(f — f9)

FEN\

€i21—afi)—1— of
(1.69)

—1— L _ (zap—d
fz nafz

For fi > f provider i’s market share is:
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Pr(e —max &/ > a(f—f) ﬂs >1— af’) —afl<

JEN\L

S _(—af)" -1
TARET ST

To calculate the marginal effect of the oligopolist increasing his prescription rate

on his market share, differentiate 1.70 with respect to f* to get:

oS, f E)
ofi

To calculate i’s equilibrium market share, set f* = f to get

(7,8 =1 (1- 1= a) (1.72)

The equilibrium aggregate prescription rate is:

F:fPr(I]ne%(gj >1—af)=f(1-(1—-af)") (1.73)

To calculate an individual oligopolist’s equilibrium marginal effect on the aggre-

gate prescription rate, consider the more general formulation,

F=fQf, f " E)+ fPr( max &/ —e' > a(f' — f){ | maxe! > 1 — af) (1.74)

JEN\i JEN\i
This expression is to be differentiated with respect to f* and evaluated at f* = f.

The first part of this expression is derived using Equations 1.71 and 1.72. Focusing

on the second part of the expression and using the Law of Conditional Probability,

fP’l"(HlaXEj—Ei za(fi—f)ﬂmang > 1—af)

JEN\i JEN\©

fPr(max&?J > 1—af)Pr<maX5j—€i >a(f' — f)

JEN\i JEN\I

max &/ > 1 — af) (1.75)

JEN\©
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Note that

Pr(jrg]%iiiej >1- af) = / (n—1)2"2de =1—[1—af]"* (1.76)

l—af

The last component then is a closed-form expression for

Pr(maxsj—si >a(f' - f)

JEN\

max &/ > 1 — af> (1.77)

JEN\
I derive this for f > f? using a similar process as before, which can then be differen-

tiated and evaluated at the symmetric equilibrium in which f = f?.

For f > f1,

I+a(f'—f) 1
S (n= 1)z Pdydx
Pr| maxe/—&' > a(fl—f) max &) > l—af ) =1- l—af z—a(fi—f)
jeni jemi© = —[l—af]?

(1.78)

_ 1 _ plte =t i-af]" —-af)" T 1 ta(f'— /)]
- 1-[1—af]n-1

For f > f% Equation 1.75 can be re-written as:

fPr (ma:cjeN\iaj —&' >alf - f) ﬂmaxjeN\iej >1-— af) =

Mtalfi—-fHr+ 21 —af]” = [1 —af" 1 +a(f —
f((l—[l—af]n_l)(l_N[ relfZ s nl[_[l f]af]n[l ULt f)]))

(1.79)

Using Equations 1.71, 1.72, and 1.79, I can calculate the marginal effect that
increasing an oligopolist’s prescription rate has on the aggregate prescription rate in

the symmetric equilibrium.
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OF
Of =y

i e 1 " o

= Q(f, /7, E)+ fa— fataf(1—af)'™ = ~[1-(1—af)") +af(1-af)""!
(1.80)

I can now write the first-order condition that governs the oligopolist’s symmetric

Markov Perfect equilibrium. Incorporating Equations 1.71, 1.72, and 1.80 into the

first-order condition for a positive f* gives:

oV (I',E';0)

[1—cf*]a]—c%[1—(1—af*)"]]+5 T

(~EIp") (- [1-(=af*)"[af* (1=af ')+
OV(I',E';0) —E(1 — E)p*[1+ 81 —1)—p"|(2[1 — 1 —af*)"| + af*(1 — af*)" ")

—E 1+6(1—I)—pR+E<Ap—PA(f*(1_(1_af*)n)>)]2

>0 (1.81)
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CHAPTER 2

CoURT DELAY, FIRM ENTRY, AND WORKER SAFETY

2.1 INTRODUCTION

Courts are frequently called upon to resolve disputes between contracting parties.
However, court delay, a common feature in many jurisdictions, can undermine a
court’s effectiveness. This chapter studies an economic model in which delay limits
the court’s ability to implement a welfare enhancing liability scheme. The context is
worker’s safety, but the model applies to cases of product safety as well. The model
describes how delay affects a firm’s decision to enter a market and invest in worker
safety. After analyzing the economic effects of delay, I argue that the model provides
support for applying prejudgment interest to accident claims, a policy that states
currently stand divided on.

A central feature of the model is an information asymmetry between firms and
workers that creates scope for a liability scheme. Workers are unaware of the safety
risk at a particular firm, but know the expectation of risk across the industry. In
the absence of legal intervention, workers demand an ex-ante wage from the firm
as compensation for risk. Due to the information asymmetry, a firm’s investment in
safety lowers the market wage by less than the social value of the investment, which
incentivizes under-investing in safety. In this setting, a court can induce beneficial

investment in safety by holding firms liable for damages.
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In fact, if the court were perfect - which in the context of model studied here would
be a court with no delay - then court intervention could induce the optimal safety
investment. In this ideal setting, the court could award damages to injured workers
that exactly compensates for the loss from an accident. The court acts as a commit-
ment mechanism that binds the firm to paying the full social cost ex-post an accident,
thus giving the firm proper incentive to invest in safety ex-ante. Efficient investment
would occur despite the information asymmetry between firms and workers.

The model here describes a court that suffers delay in dispensing justice. I take
the view of the legal proverb ‘justice delayed is justice denied.” In the model, delay
limits the court’s ability to compensate injured workers after an accident. Workers,
aware that they can only be partially compensated by the court, demand a wage that
compensates for the remaining expected risk of employment. Workers are thus com-
pensated for damages by a mix of the investment-inducing court and the investment-
deterring wage. As delay increases, the reliance on the wage as the mechanism for
compensation over the court becomes stronger.

The analysis of firm behavior is divided into two cases: one in which firms are
symmetric with respect to their safety investment technology and one in which a
high-type firm has superior investment technology to a low-type firm type.

In the symmetric case, firms choose the same accident probability which, due
to court delay, is higher than is socially optimal. Workers cannot directly observe
the firm’s accident probability, but due to symmetry infer the accident probability
and demand a wage that fully compensates for the loss from court delay. Symmetric
firms therefore bear the full burden of the under-investment in safety. As court delay
increases, firms invest less in safety, even though the equilibrium outcome is for profits

to fall even further. This effect can become strong enough to prevent otherwise efficient
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firms from entering market, where efficiency refers to a firm’s ability to generate
positive social welfare through production.

In the asymmetric case, as in the symmetric case, firms under-invest in safety.
Under natural assumptions about the investment technology, the high-type firm has a
lower accident probability than the low-type firm. Due to the information asymmetry,
both firm types pay the same equilibrium wage. Workers at the high-type firm are
therefore over-compensated for the expected damages from employment and workers
at the low-type firm are under-compensated. This is effectively a wage subsidy from
the high-type firm to the low-type firm.

As in the symmetric case, when court delay increases, firms invest less in safety.
While this unambiguously drives down the profits of the high-type firms, the increase
in delay can increase the profits of the low-type firms. This is because increasing
delay increases reliance on the wage, which is subsidized for the low-type firm by the
high-type firm. However, because increasing delay also increases the high-type firm’s
accident probability, increasing delay can eventually lower the value of this wage
subsidy. Due to these effects, delay has more subtle effects on the entry behavior of
asymmetric firms than symmetric firms. The paper focuses on the case in which the
high-type firm is efficient and the low-type firm is inefficient.

Courts with sufficiently low delay generate a separating equilibrium in which effi-
cient firms are active and inefficient firms are inactive. By forcing firms to bear most
of the social cost of accidents, the low delay court is able to incentivize firms to make
the socially correct entry decision. However courts with high delay may generate
a pooling equilibrium in which both efficient and inefficient firms are active. This is
because as court delay increases, the wage subsidy can become large enough to induce

inefficient firms to enter the market.
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The key takeaway from the model is that delay does not merely transfer welfare
between plaintiffs and defendants: delay causes a welfare loss by encouraging firms to

under-invest in safety and enter inefficiently.

A policy that can mitigate this effect is applying prejudgment interest, which is
interest that begins to accrue from the time an injury, to damages. As discussed
in Section 5, states differ widely in applying this multiplier. This chapter offers an
economic argument in favor of applying prejudgment interest. Interest on damages can
partially compensate an injured worker for delay in legal proceedings. By making firms
more closely pay the true cost that workers bear for accidents, applying prejudgment

interest encourages firms to make more beneficial investment and entry decisions.

The rest of the paper will proceed as follows: Section 2 discusses the related
literature. Section 3 describes the model. Section 4 presents the main results. Section

5 concludes.

2.2 RELATED LITERATURE

Although observers have written about court delay since at least the ancient Greeks!,
the economics literature begins more recently with the work of Landes (1971) and
Priest (1989). Their work focuses on how delay affects the decision to settle or proceed
to trial in criminal and civil cases. Gravelle (1990) argues that some delay can be
welfare enhancing because it prevents socially wasteful civil litigation from proceeding

to trial. Chemin (2012) exploits a court reform in India that was enacted at different

Lawyers and Litigants in Ancient Athens: The Genesis of the Legal Profession, Robert
Johnson Bonner, pg 89

64



times by provinces and found that lowering court delay led to fewer contract breaches
and increased pre-contractual investment, a result consistent with the present model.

Closer to the spirit of the present chapter are Vereeck and Miihl (2000) and Chappe
(2012). Vereeck and Miihl fix a plaintiff and a defendant and study how delay affects
their willingness to invest in safety. Chappe studies a model in which defendants
choose to engage in actions that harm potential plaintiffs and delay affects a plaintiff’s
willingness to file suit.

This chapter adds to the literature by studying a model of court delay in a market
setting with an endogenous participation decision by plaintiffs (workers) and defen-
dants (firms). The chapter can thus shed insight on the broader economic effects of
court scarcity rather than the effects on a particular conflict or set of contracting
agents as typically studied in the literature. Specifically, the chapter studies how
court delay endogenously affects workers’ safety and wages, the market output, and
the quality of active firms.

The chapter relates more generally to the extensive literature studying how courts
can resolve inefficiencies stemming from information asymmetries. A small sample of
the literature includes Ayres and Gertner (1989) and Bebchuck and Shavell (1991)
which study how default rules can promote welfare enhancing information disclosure,
and Anderlini et al (2011) which studies how a court that commits to voiding certain
contracts can prevent inefficient pooling. This chapter also studies how a court can
resolve inefficiencies resulting from information asymmetries. However in the model
here, the court acts as an ex-post compensation mechanism that commits the firm
to paying some of the cost of accidents. This decreases the reliance on the wage, an
imperfect tool for encouraging investment due to the information asymmetry, as the

compensation mechanism.
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2.3 THE MODEL

There are three components to the model: courts, firms, and workers. Each are con-

sidered in turn.

2.3.1 COURTS

Courts are modeled as a black-box process that award a settlement on a case after
an exogenous delay of time 7. Delay can be thought of as arising either through
congestion of the court system or simply because legal proceedings take time.?

I assume that all accidents are verifiable by the court and cause the worker dam-
ages d. However because of delay, injured workers only recover a fraction of the original
damages from the firm in court. Let f¥d, where f < 1, denote the fraction of the
original damages that injured employees expect to recover in court.

That delay causes a loss to injured workers that the court cannot account for is
a critical assumption of the paper, and so it is worth elaborating on. As discussed
in Section 5, some states do not award prejudgment interest on damages and so
discounting causes a loss to the plaintiff. Even if the court does award prejudgement
interest, there are other costs caused by delay. If workers can only access incomplete
financial markets, then court delay can cause injuries to heal improperly because some
workers may be unable to seek care until there is legal resolution. Further, evidence
decays over time. Thus it seems reasonable to assume that court delay harms the
plaintiff, the party who has been wronged in the framework described here.

When there is no delay, f® = 1 and the injured worker always recovers full dam-

ages. However, as T increases, the effect of decaying evidence is felt and the injured

2Delay can be made endogenous by modeling the court as a queueing process, but because
this complicates the analysis without adding intuition, I assume delay is exogenous.
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worker’s expected payoff from the court decreases. The parameter f can be inter-
preted as the rate that the court payoff is discounted. As f decreases, the effects of

delay are felt more strongly.

2.3.2 FIRMS

Risk-neutral firms observe T" and decide whether or not to enter the market. Active
firms make an unobservable, costly investment in safety. Production and injury risk
happen discretely. Firm ¢ chooses an accident probability «; at cost ¢;(1 — ay). It
is assumed that ¢;(.) is strictly increasing, strictly convex, that ¢;(0) = 0, and that
aliiglo ¢i(1—a;) = 400. After the investment, the firm hires a sequence of single-period
workers at the equilibrium wage w and production begins. Workers occasionally get
injured during the production process. The injured worker takes the firm to court,
where the firm has a loss of f7d.

I assume that the value of the firm’s per-period output is ¢, regardless of the
number of active firms, and that the firm captures the entire value of its output. The
analysis when there is consumer surplus or welfare effects from competition (through
increased production) is essentially the same.

Conditional on entry, firm 4’s problem is to choose an accident probability «; at

time 0 to maximize profits:

I1; :Z§t(q—w—aide) — (1 — ) (2.1)

t=0

where 0 < 1 is the discount factor. Firm profits have four components: the value
of goods created, the cost of wages, the cost of law suits, and the cost of the safety
investment. Firm profits must be weakly positive in order for the firm to enter the

market.
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2.3.3 WORKERS

Risk-neutral workers do not observe the safety level at each firm, but know the distri-
bution of safety across the industry. Since workers are partially compensated for the
costs of an accident by the court, they demand a wage that compensates them for
their expected loss not covered by the court. In each period there is equal probability

of employment from any of the firms, and so the worker accepts a job offer if:
w> lia-du—fﬁ (2.2)
- n — K3 N

Given firm profit maximization, in equilibrium this must hold with equality.
Note that it is implicitly assumed that between the court and the wage the worker
is fully compensated for risk, that the worker’s outside option is valued at zero, and

that there is no surplus sharing between the firm and worker.

2.4 RESULTS

I briefly review the order in which events unfold in the model. The court is endowed
with some delay 7T'. Firms observe T" and decide whether or not to enter the market.
Firms observe the other firms who are active and then make their safety investment.
Workers are hired and production begins. Due to the firm’s two stage decision process,
I focus on sub-game perfect equilibria. Before solving the model, it will be helpful to

introduce a few definitions.

Definition: o] is the socially optimal accident probability for firm ¢
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o is the accident probability that minimizes the social costs of production at firm
1, which are the cost of investing in safety and the cost of future accidents. o is the

solution to the following problem:

min Z Stayd + ¢;(1 — o) (2.3)
Y=o

The solution is characterized by the first order condition:

d
(1 —af) = —2. 2.4
Cl( al) 1 _ 6 ( )
o . . .. . . —aXd %
Definition: Firm i is efficient if 557 > ¢;(1 — o)

A firm is efficient if the value of its output is greater than the cost of accidents
and investment for some feasible safety investment.
Definition: Firm j is inefficient if % <¢i(1—aj)

A firm is inefficient if the value of its output is less than the cost of accidents and

investment, even with the optimal safety investment.

I now analyze firm behavior in the model. For simplicity, I focus on the case in
which there are n = 2 firms, although all of the results generalize to arbitrary n. I let
ag(T) and II,(T) denote firm k’s equilibrium accident probability and profits from

entering respectively when there is court delay of length T

2.4.1 SYMMETRIC FIRMS

I first look at the effect of court delay when firms are symmetric. Firms are symmetric

if they have the same safety investment technology.

69



Definition: Firms i and j are symmetric if ¢;(1 — a) = ¢;(1 — «) for all « € [0, 1]
Throughout this section, I assume that firms are efficient.

Theorem 1

If q, the value of output, is sufficiently high, then for all T:

1. Firms enter with probability one.

2. Firms have the same accident probability, which is higher than the socially
optimal accident probability, i.e. a;(T) = a;(T) > o*.

3. The accident probability is increasing in court delay, i.e. % > 0 for k =1,7.

4. Profits are decreasing in court delay, i.e. 8Ha’“—T(T) <0 for k=1,j.

Theorem 1 finds that court delay causes active symmetric firms to under-invest
in safety. Due to court delay, workers are partially compensated for risk through the
ex-ante wage. The social benefit of investing in safety is a decrease in the discounted
future cost of accidents. Workers, however, are unaware of firm-level risk and so
lowering the future cost of accidents at a particular firm only lowers the market wage
by a fraction of the social benefit.

Firms are symmetric and have strictly convex cost functions, and so active firms
pick the same accident probability. Workers can therefore infer the accident proba-
bility and demand a wage that exactly compensates for the risks from employment
that the imperfect court cannot cover. Symmetric firms thus ultimately bear the full
burden of the under-investment in safety.

As court delay increases, there is greater reliance on the wage as the compen-

sation mechanism over the court. This lessens the return from investing in safety,
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incentivizing firms to invest less in safety, even though equilibrium profits are driven
down even further. In Theorem 1, the value of a firm’s output is sufficiently high that
firms earn positive profits regardless of court delay, ensuring that firms always enter.

The next result looks at how delay can affect firm entry.

Theorem 2

If q is sufficiently low, then there exists a T such that:

1. For all T < T, firms enter with probability one.

2. For all T > T, there exists an equilibrium in which firms enter with probability

p(T) < 1. This probability is decreasing in T.

Theorem 2 describes the effect of changes in court quality when the firms are
less productive than in Theorem 1 (although still efficient). When court quality is
high, firms behave similarly to the scenario described in Theorem 1. However, when
the court quality is sufficiently low, equilibrium profits when both firms are active
are driven below zero, in which case firms will no longer enter with probability one.
There is a mixed strategy equilibrium in which both firms enter the market with some
positive probability that is less than one. The longer is court delay, the lower is the

probability of entry.

2.4.2 ASYMMETRIC FIRMS

I now turn to the effects of court delay when firms are asymmetric. I focus on a simple
version of asymmetry in which a high-type firm has superior investment technology

compared to a low-type firm.
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Definition: Firm 4 has superior technology to firm j if V a € [0,1), ¢j(1 — a) >
a(l—a).

That is, firm ¢ is superior to firm j if the cost of ¢’s investment increases at a
slower rate than the cost of j’s investment for any given accident probability. The

first result about asymmetric firms is stated below.

Theorem 3

Suppose that firm i is superior to firm j. If q is sufficiently high, then for all T:

1. Both firm types enter with probability 1.

2. Both firm types under-invest in safety, i.e. ayp(T) > aj for k =1, j.

3. The superior firm has a lower accident probability, i.e. o;(T) < a;(T).

4. The accident probability at each firm is increasing in delay, i.e. %‘8’“—}:” < 0 for
k=1i,j.

oI (T')
or

5. The superior firm’s profits decrease in court delay, i.e. > 0.

6. The inferior firm’s profits can increase or decrease in court delay, i.e.

oI (T) >
b 20,

Theorem 3 finds that when active, both firm types under-invest in safety relative
to the social planner. The intuition is the same as when firms are symmetric: investing
in safety lowers the wage by less than the social value of decreased accidents. However,
the high-type firm has a lower accident probability than the low-type firm.

As court delay increases, both firm types invest less in safety, again for the same
intuition as with symmetric firms. Interestingly, while increasing delay negatively
affects the superior firm’s profits, increasing delay has ambiguous effects on the inferior

firm’s profits.
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This is because because of a wage subsidy from the high-type firm to the low-type
firm. The source of the wage subsidy is the information asymmetry between firms
and workers, which causes both firm types pay the same market wage. Workers at the
high-type firm are ex-post over-compensated by their firm since they were partially
compensated for the possibility of becoming employed at the low-type firm. For the
same reason, workers at the low-type firm are ex-post under-compensated by their
firm. By lowering the cost of labor, the high-type firm is essentially giving a subsidy
to the low-type firm.

As delay varies, the value of this subsidy to the low-type firm changes, which affects
profits. Increasing delay increases the use of the wage, which increases the proportion
of the low-type firm’s costs that can be subsidized by the high-type firm. However,
increasing delay causes the high-type firm to increase his accident probability, which
can lower the value of the wage subsidy. This subsidy is a key driver of entry behavior
when firms are asymmetric. I focus on the case in which the high-type firm is efficient

and the low-type firm is inefficient.

Theorem 4
Suppose that firm i is efficient and that firm j s inefficient. Then, there exists a
T such that for T < T the efficient firm enters the market and the inefficient firm is

mactive.

Theorem 4 finds that courts with sufficiently low delay generate a separating
equilibrium in which only the efficient firm is active. Low delay courts reimburse
workers for most of the cost of accidents, which limits the use of the wage as the
mechanism for compensation and forces firms to bear most of the social cost of their

investment decisions. Firms thus make the socially correct entry decision.
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Figure 2.1: High levels of delay generate a pooling equilibrium

However, as delay increases, the court loses the ability to reimburse workers for
the cost of accidents and the wage subsidy to the inefficient firm can become high
enough to induce entry. [ now present a numerical example in which high delay courts
generate a pooling equilibrium in which both efficient and inefficient firms are active.

Consider the parameter values 6 = .95, f = .93, ¢=2.45,d=05, ¢; = O% — 3, and
cj = 0% — 5. The efficient firm ¢ always has positive profits regardless of the inefficient
firm j’s behavior, and so always enters. Firm j’s profits from entering as a function
of court delay are plotted in Figure 2.1.

For values of court delay to the left of the bar, firm j has negative profits from
entering, and so remains inactive. Low delay courts generate a separating equilibrium
as discussed in Theorem 4. However firm j’s profits are initially increasing in court

delay - and for values of delay to the right of the bar, profits become positive. The

wage subsidy from the efficient firm to the inefficient firm has become high enough
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Figure 2.2: Intermediate levels of delay generate a pooling equilibrium

that the inefficient firm is induced to enter. High delay courts can thus generate an
pooling equilibrium in which both firm types are active.

Increasing delay increases reliance on the wage as the tool for compensation, which
increases the proportion of the inefficient firm’s costs that can be subsidized by the
efficient firm. However, increasing delay also increases the accident probability at the
efficient firm, which lowers the value of the subsidy to the inefficient firm. These
factors can cause the inefficient firm’s profits as a function of delay to take on an
inverse-U shape.

Because of this inverse-U shape, it is possible for low delay courts to generate a
separating equilibrium, intermediate delay courts to generate a pooling equilibrium,
and high delay courts to generate a separating equilibrium. Let the value of output
be ¢ = 2.44. Firm j’s profits from entering as a function of court delay are plotted in

Figure 2.2.
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At low values of delay, the court generates a separating equilibrium by forcing
firms to bear the social cost of their actions. As delay increases to an intermediate
value, the wage subsidy to the inefficient firm can become high enough to induce
entry. However, as delay increases, the efficient firm’s accident probability rises. This
eventually lowers the value of the wage subsidy to the inefficient firm. As Figure
2 demonstrates, this effect can become strong enough that under very high delay,
inefficient firms do not gain a high enough subsidy to warrant entry. Hence, high

delay courts can generate an efficient separating equilibrium.

2.5 (CONCLUSION

This chapter presents an economic model of court delay in which delay limits the
court’s ability to implement a liability scheme. Delay generates several inefficiencies.
First, delay decreases a firm’s incentive to invest in worker safety. Second, delay can
cause inefficient entry decisions. When firms are symmetric, delay can induce efficient
firms to exit the market. When firms are asymmetric, delay can induce inefficient
firms to enter the market.

A policy that can mitigate the effects of court delay is applying prejudgment
interest to workers’ compensation claims. Prejudgment interest is interest on a legal
award applied from the time the injury occurs until a court awards damages.

State policy over awarding prejudgment interest on accident damages awards
varies dramatically. In California, for example, the State Supreme Court ruled that,
“interest under Civil Code section 3287 properly accompanies reinstatement and a
backpay award in order to make the employee whole” (Currie v. Workers’ Comp.
Appeals Bd, 24 Cal 4th 1109, 2001). On the other hand, in Minnesota, Civil Pro-

cedure Chapter 549 Section 9 explicitly forbids awarding prejudgment interest on
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workers’ compensation awards. Still other states, such as Missouri, allow prejudg-
ment interest only if certain conditions are met (McCormack v. Stewart Enterprises,
956 S.W. 2d 310, 1997).

The model presented in this chapter gives an argument in favor of applying pre-
judgment interest to workers’ compensation claims. Recall that court compensation
for an accident is given by f7d. Applying prejudgment interest in the model is equiv-
alent to increasing f, which increases the worker’s compensation from the court fol-
lowing an accident. By more closely compensating the worker for the costs of an
accident, prejudgment interest can encourage firms to make better investment and

entry decisions.

2.6 APPENDIX

Throughout, I let ay(T") denote firm k’s equilibrium accident probability when there
is delay 7" and o the socially optimal accident probability.

Proof of Theorem 1

Conditional on entry, firm ¢ solves the problem:

max ¢ — i 5t(%(az‘ +ay)[1 = fTd + Oéz'de) —ai(l — ) (2.5)
’ t=0

which has the equilibrium first order condition:

1~ o) = LT 26

Note that if 7' = 0, then the firm chooses the socially optimal accident probability.

However if T' > 0:

30—+ [T d
=6 -5

= (1 — (7)) < (1l —af) (2.7)
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Because ¢;(.) is strictly convex, «;(T") > a*. Further, because of symmetry and
strict convexity of the cost functions, firms ¢ and j choose the same accident proba-

bility.

To show that the accident probability is increasing in court delay, re-write the

first-order condition in a manner amenable to using the Implicit Function Theorem:

gd(1— f1) + f7d _

41— a(1)) - 2 0 (2.8)
By the Implicit Function Theorem:
. LT
Ooi _ 5df'log(f) -0 (2.9)

T~ d(1—ay)(l—0)

This expression is positive because log(f) < 0 since f < 1 and /(1 — ;) > 0 by

the strict convexity of ¢;(.).

To show that profits are decreasing in court delay, apply the envelope theorem to

equilibrium profits. Equilibrium profits are:
3oi(T) + oy (DL = f11d  ou(T)fTd

IL(T) = g — e S S S —am) 210)

By the envelope theorem:

8HZ_ ]_aOéj T
or = gort T

oT
1—-9 1—9§
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Hoo(T) + 0y (T))%rd — 0i%rd

<0 (2.11)




This expression is negative because % > 0 and o;(T') = a;(T).

U

Definition: aV? is the accident probability firm i chooses when there is no court

enforcement.

This is the accident probability the firm chooses in the limit as delay tends to
infinity, i.e. there is no effective court enforcement. The only return the firm gets by
investing in safety is a decrease in the compensatory wage. This is the upper bound

on accident probabilities that a firm will choose in equilibrium. It is characterized by:
/ UB 1
G(l—07”)=—— (2.12)

As T — oo, the accident probability monotonically decreases and (7)) — oVB.

Profits monotonically decrease and I1;(7") — qfla_?dBd —¢;(1 — a¥B), which is strictly

positive if q is sufficiently high, ensuring that firms enter with probability 1.
OJ
Proof of Lemma 1
I now state and prove a lemma that will be used in proving Theorems 2 and 4.
Lemma 1: If only one firm is active, then that firm invests optimally in safety.
Proof:
Suppose that only one firm is active. Conditional on entry, that firm solves the

problem:

maxe, q — Z(St((ai)[l — ffd+ aide> — (1 — ) (2.13)

t=0
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which has the first-order condition:

1— M)+ fd _ d
1—6 C1-94

(1l —ay(T)) = d =d(1—af) (2.14)

When there is only one firm, there is no information asymmetry, and so the firm
recoups the full social value of its investment through a decrease in the wage. The
firm thus invests optimally in safety.

I denote firm ¢’s profit when it is the only active form by II. This value is positive
when a firm is socially valuable and negative when a firm is socially wasteful.

O

Proof of Theorem 2

Suppose that firms are socially valuable, but ¢ is sufficiently low so that:

UB
q—

— (1 — VP 2.1
s ¢i(l—a;7) <0 (2.15)

)

Since firms invest optimally when T' = 0, profits are:

—a*d
mmy:%‘% —e(l—al) >0 (2.16)
which is positive by the assumption that firms are socially valuable. If both firms
are always active, then profits I1;(7") tend monotonically from I1;(0) to q;iB —¢(1—

alB) as T increases.

Hence, there is a unique T below which profits if both enter are positive, in which
case both firms enter in equilibrium with probability one, and above which profits
if both enter are negative, in which case there are 3 equilibrium: a pure strategy
equilibrium in which firm ¢ enters with probability one and firm j does not enter, a

pure strategy equilibrium in which firm j enters with probability one and firm 7 does
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not enter, and a mixed strategy equilibrium in which firms ¢ and j enter with some
positive probability less than one.

The mixed strategy equilibrium makes a firm indifferent between entering and not
entering. Let p;(T") denote the probability firm j enters when court delay is 7. Due to
symmetry of the problem, it is only necessary to find the value of p;(T") that makes
firm ¢ indifferent between entering and not entering; the same probability played by
firm ¢ will make firm j indifferent.

Not entering generates profits of 0. Entering generates profits of:

(1= p; (T + p; (T)IL(T) (2.17)

which needs to equal zero in equilibrium. Hence the mixed strategy entry proba-

bility is:

11

el (2.18)

pi(T)

Because 1I,(T) is decreasing in T', so is p;(7T).
U

Proof of Theorem 3

Let firm 7 be superior to firm j. Conditional on entry of both firms, firm ¢ has the

equilibrium first order condition:

_3d(1— [T+ fTd
N 1—-6

(1 - as(T)) (2.19)

Conditional on entry of both firms, firm j has the equilibrium first order condition:

(1 - ay(ry) = 2SI (2.20)
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By strict convexity of the cost functions, each firm chooses a unique accident

probability. Note that in order to satisfy the first-order conditions:

¢i(1 = ai(T)) = ¢5(1 — o5(T)) (2.21)

Because ¢(1 — x) > ¢j(1 — z) for all z (the definition of superiority), it must be

the case that in equilibrium:

for all T in which both firms are active.
By the same logic in Theorem 1, when both firms are active, an increase in delay
T causes an increase in both accident probabilities.

Applying the envelope theorem to the superior firm i’s profits yields:

sloa(T) +oy(T)5rd _ aifrd (2.23)
1-94 1—46 '

8111 . 1804] T
or = aort Tl

This expression is negative because - > 0, BafT < 0and a;(T) > (7).

On the other hand, applying the envelope to the inferior firm j’s profits yields:

o, 10 Yoy(T) + o (T)%rd o, %d
o7 = agrlt At T (2:24)

Although the first term in the expression is negative, the net effect of the second
and third term is positive because «;(7") > a;(T"). The sign of the above expression
is ambiguous and depends on the parameter values of the model. Hence, the inferior
firm’s profits can increase or decrease with an increase in court delay.

If ¢ is sufficiently high, then both the superior and inferior firm have positive

profits for all 7" and enter with probability one.
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Proof of Theorem 4

Because firm i is socially valuable, IT; = I1;(0) is positive. Because firm j is socially
wasteful, IT} = TI;(0) is negative. By continuity of the profit function in 7', there exists
a T such that if T < T, then I1,(T) < 0, which means that firm j does not enter the
market. Since firm ¢ earns II}, ¢ is active. Hence there is a separating equilibrium in

which the efficient firm is active and the inefficient firm is inactive.

U
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