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coverage, it's necessary to have significant heterogeneity in social concern. Monopoly-induced
downward distortion in market coverage can be corrected through alternative balanced-budget,
profit-neutral policy interventions. Under endogenous vaccine quality, the monopolist provides a
partially-effective vaccine. A performance-linked R& D subsidy that achieves socially optimal vaccine
quality depends on the distribution of social concern.
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1 Introduction

For decades, vaccination has been recognized as an efficient, cost-effective way to pre-
vent and eradicate infectious diseases, saving millions of lives worldwide[] Research
demonstrates that vaccination against infectious diseases not only provides direct bene-
fits to vaccinated individuals but also generates social benefits by reducing transmission.
Consequently, vaccination is widely considered a prosocial act and a moral obligation

(Bohm and Betsch, [2022; Korn et al., |2020)).

During the COVID-19 pandemic, governments and health officials worldwide launched
extensive campaigns to promote public health and encourage vaccination (see, for in-
stance, Hong (2023))EI Additionally, recent studies suggest that educating people on the
benefits of protecting the community and emphasizing the potential risks they pose to
family and community members can significantly increase vaccine uptake (Arnesen et al.,

2018; Bohm and Betschl 2022 [Vilar-Lluch et al.| 2023).

Several studies, including [Lake et al|(2021), Reddinger et al. (2024)), and |Arnesen
et al.| (2018)), argue that people derive a sense of personal fulfilment or “psychic satisfac-
tion” from vaccination, as it allows them to contribute to the containment of potential
health risks they might otherwise pose to vulnerable individuals. This satisfaction, moti-
vated by what we might call “social concern,” reflects a willingness to protect others by
mitigating public health risks. Consequently, individuals who prioritize social responsibil-
ity are more likely to get vaccinated and may even be willing to pay more for the vaccine,
especially when a large share of the population remains unprotected. By vaccinating,
these individuals reduce the risk of passing on the infection, providing a psychological
reward for those motivated by social concern. The more the susceptible individuals there
are, the greater this sense of fulfilment, as vaccinated individuals feel they are helping

to protect a larger groupﬂ Notably, this behaviour contrasts with the common “free-

I According to the Center for Disease Control and Prevention, public health experts have nominated
vaccination as one of the top 10 worldwide public-health achievements during the years 2001-2010 (Cen-
ters for Disease Control (US). (2011). Morbidity and mortality weekly report: MMWR.). Every year,
nearly 3.5-5 million deaths are prevented by using vaccines against diseases like polio, measles, rubella,
influenza, etc. (World Health Organization, 2023).

2Examples of these social media messages include “Break the chain,” “Stop the spread,” and “Protect
yourself, protect others.”

3We note that individuals’ psychological satisfaction from vaccination may stem from intrinsic moral
motivation, extrinsic social or material motivation, or a combination of both, as individuals can credibly
disclose their vaccination status. It has been argued that, in certain contexts, extrinsic motivation can


https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6019a5_addinfo.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6019a5_addinfo.htm

riding” mentality, where individuals rely on others to get vaccinated instead of doing so

themselves.

A growing empirical literature suggests that individuals’ pro-sociality is positively as-
sociated with their vaccine uptake decisions. For example, through a survey conducted in
Australia, |Lake et al. (2021]) found that social focus values (e.g., valuing social outcomes
concerning others and treating all fairly) are significant positive predictors of willingness
to get vaccinated. Based on an experimental study, [Reddinger et al. (2024) documents
that more pro-social people are more likely to take a voluntary COVID-19 vaccination.
Das et al. (2023), using a survey from India conducted before the roll-out of COVID-
19 vaccine in India, demonstrate that pro-sociality has a significant positive effect on
individuals’ likelihood to pay (LTP) as well as willingness to pay (WTP) for different
hypothetical vaccine variants against COVID-19. This stream of empirical literature also
highlights that individuals differ from each other in terms of their social concern quite
significantly[] Further, the average level and the extent of within-society heterogeneity

in individuals’ social concern vary across societies as well.

On the other hand, in modern market driven economies most (if not all) of the vaccines
are produced by profit oriented private firms, and these firms enjoy significant market
powers in their respective vaccine markets. In fact, it is observed that there are abso-
lute monopolies in many vaccine markets (Arnould and DeBrock, |1996; Scherer] |2007;
Danzon and Pereira, [2011). Thus, it is important to understand the implications of indi-
viduals’ social concern and its distribution on firms’ equilibrium business strategies and
corresponding public health outcomes in relation to social optimality. However, to the
best of our knowledge, this issue remains unattended in the existing literature. In this
paper, we make a modest attempt to analyse this issue by developing a theoretical model

and offer several interesting new insights.

“crowd out” intrinsic motivation (see, for example, [Bénabou and Tirole| (2003))), while in others, extrinsic
motivation may instead “crowd in” intrinsic motivation |Cappelen et al. (2017). In the present analysis,
we side-step the issue of extrinsic motivation for simplicity, consistent with the findings of |Cappelen et al.
(2017) in the context of individuals’ sharing behaviour in a modified dictator game. Nonetheless, it is
straightforward to observe that including both types of motivation would not alter our results, provided
that intrinsic moral motivation dominates extrinsic motivation in cases where the latter has a crowding-
out effect, a la Bénabou and Tirole| (2003), or where the latter reinforces the former, as suggested by
Cappelen et al.| (2017)).

FMurphy et al|(2021) argues that the extent of psychic benefit gained out of vaccination may vary
within a society due to individuals’ personal characteristics.



We consider that there is a profit maximizing firm, which is the sole producer of the
vaccine against an infectious disease, and a continuum of individuals of mass one. Qual-
ity of the vaccine is such that it is partially effective in providing immunity against the
infection, unlike as in |Kessing and Nuscheler| (2006), Amir et al.| (2023a)) and |Amir
et al| (2023b). In other words, while an individual’s probability of getting infected re-
duces due to vaccination, the vaccine does not provide complete immunity. It implies
that vaccinated individuals remain susceptible with some positive probability, which is
less than that for unvaccinated individuals. The higher the effectiveness of the vaccine,
the lower is the probability of remaining susceptible post vaccination. In our framework,
full effectiveness of the vaccine emerges in a limiting case. We first consider that the
vaccine quality is exogenously given. Next, we extend the analysis by allowing for en-
dogenous determination of vaccine quality by the monopolist through investment in R&D

for vaccine development.

Individuals are assumed to be heterogeneous in terms of their social concern. An indi-
vidual’s social concern is her private information. The distribution of individuals’ levels
of social concern, the monopolist’s cost parameter(s), and the vaccine quality are com-
mon knowledge. Each individual buys at most one unit of the vaccineE] An individual’s
WTP for the vaccine depends on (a) the direct health benefit derived from vaccination,
which arises because vaccination reduces the chance of getting infected, (b) the level of
her social concern, and (c) the externality effect. The externality effect is present due to
the following reason. An individual’s probability of getting infected from others is less
in case the share of susceptible mass is less, and the share of susceptible mass is less
when more people are vaccinated, ceteris paribus. Note that the existing literature has
considered the first and the third effects only, and exclusively focused on perfectly effec-
tive vaccines. A more effective vaccine results in higher direct benefit from vaccination.
On the other hand, an increase in vaccine effectiveness reduces the expected share of
the susceptible mass, for any given expected share of vaccinated individuals, and thus,
reduces an individual’s willingness to pay for the vaccine through two channels. First, a

lower expected share of the susceptible mass reduces the chance of getting infected from

5To keep the analysis tractable and focused, we consider a static one-shot game, individuals are
heterogeneous in one dimension, per person only one dose of the vaccine is necessary, individuals take
their respective vaccination decisions simultaneously and independently, the vaccine is free from side
effects, and none is vaccine hesitant, as in [Kessing and Nuscheler| (2006]), [Amir et al.[(2023a)) and |Amir,
et al.| (2023b).



others (externality channel). Second, given the extent of an individual’s social concern, a
lower expected share of the susceptible mass results in a lower psychic satisfaction from

getting vaccinated (social concern channel).

We begin the analysis by considering a sequential move game; wherein, first, the monop-
olist commits to supply the vaccine for a particular share of the population and quotes a
single price. The quality of the vaccine is exogenously determined and is common knowl-
edge. Subsequently, individuals form expectations, simultaneously and independently,
regarding the share of the population to be vaccinated in the equilibrium. Finally, trans-
actions take place and payoffs are realized. We characterize the fulfilled expectations
subgame perfect Nash equilibrium (SPNE) of the game, a la [Katz and Shapiro (1985)ﬁ
Next, we consider an extended game to examine the implications of public policy inter-
vention(s) in the vaccine market, vaccine R&D and quality choice of the monopolist, and

R&D subsidy policy.

Preview of Results and Intuitions:

We show that, in absence of any government intervention, it is optimal for the monop-
olist to partially cover the vaccine market, while full market coverage is socially optimal.
This is true, regardless of quality of the vaccine and the extent of heterogeneity in social
concern. The reason is, an increase in the share of unvaccinated individuals in the popu-
lation increases the risk of infection transmission and thereby increases individuals” WTP
and (aggregate) vaccine demand, through two channels — externality and social concern.
Thus, by under-supplying the vaccine the monopolist can charge a disproportionately
higher price, which overcompensates it for corresponding loss due to lower sales. On the
other hand, unlike the monopolist, the benevolent social planner takes into account each

agent’s payoff as well as social damage due to infection transmission.

Interestingly, a ‘mean-increasing spread-preserving’ shift in the distribution of social
concern induces the monopolist to increase (decrease) market coverage in the equilibrium,
if the extent of heterogeneity in social concern is more (less) than a critical level. That

is, in the equilibrium, a greater (smaller) share of the population gets vaccinated in case

6 [Kessing and Nuscheler| (2006)), in the context of monopoly vaccine market, and |[Amir et al. (2023a))
and |Amir et al.[(2023b), in the context of oligopoly vaccine market, have also relied upon this equilibrium
concept.



individuals’ have higher social concern on an average, provided that they are also (are
not) sufficiently heterogeneous in terms of social concern. On the other hand, a ‘mean-
preserving spread-increasing’ shift in the distribution of social concern results in a higher
equilibrium vaccine coverage, if the vaccine quality and its marginal direct health benefit

are sufficiently large. The intuition behind these results is as follows.

Prevalence elasticity of demand, i.e., proportionate change in vaccine demand due to
proportionate change in the share of susceptible mass, is higher (lower), if the average
social concern (the extent of heterogeneity in social concern) is higher. Now, if the extent
of heterogeneity is sufficiently large, the negative effect of heterogeneity on prevalence
elasticity of demand dominates the positive effect of an increase in average social concern
on prevalence elasticity of demand. Therefore, when there is an increase in average social
concern, for the market coverage contraction effect of susceptibility to be sufficiently low
so that it gets dominated by the market coverage expansion effect of direct health benefit

of the vaccine, the extent of heterogeneity must be sufficiently large.

Next, an increase in the extent of heterogeneity reduces the prevalence elasticity of de-
mand, implying that the monopolist gains less from market coverage contraction. Further,
higher vaccine quality and higher marginal direct health benefit of vaccine quality results
in higher direct health benefit, implying the monopolist’s gain from market coverage ex-
pansion is more. Moreover, given the market coverage, higher vaccine quality results in
lower susceptibility. Thus, when the vaccine quality and its marginal direct health bene-
fit are sufficiently large, a ‘mean-preserving spread-increasing’ shift in the distribution of

social concern leads to an expansion of market coverage in the equilibrium.

Comparative statics of the monopoly equilibrium also shows that the net intensity of
externality has a positive effect on the equilibrium market coverage in case the extent
of heterogeneity in social concern is more than a threshold level, where the threshold
level is positively associated with vaccine quality and direct health benefit of the vaccine.
Implying that an increase in net intensity of network externality is more likely to increase
the equilibrium market coverage, if the vaccine is of poorer quality or individuals derive
a lower direct health benefit from the vaccine. In contrast, when individuals are homoge-
neous in terms of social concern, net intensity of network externality always dampens the

equilibrium vaccine coverage, regardless of vaccine quality and its direct health benefit.



Considering perfectly effective vaccine and purely selfish individuals, |Kessing and
Nuscheler| (2006) and |Amir et al.| (2023ab) argue that network externality has a negative
effect on the equilibrium vaccine coverage under imperfect competition, but in the con-
text of perfectly effective vaccine. Clearly, the result of Kessing and Nuscheler| (2006)
and Amir et al,| (2023a,b) emerges in a special case of the present analysis. We also
demonstrate that their result holds true in the case of partially effective vaccine as well.
However, this result gets reversed when individuals are sufficiently heterogeneous in terms
of social concern. The reason, in brief, is as follows. Higher net intensity of externality
implies that the positive effect of susceptibility on WTP is larger and, thus, the monop-
olist can charge a higher price and gain more by contracting market coverage. Presence
of individuals’ social concern also provides an incentive to the monopolist for supply con-
traction. However, heterogeneity in social concern increases the elasticity of demand and
thereby results in coverage expansion, which dominates the coverage contraction effect of

externality in case heterogeneity is sufficiently large.

We also show that the equilibrium market coverage is greater if the vaccine is of better
quality, if both marginal direct health benefit of vaccine quality and the extent of het-
erogeneity in social concern are sufficiently large. Otherwise, vaccine quality adversely
affects the equilibrium market coverage. The intuition behind this result is as follows.
Quality of the vaccine impacts its demand through two channels. First, it enhances direct
health benefit of the vaccine and thereby increases demand, the extent of such increase
in demand is more in case marginal direct health benefit of vaccine quality is higher.
Second, for any given market coverage, better quality vaccine results in lower susceptibil-
ity. And, greater heterogeneity in social concern results in lower prevalence elasticity of
demand. Thus, if both marginal direct health benefit of vaccine quality and the extent
of heterogeneity in social concern are sufficiently large, better quality vaccine results in
greater market coverage. Otherwise, if marginal direct health benefit of vaccine quality
is low or heterogeneity in social concern is not sufficiently large, the negative effect of
vaccine quality, via its susceptibility reducing effect, on demand dominates its positive
effect, via its positive effect on direct health benefit. As a result, in the latter scenario,

vaccine quality adversely affects the equilibrium market coverage.

Since the equilibrium market coverage under uniform pricing is socially inefficient, im-



plications of alternative pricing rule, e.g. perfect price discrimination (ppd), assumes
importance. However, in the present context ppd is feasible only if the monopolist can
access data on each individual’s level of social concern, which does not appear to be re-
alistic. Nonetheless, for the sake of argument, if we assume that nuanced data on social
concern is accessible by the monopolist, perhaps, due to availability of modern sophisti-
cated technologies, such as AI-ML techniques, and the monopolist can price discriminate,
then also the equilibrium market coverage falls short of the socially optimal level unless
the vaccine quality is very poor or the vaccine is of moderate quality and marginal direct
health benefit of vaccine quality is sufficiently large. It follows that ppd is socially inef-
ficient if the vaccine provides complete immunity against the infection a la |Kessing and
Nuscheler| (2006). However, unlike as in |Kessing and Nuscheler| (2006), ppd is socially
efficient under some conditions in the present context. Nevertheless, in reality, the appeal

of ppd in vaccine market within a political territory is rather limited, if not non-existent.

We show that the government can implement the first-best market coverage, given
the vaccine quality, in the equilibrium through alternative balanced-budget public policy
interventions. In particular, we show that, given the vaccine quality, the socially optimal
full market coverage can be ensured in the equilibrium through any of the following
three public policies. First, the government may commit to full market coverage, procure
required vaccine dosages from the monopolist at an agreeable price, cease the monopolist’s
right to sale in open market, offer the vaccine to individuals at a price equal to the least
socially concerned individual’s WTP, and impose a per unit profit tax to recover the net
government expenditure from the monopolist (PP1: Government procurement coupled
with per unit profit tax). Second, the government may subsidize vaccine price, which
incentive the monopolist to fully cover the market, and impose a per unit profit tax (PP2:
Price subsidy coupled with per unit profit tax). Third, the government may mandate
the monopolist to cover the market fully and impose a short-fall tax as a disciplining
instrument (PP3: Mandated full coverage coupled with a short-fall tax). Interestingly,
the monopolist retains the same level of profit in the equilibrium under each of these three
alternative public policy interventions. Under PP2, the optimal price subsidy is less in
case the vaccine is more effective, unless the marginal effect of vaccine quality on direct
health benefit is low. If the vaccine quality is higher than a threshold level, optimal price

subsidy increases (decreases) in net intensity of network externality and the average level



of social concern (heterogeneity in social concern).

Next, we consider an extended game in which first the monopolist invests in R&D for
vaccine development, vaccine quality gets determined and becomes common knowledge .
Next, the government announces public policy intervention with the objective of achieving
full market coverage in a balanced budget manner. Subsequently, vaccine production
takes place, and the monopolist either sells its entire produce to the government or it
commits to a particular output and quotes a single price, depending on the public policy
in place. Finally, individuals form expectations regrading market coverage and take
vaccination decisions. We show that, in the equilibrium, the monopolist under invests
in R&D, which results in partially effective vaccine. Interestingly, the monopolist is
more likely to develop a better quality vaccine in case the extent of heterogeneity in
social concern is higher or the average level of social concern prevailing the the society is
lower. It implies that nudging individuals to be more concerned about others’ well-being
may incentivize the monopolist to develop better quality vaccine. We also show that
quality-linked R&D subsidy is an useful policy instrument to incentivize the monopolist

to develop vaccine of socially optimal quality.

Highlights of Our Contributions:

We contribute to the extant literature on equilibrium behaviour under imperfect com-
petition in market for vaccines against infectious disease and government regulation in
the following way. First, to the best of our knowledge, this is the first theoretical study
that examines the implications of individuals’ non-standard preferences on equilibrium
vaccination behaviour, in a voluntary vaccination environment, under imperfect com-
petition in the vaccine market. To be specific, based on the findings of empirical and
experimental studies, we consider that individuals may have social concerns and they
may also differ from each other in terms of level of social concern. Second, we offer fresh
insights on the role of the distribution of individual’s social concern on the equilibrium
public health outcomes. Third, we examine the implication of partial effectiveness of
the vaccine on the equilibrium coverage of the vaccine market under imperfect compe-
tition, unlike Kessing and Nuscheler (2006) and |Amir et al. (2023a,b). Further, we
re-examine the implications of network effect on the equilibrium market coverage and

demonstrate that the validity of existing results crucially depends on the distribution of



social concern and vaccine quality. Fourth, we design a set of profit-neutral and balanced-
budget public policy interventions that can implement the socially optimal vaccination
behaviour in the equilibrium, and highlight the implications of individuals’ social concern
to policy instruments. Fifth, we present an integrated analysis of vaccine development
and the equilibrium vaccination behaviour under imperfect competition, unlike existing
studies, and demonstrate the importance of designing appropriate performance-linked
R&D subsidy policy. Finally, analysis of this paper offer useful insights to understand
the equilibrium behaviour of agents in imperfectly competitive markets, characterized by

consumption externalities, in general.

The rest of the paper is organised as follows. In Section 2, we discuss the related
theoretical literature. Section 3 presents the setup of our model and the analysis of a
benchmark case involving homogeneous individuals (Section 3.1). Section 4 considers
heterogeneity in social concern and analyses its impact on changes in market coverage
with respect to vaccine effectiveness, shifts in the distribution of social concern, and
the intensity of externalities in the case of exogenous vaccine quality. Sections 5 and
6, respectively, present the analysis of socially optimal vaccine coverage and alternative
public policy interventions to achieve social optimality for any given vaccine quality.
Section 7 considers the endogenous determination of vaccine quality through investment
in R&D for vaccine development and analyses the monopolist’s choice of quality under
market coverage regulation. It also discusses the role of a performance-linked R&D
subsidy policy in implementing the first-best vaccine quality in equilibrium. Section 8

concludes.

2 Related Theoretical Literature: A Brief Review

Most of the existing theoretical literature related to the vaccine market focuses on build-
ing models of individuals’ vaccination decision-making based on free-riding behaviour.
Brito et al.| (1991), Xu/ (1999)), Heal and Kunreuther| (2005) and Sorensen| (2023)) primar-
ily exploits the idea that consumers’ utility from getting vaccinated is negatively related
to the size of the network i.e., the share of the vaccinated population. On one hand, there
are costs associated with vaccination (both monetary and non-monetary, e.g., time, and

discomfort), and on the other hand, with the increasing share of vaccinated population,

10



an unvaccinated individual is less likely to contract the infection through transmission.
These result in a low willingness to take vaccine due to the free-riding intention. |Brito
et al.| (1991) builds upon such a model which postulates that when vaccines are fully
effective, a voluntary vaccination program is always better than compulsory vaccination
in terms of social welfard’] This proposition has subsequently been supported by [Heal
and Kunreuther| (2005) and [Sorensen! (2023). The reason behind such an unconven-
tional outcome is that when vaccines are fully effective, a vaccinated individual doesn’t
care about others’ vaccination status. Thus in a compulsory vaccination, the people who
would have chosen to get vaccinated in free choice are unaffected but who would not
have earlier chosen to get vaccinated are worse off due to the implicit costs(time, pain)
involved with vaccination. However, this may not be the case for a less effective vac-
cine, since the people who choose to get vaccinated under free choice may be better off
in case of a compulsory vaccination due to the potential reduction in negative external-
ity i.e., the transmission risk from the susceptible mass. |Heal and Kunreuther (2005))
presents a vaccination game where in the equilibria, the number of vaccinated population
may range from zero to the entire population at risk depending on parameters like the
probabilities of infection, the cost of vaccination, and the cost of illness. Moreover, the
number of vaccinated individuals in equilibrium goes down as the probability of catching
the disease from the unvaccinated mass reduces. Xu (1999) introduced a model where
the probability of a susceptible individual getting infected goes down with increasing
probability of others’ vaccination. According to their study, the increase in vaccine ef-
ficacy has an ambiguous effect on an individual’s incentive to vaccinate. When there
is an improvement in vaccine efficacy, an individual gets a higher expected utility when
vaccinated (termed as direct effect). On the other hand, an increased efficacy also re-
duces the chances of infection of a susceptible individual, resulting in a higher expected
utility when unvaccinated (termed as indirect effect). |Sorensen| (2023)) introduced an
individual decision-making model where vaccination generates a positive externality for
the unvaccinated mass. According to their study, an increase in effectiveness may lead
to a decrease or increase in equilibrium vaccination but the welfare is higher when the
vaccination increases with effectiveness since the probability of transmission risk i.e., the

negative externality reduces with increasing vaccination. |Geoffard and Philipson| (1997)

7Although both of them are inferior to the socially optimal level of vaccination.

11



introduced the idea of a “prevalence-dependent demand” where demand for vaccines van-
ishes when prevalence of the disease is low enough since the benefit of vaccination is not
large enough with low prevalence levels. However, with zero vaccination, an infection
can regenerate itself and the prevalence starts increasing again, making disease eradi-
cation infeasible. Moreover, a “prevalence-responsive demand” may limit the negative
impact of increasing prices on demand. As increasing price decreases demand, causing
a rise in prevalence; a prevalence-responsive demand makes the demand increase again.
Thus a high prevalence-responsive demand makes the demand highly price-inelastic and

a profit-maximizing monopolist never finds it profitable to eradicate the disease.

Although the notion of individual vaccine decision-making has been substantially stud-
ied in the literature, there are very few studies that pay attention to vaccine providers’
markets and the impact of their strategic behaviour on the vaccination coverage of a soci-
ety. [Kessing and Nuscheler (2006]) analyse the strategy of a monopolist vaccine producer
in a market characterized by negative network effect i.e., decreasing consumers’ willing-
ness to pay with increasing vaccination which emerges from their free-riding intention and
consumer heterogeneity with respect to income. Later |Amir et al. (2023a,b)) introduced
this free-riding effect in an oligopoly vaccine market. [Amir et al.| (2023ab) portray the
external effect as a benefit accrued to an unvaccinated individual due to the vaccinated
share of the population and as the benefit increases with increasing share of vaccinated
population i.e., increasing network size, it consequently reduces an unvaccinated individ-
ual’s willingness to pay due to free-riding intention. A common finding of |[Kessing and
Nuscheler| (2006), Amir et al.| (2023alb) is that with increasing strength of the external
effect, the vaccine producers have the incentive to reduce the vaccine supply. The reason
for this is profit-maximizing providers’ incentive to exploit individuals through their high
willingness to pay when there is an increased fear of transmission due to low vaccine cov-
erage. A standard consideration of these models on vaccination is that individuals do not

have any social concern and the vaccine provides 100% immunity against the infection.

The framework of our analysis allows for (a) partially effective vaccine and (b) consumer
heterogeneity in terms of their social concerns. It also examines implications of different
types of changes in the distribution of social concern on monopolist’s optimal strategy,

both under exogenous and endogenous vaccine effectiveness. Further, we compare and

12



contrast the equilibrium market coverage under monopoly with the socially optimal level,
and design balanced-budget profit-neutral public policies to implement the first-best mar-
ket coverage. We also demonstrate that the monopolist can be induced to develop the

vaccine of socially optimal quality, through an appropriately designed performance-linked

R&D subsidy policy.

3 The Model

Consider a society with continuum of individuals of mass one and a profit maximizing
vaccine manufacturing firm. Each individual is at a complete risk of contracting an infec-
tious disease in absence of vaccination. The firm produces a vaccine against the infectious
disease. The vaccine is of quality, measured in terms of effectiveness of the vaccine in
preventing infection, e € (0, 1], which is common knowledge. That is, vaccination reduces
the risk of getting infected by . In other words, if an individual gets vaccinated, that
individual’s probability of getting infected reduces from 1 to (1—¢) € [0, 1) f| Individuals
are assumed to be uniformly distributed over the interval [, 1] C RT in terms of their
social concern (V); where 1, and v, denote, respectively, the lowest and the highest levels
of social concern prevailing in the society. Social concern of an individual is her private
information. However, the distribution of social concern is common knowledge. The firm

and individuals are assumed to be risk neutral.

Let ¢ € [0,1] be the expected share of individuals who get vaccinated. Then, given
the vaccine quality (¢), the expected share of susceptible mass (s¢) can be written as

s =s%(0%¢e) =0°(1—¢)+ (1 —0°) = (1 —6%) € [0, 1], since vaccinated (unvaccinated)

individuals contract the disease with probability 1 — e (one): agee(e.) < 0 and 6%6(') < 0.
By getting vaccinated, an individual derives utility due to direct health benefits of the
vaccine, up, = ¢, where 8 > 0 is the marginal direct health benefit of vaccine quality/’]
Moreover, a vaccinated individual can potentially avoid the cost imposed by her on the

susceptible mass s¢(-), by reducing the possibility of transmission of the infection from

her to susceptible others. Higher the s°(-), higher is the scope of such cost avoidance.

8Note that the present framework encompasses the scenario of fully effective vaccine a la |[Kessing
and Nuscheler| (2006]), [Phelan and Toda| (2022), |Amir et al.|(2023a)) and |[Amir et al.| (2023b), wherein
the vaccine provides complete immunity against the infection, as a special case corresponding to € = 1.
We consider, if a person gets infected, that person suffers from the same cost, due to loss in health and
associated monetary and non-monetary loss, regardless of whether that person was vaccinated or not.

9In case the vaccine has any side effect, 5 can be interpreted as net marginal direct health benefit.
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Thus, individual ¢’s derived psychic benefit from getting vaccinated due to her social
concern ¥, Us.;(¢;, s°(+)), increases with s°(-). We consider that wus.;(1;, s°(+)) = 1:s°(+),
for simplicity. On the other hand, a high s°(-) is associated with a high expected risk of
infection due to transmission. That is, an individual’s probability of getting the infection
from others increases with s°(-). In other words, higher s(-) generates more negative
externalities from the susceptible mass to the society. Let ud,.r = mgs®(-) be the dis-
utility, due to negative externalities from the susceptible mass, of an individual of type
k € {0,1}, where k = 1 (k = 0) indicates that the individual is vaccinated (unvaccinated).
The parameter my can be interpreted as a type k individual’s perceived intensity of
negative externalities from susceptible others. Since a vaccinated individual’s risk of
getting infected is less than that of an unvaccinated individual, we have 0 < m; < my,

i.e., a vaccinated individual’s perceived intensity of negative externalities from susceptible

=0,ife=1
others is less than that of an unvaccinated individual; where m; 10

> 0,ife € (0,1)

It follows that, for any given price (p) of the vaccine, the payoff of individual i (a) in case
she gets vaccinated, u;(0°, ¢)|x=1, and (b) in case she remains unvaccinated, u;(6°, )|x=o,

respectively, can be written as follows.E

Ui<967 5)\k:1 = Upp + Usej — Udpes —p = Pe + V(1 —0%) — m1<1 —0%) —p (1)

Ui(ee, 5)|k:0 = —Udn@() = —mo(l — 068) (2)

Therefore, the incentive compatibility condition of individual ¢ for getting vaccinated is

as follows.

wi(0°,€) k=1 > u;(0°, €)|p=0 (3)

= p< Pe+Yi(1—0%)+ (mg—mq)(1—0%)=p; (4)
p— Be

= P> m —m, (5)

10We note here that individuals in a society differ from each other in several dimensions, e.g., health
conditions, income, education, occupation, risk aversion, etc., other than social concern, and thus their
perceptions regarding vaccine quality, health benefits of vaccination, intensity of negative externality,
risk of getting infected, etc. may also differ. However, to keep the analysis tractable we have considered
one dimensional heterogeneity only. Such a consideration also helps us to alienate the implications of
individual’s social concern and of its heterogeneity in clearer terms and keep the analysis focused.

1Tt is assumed that individuals do not incur any cost over and above the price of the vaccine to get
vaccinated.
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where m = mgy — m4(> 0) is the vaccination induced reduction in perceived intensity of
negative externalities generated by susceptible others. p; = fe+;(1 — 0%) +m(1 — 6%)
is individual ¢’s maximum willingness to pay (WTP) for the vaccine. Clearly, m may be
interpreted as the ‘net intensity of externality effect’ on an individual’s WTP, which is
positive. From (4) it is easy to observe that an increase in susceptibility s¢ (= 1 — 6%)
enhances WTP through two channels: (a) it enhances the extent of perceived reduction in
negative externality effect due to vaccination and (b) it increases psychic benefit arising
from individual’s social concern. Note that, for any given expected share of vaccinated
individuals (0¢), vaccine quality (¢) has two opposing effects on WTP. First, it has a
positive effect on WTP, through its direct health benefit enhancing effect (% =£>0).

Second, it has negative effect on WTP, via its negative effects on psychic benefits (% =
—1;,60° < 0) and reduction in externality effect (W = —m#° < 0). However,

as we explain shortly, individuals’ expectation formation is responsive to vaccine quality
and its price, and thus the equilibrium #° will also depend on e. It implies that it is not

straightforward to assert the sign of the net effect of vaccine quality on WTP.

Condition (5) implies that, for any given vaccine price p, all those individuals whose

p—pBe
(1—0°¢)

social concern is no less than 1[1 = — m will choose to get vaccinated; while oth-
ers will prefer to remain unvaccinated. Therefore, the firm faces the following demand

function for its vaccine.

:wh—%@

="

1 —
= - 220 ), ©)

where § = v, — 1)y is the range of individuals’ social concern W in the society. Note that o
can be considered as a measure of the extent of heterogeneity in social concern prevailing

in the society. Rearranging the terms of equation (6), we get the inverse demand function

as follows.
p(b,e) = Pe 4 (Wbn+m—00)(1—6%) (7)
v . ~ /
First term Second term

Let C(g) be the total cost of the firm, where C’'(¢),C"(¢) > 0 for all ¢ € [0,1] and
C(0) = 0. That is, given the vaccine quality e, marginal cost of vaccine production is

assumed to be zeroE The cost C(e) can be interpreted as the R&D cost for developing

12This is consistent with the fact that, while vaccine development is costly and it is likely to be
necessary to incur a larger cost to improve the vaccine quality at the margin, incremental cost involved
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the vaccine of quality €. Alternatively, C'(¢) may also be interpreted as the fixed royalty
fee paid by the firm to an outsider vaccine developer to obtain the exclusive license
to manufacture and sale the vaccine, in case the vaccine quality is considered to be
exogenously determined. Thus, the objective function of the firm can be written as

follows.

11(6,¢) = p(6,€)0 — C() = [Be + (¢, +m — 66)(1 — 6°)]0 — C/(e) (8)

We first consider the following sequential move game with observable actions, which is

in the spirit of [Kessing and Nuscheler| (2006)).
Stage 0: The nature decides the vaccine quality e € (0, 1].

Stage 1: The monopolist perfectly commits to a particular level of output # and

quotes a single price p for the vaccine.

Stage 2: Individuals form expectation regarding the vaccine coverage (6¢) and take
vaccination decisions, simultaneously and independently. Transactions

take place and payoffs are realized.

Note that, since in Stage 1 the monopolist can commit to a 6 perfectly, individuals
correctly anticipate it and set ¢ = 6 in Stage 2. That is, individuals form rational
expectations and in the equilibrium, expectations are fulfilled a la |[Katz and Shapiro
(1985)H We extend the analysis, in Section 7, by allowing for endogenous determination

of vaccine quality by the monopolist.

Now, note that the first term on the right hand side of the inverse demand function
(7) is arising due to direct health benefits of the vaccine, while the second term is due to

the presence of negative externalities and individuals social concerns. If the intensity of

in producing an additional unit of the vaccine of given quality is often negligible.

13The equilibrium of this game is the same as the equilibrium of an alternative sequential move game, in
which the monopolist sets the price in Stage 1 and individuals form expectations about vaccine coverage
in Stage 2 when individuals are heterogeneous (Kessing and Nuscheler} 2006} 2003). The idea behind this
equilibrium concept is that the consumers are aware of the distribution of social concern. Therefore, after
observing the price, a rational consumer can correctly anticipate the demand for vaccination. Therefore
individuals’ vaccination decision is influenced by their rational expectation of the share of the susceptible
mass. This implies that by setting the price for a given quality of the vaccine, the monopolist makes
people realize the vaccine coverage in the population and hence their decision to get vaccinated. This
suggests that the monopolist’s profit-maximization with respect to price p is equivalent to deciding on a
profit-maximizing supply 6.
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net externality effect and individuals’ social concerns are arbitrarily small (m — 0 and
; — 0Vi), then at a given price either each individual will choose to get vaccinated
(0 = 1) or none will opt for vaccination (f = 0). In particular, in such a scenario, if
p < (>)fe, each individual (none) will demand the vaccine. Therefore, for any given e,
it is optimal for the firm to set p = fe and cover the market fully. The optimality of full
market coverage will hold true even in the presence of social concern and externalities, if
direct health benefit is sufficiently large. However, full market coverage by a monopolist,
under uniform pricing, in unregulated market is a rare phenomenon. Further, in case of
vaccines, it is well documented that significantly large part of the market often remains
uncovered. Thus, to keep the analysis close to the reality and to focus on more interesting

scenarios, we impose certain restrictions on model parameters.

_ (@ntm) (o)t (e tm)(3e-2)
€

Assumption 1. 0 < 3 < 3

Assumption 1 ensures that, when expected share of vaccinated individuals is equal to
the actual market coverage (¢ = #), the monopolist will find it optimal not to serve
the entire population: %ﬂfeze)b:l < 0. Note that 3 > 0 holds true for all £ € (0, 1],
unless v, < m + 2¢;. In the later case, i.e., when v, < m + 2y, we need to have
e > %(< 1) for B > 0 to be satisfied. Thus, Assumption 1 states that the
marginal effect of vaccine quality on utility from direct health benefit is less than a critical
level, which is plausible if the extent of heterogeneity in social concern is sufficiently large

or the vaccine quality is greater than a threshold or both.
Assumption 2. TI(# = 1,¢) > 0 for all ¢ € (0,1}, ¢, > ¢, > 0, 5 > 0andm > 0.

Assumption 2 states that the monopolist earns positive profit even in case it serves

the entire population, i.e., even in case it sets # = 1. Implicitly, it states that 0 < ¢ <

Z[Be + (¢ +m)(1 —e)].

3.1 The Benchmark: Homogeneous Population

To better understand the implications of heterogeneity in social concern, we first con-
sider the benchmark scenario in which each individual has the same level of social concern
(¥ = by, = ¢ = 1;, Vi), ceteris paribus. In this case, Assumption 1 is satisfied if and only
ife >1and 0 < B < Bly,—pep = (’Hml& Now, since § = ¢, — 1, = 0, ¥, = ¢ and in

stage 1 the monopolist correctly anticipates that #¢ = 6, the problem of the monopolist
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can be wriiten as follows.

max (0, e[ty = ) = [(¢ +m)(1 — b2) + el — C(e) (9)
€10,

Solving problem (9), by ignoring the constraint 0 < 0 < 1, we get § = g‘(ij}f;;z It is easy
to check that, under Assumption 1, 0 < géﬁ;g < 1. Thus, under Assumption 1, the

unique fulfilled expectations subgame perfect Nash equilibrium (SPNE) vaccine coverage,

0*| =y, is as follows.
_ PetY+m

O loe = 500 Tm)e

(10)

Note that, for any given vaccine coverage (6), if the vaccine quality (¢) is lower, (a)
individuals’ direct health benefit is lower, which reduces their WTP, but (b) susceptibility
is higher, which increases WTP in the presence of social concern and the externality effect.
Note that, for any given ¢, the effect of vaccine coverage (6) on the monopolist’s payoff

can be decomposed into three parts.

on®.clyi=v) _ Op0.cli=v)0] W +m)A—0e)0] 0[Beb)]
a0 : 00 ) 00 ) 00
~~ ~~ S——
Marginal Revenue(M R) MR duetothe presenceof M R due to direct health benefit
social concern and externality ef fect

= 0 ZlW+m)(1-0e)] + [(Y+m)(1-0e)] + [5e]
?0 P ~ ~—~

g Scale effect due t Scale effect due t

WTP reducing effect due to social cf)iceefn eacnd :)fte?nalities dirf:itelfea?gh bgiefcl)t

social concern and externalities (+)ve (+)ve

(—)ve

N J/

(+H)veVoe[0,1],if e<i

An increase in 6 (i) has a negative effect, through reducing the share of the susceptible
mass, on the part of WTP that arises due to the presence of individuals’ social concern
and externalities (WTP reducing effect), (ii) results in higher revenue as it can extract the
social concern and externality induced part of the WTP from more number of individuals
(positive scale effect arising due to the presence of social concern and externalities), and
(iii) results in higher revenue as it can extract the direct health benefit induced part
of the WTP from more number of individuals (positive scale effect due to direct health
benefit). Now, when € < 1/2, share of the susceptible mass remains sufficiently large even
when the market is fully covered. As a result, the second effect dominates the first effect,
implying that the part of the monopolists’ marginal revenue due to the presence of social

concern and externality effect remains positive for all § € [0, 1]. Therefore, if ¢ < 1/2, it
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is optimal for the monopolist to cover the market fully regardless of the magnitude of the
third effect, since marginal cost of vaccine production is zero. Alternatively, ife > 1/2, the
first two effects together can be negative for higher values of 0(> i) In such a scenario,
unless the magnitude of the third effect is sufficiently low ( i.e., unless 8 < By, =p=y),
the third effect dominates the first two effects together and the monopolist’s marginal
revenue remains positive for all 8 € [0, 1]; so full market coverage remains optimal for
the monopolist. However, if the vaccine quality and its marginal direct health benefit are
such that both £ > % and 0 < 8 < 5|wh:¢l:¢ hold true, i.e., if Assumption 1 is satisfied,
as vaccine coverage increases beyond a certain level, § = 6*|,._,, the negative effect of
vaccine coverage on monopolist’s payoff, due to its WTP reducing effect (the first effect),
starts dominating the overall scale effect (the second and the third effects together). As a

result, in the later case, it is optimal for the monopolist to cover the market only partially.

Proposition 1. Suppose that each individual has the same level of social concern (i =
U =, > 0) and Assumption 1 is satisfied. Then the following is true.

(i) It is optimal for the monopolist not to vaccinate each and every individual in the

society. That is, in the equilibrium, the monopolist does not cover the market fully:

9*

pi=p < L.

(ii) The equilibrium share of vaccinated individuals is lower, if (a) the vaccine is of better

quality, and/or (b) individuals have a higher level of social concern, and/or (c)
indiwiduals percewve that the net intensity of externality effect is higher: 8019# <0,

90|y, =v 90|y, =v

Proof: Immediate from Equation (10).

Proposition 1(i) is clear from the earlier discussion. Now, an increase in the quality
of the vaccine results in increase in magnitudes of each of these two effects, but the
magnitude of the first effect increases more than proportionately than that of the second
effect. As a result, the equilibrium vaccine coverage reduces due to increase in vaccine
quality. Intuitively, an increase in vaccine quality leads to a reduction in the share of
the susceptible mass and that in turn induces a reduction in WTP, for any given vaccine
coverage. The monopolist can restrict such a reduction in WTP by reducing the vaccine
coverage, and that is optimal for the monopolist to do so long as the incremental effect
of susceptibility on revenues is larger than that of direct health benefit. Next, when

individual’s social concern is higher or their perceived net intensity of externality effect
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is higher, the positive effect of susceptibility on WTP is stronger. In such a situation, by
setting a lower level of vaccine coverage the monopolist can gain more, as that keeps the
share of susceptible mass at a higher level, compared to the associated loss in revenues

due to reduced scale of operation.

We note here that |Kessing and Nuscheler| (2006) and [Amir et al. (2023a,b)) also show
that the the equilibrium vaccine coverage is lower in case the net intensity of externality
effect is higher, since in that case an increase in the share of susceptible mass has a larger
positive effect on individuals” WTP. Kessing and Nuscheler (2006) demonstrates this
result considering a monopoly vaccine supplier, while |Amir et al. (2023a}jb) show the
same in case of oligopoly. The present analysis shows that the effect of susceptibility on
WTP gets further amplified in the presence of individuals’ social concerns, which results

in a further decrease in the equilibrium vaccine coverage.

4 Heterogeneity in Social Concern

Suppose that individuals differ from each other in terms of their social concern, as
described in Section 3. In this scenario, the problem of the monopolist can be written as
follows.

max 11(0,¢) = p(0,€)0 — C(e) = [Be + (Yn +m — 30)(1 = 0)]0 — C(e) (1)
€ )

Solving the above problem, we get the fulfilled expectations SPNE vaccine coverage 6*

as follows

_ Yn =it (Yn +me — V(W — U+ (Yn +m)e)? = 3(bn — Wi)e(Yn + m + Pe)

" € (0,1
300 - o) oy

(12)

* 2 ; ot() _

It can be checked that 8* € (0,1) for all § € (0,5) (Assumption 1). Note that 3—(5 =

p() + Hﬂ. That is, by increasing vaccine coverage marginally, the monopolist gains
N 00
+ve N~

(—)ve
from the price received from the marginal consumer, while at the same time it suffers a loss
in revenue due to the corresponding reduction in price for all supra-marginal consumers.
In the equilibrium, the monopolist balances these two opposing effects by setting § = 6*

such that its gain from the marginal consumer exactly offsets its loss from supra-marginal
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consumers: p(60*) = —9*87(;—(;)|9:9*.
Proposition 2. Suppose that individuals are heterogeneous in terms of their social con-
cern, and Assumption 1 is satisfied. It is optimal for the monopolist not to supply the

vaccine to each and every individual, ceteris paribus: 0% < 1.

Proof: Follows immediately from the discussion above.

Proposition 1(i) and Proposition 2 together imply that, regardless of whether individ-
uals are homogeneous or heterogeneous, the monopolist does not find it optimal to cover
the market fully. However, the question is, does the monopolist find it optimal to leave
a greater share of the population as unvaccinated in case the net intensity of externality
effect is higher or the vaccine is of higher quality, as in Proposition 1(ii), even when
individuals have heterogeneous social preferences? Further, does heterogeneity in social

concern affect the monopolist’s equilibrium behaviour? If yes, how?

Lemma 1. Suppose that Assumption 1 holds true and 0 < iy < 1. Then, a higher 1y,

leads to a lower 0%, ceteris paribus.

Proof: See Appendix.

Lemma 1 states that, if in society A the most socially concerned individual’s level
of social concern is higher, while the least socially concerned individual’s level of social
concern is the same, compared to those in society B, society A will experience a lower
vaccine coverage compared to society B. In other words, if a society is more unequal in
terms of individuals’ social concern, but has a higher average level of social concern, it
is optimal for the monopolist to vaccinate a lower share of population of that society.
This is because, keeping v, constant, a higher ¢, implies a higher variance Var(¥) (:%)
and a higher mean E(¥) (:%) The intuition is as follows. Given vy, if v, is higher,
we are likely to find more individuals with higher levels of social concern than before.
Thus, the positive marginal effect of susceptibility on social concern-induced WTP of an
average individual as well as of the marginal individual are higher. In such a scenario, it

is optimal for monopolist to keep susceptibility at a higher level by vaccinating a lower

segment of the population from the upper end of the distribution. Since by doing so
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the monopolist can charge a higher price from individuals with relatively higher social

concern, which over compensates the loss in profit due to reduction in volume of sales.

Note that from Lemma 1 it is not possible to identify the implications of (a) the
average level of social concern and (b) heterogeneity in social concern on the equilibrium
vaccine coverage, separately. Before we address this issue, let us examine the effects of

externalities and vaccine quality on the equilibrium vaccine coverage.

Effect of Net Intensity of Externality on the Equilibrium Vaccine Coverage:

Proposition 3. Suppose that individuals are heterogeneous in terms of social concern
(0 = p — 1 > 0) and Assumption 1 is satisfied. Then, the effect of net intensity of ex-
>0, if § > 4B

< (=)0, if § < (=)4B6

ternality on the optimal vaccine coverage is as follows: ‘39*
m

Proof: See Appendix.

To understand Proposition 3 intuitively, consider a changed scenario in which v, is
higher, while everything else including ¢; remains unaltered, compared to that in the
initial state. Then, in the changed scenario ¢ is higher than that in the initial state, i.e.,
in the changed scenario, the society is more unequal in terms of individuals’ social concern
and the average level of social concern is also higher. In that case it is optimal for the
monopolist to serve a lesser share of the total population, and serve only those who has
relatively higher levels of social concern (by Lemma 1). By doing so the monopolist can
charge a higher price, as higher susceptibility in the society enhances WTP of individuals
with higher social concern by a greater extent, which over compensates the monopolist
for its loss due to a lower volume of sales. Similar argument is also true in case
goes down, while v, remains the same.ﬂ Now, if ¢ is sufficiently high, a higher net
intensity of externality induces the monopolist to increase supply, since in that case the
marginal consumers’ WTP becomes larger than the reduction in revenue from supra-

marginal consumers. Needless to mention here that such possibility ceases to exist in

4Suppose that when W is distributed over [1/;,], in the equilibrium the marginal consumers social

concern in ty. Now, if ¢; decreases to ¢ € [0,%;), while the marginal consumer remains the same, the
equilibrium vaccine coverage reduces from H to ﬁhhi:ﬁ? and the monopolist is able to charge a higher
price, due to increased susceptibility. However, the monopolist can charge the higher price to a lesser
share of the population, which might induce the monopolist to serve all those whose social concern is at
least 1 (< 1g). However, it may not be optimal for the monopolist to set 1, such that ﬁ’;:ﬁé > %,

unless Se is sufficiently large such that § < (=)43¢? holds true.
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case each individual has the same level of social concern. This result is in sharp contrast

to Kessing and Nuscheler (2006) and Amir et al.| (2023a,b)).

Impact of Vaccine Quality on the Equilibrium Vaccine Coverage:

Proposition 4. Suppose that individuals are heterogeneous in terms of social concern
(60 = p — 1y > 0) and Assumption 1 is satisfied. Then, it is optimal for the monopolist
to immunize a larger share of the population in case the vaccine is of better quality,
provided that (a) there is sufficient heterogeneity in individuals’ social concerns and (b) the
marginal direct health benefit of vaccine quality is greater than a critical level. Otherwise,

a higher vaccine quality results in lower vaccine coverage in the equilibrium.

Proof: See Appendix.

The intuition behind Proposition 4 is as follows. Individuals derive higher direct health
benefit from a higher quality vaccine, which results in higher WTP for higher vaccine
quality. The extent of such increase in WTP is higher in case the marginal direct health
benefit of vaccine quality is higher. On the other hand, a higher quality of the vaccine
leads to a reduction in susceptibility, for any given vaccine coverage. This negative effect
of vaccine quality on susceptibility results in a lower WTP for better quality vaccine.
However, if the society is more heterogeneous in terms social concern, the negative effect
of decreased susceptibility is lower (see equation (7)). As a result, in the presence of
sufficient heterogeneity, higher vaccine quality results in greater vaccine coverage in the

equilibrium, if the marginal direct health benefit of vaccine quality is sufficiently large.

Also note that (a) m+1; < i@tﬁ‘i), and (b) when 1, —; > m+y;, m+y, > i@fﬁ;j
Therefore, from the above discussion, it is evident that (a) if 5 < m -+, % < 0, and (b)
if oy, — > m 4+ and m 4+, < B < B, % > (0. That is, if the marginal direct health
benefit of vaccine quality is very low (less than the total marginal effect of susceptibility
on WTP of the least socially concerned individual), an increase in vaccine quality results
in lower coverage in the equilibrium. This is because, in such a scenario, the monopolist’s
pricing strategy relies primarily on exploiting individuals’ perceived externality effect

and their social concern. On the other hand, if there is sufficient heterogeneity in social

concern and the marginal direct health benefit of vaccine quality is very large (more
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than the total marginal effect of susceptibility on WTP of the most socially concerned
individual), it is optimal for the monopolist to focus more on extracting the direct health

benefit of the vaccine.

4.1 Distribution of Social Concern and Vaccine Coverage

We now attempt to examine the implications of the average level and the spread of
social concern on the optimal choice of a monopoly vaccine supplier. In particular, we
attempt to answer the following two questions. Will the monopolist immunize a larger
share of the population in case individuals have higher level of social concern on an
average? If individuals are more heterogeneous in terms of social concern, i.e., if inequality

in social concern is higher, is it optimal for the monopolist to lower the vaccine coverage?

First, note that, from equation (12), the optimal vaccine coverage can be written as

0° = 2A + (A+m+v)e — VA + (A+m+1)e)2 — 6Ae(A+m+ 1 + Be),

where ¢ = E(¥) and A = £ = \/3E(¥ — ¢)2.

From the above expression, it is evident that %—Z)—* = %. The reason is as follows.

Marginal effects of net intensity of externality (m) and average social concern (1)) on

oY~ Om

be written as p; = fe + (Y + A; + m)(1 — 6%), where A; = 1), — % 0. Therefore,

any individual i’s WTP (p;) are equal:

= (1 — #%); since, from (4), p; can

. 2
o ) >0 if A > 28

o

< (=)0, if A< (=)286

Proposition 5. Suppose that Assumption 1 is satisfied. Then, a ‘mean-increasing
spread-preserving’ shift in the distribution of social concern leads to an increase (decrease)
in the equilibrium vaccine coverage, if the extent of heterogeneity in social concern is more

(less) than a critical level.

Proof: Follows immediately from the above discussion.

Note that, if the marginal effect of vaccine quality on direct health benefit (3) is
higher, the condition A > 28¢? is less likely to be true. That is, a ‘mean-increasing
spread-preserving’ shift in the distribution of social concern is less likely to result in a

higher vaccine coverage in the equilibrium in case the marginal effect of vaccine quality
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on direct health benefit is higher. The underlying mechanism is a follows. Suppose that
E(¥) increases from v to 1 + &, but A remains unchanged. Then, (i) each individual’s
WTP and hence, the price, increases by d,(1 — 0¢), when 6 proportion of individuals
are expected to be vaccinated, and (ii) total loss in revenue, due to marginal increase
in vaccine coverage, from supra-marginal consumers increases by 0d,e. Accordingly, the
monopolist’s marginal profitability increases by d,,(1—26¢). It implies that, when there is
a ‘mean-increasing spread-preserving’ rightward shift in the distribution of social concern,
it is optimal for the monopolist to immunize a greater proportion of individuals provided
that the initial (i.e., prior to the shift in distribution) equilibrium vaccine coverage is
less than the critical level % Now, if the marginal effect of vaccine quality on direct
health benefit is higher, the equilibrium vaccine coverage is higher. Therefore, the higher
the marginal effect of vaccine quality on direct health benefit, lower is the possibility of
having a positive effect of ‘mean-increasing spread-preserving’ shift in the distribution on

the equilibrium vaccine coverage, ceteris paribus.

Now, consider an alternative scenario where in there is ‘mean-preserving spread-increasing’
shift of the distribution of social concern. That is, due to the shift in the distribution,
extent of heterogeneity in social concern (A) becomes higher, while the average level of
social concern (1)) remain the same. The direction of the effect of such a change in the
distribution on the equilibrium vaccine coverage can be assessed by examining the sign

o0
of oA

Proposition 6. Suppose that Assumption 1 is satisfied. Then, an increase in mean-
preserving spread of the distribution of social concern enhances the equilibrium vaccine
coverage, if the vaccine quality and its marginal effect on direct health benefit are suf-
ficiently large. In all other cases, mean-preserving spread has a negative impact on the

equilibrium vaccine coverage.

Proof: See Appendix.

When both ¢ and 8 are higher, direct health benefit is higher and, given the market
coverage, the share of the susceptible mass is lower. Implying that individuals” WTP on
account of susceptibility, due to externality and social concern, is lower; while WTP on

account of direct health benefit is larger. This induces the monopolist to focus more on
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exploiting direct health benefit, compared to focusing on the incremental effect of sus-
ceptibility on WTP. As a result, when both £ and § are sufficiently high, the equilibrium
market coverage is sufficiently high. In such a scenario, reduction in market coverage,
from its high level, results in a small increase in price, which becomes smaller in case there
is an increase in heterogeneity. On the other hand, by reducing market coverage, the mo-
nopolist forgoes extracting high direct health benefit induced WTP from those whom the
monopolist no longer serves. Thus, in case both € and [ are high, the equilibrium market

coverage expands due to increase in heterogeneity.

5 Social Optimality

An increase in the proportion of susceptible individuals in a society, through its positive
effect on possible infection transmission from infected individuals to others, enhances
public health risk. Thus, higher the proportion of susceptible individuals, higher is the
expected social damage due to public health risk and associated repercussion effects on
the economy and society. Following Amir et al. (2023b), let D = d(1 — 6¢) be the
social damage, due to infection transmission, when 6 € [0, 1] proportion of individuals
are vaccinated with the vaccine of quality € € (0,1]. The parameter d(> 0) measures the
marginal effect of the susceptible mass on social damage. The firm and individuals do
not take social damage D into account in their respective decision making process. Then,
total surplus (W (#)), which is the sum of consumers’ surplus and the monopolist’s profit

net of social damage, can be be expressed as follows.

0
W (6) :/0 B + (m + 1y, — 60)(1 — 0e)]d0 — C(c) — d(1 — e)

= W(0) =(m+yn+pe)d — (64 (m+ ¢h)€)%2 + 5%93 —C(e) —d(1—6e) (13)

Solving the benevolent social planner’s problem, é\f[ ax] W(8), we obtain the following.
€l0,1

Proposition 7. The socially optimal vaccine coverage (0¥B), for any given vaccine

quality, is given by 6FF =1 .

Proof: See Appendix.

Proposition 7 states that it is socially optimal to vaccinate each and every individual,
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i.e., to cover the market fully. In contrast, under Assumption 1, it is optimal to cover the
market only partially (Lemma 1). In other words, the monopolist under supplies vaccine
in the equilibrium. This is true regardless of whether social damage D is included in the
social planner’s objective function or not. The reason is, the monopolist does not care
about consumers’ surplus, which is the standard argument for dead-weight loss due to

firms” market power under uniform pricing.

Perfect Price Discrimination and Social Optimality

Note that an individual’s social concern is her private information. It is generally hard
for the monopolist and the social planner to elicit individuals’ levels of social concern, as
social concern is a latent characteristic, unlike obtaining information on other character-
istics such as income, education, ethnicity, etc. Thus, in the present context, it appears to
be rather unrealistic to consider alternative pricing, such as perfect price discrimination,

by the monopolist.

Nonetheless, for the sake of argument, if we assume that it is possible for the monopolist
to learn each individual’s level of social concern, perhaps due to availability of ‘Big Data’
consisting of nuance information on consumers’ preferences and sophisticated methods to
analyze such data, the following question arises. Will the monopolist supply the vaccine
at the socially optimal level, in case it can engage in perfect price discrimination (ppd)?
In a similar context, considering income heterogeneity across consumers and fully effective
vaccine (¢ = 1), |Kessing and Nuscheler| (2006) show that perfect price discriminating
monopolist is socially inefficient, in the presence of sufficiently strong externality effect.
However, in the present context, where individuals are heterogeneous in terms of social

concern and the vaccine is not fully effective, we show the following.

Proposition 8. Suppose that Assumption 1 holds true, and the monopolist can access
information on individuals’ social concern. A perfect price discriminating monopolist
is socially efficient, if (a) the vaccine quality is sufficiently low or (b) the vaccine is of
moderate quality and its marginal effect on direct health benefit is greater than a critical

level. In all other cases, a perfect price discriminating monopolist is socially inefficient.

Proof: See Appendix.
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From Proposition 8 it follows that, if the vaccine is fully effective, the perfect price dis-
criminating monopolist is socially inefficient, as in |Kessing and Nuscheler| (2006]). The
result of social inefficiency of ppd under monopoly hold true even when the vaccine is
not perfectly effective, unless ‘the vaccine quality is very low’ or ‘the vaccine quality is
moderate and the marginal effect of vaccine quality on direct health benefit is more than
a threshold level’. In later scenarios, perfect price discriminating monopolist turns out
to be socially efficient. The reason for the reversal to social efficiency of perfect price
discrimination in case of moderate to low vaccine quality is as follows. If the vaccine
quality is sufficiently low, individuals remains susceptible to a large extent even after
getting vaccinated. As a result, the susceptibility reducing effect of vaccine coverage is
very low and thus, an increase in vaccine coverage reduces individuals’ WTP, on accounts
of externality and social concern effects, less than proportionately compared to the cor-
responding increase in revenue due to higher sales. Thus, in the case of very poor quality
vaccine the perfect price discriminating monopolist finds it optimal to cover the market
fully, regardless of the extent of direct health benefit of the vaccine. In case the vaccine is
of moderate quality, the WTP reducing effect of vaccine coverage, via its negative effect
on susceptibility, is relatively large. So, in case the vaccine is of moderate quality, it is
necessary to have direct health benefit to be greater than a threshold level for full market

coverage to be optimal for the monopolist.

Further, we note here that Proposition 8 and its underlying mechanism remain quali-
tatively similar in case the net intensity of externality effect is arbitrarily small, unlike as
in [Kessing and Nuscheler| (2006). This is because, in the present analysis, the share of
susceptible mass affects WTP through two reinforcing channels: (i) externality channel

and (ii) social concern channel.

6 Public Policy

We now turn to examine the possibilities of implementation of the socially optimal
outcome (full coverage of the vaccine market, § = §7'% = 1), given that there is only one

vaccine manufacturer, through public policy intervention.
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6.1 Government Procurement

Suppose that the government aims to procure the vaccine from the monopolist by pay-
INg Pprocure(> 0) per unit and vaccinate the entire population of mass 1. The government
makes a ‘take it or leave it’ offer (price, quantity)=(pprocure, 1) to the monopolist. If
the monopolist accepts the offer, it can sale the vaccine only to the government. On
the other hand, if the monopolist rejects the offer, it directly vaccinates individuals,
as in absence of any intervention. Now, the monopolist accepts the offer, if its payoff
from accepting the offer is at least as much as that in case it rejects the offer, i.e., if
Pprocure — C(€) > 1(0%) < Dprocure > R(0%); where 0* is monopoly equilibrium vaccine
coverage in absence of intervention and R(6*) = p(6*)0* is the sales revenue of the mo-

nopolist when it vaccinates 6* proportion of the population.E Thus, it is optimal for the

government to offer the price pyrocure = R(6%).

Let pg be the price charged to individuals by the government for each unit of the
vaccine. Then, at price pg each individual gets vaccinated if any only if pg = p; =
pe + (v + m)(1 — ¢). Therefore, the total cost of the government’s full vaccine coverage

drive through procurement is Cp,, = R(6*) — [Be + (¢ + m)(1 — €)].

Governments across the world often procure and distribute vaccines, to meet targets
of their respective national immunization drives. E We show that it is possible for
a government to achieve the socially optimal vaccine coverage through the procure and
distribute mechanism, but it puts an extra financial burden on the government exchequer.
However, at least some of the expenditure may be financed through a per unit profit tax
t(> 0). Since a per unit profit tax does not distort the market equilibrium outcome,

in the present context fulfilment of the balanced-budget criteria calls for the profit tax

R(0™)—[Be+(itm)(1—¢)

0% l ¢ (0,1). That is, the policy “procure at price

rate t = tp,, =
Pprocure = R(0*) and distribute at price p;, coupled with per unit profit tax ¢ = tp,,” is
an effective means to ensure complete market coverage without imposing any financial
burden on government’s exchequer. In the later case, the equilibrium retained profit (i.e,
post tax profit) of the monopolist is IT%,., = (1 — tppo) [R(0*) — C(€)] = (1 — tppo)I1(0%) =
[Be + (¢ + m)(1 — e)] — C(g), which is positive by Assumption 2.

I5Note that the mass of population is normalized to be one.
1For example, the Indian government’s routine immunization program against polio for which all
inactivated polio virus vaccines used in India is paid for by the government (Haldar et al., |2019)).
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6.2 Price Subsidy

Consider that the government offers a subsidy s per unit of the vaccine to individuals,
before stage 1 of the game. Then, the vaccine demand function and the monopolist’s
profit expression, respectively, can be written as p(6|s) = s+ Be + (¥, +m — 00)(1 — 0%)
and I1(0|s) = [s + fe + (Y, +m — 50)(1 — 0%)]0 — C(e). Solving the monopolist’s profit
maximization problem, Maz I1(6|s), we get the equilibrium vaccine coverage under price

)

subsidy policy 0*° as follows.

0% = 20+ (A+m+y)e—/(2A + (A +m+1)e)? — 6As(s + A +m+ ¢ + Be)],

where ¢ = E(¥) and A = § = \/3E(¥ — ¢)2.

It follows that 0" = 1 < s = s* = ¢(2m + 2¢ — 4A — B) — m — 1 + 3A(> 0).
E That is, price subsidy s = s* induces the monopolist to vaccinate everyone. Note

> 0, ife > . > 0, ife < X
thatgimzai:%—l 9s° — 3 — 4e ,and & =

B " 9A e
<0, ife < <0, ife >

N
NS

o=
IN[Jt)

_ >0,if0 < B < 2(m + 1 — 24)
2(m 4+ ¢ — 2A) — ] . As in Kessing and Nuscheler

<0,if2(m+1vY —2A) < B < B

(2006)), price subsidy has two opposing effects on vaccine demand. First, price subsidy
reduces effective price for individuals, which increases demand. Second, higher demand
reduces expected susceptibility (1 — 6%), and thus WTP and demand. Now, reduction
in expected susceptibility, due to higher demand, is more when the vaccine quality () is
higher. Further, the marginal effect of susceptibility on WTP is higher in case (a) the
net intensity of externality (m) is higher and/or (b) the average social concern (i) is
higher and/or (c¢) unless vaccine coverage is less than % of the population, heterogeneity
in social concern (A) is lower Thus, when ¢ is sufficiently high, a higher m (or 1) calls
for higher per unit subsidy, while a higher A calls for a lower per unit subsidy. Further,
since a higher ¢ also results in a higher direct health benefit of the vaccine, which is
increasing in marginal direct health benefit of the vaccine, € also has a positive effect on
demand. Therefore, a higher ¢ calls for a lower per unit subsidy, unless marginal effect

of € on direct health benefit is less than a threshold.

Required government expenditure to implement the price subsidy scheme may be fully

17Tt can be checked that s* > 0 for all 5 € (0, 3), i.e., whenever Assumption 1 is satisfied.
18See equation (7).
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*

financed by imposing a per unit profit tax tsupsiay = i

m. That is, the government

can ensure that the monopolist vaccinates the entire population and at the same time
the government’s budget is balanced by the policy “offer subsidy s = s* per unit of
vaccination, and impose tax t = tsupsiqy Per unit of the monopolist’s profit”. In this
case, the monopolist’s retained profit in the equilibrium is IT5 ;. 4, = (1 — tsubsiay)IL(0 =

lls = s*) =11(0 = 1|s = s*) — s* = [Be + (¢ + m)(1 — )] — C(e), which is positive by

Assumption 2.

6.3 Short-fall Tax

Suppose that the government mandates the monopolist to vaccinate all (i.e., to set
0 = Omandate = 1). Since the monopolist does not have any incentive to comply with the
given mandate in absence of any penalty for non-compliance, the government imposes a
tax t per unit of short-fall in vaccination rate from the mandated level 0,,4p40te = 1. That
is, if the monopolist chooses to vaccinate € € [0, 1) proportion of the population, it will
end up paying tax t(1 — ) > 0 for all # € [0,1). In this scenario, the profit expression of
the monopolist can be written as I1(0|0nandate = 1) = I1(0) — t(1 — 0). Now, the short-
fall tax will ensure that the monopolist fully complies with the mandate, if and only if
%@mzl)b:l =0 =t = thandate = —ag—go)|9:1 > 0, by Assumption 1. Therefore,
under the policy intervention, which mandates the monopolist to fully cover the market
and imposes tax t = t,andate per unit of short fall, it is optimal for the monopolist to
ensure full coverage. In the equilibrium, the monopolist sets 8 = 1, does not pay any tax,
and earn profit IL,andate = [B + (¢ + m)(1 — ¢)] — C(e) > 0, where the last inequality

follows from Assumption 2.

Clearly, the monopolist is indifferent between the three alternative policy interventions,
(i) government procurement coupled with per unit profit tax — “procure at price F' =
R(0*) and distribute at price p;, coupled with per unit profit tax ¢ = tp,,”, (ii) price
subsidy coupled with per unit profit tax —“offer subsidy s = s* per unit of vaccination, and
impose tax t = tsyupsiay per unit of the monopolist’s profit”, and (iii) “mandate full coverage
of the market and impose a per unit short-fall tax t = #,,4n4ate - Each of these public
policy interventions is feasible and ensures the socially optimal outcome. Further, none
of these proposed policy interventions impose any burden on the government exchequer.

Thus, from the government’s perspective also these three alternative policy interventions
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are equivalent, unless there is implementation cost and these policy measures differ in

terms of implementation cost.

Proposition 9. Suppose that Assumptions 1 and 2 hold true. Then, the following public
policies are equivalent: in the equilibrium under each of these policies, the entire popula-
tion gets vaccinated, the monopolist’s payoff remains the same, and the balanced-budget

criterion is satisfied.

PP1: Government procurement coupled with per unit profit tax — “procure at price pprocure =

»

R(0%) and distribute at price p;, coupled with per unit profit tax t = tp,,”; where

0* is the unregulated monopoly equilibrium share of vaccinated individuals, R(0*) =

p(6°)6°, i = Be + (m + d)(1 — ) and tp,, = MO bmA=a] ¢ (g 1),

PP2: Price subsidy coupled with per unit profit tax —“offer subsidy s = s* per unit of
vaccination, and impose tar t = tsupsiay per unit of the monopolist’s profit”; where

st = 8(2m —+ 2'@5 — 4N\ — ﬁ) —m — 7; -+ 3A(> O) and tsubsidy =

*

PP3: Mandated full coverage and short-fall tax — “mandate full coverage of the market and

impose a per unit short-fall tax t = tyandate s Where tyandate = —ag—f)|g:1(>)0.

Proof: Follows immediately from the above discussions.

7 Quality Choice under Regulation

So far we have assumed that the quality € of the vaccine is exogenously given. In
this section, we relax this assumption. Suppose that the monopolist undertakes R&D
activity to develop the vaccine. The R&D outcome is non-stochastic, and a higher R&D
expenditure results in better quality of the vaccine. To develop a vaccine of quality € €
(0, 1], the monopolist needs to incur the R&D expenditure C(e); where C’(g),C" () > 0
for all &, and C(0) = 0, as stated before[!]

We have shown that, for any given vaccine quality ¢, it is optimal for the monopolist

to cover the market only partially (6* < 1) (Proposition 2). However, full market cover-

YFollowing |d’Aspremont and Jacquemin| (1988), C(g) = %, where ¢(> 0), form of the R&D cost

function is considered widely in the literature (see, for example, (Yang et al.,[2024; Buccella et al., [2023;
Hafezi et al., 2023; [Llanes, 2024} |[Meickmann| 2023; |Amir} [2000) ).
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age (0FF = 1) is always socially optimal (Proposition 7). Further, the government can
ensure that each individual is vaccinated (6 = 0¥ = 1) in the equilibrium by intervening
in the market through alternative balanced-budget profit-neutral public policies (Propo-
sition 9). It, therefore, seems to be meaningful to consider the scenario in which the
monopolist correctly anticipates that the socially optimal level of vaccine converge will
be implemented through public policy interventions, while the monopolist decides on the
level of R&D expenditure to be incurred. To be specific, we now consider an ‘extended

sequential move game’, wherein the stages are as follows.

Stage 1: The monopolist decides the level of its R&D expenditure, and the vaccine

quality () is determined accordingly.

Stage 2: The government announces policy g € {PP1, PP2, PP3} with the ob-
jective to implement the socially optimal vaccine coverage in the equilib-
rium in a balanced-budget manner, given the quality of the vaccine (g);

where PP1, PP2 and PP3 are as in Proposition 9.

Stage 3: The monopolist undertakes production. It sales the entire produce to the
government, in case PP1 is in place. Otherwise, it perfectly commits to

a particular level of output  and quotes a single price p for the vaccine.

Stage 4: Individuals form expectation regarding the vaccine coverage (6¢) and take
vaccination decisions, simultaneously and independently. Transactions

take place and payoffs are realized.

From the discussion in Section 6, it follows that in the Stage 3 equilibrium of the
‘extended game’ § = 0P = 1 occurs, for any given vaccine quality (¢) and regardless of
which public policy g € {PP1, PP2, PP3} is in place. In Stage 2, the objective of the
government is to vaccinate all in a balanced-budget manner. Since each of the three public
policies satisfies these criteria, these are equally preferred by the government. Therefore,

in Stage 1, the monopolist’s profit expression is given by

(0 = 1,¢) = [Be + (b +m — A)(1 —¢)] — C(e) (14)

Solving the monopolist’s profit maximization problem with respect to the vaccine qual-

ity €, we obtain the following result.
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Proposition 10. Suppose that Assumptions 1 and 2 hold true. In the fulfilled expecta-
tions SPNE of the ‘extended game’ the monopolist develops a partially effective vaccine,

ie., e < 1.

Proof: See Appendix.

The intuition of this result is simple. By providing a partially effective vaccine the
monopolist can keep individuals susceptible to infection. Now, when there are susceptible
individuals in the society, individuals are willing to pay more for the vaccine due to their
social concern and the presence of externality effect, compared to the scenario in which
none is susceptible, i.e., when everyone is vaccinated and the vaccine is fully effective.
The monopolist’s gain from keeping individuals susceptible together with the gain due
to a lower R&D cost for a lower quality vaccine outweighs the associated loss due to a
reduction in WTP on account of a lower direct health benefit of a less effective vaccine,

whenever the marginal direct health benefit of vaccine quality is relatively less.

Proposition 11. Suppose that Assumptions 1 and 2 hold true. In the fulfilled expecta-
tions SPNFE of the ‘extended game’, the monopolist is more likely to serve the society with
a better quality vaccine, if there is higher heterogeneity in social concern or individuals

have less social concern on an average.

Proof: See Appendix.

Intuitively, under full market coverage, (i) a higher price of the vaccine always results
in higher profit and (ii) the maximum price that the monopolist can charge is given by the
least socially concerned individual’s WTP. These are true for any given vaccine quality.
Now, vaccine quality has two opposite effects on WTP. First, a higher quality vaccine
offers more direct health benefit, which has a positive effect on WTP. Second, a higher
vaccine quality results in lower susceptibility and that in turn leads to a lower WTP. The
extent of such reduction in WTP is lower if social concern is less, and the lowest level of
social concern (¢ = ¢ — A) is lower in case the the average level of social concern (1))
is lower or the extent of heterogeneity (A) is higher. It implies that, under full market
coverage, the negative effect of vaccine quality on the equilibrium price of the vaccine is

less, if the average level of social concern is less or the extent of heterogeneity is high.
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On the other hand, the positive effect of vaccine quality on the equilibrium price does
not depend on social concern. Therefore, it is more likely for the monopolist to develop
a better quality vaccine, when there is greater heterogeneity in social concern or a lower

average level of social concern.

Socially Optimal Vaccine Quality and RED Subsidy:

When the vaccine market is fully covered (i.e., # = 1), from equation (13), total surplus

W(e|@ = 1) can be written as follows.

A+0n;@+ﬁk+?§€_c@—du—@-ﬂ®

Wb =1) = (m+d+ A+ fe) - 2

Comparing the social planner’s optimal level of vaccine coverage with the monopolist’s

profit-maximizing level of coverage, we get the following.

Proposition 12. Suppose that Assumptions 1 and 2 hold true. In the fulfilled expecta-
tions SPNE of the ‘extended game’, the monopolist under supplies vaccine quality com-
pared to the socially optimal level, i.e., e* < ef'B = 1, whenever the marginal effect of sus-

ceptibility on social damage is greater than the threshold d; where d = C’(E)—B—FW.

Proof: See Appendix.

The reason behind the shortfall of the monopolist’s optimal quality choice from the
socially optimal level are (a) unlike the benevolent social planner, the monopolist does not
take into account the social damage caused due to the presence of susceptibility, and (b)
the monopolist considers only the marginal consumers’ payoff ; while the benevolent social

planner cares about payoffs of the marginal as well as each supra-marginal consumers.

Now, suppose that d > d holds true and the government aims to induce the monopolist
to develop the perfectly effective vaccine, i.e., to set ¢ = ¢/’ = 1. For this purpose the
government announces an output linked R&D subsidy scheme, which offers subsidy $,g4
per unit of quality of the vaccine, at the beginning of Stage 1 of the ‘extended game’,
i.e., before the monopolist undertakes R&D investment for vaccine development, so that
the total R&D subsidy expenditure is at the lowest possible level and at the same time

the monopolist sets ¢ = 1. — We refer to this as modified-‘extended game’. Then,
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% = [B— (¥ +m — A)] — C'(¢) + $;¢4, which implies that @E:l > 0 if
spea > C'(1) = [B— (¥ +m —A)]. Clearly, s*, = C'(1) — [3— (¥ +m — A)] is the lowest
possible amount of subsidy per unit of quality, which induces the monopolist to develop

the most effective vaccine ¢ = e'® = 1, under full market coverage.

Lemma 2. Suppose that Assumptions 1 and 2 hold true. By offering subsidy s)¢,, =
C'(1) — [B — (¢ +m — A)] per unit of vaccine quality before the monopolist invests in
REID, the government can implement the socially optimal vaccine quality e¥'P =1 in the

equilibrium at the least cost.

Proof: Follows immediately from the above discussion.

It is evident from Lemma 2 that % < 0 and %{‘f‘i > (. The reason is, a higher hetero-

geneity in (lower average) social concern results in a higher (lower) marginal profitability

of vaccine quality: %[%] > 0 and a%[%] < 0, from equation (14).

Now, consider the modified-‘extended game’. Then, from Proposition 7, Proposition
9, Proposition 12 and Lemma 2, it follows that in the fulfilled expectations SPNE of
the modified-‘extended game’ (a) the monopolist develops the vaccine of socially optimal
quality (¢** = 1), (b) each individual of the society gets vaccinated (6** = 1) by paying
price p** = [(> 0), and (c) the monopolist earns profit II** = g — C(1) + sig, =
C'(1) = C(Q) + ¢ +m—A(>0).

Note that the government’s expenditure on R&D subsidy for vaccine development

: C'(1)=B+d+m—A
can be financed through the tax t,gq = Sﬁf&f = c'(l()lf)offgfgrmf X

€ (0,1) per unit of
profit of the monopolist@ Since profit tax in non-distortionary, the tax t.g,q per unit
of profit of the the monopolist will not alter the equilibrium outcomes, except that the
monopolist’s net profit will reduce to f — C(1)(> 0, by Assumption 2). Also, note that,
if the government opted for the policy ‘PP1: Government procurement coupled with per
unit profit tax’ in stage 2 of the modified-‘extended game’ | then in the equilibrium, the

government will procure vaccine at price 3 from the monopolist and also sell at the same

2ONote that 1) — A = 1y > 0 (by supposition), and C’(1) — C(1) > 0, since C’(-) > 0 and C”(-) >
0vVe € (0,1].

21By Assumption 2, II(f = 1,&) > 0 Ve € (0,1]. Now, II(§ = 1, = 1) = 8 — C(1), from equation (8).
Therefore, 3 > C(1) (by Assumption 2). It is evident that 8 > C(1) = t,¢q < 1. Next, as we have seen,
under Assumption 1, szl =B~ (p+m—A)—C'(1) < 0, which together with C’(1) > C(1)
and v¢; > 0 imply that ¢,gq4 > 0.
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price B to each individual, the government recovers the total cost of procurement and,
so, does not impose any tax on monopolist’s profit, in the equilibrium of the modified-
‘extended game’. Alternatively, if the government opted for the policy ‘PP2: Price
subsidy coupled with per unit profit tax’ in stage 2 of the modified-‘extended game’, in
the equilibrium the government subsidizes sales at the rate s* = (m+v — A) — B(> 0, by

*

Assumption 1) per unit of the vaccine and the monopolist pays tax tsupsiay = m =

WI)H* € (0,1), by Assumptions 1 and 2, per unit of its profit. Lastly, if the government
opted for the policy ‘PP3: Mandated full coverage and short-fall tax’ in stage 2 of the
modified- ‘extended game’, the monopolist does not pay any tax, since it covers the vaccine

market fully under PP3, in the equilibrium.

8 Conclusion

Given that individuals have preferences regarding the effects of their actions on others’
payoffs — referred to here as social concerns— and operate within a voluntary vacci-
nation setting, we examine equilibrium vaccination behaviour in a monopoly vaccine
market characterised by network externalities. We treat vaccine quality, defined as its
effectiveness in providing immunity against infection, as a continuous variable. In our
framework, a perfectly effective vaccine arises only as a limiting case. We analyse the
implications of vaccine quality, the intensity of network externalities, ‘mean-preserving,
spread-increasing’ and ‘mean-increasing, spread-preserving’ shifts in the distribution of
social concern, and perfect price discrimination on equilibrium market coverage for any
given level of vaccine quality. Additionally, we consider endogenous determination of
vaccine quality by the monopolist through investment in vaccine R&D, under conditions

of market coverage regulation.

We have demonstrated that it is always optimal for the monopolist to cover only part
of the vaccine market, regardless of the quality of the vaccine, the strength of network
externalities, or the extent of heterogeneity in social concern. By contrast, in our frame-
work, social optimality always requires full market coverage. Nonetheless, there are three
plausible, balanced-budget public policy interventions, each of which can successfully
induce the monopolist to achieve full market coverage: (1) government procurement cou-

pled with a per-unit profit tax, (2) a price subsidy coupled with a per-unit profit tax,
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and (3) mandated full coverage coupled with a per-unit profit tax. Interestingly, the
monopolist earns the same amount of post-tax profit under each of these three public

policy interventions.

We have also shown that a ‘mean-increasing spread-preserving’ shift in the distribution
of individuals’ social concerns results in a higher market coverage in the equilibrium,
provided that the extent of heterogeneity in social concern is sufficiently high. Otherwise,
the opposite is true. On the other hand, a ‘mean-preserving spread-increasing’ shift in
the social concern distribution leads to a higher market coverage in the equilibrium, if
the vaccine quality and its marginal direct health benefit are very high. These results
suggest the following. (a) The market is likely to penalize a society more in which
individuals’ preferences are closely aligned to each other and have higher social concerns,
compared to a society in which also individuals’ preferences are closely aligned to each
other but have lower social concerns, by contracting vaccine supply. (b) If the vaccine
is of sufficiently high quality and its direct health benefit is also high, the market may
reward a more heterogeneous (in terms of variation in social concerns) society by reducing

the prevalence of the disease through vaccination in the equilibrium.

Further, we have shown that higher net intensity of externality enhances equilibrium
market coverage if the extent of heterogeneity in social concern is sufficiently large. This
result contrasts sharply with the findings of [Kessing and Nuscheler| (2006) and Amir
et al.| (2023allb) and challenges the conventional wisdom that profit-oriented vaccine sup-
pliers would always find it optimal to keep disease prevalence high if the disease is more
contagious. This conventional wisdom is based on the assumption that individuals care
only about their own well-being. Our findings highlight the importance of considering
empirically grounded, realistic preferences of individuals, both for formulating business
strategies and for gauging public health outcomes in market equilibrium. This result also
suggests that the market serves a sufficiently heterogeneous society (in terms of social

concern) better if the disease is more contagious.

We have also shown that equilibrium market coverage is lower if the vaccine is of higher
quality, unless both the extent of heterogeneity in social concern and the marginal direct
health benefit of the vaccine are sufficiently high, suggesting that quality regulation alone

may result in an undesirable public health outcome. We have also demonstrated that
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the efficiency of perfect price discrimination crucially depends on vaccine quality and its

impact on direct health benefits.

Finally, we have shown that under public policy interventions targeted towards im-
proving equilibrium market coverage, the monopolist under-invests in vaccine R&D and
serves a lower-quality vaccine compared to the socially optimal standard. To correct the
problem of under-provision in vaccine quality and under-coverage of the vaccine market at
equilibrium, it is necessary to design a comprehensive vaccine policy, which involves (i) a
performance-linked R&D subsidy scheme and (ii) appropriate public policy interventions

(as discussed above) to achieve the desired level of market coverage.

Our analysis leads to several testable implications. First, a mean-increasing shift in the
distribution of individuals’ social concerns, while keeping the spread at a high level, results
in greater market coverage. Second, if vaccine quality exceeds a critical level, a monopolist
vaccine supplier covers a larger share of the market when there is greater heterogeneity
in social concern. Third, the contagiousness of a disease positively affects vaccine supply
when individuals are more heterogeneous in terms of their social concerns. Fourth, higher
vaccine quality has a negative effect on vaccine supply if individuals have similar levels
of social concern. Fifth, perfect price discrimination in the market for vaccines against
contagious diseases is socially efficient. Although gathering relevant data from real-world
cases may be challenging, it would be interesting to test these hypotheses in laboratory

settings. We leave this for future experimental studies.

There are three maintained assumptions in our analysis. First, we assume that in-
dividuals’ social concern is uniformly distributed. While our results are likely to hold
qualitatively as long as the social concern distribution remains symmetric, it would be
worthwhile to extend the analysis to more general distribution functions. Second, we
assume that the social planner can credibly commit to its announced policy measures.
Relaxing this assumption would likely alter the efficiency of the proposed policies. De-
veloping policy measures to improve vaccine market equilibrium outcomes in the absence
of full policy credibility is an area for future research. Third, we assume that individuals
are heterogeneous in only one dimension, i.e., social concern. This simplification keeps
the analysis focused and tractable. It goes without saying that, in reality, individuals

differ from one another in multiple dimensions, such as social concern, income, health
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status, and education. Results in a framework of multi-dimensional heterogeneity would
depend crucially on the direction and strength of correlations among these variables. Our
qualitative findings would likely hold if there were a sufficiently strong positive correla-
tion between social concern and other variables — though this does not appear to be an
empirically valid assumption. This issue lies beyond the scope of the present paper and

remains an open question for future research.
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Appendix
Proof of Lemma 1.
From equation (12), we get
20*  _ _ _mty (m+) (2(m+p)e—(n—1)) —3Be(Pn—1) Tt b
On -+ 6o =)/ (Y —rte(m-+4n))2 =3e(mtn) (Y —10) —36e2 (Yn—tr) can be

checked that 89* < 0 for all 8 € (0,3).

Proof of Proposition 3.

An increase in “net intensity of externality” m leads to (a) an increase in WTP of each

% ( ) — (1—¢#), and (b) an increase in the negative effect of vaccine coverage

m[ gg)ﬂ = fe, ceteris paribus. This

consumer by =
on revenues from supra-marginal consumers by |0

is because, a higher m makes individuals more sensitive to externalities arising from

the susceptible mass. It follows that Sign(%) = Sign( amae ]9 o) = Sign( py(y;)ygzg* +
9*4L|9 o) = Sign(1—2e6*), ceteris paribus It is easy to check that (1—2e6*) > (<
)0 & § > (<)48¢%. Tt implies that a higher net intensity of externality effect induces the

2From Equation (7) after substituting 6¢ = 6.
AT()

23Note that, from the first order condition of the monopolist’s profit maximization problem, 55 =

0 (ass;r(n)ing that Assumption 1 is satisfied), by using implicit function theorem we can write % =
Is)
— ‘9”52[H< 5 ] . Also, note that the second order condition 892( ) <0 is satisfied.
962
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monopolist to increase (decrease) the vaccine coverage, if § > 43€* (6 < 43€¢?). Therefore,

Proposition 3 follows.

Proof of Proposition 4.

_ L[ 2(n—th) —e(m+hn) — 1]
32 L\ /12(dn — ) —e(m-+ )2 —3<2[4B (¢ — ) — (m+p)?] ’

_ >0, if § > (nten) )
for all € (0,7). It follows that 2% B V3 € (0,8). Note
< (2)0, if § < (=)

that 6 > (ngh) &S 6> (mZ?h) . Now, for both (mf;fh < B and B € (0,8) to be

mgwh (

From equation (12), we get 2

true, we must have o > =0 > m+ 1), i.e., the extent of heterogeneity in social
concern must be greater than a threshold level@ Thus, when individuals are sufficiently

erwh) and the direct marginal health

heterogeneous in terms of their social concern (§ >
benefit of vaccine quality is greater than a critical level (8 > Lw")) the equilibrium

vaccine coverage is increasing in vaccine quality. Otherwise, the reverse is true.

Proof of Proposition 6.

From the first order condition of the monopolist’s profit maximization problem in Stage

1, %gﬁﬂ( ), we get Sign(9%) = Sign(f(6*)), where f(0) = 5% [%] = 1 —2(24€)0+6€6>.
€10,

It is evident that (i) f(6) has a unique minimum at 0 = 6, = 2=, where 6, € [0,1) if
2 < e < 1;otherwise, 6 > 1if0<e < 2 (i) if0<e <2 f#) =0at =0 =
Trevd=2ete € (0,1) 5 (i) if 3 < e < 1, f(0) =0at § =0, and at § = 0, = VIt

where 0 < #; < 6y < 65 < 1. Further, it can be checked that, under Assumption 1,
(a) 0 < 6y < 0* for all € € (0,}], and (b) when 2 <& <1, 0" > ()6 if f < B <
(0 < B < fB); where = (m+w)(a_1§; 2799 Therefore, 2 > 0 if S <e<1land

7 0A
B<p< B; otherwise, % < 0.
[ |
2Note that, when § > ™t we have (a) g—f <0,and (b) < (=)Bife > (= )% Needless

to mention that, if 3 < (=), i.e., if Assumption 1 is violated, it is optimal for the monopolist to set § = 1.
* 2
So, when 6 > %wh, for % > 0 to hold we need & < Bwrﬂ along with % < f. Note that,

+tn—3¢1—2m
mai, < (m+n)®
2 45

2
. It implies that, whenever ¢ > mﬂb’l and (m'w“) < B,

whenever § >
we have —2n=24=m _ 1 p other words, when § > %wh, the condition M <B<p 1mphcltly

, we have ¥y +m

B+n =3 — 212n 2
h 1
assumes that € < m(< 1).
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Proof of Proposition 7.

From equation (13), it follows that the second order condition 82892( ) < 0 holds true

aW(a a

always. Further, it is easy to observe that lo=o > 0 and |9 1 > 0 for all

B>0,m>0,d>0,ce€(0,1], ¢y, > ¢ > 0| Thus, Argmaz W (0) = 1, i.e., the socially
0€[0,1]

optimal vaccine coverage 078 = 1.

Proof of Proposition 8.

Suppose that under perfect price discrimination the monopolist commits to an output
0, = % and demands the entire WTP from each individual having social concern
Y € [¢p,¢¥p). Then, the perfect price discriminating monopolist’s profit, II(v,), is as
follows.

() =‘/?(&ww¢+mx b)) ay

= et =)+ (BT =) ) (1= g -

Yn — i
The problem of the monopolist under perfect price discrimination can be written as

Maz 11 Now,
W€l wn] (V)-

C(e)

<0,if (a) 0 < e <eppgor (b) eppa < e < landf > Bypa

Ol (Yp)
e - , for allm > 0
>0, ifeppg <e <land0 < B < Bppa
and ¥, > Y > 0; where €9 = % and Bppa = €(4m+wh+32ﬁ )=2(mtv) Further,

Bopa < (>)B if € < (>)2. Therefore, under Assumption 1, we have the following, for all

m > 0 and ¥y, > ¢y > 0.

. =1,if (a) 0 <& <eppgor (b) eppa <€ < 2and Bypa < B <

ppd
< 1, otherwise

258W =m+ Yy + Be — (6 + (m +1y)e)0 + de6? —l—ds Clearly, avgé") lo=o = m + ¢, + Be + de > 0 and
6W(0) lo=1 = (m 4+ ) (1 —¢) + (B + d)e > 0. Also, 2 692 = —(6+ (m+ p)e) + 26e0 = —(m + ¥p)e(1 —
) (wh —1)(1 —eb) — (m + y)ed < 0.
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Proof of Proposition 10.

Note that II(# = 1,¢) > 0, by Assumption 2, and % = —C"(e) < 0Ve € (0,1],

by supposition. Further, an(%?,s) o1 =B— (W +m—A)—C'(1) <0, since (a) Blcey =

(p+m—A) and, by Assumption 1,0 < 3 < j3 for any given ¢ and (b) C'(g) > 0Ve € (0, 1],

by supposition. Therefore, it follows that e* = Argmaxz I1(6 = 1,¢) < 1.
€€(0,1]

Proof of Proposition 11.

Note that g—f = 8%(& +2m — 2A). Now, suppose 2A > 1) + 2m. Then, g—f < 0, which
implies that §|.<; > B|.—1. In this case, if (v +m — A) +C'(e) < f < Bl holds true
for some ¢ € (0,1), the monopolist’s optimal choice of vaccine quality e* = £, where

¢ is implicitly given by C'(¢) = 8 — (¢ +m — A) and 0 < é < 1 Alternatively, if
2A < 1) + 2m, we have g—f > 0 and, thus, f.c1 < f.—i. In the later case, by Assumption
1, we will always have 3 < (¢ +m — A), which implies that £* = gy where ¢ is arbitrarily
small and close to zero. Overall, it follows that, if A is higher or ¢ is smaller, the condition
2A > 1) + 2m is more likely to be satisfied and so €* = &(>> 0) is more likely to be true.

Also, note that C'(¢) = 8 — (¢ + m — A) and C”(¢) > 0 imply that £ is higher if A is
higher or 1 is lower. Otherwise, if 2A < v 4 2m, we will have £* = gy(= 0).

Proof of Proposition 12.

From equation (15), it is easy to check that W (e|f = 1) is strictly concave in ¢, since

C"(e) < 0. Now, %\6:1 >0« d>d, where d=C'(e) — f+ W. It follows

that the socially optimal vaccine quality ef? =1, if d > d.

26Note that, for Assumption 1 to be satisfied for 0 < & < 1, we must have 8 < B|.<1.
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