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Abstract

I develop a capital accumulation model where, in the �rst stage, parents decide whether

to vaccinate their children. In the second stage, nature determines if a child is infected with

a disease, and they make human capital investment decisions. In the third stage, children

participate in the labor market. I �nd that when the severity of a disease is low, no parents

vaccinate their children. In addition, I reproduce the classic results of the vaccination model

where every parent free rides on the decisions of other parents. Furthermore, I �nd that parents

with high health risk children are more likely to vaccinate their children, while parents with

high perceptions of vaccination risk are less likely to vaccinate their children. All of these e¤ects

can be internalized with proper subsidies, but targetting parents with high perceived risks of

vaccination with focused subsidies is more cost e¢ cient. Lastly, my results suggest that as the

return to human capital becomes higher, more parents vaccinate their children.
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1 Introduction

In the United States, vaccination levels have been on the decline for the past several decades. A

combination of the near-eradication of several severely infectious diseases, dubious safety research on

vaccinations, and lax governmental requirements, among others, have led more parents to leave their

children unvaccinated. These forces have allowed previously declining diseases to resist additional

e¤orts to eradicate them among the public.

Individual states allow for exemptions from vaccinations based on medical, religious, or philo-

sophical grounds. All states allow people with medical conditions that prevent them from absorbing

immunity from vaccinations (typically cancer or autoimmune diseases) exemptions from state vac-

cination laws which pertain to public education, access to daycare, and other similar services. 47

states allow for religious exemptions to vaccination laws, while only 18 states allow for philosophi-

cal exemptions. This has lead to a measles vaccination level for children of only 91.9%, with some

states, such as Colorado, as low as 86%. This low vaccination rate precipitated a measles breakout

at the Disneyland theme park in California in 2014. The disease spread rapidly through those

attending the park, and it was later discovered that 56 among the infected had not been vaccinated

against the disease.

This paper develops a three-stage model where, in the �rst stage, parents decide whether to

vaccinate their child; in the second stage, nature determines whether children are infected with

a disease and then children make human capital investment or labor market decisions; where an

infected child has less time to allocate between the human capital and labor markets versus a

healthy child. In the �nal stage of the game, children recover from any infection and participate in

the labor market. In addition to considering the monetary cost of vaccination, I examine the risk of

vaccination complications as an additional cost parents consider when making their decision in the

�rst stage. Intuitively, several vaccinations have discomforting side e¤ects, which can be perceived

as a risk to the child.1 The parent balances their child�s physician�s assessment of the child�s health

risk as well as their personal perception of that assessment to determine the vaccination risk to the

child.

I �nd that children who are unvaccinated, but avoid infection, acquire the highest payo¤s in

the second and third stages of the model. The additional �nancial resources from not vaccinating

combined with the most time available to invest in human capital and participate in the labor market

allows these children the highest returns on their investments. The comparison between vaccinated

children and unvaccinated but sick children is less clear. For diseases in which the severity of the

infection (as measured by the amount of time a child spends sick) is low relative to the monetary

cost of vaccination, the unvaccinated but sick child receives a higher payo¤ than the vaccinated

child. Intuitively, the reduction in time available in the human capital and labor markets is smaller

than the monetary cost associated with the vaccine, which provides this child more resources to

allocate between human capital development and consumption. In this circumstance, no parents

1For example, a common side e¤ect of the �u vaccine is a rash. In an extreme case, a child with a compromised
immune system could have a fatal reaction to a vaccine.
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vaccinate their children.2 On the contrary, for diseases in which the severity of the infection is high

relative to the monetary cost of vaccination, the vaccinated child receives a higher payo¤ than the

unvaccinated but sick child. In this circumstance, an interior solution exists where some parents

vaccinate their children.

I reproduce the classic result that the positive externality a parent imposes on all other children

by vaccinating his child creates an incentive for other parents to free ride. Intuitively, as more

children gain immunity to a disease through vaccination, the smaller the probability that an un-

vaccinated child is infected by the disease. This increases the expected payo¤ of all unvaccinated

children, making vaccination a less appealing option. In addition, I reproduce the classic result

that an appropriate subsidy induces parents to internalize the positive externality they generate on

other families, leading to a socially optimal level of vaccination.

I �nd that parents with children in high health risk are more likely to vaccinate their children,

since the latter face a higher chance of infection, thus lowering the expected payo¤ of an unvacci-

nated child. In these circumstances, parents treat vaccination similar to an insurance policy; they

are able to prevent infection all together in their child for a price, completely eliminating their risk

of infection.

For low to moderate values of the child�s health risk, I �nd that parents with higher perceived

vaccination risks are less likely to vaccinate their children. These parents perceive that their child

does not have an excessively high chance of infection and that the process of vaccination could

be more detrimental to the child�s health than the disease, itself. On the contrary, for children

with high health risk, I �nd that parents vaccinate their children regardless of their perception of

vaccination risks. For these parents, the high chance of infection outweighs their own perceptions

of potential harm to their children from a vaccine.

For generality, I also consider vaccines which can be ine¤ective, such as the �u vaccine. I �nd

that parents are less likely to vaccinate their children if the vaccine has a higher chance to fail.

Intuitively, removing the certainty from the parent�s decision with regards to vaccination makes

that choice much less attractive. If a vaccine is more likely to be ine¤ective (a placebo), parents

are less willing to vaccinate.

Lastly, I allow for situations where vaccines do not explicitly prevent infection, but mitigate the

severity of the illness, as seen in some cases with the shingles (Herpes Zoster) vaccine.3 I �nd that

parents are more likely to vaccinate their children if the vaccine mitigates the severity the disease,

allowing their children to spend more time in the human capital and labor markets. While still

not a certain outcome, mitigation of the illness allows for the di¤erence between the child�s time

available when healthy and sick to be small, increasing the expected payo¤ for that child. This

makes the vaccine more attractive to parents, even though the chance of infection is still positive.

My results contribute to the discussion about why parents choose to not vaccinate their children

and what can be done to encourage the internalization of the externality that they impose on the

2This also can explain why vaccines for minor diseases, such as the common cold, do not exist.
3The shingles disease is associated with long-term pain in the infected area. The current vaccine used is known

for not only reducing the chance of infection, but also the associated long-term pain from the infected area.
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population. Vaccination becomes most attractive when it is costless to parents, which lends support

to the idea for full subsidation of vaccines by the government. In addition, by targetting parents

with high health risk children, but also high perceived risk of vaccination with focused subsidies, a

social planner can ensure that the socially optimal level of vaccination is achieved by vaccinating

those with the highest health risks.

1.1 Related literature

Mathematical modeling of disease spread derives from the seminal work of Kermack and McK-

endrick (1927) which develops the susceptible-infected-recovered (SIR) model. They show how a

higher proportion of susceptible (unvaccinated) and infected individuals increases the spread of a

disease through a population. Further work by Anderson and May (1979) expanded on how popu-

lation dynamics interract with the pool of susceptible individuals. More recent work by Perrings,

et al. (2014) focuses on the economic variables associated with those earlier models; for instance,

how individuals choose to make contact with one another given their knowledge about a disease�s

spread. This paper uses a static approach to the SIR model that is incorporated into the three-stage

game.4

My work closely resembles that of Bauch and Earn (2004). They present a game theoretic model

where parents act strategically in their choice to vaccinate their children, leading to suboptimal

vaccination level for society due to free riding. Other work by Manfredi, et al. (2009) examines

the concept of rational abstention from parents in terms of vaccination. Their work suggests that

the free rider problem as presented in Bauch and Earn may not be as strong as originally intended,

due to the presence of incomplete information. While these models treats the payo¤s to children

as static, my model focuses on vaccination�s implication for human capital development.5

The past two decades have seen a rise in the perceived risk of vaccinaitons. Casiday, et al. (2006)

perform a survey of the MMR vaccine in the United Kingdom that suggests medical practitioner

advice is being undermined by outside in�uences. Reluga, et al. (2006) and Betsch, et al. (2012)

focus on how public perception of vaccination risk impacts the vaccination rate across society,

speci�cally the role that the internet plays in informing parents. I incorporate these ideas into my

model, where parents pay a utility cost as a function of the child�s inherent health risk and the

perceived vaccination risk of the parent.

My model uses concepts from human capital theory originally developed by Becker (1964).

Further work by Schultz (2003) links health in children to gains in human capital. My model builds

upon this work and incorporates the child�s health state in their human capital decision making

process.6

Section 2 describes the model, while section 3 presents equilibrium results in the �rst, second

and third stages. Section 4 extends the model to include vaccinations that have a probability to

4See also: Philipson (1999), D�onofrio, et al. (2007), Funk, et al. (2010) and Kivelä, et al. (2014)
5See also: Fine, et al. (2011) and Wang, et al. (2015).
6See also Griliches (1977), Thomas and Strauss (1996) and Schultz (2002).
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be ine¤ective; and cases where vaccines only mitigate the symptoms of a disease, rather than the

disease, itself. Section 5 concludes and discusses the results.

2 Model

This model is inspired by the SIR model presented by Kermack and McKendrick (1927). In that

model, a system of di¤erential equations show how the number of people susceptible to a disease,

infected by the disease, and immune to the disease through recovery change over time. The goal

of this model is to integrate the SIR model into a consumer choice model through a human capital

accumulation context.

Consider a complete-information three-stage game consisting of N parent-child pairs, where:

1. In the �rst stage, an altruistic parent decides whether to vaccinate his child.

2. In the second stage, children bear the risk of becoming infected with the disease if not vac-

cinated and must choose how much time to allocate between acquiring human capital and

participating in the labor market.

3. In the �nal stage, any infected children have recovered from the disease, and all children solely

participate in the labor market.

I next use backward induction to determine the subgame perfect equilibrium.

3 Equilibrium analysis

3.1 Third Stage - Labor Market

In the third stage, the child has completed his human capital accumulation and participates in a

perfectly competitive labor market. The child�s maximization problem is

max
c2j

u2(c2j) (1)

subject to: c2j = w(h2) + (1 + �)b1j

h2 = �h+ ��j

where u2(�) represents the child�s utility level, which is increasing and concave in his consumption,
c2j . Subscript j 2 fV;H; Sg denotes whether the child was vaccinated, V , unvaccinated but
uninfected (healthy), H, or unvaccinated and sick, S, respectively. The child receives a perfectly

competitive wage w(�) as an increasing, weakly concave function of his human capital level h2. As
described by the last constraint, h2 comprises an initial endowment of human capital �h and the

time spent accumulating human capital in the second stage, �j . Parameter � captures the child�s

e¢ ciency at accummulating human capital. In addition, the child has savings from the second

period, b1j that are increased by an interest rate �.
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Inserting the binding constraints in the objective function, the child�s consumption level in the

third stage is,

c�2j = w(�h+ ��j) + (1 + �)b1j

Intuitively, third-stage consumption is increasing in the endowed level of human capital, �h, time

spend accumulating human capital in the second stage, �j , the e¢ ciency parameter, �, the interest

rate, �, and the level of savings from the second period, b1j . The �rst three parameters make the

child more productive in the third stage, increasing labor market income; while the last two directly

increase his available income for consumption.

3.2 Second Stage - Human Capital Accumulation

At the beginning of the second stage, the child realizes whether or not he is infected by the disease.

If the parent vaccinates the child, I assume that the probability of the child being sick is nil.

Otherwise, the child is infected with the disease with probability �(r; �;m;N), where r represents

the child�s inherent health risk, � 2 [0; 1] denotes the natural infectivity of the disease,7 and

m 2 [0; N ] represents the number of children that are vaccinated. Intuitively, people have varying
abilities to �ght o¤ infections, and those with higher risk r are more susceptible to infections. In

addition, a disease that spreads easier (higher �) is more likely to infect the population. Last, higher

vaccination rates makes infection less common. I therefore consider that the child�s probability of

being infected, as captured by function �(�), is increasing in r, and �, but decreasing in m.
The child solves the following optimization problem in the second stage,

max
c1j ;�1j ;b1j

u1(c1j) + �u2(c
�
2j) (2)

subject to: c1j + q�j + b1j = Ek + (T � �j)w(�h)

where u1(�) denotes the child�s utility level from �rst-period consumption, c1j , which is increasing

and concave, j 2 fV;H; Sg, and � represents the discount factor. From the the child�s budget

constraint, he allocates his income between consumption in the �rst period accumulating human

capital, where �j 2 [0; T ] is the proportion of time spent accumulating human capital at a constant
price of q, and saving his income for consumption in the third period, bj . The child is endowed with

T 2 [0; 1] units of productive time. Speci�cally, if the child is healthy (because he was vaccinated,
or he did not get infected) parameter T is at its upper bound T = 1, while if he is sick T < 1

indicating that he can dedicate less time to allocate between schooling and the labor market.8 The

child chooses which proportion of T to dedicate to schooling, �j , leaving the remaining time to

7 Intuitively, � can be interpreted as the probability that an infected person transmits the disease to a healthy
person.

8Depending on the e¤ect of the disease, T could be close to 1, indicating that the disease has little e¤ect on
the child�s day-to-day life (for example, the common cold); or T could be close to zero, indicating that the disease
a¤ects the child greatly, almost eliminating the child�s opportunities in both the human capital and labor markets
(for example, mononucleosis).
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work on the labor market, T � �j , which yields a perfectly competitive wage w(�h).9

Term Ek denotes the amount of money the parent transfers to his child in the second period

as an endowment, where k 2 fV;NV g. In addition, the endowment that parents transfer to their
children is weakly larger when they do not spend resources on vaccination, EV � ENV , which allows
for a costly or costless vaccination as special cases. I de�ne the price of vaccination as the di¤erence

between endowments, i.e., p � ENV � EV . The following Lemma describes the implicit functions
that characterize the child�s equilibrium human capital accumulation and savings decisions during

the second period.10

Lemma 1. In the second period, the child chooses a human capital accumulation ��j and savings
level b�1j that solves

� u02(w(�h+ ��j) + (1 + �)b1j)w
0(�h+ ��j)�| {z }

MB�j

� u01(Ek + (T � �j)w(�h)� q�j � b1j)(w(�h) + q)| {z }
MC�j

(3)

� u02(w(�h+ ��j) + (1 + �)b1j)(1 + �)| {z }
MBb1j

� u01(Ek + (T � �j)w(�h)� q�j � b1j)| {z }
MCb1j

(4)

In this situation, both human capital accumulation, �j and savings, b1j serve similar purposes;

they transfer income from the second stage of the game to the third stage. Thus, the child only

utilizes the mechanism that maximizes his own bene�t, as explained in the following corollary.

Corollary 1. Under these conditions, the following corner solutions arise,

1. If �w0(�h)| {z }
MB�j (0)

< (1 + �)
�
w(�h) + q

�| {z }
MOC�j

, then ��j = 0 and b
�
1j � 0.

2. If �w0(�h+ �T )| {z }
MB�j (T )

< (1 + �)
�
w(�h) + q

�
< �w0(�h), then ��j 2 [0; T ) and b�1j � 0.

3. If �w0(�h + �T ) > (1 + �)
�
w(�h) + q

�
and equation (3) does not hold with equality, then

��j 2 f0; Tg and b�1j � 0.

4. If �w0(�h+ ��j)| {z }
MB�j (�j)

> (1 + �)
�
w(�h) + q

�
for all �j < ��j and equation (3) holds with equality,

then ��j 2 [0; T ) and b�1j = 0.

9Note that wage w(�h) is now only a function of the child�s endowment of human capital, �h, since he can only
accummulate human capital during the subsequent stage.
10Depending on parameter values, equilibrium human captial accumulation can be in either corner solution, 0 or

T . We ellaborate on these cases in Example 1 below.
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Each of the conditions in Corollary 1 compares the marginal bene�t of an additional unit of hu-

man capital investment,MB�j (�j), with its associated marginal opportunity cost, (1 + �)
�
w(�h) + q

�
,

which captures the additional amount the child could have received had he worked and saved that

extra money. Figure 1 depicts this relationship for an interior solution ��i 2 (0; T ).

σj

θw (h +θq)

(1 + ρ)(w(h ) + q)
MOCσj

MBσj(σj)

Figure 1. Marginal bene�t and marginal opportunity cost of human capital

investment.

From �gure 1, the downward sloping line �w0(�h+��j) denotes the marginal bene�t of an additional

unit of human capital investment. Intuitively, as �j increases, he invests more time acquiring human

capital which increases his wage in the third stage.11 The �at line (1 + �)
�
w(�h) + q

�
represents the

marginal opportunity cost of an additional unit of human capital investment. If the child were to

pursue his next best option, savings, instead of human capital investment, his money in the second

stage would increase by his additional time spent in the labor market times his second period wage,

w(�h) and the amount he spent to acquire that unit of human capital, q. Investiting this money at

a rate of 1 + � represents his opportunity cost.

From Corollary 1, condition 1 implies that the marginal opportunity cost of the �rst unit of

human capital, MOC�j is greater than its bene�tMB�j (0), and thus the child only works and

saves his money. Condition 2 denotes a case where the marginal bene�t of the �rst unit of human

capital, MB�j (0), exceeds its marginal opportunity cost, MOC�j , but for some value of �j < T ,

the marginal bene�t, MB�j (�j), equals the marginal opportunity cost and any excess resources

beyond that are saved. Conditions 3 and 4 explore cases where the marginal bene�t of an additional

unit of human capital always exceeds its marginal opportunity cost. Speci�cally, condition 3 has

the child invest all of his time acquiring human capital, but still has resources remaining, which he

then saves. Lastly, condition 4 has the child allocate all his resources to human capital investment,

leaving none remaining for savings.

11The weak concavity of the wage function causes the marginal bene�t to either decrease, or remain �at (in the
case where the wage function is linear), which is implies that the marginal bene�t function is downward sloping.
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I summarize the results of all four conditions below in �gure 2.

s j , b1j

u
MCMB

*0 1s j , b1j*

Figure 2. Marginal e¤ects of an increase in �j or b1j .

From Figure 2, we �nd that an increase in the initial endowment, Ek, shifts the MC curve to

the right, leading to an increase in ��j or b
�
1j . Likewise, an increase in the discount factor, � shifts

the MB curve to the right, also increasing the location of ��j or b
�
1j . Increasing the amount of time

available, T shifts the MC curve to the right in cases 1 and 4, but to the left in case 3. In addition,

an increase in T shifts the MB curve in case 3 to the left as well, which implies that while ��j or

b�1j increases with an increase in T in cases 1 and 4, the result of an increase in T on case 3 is

ambiguous. Increasing the price of attaining human capital, q, however, leads to a left shift in the

MC curve (With the exception of case 1, where it has no e¤ect) which reduces ��j or b
�
1j . Increasing

the endowed level of human capital, �h a¤ects both curves, but the direction is unclear, leaving the

result ambiguous. Lastly, increasing the e¤ectiveness of time spent accumulating human capital,

� can shift the marginal bene�t curve in either direction, depending on the level of �h, once again,

leaving the result ambiguous.

For compactness, let us denote Uj as the discounted sum of equilibrium utilities that the child

receives, that is,

Uj = u1(c
�
1j) + �u2(c

�
2j)

= u1(Ek + (T � ��j )w(�h)� q��j � b�1j) + �u2(w(�h+ ���j ) + (1 + �)b�1j)

The following corollary ranks both the total utility levels and the equilibrium time spent accumu-

lating human capital. (All proofs are relegated to an appendix).

Corollary 2: If human capital accumulation satis�es ��j � ��l and b
�
1j � b�1l, then Uj � Ul,
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where Uj = Ul only in the case where ��j = �
�
l and b

�
1j = b

�
1l.
12

From the budget constraint in the third stage, we know that as more time is spent accumulating

human capital or saving in the second stage, consumption increases in the third stage. From

equations (3) and (4), we have that the child chooses his time spent accumulating human capital

and savings level such that his marginal bene�t from consumption in the second stage is equal to

his discounted marginal bene�t of consumption in the third stage. Intuitively, if in equilibrium he

increases his consumption in the third stage due to an increase in his human capital or savings, he

must also increase his consumption in the second stage to maintain the relationship between his

intertemporal preferences.

Corollary 3: An unvaccinated healthy child accumulates the most human capital and savings,
i.e., ��H � ��V ; ��S and b�1H � b�1V ; b�1S, for all parameter values.

Intuitively, a child that retains good health without vaccinations receives the highest endow-

ments of both time and money from his parents. With these high endowments, he exhibits the

highest human capital accumulation ��H , and savings b
�
1H .

The ranking between the human capital and savings that the vaccinated and unvaccinated but

sick child accumulate, ��V and �
�
S , is however unmbigous, and depends on the parental endowment

(Ek) and the amount of time endowed when sick (i), as Corollary 4 identi�es.

Corollary 4: If w(�h)(1� T ) < ENV � EV = p, then ��V < ��S.

Intuitively, w(�h)(1� T ) represents the additional income a healthy child can earn in the labor
market during the second period, relative to his earnings if he were sick, i.e., the "heatlhy premium."

In contrast, terms ENV � EV denotes the additional endowment that unvaccinated child receives
relative to his sick counterpart, thus capturing the cost of the vaccine (i.e., ENV � EV > 0 if

vaccines are costly, but ENV �EV = 0 if they are fully subsidized). Therefore, the above inequality
states that if the vaccination cost exceeds the healthy premium on the labor market, the sick child�s

additional endowment helps him accumulates more human capital than the vaccinated counterpart.

Example 1. To illustrate our previous results with a parametric example, consider utility
functions ut(ctj) = log ctj in every time period t = f1; 2g, and wage function w(h) = h. Inserting
these into equation (3) yields the following �rst-order condition,

� q

Ek � q�j
+
�

�j
� 0

which we can solve for �j to obtain the equilibrium human capital that the child selects during the

12NOTE: Could I just say that the utility function satis�es strong monotonicity?
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second stage, ��j , as follows

��j =

8>><>>:
0 if ��(Ek + T�h) < �h(�h+ q)

T if ��(Ek + T�h)� �h(�h+ q) > T (1 + �)(�h+ q)�
��(Ek+T�h)��h(�h+q)

(1+�)(�h+q)�
otherwise

For parameter values of � = 0:8, �h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, and � = 5, I

�nd that ��V = 0:9097, �
�
H = 0:9167, and �

�
S = T = 0:2.

Intuitively, when the cost of acquiring human capital, q, is extremely high the child does not

accumulate any, ��j = 0; when it is extremely cheap, he chooses to acquire as much as possible,

��j = T ; and acquires a strictly interior amount when the cost of human capital is intermediate.

In this interior solution, the child�s human capital accumulation is increasing in his discount factor

� (indicating that he assigns more importance to his future salary), in his ability to accumulate

human capital �, and in his endowment Ek; but decreasing in the price of human capital q. For

completeness, Appendix 1 reports the corresponding values of equilibrium consumption levels c�1j
and c�2j , and the child�s equilibrium utility across both periods.

3.3 First Stage - Vaccination

In the �rst stage of the game, every parent i 2 f1; 2; :::; ng simultaneously decides whether to
vaccinate his child (V = 1) or not (V = 0) by solving

max
V 2f0;1g

f�UV � p� �c(r; �); � [(1� �(r; �;m;N))UH + �(r; �;m;N)US ]g (5)

where � represents the parent�s altruism towards their child; UV is the total utility of the child

when vaccinated; UH denotes his total utility when unvaccinated, but avoids infection; and US is

the total utility when unvaccinated, but becomes infected. If a parent vaccinates his child, he pays

a price p > 0 for the vaccine, which includes monetary outlays, and opportunity cost of going to

the doctor or pharmacist. In addition, the parent su¤ers a utility cost c(r; �) which increases in

the possibility of medical complications due the vaccine: those described by any doctor who knows

the child�s medical history, which we refer as health risk r; and those assessed by the parent, �,

which may capture the parent�s overall beliefs about the potential complications from vaccination.

Therefore, parameters r and � satisfy r; � 2 [0; 1].
From equation (5), the parent�s payo¤ coincides with the utility that his child receives in subse-

quent stages, discounted by the parent�s altruism factor and less any utility costs from vaccination.

If he were sel�sh, � = 0, he would only face a cost of p+c(r; �) from vaccinating his child, and would

choose not to vaccinate, while a positive altruism � > 0 leads the parent to consider vaccination,

as Proposition 1 describes.

Proposition 1: If w(�h)(1� T ) < ENV � EV , vaccination is a strictly dominated strategy.
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From corollaries 2-4, when this condition holds, the total utility when vaccinated is strictly

lower than that when unvaccinated (both when the child remains healthy despite not receiving

the vaccine and otherwise). Since the child will be strictly worse o¤ if vaccinated, every parent

chooses to not vaccinate his child, regardless of other parents�decisions.13 For the remainder of this

analysis, we assume that w(�h)(1� T ) > ENV �EV , i.e., the cost of the vaccine is not prohibitive.
Each parent chooses to vaccinate if its discounted stream in utility is larger than that from not

vaccinating. Thus a parent is indi¤erent between vaccinating and not vaccinating if

�UV � p� c(r; �) = � [(1� �(r; �;m;N))UH + �(r; �;m;N)US ] (6)

Recall that m � N denotes the number of children that are vaccinated in society Therefore, as

m increases, the right-hand side of equation (5) increases, reducing parents�incentives to vaccinate,

as they can now free-riding o¤ other parents�decisions. For an equilibirum in pure strategies to

exist, two conditions must hold:

1. For the m parents that choose to vaccinate, vaccinating must yield a weakly higher payo¤

than not vaccinating, i.e.,

�UV � p� c(r; �) � �
�
(1� �m�1)UH + �m�1US

�
(7)

where for compactness we de�ne probability �m = �(r; �;m;N) and similarly �m�1 =

�(r; �;m� 1; N). Since probability function �(�) decreases in m, �m < �m�1. Intuitively, the
right-hand side of this inequality is a function of m � 1 as if any of the m parents chose to

not vaccinate, the immunized population would be reduced by 1.

2. For the N � m parents that choose not to vaccinate, not vaccinating must yield a weakly

higher payo¤ than vaccinating, i.e.,

� [(1� �m)UH + �mUS ] � �UV � p� c(r; �) (8)

Combining conditions (7) and (8), we obtain that, for exactly m parents to vaccinate, we need

(1� �m)UH + �mUS � (1� �m�1)UH + �m�1US (9)

which reduces to UH � US . From Corollaries 1 and 2, UH � US holds in equilibrium for all

parameter values, entailing that condition (9) holds for every m. Condition (9) allows for the

13This can possibly explain why there do not exist any vaccines for minor diseases, like the common cold.
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solution to be characterized in three separate cases, as described in �gure 3 below.

α[(1  βm)UH + βmUS]α[(1  βm1)UH + βm1US]

αUV  p  c (r,λ )

A B C

Figure 3. Utility comparison.

In region A, condition (7) does not hold, implying that the best response for any of the m parents

who are vaccinating is to deviate to not vaccinating his child. For an extreme case where m = 1,

this implies that no parents vaccinate their children. On the opposite end of the spectrum, region

C depicts the case where condition (8) does not hold, which indicates that the best response for any

of the N �m parents who choose to not vaccinate their child is to deviate to vaccination. Again,

for an extreme case where m = N �1, this implies that all parents vaccinate their children. Region
B denotes where both conditions (7) and (8) hold, and no parent has any incentive to deviate from

their prescribed strategy.14 For situations where both conditions (7) and (8) hold (Region B), the

solution to equation (6) can be characterized in �gure 4 below.

mm*0 N

V

S

H

Figure 4. Equilibrium vaccination

level.

In the above �gure, the horizontal line at V represents the parent�s payo¤ when vaccinating

their child. Since the payo¤ is not a function of the vaccination level, they are a¤orded certainty in

their payo¤. The second, curved line represents the parent�s expected payo¤ when they choose to

14 In region B, only one integer value of m exists within its bounds, which is our equilibrium value.
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not vaccinate their child. For low levels of vaccination, m, the parent�s expected payo¤ approaches

S, which captures the child�s utility when sick (which becomes almost certain for low values of m)

and the parent�s altruism torwards the child. As the value of m increases, the child is more likely

to remain healthy when unvaccinated, and the parent�s expected payo¤ approaches H, which is a

function of the child�s utility when healthy and the parent�s altruism. Where the two lines intersect

at m� represents the equilibrium vaccination level. Intuitively, no parent can do better by altering

their decision for their child at that point.

Example 2. Continuing with Example 1,.let c(r; �) = �r1��,15 where � represents the sensi-
tivity of the parent�s perception on their child�s health risk on their decision to vaccinate. Let the

probability of infection be given by the probability that a child�s immune system cannot prevent

infection (r) times the probability of the disease transmitting among a susceptible population which

we de�ne below,

p(�;m;N) = 1� 1� e�(1��)m �m(1� �)e�(1��)N

1� e�(1��)N �N(1� �)e�(1��)N

The probability of infection is derived from the exponential distribution, where it is modi�ed such

that its support is from 0 to N . Intuitively, as the number of vaccinated children (m) increases, the

probability of infection decreases (as we use the complement of the conditional density function)

until m = N and all children are vaccinated. At this point, there is no susceptible population

and the probability of infection is 0. The infectivity of the disease (�) determines how quickly

the probability of infection decreases as more children become vaccinated. We illustrate several

15 Intuitively, a parent with a low value of � has similar beliefs about their child�s health risks as described by
their doctor, where for high values of �, parents perceive their childs health risk as much higher than the doctor�s
assessment.
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di¤erent values of � below in Figure 4.

p(η,m,N)

1

0 N
m

η = 0.99

η = 0.95

η = 0.9

Figure 4. Probability of disease

transmission.

A high value of � implies that even a small number of infected children can e¤ectively spread the

disease, which is demonstrated above by a �atter probability function. On the contrary, a low value

of � implies that the probability of infection drops o¤ quickly with even few children vaccinated

against the disease. Thus, we de�ne the probability of a child being infected as

�(r; �;m;N) = rp(�;m;N) = r

 
1� 1� e�(1��)m �m(1� �)e�(1��)N

1� e�(1��)N �N(1� �)e�(1��)N

!

Inserting this into equation (5) gives,

�U�V � p� �r1�� =

= �

" 
1� r

 
1� 1� e�(1��)m �m(1� �)e�(1��)N

1� e�(1��)N �N(1� �)e�(1��)N

!!
U�H + r

 
1� 1� e�(1��)m �m(1� �)e�(1��)N

1� e�(1��)N �N(1� �)e�(1��)N

!
U�S

#

where using the values of U�j from example 1, equilibrium values of m are calculated numerically

and presented below.

For parameter values of � = 0:8, � = 0:8, �h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, � = 5,

r = 0:3, � = 0, � = 0:95, and N = 50, I �nd that m� = 11, i.e., 11 out of 50 parents choose to

vaccinate their children. A vaccinated child chooses ��V = 0:91, an unvaccinated but healthy child

chooses ��H = 0:92 and an unvaccinated but sick child chooses �
�
S = 0:2 (his upper corner). Below,

I present static e¤ects for each of these variables and their impact on the equilibrium number of
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vaccinated children, m�.16

20 20

1 1
α δ

0 0

m m

(a) (b)

20 20

10 1
h T

0 0

m m

(c) (d)

16For the below static e¤ects, unless speci�ed otherwise, parameters are held at the values stated above.
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Figure 5. Static E¤ects.

Panels (a) and (b) of �gure 5 depict the e¤ects of altruism, � and the child�s discount factor,

�, respectively on m. For low values of �, parents value their own cost of vaccination much more

than the utility of their children, and no parents choose to vaccinate their children. As � increases

above 0:36, the �rst parent chooses to vaccinate their child, and the vaccination level is increases to

m� = 14. as � approaches 1. Similarly, if the child�s discount factor is low (below 0:21 in this case),

he does not put much weight on his third period consumption and prefers to not invest in human

capital. As a result, only m� = 4 parents vaccinate their children in order to maximize their ability

to work in the second stage. As � increases, children invest in their own human capital, and as a

result, more parents vaccinate their children to optimize those investments. Once again, m� = 14

as � approaches 1.

Panels (c) of �gure 5 depicts the e¤ect of human capital endowment, �h on m. For low values of

human capital endowment, �h < 2:77 children dedicate all of their time to human capital investment,

as their wage in the second stage is relatively low compared to what they could receive in the third

stage by investing. As a result, less parents are willing to vaccinate their children as �h increases for

low values of �h, as vaccination does not lead to a marginal change in human capital investment,

while the utility the child receives when unvaccinated but sick increases sharply. A minimum of

m� = 11 parents vaccinate their children at �h = 3:77. For human capital endowment values above

this point, a further increase in human capital signi�cantly increases the child�s utility in both the

second and third stages, and more parents vaccinate their children as a result. I �nd that m� = 16

as �h approaches 1.

Panel (d) of �gure 5 depicts the e¤ect of time while sick, T on m. As T increases, the loss of

productive time while sick decreases, increasing both the human capital investment and consump-

tion of an unvaccinated, but sick child. For values of T > 0:55, I �nd that no parents vaccinate

their children in equilibrium.
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Panels (e) and (f) of �gure 5 depict the changes of monetary endowments, EV and ENV ,

respectively on m. Intuitively, the di¤erence between these endowments can be interpreted as the

price of the vaccine. For a price of 0:1 or greater, no parents choose to vaccinate their children,

and as the price decreases, the number of parents who vaccinate their children quickly increases to

almost N , where m� = 41 at a price of 0.

Panels (g) and (h) of �gure 5 depict the changes of the price of human capital, q and the

e¤ectivity of human capital, �, respectively on m. As q increases, human capital accumulation

becomes more costly, and as a result, less investment is made by children. As a result, parents are

less likely to vaccinate their child, as additional time for human capital investment is not utilized

by the child. On the contrary, as � increases, the bene�t of human capital investment on third stage

consumption increases. For values of � < 1:34, no children invest in human capital, as its return is

too low. As a result, � has no e¤ect on vaccination levels below this point. As � increases above

this point, however, human capital investment increases, which induces more parents to vaccinate

their children.

Panels (i) and (j) of �gure 5 depict the changes of the childs objective and subjective risk factors,

r and �, respectively on m. When a child is likely to �ght o¤ infection when exposed to a disease

(r < 0:14), no parents vaccinate their children as they are likely to �ght o¤ the disease on their

own. As r increases beyond this point, the likelihood of a child being in the sick state increases,

which increases vaccination among parents. On the contrary, as � increases, parents�subjective

beliefs about their child�s health risk make them less likely to vaccinate their child, as they fear

that the vaccination, itself, could be harmful. For values of � > 0:89, no parents vaccinate their

children.

Panels (k) and (l) of �gure 5 depict the e¤ect of disease infectivity, � and number of parent-

child pairs, N , respectively on m. As a disease becomes more infective, it is more likely to transmit

between susceptible children, and parents are more likely to vaccinate their children. Likewise, as

N increases, the pool of susceptible children also increases, increasing the vaccination level.

3.4 Social Planner�s Problem

To measure the e¤ect of parents free riding on other parents�decision to vaccinate their children,

I present the case in which a social planner chooses the vaccination level among the N children.

Since all parent-child pairs are identical, the social planner�s problem is to choose the value of m

that maximizes total utility for the m parents with vaccinated children and the N�m parents with

unvaccinated children, i.e.,

max
m

m [�UV � p� �c(r; �)] + (N �m)� [(1� �m)UH + �mUS ]

where I characterize the social planner�s solution below in Lemma 2.
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Lemma 2. The social planner chooses a vaccination level mSP that solves

MBSP � �UV �p� �c(r; �)+
d�m
dm

�(N �m)(US�UH) = � [(1� �m)UH + �mUS ] �MCSP (10)

The left-hand side of equation (10) represents the marginal bene�t to society if an additional child

is vaccinated, MBSP , where the �rst term coincides with the bene�t of an additional vaccinated

child and the second term represents the additional bene�t to unvaccinated children if one more

child is vaccinated.17 On the contrary, the right-hand side of equation (10) represents the marginal

cost to society if an additional child is vaccinated, MCSP , as one less child is now unvaccinated.

Corollary 5. If �UV � p � �c(r; �) + d�1
dm �(N)(US � UH) < � [(1� �1)UH + �1US ], then

mSP = 0.

Intuitively, if the marginal bene�t to society from vaccinating the �rst child is less than its

marginal cost, it is socially optimal that no children are vaccinated.18 Lemma 2 is depicted below

in �gure 6 which also includes the individual parent�s decision problem for comparison.

mm*0 N

V

S

H MCSP

MBSP

mSP

Figure 6. Social planner versus

individual parent�s decision problem.

Intuitively, the right-hand side of equation (10), MCSP is identical for both the social planner

and the individual parent. To vaccinate one more child comes at a marginal cost of an additional

vaccinated child. An individual parent only takes their own utility into consideration as they make

their decision and an equilibrium number of parents, m� choose to vaccinate their children, as was

originally depicted in �gure 4. On the contrary, the social planner considers the total utility to

17Recall that d�m
dm

< 0 and US < UH , which implies that the second term on the left-hand side of equation 10 is
positive.
18No upper corner exists in this scenario, as it would require UV > UH , which cannot hold as explained in Corollaries

2 and 3.
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society when choosing how many children to vaccinate, which coincides with the decreasing MBSP
line in �gure 6. As each additional child is vaccinated, the herd immunity level of the population

increases, causing additional increases in the vaccination level to have a smaller bene�t to society.

The social planner chooses a vaccination level mSP such that the marginal bene�t to society is

equal to its marginal cost.

For parameter values of � = 0:8, � = 0:8, �h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, � = 5,

r = 0:3, � = 0, � = 0:95, and N = 50, I �nd that mSP = 26, i.e., the social planner vaccinates

26 out of 50 children. This is over two times higher than the vaccination level present when each

individual parent chooses whether to vaccinate their child or not, m�. Intuitively, the social planner

takes into consideration not only the bene�t to the individual child of vaccination, but the bene�t

that vaccinated child has on all of the remaining unvaccinated children (as represented in the

second term in the left-hand side of equation (10)). This allows the social planner to internalize

the vaccination externality and achieve a socially optimal level of vaccination.

With an appropriate subsidy, parents can be made to internalize the vaccination externality

and choose the same vaccination level as the social planner, mSP . To �nd this value, I set m in

equation (6) to mSP and model in a subsidy, as shown below,

�UV � p� c(r; �) + S = � [(1� �mSPUH + �mSPUS ] (11)

where the subsidy S� solves equation (11) with equality. For parameter values of � = 0:8, � = 0:8,
�h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, � = 5, r = 0:3, � = 0, � = 0:95, and N = 50, I �nd

that S� = 0:04.

4 Extensions

4.1 Imperfect Vaccinations

Several studies have shown that vaccines do not guarantee a healthy outcome for vaccinated chil-

dren. For example, the Center for Disease Control has estimated that the �u vaccine only reduces

the chance of infection from the �u by 40 to 60 percent, depending on the year.19 We can incor-

porate this into our model by including a probability that the vaccine fails, which we denote as �.

Thus, for a value of � = 0, the vaccine is perfectly e¤ective at granting immunity to the disease,

and we obtain our results from above; but at a value of � = 1, the vaccine is essentially a placebo,

and o¤ers no greater protection against disease than an unvaccinated child receives.

Under this new setting, we must include a fourth type of child in the second and third stages:

the vaccinated but sick child, which we denote with subscript V S. This child receives the lower

endowment that a vaccinated child receives, but also has his available time reduced to T < 1, as

he must spend some portion of his time recovering from the disease. Using the same methodology

19The �u vaccine is comprised of several strains of the in�uenza virus that are estimated to be prominent in any
given year. The vaccine is more e¤ective when the strains vaccinated against match those among the population.
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from stage 2, we �nd that the vaccinated but sick child acquires the least amount of human capital

and saves the least, which implies that UV S < UV ; US for all cases where T < 1 and EV < ENV .

In the �rst stage, the parent�s decision problem becomes

max
V 2f0;1g

(
� [(1� ��(r; �;m;N))UV + ��(r; �;m;N)UV S ]� p� �c(r; �);

� [(1� �(r; �;m;N))UH + �(r; �;m;N)US ]

)
(12)

where now if the parent chooses vaccination, his child becomes infected with probability ��(r; �;m;N).

Note that in the case where � = 0 (perfectly e¤ective vaccines), this decision problem reduces to

its earlier form. Once again, the equilibrium number of parents is found by �nding a value of m

for which parents are indi¤erent between vaccinating his child or not,

� [(1� ��(r; �;m;N))UV + ��(r; �;m;N)UV S ]� p� �c(r; �) (13)

= � [(1� �(r; �;m;N))UH + �(r; �;m;N)US ]

We can characterize this solution below in �gure 7 for several values of �.

mm*0 N

V

S

H

1m*
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ν = 0

ν= 1

ν= 0.5

Figure 7. Equilibrium vaccination

levels.

From �gure 7, when � = 0, we achieve the same equilibrium value of m�
1 as we did in the previous

section since vaccines are perfectly e¤ective. As the probability that the vaccine fails increases, the

shape of the parent�s payo¤ in the �rst stage when vaccinating his child begins to resemble that

when he chooses to not vaccinate his child. As a result, the equilibrium value of m decreases, as

shown in m�
0:5.

20 For some value of �, the two payo¤s no longer have an intersection, implying that

20For parameter values of � = 0:5, � = 0:8, � = 0:8, �h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, � = 5, r = 0:3,
� = 0, � = 0:95, and N = 50, I �nd that m� = 1, i.e., 11 out of 50 parents chooses to vaccinate their child.
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vaccination is strictly dominated by not vaccinating beyond this point.21 This situation is shown

where � = 1 and vaccines are not e¤ective at all. In this case, the payo¤s for the parent are parallel,

with the costs of vaccinating acting as a vertical shift downward.

Intuitively, as vaccines become less e¤ective, less parents choose to vaccinate their children.

The certain outcome as presented in the previous section gives away to simply a reduced chance of

infection. This makes not vaccinating a more attractive option for parents as the expected bene�ts

of vaccination are diminished.

4.2 Mitigating Vaccinations

In addition to vaccines providing greater protection against infection, they also can in�uence the

severity of the infection. In a 2017 study of hospitals performed by the Center for Disease Control,22

the �nd that vaccinated adults were 52-79% less likely to die from the �u than those who were

unvaccinated. We can incorporate this into the model by allowing the vaccine to reduce the "sick

time penalty," 1 � T by an amount  2 [0; 1], which I de�ne as the sickness mitigation factor. If
 = 0, the vaccine is ine¤ective at reducing the amount of time a child must spend being sick and

not participation in the labor or human capital markets while a value of  = 1 implies that the

vaccine reduces the penalty completely (e¤ectively making the child immune to infection).

In the second stage, the vaccinated but sick child�s problem becomes

max
c1V S ;�V S ;b1V S

u1(c1V S) + �u2(c
�
2V S) (14)

subject to: c1V S + q�V S + b1V S = EV + (T + (1� T )� �V S)w(�h)

where now, instead of only being endowed with T time to spend between labor market and human

capital market participation, the vaccinated but sick child receives T + (1� T ) time. The second
term represents how well the vaccine mitigated the sickness of the child, where as described before,

when  = 0, the child receives the same amount of time as an unvaccinated but sick child (T ), but

if  = 1, the child receives the same amount of time as a healthy child (1).

In the �rst stage, the parent�s decision problem becomes

max
V 2f0;1g

(
� [(1� �(r; �;m;N))UV + �(r; �;m;N)UV S ]� p� �c(r; �);

� [(1� �(r; �;m;N))UH + �(r; �;m;N)US ]

)
(15)

and the equilibrium number of parents is found by �nding a value of m for which parents are

indi¤erent between vaccinating his child or not,

� [(1� �(r; �;m;N))UV + �(r; �;m;N)UV S ]� p� �c(r; �) (16)

= � [(1� �(r; �;m;N))UH + �(r; �;m;N)US ]
21 In the same numerical example as before, this value is calculated as � = 0:554.
22https://www.ncbi.nlm.nih.gov/pubmed/28525597 for citation.
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This solution is characterized below in �gure 8.
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Figure 8. Equilibrium vaccination

levels.

In �gure 8, when vaccines do not mitigate the sickness at all ( = 0), the payo¤s for the parent when

vaccinating are parallel to those of a parent who does not vaccinate, but are always lower. On the

contrary, when vaccines fully mitigate the sickness of the infection, ( = 1), we retain the original

value of our model.23 Intuitively, as vaccines become more e¤ective at mitigating the e¤ects of a

disease, more parents choose to vaccinate their children. While not perfect at preventing diseases

among their children, parents value vaccines that reduce the severity of any infection.

5 Discussion

Disease Severity. When the severity of a disease is low relative to its cost, no parents vaccinate their

children. In these cases, the costs of the vaccine strictly outweigh its bene�ts in terms of human

capital investment and labor market participation. This helps explain why there is little interest in

developing vaccines for minor diseases, like the common cold. Since no parents are willing to pay

a positive price for the vaccine, the ability to recoup research and development costs for a �rm are

minimal.

Free Riding. As in the classic vaccine model, parents have strong incentives to free ride upon

the positive externality that other parents generate. A subsidy is required to realign the parents�

individual choices with those of a social planner. In addition, parents with high perceived risk of

23For parameter values of  = 0:5, � = 0:8, � = 0:8, �h = 3, T = 0:2, Ev = 5:95, ENV = 6, q = 0:2, � = 5, r = 0:3,
� = 0, � = 0:95, and N = 50, I �nd that m� = 4, i.e., 4 out of 50 parents chooses to vaccinate their child.
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vaccinations are more likely to free ride. The ability to avoid the vaccination risk to those parents

requires an even higher subsidy to induce them to internalize their own externality.

Certainty. My results suggest that parents prefer certain outcomes with regard to vaccines. In

cases where vaccines have a chance to be ine¤ective or only serve as a symptom mitigant, I �nd

that vaccination levels drop signi�cantly. This helps explain the aversion that many people have

to the �u vaccine, as only certain strains are included in any given year.24 This leaves a chance

that the vaccine is ine¤ective against the prevalent strains of the �u for that year. By reducing

the chance that the vaccine is ine¤ective, my results suggest that the �u vaccination rate would

increase.

Focused Subsidies. While it is possible to induce a socially optimal level of vaccination through

a subsidy, a more focused subsidy that targets speci�c parents could be more e¤ective and less

costly for a social planner. Intuitively, parents whose children have high health risks are the most

likely to vaccinate their children, and a subsidy for them provides no bene�t to society. At the same

time, parents with low health risk children never vaccinate their children, so o¤ering those parents

a subsidy is ine¤ective. However, a subsidy can induce parents whose children have moderate to

high health risks, but high perceived vaccination risks, to vaccinate their children. This targetted

subsidy allows for those children most at risk to enter the vaccination pool rather than free riding

on lower health risk children. This lends support for the subsidy of vaccines based on a physician�s

assessment of the child.

6 Appendix

6.1 Appendix 1 - Parametric Example

In this appendix, we evaluate the equilibrium consumption that arises from the equilibrium human

capital accumulation found in Example 1, ��j . First, we obtain equilibrium consumption in period

1

c�1j =

8>><>>:
Ek + T�h if ��(Ek + T�h) < �h(�h+ q)

Ek � qT if ��(Ek + T�h)� �h(�h+ q) > T (1 + �)(�h+ q)�
�(Ek+T�h)+�h(�h+q)

�(1+�) otherwise

and that in period 2,

c�2j =

8>><>>:
�h if ��(Ek + T�h) < �h(�h+ q)

�h+ �T if ��(Ek + T�h)� �h(�h+ q) > T (1 + �)(�h+ q)�
�[�(Ek+T�h)+�h(�h+q)]

(1+�)(�h+q)
otherwise

24Prior to 2012, the World Health Organization recommended three di¤erent strains per year to include in the �y
vaccine. After 2012, the recommendation increased to four di¤erent strains.

25



Substituting this value back into equation (4) gives us our indirect utility level for each state as a

function of parameters,

Uj =

8>>><>>>:
log(Ek + T�h) + � log(�h) if ��(Ek + T�h) < �h(�h+ q)

log(Ek � qT ) + � log(�h+ �T ) if ��(Ek + T�h)� �h(�h+ q) > T (1 + �)(�h+ q)�

log
h
�(Ek+T�h)+�h(�h+q)

�(1+�)

i
+ � log

�
�[�(Ek+T�h)+�h(�h+q)]

(1+�)(�h+q)

�
otherwise

6.2 Appendix 2 - Heterogeneous Parent-Child Pairs

This appendix relaxes the assumption of uniformity among parents and children with regards to

the child�s health risk, r and the parent�s perception of that risk, �. In doing so, I show which

parents are more likely to vaccinate their children given di¤erences in health risks and perceptions.

To accomplish this, a numerical simulation with N unique parent-child pairs is used, where pairs

are uniformly distributed across the (r; �) plane.

1. For each parent-child pair, I calculate the vaccination level m̂ for which parents are indi¤erent

between vaccinating their child or not. This is identical to the calculation of m� as presented

in stage 1.

2. Parent-child pairs are then ordered based on their individual values of m̂. This allows for a

ranking of parents that are more likely to vaccinate to those that are least likely.25

3. A "cuto¤" parent is determined, parent with m̂ = �m, where m� < �m < m� + 1. All parents

with m̂ < �m do not vaccinate their children, while all parents with m̂ � �m vaccinate their

children in equilbrium.

25Recall that parents vaccinate their children if m� < m̂, which implies that parents with higher values of m̂
vaccinate their children for higher values of m�, making them more likely to vaccinate in equilibrium.
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The results for the numerical simulation with N = 121 parents is presented below in �gure A1.

r

0 1

1

λ

Vaccinate

Do Not
Vaccinate

0.5

0.8

Figure A1. Simulation results for

heterogeneous parent-child pairs.

In �gure A1, I �nd that when parents agree with their doctor�s assessment of their child�s health

risk (� = 0) all parents whose children have a health risk factor of 0:5 or greater vaccinate their

children. Regardless of parental preferences, however, all parents whose children have a health risk

factor of 0:8 or greater vaccinate their children. Thus, we have a region along the (r; �) plane where

parents whose children have identical health risks choose to not vaccinate their children based on

their own perceptions of their child�s health risk.

6.3 Proof of Corollary 2

From the third stage equilibrium result,

c�2j = w(�h+ ��
�
j )

di¤erentiating with respect to ��j yields

@c�2j
@��j

= w0(�h+ ���j )� > 0

Substituting back the constraints from the second and third period into equation (3) yields,

�u01(c�1j) + �u02(c�2j) = 0
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From the implicit function theorem, we have

@c�1j
@c�2j

= �
��u002(c�2j)
u001(c

�
1j)

> 0

and using the chain rule, we obtain

@c�1j
@��j

=
@c�1j
@c�2j

@c�2j
@��j

> 0

which implies that as the equilibrium value of �j increases, consumption in the �rst period must

also increase. From our de�nition of total utility,

Uj = u1(c
�
1j) + �u2(c

�
2j)

Since consumption in both periods increases with an increase in ��j , total utility also increases.

Thus, if ��j > �
�
l , then Uj > Ul. �

6.4 Proof of Corollary 3

Starting with a comparison of ��V and ��H , we set their intertemporal conditions equal to one

another,

u02(w(
�h+ ���V ))w

0(�h+ ���V )�

u01(EV (1� ��V )w(�h)� q��V )(w(�h) + q)
=

u02(w(
�h+ ���H))w

0(�h+ ���H)�

u01(ENV (1� ��H)w(�h)� q��H)(w(�h) + q)

First, assume that ��V = ��H , which we replace with �. This allows all but one term in the

denominator of each term to be cancelled out, leaving

1

u01(EV (1� �)w(�h)� q�)
=

1

u01(ENV (1� �)w(�h)� q�)

This expression only holds with equality if EV = ENV , which would require vaccination to be

costless, and is a contradiction of the assumption that EV < ENV . Since EV < ENV , we must

have that ��V < �
�
S for the intertemporal conditions to hold with equality due to both the utility

functions and wage function being both increasing and concave.

The proof that ��S < ��H follows similarly, where they can only equal one another if T = 1,

which is another contradiction. In order for the intertemporal conditions to hold with equality, we

must have that ��S < �
�
H . �

6.5 Proof of Corollary 4

Corollary 3 follows similarly to the proof of corollary 2. If EV + w(�h) < ENV + Tw(�h) (our

condition, rearranged), then for the intertemporal conditions to hold with equality, we must have

that ��V < �
�
S . �
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