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Abstract

Traditional economic models of vaccination behavior simply assume that agents free-ride on the
vaccination decisions of others. We provide three different models of private provision of a
public good, such as a joint production model and a conjectural variation model, to explain how
a positive peer effect regarding vaccination behavior arises. We conduct two empirical studies
using Japanese data in these models. The first empirical analysis, using a data set on the
vaccination behavior of neighbors residing in the same block of a city, finds the existence of
positive peer effects on individuals® vaccination decisions. The second empirical analysis also
confirms that there are peer effects on the vaccination decisions of members of the same
household using a dataset from the national survey we conduct.
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1 Introduction

With the pandemic of new strains of influenza and increased potential risk of bioterrorism,
it is important to study infection control measures. Vaccination is an effective measure for
infectious diseases. It decreases the probability of infection for both the vaccinated and un-
vaccinated. The benefit of vaccination is not limited to those who get vaccinated; nor does
it decrease when the unvaccinated enjoy the benefit from vaccination. The benefit from vac-
cination is non-excludable and non-rivalrous and thus, vaccination is a pubic good. Hence,
vaccination is an example of voluntary provision of public goods.

The primary prediction from the standard voluntary provided public-good model of Warr
(1983) and Bergstrom et al. (1986) is that individuals free-ride on others’ contributions. Free-
riding behavior usually indicates a negative peer effect. This feature of the standard model
is not consistent with considerable empirical findings in various fields of education, workplace
and health, most of which, including our own empirical studies, support a positive peer effect.
The purpose of this study is to construct alternative theoretical models based on the standard
voluntary provision model augmented by introducing either social preference (e.g., Andreoni,
1990; Glazer and Konrad, 1996; Romano and Yildirim, 2001) or a conjectural variations
function of other’s past contributions in order to explain a positive peer effect in public goods
provision (i.e., vaccinating behavior of people), and to test the hypothesis deduced from those
theoretical models using two original data sources.

There is extensive literature on a game-theoretic epidemiological model of vaccination
choice in conjunction with population dynamics equipped with evolving strategies (e.g., Bauch
et al., 2003; Bauch and Earn, 2004; Bauch, 2005; Barrett, 2007 ; Manfredi, et al., 2009;
Taisser et al., 2015). The model includes the traditional effects of vaccine choice, in which
individuals weigh up the benefits of declining the probability of infection for both self and
other individuals versus the costs of vaccination, such as taking the risk of harmful side effects
from vaccination. In addition, each individual considers strategic elements of choice related
to vaccination. For example, as more individuals become vaccinated, the probability that a

non-vaccinated individual is infected deceases, making it less beneficial for the individual to



be vaccinated, because she has less and less chance that she will herself be infected. In this
case, peer effects are non-conforming in the sense that an increase in vaccination coverage
by peers leads to a decrease in an individual’s probability of getting vaccinated. Conversely,
if an individual is surrounded by peers who choose not to be vaccinated, such an individual
could face strong peer pressure to conform. In this case, peer effects are conforming such
that a decrease in vaccination by peers leads to a decrease in an individual’s probability of
vaccinating.

In this study, instead of the game theoretic approach mentioned above, we develop a the-
oretical model based on the standard voluntary public good model of altruistic behavior to
explain voluntary vaccination behavior. This altruistic behavior is manifested by the total
provision of public goods appearing in the utility function in the standard voluntary provision
model of Warr (1983) and Bergstrom et al. (1986) on the ground that vaccination not only
protects oneself but also contributes to the herd immunity that benefits others. There are
further plausible reasons for using this framework. The first is that the use of utility func-
tions not only enables us to capture the source of generating this effect, but also allows us
to easily investigate the impacts of heterogeneous individuals in terms of tastes compared to
the game-theoretic model. In particular, heterogeneous preferences play an important role in
the vaccinating decisions of household members within a family (see Subsection 3.2 for the
empirical study). The second reason is that we want to show how a peer effect on vaccination
is related to the individual’s tastes; opportunity costs, such as reducing income, his or her own
time and effort that could be used to buy private goods, or the price of vaccination, through
the individual’s budget constraint; and beliefs about the responses of other individuals. By
contrast, in most of the game-theoretic epidemiological literature mentioned above, there is
no explicit modeling of individuals’ choices based on individuals’ utility-maximizing behavior,
and, instead, those game theoretic models usually assume that individuals act according to
pure self-interest by simply comparing the costs of vaccination, including side-effects, with the
benefit of reducing morbidity risk, given the total vaccination coverage level. To introduce
peer effects, for example, Bodine-Baron et al. (2013) simply add the ad-hoc rewards an indi-

vidual obtains by conforming to the expected payoffs for the vaccinated and non-vaccinated.



Nevertheless, it seems unclear how such ad hoc rewards are related to the more fundamental
structure of the model, such as preferences. The third is that employing the models of vol-
untary provision of public goods allows us to utilize the rich results and insights that have
emerged in the voluntary provision literature. For example, it is well documented that the
private provision of public goods suffers from the free-riding problem owing to the pure public
good’s characteristics of being non-excludable and non-rivalrous (see, e.g., Ibuka,et al. 2014).
More importantly, free-riding behavior of individuals refers to the suboptimality that often
characterizes the Nash or non-cooperative equilibrium associated with the provision of a pub-
lic good, because every individual strategically ignores the externality of benefits arising from
the public good, which spills over to others. However, these theoretical findings are not only
inconsistent with most of the empirical observations, but also conflict with the empirical find-
ings in this study—that there is certainly a positive or conforming peer effect on vaccination.
To resolve these disagreements, more recent studies in the literature, such as Andreoni (1990),
Glazer and Konrad (1996), and Romano and Yildirim (2001), have extended the standard vol-
untary provision model of Warr (1983) and Bergstrom et al. (1986) to models in which utility
is derived from not only the consumption of private goods and the total provision of public
goods but also from the act of giving such as warm-glow, social status, prestige, signaling for
the quality of a public good, and bandwagon effects. The predictions of the extended models
are more in line with actual behavior patterns. Moreover, we can show that those extended
models make it possible to derive a positive or conforming peer effect.

We employ three different voluntary provision models that have emerged in the literature
to explain how positive peer effects arise in individuals’ vaccination decisions. The first model
we consider is the joint production model suggested by Cornes and Sandler (1984b), Andreoni
(1990), and Romano and Yildirim (2001), in which we assume that the desire for social posi-
tion, avoiding social stigma, or gaining social prestige, enters an individual’s utility function
as a third factor. Specifically, we consider individuals with a desire for social position who may
try to target how much they give based on the average amount of the community or social
reference groups, thereby minimizing the deviation of their own contribution from the mean

contribution of the community when they have vaccinations. The most common assumption



on others’ behavior is Nash conjectures by which each individual expects no response from
the rest of the community to variations in her own contribution. However, unless the reaction
curve for the rest of the community is in fact the horizontal, reflecting an actual response of
zero, a zero conjecture is not consistent with the observable facts in real life. Hence, the second
type of model we consider is the non-Nash conjectural variations models suggested by Cornes
and Sandler (1984a), in which individuals who are aware that others respond to changes in
their donations form conjectural variations that predict those responses and incorporate such
conjectures in their decisions. We show that the conjectural variations model can easily ma-
terialize a conforming (or positive) peer effect as long as the conjectural variation function
depends positively on the past contributions of others. As a third model, we use the weaker-
or weakest-link technology of supplying public goods rather than the standard summation
supply technology, because the former technology type is more suitable for the description of
the role of vaccination in preventing transmission of a disease, which benefits other individuals
or social reference groups (see Hirshleifer, 1983).

The role of peer effects has been emphasized in the context of educational outcomes (An-
grist and Lang, 2004) based on a body vast of empirical research. Our study is motivated by
empirical observations that suggest peers’ influence on health behavior. For example, there
are intensive studies on risky health behavior, such as drug use, drinking alcohol, and smoking
(Gaviria and Raphael, 2001; Kawaguchi, 2004; Powell et al., 2005; Lundborg, 2006; Clark and
Loheac, 2007; Eisenberg et al., 2014). With a few exceptions (e.g. , Evans et al., 1992), the
results indicate robust positive peer effects. Peer effects are shown not only in the health be-
havior of individuals, but also in health outcomes, such as BMI (Christakis and Fowler, 2007;
Fowler and Christakis, 2008; Trogdon et al., 2008). Finally, two recent papers specifically
analyze peer effect in vaccination decisions (Sato and Takasaki, 2016; Rao et al., 2017). Our
study is unique in the sense that it provides a theoretical framework in line with public goods
provision to explain peer effects.

Technical challenges in estimating peer effects lie in reflection problems (Manski, 1993),
which cause a problem in the identification of a causal influence in behavior from one person

to another. To deal with this problem, researchers utilize the instrumental variable approach



(Gaviria and Raphael, 2001; Powell et al., 2005; Trogdon et al., 2008) or a lagged variable
in a panel dataset (Clark and Loheac, 2007). Recent research uses a natural experiment
(Eisenberg et al., 2014; Dahl et al., 2014). In this study, we use several different methods
to handle the reflection problem. Specifically, Study 1 uses a panel dataset with a lagged
dependent variable as well as an external shock to change the composition in peers. Study 2
employs a discontinuity in vaccination incentives that arises from the current immunization
policy in Japan.

The remainder of the paper is organized as follows. Section 2 provides three different
models of private provision of a public good as a theoretical framework to explain positive
peer effects. Section 3 presents empirical studies for peer effects using data on Itoman and
online survey data on household vaccinating behavior. Section 4 concludes with a discussion
of possible extensions of the model. Detailed mathematical derivations are provided in the

appendix.

2 The model

A common estimated model in the peer effects literature is given in a linear-in-means model.

This can be written as

gi =+ 79— + &, (1)

where the donation amount given by donor i, g;, is estimated as a function of the mean of
all past donations, g_;, and ¢; is an error term. There are well-known problems in identifying
peer effects. In this study, we rule out the reflection problem articulated by Manski (1993),
as the amount given by individual 7 does not affect the donations made by previous donors.
Specifically, the expectation that is most consistent with observed peer effects is that each
individual uses information on other individuals’ past vaccinating behavior as a benchmark
in deciding whether to have vaccinations. As a result, of particular interest is whether
parameter 7y is positive or not, because dg;/dg_; = 7 represents a peer effect. Using (1), most
of the empirical literature confirms that donors respond positively to how much their peers

have given in previous periods. We first consider the three theoretical models outlined in



the introduction to examine how a peer effect arises from each model, and in particular, how
a conforming or positive peer effect arises. We show the following: if it is negative, a peer
effect could arise from free-riding behavior, which has been well documented in the standard
voluntary provision literature (see, e.g., Warr, 1983; Bergstrom et al., 1986); if it is positive, a

peer effect arises from different motivations other than a negative free-riding incentive.

2.1 Joint production model

We first consider a joint production model of private provision of public goods, as in Cornes
and Sandler (1984b) and Romano and Yildirim (2001). There are n individuals indexed by
1 = 1,2,...,n. Each individual divides her income between private consumption, c;, and
contributions toward a pure public good, GG, denoted by g;. The preferences of individual i are
given by u'(x;, G, Z;). The variable Z; stands for an additional private motive for giving, like
warm-glow, prestige, signaling a quality of a public good, snob effect, and bandwagon effect
(see, e.g., Romano and Yildirim, 2001). To materialize peer effects in a concrete form, we
further formulate the variable Z; as follows:!
_ Zj;éi gj

Zi=9i—§-i=9i— ———-
n—1

This formulation of Z; reflects the idea that the difference between the size of the own con-
tribution g; and the average level g =, _; g;/(n — 1) of the past contributions of the others
captures peers effects. In other words, Z; describes the social position of an individual relative
to other individuals in the sense that it can be positively assorted by contributing more to
the public good as long as the contributions of the others remain unchanged. However, this
model can be viewed as a joint production model in such that the individual contribution g;
simultaneously generates a public characteristic G and a private incentive regarding the desire

for the social relative position Z;.

'"Romano and Yildirim (2001) consider the utility function u’(x;, G, Z;), which contains the more gen-
eral function Z(¢1,g1,..,9n) rather than the variable Z; unlike the present model. Their general function
Z(91, 91, -, gn) could encompass the warm-glow, snob effect, or bandwagon effect as a special case. In the
present study, such a generation serves only to complicate the analysis. Although our specification might be
viewed as a special case in Romano and Yildirim’s (2001) model, it would be more appropriate to describe a
positive peer effect.



Furthermore, we assume

Assumption 1 The utility functions u’(x;, G, Z;) of individuals i = 1,2, ..., n are: (i) strictly
increasing, strictly quasi-concave, and twice continuously differential with respect to
each argument on R? _; (i7) it satisfies the Inada conditions: Glim (Oui(x;, G)/0z;) = 0,

similarly for G; and (4i7) both x; and G are normal goods for each individual.

Following the literature, individuals are assumed to act simultaneously and non-cooperatively
and we use Nash equilibrium as the solution concept. Individual ¢’s budget constraint is ex-
pressed by

T; + gi = my, (2)

where m; is the exogenously given income of individual i. To focus on the problem at hand, it
is assumed that both the relative price between private consumption and public goods, which
is set to unity, and individual income are fixed over time.

Individual ¢ maximizes u'(z;, G, Z;) by his choice of z; and g; subject to her budget con-
straint (2) and the non-negativity constraints z; > 0 and g; > 0, given the contributions of the
others G_; as well as assuming that they are unaffected by their own choices, where, as usual,
G _; denotes total contributions by all individuals different from ¢ (which might be called “zero
conjectures”). Hence, a Nash equilibrium of the corresponding contribution game played by

n individuals is defined as follows:

Definition 1 A Nash equilibrium in this model is a collection of strategies { (x:,9:) € Ri} 1=1,2, ...

such that (x;,9;) is a solution for the following problem fori=1,2,...,n:

maxu’ (4, g; + G4, Z;)

i,9i
st. xi+gi=m;, x; >0 and g; > 0,

where Zi:gi—g_zzgi—M.
n—1



The first-order conditions characterizing an interior solution are

ou'(mi —gi,9,+G_i, 2Z;) O Ou'  Ou
o = Gt oG tog = i=L2n (3)

Note that the variable g_; appearing in the variable Z; has already been determined when
each choosing g;; consequently, it can be exogenously given from the viewpoint of individual :.
According to (3), the optimal contribution of individual 7 should be determined by equating
the marginal utility of a one-unit increase in her own consumption with the sum of the own
marginal utilities resulting from a one-unit increase in the total provision of public goods and
improved social position.

To identify peer effects, we focus on a Nash equilibrium in a two-person economy. Taking

the total differentiation of (3) yields

1 1 1 i i i 1 1 1
Uy, + Uae + Uy y + 2 (Ugy — UG, — Uy,) —Upg T Ugg t Ugzg
2 2 2 2 2 2 2 2 2
—Uzg T Ugg T Uzg Uy, +ugg + uyy +2 (g, — ug, — uz,)
1 1 1 _
dg B (—upz +ugy +uzz) dj-
- 9
2 2 2 N -
dgo (—uyy +ugy +uzy)dgo

where g_1 = g2, g_2 = g1. Using Cramer’s rule, the peer effects are given by

dgi e S . . L=
Qo I (e + g + ugy + QV(_UG; — Uz, + Uzé;)l (—uby 4 ugy +uyy) =0 (4
() (=)
if and only if — u’, +ub, +uy, ; 0, 1=1,2,
where
Upp + UG + Uzz + 2 (—UG, — gy + Uge) —Uy + Uge + Uzg

| =

2 2 2 2 2 2 2 2 2
—Uzg T UGgg T Uzg Uz, + UGg + Uy + 2 (—ug, — up, +uze)
(5)

The sign of the denominator |J| is positive owing to the (local) stability assumption of a Nash



equilibrium (see Appendix). The signs of the terms uz} +ugg +uyy +2 (—ugh — uyl + uzg),
1 = 1,2, are negative owing to the assumption of a quasi-concave utility function. The signs of
—ul, +ub, +ul,, i =1,2, are ambiguous in general. The term —u’ , +ul, +u’,, represents
the total effect of increased social position on the marginal utilities of private consumption,
public good consumption, and the desire for social position. An individual’s contribution will
be increasing in that of others (i.e., dg;/dg_;, > 0) if she is sufficiently concerned about the
private benefit of increased social position that she derives from her own contribution.

To identify the sign of —u! ,+ul, ,+u’,,, we have to specify the utility function. Considering

uw=2*GPZ" with 0 < a, 3 < 1, we obtain

~Upz + UGz + uzg = GPZT 2®

%ﬂﬂ(v—l)<0ﬁ7<l,

where noting x = am/(a+ 3 +7),G = fm/(a+ B +v) and Z = ym/(a + B + ~), which
implies that the peer effect is positive if v < 1. When v =1, —u,z + ugz + uzz = 0, implying
that the peer effect in (4) vanishes, whereas when v > 1, the negative peer effect emerges. On
the other hand, when the utility function u(z, G, Z) = vi(z, G) + vo(Z) with v5(Z) < 0 (i.e.,

the utility function is separable in Z), then
—Ugz + UGz T uzz = uzz <0,

and a positive peer effect in (4) prevails. As the last example, consider the constant elasticity
of substitution (CES) utility function u(z, G, Z) = (z° + G# + Z¢)"* with p < 1. In this case,

since

1 1 1 1
Ty (.CIZP + GP + ZP)(I/P)fQ prl (1 _ p) |i—;L‘p (E + E) + G* (5 — E)} < O,

where uyz = (1 — p) (22 + GP + 2°) VP2 gr=1 72071 4y ) = (1 — p) (2P + GP + 2°) /P2 Ge=1 -1,



uzz = (1—p) (@ + GP + 27) P72 (20712 4 (20 4+ GP + 27)P7 (p — 1) 2772, and

l_l_Z—G_gi—?]—i—G<O
G Z Gz GZ ’

the peer effect turns out to be positive. In summary, although whether the peer effect is
positive or negative depends critically on the form of the utility functions, it is fair to say that
the likelihood of emergence of positive peer effects is increased by additional private benefits
arising from his own voluntary provision or social preferences such as the desire for social
position. Indeed, without such an additional private incentive (i.e., u,z = ugz = uzz = 0),
the peer effect never arises (i.e., dg;/dg_; = 0). The stronger the preference toward social
status and the more status can be positively influenced by contributing more than an average

person to the provision of public goods, the more likely is the conforming peer effect to emerge.

2.2 Conjectural variations model

To derive non-zero conjectural variations rather than Nash conjectures or zero-conjectural
variations, we consider the following standard optimizing problem:

max u' (x;, g + G_;)

Ti,9i,hi

st. x;+g;=m;, x; >0 and g; > 0.

Taking into account the fact that maximization is conditional on the conjectured response of

the other individuals, the first-order conditions characterizing an interior solution are

ou’ ou’ ou’

0, (6)

According to (6), the optimal contribution of individual i is determined by equating the
marginal utility of a one-unit increase in her own consumption with the sum of the own
marginal utilities resulting from a one-unit increase in the total provision of public good and

the induced amount of contributions conjectured by other individuals (i.e., b;(2) = 90G¢,/0g;).
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There are many ways of formulating the conjectural variation function b;(€2), where Q
stands for the set of information that influences her beliefs regarding the others’ responses.
Cornes and Sandler (1984a) formulate conjectural variations as either a positive or negative
constant term which is exogenously given or a function of the individual’s share of the total
provision (which may reflect a bandwagon effect), and further point out that conjectural
variations might depend on various factors, such as the total amount of public goods, the
contributing amount of social reference groups, the community size, the social norms, and tax
system. To derive the peer effect explicitly, we here assume that the conjectural variations

function depends on the observations of past contributions made by others:

Note that the conjectural variations function (7) is different from the original one suggested
by Cornes and Sandler (1984a) in that the latter depends on current contributions made by
others because of the simultaneous choices of every potential contributor.

Considering a conjectural variation equilibrium in a two-person economy and taking the

total differentiation of (6), we obtain the following system of equations in matrix form:

—ulg + (14 b)ugq uy, — urg + (14 b2) (ugg — ug,)
dgr | | —ug(0bi/0g-1)dge
dgo —uZ,(0by/0g_2)dg:

Employing Cramer’s rule, the peer effect can be obtained as follows:

dg, —17 2 2 2 2 1 Oby
—-— = —\|H Uy, — U + (1 4+ b02) (Uge — ug,) [ug=— >0, 8
= (I ik — o+ (L4 ) (v — )b ®)

(+) (=) ~

(+)

dgs —17, 1 1 1 1 o Oby
— = —|H| |uy, — U+ (1 +b) (v — Uey) | Uo=— >0, 9
g |H| [ o+ ( vl)(GG’ G)l G@g,g (9)

© =) e

11



where §_1 = g2, §_2 = g1 and

H| - Ugp — Uy + (14 b1) (Uge — ugs) —Uge + (14 b1)uge

—ulq+ (14 b)ugg U, —uig + (14 b2) (ugg — ug,)

The denominator |H| is positive owing to the stability condition of a Nash (non-zero conjec-

tural variation) equilibrium,?

while the signs of the terms u’, — ul, + (1 4 b;) (ubg — uby,),
i = 1,2, are negative owing to the second-order condition and (9b;/0g_;) > 0, by assumption.
Taken together, the numerators in (8) and (9) are negative. As a result, the peer effects in (8)
and (9), respectively, turn out to be unambiguously positive.

Alternatively, we may assume that the conjectural variations of each individual depend

positively on the other’s share of total contribution in previous periods, i.e., b;(Q) = b;(g_;/G).

In this case, we can obtain a positive peer effect as follows:

d -1 ~
d_z; = —J| [uge —ung + (1+ ) (ugo — uém)lué% - 0, and
(+) ()
dgz | 1 1 1 2 J1
= ] [uh — e + (L) (ube — u,)Jutzg > 0.
g1 R P ey

(+) =

On the other hand, Sugden (1985) criticizes the arbitrariness of such conjectural variations,
because there is neither obvious reason nor a rational way to choose a particular form of
exogenously given conjectural variation functions. Moreover, an individual would experiment
by making small changes in his own contribution, so that the presence of a non-zero response
would in time be revealed to him. A rational individual would learn from such an experience
and revise her conjectures concerning the responses of others in the appropriate direction.
Sugden (1985) suggests consistent (rational) conjectural variations as the limiting or long-run

3

outcome of such a learning process.” To derive the consistent conjectural variations in the

present, two-person economy, we first obtain the actual reaction of individual j in response to

2The stability condition for a Nash equilibrium in the conjectural variation model could be derived in the
way outlined in the Appendix.

3Furthermore, Sugden (1985) finds that the consistent conjectural variations are always negative under the
normality assumptions on private and public goods consumption. Since negative conjectures would not be
consistent with real-life examples, he casts doubt on the validity of the utility-maximization approach itself.

12



the exogenous change in dg;, ¢ # j, denoted by (9g;/0¢;)*, which can be derived from the

first-order condition of individual j:*

N Lo(1+0) -
Uza

09; — ge — (14 b)) (uge — use)
Since the consistent conjectural variation b;(= (9g;/9g;)°) formed by individual ¢ should coin-

cide with the actual response of the other individual, that is , (0g;/9g;)* (see Scafuri, 1988),

we obtain
ugq(1+ b)) —ulg

W — Ure — (14 0;)(uge — )

i) =120 . (11)

Assuming symmetric individuals (i.e., b; = b;), the above expression can be rewritten as

(1 + b) (UGG - uxg) = —bum - b(l + b) (UGG - ng).

Assuming the utility function u = z” + G* with p < 1, the above condition can be reduced to

b uge plp—-1G2 (G)p_2

(1+0)? - Uzy plp — 1)zr=2

where x and G could be considered as the average value of past observations. Let us rewrite
the above expression as follows:

b=—A(l+b)2,

where A = (@ / a‘c) 2 Solving the above quadratic equation for b yields

1 1 1 1 1
b——l—ﬂ—l—ﬂ\/llfl-i-l——l—ﬂ-i- Z+m<0,

where a solution that is less than minus one should be ruled out. Therefore, the peer effect is

4Following Suguden (1985), when identifying the consistent conjectural variations, we need to allow for
simultaneous changes in the contributions of all individuals. Instead, we assume that the consistent conjectural
variations have been formed as the long-run average outcome resuitng from the learning process as to the
actual responses of other individuals. Based on this reasoning, the present conjectural variations model could
be viewed as a short-run or temporary equilibrium model, taking the consistent conjectural variations function
as given.
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given by

where

A N\ 1
d, =—(p—2) (g) — > 0 because p < 1.
dg_; z z

By combining (12) with (8) and (9), the peer effect turns out to be negative under the con-
sistent conjectural variations derived from the CES utility function.® The increased previous
contributions of other individuals make the consistent conjectures more negative, which in turn
leads to a decrease in the contribution of individual ¢; consequently, the consistent conjectural

variation is more likely to generate a negative or non-conforming peer effect.

2.3 Sequential contribution and weaker- or weakest-link supply tech-

nology

Varian (1990) considers a private provision model in which two individuals sequentially choose
voluntary contributions to a public good. In this sort of “Stackelberg contribution game,”
the timing of decisions is that individual 1 (the leader) chooses first, anticipating the best
response of individual 2 (the follower). Single-shot, simultaneous-move games cannot provide
an adequate description of peer effects, because no individual has any chance of observing
the action of other individuals, while in the Stackelberg contribution game, the follower can
observe contributions made by the leader and thus, the follower can form the belief (i.e., a
peer effect) of the action taken by the leader.

To derive the reaction function for individual 2 (the follower), we first consider the following

®Sugden (1985) shows that under the general quasi-concave utility function coupled with the assumption of
normal goods, the consistent conjectural variation is always negative. On the other hand, Dasgupta and Itaya
(1995) derive a consistent conjectural variation in a heterogeneous agent model of voluntary contribution under
Cobb-Douglas utility functions. The consistent conjectural variation term appearing in their model turns out
to be negative and constant, independently of an individual’s contribution as well as the total contribution of
a public good.

14



optimization problem of 2, given the contribution made by 1, g;:

max U’ (T2, 1 + )
2,92

s.t. To+ gy =ma, xo >0 and g > 0.

To derive the peer effect, we focus only on the behavior of individual 2, because she has
the opportunity to observe the action of individual 1 (i.e., the leader), so that 2 is in a
position of forming the peer effect (i.e., dg1/0gs) based on the observed action taken by 1.
Take total differentiation of the first-order condition for individual 2, u2 (my — g2, g1 + ¢2) =
ug (M2 — ga, g1 + g2), to yield

2 2
dga —Uzg + UGg

P 2 2 2 2
dgl —Uy + e + UGy, — Uaa

< 0,

because —u?, +us < 0 due to the normality assumption of private consumption and —u?_ +
ulc + ud, — uis > 0 due to the second-order condition. This result is consistent with
the finding of Varian (1994) that under sequential moves, a first-mover enjoys a first-mover
advantage by contributing zero, relying on other contributors to provide a positive amount
of the public good. Moreover, it is possible that the higher valuation agent moves first and
eventually contributes zero, and the lower valuation agent then contributes his individually
optimal level so that the public good is provided at even a lower level. Hence, it is fair
to say that sequential contribution may aggravate the free-rider problem, so that the peer
effect unambiguously becomes negative. In other words, to generate a positive peer effect,
an additional private incentive or social norm to conform, which may be captured by Z in
the joint production model, is needed to overcome the free-riding tendency of individuals in
addition to an altruism motivation or the benefit of the public good that spills over to other
individuals.

The association between individual contributions and the total amount of the public good
is known as the summation technology of public goods (i.e., G = 7, g;), which has been

assumed so for. Such a summation technology is usually associated with undersupply of a

15



public good, because contributors care only about their own additional benefits relative to
the additional costs when determining how much to contribute. Here, we consider weaker-

1/p

link supply technology, such as G = [(¢1)” + (¢2)°] /” in the Stackelberg contribution game

presented earlier in this subsection. The first-order condition is given by

u? (mg — gs, G) = w2 (Mg — g2, G) [(51)° + (g2)”)/7 " (g1)P 7, (13)

noting that g; has been previously chosen by individual 1 (i.e., the leader). To derive the

peer effect, we further assume u? (75, G) = zoG. By substitution, we obtain the first-order

(1/p)—1 ( 1

condition for an interior solution, G = (ma — ¢2) [(31)” + (92)”] g1)?~*, which can be

rewritten as

(G1)° + (92)° = (m2 — g2) (31)" .

Totally differentiating and rearranging the above expression yields

dgy _ —p+(ma—g2)(p—1) /5

<0Ofor —c0<p<1,

dg p(g2/g1)P +1
with
dgo 1 dge
da, 5 or p an i, (mg — g2) or p

Hence, the peer effect on vaccination turns out to be negative; thus, the situation does not
change.

Vaccination forestalls the spread of a disease, so that it may be best described by the
weakest-link technology, G =min{g;, go}. In this case, whether or not the peer effect appears
hinges on who becomes the least contributor. Suppose that the least contributor is individual 1,
implying that g = min {g1, g»}. When individual 1 (i.e., the leader) increases her contribution,
individual 2 (i.e., the follower), observing her behavior, is willing to increase g,. In this case,
we obtain dgs/dg; = 1 > 0. On the contrary, when individual 1, who is not the least
contributor, increases her own contribution, there is no incentive for individual 2 to increase
his contribution. Hence, in this case dg>/dg; = 0, and thus, the positive peer effect does

not emerge. Weakest-link technologies are invariably associated with an assurance game, in
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which at the equilibria, players match one another’s contribution, because there is no gain,
only costs, from exceeding the minimal contributions. Only when the least donor contributes
more public good in the previous period, does the other individual have much to gain by also
contributing the same amount, so that positive benefits will be achieved. In summary, the
positive or conforming peer effect will emerge only when the first-move donor is the smallest

one.

3 Data and Methods

To empirically examine peer effects in vaccination decisions, we conduct two analyses, Study
1 and Study 2, using two unique data sources. The two studies differ in the definition of peers,
age of the study participants, and identification strategies and we use them supplementally.
Study 1 analyzes peer effects with geographical units as peers. Specifically, we use a unit of
town blocks called “Aza,” (“township” in Japanese) in Okinawa prefecture, a group of islands
located at the southernmost point of Japan. We obtain administrative data of vaccination
status among those aged 65 years and above with physical addresses from the municipal
government to examine the impact of vaccination status of other individuals (i.e., peers) in
the same Aza on the individuals’ decisions on whether or not to get vaccinated. In addition,
we use an alternative definition of peers, namely, household members. This definition of peers
is thought of as being tighter and more influential for vaccination decisions, and thus, we
utilize members leaving households as an exogenous shock for peer effects. Study 2 uses a
dataset from an original online survey we conducted in 2014. In Study 2, we define household
members as peers. The online survey approximates the population both in terms of age and
regional distribution. We describe the data and methods of each study in greater detail in the

following subsections.

3.1 Imnstitutional Background

In the current study, we investigate peer effects on vaccination behavior using two original

datasets from the Japanese population. Here, we provide a brief overview of the institutional
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background regarding immunization policies in Japan. Japan has provided universal health
insurance coverage since 1961, whose benefits cover healthcare for treatment but not for pre-
vention. Thus, as vaccination is part of preventive care, it is not covered by the national
health insurance. Instead, under the national immunization program, the government pro-
vides subsidies for the costs of vaccination for some targeted diseases. Since 2001, influenza
vaccination has been one of the diseases targeted by the program, and the costs of influenza
vaccination have been subsidized by the government. However, the population covered by
the subsidies is limited to those aged 65 years or above, and those aged between 60 and 64
years with certain chronic conditions. Other diseases targeted by the program include diph-
theria, pertussis, polio, measles, and rubella. In this study, we examine the peer effects in
decision-making on vaccination against influenza. There are at least two reasons we focus
on this particular disease for our analysis: first, under the Japanese national immunization
program, influenza vaccination is unique in the sense that the eligibility for subsidies depends
on individual’s age. The age-dependent eligibility creates discontinuity in financial incentives
to receive vaccination, which we utilize for the identification of peer effects. Second, immunity
of influenza vaccination lasts for less than 1 year, and individuals should be vaccinated every
year, unlike most of the diseases for which vaccination is available. The characteristics of vac-
cination together with our panel dataset enables us to analyze vaccination behavior controlling
for time invariant factors, such as time and risk preferences, which are considered important

factors for vaccination decisions (Chapman and Coups , 1999; Nuscheler and Roeder, 2015).

3.2 Study 1: An analysis using administrative data from Itoman

city, Okinawa

3.2.1 Data

We use the administration data of influenza vaccination status among individuals aged 65
years or above in Itoman city, Okinawa prefecture. Itoman city is located on the largest island
of Okinawa prefecture, the so-called main island, and had a population of 60,714 at the end of

fiscal year 2016. The population of those aged 65 years or above numbered 11,728 at the end
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of fiscal year 2016. We conduct two empirical analyses using the datasets. In the first analysis,
we define geographical units as peers and employ panel data analyses with a lagged variable.
Figure 1 shows a residential map of those aged 65 years and over in Itoman city. Itoman
city has 51 townships. Residences are scattered around the city, and the distinction of each
township is clear, making the city ideal for our analysis of peer effects. We define residents in
the same township as peers in Study 1. In the second analysis, we define household members
as peers and examine how the probability of vaccination changes when a member disappears
from the household.

Under Japan’s national immunization program, each municipality is responsible for provid-
ing citizens with vaccination at the appropriate times, and the municipal government keeps
a record of the vaccination status of all the targeted individuals. The targets of influenza
vaccination are restricted to those aged 65 years and above and some aged between 60 and
64 years. Our dataset includes information on influenza vaccination status of all citizens aged
65 years and above in Itoman city. In addition, the data include information about physical
address, age, and sex. We use the record of vaccination status as the dependent variable. The
variable is unity if an individual gets vaccinated and zero otherwise. The dataset is panel data
from the fiscal years 2011 to 2013. Each fiscal year runs from April to March of the next year.

Table 1 shows descriptive statistics. The average vaccination rate is 63.3%. The age of
individuals ranges from 59 to 107 years old with a mean age of 76 years. The average population
of an Aza is 314, and the average number of hospitals within a radius of 500 meters of an
individual’s home is less than one. Of the sample of residents, 1% have experienced the

disappearance of a cohabiter from the home.
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Insert Table 1
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3.2.2 Empirical Specification

In the first analysis, we consider township members as peers. As the main outcome, g;;,, is a
binary to indicate whether an individual 7 in the township j got vaccinated in year ¢, we use

a probit model with panel data to examine the peer effect using the following specification:
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Figure 1: Map of Itoman-city: Each dot shows the location of residence of individuals aged
65 years and above.

Giji=¢ (0Z_i 11+ Briz +ywje + €i)

it g7;, >0,
Gigt =
0if g;"j’t <0,

where Z_; ;;_1 is a variable of peers indicating the vaccination rate within each township.
We divide the number of those who got vaccinated in the township by the number of res-
idents aged 65 years and above in the same township both excluding self to calculate the
observed vaccination rates of the peers. Thus, the vaccination rate is calculated as Z_; j ;1 =
> G—iji—1/> M—iji—1, where g_; ;, 1 is the number of people who got vaccinated in township
J excluding individual ¢ in year ¢t — 1, and n_; j;—1 is the number of residents in township j,
again excluding individual i. Thus, 6 is our coefficient interest. x; is a column vector that
includes a set of control variables at the individual level, and 3 is a row vector for the control
variables. w; is a column vector that includes a set of control variables at the Aza level, and ~
is a row vector for corresponding coefficients. ¢; is an error term. We use different estimation
methods to make an inference on 6 to take advantage of the panel structure of the dataset.
First, we use a pooled probit model. Next, we use a random-effect probit model. However,
in terms of fixed effects, a probit estimator is known to suffer from the incidental parameter

problem. Thus, we employ a linear probability model when we control for an individual fixed
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effect.”

As for the control variables, we include both individual and township characteristics. Indi-
vidual characteristics include sex, age, and age squared of individuals, while township charac-
teristics include population size, average age, and the ratio of females to total residents which
are calculated using our dataset with those aged 65 years and above. Furthermore, we include
the number of hospitals within a radius of 500 meters of an individual’s home in order to
control for medical resources.

To handle a reflection problem, we use two alternative approaches to address the problem.
First, we use neighborhood vaccination rates in the previous period, where the variable of
peers is set as Z_; ;1. While an individual’s own vaccination behavior could potentially
affect that of neighbors in the same period, it cannot affect the neighbor’s behavior in the
previous period, following Clark and Loheac (2007). Second, we use an exogenous shock to
change the composition of cohabiters when we conduct the analysis with peers as household
members in the second analysis. Specifically, from the dataset, we can detect cohabiters’ loss
from a household. As we have information on individuals’ physical addresses, we identify
cohabiters’ who move out of their homes. We investigate the effect of an exogenous change on
the probability of vaccination. We estimate the effect of the exogenous shock on an individual’s

probability of vaccination. Thus, we estimate the following reduced-form equation:

gir = (0Event_;; + Bx;y + ywjs + €i1)

Lif g7, >0,
Gix =

where Event_;; is a variable to capture the shock to decrease the number of household mem-
bers between t — 1 and ¢, and takes unity if the individual experiences such an event and zero
otherwise. For this analysis, we restrict the sample to only households with two people in

the first year of our analysis. If an individual experiences a loss of a household member, we

6Instead of a linear probability model, it is possible to employ a logit model with fixed effect. However, in
the case of the logit model, only the observations for individuals who switched vaccination status are used in
the estimation. Many observations in our dataset are dropped if we employ the logit model with fixed effect.
Thus, we employ the liner probability model with fixed effect.
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expect that the probability of vaccination would decline. Thus, the coefficient of the event is

expected to take a negative sign in the existence of positive peer effects.

3.2.3 Results

Table 2 shows the estimation results for household members as peers. In the probit regression
with pooled data, the coefficient of peer effects is positive and statistically significant, indi-
cating that an increase in the probability of neighborhood vaccination induces an increase in
the probability of vaccination (Column(1)). The coefficients of age and age squared show a
statistically significant effect, indicating a non-linear effect of age on the probability of vacci-
nation. The results using random- and fixed-effect models (Columns (2) to (4), respectively)
confirm that neighborhood vaccination increases the probability of an individual’s vaccination

when we control for unobservable heterogeneity.
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Insert Table 2
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Next, we use an exogenous shock to deal with the reflection problem. Columns (1) and
(2) in Table 3 show the results from the random-effect model and Column (3) in the same
table shows the result from the fixed-effect model. The coefficients of the loss of household
members are negative and statistically significant, indicating that the probability of vaccina-
tion decreases following the loss of a cohabiter. To further examine whether the effect remains
unchanged when we restrict our samples to those vaccinated before they left home, we perform
additional regressions in the restricted samples (Table 4). The coefficients of loss of household
members are negative and statistically significant, suggesting positive peer effects. Further-
more, we add an interaction term between the variable of loss of household members and
the variable of township vaccination rate in period ¢ — 1 to investigate if the peer effect from
household members is mitigated by the peer effects from neighbors (Table 5). The coefficient
of an interaction term in the fixed-effect model in Column (3) is positive and statistically sig-

nificant, indicating that a decline in the probability of vaccination owing to a loss of household
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members is mitigated when peer effects from neighbors are high.
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3.3 Study 2: An analysis using discontinuity approach with an on-

line survey

3.3.1 Data

We conducted an online survey in September 2014 via a commercial survey company. The
survey invitation was sent to the registered individuals and those who received and agreed to
participate in the survey proceeded to the online questionnaire directed by the invitation. A
total of 1,585 invitations were sent and 1,000 respondents completed the survey. The response
rate is 63.1%.

The definition of “peer” in this study is individuals with whom each respondent lives in
the same household. Our identification strategy is to take advantage of a discontinuity in
the out-of-pocket payment of vaccination costs determined by peers’ age. As explained in
Subsection 3.1, a subsidy for vaccination against influenza starts at the age of 65 years under
Japan’s national immunization program. Thus, a vast majority of those aged under 65 years
pays vaccination costs out of pocket whereas those aged 65 years and above receive a subsidy
for vaccination. As a result, those aged 65 years and above are more likely to get vaccinated
than are those aged under 65 years (Kondo et al., 2004; Ibuka and Bessho, 2015 ). In the
survey, we recruit two types of individuals aged under 65 years as respondents: those who
live with only individuals under aged 65 years and those who live with individuals aged 65
years and above. In this setting, we can consider peers’ age as a running variable. The age
of 65 years is a convention marker rather than a clinical fact that affects the risk of influenza
infection, and there is no major change in policies at that particular age that could potentially
affect individuals’ vaccination behavior besides the subsidy program under the immunization
program. Consequently, an increase in peers’ vaccination uptake at 65 years of age could be

considered the peer effect.
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The survey questionnaire asked about vaccination status as well as other questions regard-
ing socioeconomic and health status of the respondents and other household members who are
likely to influence individuals’ vaccination decisions. The key question, which we use as the
dependent variable, is whether a respondent was vaccinated in the previous influenza season,
that is, during the 20132014 influenza season. In addition, the survey asked the age of all
household members and their vaccination status in the same season. We use this information
as a key dependent variable.

Table 6 presents the descriptive statistics of the survey. Out of 1,000 respondents of
the survey, 100 were aged 65 years and older. Our analysis focuses on the rest, that is,
900 individuals aged under 65 years. The vaccination rate among the respondents is 30%,
and approximately half the respondents had at least one person aged 65 years or above as
a household member whereas the rest lived with cohabiters aged under 65 years. Among
household members, excluding the respondents themselves, 27% were vaccinated.

3k >k sk >k sk >k sk ok ok sk sk ok skok sk ok sk sk sk ok

Insert Table 6
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3.3.2 Empirical Specification

As the main outcome is a binary to indicate whether a respondent i got vaccinated in the
2013-2014 influenza season, we use a standard probit model to examine the peer effect using

the following specification:

g9 =¢(0Z; + fz; +¢;),

1if gf >0,
9i =
0if gf <0,

where Z; is a binary that takes unity if a respondent ¢ is in the treatment group, that is, has
at least one household member aged 65 years or above, and zero otherwise. As we identify a
causal peer effect from a household member of a respondent who is 65 years old or above to

the respondent under 65 years old, 6 is the coefficient of our interest. z; is a column vector

24



that includes a set of control variables, and [ is a row vector for the control variables. ¢; is
an error term.

As for the control variables, we include the respondents’ characteristics as well as their
household characteristics that could potentially influence their vaccination decisions. Respon-
dents’ socioeconomic variables include sex, age, age squared, education level (reference group:
college degree), and working status. In addition, as an independent variable we add the
number of influenza shots in the past 5 years to control for an individual’s preferences for
vaccination. We also include four binaries to indicate perceived health status of individuals.
Furthermore, we include a set of characteristics of a respondent’s household, which is par-
ticularly important, as our strategy relies on the characteristics of households, that is, the
existence of those 65 years and older, to identify the positive peer effect. The household char-
acteristics include household size, a binary to indicate if the household has at least one child
aged under 6 years, the number of children under 6 years, and the maximum, minimum, and
average ages of household members, excluding the respondent. We run regressions both with
and without household income as an independent variable owing to the non-negligible number

of missing observations on income.

3.3.3 Results

To understand how the discontinuity in the age of household members at 65 years affects the
vaccination decisions of a respondent, we conduct a probit analysis in which the dependent
variable is a binary to indicate the respondent’s vaccination status (Table 7). Controlling for
socioeconomic conditions of the respondents as well as household characteristics, respondents
who live in the same household as those aged 65 years and above are more likely to get
vaccinated than are respondents who live with those aged under 65 years, indicating a peer
effect in vaccination decisions. Specifically, the positive peer effect increases the probability of
vaccination by 9.1%. When controlling for household income, the magnitude of the coefficient
estimate decreases. Together with decreasing sample size in missing observations in income,

the coefficient estimate is positive but no longer statistically significant.
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Next, we restrict our sample based on the age of household members to focus on the change
at around 65 years. Ideally, we wish to examine how an individual would change his vaccination
behavior right after his peer turns 65 years old and gets vaccinated. To increase the sample size,
we slightly increase a bandwidth, and Column(2) of Table 7 shows the regression results based
on respondents who live with those between 63 and 66 years old. The result is qualitatively
consistent with the result of positive peer effects based on the entire sample, showing that
the existence of those aged 65 years and above increases the probability of vaccination of a
respondent. The magnitude of the coefficient is greater than the analysis based on the entire
sample, which is likely due to the increased similarity in peers’ characteristics between the
two groups defined by peers’ age. Again, the inclusion of household income as an independent
variable reduces the magnitude of coefficient although the coefficient shows a positive sign.

Thus far, we find a positive effect on the probability of vaccination of having a member
aged 65 years or above in the household. The peer effect, however, should occur owing to
vaccination of the peer, not just the existence of a peer who has a greater incentive for
vaccination compared to a counterpart in the control group. To examine if the probability
of vaccination of household members indeed increases at the age of 65 years, we run a probit
regression with a dataset that consists of only household members (2,539 household members).
Specifically, we run a regression in which the vaccination status of each household member is
the dependent variable and age, age squared, and the dummy variable indicate if the member
is 65 years or older. As Table 8 demonstrates, the dummy variable for 654 indicates a positive
and statistically significant effect on the probability of vaccination, increasing the probability
of vaccination by 7.6 percentage points among household members. The effect increases when
the analysis is restricted to those near the 65-year cut-off point.
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3.3.4 Placebo test

We find a positive peer effect in vaccination behavior by examining an exogenous change
in financial incentives in vaccination due to the unique setting in the national immunization
program in Japan. As the exogenous change occurs at the age of 65 years, we use the particular
age as a cutoff point to handle the reflection problem. Next, we conduct a placebo test by using
an alternative cutoff point to examine whether the effect is a real peer effect that occurred by
a change in the incentives in vaccination uptake among peers. We show the results using two
alternative cutoff points, 63 years and 70 years (Table 9). As expected, we do not observe a
statistically significant effect of the change in the age among peers when we use 63 years as
the cutoff point. By contrast, we observe a significant effect when we set 70 years as the cutoff
point. This is likely due to the effect of increased vaccination among those aged 70 years or

older, who constitute a part of the treatment group in the analysis.
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4 Concluding remarks

This study developed a voluntary provision model to formulate a vaccination game and to
explain how the positive peer effect arises in deciding whether to vaccinate. This study em-
pirically confirmed that a positive or conforming peer effect certainly exists. To the best of
our knowledge, this study is the first to analyze the vaccination decisions of individuals using
the voluntary provision model which is based on a utility-maximizing framework. Not only
has this study enriched understanding of vaccination decisions, but it has also introduced a
new approach that could considerably alter the standard modeling strategy for individuals’
vaccination behavior as well as policy implications, in particular, for designing effective public
health policy for preventing epidemics of infectious diseases and understanding interventions
to improve vaccination coverage.

We obtain several novel and striking results in contrast to the previous literature. First,

the simultaneous voluntary provision model of Warr (1983) and Bergstrom et al. (1986) is not
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consistent with a positive peer effect, because an individual does not have a chance of observing
the past behavior of others in their static one-shot model; hence, one individual has to be
a Stackelberg follower. Nevertheless, the sequential-move contribution model investigated
by Varian (1994) reveals that the peer effect is always negative irrespective of the forms of
utility functions or the supplying technology of public goods. As long as we use such a simple
sequential-move model adopted by Varian, peer effects must be negative or non-conforming in
the sense that individuals’ vaccination decisions are inversely related to the group’s decision.
Second, we demonstrate that we can obtain a positive or conforming peer effect either when the
desire for social status is included in the utility function of a contributor as a third additional
factor, or when the conjectural variations model is endowed with the conjectural variation
function, which depends positively on others’ past contributions. Those additional ingredients
play a critical role in generating a positive or conforming peer effect in such a way that the
free-riding incentive of individuals is dominated by a counter-active effect caused by a third
factor appearing in either the utility function or the conjectural variations function, such as
the desire for social status, avoiding social stigma, gaining social prestige, or the social norm
to conform, or bandwagon effect.

There are extensions to this research in several directions. First, the most natural next step
is to empirically identify which model between the joint production and conjectural variations
models discussed in this paper is more appropriate to explain a positive peer effect. Second,
to derive a positive peer effect, it is assumed that in the voluntary provision models presented
in this study, the average contribution or total provision of past donors is exogenously given.
Relaxation of this assumption requires us to construct an explicit dynamic learning model
for forming social norms over time to explain how people collect information and update
their beliefs (i.e., the peer effect) about how the contributions of others respond to their own
contributions before making their vaccination choices. The marriage between the voluntary
provision model and an evolutionary game theory would pave the way for a new and promis-
ing analysis regarding individuals’ vaccinating decisions. Although the theoretical as well as
empirical analyses both would be very complicated, it deserves further study. Third, another

interesting extension is to consider the network structure, because in reality, there is always a
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spatial structure on the transmission of information regarding who gets vaccinated and who
each individual comes into contact with, as well as the overall structure of contact with other
people. This extension would also be challenging for empirical studies. Fourth, the last in-
teresting extension is to introduce a provision point discrete public good into the vaccination
game or binary choices (see, e.g., Palfrey and Rosenthal, 1984) in which each individual can
participate by making a fixed contribution; if a sufficient number of contributions are made or
if the total provision exceeds some threshold level, the public good is provided, and otherwise
not. This model would be very suitable for the description of individuals’ vaccinating behavior
(or the technology of supplying public goods) as well as the role of vaccination in preventing

the spread of infectious diseases to other people.

Appendix: Stability condition

In this appendix, we show how to derive the stability condition for a Nash equilibrium in the

model presented in Section 2. The best-reaction functions of both individuals are given by

_u::}: (P - g1, G, Zl) + ué} (P — 91, G, Zl) + ulZ (:0 - gl>G> Zl) =0, (Al)

_u:% (P — 92, G, Z2) + ué (P — 92, G, Z2) + uzZ (:0 — 92, G, Z2) =0, (AQ)

where G = g1 + g2 and Z;, = ¢, — g;, i,j = 1,2;1 # j. Total differentiation of (A.1) and (A.2)

and rearrangement results in

dgp _ _Upy T Uge gy +2(Ugy — UGy —Uz) _
dg, Uy + UG+ Ugg 7
@:_ —ulg + ugg + U <0
dgs U2, + UG + Uy, + 2 (g, — ug, — uZ,) ,

where the best-reply functions of individuals 1 and 2 are given by g1 = ¢1(g2) and g2 = ¢2(g1),

respectively, which implies that the slopes of both reaction functions are negative.
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For stability, the slopes of the best-reply functions should be ranked as follows:

dga dgo
T T (A.3)
111’5 reaction g1 2's reaction
The inequality (A.3) can be rewritten as follows:
1 1 1 1 1 1
'_u:c:c + Uca + Uz z +2 (UGZ — UGy — uZw)
1 1 1
—Uzq + UGa + Uza 1’s reaction
2 2 2
'_ —Uzg T Uge T Uzg
2 2 2 2 .2 _ 2 )
Uz + UGa + Uz 7 + 2 (uGZ UGy U’Zx) 2/s reaction
which is equivalent to
1 1 1 1 1 1 2 2 2
Uy, + UG + Uyy + 2 (Ugy — UG, — Uyz,) S —Uq + UGg T Uzg (A.4)
_ 1 1 1 2 2 2 2 .2 _ .2\’ .
Upq T Uge T Uzg uZ, +ugg +uyy + 2 (Ugy — UG, — Uz,)

where the numerators of both sides are negative owing to the assumption of strict quasi-

concavity. Moreover, (A.4) is equivalent to

(—Ugch + uge + UlZG) (—UiG + uge + u2ZG) ,

which ensures that the sign of |J| in (5) is positive.
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Table 1. Descriptive Statistics: Administrative data on influenza vaccination

status of the elderly in /toman city

Variable N Mear Std. Dev Min Max
Vaccination status (yes= " 28,19: 0.63: n.a 0 1
Individual characteristic

Age 28,19¢ 75.5¢ 7.871 5¢ 107
Female® 28,19: 0.55¢ n.a 0
Aza's characteristi
Mean proportion of vaccinati 28,19: 0.63: 0.07i 0.1 1
Mean ag 28,19¢ 75.5¢ 1.861 65 83.3¢
Proportion of Fema 28,19: 0.55¢ 0.03¢ 0 0.t
Population siz 28,19: 313.¢ 159.2 1 78t
Medical institution within 5001 28,19¢ 0.781 1.37 0 6
Family characteristic
Loss of a cohabit (yes=1)" 17,71« 0.12] n.a 0 1

= pinary variable. n.a.=not applicable.
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Table 2. Peer effect in vaccination: community merskas peer

Pooled probit Random effect estimati Fixed effect estimatic

(1] (2] [3] [4]
Proportion of vaccination i " .
Aza; att-1 0.421 0.174 0.427 0.24¢
(0.080 (0.069 (0.082 (0.146
Individual characteristi
Age 0.07¢” 0.088™ 0.0847" 0.14¢"
(0.010 (0.009 (0.009 (0.042
Age square -0.004” -0.0008™ -0.0004<™ -0.0007"
(0.00006 (0.00005 (0.00005 (0.0002
Femal 0.03¢" 0032 0.033."
(0.00¢) (0.008 (0.009)
Aza's characteristi
Mean ag 0.00¢ 0.011" 0.001: -0.02¢
(0.0047 (0.00%) (0.0042 (0.014
Proportion of Fema -0.287 -0.39C" -0.11° 0.30¢
(0.146 (0.176 (0.158 (0.663
Population siz 0.0000: 0.0000: 0.0000: -0.000:
(0.00002 (0.00003 (0.00002 (0.0002
Medical institution within 5001 -0.0(7 -0.007" -0.00¢”
(0.0041 (0.00¢) (0.009)
Year fixed effect No No Yes No
Sample siz 17,71 17,71 17,71 17,71

Note. " p<0.1; " p<0.05; " p<0.01. Estimation with a probit estimation for [td [3] and linear

probability model for [4] are employed, and mardiefect for [1] to [3] and coefficients for [4] ar

shown. Cluster-robust standard errors are in thhenplaesis. The marginal effect of the proportion of

vaccination inAza att-1 shows peer effect on vaccination from commumgmbers.
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Table 3. Effect of loss of a cohabiter

Fixed effect
Random effect estimati estimatiol
[1] 2] [3]
Loss ofacohabite -0.047 -0.04¢ -0.097"
(0.0242 (0.0252 (0.032
Individual characteristit
Age 0.107" 0.10€™ 0.207"
(0.015 (0.015 (0.073
Age square -0.000¢” -0.000¢” -0.007”
(0.00009 (0.00009 (0.0004
Femals 0.03¢™ 0.03¢™
(0.009 (0.009
Aza's characteristi
Mean ag 0.007 0.007 -0.02¢
(0.007) (0.007 (0.014
Proportion of Fema -0.23: -0.20(¢ 0.10¢
(0.259 (0.269 (1.038
Population siz 0.0000! 0.0000¢ 0.0000¢
(0.00004 (0.00004 (0.0002
Medical institution within 5001 -0.00¢™ -0.00¢™
(0.009) (0.003
Year fixed effect No Yes No
Sample siz 8,86¢ 8,86¢ 8,86¢

Note. * p<0.1; = p<0.05;  p<0.01. Estimation with the probit model for [1]caf2] and linear
probability model for [3] are employed, and margiatiect for [1] and [2] and coefficients for [3}a
shown. Cluster-robust standard errors are in thenplaesis. The coefficient of the loss of a cotebit

shows positive peer effect on vaccination from laadxter.
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Table 4. Effect of loss of a cohabiter who previguygt vaccinated

Random effect estimati

Fixed effect estimatic

[1] [2] [3]
Loss of household memb -0.081" -0.087" -0.085"
(0.029) (0.029) (0.032
Individual characteristic
Age 0.07¢” 0.07¢” 0.16€"
(0.016 (0.016) (0.080
Age square -0.000<™ -0.000<™ -0.007
(0.00009 (0.00009 (0.0005
Femals 0.031™ 0.031™
(0.009) (0.009)
Aza's characteristic
Mean ag 0.00(8 0.000¢ -0.047
(0.004 (0.00%) (0.022
Proportion of Fema 0.22¢ 0.220 0.36:
(0.195 (0.212 (1.039
Population siz 0.0000¢™ 0.0000¢™ -0.000:
(0.00002 (0.00002 (0.0002
Medical institutionwithin 500 -0.00(6 -0.000¢
(0.009) (0.004)
Year fixed effect No Yes No
Sample siz 6,18¢ 6,18¢ 6,18¢

Note: ~ p<0.1; = p<0.05; p<0.01. Estimation with the probit model for [1] afi2] and linear

probability model for [3] are employed, and margiatiect for [1] and [2] and coefficients for [3}a

shown. Cluster-robust standard errors are in thenplaesis. The coefficient of the loss of a cotebit

shows positive peer effect on vaccination from laatxter.
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Table 5. Interaction of community peer effect anddehold peer effect

Fixed effect
Random effect estimatis estimatiol
[1] [2] 3]
Loss ofa cohabite -0.300** -0.293** -0.725%**
(0.146 (0.144 (0.250
Loss of a cohabit x proportion of vaccinatic in Aza, att-1 0.35( 0.33¢ 1.028**
(0.230 (0.228 (0.396
Proportion of vaccination iAza; att-1 0.141 0.244** 0.21¢
(0.096 (0.099 (0.222
Year fixed effect No Yes No
Sample siz 6,18¢ 6,18( 6,18¢

Note. ~ p<0.1; = p<0.05;  p<0.01. Estimation with the probit model for [1]dafi2] and linear

probability model for [3] are employed, and margiatiect for [1] and [2] and coefficients for [3fa

shown. Cluster-robust standard errors are in thenplaesis. In all the regressions, individual &ad's

characteristics are controlled for using the saet@fvariables in Tables 2 to 4.
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Table 6. Descriptive statistics: Survey data orciration status

Variable N Mear Std. Dev Min Max

Vaccinatior (yes=1M 782 0.307 n.a

65+ in HH(yes=1" 782 0.47¢ n.a

Se» 782 1.59¢ 0.491

Age 782 46.07 13.3¢ 19 64
EducationLess than high school diplof® 782 0.03: n.a 0 1
Education: High school diplor® 782 0.38¢ n.a 0 1
Education:College” 782 0.30¢ n.a 0 1
Education: Associate degf” 782 0.25¢ n.a 0 1
Educatior: Graduate lev{®! 782 0.02( n.a 0 1
Working (yes=1)[b 782 0.65: 0.47¢ 0 1
# of flus shots in the past 5 ye 782 2.47: 1.99¢ 1 6
Selfrated health: Very go” 782 0.101 n.a 0 1
Seltrated health: Go”’ 782 0.28¢ n.a 0 1
Selfrated health: F&® 782 0.48¢ n.a 0 1
Selfrated heatlh: Po! 782 0.11( n.a 0 1
Seltrated health: Very po™ 782 0.01¢ n.a 0 1
Household siz 782 2.61¢ 1.367 1 9
Child(ren) in HH (yes=1" 782 0.08: n.a 0 1
# children in Ht 782 0.10¢ 0.38¢ 0 3
Maximum age of HH membe 782 67.5: 9.63i 2 98
Minimum age of HH membe 782 41.0¢ 21.81 0 72
Average age of HH membx 782 54.4¢ 12.5¢ 2 80.3:
Log of HH incom 591 4.76" 4.187 -9.21C  8.00¢
Region 1: Hokkaido/Tohol”! 782 0.12¢ n.a 0 1
Regior 2: Kantc” 782 0.38¢ n.a 0 1
Region 3: Chub® 782 0.16: n.a 0 1
Region 4: Kink™ 782 0.16¢ n.a 0 1
Region 5: Chugok"! 782 0.05¢ n.a 0 1
Region 6: Shikok™ 782 0.02¢ n.a 0 1
Region 7: Kyushu/Okinav" 782 0.07¢ n.a 0 1

[b]= binary variable. n.a.=not applicable. HH=hduslel
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Table 7. Peer effect from household members

HH members aged

Al
between 63 and 66
(1] [2] (3] [4]
HH member aged 65+ years 0.091 0.065 0.125 0.075
(yes=1) 0.052 0.059 0.07 0.059
Sex 0.015 0.02 0.091 0.166
0.046 0.051 0.077 0.059
Age -0.02 -0.015 0.007 0.024
0.018 0.023 0.025 0.022
Age squared 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
HH size -0.001 0.043 -0.007 0.025
0.034 0.036 0.06 0.044
Children under 6 (yes=1) 0.412 0.515 0.075 -0.077
0.272 0.291 0.437 0.044
Number of children -0.15 -0.246 -0.118 -0.16
0.141 0.165 0.238 0.141
Number of flu shots in the past5  0.245" 0.246" 0.245" 0.194"
years 0.021 0.025 0.033 0.056
Log household income -0.001 -0.009
0.006 0.005
Sample size 782 591 322 245

Note.” p<0.1;” p<0.05;" p<0.01. Marginal effects and standard errors inptenthesis are shown. In
all the regressions, household characteristics;attn, working status, subjective health, andaegire

controlled for.

40



Table 8. Vaccination behavior of peer

HH members aged

All sample between 50 and 75 years
Dummy for 65 + 0.076 0.084"
(0.029) (0.038)
Age -0.008" -0.076"
(0.002) (0.044)
Age squared 0.00007 0.0005"
(0.00002) (0.0004)
N 2539 1433

Note. p<0.1;  p<0.05;  p<0.01. The regression analysis shows vaccinatiatus of peer (i.e.
household members of a survey respondent).
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Table 9. Placebo test

63 years or over

70 years or over

[1]

[2]

[3]

[4]

Placebo variable -0.005 -0.032 0.132 0.103
0.058 0.073 0.078 0.089
Sex 0.015 0.014 0.019 0.017
0.046 0.051 0.045 0.051
Age -0.008 -0.004 -0.014 -0.01
0.017 0.022 0.017 0.021
Age squared 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
HH size -0.003 0.041 -0.009 0.034
0.034 0.035 0.034 0.035
Children under 6 (yes=1) 0.428 0.523 0.382 0.467
0.265 0.284 0.275 0.306
Number of children -0.139 -0.232 -0.125 -0.218
0.136 0.158 0.137 0.159
Maximum age among other HH members -0.012" -0.011T -0.015" -0.014"
0.005 0.005 0.005 0.005
Minimum age among other HH members -0.006 -0.003 -0.005 -0.003
0.004 0.004 0.004 0.004
Average age among other HH members 0.012 0.009 0.011 0.007
0.007 0.008 0.007 0.008
Sample size 782 591 782 591

Note.” p<0.1;" p<0.05;"" p<0.01. Marginal effects and standard errors inptienthesis are shown. In

all the regressions, household characteristics;attn, working status, subjective health, andaegire

controlled for.
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