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Appendix

Model 1

For Table 1 in the main text, we computed the quantities A, B, C, and D using Equation (17). In this

section, we first show that B > A when RSS > 1 and RSS > RRR, and then show that the result B > A

holds under the assumption RRR > RSS as well, provided RRR < R0,SS . This includes the case where the

drug-sensitive and drug-resistant organisms behave the same (except for transmission). Specifically, denoting

the payoff for an individual as P (θi, θ) = X(i)∗, where θi is the treatment rate for the individual and θ the

treatment rate for the community, we have A = P (0, 0) = ρS/βS , B = P (0, θmax), C = P (θi,max, 0), and

D = P (θi,max, θmax). In particular

B =
ρSρR

ρS(ρR + λ0R) + λ0SρR

where λ0S(θ) and λ0R(θ) are defined as in Equations (19) and (20), respectively. Then we have

B > A⇔ ρRβS > ρS(ρR + λ0R) + λ0SρR ⇔ ρR(βS − ρS) > ρSλ
0
R + ρRλ

0
S

⇔ρR(βS − ρS)(βSρR + βSδθ − βRρS − βRθ) > (ρSβRδθ + ρR(βSρR − βRρS − βRθ))(βS − ρS − θ)

⇔ρR(βS − ρS)βSδθ > ρSβRδθ(βS − ρS − θ)− ρRθ(βSρR − βRρS − βRθ)

⇔δ(ρR(βS − ρS)βS − ρSβR(βS − ρS − θ)) + ρR(βSρR − βRρS − βRθ) > 0.

In fact, it follows RSS = βS/(ρS + θ) > 1 and RSS = βS/(ρS + θ) > RRR = βR/ρR that

ρRβS > ρSβR ⇒ ρRβS(βS − ρS) > ρSβR(βS − ρS) > ρSβR(βS − ρS − θ) > 0

and βSρR > βRρS + βRθ.

Moreover, an individual who chooses not to treat will benefit more from higher community treatment

(i.e., ∂B/∂θ > 0) provided that ρR − δρS > 0, RSS > 1 and RSS > RRR. After some straightforward but

lengthy algebraic calculations, we find that ∂B/∂θ > 0 is equivalent to

(βSρR − βR(ρS + θ))2 +
(βSρR − βRρS)2

ρR − δρS
βSδ > βRβSδθ

2.
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It suffices to show that

(βSρR − βRρS)2

ρR − δρS
βSδ > βRβSδθ

2, or equivalently, (βSρR − βRρS)2 > (ρR − δρS)βRθ
2.

If 0 < ρR − δρS ≤ βR, then

RSS > RRR ⇔ βSρR − βRρS > βRθ ⇔ (βSρR − βRρS)2 > β2
Rθ

2 > (ρR − δρS)βRθ
2.

However, if ρR − δρS > βR, then

RSS > 1⇒ βSρR − βRρS > (ρS + θ)ρR − βRρS > ρRθ + ρS(βR + δρS)− βRρS > ρRθ

and hence (βSρR − βRρS)2 > ρ2Rθ
2 > (ρR − δρS)βRθ

2.

We now assume that RRR > RSS and RRR < R0,SS , where RRR = βR/ρR, RSS = βS/(ρS + θ)

and R0,SS = βS/ρS When θi = 0 and θ = 0, we have λ0S(0) = βS − ρS and λ0R(0) = 0. Hence A =

P (0, 0) = ρS/βS = 1/R0,SS . Also, if θi = 0 and θ = θmax > θcrit (here θcrit is the unique root of

RRR = RSS(θ)), we have RRR > RSS(θmax) and hence λ0S(θmax) = 0 and λ0R(θmax) = βR − ρR. Thus,

B = P (0, θmax) =
ρSρR

ρS(ρR + λ0R(θmax))
=

ρR
βR

= 1/RRR. Therefore, A < B is true if RRR > RSS and

RRR < R0,SS .

When ρR − δρS < 0, we have a sufficiently long duration for resistant infection that it is always best

for an individual not to be treated. We assume coexistence conditions RSS > 1 and RSS > RRR, i.e. the

community treatment rate θ being considered is not at a high enough rate to eradicate sensitive infection.

In this case, individual incentives favor undertreatment.

Model 2

For the community dynamics of Model 2, the equilibrium fraction of individuals in each state for the coex-

istence equilibrium can be calculated explicitly. The fraction in the susceptible class is given by

X∗

N
=

(ρ̃S + θ̃)(γS + ρS + θ)

βS(ρ̃S + θ̃) + β̃SγS
=

1

RSS
.
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When RSS < 1, this equation yields a fraction greater than 1, which is impossible; the coexistence equilibrium

cannot exist when RSS < 1. Moreover, because this increases as θ increases, the higher the rate of treatment

of the mild stage, the lower the prevalence of infection. (However, it is possible to increase the fraction in

the severe state, as will be shown). For the fraction with mild infection with the drug-sensitive organism,

Y ∗S
N

=
c1(ρ̃S + θ̃)

(
β̃SγS + (ρ̃S + θ̃)(βS − (γS + ρS + θ))

)
c2(βS ρ̃S + βS θ̃ + β̃SγS)

(1)

where

c1 = ρ̃R(ρ̃S + θ̃)
(
βS(γR + ρR)− βR(γS + ρS + θ)

)
+ β̃S ρ̃RγS(γR + ρR)− β̃RγR(ρ̃S + θ̃)(γS + ρS + θ),

c2 = (βS(ρ̃S + θ̃) + β̃SγS)
(
c′2(γR + ρR) + δθ(ρ̃S + θ̃)(γR + ρ̃R)

)
− (ρ̃S + θ̃)(γS + ρS + θ)

(
βRc

′
2 + β̃R(γR(γS + ρ̃S + θ̃)− δ̃γS θ̃)

)
,

and

c′2 = γS(δ̃θ̃ + ρ̃R) + ρ̃R(ρ̃S + θ̃).

The fraction with mild infection with the drug-resistant organism may be expressed in terms of Y ∗S /N

(Equation (1)):

Y ∗R
N

=
Y ∗S
N

βSθδρ̃R(ρ̃S + θ̃) + β̃S ρ̃RδγSθ + β̃Rθ̃δ̃γS(γS + ρS + θ)

ρ̃R(γR + ρR)
(
βS(ρ̃S + θ̃) + β̃SγS

)
− (ρ̃S + θ̃)(γS + ρS + θ)

(
βRρ̃R + β̃RγR

) (2)

The fraction with severe infection due to the drug-sensitive organism is

Ỹ ∗S
N

=
Y ∗S
N

γS

ρ̃S + θ̃
, (3)

as given directly from Equation (??). Note that this ratio is independent of the treatment rate of mild

infection.

Finally, we express the fraction with severe infection due to the drug-resistant organism in terms of
Y ∗
S

N :

Ỹ ∗R
N

=
Y ∗S
N

c3

c1(ρ̃S + θ̃)
. (4)
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where

c3 = (βS(ρ̃S + θ̃) + β̃SγS)
(
δθγR(ρ̃S + θ̃) + θ̃δ̃γS(γR + ρR)

)
− βRδ̃γS θ̃(ρ̃S + θ̃)(γS + ρS + θ).

The equilibrium force of infection for the drug-sensitive organism is then given by substituting Equa-

tions (1) and (3) into the following:

λS(θ) = βS
Y ∗S
N

+ β̃S
Ỹ ∗S
N
. (5)

Similarly, the equilibrium force of infection for the drug-resistant organism is given by substituting Equa-

tions (2) and (4) into the following:

λR(θ) = βR
Y ∗R
N

+ β̃S
Ỹ ∗R
N
. (6)

The overall fraction of time spent in the severe state for the community level analysis for Model 2 is then

V (θ) =
Ỹ ∗S + Ỹ ∗R

N
. (7)

The value of θ which minimizes V (θ) is the utilitarian optimum mild treatment level, i.e. the treatment rate

which minimizes the fraction of severe disease for the population.
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