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Sudden epidemiological threats such as the recent COVID-19 pandemic give rise to severe
tradeoffs between economic activity and public health. The structure of these tradeoffs is
highly uncertain because of varying epidemiological, demographic and economic charac-
teristics, and this complicates an effective policy response. What is needed is a tractable
and flexible framework to compare scenarios, identify commonalities, and derive robust
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No such framework is currently available. The macro-epidemiological literature trig-
gered by the recent pandemic typically employs the classical SIR model (Kermack and
McKendrick, 1927) with two epidemiological states. To analyze optimal policy in this
environment researchers routinely adopt strong but varying assumptions and resort to
numerical simulations.! As a consequence, the literature contains a large set of distinct,
mostly quantitative findings, commonalities are rare and obscured, and a unified perspec-
tive is lacking.

We propose an alternative framework with one epidemiological state variable. The
resulting gains in tractability help uncover mechanisms that seem to have gone mostly
unnoticed, and the framework’s flexibility as well as the reduced computational burden
allow to analyze optimal policy in widely different scenarios. While the one-state simpli-
fication comes at a cost—most importantly, orthogonality of policy and long-run health
outcomes—we show that this cost is low when analyzing the decisive early stage of an
epidemic because the classical SIR model nearly exhibits orthogonality as well.

In fact, when we consider a baseline parameterization and scenario to compare a
benchmark SIR-based model with our framework we find essentially the same policy
prescriptions for the first couple of years. In contrast to the benchmark model, however,
our framework can also be employed to analyze a host of other parameterizations and
scenarios. Against this background, we view it as a versatile tool for policymakers to
flexibly explore the tradeoffs they face at the onset of a coming epidemic.

The generic epidemiological framework we use generalizes the “simple epidemiologi-
cal model” (Bailey, 1975) and captures the essence of infectious dynamics, namely the
interaction between those who have contracted the disease and those who have not but
are susceptible. New infections are driven by complementarities between the two groups,
and cumulative infections—the single endogenous state variable—approximately follow a
logistic law of motion, which accurately approximates infectious dynamics in two-state
SIR models.

The economic layer that we superimpose incorporates households and a government.
We assume that households derive utility from economic activity, both positive because
activity generates consumption and negative because it requires effort. In addition, higher
activity increases the risk of getting infected, which is privately costly. Households are
fully aware of the aggregate infection dynamics and the risks they face, they end up shoul-
dering the full social costs of infection, and they behave individually rationally. Neverthe-
less, the privately optimal activity choices fail to fully internalize the social consequences
and give rise to “static” and “dynamic” externalities, which reflect wedges similar to those
identified in the literature.

It is well known that such wedges call for corrective government action (Gersovitz and
Hammer, 2004). More surprisingly, we find that this goes both ways. We characterize the
optimal timing not only of lockdowns but also of “inverse lockdowns,” namely interven-
tions that aim at stimulating private sector activity. Intuitively, as the infection spreads,

1Often, the strong assumptions are needed to minimize numerical problems. For example, Alvarez
et al. (2021) assume a counterfactually high share of the initially infected population. Farboodi et al.
(2021) solve backwards for the optimal policy by building a chain of piecewise diverging paths and impose
that the elasticity of infections with respect to activity equals two.



eventually there are gains from leaving the worst of the epidemic behind. Because indi-
vidual households do not internalize these social capital gains, the government optimally
encourages activity. This can rationalize measures such as monetary easing, temporary
sales tax reductions, subsidies, or “return-to-work bonuses” that were proposed or under-
taken during the COVID-19 pandemic.

Our second result concerns optimal policy when a cure (a vaccine or effective treat-
ment) is anticipated to arrive deterministically. Such a situation might arise before final
regulatory approval of the cure or before donors supply the cure to a country. We prove
that the strictness of the optimal lockdown is discontinuous in this case: When the ar-
rival date is near, the optimal policy keeps total infections in check until the cure arrives.
But if the date surpasses a critical threshold the optimal lockdown is very light or the
government even imposes an inverse lockdown. Intuitively, as the time until the arrival
date increases, the costs of curtailing activity by more and more, for longer and longer
become prohibitive and it is optimal to “give up” on infections.

Our third result applies when infection and subsequent recovery does not confer immu-
nity. Some households suffer recurrent infections in this case and the economy converges
to a policy dependent steady state with strictly positive infection flows. We show that
generically, laissez-faire infection dynamics in this endemic-disease scenario are inefficient
not only in the transition but also in steady state.

The fourth set of findings comprises quantitative results. We exploit the fact that
our framework and extensions thereof can easily be numerically solved and simulated.
Crucially from the epidemiological point of view, we solve for the optimal policy under
general assumptions about the elasticity of the activity-infection nexus—unlike the liter-
ature, which typically needs to assume that this elasticity equals one or two. This allows
to account for the mixed evidence on this elasticity (Hethcote, 1989) and to taylor the
model and its policy prescriptions to regional (e.g., rural vs. urban) or other disparities.
We also study the role of other key parameter values (e.g., the intertemporal elasticity of
substitution) and of the cost function associated with infections, allowing for “flattening-
the-curve” motives as well as learning effects. We consider the consequences of virus
mutations, enhancements in therapy or test-and-trace technology, or multiple infection
waves. We study the effects of restricting the government’s instruments such that inverse
lockdowns become infeasible—and find that this is quite costly. And we consider the
consequences of information asymmetries and heterogeneity by allowing for publicly or
privately observed infection status.

Calibrated to match U.S. COVID-19 infection data the baseline model implies that
starting from mid March 2020 economic activity should have immediately been reduced
by 38 percent. This would have increased welfare relative to laissez-faire by about three
and a half percent of lifetime consumption. Across all the alternative specifications and
scenarios we consider these implications are surprisingly robust. There are only three
factors that the model prescriptions are very sensitive to: The intertemporal elasticity of
substitution, the nonlinearity of the activity-infection nexus, and re-infection risk. Each
of these factors is positively associated with optimal strictness.

As noted before, our model replicates the predictions of a benchmark two-state SIR
model when we adopt the same functional form assumptions and calibration and rule



out all the non-standard elements our framework allows for. Figure 1 plots the predicted
optimal activity level in Farboodi et al. (2021) and in our framework against the share
of the infected population (y) during the first two years of the epidemic according to the
Farboodi et al. (2021) calibration.” Evidently, the two predictions essentially coincide.
That is, our tractable and flexible framework replicates the results in the literature while
generating new conceptual insights and allowing for the analysis of a set of much richer
scenarios.

optimal policy
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0 0.03

Figure 1: Optimal policy: Logistic model vs. two-state SIR model.

Our final contribution is of a technical nature. The derivation of analytical results as
well as numerical solution and simulation in the macro-epidemiological context is chal-
lenging since infection dynamics make the Hamiltonian of the control problem non-convex
(e.g., Calvia et al., 2023). Although our framework preserves the fundamental nonlinear-
ity of infection dynamics we can show, unlike contributions in the literature, that the
value function of the optimizing government is differentiable over the entire state space.
This implies that optimal policy is continuous in the state and that standard numerical
methods robustly identify the approximate solution of the government’s program.

Related Literature Workhorse epidemiological models due to Kermack and McK-
endrick (1927) and Bailey (1975) are reviewed, e.g., in Hethcote (1989) and Hethcote
(2000). The pandemic has generated broad interest in the intersection of epidemiological
dynamics and economic cost-benefit analysis. Early contributions include Atkeson (2020)
and Eichenbaum et al. (2021). Alvarez et al. (2021) compute the optimal lockdown policy
when there is a rationale to flatten the infection curve in order to relax health care system
capacity constraints. Farboodi et al. (2021) argue that in equilibrium and under the opti-
mal policy the effective reproduction number always remains close to unity. Kaplan et al.
(2020), Acemoglu et al. (2021), and Ellison (2020) analyze the implications of heterogene-
ity, including differential costs of reduced activity, asymmetric infection dynamics due

2See appendix A for a detailed discussion.



to “super spreaders,” age-dependent fatality rates, or welfare losses due to nontargeted
measures. Giannitsarou et al. (2021) analyze immunity loss and demographic dynamics.
Taking spatial aspects into account Bisin and Moro (2022) show how local interactions
give rise to matching frictions and local herd immunity effects; Fajgelbaum et al. (2021)
characterize optimal policy in a related setting.

Most of this work focuses almost exclusively on numerical analyses, with Toxvaerd
(2020), Gonzalez-Eiras and Niepelt (2020a), Abel and Panageas (2020), and Miclo et al.
(2022) constituting some notable exceptions.®> Our paper combines novel analytical results
with numerical simulations.* Garibaldi et al. (2020) highlight a dynamic externality
similar to the one in our model; we show that dynamic externalities necessarily start
negative and eventually become positive.

Outline The remainder of the paper is organized as follows. We lay out the model in
section 2 and present the conditions characterizing equilibrium and first best in section 3.
The theoretical analysis is contained in section 4 and the quantitative analysis in section 5.
Section 6 concludes. Auxiliary discussions are relegated to appendices with proofs of the
lemmas and propositions in the main text collected in appendix B.

2 The Model

We consider an infinite horizon economy with households and a government. Time is
continuous, t > 0.

2.1 Epidemiology

We use an epidemiological framework that is closely related to several canonical models in
the epidemiological literature: The SIR model due to Kermack and McKendrick (1927), a
modified SIR and the simple epidemic model (the SI model) due to Bailey (1975), and the
SIS model derived from it.> Our framework incorporates one endogenous state variable
(rather than two in the typical SIR model), possibly time as a second state variable (unlike
SIR and SIS models), as well as economic activity (unlike SIR and SIS models).

2.1.1 Dynamics

The population of mass one consists of mass x “pre-infection” (for short: “pre”) house-
holds; mass y = § — = “post-infection” (“post”) households; and mass 1 — § “neutral”

3Toxvaerd (2020) characterizes privately optimal social distancing; Gonzalez-Eiras and Niepelt (2020a)
characterize optimal lockdown policies; and Abel and Panageas (2020) characterize the optimal steady
state in a SIR model with vital dynamics. Miclo et al. (2022) derive the optimal policy under a capacity
constraint.

4 Acemoglu et al. (2021) and Farboodi et al. (2021) also consider the deterministic case but do not
discuss the result that optimal policy may be discontinuous.

5The “S,” “I,” and “R” in SIR, SI, and SIS stands for “susceptible,” “infectious,” and “removed,”
respectively. See Hethcote (1989) and Hethcote (2000) for an overview over epidemiological models of
infectious diseases.



households. Members of the post group have been infected in the past; members of the pre
group might be infected in the future; and members of the neutral group cannot become
infected, for instance because they are immune.

Initially, at time ¢t = 0, the population shares of the pre and post groups are given by
xo =y —1yo > 0 and yy > 0, respectively. While the infection status of neutral households
never changes households in the pre group catch the disease according to a generalized
logistic law of motion,

d ) w
Y — =g (1- (1) ) 0<sw<s )
Accordingly, the share of the pre group changes by dz/dt = —dy/dt. Variable a in

equation (1) denotes an index of economic activity and function g represents the activity-
infection nexus, that is, g is positive and strictly increasing. Parameters § and w represent
epidemiological characteristics.

According to equation (1) the post share, y; the share y; and the infection rate,
g(a)s, (but not time) determine the speed at which the shares of pre and post households
change. With w = 1 the law of motion is symmetric about 3/2; w # 1 introduces skewness.
Starting from yo > 0 and with g(a) > 0 the population share y is strictly increasing over
time and converges to ¥; conversely, the share of the pre group is strictly decreasing and
converges to 0. In an extension covered in subsection 4.3 we allow for members of the post
group to return to the pre group, for instance because infection does not confer permanent
immunity, but in the baseline analysis we abstract from this possibility.

We denote a solution to equation (1) conditional on a control path a and an initial
value yo by y(t;a,y0); when there is no danger of confusion, we drop the two latter
arguments. When activity is constant at level a then®

y(t) = d (2)

w 1/w’
(1o ()" =1))
Yo

With Poisson arrival rate v a “cure arrives”—the disease and its consequences (de-
scribed below) disappear and /3 drops to zero. For example, this might be due to medical
progress or the development of a vaccine. The same cure also arrives deterministically, at
time 7', which may be infinite.

2.1.2 Costs of Infection

Infections are transitions of households from the pre to the post group. They generate
social costs, for example because the health care system requires resources, utility is
foregone, or infections cause harm. These costs are given by

v [y, a), (3)

where ¢ > 0 reflects unit costs. In extensions covered in subsection 5.2 we allow for
non-constant v in order to analyze learning or congestion effects. In the former case,

6See for example Hethcote (1989) for the case of g(a) =9 = w = 1.



the unit costs decrease with cumulative case numbers. In the latter case, the unit costs
increase with infection flows, for instance due to capacity constraints in the health care
sector that lead to a deterioration of care quality and increased fatality rates, generating
a motive to “flatten the curve.” In the baseline analysis we let 1 be constant.

2.1.3 Discussion

The law of motion (1) nests a range of well known epidemiological models, augmented
by an effect of economic activity on the infection rate, see the discussion in appendix C.
Relative to the SIR model our framework eliminates one state variable by combining the
currently infected and removed groups in the SIR model into a single group. Importantly,
this does not undermine the ability to represent societal costs of infection or death: To
represent these costs it suffices to account for the flow of newly infected individuals from
the pre to the post group and to associate costs with this flow, as we do.”

However, the single state variable in our framework does imply that the steady state
in the absence of the arrival of a cure, ¥, is exogenous while it is endogenous in the SIR
model.® As we demonstrate in appendix A the endogeneity of the steady state in the SIR
model is irrelevant for optimal policy choices during the initial phase of the epidemic.
For example, we show that during that phase prescriptions of the logistic model and SIR
based analyses essentially coincide. We conclude from this that during the initial phase
of an epidemic our framework constitutes a useful approximation to the conclusions one
would draw (if one could) from a SIR-based analysis.”

This holds especially true when we focus on the model predictions in state space rather
than the time domain. We have experimented with alternative laws of motion and have
found that modifications can have strong effects on the predicted path of y and thus a over
time without substantially changing the link between a and y. Against that background
we focus on the state-space implications of the model. (Of course, given these state-space
results time series predictions follow immediately.)

Formally, we summarize the epidemiological part of the model as follows:

Assumption 1. A cure arrives with Poisson arrival rate v > 0 and deterministically at
time 7', which may be infinite. Admissible activity levels are A = [a, 1] with 0 < a < 1.
Before a cure arrives the law of motion f : [0, 7] x A — R* given in equation (1) determines
epidemiological dynamics. Function g : A — R™ is strictly increasing, smooth, and weakly
convex. Social costs of infection are given by (3).

The lower bound on A can be arbitrarily close to zero. Both bounds on A are not
binding but will simplify proofs.

"The law of motion (1) does not explicitly account for deaths. The implications for epidemiological
dynamics are negligible when death rates are small as we assume. See the discussion in footnote 11.

8Because of the random arrival of a cure the long-run share of the population that avoids infection is
endogenous to the choice of activity level, both in SIR and our framework.

9For our COVID-19 based calibration with a basic reproduction number Ry = 2.4 a conservative lower
bound for this initial phase is a cumulative infection rate of 3.5 percent of the population. Simulation
results show that for higher basic reproduction numbers the initial phase extends over a larger part of
the state space.



2.2 Economics

2.2.1 Households

A household 7 chooses activity a; over time in order to maximize an intertemporal objective
which accounts for the immediate economic effects of activity and for the costs of infection
that the household privately bears. Households take aggregates as well as the law of
motion (1) as given and discount the future at rate p.

The immediate economic effects are represented by an indirect utility function, u, that
depends on the individual choice, a;. Utility reaches a maximum at the first-best level in
the absence of infection dynamics, a*. Without loss of generality, we normalize v and g
such that a* = 1, u(a*) = 0, and g(a*) = 1.

Assumption 2. Function u : A — R is twice differentiable and strictly concave and
satisfies co > u/(a) > u/(a*) = v/(1) = 0, u(a*) = 0. The discount rate p > 0; when
T = oo, then p + v > 0. Function g satisfies g(a*) = 1.

The costs of infection a household privately bears are the product of two terms: The
social costs given in (3) and the factor {(a;, a) that reflects the household’s activity level
and the aggregate level.

Assumption 3. Function £ : A2 — R¥ is given by Ca;/a+ (1 —¢), ¢ €[0,1].

According to assumption 3 a household bears full social costs in equilibrium. But it
internalizes only a fraction ¢ of marginal costs and perceives its private marginal costs to
depend on own activity relative to aggregate activity; ¢ may fall short of unity because
of health insurance and non-contractable precautionary behavior or many other reasons.
The functional form assumption 3 can substantially be relaxed.!

Households are representative, rendering y the single endogenous state variable. Rep-
resentativeness could reflect, for example, that symptoms do not generate much relevant
information about their cause or that behavior is unresponsive to the posterior (e.g., due
to strong ambiguity aversion) such that symptoms do not trigger changes in behavior. It
could also reflect that some households do change behavior but their share constitutes
a negligible part of the population.!! Whatever the reasons, independently of infection
status all households bear the same share £ of social costs, which equals unity in equilib-
rium; and all pre, post, and neutral households (who do not know that they are neutral)
choose the same activity level.

The assumption that households behave symmetrically is a plausible approximation in
the context of many epidemics, including the COVID-19 pandemic.'? However, it is clearly

10See Gonzalez-Eiras and Niepelt (2020b).

1T the law of motion (1) we treat the death rate § say as negligible. If we explicitly incorporated
6 then the population would shrink over time by the measure dy and the payoff from activity would be
scaled by 1 — dy. The programs we analyze subsequently would remain unchanged except that S in the
law of motion would be scaled by 1 —d ~ 1 and w and U* by 1 — §y ~ 1.

12Many individuals infected with COVID-19 remained asymptomatic or showed only mild symptoms.
When only few tests were administered many infected individuals necessarily behaved like individuals
who had not been infected.



less plausible in other cases where the symptoms of an infection are more pronounced or
easier to differentiate. To account for this possibility we analyze in subsection 5.9 the
implications of privately or publicly observable infection status.

2.2.2 Government

Policy makers have instruments at their disposal to control economic activity, for instance
by imposing social distancing measures, closing non-essential businesses, mandating other
lockdown measures or, in contrast, stimulating activity. Using these instruments the
government faces the same program as a social planner.

In subsection 5.5 we analyze the consequences of instrument restrictions, which imply
that the government faces a more limited choice set than a social planner.

2.3 Functional Form Assumptions and Calibration

To sharpen analytical results we sometimes impose the preference assumption
u(a) =In(a) —a+1,

which is consistent with the normalization a* = 1 and implies u(a*) = 0. Our preferred
interpretation is that activity yields strictly concave benefits (e.g., from consumption)
and linear costs (e.g., from providing effort). In subsection 5.6 we also solve the model
under the assumption that the benefit function exhibits stronger curvature.

Moreover, we often assume

gla) =a",n €[1,2].

This specification of the activity-infection nexus allows for both constant and increasing
returns to scale and accounts for the mixed epidemiological evidence on the elasticity of
infections with respect to activity (Hethcote, 1989).

Assumption 4. Preferences and the activity-infection nexus are given by u(a) = In(a) —
a+ 1 and g(a) = a™,n € [1, 2], respectively.

Throughout the paper we use numerical simulations to illustrate some of the results.
The simulations make use of the functional form assumptions described above and are
based on parameter values that we calibrate to match properties of the COVID-19 pan-
demic in the United States. Our unit of time is a day and t = 0 corresponds to mid
March 2020. Accordingly, we set p = —In(0.95)/365 (five percent annual discount rate)
and v = 1/(365 * 1.5) (one-and-a-half years expected duration until a substantial part of
the population is vaccinated or otherwise protected).'

In appendix D we describe in detail how we calibrate the remaining parameters. Based
on information about parameter values in the canonical SIR model we let y, = 0.1148 -

BMathematica code is available upon request.
14See, e.g., Alvarez et al. (2021). The probability that a cure arrives before time ¢ equals 1 — e™"%; the
expected duration thus equals [~ tre™!dt = v~ 1.



1073, B = 0.8346 - 107! (corresponding to an infection rate in the SIR model (at regular
activity level) of 0.1333), w = 0.6662, and y = 0.8786. To calibrate ¢ and the social
cost parameter ¢ we use estimates of expected health care and mortality costs as well
as households’ willingness to pay to eliminate COVID-19 induced mortality risk. We
assume that households fully internalize mortality risk but not the social costs of health
care implying a social cost parameter 1) = 222.8 and an internalization rate ¢ = 0.8266.%°
Table 1 summarizes the baseline calibration.

Parameter Value

0.1405 - 1073
0.1826 - 1072
0.1148 - 1073
0.8346 - 10!
0.6662
0.8786
0.2228 - 10?
0.8266

NERE Y RO

Table 1: Baseline calibration. See the text and appendix D for explanations.

For the effect of activity on infections, g(a) = a”, we choose the quadratic specification
as a baseline, n = 2. We do this for two reasons. First, because it is the most widely used
assumption in the literature; our choice therefore allows to compare model predictions.
Second, because the implications of the model for intermediate values of n, as suggested
by epidemiological research (Hethcote, 1989), resemble those of the model with n = 2
more closely than those with n = 1, as we show below.

3 First Best and Equilibrium

Let U* = u(a*)/p denote the household’s and the government’s values in the absence of
infections, when first-best activity is chosen permanently. This value is attained once the
cure arrives or in the limit when all households have gained immunity, y = 3. Prior to
attaining U*, at time ¢ < T', the state in the programs of the government or a household
is given by (y,d) with d = T —t (for “duration” until 7). When T' = 0o (no deterministic
arrival of a cure) the state only includes y. We proceed using notation for the finite-T'
case but note how the results translate to the infinite-7" case.

15We rely on parameter estimates by Atkeson (2020), Bartsch et al. (2020), Ferguson et al. (2020), Hall
et al. (2020), and Menachemi et al. (2020).
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3.1 Government Program

An admissible control path from time 0 to time 7" is a measurable function a : [0,7] — A.
Let A denote the set of such admissible paths and let V' : [0,7] x [0,7] — R denote the
government’s value function prior to the arrival of a cure. At time 0 the value function
satisfies

Vo, T) = P* + sup / {u(a) — by, a)} PNt st (1), (4)
acA

where y and a arguments are evaluated at y(t; a,yo) and a(t), respectively. When 7' = oo
equation (4) holds with V' (yo,T') replaced by V(o).

The first term on the right-hand side of equation (4), P*, depends on parameters
including 7. It represents the present value of U* realizations either at time 7', or after
Poisson shocks that occur before time 7.'® The second, integral term represents the
probability weighted present value of utility from economic activity net of infection costs
before a cure arrives. Note that the upper bound on A that we imposed in assumption 1
is not binding: Not only is marginal utility negative for @ > 1 but higher activity also
speeds up infections, which is costly because of discounting (assumptions 1 and 2).

As a preliminary step to establish differentiability of the value function and continuity
of the policy function we show that the Dynamic Programming Principle holds and V' is
the unique viscosity solution of the Hamilton-Jacobi-Bellman (HJB) equation associated
with the optimization problem. Letting D,V denote the gradient of the value function
with respect to y (it is unknown at this point whether the derivative, V,,, exists) and V;
the partial derivative with respect to duration we have:!”

Lemma 1. Under assumptions 1 and 2 the Dynamic Programming Principle holds and V'
is the unique bounded viscosity solution of the associated HJB equation. When T' < oo,
the HJB equation reads

(p+v)V(y,d) = igg{u(a) — ¥ f(y,a) + f(y,a) D,V (y,d)} = Valy,d) + vU” s.t. (1)

with initial condition V' (y,0) = U*; moreover, V(y,d) < U* for all (y,d) € (0,7) x (0, T
and V' is Lipschitz continuous. When 7' = oo, the same HJB equation holds with V' (y, d)
replaced by V(y) and boundary conditions V' (0) = V(y) = U*; moreover, V(y) < U* for

all y € (0,7) and V' is Holder continuous with exponent min[—bﬁg 7 m”;’( oI 1].

—vT

16The probability of no Poisson shock up to time T equals e and the probability density of a first
shock after duration t < T equals ve~"t. It follows that P* is given by

T
U Qe vTe=rT 4 / ve VlePigt v = U* {e(pJ”’)T + v (1- e(’””)T)} .
0 p+v

17A continuous function h on the domain X C R is Lipschitz continuous if there exists a real constant
L such that |h(z1) — h(z2)| < L|xy — 22 for all 1,22 € R. It is Holder continuous with exponent k& > 0
if there exists a constant C' > 0 such that |h(z1) — h(22)| < Clzy — 22|F for all 21,29 € R. When k < 1
Holder continuity is a strictly weaker requirement.
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In appendix E we briefly review the notion of viscosity solutions of nonlinear partial
differential equations (Crandall and Lions, 1983). The left-hand side of the HJB equation
represents the required return of following the optimal trajectory, and the right-hand side
represents the dividend and capital gains components of that return. The dividend com-
ponent contains the immediate net benefit of activity while the capital gains component
reflects the change in value due to the evolution of the state or a sudden arrival of the
cure.

Suppose that T is finite and consider a state (y,d) at which V' is differentiable such
that the derivative V,(y, d) replaces the gradient D,V (y,d) (see appendix E). The corre-
sponding optimal control, a(y, d), then solves

a(y,d) = argmax {u(a) + f(y,a)(V,(y,d) —¢)} st (1)

or

) _ g'(a(y,d))
oty D) =ty )

When T is infinite a parallel condition determines the optimal control a(y). In either
case the government trades off losses from reduced activity and benefits of slowing down
infections and changing the continuation value. Under the baseline functional form as-
sumption 4 condition (5) reduces to the policy function'®

fy;aly, d)) (¥ = Vy(y,d)) st. (1). (5)

L if n=1
185y (1= (4)”) (0=Vy (y,d)) e

aly,d) = —1+\/1+85yy( —(4)") w=Vy(y,d) o 9 ' )
487y (1-(£)") (=Vy (y,d)) N

Note that both the V,(y, d) term and w # 1 introduce asymmetry in the policy function.
As stated before conditions (5) and (6) only hold at points where V is differentiable.
The following proposition states that this is the case throughout the state space.

Proposition 1. Suppose that assumptions 1 and 2 hold. The policy function is contin-
uous, the value function is differentiable and the two functions satisfy

@+VWQMD—UW@JD—meﬁng%%%%+uW1

Moreover, lim, g a(y,d) = a*. When T' = oo, these results hold for V (y) and a(y).

(7)

Continuity of the policy function and differentiability of the value function over the
entire state space are generally hard to prove, see Calvia et al. (2023). We establish these
properties by exploiting the tight connection between the law of motion and infection costs
as well as the fact that the value function is differentiable almost everywhere. According
to the proposition the government’s value function is completely determined by u, g
and the policy function. Under functional form assumption 4 the proposition implies

18For n = 2 the first-order condition has two solutions. We report the unique solution in (0, 1].
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(p+v)V(y,d) = In(a(y,d)) + (1 — a(y,d))(1 —n~'); for n = 1 the government’s value
function thus equals the scaled logarithm of the policy function.

Focus for now on the time autonomous case (7" = o0). Since V(0) = V(y) = U*
and V(y) < U* for all y € (0,7), there exists a y™" € (0,7) at which V attains its
global minimum. This follows directly from the continuity of the value function. In
appendix F we characterize y™® and show that V is strictly convex over the domain
[y™in 7] and V'(y) < +. To numerically solve for the government’s HJB equation we
impose condition (6) as well as the terminal condition V' (y) = U* and use finite difference
methods in Mathematica, see appendix D.3. We use a parallel strategy to characterize
the decentralized equilibrium discussed below.

The top left panel of figure 2 illustrates the resulting value function and the top
right panel the government’s choice of activity.! The figure is drawn subject to the
baseline calibration introduced earlier and under the assumption that g(a) = a®. (In
the quantitative analysis we conduct various robustness checks and consider alternative
specifications of the activity-infection nexus g(a).)

\ a
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-200
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0 y 1

Figure 2: Value function, activity level, infections, and dividend in the government’s
program.

To gain intuition for the shape of V' consider the optimal path of infections displayed on
the bottom left of figure 2. Infections are hump-shaped (consistent with the predictions of
epidemiological frameworks) because the generalized logistic function driving the evolution
of y is S-shaped and the endogenous variation of a(y) does not undo this. The costs of
infection thus are hump shaped as well and this affects the dividend component in the
government’s HJB equation, u(a(y))—v f(y, a(y)), which is illustrated in the bottom right
panel of the figure.?’ The capital gains component, f(y,a(y))V’(y)+vU*, is the difference
between the required return, (p + v)V (y), and the dividend component.

19Tt is understood that these relationships apply before a cure arrives. Once a cure has arrived a
optimally equals unity even if y < 3.
20Dividends are negative because u(a*) is normalized to zero.

13



Over most of the state space the slope of V' is relatively constant. Since infections are
hump shaped this translates into hump shaped capital gains. When infection rates are
high, costs of infection and losses from low activity are high as well and the government’s
value, which represents discounted future costs and losses, rises swiftly. That is, dividends
are low and capital gains large when infection rates are high. For small values of y infection
rates are tiny and as a consequence, dividends are not much depressed. Capital gains are
negative in this part of the state space because the period with low dividends, due to high
infection rates and low activity, is approaching.

Most of the literature assumes g(a) = a™ with n = 1 or n = 2 because the numerical
solution strategy described above or similar standard strategies run into problems when
n € (1,2). In contrast, we can easily solve the model for such intermediate values of n:
Exploiting proposition 1 in combination with the optimality condition (6), we can directly
solve a differential equation in a(y) with boundary condition a(y) = 1.

3.2 Decentralized Equilibrium

Unlike the government an individual household takes the law of motion of the state as
given. As a consequence it solves a static problem, trading off net economic activity
benefits and infection costs. The household’s choice conditional on the aggregate state
solves

a;(y, d) = argmaxu(e) — &(a, aly, d)) ¥ f(y, aly, d))

subject to (1) where a(y,d) denotes the aggregate activity choice which the household
takes as given. Note that the effect of individual and aggregate activity choices on infec-
tions represented by the rightmost term resembles typical specifications in the literature.?!
In equilibrium individual and aggregate choices coincide and thus satisfy

ot ) = S svglatn )iy (1- (£) ) ®)
a(y, d) y
Any fixed point a(y, d) € A that solves this equation constitutes an equilibrium activity
choice conditional on the state. This choice has several noteworthy properties. First,
unlike the government’s activity choice equilibrium activity is symmetric around /2 when
w = 1. Second, conditional on y equilibrium activity is independent of time even when
T < oo. Third, as is straightforward to show, in our benchmark specification (under
assumptions 3 and 4) equation (8) has a unique solution in R and this solution lies in
the interval (0,1).%? For n = 1,2 this solution is given by
L if n=1
ey (1-(3)")¢v
aly,d) = _ ) 9)
—1+/ 14855 (1- (L) )¢v
- = ifn=2
26y(1-(%)" )¢

2lUnder assumptions 3 and 4 and when ¢ = 1 the individual perceives health costs to be proportional
to a - a(y,d).
22By letting a be sufficiently small we can thus guarantee existence of equilibrium.
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An equilibrium activity function consistent with (8) and the law of motion (1) jointly
induce equilibrium infection dynamics. They determine the equilibrium value function
prior to the arrival of a cure, which we denote by U(y, d). Smoothness of u and g imply that
activity is a smooth function of the state as well and this implies that U is differentiable.

4 Analytical Results

In this section we derive several theoretical results and we show that these results apply
much more widely than in the specific model analyzed here. Specifically, we characterize
static and dynamic externalities and show that the optimal policy does not only involve
lockdowns but also inverse lockdowns; we prove that optimal policy is discontinuous when
the cure arrives deterministically; and we establish generic inefficiency of steady-state
equilibrium activity in an extension with re-infection risk.

4.1 Externalities, Lockdowns, and Inverse Lockdowns

That individual households do not perceive their choices to affect the aggregate state, and
thus the continuation value, gives rise to a “dynamic” externality. In addition a “static”
externality arises because households do not fully internalize the contemporaneous costs
of infection. This is reflected in the first-order conditions (5) and (8), which reveal two
differences between the marginal costs of activity as perceived by an individual household
and the government. Subtracting the right-hand side of (5) from the right-hand side of
(8) and evaluating terms at a common activity level yields S(a,y) + D(a,y,t) with

St = wrta) (S 200,

_ AC)

Vi (y,1).

Here, S(a,y) and D(a,y,t) represent the static and dynamic externalities, respectively.

Both externalities are proportional to infections, f(y, a), because these drive the costs
of infection and change the state variable, which in turn affects the continuation value.
The static externality arises for two conceptually distinct reasons. First, because house-
holds view the costs of infection they bear to only partially depend on their own activity
choice if ( < 1. Second, because they perceive their private health cost to be linear in their
activity choice while at the aggregate level, depending on g(a), the cost function might
be strictly convex. In particular, when g(a) = a”, the static externality is proportional to
({/n —1)/a and is strictly negative when ¢ < 1 or n > 1.

Figure 3 illustrates the consequences of the externalities. As in figure 2, we focus on
the time autonomous case and let n = 2; as discussed previously, we calibrate { = 0.8266.
The solid lines in the figure represent the outcomes implemented by the government
and correspond to the schedules in figure 2; the dashed lines represent the equilibrium
outcomes.
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Figure 3: Value function and activity level in the government’s program (solid) and in
equilibrium (dashed).

Clearly, the presence of externalities implies that the equilibrium value falls short of
the value under the optimal policy. More interestingly, the activity levels displayed in the
right panel differ markedly: Initially, the government chooses a lower activity level than in
equilibrium, eventually the opposite holds true. The driving force behind this reversal is
the capital gains component which only the government internalizes and which is strictly
positive for y > y™". When this component is sufficiently strong to compensate for the
negative static externality (due to ¢ < n) then the equilibrium activity level falls short of
the level chosen by the government.

We refer to “lockdowns” or “inverse lockdowns,” respectively, as situations in which
the government wishes to depress or stimulate economic activity. Lockdown measures
may include for instance stay-at-home-orders, social distancing rules, business closures,
or school closures while inverse lockdowns may take the form of stimulation measures
such as monetary easing, temporary sales tax reductions, subsidies, or a “return-to-work
bonus.” From the preceding analysis we know that the static and dynamic externalities
require a lockdown when ¢ ({/n — 1) + V,(y,t) < 0 and an inverse lockdown when the
reverse inequality holds (assuming g(a) = a™).?

Let y© denote the smallest value of y (if it exists) at which the total externality equals
zero, Y(¢/n — 1) + V,(y°,t) = 0. The following proposition establishes that the optimal
policy involves an immediate lockdown period followed by at most one inverse lockdown
period:

Proposition 2. Under assumptions 1 and 3 and if g(a) = a™ and ¢ < n, lockdowns occur
as follows:

i. Starting from small y, the government immediately imposes a lockdown;
ii. under assumption 2 and if 7' = oo, 7= a”)By y‘;yw > 1 — (/n, the government relaxes
the lockdown at the unique y¢ and 1mmeé1ately imposes an inverse lockdown.

ZNote that the parameter v does not directly enter the condition for an (inverse) lockdown. It matters
indirectly, however, because it shapes the value function and thus its derivative.
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The first part of proposition 2 is consistent with the fact that during the COVID-
19 pandemic many governments imposed lockdown measures early on. The second part
appears more surprising but it is consistent with various observed stimulus measures such
as temporary tax reductions, employment or consumption subsidies. In subsection 5.5 we
analyze the consequences of constraints that make it impossible for the government to
impose an inverse lockdown.

Note that the basic intuition underlying the reversal result is very general: Since an
epidemic generates costs the value during the transition is lower than when the transition
is completed; that is, at some point, society experiences capital gains. These capital gains
arise due to the change of an aggregate state variable (or many such state variables) which
a household takes as given; that is, the capital gains are not internalized by households.
As long as the capital gains are sufficiently large to outweigh negative static externalities
the reversal result thus follows.

4.2 Deterministic Arrival of a Cure: Policy Discontinuity

In some contexts a deterministic arrival date of a vaccine or other cure appears more
plausible than a stochastic one. For example, when several promising candidates for a
vaccine undergo final clinical trials, as was the case in the context of COVID-19 in fall
of 2020, it may be near certain that at least one candidate will soon be approved by
regulatory bodies and available for distribution. Or, as was similarly the case at the
time, a developing country that is dependent on international assistance might anticipate
that it will have to wait for a certain period until a vaccine will be be supplied by donor
institutions and distributed domestically.

To represent an environment with a deterministic arrival date, we let T' < oo (making
time a second state variable) and v = 0. Since we are only interested in policy and not
the value function it suffices to use Pontryagin’s maximum principle and formulate the
government’s program using the Hamiltonian*

H(alt), (1), 1) = u(a(t)) + (u(t) — ¥)g(alt))Bay() (1 - (@)) ,

where (a(t),y(t)) denote the control and state at time ¢ and u(t) denotes the (present
value) multiplier associated with the law of motion. An optimal plan satisfies the bound-
ary condition pu(7") = 0 as well as the conditions H,(a(t),y(t),t) = 0, H,(a(t), y(t),t) =
—(t) + pu(t), and the law of motion. In contrast, the equilibrium activity path solves

ottt = cgatanom) (1- (52 )

and the law of motion.

24From the analysis in section 3.2 the decentralized choice of activity is independent of v or duration
(and thus of T'). The multiplier 44(¢) in the Hamiltonian corresponds to the partial derivative V, (y(t), T—t)
such that () = =Vya(y(t), T — ) + Vi (y(t), T —t)g(a(t))By (1 — (1 + w) (y(t)/5)“). From proposition 1
the value function is differentiable.
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The following proposition establishes that the government’s optimal policy may not
be continuous in 7. We prove this for the special case in which p = 0 because it allows
for a sharper characterization:

Proposition 3. Under assumption 1 and if p = v = 0 and T < oo, the government’s
optimal activity choice is constant until ¢ = 7. If, moreover, u(a) = In(a) — a + 1,
g(a) = a",n = 1,2, and y(0) is sufficiently small (as defined in the proof) the optimal
activity is discontinuous in 7.

The first part of proposition 3 implies that the government’s program reduces to the
choice of a fixed activity level. With some abuse of notation we denote this constant level
by a(T') to emphasize that it depends on the arrival date. The second part states that
a(T) is not continuous in the arrival date. Starting from a low value of 7', the optimal
activity choice falls as T' increases; at the same time, the stock of post households at the
time when the cure arrives, y(T'), increases with 7. As T increases further, the costs of
curtailing activity eventually become so large that it is no longer optimal to impose a
severe lockdown in order to keep y(7T') in check. Instead it becomes optimal to choose a
much higher activity level and to “give up,” i.e., to accept higher infection numbers.?®

To understand this result note that cumulative infections evolve S-shaped as a function
of T" and reductions in activity suppress new infections and thereby delay the “peak
infection period” during which y increases most rapidly; that is, increases in activity
shift the S-shaped y(7)-function to the left (and rescale it). For fixed T' the marginal
cost of activity due to higher cumulative infections therefore is non-monotone: At low
levels, an increase in activity has minor costs; for intermediate levels, the marginal cost is
larger; and for high levels the marginal cost is minor again. This non-monotone marginal
cost of activity contrasts with monotonically decreasing (and convex) marginal benefits
of economic activity.

a(m), y(T)

Figure 4: Constant activity level a(T") (solid) and terminal share of post-group y(7T)
(dashed) as functions of T

25The government’s program does not satisfy Arrow’s second-order conditions because the maximized
Hamiltonian fails to be concave in y. Accordingly, the first-order conditions are not sufficient for a global
maximum.
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Figure 4 illustrates the policy discontinuity when we impose the baseline calibration
(except for p = v = 0) and g(a) = a®>. As T increases, the optimal activity level ini-
tially falls before eventually (when T approaches 600) jumping to a value close to unity.
Correspondingly, y(T') initially increases before eventually jumping to a value close to 3.
Because S-shaped infection dynamics are a general feature of epidemiological models we
expect the essence of proposition 3 to apply much more widely, and indeed find this to
be the case in simulations.?®

4.3 Lack of Immunity: Generic Steady-State Inefficiency

In the baseline specification households that undergo infection and recovery are protected
from re-infection such that herd immunity is eventually attained. But immunity may
wane and individuals may repeatedly contract the disease. To study the implications of
such lack of immunity we now assume that previously infected persons may join the pre
group again and subsequently re-contract the disease. Formally, we replace equation (1)
by the modified law of motion

f(y,a) =g(a) Byy (1 - (%)w) -7y, w> 0,7 >0, (10)

which only differs from (1) because of the —vy term. According to equation (10) gross
flows into the post pool are determined exactly as in the main model but net flows
are smaller because a fraction v of households in the post group looses immunity and
moves back to the pre pool. Unlike in the main model, there is thus no guarantee that
y monotonically increases (unless a is constant over time). For g(a) > 0, y does not
converge to y but instead to zero or

depending on whether g(a)3y is smaller or larger than . We consider the latter case.
In this framework the relationship between v and the steady-state infection flow yy(o0)
is inverse-U-shaped. Since we view a positive effect of v on the costs of infections as more
plausible (in line with extended SIR models with loss of immunity?”) we restrict attention
to small values of v which guarantee that yy(oo) increases in «y. Specifically, we require

€|~

oy (1 -t ,)
g(a(c0)) By N 1+w
>0 & 00 >y—
0 g(a(00))By > v —

where we use the condition g(a)By > v and a(oo) denotes steady-state activity. The
following assumption modifies assumption 1 to take these changes into account:

26In a SIR model calibrated to match features of the COVID-19 epidemic (see appendix D, we also
impose v = p = 0) we find that optimal activity jumps up at 7" ~ 2030 days, from 0.655 to 0.895, with
cumulative infections at 7' changing from 3.1 to 77.7 percent.

2"In an extended SIR model with loss of immunity (a SIR-S model) where x(t), ¢(t), and z(t) denote
the stocks of the susceptible, infected, and recovered population, respectively, the steady state satisfies
bx(00)t(o0) = ci(o0) = yz(00), implying di(oco)/dy > 0 (see appendix D).
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Assumption 5. Epidemiological dynamics are represented by the law of motion (10).
Function g is smooth, positive and strictly increasing, and weakly convex. The social
costs of infection are given by (3). Moreover, g(a(c0))By > (1 + w)/w.

For g(a) = a” the law of motion (10) implies that in steady state

(o0) =3 (1- m)/ (1)

Moreover, in the government’s program the steady state also satisfies optimality condi-

tion (6) evaluated at (a(00), y(00)) as well as the envelope condition subject to f(y(00), a(c0)) =
0, while in equilibrium it also satisfies condition (9) evaluated at (a(o00),y(c0)). Since
a(o0o) > 0 assumption 5 necessarily is satisfied for sufficiently small v. We then have the
following result:

Proposition 4. Under assumptions 2-5 and 7' = oo the steady-state equilibrium activity
level is generically inefficient. If, in addition, u(a) = In(a) —a + 1, g(a) = a™, and
n = 1,2, the government’s choice of a(oo) exceeds the equilibrium value if and only if

(p+v)(n—() < (Byw.

According to proposition 4 the government’s steady-state activity level necessarily
exceeds the equilibrium level if there is no static externality (( = n = 1). Even with
static externalities (¢ < n) equilibrium activity may be suboptimally low; this is more
likely to be the case when there is more concern about the future (low p and/or v), the
infection spreads quickly (high /), or a small share of the population is neutral (high 7).
However, in the extreme case where households do not perceive any direct health costs
(¢ = 0) equilibrium steady-state activity necessarily is too high. We analyze off-steady-
state dynamics in section 5.

5 Quantitative Results

Exploiting the framework’s tractability we next turn to its quantitative implications.
We allow for endogenous costs of infection, vary the activity-infection nexus and the
consumption smoothing motive, introduce stochastic regime change and constraints on
the government’s use of policy instruments, and analyze re-infection risk as well as publicly
or privately observed infection status.

5.1 Baseline Model

We focus on three key statistics to describe the policy implications. First, the share of the
infected population at the end of the lockdown, 3¢; in the baseline model this is given by
0.1027. Second, the intensity of the lockdown; against the background of our discussion in
subsection 2.1 and appendix A, we report the average activity level until y(t) reaches 3.5
percent or y¢, whatever is smaller. In the baseline model this average, a say, equals 0.6238.
And third, the welfare gain due to optimal lockdowns/inverse lockdowns. Evaluated at
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Scenario y° a o — ¢

Baseline model 0.1027 0.6238 0.0348
Endogenous costs: Congestion 0.1383 0.6228 0.0499
Endogenous costs: Learning 0.0787 0.6618 0.0277
Linear activity-infections nexus 0.0322 0.7340 0.0558
Intermediate activity-infection nexus 0.0601 0.6629 0.0384
Regime change: Fall in 3 0.1532 0.5633 0.0377
Regime change: Multiple waves 0.3275 0.5509 0.0894
Constraints on policy instruments 0.1188 0.6057 0.0222
Stronger curvature of u 0.0766 0.7853 0.0166
Higher fatality rate 0.1301 0.5310 0.0565
Slower arrival rate of a cure 0.0259 0.7995 0.0191
Re-infection risk 0.4517 0.4411 0.1141
Observability: Public information 0.2653 0.6771 0.0224
Observability: Private information 0.1684 0.6238 0.0460

Table 2: Key statistics for different scenarios. y¢ denotes the value of the state at which
the lockdown ends; G denotes the average activity level during the lockdown or until y(t) =
0.035; and ¢" — ¢" denotes the welfare gain of the government intervention. Numbers are
rounded to four digits. See explanations in the text.

y(0), corresponding to the share of the U.S. population infected in mid March 2020, we
find for the baseline model U(y(0)) ~ —150.3 and V(y(0)) ~ —127.1. The equivalent
reduction in consumption, either in equilibrium or under the optimal policy, ¢* and ¢"
respectively, thus solves

pi —(In(a"(1-¢") —a"+1) = —1503,
P i ~(In(a*(1—¢")) —a* +1) = —127.1.

This yields ¢" — ¢” = 0.0348, i.e., the lifetime consumption equivalent of optimal govern-
ment equals three and a half percent. We summarize these findings as well as the key
statistics of all other scenarios in table 2.

5.2 Endogenous Costs: Congestion and Learning Effects

We relax the assumption that the unit costs of infection are constant and consider two
alternative specifications. In the first, we assume that the costs of infection are quadratic
in the infection flow, capturing congestion effects that can arise from capacity constraints
in the healthcare sector. This change requires recalibration. To simplify comparisons
we assume that the change of specification does not alter the total health costs over
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the duration of the pandemic (see appendix D.2). The convexity assumption therefore
only changes how these costs occur over time. (In subsection 5.7 we analyze how higher
total costs affect optimal policy.) In the second specification, we assume that the cost
of infection per unit infection flow decreases as the share of the population previously
infected increases, reflecting learning effects in healthcare, administration and logistics.

We find that congestion effects imply a longer optimal lockdown duration and larger
welfare gains from optimal policy compared to the baseline. In contrast, learning ef-
fects shorten the optimal lockdown duration and reduce the welfare gains from policy
intervention.

5.3 Modified Activity-Infections Nexus

Next, we modify the activity-infections nexus encoded in function g in equation (1). We
consider two alternatives to the baseline specification with g(a) = a™,n = 2. First,
the linear case with n = 1 in which ¢ exhibits constant returns to scale. And second,
an intermediate case with modestly increasing returns, n = 1.5. In either case, n < 2
dampens the impact of activity reductions on infection flows when activity exceeds one
half, and strengthens it when activity is smaller than one half.?® In our analysis the case
with a(y) > 0.5 is the relevant one. Accordingly, the government perceives a weaker
benefit of activity reductions when n < 2 and lowers activity by less than in the baseline
scenario. In equilibrium, in contrast, households perceive higher marginal costs of activity
(proportional to (g(a(y))/a(y)) when n < 2. As a consequence, households behave more
cautiously than in the baseline scenario.

Figure 5 shows the optimal activity levels for n = 1,1.5,2. As anticipated in subsec-
tion 2.3, the optimal policy when n = 1.5 is closer to the optimal policy when n = 2.
When n = 1 the optimal lockdown is substantially shorter and less stringent than in the
baseline. Due to households’ more cautious and the government’s less cautious activity
choices, the optimal government intervention—in particular the inverse lockdown—has a
larger positive welfare effect.

5.4 Stochastic Regime Change: Fall in § and Multiple Waves

Next, we ask how expected changes in the epidemiological environment affect optimal
policy. We consider two scenarios. In the first we allow for a permanent reduction in
B by fifty percent (reflecting, e.g., improved test, trace, and quarantine strategies) that
materializes stochastically, with arrival rate p = 1/90.2 The HJB equations that apply
before the regime change therefore feature additional capital gains terms. In the second
scenario we allow for recurrent waves of global loss of immunity (e.g., due to new virus

ZNote that g’(a) increases in n when a > 0.5 and decreases in n when a < 0.5. See equations (6) and
(9) for the expressions for a in equilibrium and under the optimal policy when n = 1.

29This reflects an expected duration of three months until the regime changes. The U.K. implemented
a test-and-trace regime roughly three months into the COVID-19 epidemic. Fetzer and Graeber (2020)
conclude that the new regime lowered infection rates. Piguillem and Shi (2022) stress the advantages of
strict testing over lockdowns.
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Figure 5: Activity level in the government’s program: Specifications with n = 1 (dashed,
top), n = 1.5 (solid), and n = 2 (dashed, bottom).

strains) that arrive once per year on average and cause the number of persons in the post
group to revert back to y(0). This also introduces new capital gains terms in the HJB
equations.®”

The upside risk of lower § in the first scenario increases the pre-regime-change value
function compared with the baseline and leads the government to wait longer before re-
laxing the lockdown.?! The prospect of multiple waves in the second scenario induces the
government to behave even more cautiously. The optimal lockdown lengthens substan-
tially and the welfare gains of optimal government intervention increase.

5.5 Constraints on Policy Instruments

To clarify the importance of lockdown versus inverse lockdown measures we assume next
that the government can curtail economic activity but is unable to impose inverse lock-
downs. For high values of y the government’s value function then coincides with the
equilibrium value function, and across the state space the government’s value falls short
of the planner’s. Solving for V' requires a modified boundary condition based on value
matching and smooth pasting conditions.??

The restriction on inverse lockdown measures implies a longer and slightly stricter
lockdown.?* Although households act too cautiously during the later stage of the epi-
demic and the government cannot correct this, it thus acts more—mnot less—cautiously
also during the early stage. The welfare gains of the optimal intervention are substantially
reduced and this is even more the case when n = 1, consistent with the discussion in sub-
section 5.3. We thus arrive at the surprising result that inverse lockdowns are responsible
for a large share of the welfare gains of optimal policy, namely one third when n = 2 and
almost 90 percent when n = 1.

30We could enrich the analysis by letting infection and/or fatality rates vary across waves.

31The opposite holds true when the government is concerned about downside risk.

32At ¢ say the government ends the lockdown and would start an inverse lockdown if it were able. We
first solve for U and then find V and § from the conditions V' (§) = U(g), V'(g) = U’ (9).

33Tn all other scenarios the lockdown ends when the total externality equals zero. This is not the case
here.
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5.6 Stronger Curvature of u

Next we consider a modified specification of preferences, letting net utility from activity
equal u(a) = —a~! — a + 2 rather than u(a) = In(a) — a + 1. That is, we assume that the
intertemporal elasticity of substitution for consumption equals one half rather than one
as posited in the baseline scenario.

The reduced intertemporal substitutability renders it costlier to lower consumption
and activity therefore falls by less than in the baseline scenario, both in equilibrium and
under the optimal policy. The optimal lockdown is shorter and the welfare gains due to
the optimal government intervention are smaller.

5.7 Higher Fatality Rate and Lower Arrival Rate of a Cure

We also consider the effects of an increase in the fatality rate by fifty percent as well as
a lower arrival rate of a cure (increasing the expected duration until discovery of a cure
from 1.5 to 5 years), possibly due to lower R&D expenditures for measures to counteract
a regional epidemic.

In the first case the government acts more cautiously while the opposite happens in
the second case. In contrast, households reduce equilibrium activity only in response to
a higher fatality rate; the arrival rate has no effect on their behavior because it does not
affect the static tradeoff between activity and infection risk. Relative to the baseline, the
benefits of government intervention are higher in the first scenario and lower in the second
one.

5.8 Re-Infection Risk

With re-infection risk ¢ no longer constitutes a rest point and we thus impose modified
boundary conditions to solve for the value functions, see subsection 4.3.3* We assume that
immunity is lost on average after a year (Giannitsarou et al., 2021), v = 1/365, comparable
with the multiple waves scenario discussed earlier. Maintaining all other parameter values
we find that the steady state (a(oc0),y(oc0)) optimally equals (0.8754,0.8151) while in
equilibrium it is given by (0.6198,0.7535).

The presence of re-infection risk makes the optimal lockdown substantially longer and
stricter and it strongly increases the welfare benefit of optimal government intervention.

5.9 Observable Infection Status

In the baseline model households in the pre, post, and neutral groups behave symmet-
rically because they are unaware of their infection status. As we discussed in section 2
this is a plausible assumption in the context of some epidemics, including the COVID-19
pandemic, but less so in others. We therefore analyze the consequences of observable in-
fection status including heterogeneous information sets, activity choices, and continuation

34The value function evaluated at steady state equals the capitalized steady-state utility flow from
activity net of the steady-state flow costs of infection.
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values. Specifically, we assume that a share ¢ of infected households develop traceable
symptoms such that they become aware of their infection status. A share oy of the
population thus knows that it is immune.®® It chooses activity a* and its value equals
U*.35 We consider both public and private information scenarios. Appendix G shows
how observability affects the law of motion for infections and contains the analysis of the
government’s program and the equilibrium.

When the infection status is public information all unaware households in the pre,
post, and neutral groups avoid contact with the aware households in the post group.
Since households in the pre group only interact with unaware members of the post group
the law of motion reads

) = gtasat - (1- (2) ). (12

All unaware households have the same activity level a. This law of motion also applies
under the Ramsey policy because it is optimal for the government to separate aware
households from the rest of the population. In appendix G we analyze the government’s
program and the equilibrium.

When the infection status is private information®” all post households interact with
pre households. Pre households and unaware post households choose the activity level
a(y), aware post households choose a*. The law of motion thus reads

o) = sty (1~ (g)) | (13

where a = (oya* + (y — oy)a)/y denotes average activity. Appendix G contains the
analysis of the government’s program and the equilibrium.

For ¢ = 0.1, optimal and equilibrium activity in both the public and private in-
formation scenarios are nearly indistinguishable from their counterparts in the baseline
specification. With ¢ = 0.5 the implications become more noticeable. Modest effects on
the government’s optimal policy contrast with major changes in equilibrium activity, see
figure 6. Since aware households are removed from the infectious pool when information is
public but not otherwise, infection risk is smaller in the former case. Unaware households
therefore behave less cautiously with public than with private information. Since infec-
tions depend on the average activity level when information is private and the relative
importance of aware households for that average increases as the epidemic progresses,
unaware households become increasingly cautious.

Both in the public and private information cases lockdowns last longer than in the
baseline; the lockdown in the private (public) information case is equally (less) strict than
in the baseline. The welfare gains from government intervention are lower for the public
and higher for the private information cases.

35We maintain the assumption of a negligible death rate.

36 Aware households do not bear any costs of the epidemic, neither private nor social, while the remain-
ing population with share 1 — oy does, see appendix G.

37COVID-19 symptoms often are private information: Loss of smell and taste is unobserved by third
parties and coughing is uninformative about the respiratory disease causing it.
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Figure 6: Activity level in equilibrium: Baseline (solid), public information (dashed), and
private information (dotted).

5.10 Summary

We draw several conclusions from our quantitative findings. First, the baseline scenario
implies an optimal activity reduction during the early phase of the lockdown of roughly
38 percent. When infections are publicly or privately observable this number does not
change much even when awareness is high.

Second, changes in fatality rates, the arrival rate of a cure, or regime change have
the expected effects on optimal policy, as does the presence of congestion or learning
effects; the sensitivity of the policy prescriptions with respect to these parameter changes
is small. But three structural factors have major implications for the optimal policy:
Much stricter lockdowns are called for when consumption smoothing is less essential or
if there is re-infection risk; and much more lenient lockdowns when the activity-infection
nexus is linear.

Finally, the model implied welfare gains suggest that government interventions are
particularly important in the presence of re-infection risk and when the activity-infection
nexus is linear. It is least important with strong consumption smoothing needs. Inverse
lockdowns generate a large share of the welfare gains of optimal government intervention.

6 Conclusion

We have developed a flexible economic model of infection dynamics with a single endoge-
nous state variable. Households adjust economic activity for fear of infection but do not
internalize static and dynamic externalities. This opens a role for government interven-
tion. We have proved that the optimal policy function is continuous and have established
several novel theoretical results whose core intuitions extend to richer frameworks.

First, a lockdown is followed by policies to stimulate activity beyond the privately
optimal level. The reason is that, eventually, economic activity generates positive ex-
ternalities because it drives the economy out of the range with high infections. Second,
optimal policy is discontinuous in the deterministic arrival date of a cure: When the
arrival date is early then the lockdown is strict; otherwise, it is very loose because the
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government is unwilling to accept “lost livelihoods” for as long as would be necessary to
save lifes. Third, re-infection risk renders the laissez-faire allocation inefficient even in
steady state. This calls for permanent interventions when infections become endemic.

Calibrated to the COVID-19 pandemic our baseline specification suggests that start-
ing from mid March 2020, economic activity should immediately have been reduced by
38 percent to yield welfare gains of three and a half percent of lifetime consumption.
Robustness along many dimensions contrasts with sensitivity of the policy prescription
with respect to the intertemporal elasticity of substitution, activity-infections nexus, and
re-infection risk. The government’s ability to impose inverse lockdowns is important and
responsible for at least a third of the welfare gains of optimal intervention.

Our workhorse model allows for many other possible extensions. One important avenue
for future research concerns additional dimensions of heterogeneity beyond those due to
imperfect observability of infection status. A related avenue concerns conflicts of interest
and political frictions that affect government interventions.*® Our results on lockdowns
and inverse lockdowns also call for a richer analysis of the fiscal consequences of optimal
policy.

38Gonzalez-Eiras and Niepelt (2022) analyze the roles of partisanship and career concerns in shaping
government responses to the first wave of the COVID-19 epidemic across U.S. states.
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A Limitations of the One-State-Variable Approach

The long-run share of susceptible households is endogenous in the SIR model while it is
exogenous in the logistic framework. This introduces policy tradeoffs that are only present
in the SIR model. The question is how relevant these tradeoffs are during the early stage
of an epidemic. We answer this question using two approaches. Both imply essentially
no relevance.

For the first approach, we choose ¢ in the logistic model to best fit the SIR dynamics
under the assumption that activity is constant at unity. Then we find the duration D
such that reducing activity from 1 to a for this duration and reverting back to unity
thereafter lowers z,, (the long-run share of the recovered population in the SIR model)
by one percent below 3. The first row of table 3 reports the duration for different activity
choices and the second row reports the share of the population that has gone infection after
that duration. We conclude from this exercise that in the SIR model policy interventions
up to the point at which 3.5 percent of the population have undergone infection, which
corresponds to y = 0.0350 in the logistic model, have an effect on z,, of at most one
percent.? When we double the basic reproduction number then the critical y value rises
to 15 percent.

g(a) 0.9000 0.8000 0.7000 0.6000 0.5000 0.4500 0.4300 0.4250

D, days 139 151 181 247 448 917 1979 3358
tp+2zp 0.2060 0.1044 0.0678 0.0512 0.0402 0.0365 0.0352 0.0349

Table 3: Temporary reductions in g(a) in the SIR model such that z,, = 0.99%.

Second, we contrast the optimal policy in the logistic model with the policy found
by Farboodi et al. (2021) who study the government’s problem in the SIR model under
the same assumptions as we do in the baseline scenario.?’ From figure 19 in the online
appendix of Farboodi et al. (2021) we recover their optimal policy during the first two
years of the epidemic. We fit a fourth-degree polynomial to the activity series and use it
as input for a SIR simulation.*! We associate y in the logistic model with ¢ + z obtained
in the SIR simulation. This allows us to represent the optimal policy in Farboodi et al.
(2021) (as far as their paper reports it, namely for y < 0.0305) as a function of y, see

39For generality the table reports the results for different values of g(a) rather than a. For g(a) < 0.4168
the infected pool shrinks during the intervention. For g(a) > 0.9768 the effect on 2, is smaller than one
percent even if D — oo.

40Farboodi et al. (2021) stipulate, as we do, a logarithmic benefit and linear cost of economic activity
as well as health cost proportional to infections. We refer to the appendix of the paper where the authors
analyze the case in which recovered individuals are unaware of their health status, as in our baseline
model. We use the parameter values reported in Farboodi et al. (2021).

41To recover the numerical values we use the software WebPlotDigitizer available at
https://apps.automeris.io/wpd/.
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figure 1. The optimal policy based on the analysis in Farboodi et al. (2021) is practically
identical to the one we find in the logistic model.

B Proofs of Lemmas and Propositions

B.1 Proof of Lemma 1

Proof. When T' < 0o, assumptions 1 and 2 imply V' (y,0) = U* since there is no reason to
reduce activity below the first-best level when infection risk is zero, which is the case when
a cure has arrived. Also, V(y,d) < U* for all (y,d) € (0,7) x (0,7 since an epidemic
involves costs. When T' = oo, parallel logic implies V(0) = V(y) = U* and V(y) < U* for
all y € (0,9).

Independent of T', assumptions 1 and 2 imply

i. u and f are continuous and bounded for all y € [0,7],a € A, and A is compact;
. |f(z,a) — f(y,a)|] < Bymax[l,w||z —y| for all x,y € [0,7],a € A.

Condition i. and assumptions 1 and 2 (p,v > 0; if T'= oo then p + v > 0) imply that V
is bounded from above and below. Conditions i. and ii. imply that there exists a unique
solution y(¢;a,yo),t € [0,T] for each (yo,a) € [0,y] x A (see section III.5 in Bardi and
Capuzzo-Dolcetta (1997), henceforth BCD).

Also independent of T', conditions i. and ii. imply that assumptions A0, A1, A3 and A4
or A4’ (depending on whether T is infinite or finite, respectively) in chapter III of BCD
are satisfied. Condition A5 in chapter III of BCD is satisfied because P* is independent
of the state. Conditions i. and ii. also imply that condition H1 in chapter II of BCD is
satisfied (by remark 3.4 in chapter II). Finally, conditions i. and ii. with assumptions 1
and 2 (finite w, v/(a)) imply that f and u—1) f are global Lipschitz continuous in the state
space and uniform continuous in the control variable. Lipschitz continuity of f implies
that A2 in chapter III of BCD is satisfied.

Under A0, A1, A3 and either A4 or A4’ and A5 (depending on whether T is infinite or
finite, respectively) the Dynamic Programming Principle holds (propositions 2.5 and 3.2
in section III of BCD, respectively). This implies that the value function V' is a viscosity
solution of the HJB equation stated in the lemma (propositions 2.8 and 3.5 in chapter III
of BCD, respectively).

The viscosity solution is unique. When 7" = oo this follows from the fact that any
solution of the HJB equation must satisfy the boundary conditions V(0) = V(y) = U*,
and under H1 two viscosity solutions that are identical on the boundary of the state space
must be identical over the entire state space (theorem 3.1 with remarks 3.2 and 3.4 in
chapter IT of BCD). When T' < oo uniqueness follows under AO-A4’ and A5 from theorem
3.7 in chapter III of BCD (noting that AO-A4 imply (2.18) in chapter III of BCD).

When T < oo, A0, Al, A3, A4’ A5 and Lipschitz continuity of P* imply that the
value function is Lipschitz continuous (proposition 3.1 (iii) in chapter III of BCD). When
T = oo, A0, A1, A3, A4 and Lipschitz continuity in y, uniform continuity in a of u — ¥ f
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imply that V' is Holder continuous with exponent min[ﬁw&;@iu,w}’ 1] (proposition 2.1 in

chapter III of BCD). |

B.2 Proof of Proposition 1

Proof. Consider first the case of T' < co. Derivations in the text imply that the first-order
condition (5) holds at all points in the state space where the value function is differentiable
with respect to y. Substituting the first-order condition into the HJB equation therefore
implies that

: g(aly,d)) *
(p+v)V(y, d) = ulaly,d)) — u'(aly, d))g,(a(% ) Va(y.d) +vU (14)
at all such points. From lemma 1, V' is Lipschitz continuous. By the Rademacher’s
theorem this implies that V' is differentiable almost everywhere (proposition 1.9 in chapter
IT of BCD). Condition (14) thus holds almost everywhere in state space.

Consider two points (y1,d) and (ye,d) at which V is differentiable. Since V' is differ-
entiable almost everywhere we can let |y; — ya| < € for any € > 0. Continuity of u, u/,
g, ¢, Vg and V (lemma 1) on the line segment between (y1,d) and (ys,d) implies, from
equation (14), that the policy function is continuous as well, so |a(y1, d) — a(ya, d)| < w(e)
where w denotes a modulus function. Consider a point (y,d) on the line segment and
suppose that V' is not differentiable at this point. From first-order condition (5) this im-
plies that a(y, d) is not continuous at that point either, contradicting the previous result.
We conclude that V' is differentiable throughout the state space.

Consider next the case when 7" = oco. While equation (14) continues to hold (without
the V; term) at all points in the state space where V' is differentiable, lemma 1 does not
guarantee that V' is Lipschitz continuous. However, as shown below, the policy function
has bounded variation and since f (g), u as well as the discounting function are of bounded
variation the integrand of the value function defined as in (4) is of bounded variation
(Kolmogorov and Fomin, 1970, section 32) and therefore integrable. Corollaries 1 and
2 in section 33.2 in Kolmogorov and Fomin (1970) then imply that V' is differentiable
almost everywhere and an argument parallel to the one when 7' < co implies that V' is
differentiable throughout the state space.

To establish bounded variation of the policy function suppose to the contrary that there
exists no finite partition of the state space such that a is monotone in each subinterval
of the partition. Consider a compact subset [y,,ys] C [0, 7] of the state space on which
a is not of bounded variation and form the partition [yo, y1), [y1,¥2), - - -, [Yn_1,Yn] Where
Yo = Ya, Yn = Yp and € = sup;{y; — Yi—1}i=1,2, . is arbitrarily close to zero. Recall that a
is non-monotone in each subinterval i.*2 Denote by #(y;) the time at which the economy
reaches state y; and let At(e) = sup;{t(y;) — t(yi—1) }i=1,...n- Since a > a > 0 we can make
At(e) arbitrarily close to zero by appropriately choosing €. Consider an alternative policy
a that is constant on each subinterval ¢ and implies the same sequence {t(v;)}i=1,..n as

42Gince a is not of bounded variation there exists for each subinterval i a y € [y;_1,y;—1 + €/3) such
that sgn(a(y + ¢/3) — a(y)) = —sgn(a(y + 2¢/3) — a(y + €/3)).
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the original policy.*® Policy @ has two properties: First, the policies a and @ generate the
same discounted cost of infections. This follows from the fact that e is arbitrarily close to
zero such that discounting within each subinterval ¢ can be disregarded, and because both
policies imply the same sequence {t(y;)}iz1,. ». Second, @ weakly exceeds the average of
the original policy on each subinterval because of the convexity of g. Since w is strictly
concave and a is in each subinterval both smoother and on average higher than policy a
the former policy generates higher discounted utility. We conclude that a dominates a,
and thus that the optimal policy must be of bounded variation.

Since independently of T" the value function is differentiable, condition (7) applies for
any 7. Moreover, V approaches U* as y | 0 such that lim,o(p+v)V (y,T) —vU* = u(a*).
Taking the limit for y | 0 in condition (7) thus implies that u(a) —u/(a)g(a)/¢'(a) —u(a®)
approaches zero. Since u(a) —u(a*) < 0 and u'(a)g(a)/g'(a) > 0 (with equality if a = a*)
it follows that lim, o a = a*. O

B.3 Proof of Proposition 2

Proof. Part i. follows because the value function is decreasing in a neighborhood of y =0
(from lemma 1) implying that the static and dynamic externalities both are negative.
Part ii. follows from lemma 2, which states that

by gla)Bywy
V) = T (@)

and the fact that the total externality is proportional to V'(y) 4+ 1((/n — 1). Under the
stated condition the total externality therefore eventually (and for y < ) turns positive
and the government imposes an inverse lockdown. Since V is strictly convex in [y™", 7]
and y°¢ > y™® the total externality switches signs only once, at 7°. O]

B.4 Proof of Proposition 3

Proof. From the Hamiltonian the first-order conditions are

wta) = olawysm (1- (22) ) - pio).

i) = gty (1- 0+ (")) - o).

Differentiating the first condition with respect to time implies
il0) g sy (1= ) (M2 ) oo 0 - wop-smie) (1- (22 ) o

The right-hand side of this condition collapses to zero when we substitute the second
condition and use the law of motion. We conclude that a(t) = 0 until ¢t = T..

43 Alternatively, @ could be constructed based on a monotone contraction of a on each subinterval of
the partition.
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Using the functional form assumptions, an optimal allocation thus is characterized by
the following two equations in two unknowns, a and yr = y(7):
1 e
O
a = 7 : (15)

yr = (16)

_ w 1jw”
—a"BywT Y _
(1+emomr () —1))

Equation (15) represents the government’s first-order condition at time T’; it uses the fact
that u(7) = 0. Equation (16) follows from the law of motion, see equation (2). Both
conditions can be represented as functions in (yr,a) space. Specifically, let a(yr) denote
the right-hand side of equation (15) (where n equals either 1 or 2—for ease of notation
we do not make the dependence on n explicit) and let

N 1/n
) = | g (f;w |
yr

denote the value of a that solves equation (16). A candidate optimal allocation (a°,y5)
satisfies a® = a(ys) = A(y5).

Note that in the relevant range, function a(yr) is U-shaped; strictly positive; has a
minimum at yr = 7/(1 + w)/*; and satisfies a(0) = 1 = a(y). Function A(yr) is strictly
increasing; satisfies A(yo) = 0; lim,, 5 A(yr) = oo; and an increase in 7" reduces A(yr) for
any given yp. This implies the following: (i) For small T, there exists a unique candidate
optimal allocation (a,yr) with a(yr) = A(yr) and yr ~ yo. (ii) For T — oo, there exists
a unique candidate optimal allocation (a,yr) with a(yr) = A(yr) and yr =~ 3.

Let

1 . B
14 852¢w/(14w)+1/w ifn=1

A _ 1/w —
a = a(y/(]‘ + UJ) ) - 71+\/1+8B§2ww/(1+w)1+1/“’ f . 2 ’
4B (L) 71 s

7 - W(@/y0)" —1]/w)
- an Byw
and note that 0 < a < 1. Suppose that y is sufficiently small, that is, y, satisfies both
Yo < 7/ (14 w)/« and*

< 00

(1o () =) ™) T
(14 w)e — (1 L <(ﬁ>w B 1>1—;n)1/°’ " <[<ﬁ) - 1] 5)

a"feyiw/ (1 +w)'
T T T i@ —a (17)

4 Note that the logarithmic term diverges as 39 — 0.
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Starting from 7" =~ 0 and thus, yr = yo, consider a continuous increase in 71'. This scales
the A(yr) schedule down such that the intersection of the a(yr) and A(yr) schedules
shifts to the right and down in (yr, a) space. When T reaches T , the intersection reaches
the point (yr,a) = (y/(1 +w)Y* a). The welfare generated under the policy a = a given
T = T equals (1 +In(a) — a)T — ¢§/(1 + w)"/*. In contrast, welfare under the policy
a=a" given T = T equals

(1+1In(a*) — a*)T — 1

Under condition (17), this last term strictly exceeds (1 4 In(a) — a)T — /(1 + w)'/*.
Accordingly, a = & is suboptimal when T = T that is, when 7" = T there exists an
activity level a # a which also solves the equation system (15)—(16) and dominates the
choice a = a.

We have established that the system (15)—(16) has a unique solution for 7"~ 0. We
have also established that the system (15)-(16) has multiple solutions for T = 7" and that
the optimal solution is not of the type that arises when 7' =~ 0. It follows that there exists
some T° < T at which the optimal solution ceases to be of the type that arises when
T ~ 0. That is, a is discontinuous at T' = T°. O

B.5 Proof of Proposition 4

Proof. We prove the first part of the proposition by contradiction. Suppose that (a(o0), y(c0))
is a steady state both in equilibrium and in the planner’s program. Note that the plan-
ner’s and the equilibrium first-order conditions resemble conditions (5) and (8) in the
baseline. Evaluating the conditions at the candidate steady state and using the fact that
steady-state gross infection flows are yy(00) yields the following expressions for the static
and dynamic externalities, respectively:

S(a(oo), y(o0)) = yy(oo) (

g'(a(0)) . s
D(a(o0),y(00)) = yy(oo)=—7——V'(y(o0)).
g(a(c0))
Generically, the sum of these two externalities differs from zero. This implies the contra-
diction.
Turning to the second part of the proposition, note that the system of equations
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characterizing the equilibrium steady state is given by

y(oo) =y (1 - my/w,

L ifn=1
1+ 879(00) (1- (U227 nn
a(oco) = —1+\/1+45y (o0) (1 (U2

y(00)
289y(00) (1-(2G) " Jw )

Yy

P g

Eliminating y(oo) yields generalized polynomials in a(oo) which have a unique solution
when v = 0. Totally differentiating the polynomials yields, both for n = 1 or n = 2,
lim,_,o da(o0)/dy = —9yC.

The steady state implemented by the government is characterized by three equations
in the three unknowns a(00), y(c0), and V’'(y(oc0)), namely

y(o) = g <1 - m)w?

L ifn—1
875000 (1- (2 ) (=7 (5())) e

Y

Y
w

if = 2
B (- ()Y -V ooy

71+\/1+8ﬂ§y(00)(1*(y(?0) ) )@=V (o))
)

Voo = —atoe)sp (1= () (10) ) 0= Viatoe) - Vot

Eliminating y(oco) and V'(y(oc0)) yields generalized polynomials in a(co) which have a
unique solution when v = 0. Totally differentiating the polynomials yields, both for
n=1orn=2, lim, ,gda(co)/dy=—ny(p+v)y/(p+ v+ fyw).

Since for v = 0 the steady-state activity levels in equilibrium and under the optimal
policy are identical we conclude that for small values of v the government chooses a
higher steady-state activity level (and a higher y(c0)*) than in equilibrium if and only if

—y¢ < —n(p +v)y/(p + v + Byw) or

(p+v)(n - C) < CBjw.

45Recall that in steady state y(oco) is given by the expression in condition (11).
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C Relation to SIR and SIS Models

The law of motion (1) nests a range of well known epidemiological models, augmented by
an effect of economic activity on the infection rate. For example, under the restriction
w = g = 1 it corresponds to the SI model (Bailey, 1975) in which the number of transitions
from the pre to the post group first increases and then decreases as y(t) moves from near
zero towards unity.

The law of motion also corresponds to a special case of the canonical SIR model (Ker-
mack and McKendrick, 1927) and the modified SIR model (Bailey, 1975). In their general
form, both SIR models characterize the evolution of three population groups—susceptible,
currently infected, and removed households—and therefore contain two endogenous state
variables (the shares of two of the three groups). Susceptible households are infected
by currently infected households; they remain infectious for a random time span; and
eventually they join the pool of removed (recovered or deceased) households.

These dynamics reduce to the law of motion (1) with w = 1 when the distinction
between currently infected and removed households is blurred and they are combined
into a single group of post households.*® As explained in the main text this does not
undermine the model’s capacity to represent societal costs of infection or death.

While the canonical SIR model (Kermack and McKendrick, 1927) and the modified
SIR model (Bailey, 1975) yield similar predictions for transition dynamics they differ
with respect to their implications for the long-run share of the population that never
gets infected. In the canonical SIR model this long-run share and the “herd-immunity”
level are endogenous while in the modified SIR model the share equals zero. A hybrid
model augments the modified SIR model with an additional parameter that allows to
regulate the long-run population shares (Gonzalez-Eiras and Niepelt, 2020c). In the law
of motion (1) the parameter y plays a similar role: A lower 3 implies a larger share of the
population that never gets infected.

The law of motion (1) also is closely related to the SIS model in which households, once
infected, randomly recover and return to the susceptible pool (rather than the removed
pool as in SIR models) because infection does not confer immunity (Hethcote, 1989).47
Our framework differs from the SIS model insofar as we represent infections in terms of
flows, y(t) implied by (1), while in the SIS model the key endogenous variable represents
the stock of the infected population.

D Calibration Strategy and Numerical Methods

D.1 Law of Motion for Infections

In this appendix, we describe how we use information about parameter values in the
canonical SIR model to deduce parameter values for the law of motion (1).

46That is, when the transition rate from currently infected to removed in the SIR model equals zero.
4"The SIS model has 3 = 1.
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D.1.1 Canonical SIR Model

The canonical SIR model due to Kermack and McKendrick (1927) specifies laws of motion
for the population shares of three groups: the “susceptible,” the “infected” or “infectives,”
and the “removed.” Their respective population shares at time ¢ > 0 are denoted by z(t),
u(t), and z(t), respectively, where z(t) + ¢(t) + z(¢t) = 1.** We normalize the mass of the
total population at time ¢ = 0 to unity.

At time ¢ = 0 the population consists of z(0) susceptible persons and a few infected
persons, ¢(0). There are no removed persons at this time, z(0) = 0. In each instant after
time ¢ = 0, infected persons transmit the disease to members of the susceptible group and
a share of the infected either dies or recovers and develops immunity. Formally,

i) = —b()(tu(t), (18)
it) = —i(t) — (¢ + lt), (19)
) = (¢4 (). (20)

Here, b(t) denotes a possibly time-varying infection rate. The extent to which susceptible
persons are infected depends on their number, z(t); the infection rate, b(t); and the
population share of infected persons. The number of infected persons increases one-to-
one with the susceptible persons that get infected, while a share ¢ = ¢?+¢” of the infected
population dies or recovers; the coefficients ¢? and ¢" parameterize the flow into death
and recovery, respectively.

Consider the case where b(t) is constant at value b. Inspection of equations (18) and
(19) reveals that for bx(0) > ¢ the share of infected persons increases until it reaches a
maximum when z(t) = ¢/b; thereafter, the share declines. Intuitively, when z(0) falls
short of ¢/b (the “herd immunity level”) then there are fewer new infections of susceptible
persons than outflows from the infected pool due to recoveries and death. As is well
known (e.g., Theorem 2.1 in Hethcote, 2000), x(o0) falls short of the herd immunity level
unless z(0) = ¢/b = z(o0) and +(0) = 0.

In the SIR-S model a share v of the removed population loses immunity and moves
back to the susceptible pool. Accordingly, the dynamic system is given by

2(t) = —=b(t)x(t)u(t) +vz(1),

() (t)
b(t)a(t)e(t) — ey(t),
2(t) = alt) —vyz(1).

~.

~—~
~

SN—

In steady state this reduces to
vz = bxt = ct.

48We follow the notation introduced by Kermack and McKendrick (1927) except for denoting the share
of infected by ¢ rather than y.

4Note also, from equation (19), that at the beginning of an epidemic with z(t) ~ 1 and z(t) =~ 0,
i)+t _
() +2(t) T

b approximately equals the growth rate of the number of persons who are or were infected

z(B)e(t)
bb(t)-‘rz(t) ~b.
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Calibration We measure time in days and use information about the spread of COVID-
19 in the United States to calibrate the model. We associate ¢ = 0 with 16 March 2020,
the date at which the median U.S. state closed schools and public health authorities
considered further restrictions.”

Following Atkeson (2020) and the sources cited therein we assume that the flow rate
from the infected to the removed population equals ¢ = 1/18, corresponding to an expo-
nentially distributed infection duration that averages 18 days.?! To calibrate b we rely on
information in Ferguson et al. (2020) who argue that the “basic reproduction number”
Ro = b/c for COVID-19 equals approximately 2.4. This implies b = 0.1333.

By March 16, 2020 the U.S. reported a total of 91 COVID-19 deaths out of a population
of 328 million.”® With an infection fatality rate of 0.58 percent (Menachemi et al., 2020)
this implies z(0) = 91/(0.58%-328-10°) = 0.4783-10~%.>> We use the following well-known
result (e.g., Theorem 2.1 in Hethcote, 2000):

Proposition 5. Let s < 0 denote a start date. In the canonical SIR model with ¢(s) > 0
and b(t) = b > c/z(s),

1 — 2(0) = 2(0) + ¢(0) = z(s) + ¢(s) + gln (%) .

The long-run share of the susceptible population, x(o0), solves the equation

z(00) = x(0) 4+ ¢(0) + gln (3;(2;)) :
Since the number of infected or removed persons was negligible before mid March the
first set of equalities implies

1 0
1—2(0)=1+ T (?) = 2(0)=1-0.1148-107%, +(0) = 0.6696 - 10~*.

The second condition implies z(c0) = 0.1214.

D.1.2 Generalized Logistic Model

Given y(0) = ¢(0)+2(0) = 0.6696-10"%40.4783-10"* = 0.1148-103 and j = 1 —z(00) =
0.8786, we choose /5 and w in equation (1) (subject to g(a) = 1) to best fit the implied time
series for () to the path for «(¢) in the calibrated SIR model (allowing for an arbitrary
factor of proportionality). This yields 3 = 0.8346 - 107! and w = 0.6662. Figure 7
illustrates the very close parallels between the predictions of the canonical SIR model (in
blue) and the generalized logistic model (in black).

®0The median state closed restaurants and imposed restrictions on public gatherings on
17 March 2020. Puerto Rico imposed a stay-at-home order on 15 March 2020. See
https://web.csg.org/covidl9/executive-orders/.

5!Note that [~ ce™t dt =1/c.

2See https://github.com/nytimes/covid-19-data/blob/master/us.csv.

3See Farboodi et al. (2021) for similar calculations.
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Figure 7: Dynamics in the canonical SIR model (blue) and in the generalized logistic
model (black). SIR model: z(t) (dotted), ¢(t) (solid), and z(¢) (dashed). Generalized
logistic model: ¢(t) (solid, scaled), and y(t) (dashed).

D.2 Costs of Infection

In this appendix, we discuss the calibration of the parameters representing private and
social costs of infection. Recall that { = (% 4 (1 — (). We calibrate ¢ based on U.S.
estimates of hospitalization costs and the value of life by Bartsch et al. (2020) and Hall
et al. (2020), respectively. Bartsch et al. (2020) estimate direct medical costs includ-
ing follow up expenses (over a year) of $1.25 trillion under the assumption that eighty
percent of the U.S. population are infected. We scale this number reflecting our mod-
ified specification of § = 1 — x(00) (0.8786 rather than 0.8000); this yields (uncondi-
tional) costs per capita of about $4,185. Hall et al. (2020) assess the value of life at
$270,000 per year. With an average remaining life expectancy of 14.5 years every life
lost to COVID-19 thus costs $3,915,000. Conditional on the infection fatality rate of
0.58 percent (Menachemi et al., 2020) and g = 0.8786 this implies (unconditional) costs
due to COVID-19 deaths of $19,950 per capita. Under the assumption that individuals
fully internalize mortality risk but not marginal social medical costs we conclude that
¢ =19,950/(19,950 + 4, 185) = 0.8266.

To calibrate ¢ based on the dollar amount $19,950 + $4,185 we follow the approach
of Hall et al. (2020) who quantify willingness to pay for reduced mortality risk. Under
our baseline assumptions of an infection risk of 0.8786, an infection fatality rate of 0.58
percent, and relative risk aversion of one we find that an individual would sacrifice a share
1 — ¢ = 0.3581 of consumption to eliminate COVID-19 related mortality risk (neglecting
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other costs).” In the model the annual utility costs of sacrificing this share then equal®
365 - {(1 +In(a*) —a*) — (1 + In(a*¢) — a*)} = —3651n(e).

Since without reductions in activity almost all infections occur during the first year

( 0365 y(t)dt ~ y where the trajectory y(t) is evaluated at a = 1) we conclude that the so-

cial cost parameter reflecting mortality risk, 1), equals U = —365 In(¢)/y = 184.2. Adding
medical costs we arrive at an estimate for ¢ = /¢ of 222.8.5

Endogenous Costs When # is a function of the state we need to modify the calibration.
Throughout, we evaluate the trajectory y(t) at a = 1. To capture congestion effects we

replace 1 in (3) by ¥ y(t)(1 — (X2)%) where ¢/ > 0. Using

Y

froomo (= (57) )= Lo (=) ) o=zt

and under the maintained assumption that almost all infections occur during the first
year we conclude that ¢/ = 12(2 + w)/(wy).

Suppose next that we replace ¥ in (3) by ¥(1 — fy(t)/y), representing learning-by-
doing. Consistent with evidence we assume that the learning effects let unit costs drop
by a third over the course of the epidemic: £ = 1/3.57

D.3 Numerical Methods

We use Mathematica to numerically solve for the value function and associated policy
function. The domain is discretized using fourth-order finite difference methods to ap-
proximate the continuous HJB equation. The value function that solves the discretized
HJB equation defined over the continuous state space converges to the value function
of the original continuous HJB under our model assumptions (see Bardi and Capuzzo-
Dolcetta (1997, theorem 1.1, section VI)). The method of lines is used for time integration

%4Let ¢ denote expected costs due to loss of life (which we calibrate to $19,950, see above) relative to
average consumption (which Hall et al. (2020) set to $45,000). This ratio, which represents the sacrifice
ratio of an agent with linear preferences, equals 0.4433. Hall et al. (2020) derive ¢ from ¢ based on the
relationship ¢ = [1 + (r — 1)¢]'/(0=7) where r denotes the coefficient of relative risk aversion. For r = 0
this yields 1 — ¢ = ¢; for r — 1 (logarithmic utility), 1 — ¢ — 1 — exp(—¥¢) or roughly 0.3581. For r = 2
we find 1 —¢ = 0.3071. Hall et al. (2020) assume CRRA preferences, a coefficient of relative risk aversion
of two, and mortality risk of 0.44 percent per year. They report that the share of consumption that an
individual would sacrifice to eliminate COVID-19 related mortality risk equals 28 percent.

%We neglect time discounting as do Hall et al. (2020). Note that only the benefit of economic activity
(“consumption”) not the cost associated with it (“labor supply”) is reduced by the fraction 1 — ¢.

56The calibration of 1 is independent of our preference assumption. If we stipulate » = 2 rather than
r = 1 (see footnote 54) then the annual utility costs of sacrificing the consumption share 1 — ¢ equals
365 - {—(a*)"' + (a*¢) "'} = —365(1 — ¢~ ). But In(1 —0.3581) ~ 1 — (1 — 0.3071)"", so the different
value for r does not materially affect .

STRECOVERY Collaborative Group et al. (2020) conducted a randomized trial in the UK finding that
among 2104 patients that received dexamethasone mortality was reduced by one-third in patients receiving
mechanical ventilation and by one-fifth in patients receiving oxygen but not mechanical ventilation.
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and standard numerical methods for solving ODEs, such as the Runge-Kutta method, are
used to solve for the discretized HJB. Barles and Souganidis (1991) show that the finite
difference method satisfies the monotonicity, consistency and stability conditions that
guarantee convergence of the approximation to the unique viscosity solution of the HJB
equation.

As a robustness check we solve the HJB equation using the Initial Value Problem
Differential-Algebraic Equations (IDA) method. This is a robust and efficient method de-
signed for differential-algebraic equations that exploits the algebraic constraints in ODEs.
The results we obtain are essentially identical.

E Viscosity Solutions of Nonlinear Partial Differen-
tial Equations

A generic HJB equation takes the form vy(y,d) + F(y,v(y,d), D,v(y,d)) = 0 where v :
Q2 x [0,7] — R is a continuous value function; 2 C R™ and [0, 7] denote the endogenous
and exogenous state spaces, respectively; Dyv(y, d) denotes the gradient with respect to
the endogenous state; and F' is smooth. Crandall and Lions (1983) introduce the notion
of viscosity solution of a partial differential equation such as this HJB equation; for a
textbook treatment see, e.g., Bardi and Capuzzo-Dolcetta (1997).

For all (y,d) € Q x [0,T] define the superdifferential and subdifferential, respectively,
of v as the following sets:

D+v(y,d) = {pGRn:limsupv(x’d)_v<y’d>_p'($_y>So}j

Ty |33 - ?J|

D7 v(y,d) = {q € R” : liminf v, d) = vy, d) ~¢-(x = y) > 0} :

vy |z —yl

Note that if both D*v(y,d) and D~ v(y,d) are non-empty then D%o(y,d) = D~ v(y,d)
and v is differentiable at (y, d).
A continuous function w is a viscosity subsolution of the HJB equation if

wa(y, d) + F(y,w(y,d),p) <0 Vp € DY w(y,d), ¥(y,d) € Q x [0,T].
It is a viscosity supersolution if
wa(y,d) + F(y,w(y,d),q) > 0 Vg € D" w(y,d), ¥(y,d) € 2 x [0,T].

If w is a viscosity subsolution and supersolution of the HJB equation then w is a viscosity
solution of the HJB equation.

F Other Properties of the Value Function

Lemma 2. Under assumptions 1 and 2 and if 7' = oo, V has a unique minimum at
Y™ < /(1 + w)"/%. Parameter changes that imply a higher (lower) y™" also imply less
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(more) pronounced convexity of V' at y™®. Moreover,

yely™in,g] p+ v+ g(a)Byw
and V is strictly convex over the domain [y™™, 7].

Proof. For the proof and henceforth we assume that V' is twice differentiable. From the
government’s HJB equation, the envelope condition with 7" = oo reads

(p+v)V'(y) = —glaly))By x

(1-a+a (1) Y w-ven-v(1-(£) ) o). e

Let § denote a point where V' reaches a local minimum or maximum. Evaluated at ¢ the
envelope condition reduces to

o @)nsl- ()o@

Note that any extremum is locally unique since V() = 0 would only be consistent with
g=g/(1+w)"e.

Uniqueness of y™" To see that V has a unique minimum suppose to the contrary that
there exist multiple local minima. Consider two neighboring minima at, say, y* and y°¢
with y® < y°. Then there must exist a local maximum at some y® with y* < ¢y < y°. Since
V"(y*) > 0, V"(y*) < 0, and V”(y¢) > 0 the right-hand side of condition (22) evaluated
at y?, y°, and y° is strictly positive, negative, and positive, respectively. The sign of the
left-hand side of condition (22) evaluated at the same points cannot alternate in this way.

min

We have thus arrived at a contradiction which proves that V' has a unique minimum, y™".

Upper Bound on y™" To derive a contradiction suppose first that y™® > /(1 +w)/«.

Since the minimum is unique this implies V’(7/(1 + w)%) < 0. From the envelope
condition (21),

(p+ V)V G/ (1 +w)) = gla(G/ (1 +©)/*) B V" (5 (1 + ) %)

(14 w)

and thus V"(/(14w)"*) < 0. Since by assumption y™" > 7/(1 +w)"/* there must exist
an inflection point, say y’, with 7/(1 + w)'/* < y* < y™", V'(y") < 0, and V"(y") = 0.
But evaluated at y* the envelope condition implies

(e ) = gty )7 (1-a+0 (L) ) p-rwy

~~ N ——’
-~ >0

[

<0
which yields a contradiction. We conclude that y™™ < 7/(1 + w)/«.
In fact, y™® < /(1 +w)Y«; for if y™® equalled 3/(1 +w)'/* then the minimum could
not be unique since condition (22) would imply V" (7/(1 + w)'/*) = 0. We conclude that
Yyt < g/ (1+w)'re
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Effect of Parameters on Convexity of V' at y™" From equation (22), V" (y™in) =

(1 —(14+w) (y ) )w/ymin/ (1 - (yriin) ) This is strictly decreasing in y™®. The

Y Y
result then follows.

Maximum Slope of V' Let Y = [y™", ¢] and suppose first that there exists no y € Y
such that V”(y) = 0 (no inflection point on the domain ))). Since V(y) has a unique
global minimum at y™®, V(y) is strictly increasing and convex in this case for all y €
Y\ y™», and thus max,cy V’'(y) = V'(y). Suppose next that there exists some y € Y
such that V”(y) = 0 (at least one inflection point on the domain )). Let V' C Y
denote the set of inflection points and let y* = arg max,cy: V'(y). Then, maxyey V'(y) =
max[V'(y*),V'(y)]. From the envelope condition (21) and the fact that V”(y) = 0,

(p+ V(") = —glaly By (1= (1 +w) (£)7) (0= V() or

oo Nog (A +e) (5) -1 g

V'(y') = 0+ v+ glaly)B7 ((1 +w) (%)w - 1) = p+v+g(a*)Biw

=V'(9),

where the weak inequality follows from (1 4+ w) (%)w —1 < w, a(y’) < a*, and the

fact that ¢ is increasing; and the equality on the right-hand side follows directly from
condition (21). Accordingly, max,ey V'(y) = V'(y). We conclude that in either case

max,ey V'(y) = V().

Strict Convexity of V' on the Domain ) From the previous results V(y) is weakly
convex in a neighborhood of § and strictly convex at y™®.

[1] Suppose first that there do not exist open intervals on the domain )’ such that
V”(y) = 0 for all points in the interval (however, there may exist points y € ) with
V"(y) = 0). Given the convexity of V at i and y™", the number of inflection points on
the domain Y at which V’'(y) changes signs must be even (including equal to zero). To
arrive at a contradiction suppose that the number is strictly positive and consider the
smallest two neighboring inflection points on the domain ), say, y* and 3* with y® < 7°.
Given the specified assumptions, 0 < V’(y*) < ¢ (using the above argument on the
maximum slope of V), V”(y*) = V"(y®) = 0, and V" (y) < 0 < V'(y) for all y € (y*,¢°).
Note that y* > 7/(1 + w)"/* since the envelope condition (21) and V”(y*) = 0 imply

(p+v)V'(y*) = —gla(y®))By <1 - (14 w) (%)LU) (¢ — V'(y*)) such that 0 < V'(y*) <
requires 1 — (1 + w) (%)w < 0. Accordingly, 1 — (1 4 w) (%)w <0 for all y € (y*, ).

Rewriting the envelope condition (21) as

gla(y)) = o+ 1)V'(y) (23)

r[(1-+w) (1)) @ -vien -y (1- (1)) vy
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and differentiating with respect to y gives, for all y € (y2, y°),

. o ] (p+1v)V"(y) _
g (a(y)a(v) sr[(1- 1w (1)) @-vie) —v (1 - (2)) )]
N (p+v)V'(y)D

sp[(1- 0+0) (8)) @ -vi) - (1- (1)) Vi)
)

- T+ o+ A0 —2 022 O 2 V),

<0

where D = (V/(y) — )w(1+w) 2 =2 (1= (1+w) (£) ) Vi) —y (1= (2) ) V()
and {> 0} denotes strictly positive terms (which might differ from each other). Since V' is
strictly concave for y € (y%,y®) there exists some nonempty Z C (y2,4°) with V"' (y) > 0
for all y € Z. Since g is increasing the preceding equality implies that a’(y) < 0 for all
yE Z.

The government’s first-order condition implies

S o (1- (2) ) -V (24)

Differentiating the right-hand side with respect to y yields

oo | (1- 0+ (2) ) w-vien-u (1- (2) ) ).

which is strictly negative for all y € (y*,4°) because of condition (23) and the fact that
g(a(y)) > 0. Accordingly, the right-hand side of equation (24) is strictly decreasing in
y, and so must be the left-hand side. This requires a/(y) > 0 for all y € (y?,°) since
g is weakly convex (assumption 1) and wu strictly concave (assumption 2). In particular,
a'(y) > 0 for all y € Z. We have thus arrived at a contradiction and conclude that there
exist no inflection points on the domain Y.

[2] Suppose next that there do exist open intervals on the domain ) such that V" (y) =
0 for all points in the interval (there may also exist inflection points). Consider such an
open interval, say, (v y°). Then, V”(y) = 0 for all y € (y% ¢°). Differentiating the
envelope condition with respect to y gives, for all y € (y2,v°),

"(a a’ = — w (p+ V)V”(y) w
Je)aty) = — (—a+a () @-ve -y (1- (2)) 6]
N (p+v)V'(y)D




where {> 0} denotes a strictly positive term and where we use the fact that V"(y) =
V"(y) = 0 for all y € (y,°). Since g is increasing the preceding equality implies that
a'(y) <0 for all y € (y,y°).

Differentiating the right-hand side of the government’s first-order condition with re-
spect to y yields a strictly negative expression for all y € (3¢, y°), because of condition (23),
g(a(y)) > 0, and V"(y) = 0. Accordingly, the right-hand side of equation (24) is strictly
decreasing in y, and so must be the left-hand side, which requires a'(y) > 0 for all
y € (y*,y°). We have thus arrived at a contradiction and conclude that there exist no
open intervals on the domain ) such that V”(y) = 0 for all points in the interval.

[3] We conclude from [1] and [2] that V' is strictly convex on the domain Y. O

G Observable Infection Status

When the infection status is public information all unaware households in the pre, post,
and neutral groups avoid contact with the aware households in the post group. Since
households in the pre group only interact with unaware members of the post group the
law of motion reads

) = gtasat - (1- (2) ). (25)

All unaware households have the same activity level a. This law of motion also applies
under the Ramsey policy because it is optimal for the government to separate aware
households from the rest of the population. In appendix G we analyze the government’s
program and the equilibrium.

When the infection status is private information®® all post households interact with
pre households. Pre households and unaware post households choose the activity level
a(y), aware post households choose a*. The law of motion thus reads

Fo.0) = sty (1~ (g)) | (26)

where a = (oya* + (§ — oy)a)/y denotes average activity.
With public information the government’s program is represented by the HJB equation

(p+ )V (y) = maxoyu(a®) + (1 - oy)u(a) = f(y, a) + [y, a)V'(y) + vU”

8

subject to the law of motion (25). Compared with the baseline case the benefit of activity
is scaled by 1 — oy because the activity level of aware households is exogenous, and the
cost of activity is multiplied by the factor 1 — o because of the modified law of motion.
Accordingly, the first-order condition reads

(1 = oy (al)) = (& — V()¢ (a(v))B5(1 — o)y (1 - (g)) |

58COVID-19 symptoms often are private information: Loss of smell and taste is unobserved by third
parties and coughing is uninformative about the respiratory disease causing it.
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which differs from the condition in the baseline case only insofar as 3 is replaced by
B(1 —0)/(1 —oy) < B. Under the functional form assumption 4 the optimal activity
level for unaware households therefore satisfies condition (6) except that 3 is replaced by
B(1 - 0)/(1 - ay).®

Turning to laissez faire the environment of unaware households with value function
U(y) differs twofold from the situation in the baseline scenario. On the one hand aggre-
gate infection flows solely affect the unaware pre group; members of that group face the
infection flow f(y,a)/(1—oy). On the other hand infections do not only generate the de-
terministic costs considered so far but they also stochastically release affected households
with flow probability ¢ into the pool of aware households generating a private capital gain
U —U(y).

Formally, under assumption 3 unaware households solve

VL ai fly,aly)
) o) 1oy

(=¥ +o(U" = U(y)))

subject to the law of motion (25) where a(y) denotes the equilibrium activity choice of
all unaware households. The first-order condition is given by

(1= ot (a) = == gayapa - oy (1 - (g)) .

Under our functional form assumption 4 this implies that a(y) satisfies condition (9)
except that (v is replaced by (v — o(U* — U(y)) (reflecting the capital gains reaped by
aware households) and 3 is replaced by (1 — ¢)/(1 — oy). Compared with the optimal
activity choice we see that the differences that were present in the baseline model (and
that were reflected in static and dynamic externalities) continue to be present. But in
addition the capital gains of households that become aware of their infection status now
introduce a third difference. In equilibrium, these capital gains introduce an incentive for
unaware households to engage more strongly in activity.

With private information, the government’s program is identical to the program in the
baseline model. This follows from the fact that the government cannot gain from letting
aware households choose a different activity level than unaware types, even if this were
feasible given households’ incentive compatibility constraints.®

In equilibrium, in contrast, aware and unaware households optimally choose different
activity levels. Upon learning about their infection aware households attain utility U*, as
with public information.®® The value function of an unaware household in the pre or post

% Average activity is given by oya* + (1 — oy)a(y). In equilibrium, discussed below, it is given by the
same type of weighted average.

60To see this, suppose that unaware and aware households had activity levels a; and as > a1, respec-
tively, such that a = (oyas + (§ — oy)a1)/y. The direct utility gain relative to the situation with a
common activity level a; would equal oy(u(az) — u(a1)) = u'(a1)(az — a1)oy, while the cost would be
equal to (¢ — V'(y))(g(a) — g(a1))Byy (1 — (y/9)*) = (b = V'(y))g'(a1)(a2 — a1)Byy (1 — (y/9)*) oy/3y.
The first-order condition for a common activity level implies u'(a1) = (¢ — V' (y))g'(a1)Byy (1 — (y/9)*).
Since § < 1 it follows that the losses from a discriminatory policy would exceed the gains.

61This is consistent with the private information assumption when insurers must not disclose their
clients, perhaps for contractual or legal reasons.
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group, U(y), mirrors the function in the public information case except that unaware
households perceive the modified law of motion. Under assumption 3 the first-order
condition thus reads

(1= ot (o) = == gy (1 (%)) |

a(y)

Imposing functional form assumption 4 and the equilibrium requirement a; = a(y) this
yields
1-%(y)O(y) : _
=S MM itn=1
a(y) = )
~120W)IWU-S)+/1HOW)A-2W) o o
200)(1-S () =

where we let ©(y) = ((¢ — o(U* = U(y)))Byy (1 — (y/9)*) /(1 — oy) and E(y) = oy/y.
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