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Abstract

We embed an extension of the canonical epidemiology model in a New Keynesian model and

analyze the role of monetary policy as a virus spreads and triggers a sizable recession. In our

framework, consumption is less sensitive to real interest changes in a pandemic than in normal

times because individuals have to balance the benefits of taking advantage of intertemporal

substitution opportunities with the risk of becoming sick. Accommodative monetary policies

such as forward guidance result in large increases in inflation but have only limited effects on

real economic activity as long as the risk of infection is large. The optimal design of monetary

policy hinges on how other tools used to limit virus spread, such as lockdowns, are deployed. If

the lockdown policy is conducted optimally, monetary policy should focus on keeping inflation on

target. However, if the lockdown policy is not optimal, the central bank faces a trade-off between

its objective of stabilizing inflation and the necessity to minimize the inefficiencies associated with

virus spread.
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1. Introduction

The COVID-19 pandemic has been a shock of unprecedented size and nature, which has trans-

lated into new challenges for policymakers. A key feature of the crisis was the interdependency

between virus dynamics and economic outcomes. As the virus spread, governments enacted restric-

tive measures and individuals drastically cut back on social activities. While necessary to keep the

pandemic under control, these measures caused tremendous economic damage. For example, in the

United States, the unemployment rate reached a post-World War II high of 14.8 percent in April

2020. In the face of the contraction in economic activity, central banks around the world acted

swiftly and forcefully by deploying a wide array of tools. In addition to interest-rate cuts, central

bankers relied on forward guidance and asset purchases — staples of the monetary policy toolkit

since the Great Financial Crisis —, and introduced ambitious new programs aimed at stabilizing

financial markets and avoiding the disruption of the flow of credit to households and businesses

(English, Forbes and Ubide, 2021).

In this paper, we develop a framework where economic decisions and virus dynamics are inter-

linked and analyze the role played during a pandemic by two monetary policy tools: conventional

interest rate policy and forward guidance. In particular, we ask two interrelated questions. First,

given the particular environment brought about by the COVID-19 pandemic, should we expect the

transmission mechanism of monetary policy to be the same as in normal times? Second, how should

monetary policy be optimally conducted in this environment?

To address these questions, we embed an extension of the classic SIR (Susceptible, Infected,

Recovered) epidemiology model in a standard New Keynesian model. On the firm side, monopo-

listic firms face price adjustment costs, which gives rise to a Phillips curve relating firms’ markups

to inflation and gives monetary policy some leverage over real activity. The novelty lies in the

interaction between household decisions and virus dynamics. Notably, the transition probability

from being healthy (susceptible) to sick (infected) depends on households’ consumption and labor

supply decisions. Therefore, susceptible individuals cut back voluntarily on consumption and hours

worked when the risk of infection becomes too large. This feature implies that, even in the absence

of government interventions, the economy experiences a large drop in output as the epidemic pro-

gresses. The model economy converges to the standard New Keynesian model à la Gaĺı (2008) in

the long run when the effects of the virus dissipate.

In standard models used for monetary policy analysis, monetary policy transmits exclusively

through the intertemporal substitution channel: in response to a drop in the real interest rate, the

returns to savings decrease and households want to consume more today. In our model, increasing

one’s consumption increases the probability of becoming infected and individuals therefore have

to strike a balance between the willingness to consume and the desire to avoid infection, an effect

we call the consumption-versus-health-risk motive. By that logic, in response to a decline in the

real interest rate, households weigh the benefits of taking advantage of intertemporal substitution

opportunities against the heightened risk of infection. As a result, the intertemporal substitution

channel is partly impaired and households’ consumption is less sensitive to real interest rate changes

than in normal times. The importance of the consumption-versus-health-risk motive and, therefore,
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the extent to which monetary policy is less powerful than in normal times depends on the state of

the pandemic. At the onset of the pandemic, or after its peak, when the risk of infection is limited,

the effectiveness of monetary policy is close to that in normal times. However, at the height of the

pandemic, when the risk of infection is maximal, monetary policy has more limited effects on real

economic activity.

The feedback between economic activity and infection dynamics also generates persistence in

the effects of monetary policy. Initially, an easing of monetary policy provides a boost to economic

activity. However, the increase in economic activity necessarily requires an increase in social inter-

actions, which in turn leads to a rise in infections. In subsequent periods, the economy is left with

a larger stock of infected individuals, which depresses demand through the consumption-versus-

health-risk motive: with the perceived risk of infection being now higher, susceptible individuals

decide to postpone consumption until the epidemiological situation improves. Thus, the monetary

authority faces a dynamic trade-off: any attempt to support aggregate demand today results in

lower aggregate demand tomorrow.

To illustrate the quantitative relevance of these mechanisms, we examine the effects of delaying

lift-off from the effective lower bound on nominal interest rates by two or four quarters in a calibrated

version of our model. Under perfect foresight, the more accommodative stance of monetary policy

cushions the initial decline in economic activity in the early stages of the pandemic. However, at the

height of the pandemic, forward guidance is unsuccessful at softening the magnitude of the trough

in output. This arises for two reasons: i) forward guidance is ineffective at propping up economic

activity when the risk of infection is high; and ii) policy interventions early in the pandemic lead to

an additional build-up in infections that depresses demand compared to the baseline economy. Once

the worst of the pandemic is over and the effects of the virus start to dissipate, forward guidance

helps accelerate the recovery in economic activity.

The preceding analysis suggests that the very nature of the COVID-19 shock implies that the

problem faced by the monetary authority is non trivial. On the one hand, the central bank can

intervene to limit the extent of the economic damage, although with decreased efficacy. On the

other hand, doing so results in additional infections, which is costly from a human standpoint.

A comparison of the decentralized equilibrium with the allocation that a planner would achieve

reveals that the main inefficiency arising in the decentralized equilibrium stems from the fact that

infected individuals do not internalize the effects of their actions on the dynamics of the epidemic.

In other words, infected individuals consume and work too much. This has two implications for

monetary policy. First, since it affects the consumption of all individuals in a similar way, monetary

policy is not particularly effective at addressing the infection externality. Second, absent any policy

intervention, the overall level of economic activity in the decentralized equilibrium is too high. If

measures targeted directly at infected individuals are not available, a planner would rather engineer

a decrease in consumption and hours worked for all individuals in order to limit virus spread.

With this in mind, we draw some implications for the optimal conduct of monetary policy. We

proceed in two stages. In the first stage, we assume that the planner chooses both lockdown and

monetary policies optimally. In the second stage, we relax the assumption that the lockdown policy
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is optimal and analyze optimal monetary policy conditional on a potentially sub-optimal lockdown

path. With two instruments available, we find that the government should deploy each instrument

to achieve a different objective: the lockdown policy is used to minimize the distortions arising from

the infection externality while monetary policy focuses on minimizing the distortions arising from

monopolistic competition and price stickiness, which implies keeping inflation on target at all times.

However, when the lockdown policy is not set optimally, monetary policy faces a trade-off between

its objective of price stability and the necessity to minimize the distortions due to the infection

externality. In this case, it is optimal for the central bank to tighten monetary policy the more

sub-optimal the lockdown policy is. This comes at the cost of a deviation from the inflation target,

but limits the adverse effects of sub-optimal lockdown policies on health outcomes.

Our paper is related to the literature on the macroeconomic implications of the COVID-19

health crisis, which draws on earlier literature integrating behavioral choice into epidemiological

models of the HIV/AIDS epidemic, such as Kremer (1996) and Greenwood et al. (2019). Given the

vast literature on the COVID-19 pandemic, we limited our references in this section to studies that

are close to ours in terms of focus and modeling choices. In particular, we follow the approach in

Eichenbaum, Rebelo and Trabandt (2021) to introduce a feedback between individuals’ economic

decisions and epidemic dynamics in an otherwise standard macroeconomic model. Eichenbaum,

Rebelo and Trabandt (2021) and Jones, Philippon and Venkateswaran (2021) study the trade-off

between public health objectives and the economic costs of the pandemic. Using a rich heterogeneous

agent model, Kaplan, Moll and Violante (2020) emphasize that the trade-off is not only between

lives and livelihoods, but also over who should bear the burden of the economic costs. Bodenstein,

Corsetti and Guerrieri (2022) show instead that social distancing measures may improve economic

outcomes, as an unchecked epidemic could incapacitate core sectors and result in a steep fall in

economic activity.

Several papers have examined the role of monetary policy in the face of the COVID-19 shock.

Levin and Sinha (2020) stress that several issues such as the myopia of economic agents or limited

commitment by the central bank may have been especially relevant in the early stage of the COVID-

19 pandemic, thereby weakening the power of forward guidance. While we share their conclusion

that monetary policy may be less effective in a pandemic than in normal times, our argument rests

instead on the observation that households’ consumption behavior changes as the virus spreads.

Woodford (2022) argues that monetary policy is ineffective at restoring the first-best allocation

when the effects of a shock are sectorally concentrated. In his framework, the disruption of the

circular flow of payments brought about by the initial shock leads to cascading effects across sectors.

In that case, an interest-rate cut is not desirable since, although it can stimulate aggregate demand,

it fails to stimulate demand of the right sorts. We reach similar conclusions for different reasons.

In our model, monetary policy is also poorly equipped to address the inefficiencies arising in the

decentralized equilibrium since it cannot target infected individuals directly. Moreover, if health

policies are not successful at containing virus spread, additional monetary policy stimulus is not

desirable. Lastly, Brzoza-Brzezina, Kolasa and Makarski (2022) develop a framework similar to ours

and also find that the optimal conduct of monetary policy hinges on the behavior of the lockdown
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policy. An important difference between this paper and ours lies in the implementation of optimal

policy: while these authors rely on simple rules for lockdown and monetary policies, we derive the

fully optimal Ramsey plans1.

Our paper is also related to the literature on the “forward guidance puzzle” (Negro, Giannoni

and Patterson, 2015) — the observation that forward guidance policies have unrealistically power-

ful effects in standard New Keynesian models (Eggertsson and Woodford, 2003, Calstrom, Fuerst

and Paustian, 2015). Different rationalizations to this puzzle based, for example, on departures

from the rational expectations hypothesis (Woodford, 2018, Angeletos and Lian, 2018, Fahri and

Werning, 2019, Gabaix, 2020), sticky information (Chung, Herbst and Kiley, 2015, Kiley, 2016),

incomplete markets (McKay, Nakamura and Steinsson, 2016, Werning, 2015, Bilbiie, 2019, Bilbiie,

2020, Hagedorn et al., 2019, Ferrante and Paustian, 2019), wealth in the utility function (Michaillat

and Saez, 2019), or the presence of durable goods (McKay and Wieland, 2022) have been proposed

in the literature. For the reasons outlined above, in our model, forward guidance is less powerful in

a pandemic.

Finally, several recent studies have argued that the effects of monetary policy may be state-

dependent. In Berger et al. (2021) and Eichenbaum, Rebelo and Wong (2022), the state depen-

dency stems from the presence of fixed-rate mortgages. In McKay and Wieland (2022), the state

dependency is related to the distribution of durable expenditures relative to adjustment thresholds.

In our paper, the state dependency is linked to individuals’ behavioral response to the diffusion of

the virus and depends on the stock of infected individuals in the population.

The paper is organized as follows. Section 2 describes the model. Section 3 calibrates the

model, simulates a pandemic of moderate size, and examines its consequences on economic activity.

Section 4 performs several monetary policy exercises and shows that the effects of monetary policy

are weaker in a pandemic than in normal times. Section 5 analyzes optimal policy. Section 6

examines the sensitivity of our results to reasonable parameter variations. Section 7 concludes.

2. Model

Our model economy is populated by: (i) households who are subject to the evolution of a

pandemic; (ii) monopolistically competitive firms facing price adjustment costs; and (iii) a central

bank conducting monetary policy subject to the effective lower bound on nominal interest rates.

The frequency of our model economy is weekly. In this section, we first describe the epidemiological

model and then overview the macroeconomic side of the model2.

1We should also note the contribution of Ascari, Colciago and Silvestrini (2021), who find that a persistent decline
in the real rate is essential to capture the sectoral reallocation effects observed during the COVID-19 pandemic.

2Our model is similar to the New Keynesian model developed by Eichenbaum, Rebelo and Trabandt (2020). Unlike
these authors, we do not include physical capital and government spending, but we enforce the effective lower bound
on nominal interest rates.
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2.1. Epidemics: The extended SIR model

We consider a SIR (Susceptible, Infected, Recovered) model with the possibility of death. In the

standard SIR model (Kermarck and McKendrick, 1927), transitions between different health status

are exogenous. However, in reality, individuals may be able to reduce the probability of becoming

infected by cutting down on activities that involve interacting with others, such as the purchase

of consumption goods and work. Thus, following Eichenbaum, Rebelo and Trabandt (2021), we

extend the SIR model by assuming that the transition probability from being healthy (susceptible)

to sick (infected) depends on people’s economic decisions.

Once the epidemic starts, individuals are divided in three groups: (i) susceptible individuals, St,

who have not yet been exposed to the disease; (ii) infected individuals, It, who have contracted the

disease; and (iii) recovered individuals, Rt, who have survived and acquired immunity. We assume

that individuals know their health status, that both symptomatic and asymptomatic individuals are

equally infectious, that everyone is equally susceptible to contagion, and that recovered individuals

have long-lasting immunity3. A susceptible person can contract the virus only through contact with

an already infected person and infected people remain infectious until they recover or die. Moreover,

we assume that a vaccine arrives stochastically at rate δv.
4 As in Makris and Toxvaerd (2020), the

vaccine is costless and provides immediate and perfect protection against infection. We also assume

there is no vaccine hesitancy in the population so that all susceptible individuals get vaccinated as

soon as the vaccine arrives. Therefore, there are no new infections after the vaccine arrives and the

number of infected individuals gradually declines as people eventually recover or die.

We now describe population dynamics before the arrival of the vaccine at an unknown date t⋆.

The number of newly infected people Tt is given by

Tt = πs1StCs,tItCi,t + πs2StNs,tItNi,t + πs3StIt, (1)

where St is the number of susceptible individuals, It is the number of infected individuals, Rt is

the number of recovered individuals, and Ck,t and Nk,t are the consumption and hours worked

by individuals of type k, where k = S, I,R. The technological parameters πs1 and πs2 denote

the probability of contracting the virus while purchasing consumption goods and supplying hours

of work, respectively. The parameter πs3 captures both how likely one is to become infected in

random interactions and the intensity of these interactions5.

The number of susceptible people at time t + 1 is the number of susceptible people at time t

minus the number of newly infected people at time t, Tt,

St+1 = St − Tt. (2)

3There is no consensus in the medical and scientific communities about the duration of immunity. We acknowledge
assuming long-lasting, perpetual in our case, immunity after recovering from the disease is a simplifying assumption.

4While Eichenbaum, Rebelo and Trabandt (2021) also consider the stochastic arrival of a vaccine, Makris and
Toxvaerd (2020) explore the deterministic arrival of a vaccine and Farboodi, Jarosch and Shimer (2021) explore both
stochastic and deterministic arrivals.

5Note that in the standard SIR model πs1 = πs2 = 0.
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Let πr be the per-period probability of recovering after being infected and πd be the per-period

probability of dying if infected. The number of infected people at time t+1 is equal to the number

of infected people at time t plus the number of newly infected, Tt, minus the number of infected

people who either recovered, πrIt, or died, πdIt,

It+1 = It + Tt − (πr + πd) It. (3)

The number of recovered people at time t+ 1 is the number of recovered people at time t plus

the number of infected people who just recovered, πrIt,

Rt+1 = Rt + πrIt. (4)

The number of deaths at time t+1 is the number of deaths at time t plus the number of infected

individuals who just died, πdIt,

Dt+1 = Dt + πdIt. (5)

The basic reproduction number, R0, is a useful statistic to summarize the transmissibility of a

virus and, hence, quantify the potential intensity of an outbreak. R0 is defined as the number of

new infections generated by the first ill person in a population where everyone is susceptible. A

large R0 implies a rapid spread of the virus. In the standard SIR model, where the probability

of getting sick is exogenous and constant, R0 is also constant over time. In our model, however,

individuals can reduce the probability of becoming infected by cutting down on consumption and

hours worked, which implies a time-varying R0,t. The basic reproduction number in our model is

given by

R0,t =
πs1Cs,tCi,t + πs2Ns,tNi,t + πs3

πr + πd
, (6)

where the numerator captures the transmission rate and the denominator summarizes the recovery

and fatality rates.

Once the vaccine arrives at time t⋆, all susceptible individuals who have not been infected yet

are transferred to the recovered state. Therefore, for t = t⋆ − 1, the epidemiological dynamics are

given by equations 1, 3, 5, and

St+1 = 0, (7)

Rt+1 = Rt + πrIt + St − Tt. (8)

For any t ≥ t⋆, the SIR dynamics are given by

Tt = 0, (9)

St+1 = 0, (10)

It+1 = (1− πr − πd) It, (11)

Rt+1 = Rt + πrIt. (12)
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2.2. Households

The economy is populated by a continuum of households of measure one. Households are of size

one and the momentary utility function of household members is given by

u(ct, nt) =
c1−σ
t

1− σ
− χ

n
1+1/φ
t

1 + 1/φ
+ ū, (13)

where 1/σ is the elasticity of intertemporal substitution, φ is the Frisch elasticity of labor supply,

and ū is a flow value of being alive. The consumption level ct is a Dixit-Stiglitz aggregator of the

different varieties of goods produced by firms, ct ≡
[∫ 1

0 ct(j)
θ−1
θ dj

] θ
θ−1

, where θ is the elasticity of

substitution between varieties and ct(j) is the consumption of goods produced by firm j. The optimal

allocation of income to each variety is given by ct(j) =
[
Pt(j)
Pt

]−θ
ct, where Pt =

[∫ 1
0 Pt(j)

θ−1
θ dj

] θ
θ−1

is the aggregate price index and Pt(j) is the price of variety j.

We proceed by describing the household’s problem before the vaccine arrives at an unknown date

t⋆. After the vaccine arrives, the infection risk disappears and the problem is standard. Initially,

all household members are susceptible to the disease. Once the epidemic starts and before the

vaccine arrives, household members can be either susceptible, infected, or recovered. The head of

the household makes decisions on behalf of all household members. She maximizes the intertemporal

welfare of household members using a utilitarian welfare criterion (identical weights for all members).

At the beginning of the period, the head of the household pools resources and determines the

consumption/saving and labor supply choices for each type of member, implementing symmetric

choices for all individuals of a given type. This setup implies that individuals are insured against

the income risk associated with transitioning between health states. Moreover, the head of the

household is aware of the infection technology described by equation 1, but does not internalize the

impact of her choices on economy-wide infection rates. Thus, from the household perspective, the

per-period probability of infection of its susceptible members is given by

τt (cs,t, ns,t) = πs1cs,tItCi,t + πs2ns,tItNi,t + πs3It, (14)

where we denote household-level variables with lower-case letters and economy-wide variables with

upper-case letters. Households have access to one-period nominal government bonds that promise

a given nominal return tomorrow, Rmp
t . They receive firm dividends, Υt, and government transfers,

Γt, in the form of lump-sum payments.

The optimization program of the head of the household is given by:

V (st, it, rt, bt) = max
cs,t,ci,t,cr,t,ns,t,ni,t,nr,t,bt+1

{stu (cs,t, ns,t) + itu (ci,t, ni,t) + rtu (cr,t, nr,t)

+βV (st+1, it+1, rt+1, bt+1)} , (15)
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subject to

(1 + µt) (stcs,t + itci,t + rtcr,t) + bt+1 =
1 +Rmp

t−1

Πt
bt + wt (stϕsns,t + itϕini,t + rtϕrnr,t)

+Υt + Γt, (16)

st+1 = (1− δv) (1− τt (cs,t, ns,t)) st, (17)

it+1 = (1− πr − πd) it + τt (cs,t, ns,t) st, (18)

rt+1 = rt + πrit + δv (1− τt (cs,t, nt,s)) st, (19)

where bt is the real value of bonds, µt is the tax rate on consumption, Rmp
t is the nominal interest

rate, Πt is the current gross inflation rate, ϕk is the labor productivity of type k households,

and wt is the wage per efficient hour. The notation τt (cs,t, ns,t) makes it explicit that, from the

household’s perspective, the probability of infection only depends on the consumption and hours

choices of susceptible individuals. Eichenbaum, Rebelo and Trabandt (2021) interpret µt as a

proxy for containment measures aimed at reducing social interactions and, hence, refer to it as

the containment rate. Mandatory social distancing measures such as lockdown policies can be

introduced in the model through the containment rate.

Let λt be the Lagrange multiplier associated with the budget constraint of the household. The

marginal utility of consumption for susceptible members, infected members, and recovered members

is given, respectively, by

uc (cs,t, ns,t) + β
∂τt (cs,t, ns,t)

∂cs,t
(Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = λt (1 + µt) , (20)

uc (ci,t, ni,t) = λt (1 + µt) , (21)

uc (cr,t, nr,t) = λt (1 + µt) . (22)

Similarly, the labor supply condition for each type of household member is

un (cs,t, ns,t) + β
∂τt (cs,t, ns,t)

∂ns,t
(Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = −λtwtϕs, (23)

un (ci,t, ni,t) = −λtwtϕi, (24)

un (cr,t, nr,t) = −λtwtϕr. (25)

The Euler equation for bond holdings is given by

λt = βλt+1
1 +Rmp

t

Πt+1
. (26)
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The envelope conditions with respect to health status are

Vs,t = u (cs,t, ns,t) + λt (wtϕsns,t − (1 + µt) cs,t) + (1− δv) (1− τt (cs,t, ns,t))βVs,t+1

+τt (cs,t, ns,t)βVi,t+1 + δv (1− τt (cs,t, ns,t))βVr,t+1, (27)

Vi,t = u (ci,t, ni,t) + λt (wtϕini,t − (1 + µt) ci,t)

+ (1− πr − πd)βVi,t+1 + πrβVr,t+1, (28)

Vr,t = u (cr,t, nr,t) + λt (wtϕrnr,t − (1 + µt) cr,t) + βVr,t+1. (29)

We explore next the role played by the virus in the labor supply and consumption decisions

of susceptible household members. We first combine equations 20 and 23 to obtain the following

expression for their labor supply

wtϕs

1 + µt
=

χn
1/φ
s,t − β

∂τt(cs,t,ns,t)
∂ns,t

[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1]

c−σ
s,t + β

∂τt(cs,t,ns,t)
∂cs,t

[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1]
. (30)

Equation 30 equates the hourly wage with the marginal rate of substitution between hours worked

and consumption. The marginal disutility of labor, the numerator in equation 30, includes an addi-

tional term compared to the case without a pandemic: −β
∂τt(cs,t,ns,t)

∂ns,t
[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1].

By working longer hours, individuals have higher chances of becoming infected, that is, ∂τt (cs,t, ns,t) /∂ns,t >

0, and, in case of infection, they suffer a loss in lifetime utility since Vi,t+1−(1− δv)Vs,t+1−δvVr,t+1 <

0. Thus, as the pandemic progresses through the population, susceptible household members will-

ingly cut back on hours worked. Similarly, the marginal utility of consumption, the denominator in

equation 30, depends on the probability that individuals will become infected through consumption

activities: β
∂τt(cs,t,ns,t)

∂cs,t
[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1].

Second, we combine equations 20 and 26 to obtain the following Euler equation for susceptible

household members:

c−σ
s,t +

consumption vs. health risk︷ ︸︸ ︷
β
∂τt (cs,t, ns,t)

∂cs,t
[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1] (31)

= β
1 +Rmp

t

Πt+1

1 + µt

1 + µt+1

c−σ
s,t+1 +

consumption vs. health risk︷ ︸︸ ︷
β
∂τt+1 (cs,t+1, ns,t+1)

∂cs,t+1
[Vi,t+2 − (1− δv)Vs,t+2 − δvVr,t+2]

 .

Equation 31 includes a new motive that we label as the consumption-versus-health-risk motive. As

in the case of the labor supply choice, consuming more exposes susceptible individuals to a greater

risk of infection, that is, ∂τt (cs,t, ns,t) /∂cs,t > 0, which in turn may result in a loss in lifetime

utility since Vi,t+1− (1− δv)Vs,t+1− δvVr,t+1 < 0. Thus, susceptible individuals factor in the risk of

infection when deciding on their intertemporal consumption allocation. In particular, they prefer

to consume more when the risk of infection is low. The optimal consumption pattern is a function

10



of the state of the pandemic: if the outlook for the virus is about to improve (worsen), susceptible

household members prefer to delay (increase) consumption.

In contrast, since infected and recovered individuals are no longer exposed to the risk of infection,

the consumption-versus-health-risk motive is not present in their respective Euler equations:

uc (ci,t, ni,t) = β
1 +Rmp

t

Πt+1

1 + µt

1 + µt+1
uc (ci,t+1, ni,t+1) , (32)

uc (cr,t, nr,t) = β
1 +Rmp

t

Πt+1

1 + µt

1 + µt+1
uc (cr,t+1, nr,t+1) . (33)

2.3. Firms

A continuum of monopolistic firms, indexed by j, produce differentiated goods according to a

linear technology

Yt(j) = A [StϕsNs,t(j) + ItϕiNi,t(j) +RtϕrNr,t(j)] , (34)

where A is the (constant) level of technology. Firms face quadratic price adjustment costs

Φt(j) =
ϕp

2

(
Pt(j)

Pt−1(j)
−Π∗

)2

Yt, (35)

where Π∗ is the inflation target of the monetary authority. These costs have the same composition

as the aggregate consumption basket and are proportional to aggregate output. Firms are controlled

by a risk-neutral manager who discounts future profits at rate β and their revenues are subsidized

at the constant rate ζ6. Firms choose the price Pt(j) to maximize the expected discounted sum of

future profits

V p
t (Pt−1(j)) = maxPt(j)

{
(1 + ζ)

Pt(j)

Pt
Yt(j)−

wt

A
Yt(j)−

ϕp

2

(
Pt(j)

Pt−1(j)
−Π∗

)
2Yt + βV p

t+1 (Pt(j))

}
,

(36)

subject to the demand for their variety Yt(j) =
(
Pt(j)
Pt

)−θ
Y d
t , where Y d

t is aggregate demand.

In equilibrium, all firms face a similar problem and choose the same price, which implies that

Yt =
∫ 1
0 Yt(j)dj = Y d

t . The Phillips curve is given by

(1 + ζ) (1− θ) + θ
wt

A
− ϕpΠt (Πt −Π∗) + βϕpΠt+1 (Πt+1 −Π∗)

Yt+1

Yt
= 0. (37)

2.4. Government and monetary policy

The government finances the subsidy to firms’ revenues by taxing households in a lump-sum

fashion. Similarly, the proceeds of the consumption tax are redistributed to households in a lump-

sum fashion. Therefore,

6We make this assumption for practical reasons, but it does not affect our results. In steady state (but not in
response to shocks), this subsidy neutralizes the distortions arising from monopolistic competition and implies that
the optimal consumption tax is equal to zero. In the absence of the subsidy, the optimal consumption tax would be
negative in steady state. Given our interpretation of the consumption tax as a containment rate, we find it preferable
that it converges to zero once the pandemic is over.
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µt (StCs,t + ItCi,t +RtCr,t)− ζYt = Γt. (38)

The monetary authority sets the short-term nominal interest rate using the following rule

1 +Rmp
t = max

{
(1 +Rmp)

[(
Πt

Π∗

)δπ (Yt
Y

)δy
]
, 1 +Rmp

min

}
, (39)

where the absence of time subscript denotes steady-state values and the max operator captures the

presence of the effective lower bound, fixed at Rmp
min. We introduce a policy response to the deviation

of output from its steady-state value, and not to the deviation of output from its flexible-price level,

in order to provide a more realistic account of the dynamics of the policy rate over the course of

the pandemic. Indeed, given that the pandemic induces a substantial endogenous shift in supply,

our model’s flexible-price output gap is small or even, in some periods, positive. Thus, a monetary

policy response to the flexible-price output gap would imply a counter-factually muted response of

the nominal interest rate. Notably, under that specification, the nominal interest rate would not

reach the effective lower bound in our baseline simulation below.

2.5. Equilibrium

In equilibrium, the fraction of household members who are susceptible, infected, and recovered

is the same as the corresponding fraction in the population. Therefore, st = St, it = It, and rt = Rt.

Moreover, all households implement symmetric consumption and labor choices for individuals of the

same type. Therefore, cs,t = Cs,t, ci,t = Ci,t, cr,t = Cr,t, ns,t = Ns,t, ni,t = Ni,t, and nr,t = Nr,t.

Aggregate consumption is a weighted average of the consumption of each type

Ct = StCs,t + ItCi,t +RtCr,t. (40)

Firm dividends are given by

Υt = ((1 + ζ)A− wt) (ϕStNs,t + ϕiItNi,t + ϕrRtNr,t)−
ϕp

2
(Πt −Π∗)2 Yt. (41)

In the absence of government-provided liquidity, bonds are in zero net supply. The economy-wide

resource constraint is obtained by aggregating the budget constraints of households

Ct = A

(
1− ϕp

2
(Πt −Π∗)2

)
(ϕStNs,t + ϕiItNi,t + ϕrRtNr,t) . (42)

3. The baseline economy

3.1. Calibration

The model is calibrated at a weekly frequency. We first discuss the calibration of the parameters

of the New Keynesian side of the model. The elasticity of substitution between goods is set to θ = 6
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and the subsidy ζ is fixed to ensure that the steady-state markup is equal to one. The inflation target

and the steady-state real interest rate are equal to 2% at an annual frequency, which correspond

to a weekly gross rate of 1.02
1
52 . The monetary authority responds to deviations of inflation and

output from target with coefficients δπ = 1.5 and δy = 0.5/52, respectively. Both the intertemporal

elasticity of substitution 1/σ and the Frisch elasticity of labor supply φ are set to 1/2 , which

are standard values in the literature. The discount factor is set to an annual value of 0.98 or,

equivalently, a weekly value of 0.981/52. The productivity levels of each type of household are fixed

as in Eichenbaum, Rebelo and Trabandt (2021): ϕs = ϕr = 1 and ϕi = 0.8. We calibrate the

price adjustment cost parameter ϕp according to the following logic. While the current COVID-19

pandemic was an unprecedented shock to the economy, inflation remained relatively stable. Thus,

we need to have a flat Phillips curve in order to prevent unrealistic price movements. In particular,

we target a slope of the Phillips curve of 0.0019 at a quarterly frequency, as in the Federal Reserve

Board’s FRB/US model of the U.S. economy (Brayton, Laubach and Reifschneider, 2014), which

implies a value for the price cost parameter, ϕp, of 409267. Finally, we normalize output, hours

worked, and population in the pre-pandemic steady state to one. Through steady-state relationships,

these assumptions allow us to pin down the parameters A and χ.

Next, we choose the parameters characterizing the SIR side of the model. Following the evidence

presented in Bar-On et al. (2020), we set the infection fatality rate to 0.5% and the average duration

in the infected state to 15 days. Since our calibration is weekly, this implies that the per period

probability of dying if infected is equal to πd = 0.005 ∗ 7/15 and that the recovery probability is

equal to πr = 7/15 − πd. Following Eichenbaum, Rebelo and Trabandt (2021), we calibrate the

basic reproduction number to R0 = 1.45. This value is at the low end of available estimates but

is consistent with evidence that takes sampling uncertainty into account8. As in Jones, Philippon

and Venkateswaran (2021), and consistent with the evidence presented in Ferguson et al. (2020), we

assume that work and consumption activities account each for 1/4 of transmissions. The flow value

of life ū is chosen so that the cost of death is consistent with estimates of the value of a statistical

life used by government entities such as the Environmental Protection Agency (EPA). Greenstone

and Nigam (2020) report that the EPA uses a 2020 value of a statistical life of $9.9 million 2011

dollars. After accounting for income growth to 2020, they find a value of statistical life of $11.5

million 2020 dollars9, which corresponds to 10,310 times per capita weekly income in the United

States in 2019. For simplicity, we define the value of a statistical life, V SL, based on the situation

of an infinitely-lived representative individual in the pre-pandemic steady state. We have

V SL =

c1−σ

1−σ
−χn1+1/φ

1+1/φ
+ū

1−β

c−σ
= 10310 ∗ c, (43)

7To obtain this value, we conduct the following experiment. Assume that marginal cost is permanently 1% higher.
In a quarterly (linearized) version of the model, this would result in a permanent 0.0019

1−β13 percent increase in inflation.

We want to obtain a similar answer in our weekly model. Given that the slope of the (linearized) Phillips curve is
θ

ϕp(Π∗)2
, this implies that θ

ϕp(1−β)(Π∗)2
= 0.0019

1−β13 .
8We explore the robustness of our results to alternative values of R0 in Section 6.
9The U.S. Department of Transportation provides an estimate for the valuation of a statistical life using a 2020

base year equal to $11.6 million.
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which implies that ū is equal to

ū = (1− β) ∗ c1−σ ∗ 10310− c1−σ

1− σ
+ χ

n1+1/φ

1 + 1/φ
= 5.4. (44)

Our baseline economy incorporates active containment policies, but we also explore the laissez-

faire policy in which µt = 0 at all times. For simplicity, in the baseline economy, we assume that

the severity of the containment policy is a linear function of the stock of infected individuals

µt = βµIt. (45)

We calibrate the parameter βµ to match the excess deaths rate as of March 2021, approximately a

year after the onset of the epidemic in the United States. The excess mortality data is provided by

The Economist and the COVID-19 mortality data is provided by COVID-19 Data Repository by

the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University. Both sources

of data are compiled by Ritchie et al. (2020). At the end of March 2021, the median estimate of

excess deaths in the United States was 631, 432, or 0.19% of the population, while total confirmed

deaths for COVID-19 were equal to 551, 457, or 0.17% of the population. We therefore set βµ = 15

in order to match a cumulative death rate of 0.19% 52 weeks after the onset of the pandemic.

We acknowledge that considerable uncertainty remains about the values of certain epidemiolog-

ical parameters, even many months after the onset of the pandemic. For this reason, we check that

our results are robust to sensible parameter variations in Section 6.

We solve the nonlinear model under the assumption of perfect foresight using Dynare’s (Ad-

jemian et al., 2011) perfect foresight solver.

3.2. The economic effects of a pandemic

In this section, we simulate a pandemic and overview the equilibrium population and economic

dynamics. In our model economy, agents have perfect foresight and, hence, know about the new

virus and how it propagates through the population. We start the simulation with an initial infection

rate of I0 = 0.5%. This corresponds to a situation where agents do not become immediately aware

of the extent to which the virus has propagated within the population. Once they do and adapt

their behavior accordingly, the virus has already taken hold. For simplicity, we simulate a pandemic

with only one wave but, depending on the containment measures put in place, the model can

accommodate for more complex scenarios, such as multiple waves.

We report the simulation results for epidemiological variables in Figure 1 and for macroeco-

nomic variables in Figure 2. We consider two scenarios: (i) our baseline simulation, which includes

containment policies according to equation 45; and (ii) a laissez-faire case, which is characterized

by the absence of containment policies, that is, µt = 0 ∀t. We start by describing the results for the

laissez-faire policy and then explore the role of containment policies by comparing the outcomes in

the laissez-faire case with the outcomes in the baseline economy.
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The simulation results for the laissez-faire case are given by the dashed lines in Figure 1 and

Figure 2. As shown in Figure 1 (a), in the economy with the laissez-faire policy, the virus rapidly

spreads from the start of the simulation until week 21, when the share of infected individuals in the

population reaches a peak of 5.3 percent. Epidemiological outcomes improve gradually thereafter.

As reported in Figure 1 (b), the share of susceptible individuals progressively declines and remains

steady around 47 percent from week 50 until the end of the simulation. Therefore, only 53 percent

of the population ever becomes infected in the laissez-faire economy, which, for a U.S. population

of 330 million people, amounts to about 175 million Americans.

Figure 1. Epidemiological Effects (weekly)
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(a) Infected Households
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(b) Susceptible Households

0 10 20 30 40 50 60 70 80 90 100

Weeks

0

0.005

0.01

0.015

0.02

0.025

0.03

F
ra

c
ti
o
n
 o

f 
p
o
p
u
la

ti
o
n

(c) New Infections
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(d) Deaths

Note: The solid line represents the outcomes for an active containment policy (µt = 15It). The dashed line represents
the outcomes for the laissez-faire policy (µt = 0, ∀t).

The pandemic triggers a sizable recession in the laissez-faire economy: as shown in Figure 2 (b),

weekly output falls by about 9 percent from peak to trough. Several factors are behind the drop

in economic activity: (i) households know they can effectively reduce the probability of becoming

infected by consuming and working less, and (ii) as household become infected, their productivity

temporarily declines so that aggregate productivity is lower during the pandemic. Once the epi-

demiological situation starts improving, the economy steadily recovers reaching output levels close

to its post-pandemic steady state 60 weeks after the start of the pandemic (about 40 weeks after the

trough). In our model, the pandemic shows up both as a shock to aggregate demand through the
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Euler equation of susceptible individuals (equation 31) and as a shock to labor supply through the

labor supply condition of susceptible individuals (equation 30). While the drop in demand and the

associated decrease in labor demand put downward pressure on wages, the shock to labor supply

puts upward pressure on wages. As shown in Figure 2 (c), the labor supply effect dominates: infla-

tion initially increases as forward-looking firms anticipate future rises in costs and start adjusting

prices accordingly. With the large initial increase in inflation, the Taylor rule prescribes that the

policy rate should rise on impact. The policy rate then declines and undershoots its steady-state

value at the peak of the pandemic, when the trough in output is reached, before slowly converging

back to steady state thereafter.

Figure 2. Economic Effects (weekly)
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(a) Consumption
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(b) Output
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(c) Inflation
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(d) Policy rate

Note: The solid line represents the outcomes for an active containment policy (µt = 15It). The dashed line represents
the outcomes for the laissez-faire policy (µt = 0, ∀t).

We analyze the epidemiological and economic effects of introducing containment policies by

comparing the outcomes under the laissez-faire policy – the dashed lines – with the outcomes in

the baseline economy – the solid lines. As expected, the overall size of the pandemic is smaller

when containment policies are in place: (i) the peak fraction of infected individuals is 3 percent in

our baseline economy, while it stands at 5.3 percent in the laissez-faire case; (ii) 43 percent of the

population ever becomes infected with containment policies, while 53 percent of the population gets

infected in the absence of containment policies; and (iii) cumulative deaths in the baseline economy
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are about 20 percent smaller than in the economy without containment. However, the pandemic

is more persistent when containment measures are in place: while the fraction of newly infected

individuals is zero by week 60 under the laissez-faire policy, it takes about 30 more weeks to reach

that level in the baseline economy.

Containment measures successfully reduce the risk of infection by reducing the incentives to

engage in consumption and work during a pandemic. Better epidemiological outcomes come at the

expense of a more severe economic downturn. As shown in Figure 2, weekly output drops by about 19

percent from peak to trough in the baseline economy, compared to just 9 percent in the laissez-faire

case. When containment measures are in place, the downward pressure on wages linked to the drop

in demand dominates the upward pressure coming from the shock to labor supply so that inflation

declines at the beginning of the pandemic and converges to its steady state from below. Given the

large and immediate drop in inflation, and although output declines only gradually, the policy rate

reaches its effective lower bound (ELB thereafter) at the onset of the pandemic and remains there

for 45 weeks. Overall, containment measures are successful at reducing the epidemiological cost of

a pandemic, but at the expense of a more dire economic contraction.

4. The transmission of monetary policy in a pandemic

In this section, we study how monetary policy transmits to real activity in our baseline economy.

First, we outline some mechanisms suggesting that monetary policy is weaker in a pandemic than

in normal times. Second, we analyze the response of macroeconomic and epidemiological variables

to one-time changes in the real interest rate at different horizons and at different stages of the

pandemic. Third, we explore the consequences of delaying lift-off from the effective lower bound by

two or four quarters in our baseline economy10.

4.1. What should we expect?

In our model, monetary policy transmits through the Euler equations of the different types of

household members. While the Euler equations of infected and recovered individuals are standard, a

new consumption-versus-health-risk motive appears in the Euler equation of susceptible individuals.

Therefore, understanding how aggregate consumption reacts to changes in real interest rates during a

pandemic requires: 1) tracking the fraction of individuals in each health state; and 2) understanding

how the presence of the consumption-versus-health-risk motive shapes the response of consumption

to real interest changes for susceptible individuals.

To tackle the second issue, we consider the Euler equation of susceptible individuals, equation

31. To lighten notation, we denote the consumption-versus-health-risk motive by Ωt

Ωt = β
∂τt (Cs,t, Ns,t)

∂Cs,t
[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1] . (46)

10In Appendix A, we conduct an alternative and complementary exercise. We assume that the effective lower bound
on nominal interest rates does not bind and simulate the effects of persistent shocks to the monetary policy rule at
different stages of the pandemic. The results from this experiment support our finding that monetary policy is weaker
when the stock of infected individuals is large.
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Solving forward the Euler equation of susceptible individuals, we obtain

C−σ
s,t +Ωt = βn 1 + µt

1 + µt+n

(
C−σ
s,t+n +Ωt+n

) n−1∏
j=0

RRt+j , (47)

where RRt =
1+Rmp

t
Πt+1

is the real interest rate in period t.

We first study the time t effect of a decline in the real interest rate at time t+h, with 0 < h < n−1,

under the assumption that n is large enough so that, by time t+ n, the pandemic has died out and

economic outcomes are independent of real interest rate changes happening before t + n. Since µt

is predetermined within the period (because of its dependence on the stock of infected individuals),

the elasticity of time t consumption to a change in the real interest rate at time t+ h is given by

∂Cs,t

∂RRt+h

RRt+h

Cs,t
= − 1

σ

C−σ
s,t +Ωt

C−σ
s,t

+
1

σ

∂Ωt

∂RRt+h

RRt+h

C−σ
s,t

. (48)

In normal times, Ωt = 0 for all t so the elasticity is simply equal to −1/σ, regardless of the horizon

of the shock. In a pandemic, the elasticity depends both on the value of Ωt at the time of the shock,

as captured by the first term on the right hand side of equation 48, and its responsiveness to interest

rate changes, as captured by the second term on the right hand side of equation 48.

We start by considering the first term on the right hand side of equation 48. We note that

Ωt < 0 since increasing one’s consumption leads to a greater probability of being exposed to the

virus, that is ∂τt (Cs,t, Ns,t) /∂Cs,t > 0, and individuals would rather avoid being infected, that is

Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1 < 0. This implies that
(
C−σ
s,t +Ωt

)
/C−σ

s,t < 1 and, hence, that

the first term in equation 48 is larger (smaller in absolute value) than −1/σ: a decline in the real

interest rate is less stimulative when the risk of infection is positive. To understand this result

from a different perspective, let us consider equation 47. In this equation, a decline in the real

interest rate results in a decrease in the term on the right hand side of the equation. In order to

restore the equality, consumption Cs,t needs to increase but, since utility is concave in consumption,

the required increase is smaller the more negative Ωt is. In turn, the higher the probability of

being infected through consumption activities, the more negative Ωt is and, hence, the smaller the

required expansion in consumption. Intuitively, individuals are much less willing to take advantage

of intertemporal substitution opportunities when doing so involves a non-negligible risk of becoming

sick. Thus, according to this channel, we expect: (i) the effects of monetary policy on consumption

to be smaller during a pandemic than in normal times; and (ii) the effects of monetary policy to be

the weakest at the peak of the pandemic, when the probability of getting infected is the highest.
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Next, we assess how the response of Ωt to the shock contributes to shaping the interest rate

elasticity of consumption for susceptible individuals by analyzing the second term in equation 48.

We have that

∂Ωt

∂RRt+h
= βπs1It

[
∂Ci,t

∂RRt+h
[Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1]

+Ci,t
∂ [Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1]

∂RRt+h

]
, (49)

where It is predetermined within the period. The response of Ωt to a change in the real interest

rate depends on both the responses of Ci,t and Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1. From the Euler

equation of infected individuals, equation 32, we know that ∂Ci,t/∂RRt+h is negative. Therefore,

given that Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1 < 0, the first term of the partial derivative is positive.

Also, ∂ (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) /∂RRt+h is generally negative, as susceptible individuals

benefit less (more) from a monetary policy easing (tightening) than infected and recovered individ-

uals (because of a smaller increase in consumption and hours worked and a rise in the probability of

infection). Therefore, the sign of ∂Ωt/∂RRt+h is ambiguous. On the one hand, through an increase

in Ci,t, a monetary easing triggers a rise in the probability of infection. On the other hand, it leads

to a decrease in the utility loss of infection. If the first effect dominates, susceptible individuals are

incentivized to consume less, which further blunts the positive effects of the interest rate shock. If

the second effect dominates, the reverse happens. In general, we find in our simulations that the

impact response of Ωt does not contribute meaningfully to the initial response of consumption to

the shock. That is, the impact response of consumption is best characterized by ignoring the second

term in equation 48.

While we have so far focused on the effects of a real interest rate change in the period agents

learn about this change, monetary policy influences economic activity beyond this initial period

through its effect on the dynamics of the epidemic. Notably, although movements in µt and Ωt are

inconsequential for the response of consumption on impact, this is no longer the case in subsequent

periods once infections It start responding to the shock. Consider for example the effects of a one-

time decline in RRt announced in period t. Initially, the easing of monetary policy provides a boost

to economic activity. However, since the increase in economic activity necessarily requires an increase

in social interactions, this inevitably leads to a rise in infections. In subsequent periods, once policy

accommodation is removed, the economy is left with a larger stock of infected individuals, which

depresses demand through both mandatory (an increased severity of lockdowns µt) and voluntary

social distancing (an increased desire to postpone consumption through the consumption-versus-

health-risk motive Ωt). Thus, because of the feedback between economic activity and infection

dynamics, the monetary authority faces a dynamic trade-off. Any attempt to support aggregate

demand in the present may result in lower aggregate demand tomorrow.
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4.2. Monetary policy experiments

To illustrate the relevance of the mechanisms described above, we conduct several experiments.

For simplicity, suppose that monetary policy by the central bank is given by an exogenous rule for

the real interest rate as follows

RRt = RR+ ϵt,t+j ,

where ϵt,t+j denotes the shock to the real rate in period t + j that becomes known in period t.

Under this specification for the policy rule, in the absence of monetary policy shocks, the real

interest rate is constant and equal to its steady-state value in all periods. The dynamics of real and

epidemiological variables in this economy with a real interest rate peg are qualitatively similar to

those in the baseline economy of Section 3, where monetary policy was instead conducted according

to a Taylor rule and subject to the effective lower bound on nominal interest rates. In Section 4.2,

we characterize the effects of one-time anticipated changes in the real interest rate ϵt,t+j announced

in different periods t and with different horizons j. Figures 3 to 5 report impulse response functions

(IRFs): they show deviations from the economy with a real interest rate peg in response to the one-

time real rate shocks ϵt,t+j
11. In describing the results, we first analyze the response of consumption

and output and then overview the responses of epidemiological variables12.

In our first experiment, we set t = 1, ..., 80 and j = 0 — that is, we examine the effects of an

unanticipated one basis point drop in the weekly real interest rate at any time between week 1 and

week 80 of the pandemic. Figure 3 reports the IRFs for consumption, output, the stock of infected

and susceptible individuals, and cumulative deaths. As shown in Figure 3 (a), the effects of the

real interest change on consumption are the smallest at the peak of the pandemic, around week 20.

The effects are also smaller throughout the course of the pandemic than in normal times, thereby

confirming the relevance of the consumption-versus-health-risk motive13. The negative effects of

consumption are persistent even after policy accommodation is removed since the initial increase

in activity leads to new infections, which, in turn, depress consumption through the mechanisms

described in Section 4.1.

In our second experiment, we set t = 1 and let the horizon j vary between 0 and 80 — that

is, we examine the effect on consumption of a one basis point drop in the weekly real interest rate

announced at time 1 and with a horizon comprised between 0 and 80 weeks. Figure 4 presents the

results. Let us focus our discussion on the IRFs to an anticipated decline in the real interest rate at a

horizon of 20 weeks — the dashed orange line. As shown in Figure 4 (a), the response of consumption

is initially quite strong but declines abruptly as the epidemic progresses. As the number of infections

rises households become less willing to take advantage of intertemporal substitution opportunities.

11Here, we consider the case of an active lockdown policy. Results under the laissez-faire policy are presented in
Appendix C.

12The responses of output and consumption are qualitatively similar. Any difference in the responses is driven by
the presence of price adjustment costs. As shown in Figure 3, after an unanticipated change in the real interest rate,
the responses of consumption and output are virtually identical. Figure 4 and Figure 5 report the IRFs to anticipated
changes in the real interest rate. In these cases, the shocks translate into meaningful inflationary pressures that
increase price adjustment costs, thereby driving a wedge between the consumption and output responses.

13For comparison, in a similarly calibrated standard New Keynesian model, the consumption response would be
equal to 5 ∗ 10−3 at the time of shock and zero in all other periods.
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Figure 3. IRFs to unanticipated changes in the real interest rate at different dates
(week 1 to week 80)
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(b) Output
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(d) Susceptible
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(e) Cumulative deaths

Note: The left dark blue line shows the response to a shock revealed in week 1. The left orange line shows the response
to a shock revealed in week 10. The yellow line shows the response to a shock revealed in week 20. The purple line
shows the response to a shock revealed in week 30. The green line shows the response to a shock revealed in week 40.
The light blue line shows the response to a shock revealed in week 50. The red line shows the response to a shock
revealed in week 60. The right blue line shows the response to a shock revealed in week 70. The right orange line
shows the response to a shock revealed in week 80.

Policy accommodation is removed in period 21, which brings the response of consumption to negative

territory. Indeed, the prolonged boost to economic activity between periods 1 and 20 increases the

number of new infections, leading to tighter lockdown measures and leaving households with a

greater desire to postpone consumption compared to a case without monetary policy stimulus.

After period 30, the consumption response bounces back above zero. Since infections have been

brought forward in time, the economy is left with less susceptible individuals and the spread of

the virus slows down, thereby accelerating the recovery from the pandemic. A similar pattern can

be observed for the responses of consumption to anticipated decreases in the real interest rate at

longer horizons — the dash-dotted yellow line and the dotted purple line —, with the noticeable

exception that the drop in consumption at the peak of the pandemic is smaller, reflecting the fact

that monetary policy accommodation is removed later in those simulations, once the pandemic is

already under control14.

14For comparison, in a standard New Keynesian model, such an anticipated decline in the real interest rate at
horizon j would lead to an consumption response equal to 5 ∗ 10−5 from periods 1 to j and zero afterwards.
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Figure 4. IRFs to anticipated changes in the real interest rate. Anticipated at date
1, horizon 1 (solid blue), 20 (dashed orange), 50 (dash-dotted yellow), 80 (dotted
purple).
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In the third experiment, we set j = 50 and let time t vary between 1 and 80 – that is, we

examine the consumption effects of a one basis point drop in the weekly real interest rate announced

at any time between week 1 and week 80 and with a fixed horizon of 50 weeks. Figure 5 presents

the results. The response of consumption is U-shaped and qualitatively similar regardless of the

timing of the announcement. In the downward-sloping part of the U, the number of new infections

brought about by the shock builds up before reaching a peak. In the upward-sloping part of the U,

new infections gradually decline. However, the quantitative effects of these anticipated shocks are

state-dependent: if the announcement takes place early in the pandemic, when a large fraction of

individuals are susceptible to the virus, the build-up in infections is large and the U-shaped response

of consumption is very pronounced. See, for example, the blue solid line versus the dashed orange

line in Figure 5. If the announcement takes place later during the pandemic, when a significant

fraction of the population has already been infected and recovered, the build-up in infections is

much smaller and the U-shaped response of consumption is less pronounced. See, for example, the

dashed orange line versus the dashed-dotted yellow line in Figure 5.

In all three of the experiments, we observe that a temporary easing of monetary policy conditions

leads to an increase in deaths and in a decrease in the stock of susceptible individuals in the long run.

In SIR models, the final size of the epidemic overshoots the threshold of herd immunity and policies
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Figure 5. IRFs to anticipated changes in the real interest rate. Horizon 50, revealed
at time 1 (solid blue), 20 (dashed orange), 50 (dash-dotted yellow), 80 (dotted
purple).
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that are successful at temporarily reducing the basic reproduction number R0, such as lockdowns,

can reduce the final size of the epidemic and save lives15. As shown in Figure 1, the final number of

deaths is larger in the absence of a lockdown policy than in our baseline economy. A similar logic

operates in response to a change in monetary policy conditions. By fostering social interactions and

temporarily raising the basic reproduction number, expansionary demand policies accentuate the

epidemic overshoot and result in a higher overall number of deaths in the long run16.

From these experiments, we conclude that monetary policy is likely to be less effective at the

height of the pandemic. It could, however, help sustain the recovery in economic activity once the

virus starts dissipating. However, such a support to economic activity will necessarily come at the

expense of a deterioration in health outcomes.

15The threshold of herd immunity is given by S∗ = 1
R0

. With R0 = 1.45, we have that S∗ ≈ 0.69. For a discussion
of the epidemic overshoot beyond the threshold of herd immunity in SIR models, see for example Moll (2020).

16In all our simulations, we assume that the vaccine never arrives. Instead, if we were to assume that the vaccine
does arrive, say after one year, then an easing of monetary policy conditions in the first year of the pandemic would
be even more deadly. Indeed, as seen in Figures 3 and 4, cumulative deaths tend to peak a few weeks after the shock
and decline slowly thereafter.
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4.3. A delayed lift-off

Thus far, we have assumed that there is no feedback from changes in output and inflation back

onto real interest rates. However, in practice, when the policy rate is constrained by the effective

lower bound, as is the case in our baseline economy, forward guidance about lower nominal interest

rates reduces real interest rates both at the time of the announcement and before the announcement

through endogenous movements in inflation. In this section, we examine the effects of such forward

guidance policies. In our baseline economy, described in Section 3, the federal funds rate stayed at

the effective lower bound from weeks 1 to 45. We now consider two alternative scenarios in which

the central bank delays lift-off by either 26 weeks (2 quarters) or 52 weeks (4 quarters).

Figure 6 shows the simulated paths for economic and epidemiological variables after the same

initial zoonotic exposure under different monetary policy rules. In particular, we report the results

for our baseline economy (the solid lines), for an economy identical to the baseline but with a two-

quarter delayed lift-off policy (the dashed lines), and for an economy with a four-quarter delayed

lift-off policy (the dotted lines).

The main message from Figure 6 is that delayed lift-off policies lead to a significant increase in

inflation but have only limited effects on real variables. Delaying lift-off from the effective lower

bound brings about higher demand. To accommodate the expansion in demand, firms increase hours

worked, which puts upward pressure on wages and, ultimately, prices as susceptible individuals

are still reluctant to participate in the labor market. With the federal funds rate at its effective

lower bound, the rise in inflation leads to a large decline in the real interest rate, which further

stimulates economic activity. Initially, the delayed lift-off policies cushion the decline in economic

activity, although the effects are small. However, as the epidemic progresses, the effects of forward

guidance become less stimulative. In particular, forward guidance is not effective at softening the

magnitude of the peak decline in output as shown in Figure 6 (b). Note that the trough in output

is reached at the height of the pandemic, when the interest-sensitivity of consumption is the lowest.

Furthermore, the higher initial path of economic activity under the delayed lift-off policy leads to

an increase in infections, which, in turn, leads to more severe lockdowns and reinforces households’

incentives to postpone consumption until the risk of infection wanes. Once the situation on the

epidemiological front starts improving, the economy recovers at a faster pace under the delayed

lift-off policies. Indeed, as the effects of the virus dissipate, the behavior of households returns to

normalcy and forward guidance regains its effectiveness. Such a policy is, however, ineffective at

sustaining economic activity at the height of the pandemic.

5. What should monetary policy do in a pandemic?

While we have so far shown that the effectiveness of monetary policy during a pandemic can be

weaker, we have not analyzed how monetary policy should optimally be conducted in this context.

Notably, a benevolent planner would likely weigh the limited gains in the stabilization of real activity

against the human costs of additional infections when setting a path for the nominal interest rate.

To identify which inefficiencies arise in the decentralized equilibrium and how monetary policy can
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Figure 6. Economic and Epidemiological Effects (weekly). Baseline (solid), 2-quarter lift-off delay
(dashed), 4-quarter lift-off delay (dotted)
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attempt to correct for them, we first compare the decentralized equilibrium with the allocation

that a planner would achieve in section 5.1. We then study optimal policy in section 5.2, where

we proceed in two steps: first, we compute the allocation under the joint optimal lockdown and

monetary policies; and second, we study optimal monetary policy conditional on a given (and

potentially sub-optimal) lockdown path.
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5.1. The optimal allocation

The planner seeks to maximize the intertemporal utility of households subject to the epidemio-

logical population dynamics equations and the economy-wide resource constraint. Formally:

V (St, It, Rt) = max
Cs,t,Ci,t,Cr,t,Ns,t,Ni,t,Nr,t

{Stu (Cs,t, Ns,t) + Itu (Ci,t, Ni,t) +Rtu (Cr,t, Nr,t)

+βV (St+1, It+1, Rt+1)} (50)

subject to

StCs,t + ItCi,t +RtCr,t = A (StϕsNs,t + ItϕiNi,t +RtϕrNr,t) (51)

St+1 = (1− δv) (St − πs1StCs,tItCi,t − πs2StNs,tItNi,t − πs3StIt) (52)

It+1 = (1− πr − πd) It + πs1StCs,tItCi,t + πs2StNs,tItNi,t + πs3StIt (53)

Rt+1 = Rt + πrIt + δv (St − πs1StCs,tItCi,t − πs2StNs,tItNi,t − πs3StIt)(54)

The first-order conditions are:

uc (Cs,t, Ns,t) + βπs1ItCi,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = λt (55)

uc (Ci,t, Ni,t) +

infection externality︷ ︸︸ ︷
βπs1StCs,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = λt (56)

uc (Cr,t, Nr,t) = λt (57)

un (Cs,t, Ns,t) + βπs2ItNi,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = −λtϕs

imperfect competition︷︸︸︷
A

un (Ci,t, Ni,t) +

infection externality︷ ︸︸ ︷
βπs2StNs,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) = −λtϕi

imperfect competition︷︸︸︷
A (58)

un (Cr,t, Rr,t) = −λtϕr

imperfect competition︷︸︸︷
A (59)

where λt is the Lagrange multiplier associated with the budget constraint.
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The envelope conditions are:

Vs,t = u (Cs,t, Ns,t) + λt

imperfect competition︷︸︸︷
A ϕsNs,t − Cs,t

+ (1− δv) (1− τt)βVs,t+1 + τtβVi,t+1

+δv (1− τt)βVr,t+1 (60)

Vi,t = u (Ci,t, Ni,t) + λt

imperfect competition︷︸︸︷
A ϕiNi,t − Ci,t



+(1− πr − πd)βVi,t+1 + πrβVr,t+1 +

infection externality︷ ︸︸ ︷
βτt

St

It
(Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) (61)

Vr,t = u (Cr,t, Nr,t) + λt

imperfect competition︷︸︸︷
A ϕrNr,t − Cr,t

+ βVr,t+1 (62)

In the equations above, we highlight the differences with the decentralized equilibrium in red and

blue as well as with the tags “imperfect competition” and “infection externality”. Three types of

distortions arise in the decentralized equilibrium: (i) for a given level of output, the presence of

price adjustment costs reduces the amount of resources available for consumption, as can be seen

by comparing equations 42 and 51 ; (ii) monopolistic competition drives a wedge between the

marginal rate of substitution between consumption and hours worked and the marginal product of

labor (terms in blue, also indicated by the tag “imperfect competition”); (iii) households do not

internalize the effects of the consumption and labor supply decisions of infected individuals on the

dynamics of the epidemic (terms in red, also indicated by the tag “infection externality”).

While the first two distortions are standard in New Keynesian models and imply that the

monetary authority should focus on stabilizing inflation, the infection externality is specific to the

context of a pandemic. Infected individuals consume and work too much and, in doing so, contribute

to the spread of the virus. This has two potential implications for monetary policy. First, monetary

policy is a blunt tool: it affects consumption and hours worked of all individuals in a similar way.

However, the infection externality is best addressed by policies that target only infected individuals.

The same shortcoming is shared by other policies that affect individuals equally despite their health

status, such as lockdowns. Second, absent any policy intervention, the decentralized equilibrium is

inefficient with a level of economic activity that is too high. That is, the planner would be willing

to engineer a decline in consumption and hours worked for all individuals in order to limit the

spread of the virus within the population (see, for example, Eichenbaum, Rebelo and Trabandt,

2021, Jones, Philippon and Venkateswaran, 2021, and Farboodi, Jarosch and Shimer, 2021, among

others).

5.2. Ramsey optimal policy

We now turn to the study of optimal policy. To build intuition, we proceed in two steps. First,

we equip the planner with the ability to choose optimally the lockdown policy. In doing so, we want
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to give the chance for another tool than monetary policy to address the infection externality. We

presume that the lockdown policy may be more effective in this task than monetary policy. Thus,

in that first step, we study the joint optimal lockdown and monetary policies. Second, we relax

the assumption that the lockdown policy is chosen optimally and we analyze how monetary policy

should be conducted when the lockdown policy is sub-optimal to varying degrees.

The joint Ramsey optimal lockdown and monetary policies entail the government choosing paths

for the containment rate {µt}∞t=0 and the nominal interest rate {Rmp
t }∞t=0 to maximize social welfare,

equation 50, subject to the constraints of the competitive economy. The formal optimal policy

problem is presented in Appendix B. We assume that the policies are conducted with commitment;

the government announces the paths for {µt}∞t=0 and {Rmp
t }∞t=0 and sticks with them although

the plan is time-inconsistent. We also assume that the government fully re-optimizes at time zero

without incurring a loss in credibility, an assumption that we believe to be realistic given the

unprecedented nature of the COVID-19 shock and the extraordinary policy measures that were put

in place to address the crisis17. Lastly, for the sake of simplicity, and to make the intuition for our

results as transparent as possible, we do not enforce the zero lower bound on nominal interest rates,

which would constitute an additional constraint on the conduct of monetary policy.

The paths of µt, R
mp
t , and several economic and epidemiological variables under the joint optimal

lockdown and monetary policies are presented in Figure 7. For comparison, we also plot economic

and epidemiological outcomes in our baseline. Most variables exhibit considerable persistence under

the optimal policies and we report only the first 500 periods of the simulation, when most of the

action takes place. We see that the consumption tax µt is increased immediately in the first period

of the simulation to a level close to 200 percent and declines only persistently thereafter. Output

and consumption drop by about 25 percent on impact and inherit the persistent behavior of the

consumption tax throughout the simulation. The forced decline in economic activity is successful

at reducing the peak number of infections to about 1 percent of the population against 3 percent

in our baseline. Thereafter, infections are maintained at a low level until the threshold of herd

immunity is reached at very long horizons (beyond what is shown in the figures). Crucially, the

persistent behavior of the lockdown policy helps reach the threshold of herd immunity without

ever overshooting it, thereby minimizing the cumulative number of infections and deaths. As for

monetary policy, the nominal interest rate is decreased substantially so as to keep inflation equal to

its target in every period of the simulation. Thus, the government uses the two tools at its disposal

to achieve two different objectives. The lockdown policy is used to achieve the level of economic

activity that strikes the right balance between economic and health outcomes. Monetary policy

is used to offset the distortions arising from monopolistic competition and price adjustment costs,

which implies keeping the inflation rate on target.

What happens if one of those two tools is not set optimally? For example, assume that the

lockdown policy is not optimal: should monetary policy be used to achieve a level of economic

activity that minimizes the inefficiencies arising from the infection externality? To address this

17This assumption is immaterial for our findings — the results are unchanged if we instead assume that the lockdown
and monetary policies are conducted according to a timeless perspective.
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issue, we now derive the Ramsey optimal monetary policy conditional on a given path for the

containment rate. That is, we assume that the government chooses a path for the nominal interest

rate {Rmp
t }∞t=0 to maximize social welfare subject to the constraints of the competitive economy and

taking the path of the containment rate {µt}∞t=0 as given. As in the preceding exercise, we assume

that monetary policy is conducted under commitment and we do not enforce the zero lower bound

on nominal interest rates.

Figure 8 shows the policy rate Rmp
t as well as several economic and epidemiological variables in

three cases: (i) the lockdown policy is optimal (solid blue line); (ii) the lockdown policy is at all

times 75 percent as stringent as the optimal policy µt = 0.75 ∗ µopt
t (dashed orange line); (iii) the

lockdown policy is at all times 50 percent as stringent as the optimal policy µt = 0.5 ∗µopt
t (dashed-

dotted yellow line). The solid blue line replicates the results from the joint optimal lockdown and

monetary policies exercise: when the lockdown path is the optimal one, monetary policy is tasked

with stabilizing inflation. Focusing on the dashed orange and dashed-dotted yellow lines, we see

that monetary policy is tighter — the path for the federal funds rate is above that with an optimal

lockdown policy — when the lockdown policy is sub-optimal18. Indeed, the monetary authority

now faces a trade-off between its objective of inflation stabilization and the necessity to minimize

the inefficiencies arising from the infection externality. Since the level of economic activity in the

decentralized equilibrium is too high, monetary policy tightens and engineers a fall in economic

activity. In our calibration, the central bank faces a meaningful trade-off. Indeed, while inflation

deviates significantly from target — it drops to about minus 3 percent on an annual basis on impact

when the lockdown policy is half as stringent as the optimal policy —, the output path is still

noticeably above that under the optimal lockdown policy. Moreover, health outcomes deteriorate

compared to the case with an optimal lockdown policy: with a lockdown policy half as stringent

as the optimal policy, infections peak at about 1.5 percent of the population, 34.3 percent of the

population ends up contracting the virus, and 0.171 percent of the population ends up dying from

the virus. These numbers are 1.15 percent, 31 percent, and 0.152 percent, respectively, under the

optimal lockdown policy.

Thus, our analysis of optimal policy reveals two main results: (i) with both lockdowns and

monetary policy at its disposal, the planner should use lockdowns to address the infection externality

and monetary policy to address the distortions arising from monopolistic competition and price

stickiness; (ii) if the lockdown policy is sub-optimal, monetary policy faces a trade-off between

its objective of inflation stabilization and the necessity to minimize the distortions arising from

the infection externality and resolves that trade-off by tightening monetary policy the more sub-

optimal the lockdown policy is. Interestingly, some leading monetary policymakers, notably Bullard

(2020), argued that monetary policy should not be stimulative in the midst of a pandemic. In our

framework, whether monetary policy should be accommodative or not depends on the government’s

ability to control virus spread.

18The variable relevant for household’s consumption decisions is the real interest rate, not the nominal interest rate.
The path of the real interest rate is also higher when the lockdown policy is sub-optimal.
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To finish, let us add a word of caution. In this section, we did not attempt to provide a compre-

hensive quantitative assessment of how monetary policy should behave in a pandemic. Rather, we

studied in details how one key feature of the pandemic — the interaction between economic decisions

and virus dynamics — affects the optimal design of monetary policy. Using a simple framework and

focusing on one key aspect of the pandemic enabled us to cleanly isolate the forces at work and build

solid intuition for our results. However, we do not dispute that, in reality, other motives such as a

desire to keep otherwise profitable businesses afloat and preserving employment relationships may

very well dominate the motive that we emphasize in determining the optimal stance of monetary

policy.

Figure 7. Economic and Epidemiological Variables (weekly). Baseline (solid), Optimal policy (dashed)
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(a) Consumption
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(b) Output
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(c) Inflation

0 50 100 150 200 250 300 350 400 450 500

Weeks

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

P
e
rc

e
n
ta

g
e
 p

o
in

ts
 (

w
e
e
k
ly

)

(d) Policy rate

0 50 100 150 200 250 300 350 400 450 500

Weeks

0

0.005

0.01

0.015

0.02

0.025

0.03

F
ra

c
ti
o

n
 o

f 
th

e
 p

o
p

u
la

ti
o

n

(e) Infected

0 50 100 150 200 250 300 350 400 450 500

Weeks

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

F
ra

c
ti
o
n
 o

f 
th

e
 p

o
p
u
la

ti
o
n

(f) Susceptible
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(g) Deaths
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Figure 8. Economic and Epidemiological Variables (weekly). Optimal lockdown policy (solid), µt =
0.75 ∗ µopt

t (dashed), µt = 0.5 ∗ µopt
t (dashed-dotted)
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(b) Output
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(d) Policy rate
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6. Robustness

There is a great deal of uncertainty about the parameters governing epidemiological dynamics

during the still on-going COVID-19 pandemic. In this section, we study the sensitivity of our

results to variations in the basic reproduction number, R0, the per-period probability of dying

when infected or mortality rate, πd, and the flow value of being alive, ū. We focus our analysis

on the following statistics: the peak infection rate, the timing of the peak, the overall size of the

pandemic measured by the percentage of susceptible individuals at the end of it, the maximum drop

in output, and a measure of the effectiveness of monetary policy. This last statistic is computed as

the increase in output generated by an unanticipated one basis point drop in the weekly real interest

rate at the peak of the pandemic (the first experiment in Section 4.2) divided by the increase in
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response to the same shock in the absence of a pandemic. As should be clear from the exercises

conducted in Section 4, the dynamic interaction between virus dynamics and economic decisions is

critical in shaping the transmission of monetary policy in our framework. In the interest of space,

we have decided to report only one measure of monetary policy effectiveness, but one should keep

in mind that it does not provide an account of those dynamic considerations and is therefore an

imperfect indicator of monetary policy effectiveness. We divide Table 1 in three sections, one for

each variation we are analyzing. The first row for each section in Table 1 corresponds to the baseline

described in Section 3.2.

Table 1: Robustness

Infection rate Timing Susceptibles Output MP effectiveness

Basic reproductive number

R0 = 1.45 2.97 21 57 -19 80%
R0 = 2 8.14 16 35 -35 78%
R0 = 2.5 13.26 13 25 -44 79%

Mortality rate

πd = 0.005 ∗ 7/15 2.97 21 57 -19 80%
πd = 0.0025 ∗ 7/15 3.04 21 57 -17 84%
πd = 0.010 ∗ 7/15 2.87 21 58 -22 73%

Flow value of being alive

ū = 5.4 2.97 21 57 -19 80%
ū = 2.9 3.06 21 56 -17 86%
ū = 4.3 3.01 21 57 -18 82%

The first section in Table 1 reports the results for alternative basic reproduction numbers, R0.

In our baseline, R0 = 1.45, which is at the lower end of estimates in the literature. For example,

Bar-On et al. (2020) provide a range of estimates for R0 between 2 and 6, while Chudik, Pesaran

and Rebucci (2021) suggest that R0 is comprised between 2.4 and 3.9. We explore two alternative

values for the basic reproduction number: R0 = 2 and R0 = 2.5. As shown in Table 1, as the basic

reproduction number increases, the pandemic gets larger — the peak infection rate increases and a

lower fraction of susceptible individuals is left at the end of the pandemic. Consequently, the size

of the economic downturn brought about by the pandemic increases with R0. As shown in the last

column of Table 1, monetary policy effectiveness is stable across values of R0. This is due to two

factors. First, when R0 is high, the interest sensitivity of the consumption of susceptible individuals

at the peak of the pandemic is low, but so is the population share of susceptible individuals. Through

a compositional effect, the interest sensitivity of aggregate consumption is therefore little affected

when R0 varies. Second, when R0 is high, the economic experiences a much deeper recession.

In that case, the marginal utility of consumption shoots up and, although the risk of infection is

extremely high, its importance in consumption decisions is reduced.

In our baseline, we assume an infection fatality rate of 0.5 percent, which implies a weekly

mortality rate, πd, of 0.23 percent. We consider two alternatives: first, an infection fatality rate
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of 0.25 percent, which implies a weekly mortality rate of 0.12 percent, and an infection fatality

rate of 1 percent, which implies a weekly mortality rate of 0.47 percent. As shown in the second

panel in Table 1, variations in the mortality rate have smaller effects on epidemiological outcomes

than variations in the basic reproduction number. In particular, the timing of the peak and the

size of the pandemic are the same across alternative values for the infection fatality rate, while

the infection rate at the peak changes slightly: it decreases as the infection fatality rate increases.

The economic effects implied by changes in the mortality rate are larger than the epidemiological

ones. For example, if the mortality rate is half that in the baseline, the drop in output is about

11 percent smaller than in the baseline. Similarly, when the mortality rate doubles, the drop in

output at the peak of the pandemic is about 16 percent larger than in the baseline. Indeed, when

the probability of death increases, individuals have more to lose from becoming infected and they

cut back more drastically on consumption and hours worked. They also become more reluctant to

adjust consumption in response to real interest changes: as shown in the last column in Table 1,

the effectiveness of monetary policy is a decreasing function of the infection fatality rate.

The third panel in Table 1 explores the sensitivity of our results to the valuation of a statistical

life (VSL). The VSL in our baseline does not adjust by life expectancy at the age of death. Robinson,

Sullivan and Shogren (2021) use three approaches to adjust for age: an invariant population-average

VSL, a constant value per statistical life-year, and a VSL that follows an inverse-U pattern peaking

around middle age. When applying these approaches to the U.S. age distribution of COVID-19

deaths, they obtain average VSL estimates of $10.6 million, $4.5 million, and $8.5 million, respec-

tively. In our framework, those VSL estimates imply the following values for the flow value of life:

5.1, 2.9, and 4.3, respectively. We report in Table 1 the results for ū = 2.9 and ū = 4.3. As shown

in Table 1, variations in the VSL have limited effects on epidemiological and economic outcomes.

The last column shows that monetary policy regains its effectiveness as the VSL decreases. The

intuition for this result is similar to the one outlined above in the case of the mortality rate: with

a smaller VSL, individuals are less concerned about the risk of infection and become more willing

to engage in economic activities.

To finish, let us note that we have also explored the robustness of our optimal policy results.

In the interest of conciseness, we do not report additional results here since our two main findings

are unchanged. Regardless of parameter combinations, we still find that: (i) with both lockdowns

and monetary policy at its disposal, the planner uses lockdowns to address the infection externality

and monetary policy to stabilize inflation; (ii) in case the lockdown policy is sub-optimal, monetary

policy should be tighter the more sub-optimal the lockdown policy is.

7. Conclusion

In response to the COVID-19 shock, central banks around the world acted swiftly and forcefully

by cutting short-term interest rates, extending forward guidance and asset purchases, and provid-

ing liquidity and credit support (English, Forbes and Ubide, 2021). In this paper, we develop a

framework where economic decisions and virus dynamics are interlinked and analyze the role played
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during a pandemic by two monetary policy tools: conventional interest rate policy and forward

guidance.

Our first main result pertains to the effectiveness of monetary policy. We find that monetary

policy is generally less effective in a pandemic than in normal times. In the model, the transition

probability from being healthy (susceptible) to sick (infected) depends on households’ consumption

and labor supply decisions. In a pandemic, individuals have to balance the benefits of taking

advantage of intertemporal substitution opportunities with the risk of becoming sick. As a result,

decreases in real interest rates are less effective at propping up economic activity than in normal

times. The strength of this channel is strongly state-dependent: individuals are the most reluctant

to engage in intertemporal substitution when the stock of infected individuals — and, thus, the

probability of infection — is the largest.

Our second main result pertains to the optimal conduct of monetary policy. We find that

monetary policy is poorly equipped to address the main inefficiency arising in the decentralized

equilibrium, namely the fact that infected individuals do not internalize the effects of their actions

on the dynamics of the epidemic. The optimal behavior of monetary policy depends on how other

tools used to limit virus spread, such as lockdowns, are deployed. If the lockdown policy is set

optimally, monetary policy should focus on minimizing the distortions arising from price stickiness

and monopolistic competition, which implies stabilizing inflation. However, if the lockdown policy is

sub-optimal, monetary policy faces a trade-off between ensuring price stability and minimizing the

distortions arising from the infection externality. The trade-off is resolved by tightening monetary

policy the more sub-optimal the lockdown policy is.

Our paper is a first step to understanding whether monetary policy transmits, and should be

conducted, differently in a pandemic than in normal times. We have deliberately considered a simple

framework and focused on one key aspect of the pandemic — the interaction between economic

decisions and virus dynamics. This strategy has allowed us to trace the inner workings of the

transmission of monetary policy and cleanly isolate the forces at work in the optimal policy exercises.

However, our model abstracts from many important features of the pandemic recession such as,

for example, sectoral and occupational heterogeneity (Kaplan, Moll and Violante, 2020), credit

constraints, the heterogeneity in the exposure to the virus by age (Hur, 2020), or unconventional

measures implemented by central banks (asset purchases programs, measures to facilitate the flow

of credit, etc). Thus, our results should not be taken as a quantitative guide to optimal policy.

Undertaking such a quantitative evaluation of monetary policy is an interesting avenue for future

research, but is outside the scope of this paper.
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Appendix A. Additional monetary policy experiment

In this appendix, we propose an alternative experiment to illustrate the state-dependent nature

of the effects of monetary policy in our framework. In a first stage, we re-simulate our baseline

pandemic scenario of section 3.2, but we now assume that the monetary authority is not subject

to the effective lower bound on nominal interest rates. In a second stage, we compute impulse

response functions to shocks to the monetary policy rule at different points in the pandemic (weeks

10, 30, 50, 100). The initial impulse (before the policy rate adjusts endogenously with movements

in output and inflation) is a one basis point shock to the weekly interest rate with a persistence

of 0.99, also at a weekly frequency. Figure 9 reports the results. We see that the short-run effects

of monetary policy shocks on output and consumption are weaker at the height of the pandemic

(shocks happening in weeks 10 and 30) than in normal times (shock happening in week 100). All

expansionary monetary policy shocks lead to more deaths and less susceptible individuals in the

long run, but the effect is stronger for shocks happening earlier in the pandemic.

Figure 9. IRFs to Monetary Policy Shocks at time 10 (solid blue), 30 (dashed orange),
50 (dash-dotted yellow), 100 (dotted purple).
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Appendix B. Optimal policy problem

Joint optimal lockdown and monetary policies. The planner chooses paths for the containment

rate {µt}∞t=0 and the nominal interest rate {Rmp
t }∞t=0 to maximize social welfare subject to the

constraints of the competitive economy: equations 17 to 19 describing SIR dynamics, the marginal
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utilities of consumption for susceptible, infected, and recovered individuals, equations 20 to 22], the

labor supply conditions for susceptible, infected, and recovered individuals, equations 23 to 25, the

value functions for susceptible, infected, and recovered individuals, equations 27 to 29, the Phillips

curve, equation 37, the aggregate Euler equation, equation 26, the aggregate resource constraint,

equation 42, and the production function, equation 34. The problem can be seen as one in which

the planner chooses directly the allocation. Once the paths for the marginal utility of consumption

λt and inflation are known, the path of nominal interest rates consistent with this allocation can be

backed out using the aggregate Euler equation. In the end, the Ramsey planner chooses the sequence

{St+1, It+1, Rt+1, τt, Cs,t, Ci,t, Cr,t, Ns,t, Ni,t, Nr,t, Vs,t, Vi,t, Vr,t, λt, wt,Πt, Yt, µt}∞t=0 to maximize the

following Lagrangian, where the ωi,t are the Lagrange multipliers associated with the constraints:

L =
∞∑
t=0

βt(Stu (Cs,t, Ns,t) + Itu (Ci,t, Ni,t) +Rtu (Cr,t, Nr,t) + ω1,t [(1− δv)St (1− τt)− St+1]

+ω2,t [(1− πr − πd) It + τtSt − It+1] + ω3,t [Rt + πrIt + δvSt (1− τt)−Rt+1]

+ω4,t [πs1Cs,tItCi,t + πs2Ns,tItNi,t + πs3It − τt]

+ω5,t

[
C−σ
s,t + βπs1ItCi,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1)− λt (1 + µt)

]
+ω6,t

[
C−σ
i,t − λt (1 + µt)

]
+ ω7,t

[
C−σ
r,t − λt (1 + µt)

]
+ω8,t

[
−χN

1/φ
s,t + βπs2ItNi,t (Vi,t+1 − (1− δv)Vs,t+1 − δvVr,t+1) + λtwtϕs

]
+ω9,t

[
−χN

1/φ
i,t + λtwtϕi

]
+ ω10,t

[
−χN

1/φ
r,t + λtwtϕr

]
+ω11,t

[
C1−σ
s,t

1− σ
− χ

N
1+1/φ
s,t

1 + 1/φ
+ ū+ λt (wtϕsNs,t − (1 + µt)Cs,t) + (1− τt) (1− δv)βVs,t+1

+τtβVi,t+1 + (1− τt) δvβVr,t+1 − Vs,t]

+ω12,t

[
C1−σ
i,t

1− σ
− χ

N
1+1/φ
i,t

1 + 1/φ
+ ū+ λt (wtϕiNi,t − (1 + µt)Ci,t) + (1− πr − πd)βVi,t+1 + πrβVr,t+1 − Vi,t

]

+ω13,t

[
C1−σ
r,t

1− σ
− χ

N
1+1/φ
r,t

1 + 1/φ
+ ū+ λt (wtϕrNr,t − (1 + µt)Cr,t) + βVr,t+1 − Vr,t

]

+ω14,t

[
(1 + ζ) (1− θ) + θ

wt

A
− ϕpΠt (Πt −Π∗) + βϕpΠt+1 (Πt+1 −Π∗)

Yt+1

Yt

]
+ω15,t

[
StCs,t + ItCi,t +RtCr,t − Yt

(
1− ϕp

2
(Πt −Π∗) 2

)]
+ω16,t [A (ϕsStNs,t + ϕiItNi,t + ϕrRtNr,t)− Yt])

We derive the first-order conditions associated with this problem and solve analytically for the

steady-state values of the Lagrange multipliers ωi,t. We solve for the system of equations comprised

of the constraints to the maximization problem and the first-order conditions using Dynare’s perfect

foresight solver.
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Optimal monetary policy. The Ramsey problem for the optimal monetary policy conditional

on a given path for the lockdown path {µt}∞t=0 is exactly the same except the planner does not

maximize with respect to µt.

Appendix C. Figures

Figure 10. IRFs to unanticipated changes in the real interest rate at different dates
(week 1 to week 80). Laissez-faire policy.
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Note: The left dark blue line shows the response to a shock revealed in week 1. The left orange line shows the response
to a shock revealed in week 10. The yellow line shows the response to a shock revealed in week 20. The purple line
shows the response to a shock revealed in week 30. The green line shows the response to a shock revealed in week 40.
The light blue line shows the response to a shock revealed in week 50. The red line shows the response to a shock
revealed in week 60. The right blue line shows the response to a shock revealed in week 70. The right orange line
shows the response to a shock revealed in week 80.
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Figure 11. IRFs to anticipated changes in the real interest rate. Anticipated at date
1, horizon 1 (solid blue), 20 (dashed orange), 50 (dash-dotted yellow), 80 (dotted
purple). Laissez-faire policy.
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Figure 12. IRFs to anticipated changes in the real interest rate. Horizon 50, re-
vealed at time 1 (solid blue), 20 (dashed orange), 50 (dash-dotted yellow), 80 (dot-
ted purple). Laissez-faire policy.

0 10 20 30 40 50 60 70 80 90 100

Weeks

-1

0

1

2

3

4

5

6

P
e

rc
e

n
ta

g
e

 d
e

v
ia

ti
o

n

10
-3

(a) Consumption

0 10 20 30 40 50 60 70 80 90 100

Weeks

-1

0

1

2

3

4

5

6

7

P
e

rc
e

n
ta

g
e

 d
e

v
ia

ti
o

n

10
-3

(b) Output

0 10 20 30 40 50 60 70 80 90 100

Weeks

-6

-4

-2

0

2

4

6

8

10

12

14

L
e

v
e

l 
d

e
v
ia

ti
o

n

10
-6

(c) Infected

0 10 20 30 40 50 60 70 80 90 100

Weeks

-8

-7

-6

-5

-4

-3

-2

-1

0

L
e

v
e

l 
d

e
v
ia

ti
o

n

10
-5

(d) Susceptible

0 10 20 30 40 50 60 70 80 90 100

Weeks

0

0.5

1

1.5

2

2.5

3

3.5

4

L
e
v
e
l 
d
e
v
ia

ti
o
n

10
-7

(e) Cumulative deaths

42



 
 

Previous volumes in this series 
1017 
May 2022 

Covid-19 and market power in local credit 
markets: the role of digitalization  

Thiago Christiano Silva,  
Sergio Rubens Stancato de Souza, 
Solange Maria Guerra 

1016 
May 2022 

Building Regional Payment Areas: The Single 
Rule Book Approach 

Douglas Arner, Ross Buckley, 
Thomas Lammer, Dirk Zetzsche, 
Sangita Gazi 

1015 
May 2022 

DLT-Based Enhancement of Cross-Border 
Payment Efficiency 

Dirk A. Zetzsche, Linn Anker-
Sørensen, Maria Lucia Passador and 
Andreas Wehrli 

1014 
May 2022 

A shot in the arm: Stimulus Packages and 
Firm Performance during COVID-19 

Deniz Igan, Ali Mirzaei and Tomoe 
Moore 

1013 
May 2022 

Banking in the shadow of Bitcoin?  
The institutional adoption of cryptocurrencies 

Raphael Auer, Marc Farag, Ulf 
Lewrick, Lovrenc Orazem and 
Markus Zoss 

1012 
May 2022 

It takes two: Fiscal and monetary policy in 
Mexico 

Ana Aguilar, Carlos Cantú and 
Claudia Ramírez 

1011 
May 2022 

Big techs, QR code payments and financial 
inclusion 

Thorsten Beck, Leonardo 
Gambacorta, Yiping Huang, 
Zhenhua Li and Han Qiu 

1010 
March 2022 

Financial openness and inequality Tsvetana Spasova and Stefan 
Avdjiev 

1009 
March 2022 

Quantitative forward guidance through 
interest rate projections 

Boris Hofmann and Fan Dora Xia 

1008 
March 2022 

Deconstructing ESG scores: 
How to invest with your own criteria 

Torsten Ehlers, Ulrike Elsenhuber, 
Anandakumar Jegarasasingam and 
Eric Jondeau 

1007 
March 2022 

Cross-border regulatory spillovers 
and macroprudential policy coordination 

Pierre-Richard Agénor, Timothy P 
Jackson and Luiz A Pereira da Silva 

1006 
February 2022 

Estimating conditional treatment effects 
of EIB lending to SMEs in Europe 

Alessandro Barbera, Aron Gereben 
and Marcin Wolski 

1005 
February 2022 

The NAIRU and informality in the Mexican 
labor market 

Ana María Aguilar-Argaez,  
Carlo Alcaraz, Claudia Ramírez and 
Cid Alonso Rodríguez-Pérez 

1004 
February 2022 

Original sin redux: a model-based evaluation Boris Hofmann, Nikhil Patel and 
Steve Pak Yeung Wu 

1003 
February 2022 

Global production linkages and stock market 
co-movement 

Raphael Auer, Bruce Muneaki 
Iwadate, Andreas Schrimpf and 
Alexander Wagner 

All volumes are available on our website www.bis.org. 


	BIS Working Papers No 1018
	The limited power of monetary policy in a pandemic
	1 Introduction
	2 Model
	2.1 Epidemics: The extended SIR model
	2.2 Households
	2.3 Firms
	2.4 Government and monetary policy
	2.5 Equilibrium

	3 The baseline economy
	3.1 Calibration
	3.2 The economic effects of a pandemic 

	4 The transmission of monetary policy in a pandemic
	4.1 What should we expect?
	4.2 Monetary policy experiments
	4.3 A delayed lift-off

	5 What should monetary policy do in a pandemic?
	5.1 The optimal allocation
	5.2 Ramsey optimal policy

	6 Robustness
	7 Conclusion
	References
	Appendix A
	Appendix B
	Appendix C 

	Previous volumes in this series


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /SymbolMT
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /SymbolMT
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


