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B Atime-varying probability of ‘disaster’ is sufficient to generate a recession and an increase in risk premia in
the literature.

B However, this result critically relies on the value of the elasticity of intertemporal substitution (EIS). Indeed,
when the EIS is smaller than unity, the agents choose to save and invest more. In a real business cycle
model, an increase in disaster risk thus creates a boom.
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B Abstract

This paper analyzes the effects of a change in a small but time-varying “disaster risk” a la Gourio (2012) in a New
Keynesian model. Real business cycle models featuring disaster risk have been successful in replicating observed
moments of equity premia, yet their macroeconomic responses are highly sensitive to the chosen value of the elasticity
of intertemporal substitution (EIS). In particular, we show here that an increase in the probability of disaster causes a
recession only when imposing an EIS larger than unity, which may be arbitrarily large. Nevertheless, we also find that
incorporating sticky prices allows to conciliate recessionary effects of the disaster risk with a plausible value of the
EIS. The disaster risk shock causes endogenous shifts in preferences which provide a rationale for discount factor
first- (Christiano et al., 2011) and second- (Basu and Bundick, 2014) moment shocks.
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Disaster Risk and Preference Shifts in a New Keynesian Model'

Marlene Isoré* and Urszula Szczerbowicz!

1. Introduction

In the recent years, interest in the economic impact of ‘rare events' has been renewed. In
particular, Gabaix (2011, 2012) and Gourio (2012) have introduced in real business cycle
models a small but time-varying probability of ‘disaster’, defined as an event that destroys a
large share of the existing capital stock and productivity. The key feature is that an increase
in the probability of disaster, without occurrence of the disaster itself, suffices to trigger a

recession and replicate some asset pricing regularities.

However, these effects crucially rely on the assumption of an intertemporal elasticity of in-
tertemporal substitution (EIS) being greater than unity. In Gourio (2012), an unexpected
increase in the probability of disaster is equivalent, under some assumptions, to a decrease in
agents’ discount factor, i.e in their degree of patience. Agents then save and invest less, as
they prefer to increase current consumption. In the RBC setup, this in turn causes a recession
and an increase in risk premia. Yet, this initial response of the discount factor holds only
under the assumption of an EIS larger than unity. Indeed, as known since Leland (1968) and
Sandmo (1970), an increase in interest rate risk increases agents' propensity to consume, and
thus reduce savings, if and only if the EIS is larger than 1. On the contrary, when the EIS is
low, income effects overcome substitution effects and savings go up.? This implies that Gourio
(2012)'s predictions would not hold for values of the EIS smaller than unity. Indeed, savings
would then increase with disaster risk, surprisingly driving the economy into a boom. Although

still under debate, an EIS below unity is yet empirically plausible, and macroeconomic mod-

IWe thank George-Marios Angeletos, Guido Ascari, Pierpaolo Benigno, Nick Bloom, Luca Dedola, Martin
Ellison, Xavier Gabaix, Francois Gourio, Sébastien Jean, Vivien Lewis, Julien Matheron, Antonio Mele, Sal-
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Philippe Weil, Raf Wouters, and Francesco Zanetti, as well as numerous participants at Bank of Finland,
Bank of Norway, CEPII, KU Leuven's International Economics seminar, the IIBEO workshop, and Oxford’s
Macroeconomics group, for fruitful discussions at different stages of this work. We are grateful to the Yrjo
Jahnsson Foundation for financial support.
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2Weil (1990) shows that a large EIS implies that the elasticity of savings to a ‘certainty-equivalent’ interest
rate is positive, i.e savings decrease in the aggregate interest rate risk. On the contrary, a small EIS implies
that savings go up with interest rate risk.
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els have largely adopted this range as conventional in their calibration, whether they feature

Epstein-Zin-Weil preferences or not.3

This paper introduces a small time-varying probability of disaster a la Gourio (2012) into a New
Keynesian model. To the best of our knowledge, we are the first to do so.* The contribution
is threefold. First, we aim at shedding some light on the critical role of the EIS in driving
the disaster risk results. In particular, we are here able to nest Gourio (2012)'s mechanism
in a decentralized flexible-price economy and show that they generate a boom with any EIS
below unity. Second, we show that introducing sticky prices provide a simple solution to this
puzzle. Indeed, we show that recessionary effects of disaster risk can be conciliated with an
EIS below unity, and thus offer a framework that restores and generalizes Gourio (2012)'s
predictions. Third, our endogenous increase in the discount factor from disaster risk is highly
reminiscent of two other types of shocks in the literature: (i) exogenous ‘preference shocks'
defined as shocks to the level of the discount factor (Smets and Wouters, 2003, Christiano
et al., 2011), and (4i) ‘uncertainty shocks’ defined as shocks to the volatility of the discount
factor (Basu and Bundick, 2014). This suggests that disaster risk may give a rationale to first-

and second-moment preference shocks in the literature.

Developing a full-flesshed New Keynesian model is critical here, not just in order to create
a richer macroeconomic setting and broaden the spectrum of potential policy analysis, but
because it literally conditions most of the macroeconomic effects associated with a change in
the disaster risk, for a given EIS. The reason for that is particularly intuitive. Consider for
instance a low EIS, in which case the discount factor goes up with the probability of disaster,
such that agents do choose to save more. In a flexible-price setup, the economy is mostly
driven by this supply-side effect: savings and therefore investment increase due to precautionary
motives, as well as does the labor supply, such that the economy enters a boom. In contrast,
sticky prices make the output fluctuations more sensitive to the demand-side effect of the
shock: lower current consumption drives the recession. Despite higher savings, investment
also decreases as firms' demand for production factors goes down. Hence, the sticky vs
flexible price setup totally changes the macroeconomic dynamics caused by the disaster risk
shock, for a given value of the EIS. In the same spirit, Basu and Bundick (2014) show that

the economy responds differently to uncertainty shocks under sticky versus flexible prices. In

3See Section 5.2 about evidence and calibration of the EIS in the literature.

4Two working papers previously attempted to introduce disaster risk in a New Keynesian setup, yet handling
it in very narrowed ways: Isoré and Szczerbowicz (2013) reduce the disaster risk to its capital depreciation
channel only, while Brede (2013) considers the disaster state to be permanent and deterministic, i.e the
economy entering a disaster state happens to stay there forever. As far as we know, our current paper is thus
the first one that keeps the essence of disaster risk as a time-varying source of uncertainty, in the spirit of
Gourio (2012), in a New Keynesian model.
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particular, they show that positive co-movements between consumption and investment, as
oberserved in the data, are generated in the sticky-price case only. Our results are aligned
with this analysis and suggest that a time-varying disaster risk a la Gourio (2012) can provide
a rationale for second-moment preference shocks, once accounting for the critical role of the
EIS. Another interesting finding is that the depressed consumption, stemming from the rise in
disaster risk in the sticky prices version only, also causes deflation and lowers firms’ demand for
production factors (and thus a downside effect on wages), along with the recession and a rise
in the risk premium. This seems to be particularly consistent with the literature considering
shocks to the level of the discount factor as a potential source of zero-lower bound on nominal

interest rates (e.g Christiano et al., 2011).

The remainder of this paper is as follows. Section 2 presents the model. Section 3 gives
the calibration values and discusses the steady-state, in particular whether Tallarini (2000)'s
“observational equivalence” holds or not when the disaster risk is present in the economy.
Section 4 shows the responses to an unexpected increase in the disaster risk. Gourio (2012)’s
results are nested when prices are flexible and the EIS is larger than 1, while reversed when
the EIS is smaller than 1. Then, with sticky prices and an EIS smaller than 1, we find that
the disaster risk causes a recession, deflation, and increase in the risk premium in particular.
Section 5 reviews the literature and further discusses the soundness of our results. Section 6

concludes.

2. Model
2.1. Households

2.1.1. The household problem with disasters

Let us consider households with Epstein-Zin-Weil preferences given by
> w1 S\ |
Vt = [Ct (1 - Lt) ] + 60 (Et‘/;tﬂ )

where C' is consumption, L labor supply, v the coefficient of risk aversion, and 1/1/; the
elasticity of intertemporal substitution (EIS) with ¢) = 1 — (1 + @)(1 — %). Households'

capital accumulates as

Ky = |(1 —dpul) Ky + S (_) Kt] oTt+1In(1=4)
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where K stands for capital, I investment, u variable utilization rate of capital, S(.) convex
capital adjustment costs (with specific form given further below). In addition, x is an indicator
variable capturing the occurrence of a “disaster” destroying a large share of the existing capital
stock. Specifically, there is a time-varying probability ; that a disaster occurs in the next
period, x;.1 = 1, in which case a share A of capital is destroyed. Otherwise, x;,; = 0 and the
capital accumulation law of motion is in line with standard New Keynesian models. Moreover,

the probability of disaster, 6, itself follows a first-order autoregressive process as
log 6, = (1 — pg)log 6 + pglog b;—1 + gy,
where @ is the mean disaster risk, py the persistence, and &g i.i.d innovations.®

In addition, households can buy one-period bonds issued by a public authority. As Gabaix
(2012) and Gourio (2013), we assume that bonds are also subject to the disaster risk. Sovereign
debt can indeed be risky during tail events in the sense that it becomes subject to partial default,
as we have observed for Greece in the last financial crisis, Argentina in the early 2000s, or UK
and US in the Great Depression, as for a few examples. Conditional on no disaster, bonds
are however riskfree, unlike capital. It is worth mentioning that, following Gourio (2012)’s
approach, we assume that the destruction share in case of a disaster, A, is the same for the
assets (both capital and bonds here) and productivity. Although this may appear as a strong
assumption, this is essentially a trick used to solve the model with perturbation methods:
when detrended by productivity, the system will then not be directly impacted by the large
disaster event () itself but only by the small probability of disaster (#), which is our variable

of interest.®

Finally, households rent their capital and labor force to monopolistic competition firms. They
own these firms, hence earn profits. They pay lump-sum taxes to the public authority. Thus,

their budget constraint is

B Wi By(1 _ PF
Co+ 1, + t+1 YT, < _tLt+ (14 7y l)ext+1ln(1—A)+_tuth+Dt

y4s y4s Dt Y4

5These parameters are calibrated according to empirical estimations of disaster risk (Section 3). Our qual-
itative results are yet essentially insensitive to these values, including when persistence in disaster risk is nil
(Section 4.2). Also, although nothing technically prevents the probability of disaster to exceed unity with
perturbation methods (featuring normally distributed innovations), the calibrated mean and variance are so
low that this is extremely unlikely. In our impulse analysis (Section 4.1), the bound is clearly not met.

6]t is possible to release this constraint by using projection methods to solve the model, as Gourio (2012)
also does with a smaller set of variables. Another alternative would be to make an assumption on whether the
economy is currently in a disaster state, z = 1, or not z = 0, when generating the impulse response functions
for the disaster risk, 6.
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where W denotes the (nominal) wage rate, p the good price, B the bonds and r the cor-
responding interest rate, P is the (nominal) rental rate of capital, u the utilization rate of
capital, I the investment, T the taxes, and D the (real) dividends from monopolistic firms'

(real) profits.

The households want to maximize utility subject to their capital accumulation and the budget
constraints. However, because the indicator variable is present in this optimization problem
and thus in the equilibrium condition, we cannot directly use the perturbation methods to
solve the model as such. Therefore, we follow Gourio (2012) in detrending the system such

that the disaster risk only, and not the disaster event, impacts the detrended system.

2.1.2. Detrending the household’s problem

Let us thus assume, as in Gabaix (2012) and Gourio (2012), that productivity, denoted z, is

also partly destroyed in case of a disaster, and follows

A+l phtez 1T In(1-4)

2t
where 1 is a trend and e, i.i.d normally distributed innovations with zero mean.” As
mentioned above, assuming that the share A is the same as for the physical assets, the
detrended variables will not depend on the disaster event anymore, but will still be affected

by the disaster risk. In particular, the household’s budget constraint in detrended terms reads

as
b T, b (1 _ Pk D
Ct+it+t—+le“+527t+l+—t < %Lt+w+_tutkt+_t (]_)
2 2t 2 2 2 2t

while the capital accumulation becomes

(1= 0kt + S (3t) Ky

€u+€z,t+1

kt+1 =

()

where lower case letters denote the detrended variables (k;, = K;/z, etc), and where, in line
with the New Keynesian literature, the capital depreciation rate is considered as a function of

the capital utilization rate
8 = Souy (3)

"Labor productivity may indeed decrease during financial crises (e.g Hughes and Saleheen, 2012), as well as

during wars or natural disasters as people may find themselves not necessarily matched with jobs requiring
their specific skills. Total factor productivity may also decrease as firms facing severe financing constraints
may reduce their R&D expenditures (Millard and Nicolae, 2014).
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while the capital adjustment cost function, with usual properties, reads as

. . . =\ 2
1t (N T [ % 7
g <_) _h T (kY 4
ky ke 2 (kt k:) )
Note that indeed, the disaster indicator x;,; finds itself canceled out from this part of the

model. Then, as far as objective function is concerned, let us define v; = Zlv——tw with V, =
t

1

V,'~", such that we get
1
Vy = [Ct(l — Lt)w]lfw + ﬂ(gt)e(l—w)u [Ete(l—ﬂ&z,tﬂvtl;lx I—Xx (5)

where y =1 — t—z is a combination of parameters, and where the discount factor becomes a

function of the time-varying disaster risk as given by
1y
B(0) = Bo [1 = 0 + Byl =) 1= .

which is similar to Gourio (2012)’s expression.® The households will thus maximize (5) subject
to (1)-(4) and (6).°

The beauty of Gourio (2012)’s detrending approach is that the probability of disaster risk,
0, now appears in this endogenous discount factor only. Therefore, an unexpected change
in disaster risk will drive macroeconomic quantities and asset prices responses through a
combination of first- and second-moment effects on the discount factor.® In that respect, it
is expected to resemble both ‘preference shocks' (in level) a la Smets and Wouters (2003)
and Christiano et al. (2011) and second-moment preference shocks (‘uncertainty shocks’) a
la Basu and Bundick (2014).

A closer look at equation (6) above makes it clear that the value of the EIS determines the
sign of the effect of the probability of disaster (f) on the discount factor, and thus agents’
propensity to save or consume in response to such a shock. In particular, agents become more
patient (higher 3(0)) whenever the EIS is below unity, and on the contrary, more impatient
(lower [3(6)) for all values of the EIS larger than unity. Note that this holds for all degrees

of risk aversion, including risk neutrality.!* In the specific case where the EIS is exactly equal

8Gourio (2012) also makes the size of the disaster, A, a random variable. We consider it constant here for
the sake of simplicity, but could easily introduce this feature as well.

9The first-order conditions and calculation details are provided in Appendix.

10See the last paragraph on page 13 of Gourio (2012) for more about this.

1-1/EIS
Rewriting (6) as 3(0) = Bo [1 — 6, (1 — e(1=7) ln(l’A))] 0=0+=) and taking the derivative with respect to
0, it is the case that 05(6)/00 is positive (respectively, negative) for any EIS smaller (respectively larger) than
one. This holds for all degrees of risk aversion (including risk neutrality), i.e Vy > 0. See more about this in
Appendix.
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to unity, 3(0) boils down to [y, i.e the probability of disaster does not have any impact on
the macroeconomic quantities, but only on asset pricing. Thus, here as in Gourio (2012), the
so-called ‘Tallarini (2000)'s equivalence’, i.e the quantities being determined irrespectively of

the level of aggregate risk or risk aversion, holds if and only if EIS = 1.

In the partial equilibrium built so far, the sign of the preference shift in response to the disaster
risk shock suffices to determine the sign of the output variation: an increase in the probability
of disaster causes a recession when the EIS is larger than one, a boom otherwise. Intuitively,
higher impatience makes agents save less, thus invest less, such that the output falls. Yet,
an EIS smaller than unity is empirically sound, and it seems surprising that disaster risk is
positively correlated with output in that case. This is the puzzle we solve here in general
equilibrium by introducing sticky prices. The nominal rigidity does not alter the relationship
between the value of the EIS and the sign of the preference shift discussed above. However,
it makes output respond primarily to consumption rather than savings, and thus allows to

conciliate recessionary effects of the disaster risk with an EIS lower than unity.?

2.1.3. The stochastic discount factor

The (real) stochastic discount factor is defined under Epstein-Zin preferences as Q41 =

Vi /0C 41

AN For the non detrended model, this gives us

Cip\ ¥ (1= L\ VX
Qi = fo ( t+1) ( t+1> ( t+1

Cy 1—-17L; Et‘/;r?()%

which is identical to Gourio (2012)'s, and from the detrended terms

Qrt1 = - (Ct+1 ) B (1 - Lt—H)W(l_w) B(6;)et—¥Ir ey

1\ G L= L [Ete(l—v)éz,tﬂ vtl_;X] 1-x

Since the disaster event (x) is present within the productivity growth term here, we also

need to define a “detrended” stochastic discount factor as @mﬂ = ZleMH that we can

use, together with the first-order condition on bonds so as to solve for the macroeconomic

2|t can be the case that some other model specifications allow for the same results. In particular, a real
business cycle model with price determinacy for some periods or a simpler New Keynesian model without
capital could potentially reach the same conclusions.
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quantities
~ L+ 7
T 7
tQt,t+1 t 1+ € ( )

For determining the asset prices in the following subsection, we however still use the proper

stochastic discount factor as given by

L+ T4 1 )

EtQt,tJrl = E; ( 1+ ei+1In(1-A)

2.1.4. The risk premium
From asset pricing orthogonality condition we can define the following rates

(1) The riskfree rate, RY, is obtained from

E; [Qt,t-l—lR{—i-l} =1

Note that this is not the yield on bonds, which are only riskfree conditional on no disaster

here, but rather a “natural” (gross) interest rate.

(i) the (real) rate of return on capital R[7{", from E, [QLHlRfj:fal} = 1, which can be

rewritten, replacing Q;++1 from equation (8), as

Rhreal _ 241 1 L+
tr1 =

_ preriIn(i-4) L4
zp erteztit 1 4om I+

Using the first-order condition on capital and non-detrended terms, we get

T =

k . .

k,real _ P ug qi+1 L1 [ U41

Rtjrrlea — emt+11n(1 A) t+1 4 1 — 50u;7+1 + 7 T
Pe+1 Gt qt kip1 \ ki

. =\ 2
Tl 2
2<kt+1 k)]}

which reminds both Gourio (2012)’s centralized economy version, as the disaster event directly

)

affects the return on capital, and the expression in DSGE models in the absence of disaster

risk (e.g Benigno and Paciello, 2014).

10
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(7i1) The risk premium of holding capital is defined, in gross terms, as the ratio of the real return

on capital (ii) to the riskfree rate (i), i.e

Ey(Risk premiumyy,) = E (R /RL.)

Note that the risk premium is nil in a first-order approximation, constant in the second order,

and time-varying in the third and higher orders.

The value of the EIS has a partial equilibrium effect on the responses of these asset returns to
the disaster risk shock. In order to better understand it, let us have a look at the expression of
these asset returns in the balanced growth path of our economy. First, the stochastic discount

factor is

e~ ¥Yu—yz' In(1-4)

Q(ZL’I) = fo P
(Ee(lffy)m/ ln(lfA)) T—y

which is a function of the disaster state, x. From the orthogonality condition F(M (z')R¥(2')) =

1, the return on capital is

E(ear’ ln(l—A))
Boe—vi (Eei-a n(1-8)) =5

B(RH(x')) =

The riskfree rate is constant such that the corresponding asset pricing condition is R/ =
1/E(M(z")), which gives

(Ee(l—'y)x’ ln(l—A)) %T_;L

f —
R = Boe_¢ﬂE (6—'y$’ln(1—A))

Note that the riskfree rate decreases in the disaster risk (along the balanced growth path),
and the smaller the EIS, the larger the drop.'®* This results is well known in the literature
and often justifies the need for a use of an EIS larger than unity in order to limit the fall in

the riskfree rate (Tsai and Watcher (2015).* However, in our general equilibrium setup, the

13See the Appendix for calculation details.

14An increase in disaster risk directly reduces the price of equities as it lowers expected cash flows. But
meanwhile, it causes an increase in precautionary savings which diminishes the risk-free rate, and in turn tends
to increase the price of equities by increasing demand relatively to the supply of equities. Whether this latter
effect offsets the former depends on the value of EIS. Indeed, the smaller the EIS, the larger the precautionary
savings and the drop in the risk free rate. For example, Berkman et al. (2011) show that the probability of
disasters, defined as political crises, is negatively correlated with stock prices. Evidence of this kind encouraged
the asset pricing literature to adopt an EIS larger than one.

11
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nominal rigidity modifies the effect of the EIS: the drop in the riskfree rate is then larger when
the EIS is above unity. Asset pricing effects of the disaster risk can thus be restored with an

EIS smaller than unity.

Finally, the risk premium along the balanced growth path is given by

E(Rk(x')) B E<€x’1n(1—A))E<€—w’ln(1—A))
Rf - E (e(lffy)m/ ln(lfA))

As expected, the risk premium depends positively on the disaster risk, and the larger the risk
aversion, the larger the effect. If agents were risk neutral, i.e when v = 0, the risk premium
is unaffected by changes in the probability of disaster. Note that the EIS does not directly
impact the value of the risk premium along the balanced growth path, in line with Gourio
(2012).*> However, in the general equilibrium, the EIS will affect the responses of the risk

premium to the disaster risk shock (See Section 4).

2.2. Firms

The structure of production considered here is quite standard as for a New Keynesian model.
However, it plays crucial role for our results: unlike Gourio (2012)'s centralized economy
flexible-price model, the decentralized economy featuring monopolistic competition and sticky
prices allows to obtain recessionary effects from a disaster risk shock when the EIS is smaller
than unity. The nominal price friction makes the reponse of output affected mostly by the
demand side (consumption) rather than the supply side (savings) of the economy. Thus, the
drop in consumption associated with a rise in disaster risk when the EIS is below unity will

generate here recession and deflation.

Firms are operating in two sectors, final good production and intermediate good production.
The former market is competitive, while the latter is monopolistic. They are briefly described

below, see Appendix for details.

2.2.1. Final good production

The final good is an aggregate of intermediate goods j as given by

1 v—1 . y_zl
Y, = (/0 Y}f d])

15Gourio (2012) finds the same expression for the risk premium along the balanced growth path (Proposition
5). However, general equilibrium effects will differ here.

12
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where v is the elasticity of substitution among intermediate goods. Profit maximization gives a

demand curve which is decreasing in the price of intermediate good j relative to the aggregate

price index (p;./p:) as

Y, = <@> Y,
Y4

2.2.2. Intermediate sector

Intermediate sector firms use households’ capital and labor to produce goods j, according to a
Cobb-Douglas function with labor-augmenting productivity. In each period, they optimize the
quantities of factors they want to use, taking their prices as given, subject to the production
function and the aggregate demand function at a given output price. Thet also set their price

optimally at frequency determined by a constant Calvo probability.'®
The intra-temporal problem (cost minimization problem) is thus

min  W,L;, + PFK;,

L, Kj
p —UV
~ B %
s.t. Kﬁt(ZtLj,t)l “ > (j) Y;
t

where W™ is the (non-detrended) nominal wage rate and P} the capital rental rate. The

first-order conditions, expressed in detrended terms, are

|

(Ljv 1) w=mc9™ (1 —a) <L>

j?t

> a—1
. k.
(fye) RE=megra ()

j7t

in which the Lagrange multiplier denoted mc¢™ can be interpreted as the (nominal) marginal

cost associated with an additional unit of capital or labor. Rearranging further gives an optimal

capital to labor ratio which is the same for all intermediate firms in equilibrium.

161t can be that firms adjust their price more frequently when disaster risk goes up. In Isoré and Szczerbowicz
(2013), we considered both time- and state-dependent price-adjustment settings. In the latter case, the
probability of not adjusting one firm's price can be thought of as a decreasing function of disaster risk. Yet,
the results are not significantly different, such that we chose not to include this additional channel of disaster
risk here.

13
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Let’s now consider the inter-temporal problem of a firm that gets to update its price in period
t and wants to maximize the present-discounted value of future profits. Given the (real)
profit flows that read as %YN — mc;Y;; and the demand function Y;, = (%)_V}Q, the

maximization problem is

00 ) 1-v ‘ —v
max F, Z (€)° Quys ((M) Yips — mcy <h> Yt+s)

pit = Dt+s Dt+s

where discounting includes both households’ stochastic discount factor, (); 1, and the prob-
ability ¢* that a price chosen at time ¢ is still in effect at time s. After some simplification,

the first-order condition is

v 20 Q) Quasply Yersmer,,

t 0o S v—
v—1 s=0 (C) Qt-l—sthrle;H—s

* —
Dj =

which depends on aggregate variables only, so that p; = pj,. Increases in this optimal price
from one period to another will give us the reset inflation rate while increases in the current

price level p; defines the current inflation rate. (see Appendix for more details.)

2.3. Public authority

Bonds clears with public debt issued by a public authority which raises taxes from the house-
holds. The public authority also sets up the nominal interest rate on bonds following a Taylor

type rule as

re = perier + (1= pp) [Br(m = T) + @y (g0 —y") +77] (9)

2.4. Equilibrium

The optimality conditions for the three representative agents' problem described above are
derived in Appendix. They are solved together with the aggregate constraints also described

in Appendix.

3. Calibration and steady-state analysis

Table 1 summarizes our baseline calibration values. As for disaster risk values, we follow
the empirical literature based on historical data. Evidence on disasters’ size and frequency is

quite mixed and highly dependent on the definitions and methods used for the estimation. In
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particular, Barro and Urstia (2008)'s mean disaster size of 22% associated with a quarterly
probability 0.9% ranges in between other studies.!” Yet, our qualitatively results are robust to
alternative values of the mean and probability of disasters. The degree of persistence in the
log probability of disaster, py, is set at 0.9 following Gourio (2009). In Section 4.2, different
degrees of persistence are considered. Normalizing the standard deviation of log(f) to 1, this

implies a standard deviation of innovations of (1 — p2)'/2 ~ 0.436.

Table 1 — Baseline calibration values (quarterly)

Disaster risk

0 mean probability of disaster 0.009
A size of disaster 0.22
Do persistence of (log) disaster risk 0.9
o7 std. dev. of innovations to (log) disaster risk 0.436
Utility function
5o discount factor 0.99
1/4 elasticity of intertemporal subtitution 0.5
0% risk aversion coefficient 3.8
w leisure preference 2.33
Investment
o capital depreciation rate 0.02
T capital adjustment cost 0.3
U utilization rate of capital 1
Production
Q capital share of production 0.33
Co Calvo probability 0.8
v elasticity of substitution among goods 6
1 trend growth of productivity 0.005
Public authority

Uy Taylor rule inflation weight 1.5
Yy Taylor rule output weight 0.5
T target inflation rate 0.005
Pr interest rate smoothing parameter 0.85

Our utility function follows Gourio (2012)'s specification, such that we adopt the same pa-
rameters for the valuation of leisure (cw = 2.33) and the risk aversion coefficient (v = 3.8).
Alternative values of risk aversion are considered in Section 4.2. However, the EIS value for
the baseline scenario is set at 0.5, in line with the New Keynesian literature, and compared to
the value of 2 chosen by Gourio (2012).

Most of the other values are conventional, in particular for the production function and the

17Barro (2006) found larger disasters (43%) with probability 0.72% quarterly, whereas Gourio (2013) found
smaller disasters (15%) with probability 0.5% quarterly.
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Taylor-type rule. The capital adjustment cost parameter is calculated so as to match the
elasticity of the ratio /K with respect to the Tobin's g, in a standard way. This implies here
a low value of 7 = 0.3, and relates to the discussion of potential nonconvexity of the capital
adjustment cost function in the presence of uncertainty (see Bloom (2009)). The standard
Calvo probability of firms not changing their price (¢ = 0.8) is compared to a flexible-price
case where ( = 0, for both values of the EIS.

Table 2 shows the steady-state values obtained under our calibration for some selected vari-
ables. In particular, we compare the economy without disaster, i.e having either a probability
of disaster (0) or a size of disaster (A) equal to zero, to the economy with disaster (for two
example sizes, A = 0.22 and A = 0.40). This is reported here for three different cases:
flexible prices (¢ = 0) and EIS = 2 (economy a la Gourio), flexible prices and EIS = 0.5,

sticky prices (¢ = 0.8) and EIS = 0.5 (baseline scenario).

The role of the EIS is particularly worth discussing here. In the economy with an EIS below 1,
agents have a high propensity to consume the certainty-equivalent income (see Weil (1990)).
Thus, steady-state consumption has to be lower in the economy with disaster risk than the
economy without. Intuitively, one can think that agents make precautionary savings if they
expect a potential disaster to arrive. The same reasoning holds for providing more labor and
capital initially in an economy that will be potentially affected by a disaster. Thus current
output is higher. One can also see this higher ‘degree of patience’ in the (time-varying)
discount factor and the stochastic discount factor. This holds whether prices are flexible or

sticky.

On the contrary, with an EIS larger than 1, agents do not make so much precautionary savings
and precautionary labor supply. Thus investment and output are lower, and by wealth effect
so is consumption, when disaster risk is present in the economy versus not. Note that in both
cases, the return on capital is of course decreasing in disaster risk. As one can also expect,
the risk premium is nil in all cases as the agents make financial arbitrage with perfect foresight
at the steady-state. The Tobin’s q remains unchanged since the disaster risk does not affect
directly the macroeconomic quantities of the detrended system, unlike a capital depreciation

shock for instance.

Only in case when the EIS tends to unity, steady-state values tend to be equal in economies
with and without disaster risk. Indeed, when the EIS is equal to 1, the time-varying discount
factor (3(0)) boils down to the usual discount factor 3y (in equation (6)), and the disaster risk
does not affect the economic outcomes anymore. This results is referred to as Tallarini (2000)'s
“observational equivalence”, stating that the macroeconomic quantities are unaffected by the

amount of risk in the economy. Again, here as in Gourio (2012), this holds if and only if the
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Table 2 — Steady-state values for selected variables.

no disaster risk baseline disaster risk larger disaster risk

A=022and § =0 A =0.22 A=04
or A=0and 6 =0.9% 0 =0.9% 0 =0.9%
EIS = 0.5, sticky prices (¢ = 0.8)
output (detrended) 0.614 0.625 0.651
consumption (detrended) 0.499 0.505 0.518
investment (detrended) 0.115 0.121 0.133
labor 0.228 0.229 0.232
capital (detrended) 4.608 4.820 5.332
B(6) 0.990 0.991 0.993
Tobin's q 1 1 1
wage 1.505 1.525 1.570
capital rental rate 0.037 0.036 0.034
stochastic discount factor 0.984 0.986 0.990
return on capital 1.017 1.014 1.010
(gross) risk premium 1 1 1
EIS = 0.5, flexible prices (¢ = 0)
output (detrended) 0.614 0.626 0.652
consumption (detrended) 0.499 0.505 0.518
investment (detrended) 0.115 0.120 0.133
labor 0.228 0.229 0.232
capital (detrended) 4.604 4.818 5.333
B(6) 0.990 0.991 0.993
Tobin's q 1 1 1
wage 1.506 1.526 1.572
capital rental rate 0.037 0.036 0.034
stochastic discount factor 0.984 0.986 0.990
return on capital 1.017 1.014 1.010
(gross) risk premium 1 1 1
EIS = 2, flexible prices (( = 0)
output (detrended) 0.642 0.635 0.623
consumption (detrended) 0.513 0.510 0.504
investment (detrended) 0.128 0.125 0.119
labor 0.230 0.230 0.229
capital (detrended) 5.129 5.008 4.766
B(6) 0.990 0.990 0.989
Tobin's q 1 1 1
wage 1.554 1.543 1.521
capital rental rate 0.034 0.035 0.036
stochastic discount factor 0.986 0.987 0.988
return on capital 1.014 1.013 1.012

(gross) risk premium 1 1 1
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EIS is equal to one. In all other cases, quantities differ from the economy without disaster

risk.

4. Impulse Response Functions

In this Section, we simulate the effect of a rise in the small probability of disaster (¢) from the
stochastic steady-state. Unless specified, the approximation is made at the third-order such
that asset pricing and macroeconomic variables interact with each other.!® Our aim here is
essentially qualitative, and consists in comparing the effect of the shock in the following four

cases:

(1) With flexible prices and EIS = 2, a decentralized version of Gourio (2012)'s economy, in

order to nest his results as a particular case;

(77) Still under flexibles prices but with EIS = 0.5, i.e a value more in line with the standard
RBC and New Keynesian literatures and with micro estimates. Gourio (2012)'s results are

then found to be reversed:;

(7i7) With sticky prices and the same EIS = 0.5, as for our baseline scenario. The recessionary

effect is then restored and generalized;

(1v) With sticky prices and EIS = 2, the mirroring case of (ii).

Since we use perturbation methods here, we consider a very small deviation from the itself very
small probability of disaster at the steady-state, more specifically a change from § = 0.009
to 0.01. As a consequence, the size of the responses that we get will naturally be small as
well. A larger shock could of course give a better feel for the magnitude of the effects we are

19 I addition, we

describing here, yet this would be at the price of potentially large errors.
try some alternative calibration values, and finally simulate the responses of the model to a
standard monetary policy shock. This allows to check the accuracy of our model in replicating

well-known perturbation responses in spite of the presence of disaster risk.

4.1. Effects of a disaster risk shock: qualitative effects

4.1.1. Case 1: flexible prices and EIS = 2 (a la Gourio, 2012)

Figure 1 shows the effect of the disaster risk shock in an economy a la Gourio (2012), here
in a decentralized market version instead of the RBC model, with flexible prices ({ = 0) and

an EIS of 2, according to his calibration. The shock makes the agents more impatient (3(0)

18|ndeed, the risk premium is nil in the first-order, constant at the second-order, but fluctuates in response to
the disaster risk shock with a third-order approximation.

9Using projection methods, Gourio (2012) considers a deviation from 0.72% to 4% for the probability of
disaster. His results indicate the magnitude of the effects of a disaster risk shock, while we mostly focus on
the sign of the responses here.
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Figure 1 — Impulse responses to a rise in 6 from 0.9% to 1%, in Case 1: ( =0 and EIS
= 2. Vertical axis: percentage change from the stochastic steady-state. Third-order

approximation.
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decreases). Hence, they save and thus invest less, such that the economy enters a recession,
while the risk premium goes up. However, agents then consume more and work less, so the
wage increases. These results are identical to Gourio (2012)'s and partly consistent with the
evidence on disaster risk (see Barro (2006) or Gourio (2008) for instance). However, these
predictions rely on accepting an EIS greater than 2, which contrasts with commonly accepted

values. We propose to look for the responses with a different EIS in Case 2 below.

4.1.2. Case 2: flexible prices and EIS = 0.5

In this case, we just changed the value of the EIS to 0.5 compared to the previous case. As
one can see on Figure 2, this is enough to make the sign of most variables completely opposite.
Contrary to Case 1, a low EIS implies that agents’ propensity to save increases with the disaster
risk. This is captured here by an increase in the discount factor, that can be interpreted as
a higher degree of patience. This makes the agents save more and invest more. The lower
consumption on impact does not have much effect on the total output response. The price of
goods drops on impact but rises immediately after (since there is no price rigidity in this case).
Hence firms expect the deflation to be short and want to increase their demand for production
factors, as well as the utilization rate of capital. Therefore, the rental rate of capital goes up,
making the households willing to invest more. Overall, the rise in investment is higher than
the drop in consumption, such that the economy enters a boom. As consumption decreases,
the marginal utility increases, so the labor supply increases and the wage goes down despite

the boom.

As far as asset pricing is concerned, we can see here that the risk premium still goes up because
the disaster risk shock makes it more risky to invest in the capital stock. But, in this case, it
implies that the risk premium becomes procyclical, which is highly counterfactual. Also note

that, by making the EIS smaller, the magnitude of the increase is now larger than in Case 1.

4.1.3. Case 3: sticky prices and EIS = 0.5 (baseline scenario)

Figure 3 depicts the responses to the same shock in the sticky-price economy with an EIS
below unity. Similarly to Case 2, a low EIS makes the agents more patient (/3(6) increases)
following the disaster risk shock, which gives them an incentive to save and thus consumption
decreases. However, price stickiness also makes investment decrease on impact, such that
the output now drops as well. This is because prices do not fall enough to clear the markets
such that firms demand less factors of production. We indeed observe a fall in the utilization
rate of capital, hence in the effective capital, and in turn the rental rate of capital making

the households less willing to invest.?® For the same reason, labor now also drops, as well as

20The same effect is present in Basu and Bundick (2014) who found opposite responses of investment to
uncertainty shocks under sticky versus flexible prices.
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Figure 2 — Impulse responses to a rise in 6 from 0.9% to 1%, in Case 1: ( =0 and EIS
= 0.5. Vertical axis: percentage change from the stochastic steady-state. Third-order

approximation.
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wages which was not the case in the economy a la Gourio (Case 1).2! In short, sticky prices
allow to generate positive co-movements between the main macroeconomic aggregates, i.e

consumption, investment, output, labor, wages, and inflation, as observed in the data.

As for asset prices, we observe a ‘flight-to-quality’ effect that is visible through the drop in
the riskfree rate when the disaster risk shock hits. This drop in the riskfree rate is of similar
magnitude as in Case 1, suggesting that sticky prices may provide a solution to avoid an
excessive change in the riskfree rate despite having an EIS smaller than one, as discussed before.
Finally, the risk premium also increases here due the disaster risk shock. When compared to
the economy a la Gourio (Case 1), the magnitude of this increase is lower here. However,
moving from an EIS larger than one to an EIS smaller than one always increases the response
of the risk premium to the disaster risk shock, for a given degree of price stickiness/flexibility

(comparing Cases 1 and 2 on one hand, and Cases 3 and 4 on the other).

The overshooting in labor, investment, and output in a lower extent, after the initial impact of
the shock is also worth describing. Both labor and investment responses are affected by two
opposite channels. One is the lower demand for factors from firms discussed above. The other
is a precautionary motive from the households when the disaster risk goes up. Indeed, the
agents want to limit the decrease in their consumption by acquiring more capital and increasing
their labor supply when a disaster becomes more likely (under the assumption of an EIS below
one). This upward pressure turns to outweight the first effect in the subsequent periods after
the shocks. Recall that the households cannot buy the riskfree asset in our economy, such
that investment and risky bonds are the only available vehicles for savings, making the size
of this overshooting quite large.?> The observed overshooting in output is the consequence
of the pattern for labor and investment. It is actually a relatively common feature in models
with uncertainty shock. In particular, Bloom (2009) shows that considering nonconvex capital

adjustment costs can however make investment decrease more persistently.

Overall, disaster risk effects on macroeconomic quantities here happen to coincide with dis-
count factor shocks, whether in level or in volatility, in the literature. They are indeed remi-
niscent of exogenous ‘preference shocks' a la Smets and Wouters (2003) and Christiano et al.
(2011) on the one hand, and ‘uncertainty shocks' (defined as second-moment shocks to the
discount factor) as in Leduc and Liu (2012) or Basu and Bundick (2014). In exhibiting a short

sharp recession followed by an “overshooting” in the recovery, our reponses also echo very

21Similarly, Leduc and Liu (2012) find that nominal rigidities amplify the effect of uncertainty shocks on the
unemployment rate through declines in aggregate demand.

22This assumption of the model could be released but then the detrending method a la Gourio (2012) could
not be perfectly applied. In that case, we would have to make an assumption about the current state of the
economy as being in a ‘disaster’ regime or not when generating the impule response functions. It would be
straightforward to do so, and the approach that we choose here is just a question of preference for unconditional
impulse response functions, closer to the spirit of Gourio (2012).
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much Bloom (2009)'s effects of uncertainty. In that respect, the disaster risk can provide a
potential explanation for exogenous shifts in preferences or changes in aggregate uncertainty.
In addition, the countercyclicality of the risk premium following the disaster risk shock a la

Gourio (2012) is meanwhile preserved.

4.1.4. Case 4: sticky prices and EIS = 2

In this last scenario, we change again the EIS for a value larger than unity, but still under
sticky prices. As we can observe in Figure 4, the same increase in # now makes the time-
varying discount factor drop again. All the other responses are thus the exact opposite to
those in Figure 3. In particular, there is a boom (as in Case 2) in output, driven by increases
in consumption and investment (unlike Case 2). This Case is not a realistic scenario for a
disaster risk shock, yet it provides an interesting counterfactual exercise to confirm (i) the
effect of the EIS on the discount factor and the propensity to consume/save, and (ii) the
fact that the model with nominal rigidity is driven primarily by the response in consumption
to the disaster risk shock while the flexible-price version is primarily driven by the supply-side
of the economy for a given value of the EIS. Here again, sticky prices allow to reproduce
positive co-movements of consumption and investment. We can also observe that the riskfree
rate happens to decrease more than in Case 3 where the EIS was low. This implies that the
disaster risk argument about a high value of the EIS being necessary to limit the fall of the

riskfree rate does not hold anymore when prices are sticky.

Figures 5 and 6 summarize together the responses in the economy a la Gourio (2012) and in
our baseline economy in the same graphs, for easier comparison, successfully at first- (Figure

5) and third-order (Figure 6) approximations.

4.2. Sensitivity analysis

Some alternative calibration values are considered when simulating the effect of our disaster
risk shock in the baseline scenario (small EIS, sticky prices). The responses are given in Figure
7 for selected variables. It turns out that the qualitative results we emphasize in this paper

are essentially unaffected.

The first value to be considered is the risk aversion coefficient. Our baseline value is standard
under Esptein-Zin specification, i.e lying typically between 3 and 4. Barro and Jin (2011)’s
estimates in the presence of disaster risk are particularly informative. Yet, we try alternative
values of ~ within the range allowed by the model, i.e compatible with an (endogenous)
discount factor 5(f) below unity. When the agents are closer to risk neutrality (7 = 1.5),

the upward precautionary labor supply effect causing the overshooting in labor, investment,
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Figure 4 — Impulse responses to a rise in 6 from 0.9% to 1%, in Case 3: ( = 0.8 and EIS
= 2. Vertical axis: percentage change from the stochastic steady-state. Third-order

approximation.
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Figure 5 — Impulse responses to a rise in 6 from 0.9% to 1%, comparing Case 1
(a la Gourio) and Case 3 (baseline), with a first-order approximation. Vertical axis:
percentage change from the stochastic steady-state.
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Figure 6 — Impulse responses to a rise in 6 from 0.9% to 1%, comparing Case 1
(a la Gourio) and Case 3 (baseline), with a third-order approximation. Vertical axis:
percentage change from the stochastic steady-state.
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Figure 7 — Responses (in percentage change) to a rise in ¢ from 0.9% to 1% (baseline
calibration, third-order), for alternative levels of parameters.
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and output, turns to be more moderate. On the contrary, high risk aversion (here, v = 6)

systematically amplifies the responses, yet without questioning the qualitative effects.
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Similarly, alternative values for the fundamental discount factor 5y (that holds in the absence
of disaster risk), the mean disaster size A, or the mean probability of disaster 6, have size but

not sign effects.

The persistence in disaster risk, p, has however a qualitative effect on the response of invest-
ment. As discussed above, investment is driven by two opposite effects and it happens that the
upward pressure (the precautionary motive) tends to outweight the downward pressure (firms'
lower demand for factors of production) when the persistence is low. Once again, should the
households be allowed to buy the riskfree asset in our model setup, this effect may vanish as
precautionary savings would find another vehicle than investment. Overall, this response of
investment is also yet not sufficiently strong to modify the response of output to the disaster
risk shock. Indeed, a recession still hits on impact. The size of the subsequent overshooting

is however negatively correlated with the persistence in disaster risk.

Finally, Figure 8 displays the responses to a monetary policy shock for the baseline scenario.
These responses are quite standard and inform us about the validity of the model to well-known

shocks.

5. Discussion
5.1. The literature on disaster risk

The literature on rare events has emerged in the 1980s when macroeconomic models were
struggling to explain the dynamics of asset prices and their related risk premia. Rietz (1988)
has shown that introducing a low probability of an economic disaster into an endowment

economy was able to address the the equity premium puzzle (Mehra and Prescott, 1985).%

Estimating economic disasters on US data over the twentieth century, Barro (2006) found a
frequency of 1.7% per year and an average size of 29%. Using these results to calibrate an
extended version of Rietz (1988)'s model, Barro confirmed that rare disasters could capture
high equity premium and low risk-free rate puzzles. Barro and Urstia (2008) have further
extended Barro (2006) by including data on consumption, more relevant for asset pricing
models. They assembled international time series since 1870 and found disaster probabilities
of around 3.6% per year with a mean disaster size of 22%. They simulate a Lucas-tree model

with i.i.d. growth shocks and Epstein-Zin-Weil preferences and obtain plausible equity premium

230ther solutions that have been proved able to improve asset pricing of macroeconomic models include
notably consumption habits and heteroscedastic shocks (Campbell and Cochrane, 1999) and Epstein-Zin-
Weil preferences, separating the risk aversion coefficient from the EIS, combined with stochastic volatility in
consumption growth (Bansal and Yaron, 2004). Epstein-Zin-Weil preferences alone contribute only partially
to the solution of the equity premium puzzle: in Weil (1989) for instance the risk aversion coefficient must be
set at 45 and EIS at 0.1 for a reasonable match with the data to be obtained.
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on levered equity, with a coefficient of relative risk aversion of 3.5.24

Despite encouraging results, Rietz (1988), Barro (2006) and Barro and Urstia (2008)'s models
were not able to explain some asset pricing moments such as the volatility of price-dividend
ratios for stocks, the volatility of bond risk premia, and return predictability.25 This is essentially
due to the fact that they assume the probability of disaster to be constant. Thus, Gabaix (2008)
made it time-varying and introduced it in an endowment economy, before Gabaix (2011, 2012)
and Gourio (2012, 2013) further considered real business cycle frameworks. A time-varying
probability of disaster is indeed able to explain volatility patterns of asset prices and return
predictability (Wachter, 2013, Seo and Wachter, 2013). It also solves a number of macro-
finance puzzles such as the risk-free rate puzzle or the upward-sloping nominal yield curve
(Gabaix, 2012).

Gabaix's (2012) framework is constructed such that variations in the probability of disaster have
no impact on macroeconomic quantities. This is reminiscent of Tallarini (2000)'s theorem that
macroeconomic dynamics, unlike asset prices, are basically unaffected by changes in aggregate
risk. In contrast, Gourio (2012) found that Tallarini (2000)'s “observational equivalence”
holds for the presence of disaster risk if and only if the EIS is exactly equal to unity. However,
he shows that, as soon as the EIS differs from unity, a shock to the probability of disaster
is equivalent, under some assumptions, to a preference shock. His model thus predicts a

correlation between asset prices and macroeconomic quantities which is supported empirically.

We here build on Gourio (2012)'s modeling of the disaster risk and incorporate it into a full-
fleshed New Keynesian model, featuring monopolistic competition, capital adjustment costs,
sticky prices, and a Taylor-type rule. To the best of our knowledge, we are the first paper
to do so. Thereby, we show that Gourio (2012)'s results can be conciliated with a value of
the EIS smaller than unity, and thus generalize them in a framework more suitable for future

policy analysis.

5.2. Evidence and calibration of the EIS

There is no clear consensus about the value of EIS in the literature. It is standard in macroeco-
nomic calibrations to take a value smaller than one, whether the utility function is Epstein-Zin
and thus the EIS chosen independently from the risk aversion coefficient (Rudebusch and
Swanson (2012), Caldara et al. (2012), use both a value of 0.5) or with standard time-
additive preferences (Piazzesi et al. (2007) choose 0.2, Smets and Wouters (2007) 0.66). In

contrast, macrofinance real business cycles often choose a value higher than unity to match

24Barro and Jin (2011) estimate the risk aversion coefficient from dataset on disasters. They found a mean
close to 3, with a 95% confidence interval for values from 2 to 4.
%|n Barro and Urstia (2008), the price-dividend ratio and the risk-free rate are constant.
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asset pricing moments (Barro and Urstia (2008), Gourio (2012), Nakamura et al. (2013) have

chosen a value of 2).

This dispersion is due to the fact that empirical evidence on the value of the EIS is yet not
conclusive. An influential paper by Hall (1988) found this parameter to be close to zero,
and a subsequent literature has provided further support for values smaller than one (see
e.g Campbell and Mankiw (1989), Ludvigson (1999), Yogo (2004)).2° However, at least
two types of concerns about these estimates have been raised. First, agents’ heterogeneity
matters. Blundell et al. (1994) and Attanasio and Browning (1995) find that rich households
tend to show a exhibit EIS. Mankiw and Zeldes (1991) and Vissing-Jorgensen (2002) find a
larger EIS for stockholders than for non-stockholders. Bayoumi (1993) finds that liquidity-
constrained households’ EIS is smaller. Second, the presence of uncertainty is an important
factor for the estimation of the EIS. Bansal and Yaron (2004) argued that ignoring time-
varying consumption volatility leads to a downward bias in the macro estimates. Beeler and
Campbell (2012) used an instrumental variable approach to circumvent that concern and find
that, although the downward bias exists, it is not large enough to explain the low empirical
estimates. |t seems however, that their regression approach is highly sensitive to samples,

assets used, and instruments, as pointed out by Bansal et al. (2012).

While discussion on the empirical measure of the EIS is still ongoing, this parameter has
critical implications on the theory side. As mentionned earlier, the macroeconomic literature
has reached the consensus of an EIS below unity for well-behaved responses to shocks. On
the other hand, asset pricing models have often adopted a value larger than unity in order to
replicate observed moments, in particular the equity premium, the volatility of financial returns,
and their variations over time. In that vein, finance-oriented models of disaster risk have also
set an EIS above unity in order to prevent the risk-free rate from declining too much, and thus
asset prices to rise, by reducing the precautionary saving effect in response to a disaster risk

shock (see the discussion in Tsai and Wachter, 2015).

In trying to disentangle the role of the EIS in replicating asset pricing moments, Yang (2015)
compares a model with habit in consumption with a model of long-run risk. He finds that the
former requires an EIS equal to unity whereas the latter requires an EIS strictly above unity in
order to match the equity premium. However, in the presence of disaster risk, appropriate levels
of equity premium and volatility of government bonds can be compatible with a low EIS, as

recently estimated by Irarrazabal and Parra-Alvarez (2015) on Wachter (2013)'s model. Yet,

2Havranek et al. (2015) have collected 2,735 estimates of EIS reported in 169 studies to explore estimation
differences across countries and methodologies from a meta analysis. They find a mean estimate around 0.5,
and typically lying between 0 and 1. They suggest that the type of utility function does not affect much, while
cross-country differences matter, yet essentially preserving an EIS below unity. Households' EIS appears to be
larger in countries with higher income per capita and higher stock market participation.
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a high EIS is still necessary to generate higher price-dividend volatility, stock market volatility,

and hence a lower Sharpe Ratio, in that model.

Our paper thus contributes to that debate in showing that both macroeconomic and financial
effects of disaster risk can be obtained when the EIS is below unity and prices are sticky.
Specifically, on the macro side, positive co-movements between the main aggregates — output,
consumption, investment, labor, wages, and inflation — as observed in the data, and, on the
asset pricing side, the countercyclicality in the risk premium. The New Keynesian framework
thus appears to play a crucial role in determining the effect of the EIS on macroeconomic

dynamics and asset pricing variables.

5.3. Preference shocks

As disaster risk is captured by a shift in preferences, our effects resemble those from exogenous

shocks to the discount rate.

The asset pricing literature argues that supply-driven shocks alone cannot account for the
observed movements in asset prices and thus points out the needs for considering shocks
to ‘preference shocks' (Campbell and Ammer (1993), Cochrane (2011)). More generally,
by changing the demand for assets, preference shocks have been sucessful in matching the
equity premium, the bond term premium, and the weak correlation between stock returns and
fundamentals by generating a good fit for risk-free rate variations independently of cash flows
(see for instance the early work of Campbell (1986) and recent papers by Schorfheide et al.
(2014) and Albuquerque et al. (2015)).

However, these models, just as Gourio (2012), generally consider a negative shock to the
discount factor, i.e an increase in agents' impatience: they suddenly want to consume more and
hold fewer assets. On the contrary, the New Keynesian literature generally studies the effects
of positive preference shocks, i.e a decrease in agents' patience. This has been successful in
some dimensions, for instance lately in making the zero lower bound (ZLB) on policy interest
rates binding (see Eggertsson and Woodford (2003), Eggerston et al. (2014), and Erceg and
Linde (2012)). An increase in the discount factor decreases agents’ propensity to consume and
puts downward pressure on real factor prices, real marginal cost and inflation. The real interest
rate must diminish to reduce deflationary pressures. Empirically, variance decomposition shows
that positive preference shocks is one of the main determinants of the nominal interest rate
(Smets and Wouters (2003) and Ireland (2004)).

One of our contributions here is to conciliate the asset pricing partial equilibrium effects of
a negative preference shock, by considering the exact same mechanism as in Gourio (2012),

with the general equilibrium effects obtained with exogenous preference shocks in the New
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Keynesian literature. This is far from trivial as both literatures have found a recession and
an increase in risk premia (or flight-to-quality) to be associated with opposite movements in
the discount factor. Yet, we show here that Gourio’s definition of the disaster risk can give
responses compatible with the predictions for exogenous positive preference shocks whenever
an EIS below unity and sticky prices are adopted. In line with the ZLB literature, we find that

preference shifts lower interest rates on bonds, cause deflation and recession.?

5.4. Uncertainty shocks and fat-tail events

Another class of shocks related to ours is changes in aggregate uncertainty, or second-moment
shocks. Shocks to the level of the probability of disaster considered here provide effects very
comparable to volatility shocks in preferences, as in Basu and Bundick (2014). In that sense,
disaster risk can be understood as a potential source of aggregate uncertainty. Bloom (2009)
finds that an increase in uncertainty generates an immediate drop in output, as well as in labor
and productivity as firms wait before hiring and reallocation from low to high productivity firms
is impeded. In the medium term however, the economy bounces back as firms address their
pent-up demand for labor and capital. With this respect, a disaster risk shock has a similar
effect to uncertainty shock as it produces a short sharp recession followed by an “overshooting”
in the recovery. This idea is supported empirically by Baker and Bloom (2013) who use rare
events, such as natural disasters, terrorist attacks, political coups d'état and revolutions to
instrument for changes in the level and volatility of stock-market returns. They argue that
some shocks, like natural disasters, lead primarily to a change in stock-market levels (first-
moment shocks), while other shocks like coups d’état lead mainly to changes in stock-market

volatility (second-moment shocks).

Finally, a related but slightly separated literature has considered ‘disasters’ as rare events stem-
ming from non-Gaussian shock distributions. Curdia et al. (2014) and Chib and Ramamurthy
(2014) show evidence that models with a multivariate ¢-distributed shock structure are favored
by the data over standard Gaussian models. Auray et al (2012) show that limiting distributions
of several aggregate macroeconomic time series, such as GDP, real wages and capital stock,
exhibit fat tails if the returns to scale episodically increase. Andreasen (2012) studies rare
disasters and uncertainty shocks, through skewed shock distributions, affect risk premia in a
DSGE model. Weitzman (2012) also examines the effects of nonnormalities and rare disasters

on risk premia. He finds that, with a higher probability weight on very bad outcomes, tail

2"The only apparent difference with Christiano et al. (2011) concerns the response of investment. Given
that capital accumulation is included in our model, a decrease in the real interest rate drives investment up
following the shock. In a model extension, Christiano et al. (2011) also considers capital accumulation but
because the ZLB prevents the nominal interest rate from declining following a preference shock, and deflation
arrives, the real interest rate increases, such that investment naturally cannot rise. Our model does not impose
such a constraint but it would be straightforward to do so. In that case, a fall in investment would deepen
the recessionary effects of disaster risk.
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fattening reduces the magnitude of equity premium and riskfree rate puzzles. Finally, Wachter
(2013) analyzes the effects of a time-varying probability of a consumption disaster and assumes
that the conditional distribution of consumption growth becomes highly non-normal when a

disaster is relatively likely.

6. Conclusion

This paper has developed a New Keynesian model featuring a small but time-varying probability
of rare events a la Gourio (2012). The purpose was twofold. First, we aimed at conciliating
the recessionary effects of an unexpected rise in disaster risk with a standard value of the
elasticity of intertemporal of substitution. Indeed, we have first shown that Gourio (2012)’s
flexible-price results hold if and only if the EIS is above unity. However, we then argued that
the presence of sticky prices provides a solution by making the response of output primarily

impacted by the response of consumption, instead of savings in real business cycle models.

Second, we aimed at conciliating the macroeconomic effects of the disaster risk with the
preference shock literature. Indeed, under Gourio (2012)'s assumptions, the disaster risk is
equivalent to a shift in the discount factor. However, recession is associated with agents
becoming more impatient in Gourio (2012) but positive shocks to an exogenous discount
factor, and thus agents becoming more patient in the New Keynesian literature (Smets and
Wouters (2003), Christiano et al. (2011)). Here, we showed that Gourio (2012)'s model
actually drives the agents to be more patient whenever the EIS is below unity. In that case
and when combined with sticky prices, we can yet obtain a decrease in consumption, wage,

and output, as well as deflation, and an increase in risk premia all together.

This model could easily be used for further research. In particular, it would be interesting to
look at the optimal policies to be implement in the face of increased disaster risk. Also, it
would be informative to study variations in the term premium due to the disaster risk, and
how the short-term risk premium interacts with the long-term yield curve. The impact of

unconventional monetary policies would then be particularly worth investigating.
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Appendix
8. Households’ problem with disaster risk
A. Capital accumulation with disaster risk

Let us consider that the law of motion for capital is

i
Kot = | (1 = 6ou) I, + S (?t

t

) Kt:| €$t+1 ln(lfA)
where the depreciation rate of capital given by
5t = 50U? (10)

with u the utilization rate of capital and 1 a parameter, where S(.) is a capital adjustment

cost function featuring the usual properties as given by

=\ 2
I I I I
5(_t):_t_1 A 4 (11)
K, Ky 2\Ky K
and where the last term expresses that capital accumulation is affected by the occurrence of
a “disaster” captured by the indicator variable x;,,. Specifically, if a disaster occurs, we have
xgr1 = 1, with a time-varying probability denoted 6;, a fraction 1 — A of capital is destroyed.

Otherwise, ;.1 = 0, and the law of motion is standard. Moreover, log(6;) follows an AR1

process.

Following Gourio (2012)’s spirit, we assume that productivity is subject to the same disaster

risk and follows
Zt+1 _ €u+5z’t+1+mt+1ln(lfA)
2

This allows to write a law of motion for the detrended capital stock as

(1= 0k + S (1) ky

6M+52,t+1

(12)

t+1 —

where lower case letters denote the detrended variables (k; = K,;/z;, etc). This way, the
disaster event itself ;.1 does not affect the detrended capital, while the disaster risk 6; will

however do (indirectly).
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B. Bonds with disaster risk and the budget constraint

In addition, households can also buy one-period bonds issued by a public authority. These

assets are also subject to the same disaster risk , i.e
Bt+1 = [Bt(l + thl)]ext_kl In(1-4)

or, reexpressed in detrended terms as b, = % The households’ (detrended) budget

constraint is thus given by

w b(l+7r_,) PF D, b T,
—L,+ bl trin) | gk, + = =iy ¢+ et Tt (13)
2 Pt Y2 2t e 2t

where w stands for the (detrended) nominal wage rate, p the good price, P* the (nominal)
rental rate of capital received from the firms, D the monopolistic firms' real profits, T" lump-

sum taxes.

C. Epstein-Zin preferences under disaster risk

Epstein-Zin (1989) preferences are given by:

=
2 [e

I
1

V.= 1[C (1 - Lt)w]liw + Bo (Etf/t}k_lv)

By setting V; = V; Yand y =1 — —dﬂ we obtain
Vo =[Cr (1= L)")" + o (BVAY)

and finally defining v; = Zlv——tw we get

vy =la(1— L)%

1
6 (Et (Zt+1 Ut+1)1x) o

t

with ¢; = C}/z; stands for the detrended consumption. Since we have assumed that produc-

(1-4)

tivity evolves as z;,1/2; = e#testritaeiiin , We can rewrite the previous equation as

1
1— —
v = [Ct(l - Lt) ]1 P + BE (Et (Zt(lfw)e[,u+€z,t+1+mt+1ln(lfA)](lfw),Ut+1) X)l X

1
= [Ct(l _ Lt)w]l_w + 60 (Ete[ﬂ+€z,t+1+mt+1ln(lfA)](lfw)(l—X)Utlilx) T—x
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that can further be decomposed, in Gourio (2012)’s spirit, as

1

T—x _1
Vp = [Ct(l — Lt)w]l_w + BoEy {e(lfﬁ)l“tﬂ ln(lfA)} * e(lfw)HE't [6(1*7)52,&1%1;1)(} T—x

with (1 —~) = (1 —¢)(1 — x) from earlier definition. Then, since there is a disaster (z = 1)
with probability § and no disaster (x = 0) with probability (1 — 6), we can decompose in the

expression above the term

1

o [0 russ MO8 = gy [(1 - ) 4 feli 0] T

where the first expectation operator is conditional on the disaster risk and information at time

t whereas the second expectation operator is only conditional on information at time ¢.

Thus, redefining the discount factor as a function of the (time-varying) disaster risk (a la
Gourio, 2012) as

B0) = Bo [1 — 6, + 0, ln(lfm} T (14)

our objective function can finally be rewritten as

1
v = [e(1 = L)®) Y 4 B0 [Brel 5 emp) ] T (15)

D. Solving for the household’s problem

Households want to maximize (5) subject to (1)-(4) and (6). The Lagrangien for this problem

can be written as

L= [e(1— Lt)w]lfw 4 ﬁ(et)eu(lfw) (Eteez,tﬂ(k»y)vt(ix))q

nom b b.(1 _ Pk D T
+ EtAtB (wt L, — i ehtez i1 | 7t( + T 1) + —tUtkt + =t 1y — Cp — _t>
yg; Y4 Pt Pt 2t Zt

+ EtAtC |:(1 - 50u?)kt + S (Z;—t) kt — kt+1€u+€z’t+1:|
t

_ A N
with &, = dpuy and S (;—i) =r-3 (}C—i — %) , and where AP and AY are the Lagrangian mul-

tipliers associated with the budget constraint and capital accumulation constraint respectively.

The first-order conditions are thus
(ci:) (1—w)e ¥ (1— L)™' = AP

(I=7)ezt414 X
e v _ _
a8 — (1 - ¢)Ct+w1 (1- Lt+1)w(1 DN = EtAEH

(ces1:)  Ep |B(O)et—0 =
(Ete(l—v)ez,Hlvtl;lX) T—x
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1—L w
(L 2) P=—

Cy Wy

1+Tt
b1 : AB phezitt — B | A2 ——
(bey1 o) e t( t+11+ﬂ_t+1>

k . -
kpaq: AP tHu + A¢ [ — douy +7‘Zt+1 <£—1>
(t+1 ) { t+1pt+1 t+1 t+1 0%¢+1 k?t+1 kt—‘,—l 2

. =\ 2
T+ ¢ C u+e
| L= _ :A HTE2z t+1
2 (ktJrl /{;) ] } t ¢
Pk
(ur ) AP=L = AT Sonui™
Dt

(i) AP =AC [1—7&—%)]

Finally, substituting out the Lagrange multipliers, we get the optimality conditions expressed

in detrended terms.

E. The stochastic discount factor

The stochastic discount factor is defined as

Orror — OVi/0C11
tt+ 7{‘9\4/6@
and, recalling that V, = V," % and y = 1 — 11—;1 we get
Cii\ Y (1= L =(1=9) Vid
o= (G) " ()™ i
t (EyViy ) Tx

Then, to further express it as a function of the detrended variables, let us use v; = Z‘fw and

o+

the expression above to get

2 (g1 Y (1= Ly \ TV 7 e Meztt1y X
Qi = t ( t+1) ( 1 £+1) B(Qt)e(l D) 41 _
Zt41 Ct — Ly {Ete(l_wazvtﬂvtl;lx g

Note that we cannot use this expression as such for using the perturbation methods since

zZ

the term Z—tl still contain the disaster variable 2. However, recall the first-order condition on

bonds as
EtAt+1 N TE e Ey(1+ m4q)

AB 1+Tt
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= E, |B(0 )e(lfw)u 6(1—7)€z,t+1'l};+Xl (cm)w (1 _ Lt+1>w(1_¢)
= F, . 1— Ly

. .
(Et€(1*7)€z,t+1vtl;1><) 1-x Ct 1 Lt
B
Finally, ‘detrending’ the Lagrange multipliers, \Z = Az—tt we get an equilibrium condition as

B B
& At+1 - A1

Qt,t+1 = = =5, or
Zr1 A A
B
Q1 = tt+1@ = % = prtes i L M1 (16)

F. The risk premium

The standard asset pricing orthogonality condition reads as

E; [Qt,t+1Ri+1} =1

where R’ is the real return on asset i. Thus, the riskfree rate, R’ is

Ey [Qt,t+1R{+1} =1

Moreover, from the first-order condition on bonds, we know that

L+ 7
1+Tt

Zt+1 +e
Qiip1— | = L |t
2t

Et {Qt,tﬂ] = Et

such that the (real) rate of return on capital can be written as

Rfvrleal _ Zt+1 1 L+ _ emt+11n(17A) L+
+ Zt 6H+€z,t+1 1 + 7Tt+1 ]_ + 7Tt+1

Further replaced into the (non detrended) condition on capital, we get

Pf Ug41 qi+1 U1 [ g1
Rfjrrleal _ ea:t+1ln(1—A) t+1 Pt + + 1 — 50U?+1 + Ti Ztl
Pyl G q Fer1 \ ke

. -\ 2
T b+l [
2 <7€t+1 /5) ]
Finally, the risk premium is defined in gross terms as the ratio of the real return on capital to

the riskfree rate, i.e E,(Premium;,1) = Et(Rfff“l/R{H).

)

T =l
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G. The role of the EIS on households’ decisions
G.1. The response of the discount factor to the disaster risk

The EIS is given by the following combination of parameters in our model

1

EIS = 1— (1+@)(1—1)

so that the time-varying discount factor (6) can be rewritten as

1-1/EIS

B(O) = o [L — 6, (1 — - 1= T

Taking the derivate with respect to the probability of disaster gives

apo) 1—1/FEIS 1 1_y)m@a-a) (1= In(1—A)\ ] T 27!
96 T (Itw) e —1f[1-0(1-e )]

The sign of this expression crucially depends on the value of the EIS. Given @w > 0, A > 0,
0 >0, By >0, we have:

e With EIS < 1 and v > 1, A>0, B>0, C>0, so 2 > 0;
e With EIS < 1and 0 <~ < 1, A<0, B< 0, C>0, so 2 > ;
e With EIS > 1 and v > 1, A<0, B>0, C>0, so ¥ < ;
e With EIS > 1 and 0 < v < 1, A>0, B<0, C>0, so 22 < p;

o With hmE[S_ﬂ 5(6) — 0.

Overall, an increase in the probability of disaster thus makes agents more patient (higher 5(0))
when the EIS is below unity, and inversely, more impatient (lower 5(6)) when the EIS is above

unity. This holds for all degrees of risk aversion (all values of 7), including risk neutrality.

G.2. The response of the riskfree rate to the disaster risk (along the balanced

growth path)

Along the balanced growth path, the riskfree rate is given by

B e\ i
{1 0(1 . ) in(1 A))}w Y)+1/EIS—v

w+1/EIS

foe H = [1—6(1 — e vIn(1-4))]

R =

The derivative R/ /00 is always negative, i.e the riskfree rate decreases in the disaster risk
for all values of the EIS and risk aversion. However, the magnitude of the slump is sensitive to

the value of the EIS: the riskfree rate decreases more with the disaster risk for an EIS below
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unity than for an EIS above unity, given the degree of risk aversion (including risk neutrality).

For instance, with the baseline calibration we find

e With EIS = 0.5 and v = 3.8, 2" ~ —0.666;

. _ _ RS .
With EIS = 2 and v = 3.8, S0~ —0.504;

; _ _ ORS .
With EIS = 0.5 and v = 0.5, o ~ —0.324;
With EIS = 2 and 7y = 0.5, 2 ~ —0.217;
With EIS = 0.5 and v = 0, 22" ~ —0.291;

o With EIS =2 and 7 = 0, 2 ~ —0.190

Note again that this is not a general equilibrium effect.
G.3. The response of the return on capital to the disaster risk (along the balanced
growth path)

Along the balanced growth path, the return on capital is given by

1—0(1 - eh-2)

Boe PEHES [1 = (1 — -7 m(1-2))| o105

RN =

The derivative OR* /90 is also always negative, i.e the rate of return on capital decreases in
the disaster risk. However, just as for the riskfree rate, the decrease is larger when the EIS is
below unity (rather than above), for all values of risk aversion (including risk neutrality). For

instance, we have

e With EIS = 0.5 and v = 3.8, 2 ~ —0.332;
e With EIS = 2 and v = 3.8, 2 ~ —0.169;
e With EIS = 0.5 and v = 0.5, 2& ~ —0.295;
o With EIS = 2 and v = 0.5, 28" ~ —(.188;
e With EIS = 0.5 and v = 0, 2 ~ —0.291;

e With EIS =2 and v = 0, 28 ~ —0.190

G.4. The response of the risk premium to the disaster risk (along the balanced

growth path)

Finally, along the balanced growth path, the risk premium is given by

[1=0(1— @] [1 -6 (1 - er0-2))]
1—0(1 — e(-)(-A))

Premium =

The derivative, calculated under our calibration values, gives
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. N OE(R*F)/RT .
o With y = 3.8, 2ZULJF ~ .333;

. . AE(R®)/RS __ .
o With y = 0.5, 22U ~ 0.029;

o With y = 0, ZZEUR. _ )

The risk premium reacts positively to the disaster risk, and the larger the risk aversion the
larger its magnitude. It does not directly depend on the value of the EIS along the balanced
growth path, in line with Gourio (2012). However, in general equilibrium, the EIS plays a
qualitative role: the larger the EIS, the smaller the risk premium in response to the disaster
risk shock (see the impulse response functions, comparing Figures 1 and 2 (flexible prices) on

one hand, and Figures 3 and 4 (sticky prices) on the other hand).

9. Firms’ problem
A. Production aggregation
The aggregate of intermediate goods is given by
= (7)™
so that the representative firm in the final sector maximizes profits as
yil "1 X

AT Py < / i dj> - /0 pjtYjedj

The first-order condition with respect to Y} ; yields a downward sloping demand curve for each

Y = <@> Y,
De

The nominal value of the final good is the sum of prices times quantities of intermediates

intermediate good j as

1
DiYs :/0 pj,th,tdj

in which Y} is substituted to give the aggregate price index as

= (f i)

B. Cost minimization

Firms are price-takers in the input markets, facing (non-detrended) nominal wage W;**™ and

capital rental rate P¥. They choose the optimal quantities of labor and capital given the input
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prices and subject to the restriction of producing at least as much as the intermediate good
is demanded at the given price. The intra-temporal problem is thus

min WL, + PP K,
Lje: K

s.t. f(]‘?jt(thjvt)la><%> Y,
t

The (detrended) first-order conditions are

nom Z:'7 :
(Lj,t Dow = mc;y (1-a) (#)

j7t

l;/’ a—1
R 7= ()
j7t
in which the Lagrange multiplier denoted mc/}¢™ can be interpreted as the (nominal) marginal

cost associated with an additional unit of capital or labor. Rearranging gives the optimal

(@) _w_a
Lj PF(1-a)
in which none of the terms on the right hand side depends on j, and thus holds for all firms

in equilibrium, i.e., B — e Replacing in one of the first-order conditions above gives

Lt Lj,
Pk a Wy 11—«
mc?om* — t ( )
o 11—«

TLOM*

Reexpressing in real terms mc; = mc;

capital over labor ratio as

/D¢, we finally have

k,real \ ¢ real \ 1—«
* Pt Wy
me; =
@ 1—«a

where P%real and w" are the real capital rental rate and (detrended) wage.

C. Profit maximization

Let us now consider the pricing problem of a firm that gets to update its price in period ¢ and
wants to maximize the present discounted value of future profits. The (nominal) profit flows
read as

PjiYie = WiLje — PiKje = (pj — mep™™)Y,

which can be reexpressed in real terms as ’—;%Y}’t —mc;Y;,. These profit flows are discounted

by both the stochastic discount factor, (), .+, and by the probability (* that a price chosen at
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. —V
time ¢ is still in effect at time s. Finally, given Y;; = (%) Y}, the maximization problem is

thus

00 ) 1-v A —v
max Et Z (C)S QtJrs <M> Y;Jrs - mcas <M> Y;ers

Pjt s=0 t+s Pt+s

which can be further simplified, using mc; =

m
mijt and factorizing, as

o
-1 1—v
r%?tx Ey Z (€ QtisPirs Yets (pj,t - mc?ompj,ty)
’ s=0

The first-order condition is then

o0

Eq Z (€ QersPiss 1Y;f+s ((1 )pj ;T Vmcf”mpj;_l) =0
s=0

which simplifies as

v 5=0 (C)S Qt-l-sp:f/-;-gy;f-l—smca_s
t 00 s v—
v—1 =0 (C) QtJrspt—i—sl}/;ers

Note that this optimal price depends on aggregate variables only, so that p; = pj,. Expressed

* —_—
DPji =

as a ratio over the current price, we thus have

pz( . 1% E (C) Qt+s< I ) th—l—smct_ys
— = t
pe vl Qt+s( +) Yiis
which can be written recursively as
i v =
pe v—1 "Ey

12
— % DPi+1 —
Ey, = Yime, + CEQr i <—> Sl

Pt

v—1
o, = Y + CEQ i1 <]%> SO
¢

Replacing Q41 = Qt,tﬂﬁ, and detrending, these are simplified as

= " ~ p Y =
Z1, = yme; + CEQt i1 (;—H) S (17)
t
D v—1
Zo, = Yt + CEQr 41 <;—+1> o1 (18)
t

where =, = =t/z, the detrended variable.
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10. Aggregation
A. Bonds market

Market-clearing requires that the public debt equals the quantity of bonds at each time,
Debt; = By, and is thus symmetrically affected by disasters. Moreover, we assume that
the public budget has to be balanced every period, i.e the sum of tax revenues and new
debt insuance to equal the current debt insuance to be repaid with interest rates (as for the

non-disaster part), i.e
Type + Besr = [Bi(1 + 1y )] e+ m1-2)

or, in detrended terms,
T n birr  b(147-1)

2y Dt pteﬂJrez,t-H

B. Aggregate demand

Replacing the tax level above into the household’s budget constraint gives

b (1 _ b b (1 _ b D
(1 +71) B t+1> :w:ealLt+<t( + 1) B t+1)+Pk,real ¢

t uky + —
pteﬂ+€z,t+l Dy pteﬂ+€z,t+l Dt 2t

Ct+it+<

which just simplifies as

. 1 k,real 7. Dt
Ct‘i"lt:’wzeaLt—'—Pt kt+Z_
t

i.e, in non-detrended terms, as
Ct + It _ WtrealLt + Ptk,real}—"(t + Dt

where we now have to verify that the RHS is equal to Y;. Total dividends (or profits) D; must

be equal to the sum of dividends (or profits) from intermediate good firms, i.e

1
Dt :/0 Dj,tdj
The (real) dividends (or profits) from intermediate good firms j are given by

Dt real k,real 1
Djy = . Yio =W Ly = P Ky
t

Substituting Y, we have

1-v
D., — (@) Y, — Wtreale’t . Ptkmealkj,t

.]7t -
Pt
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Therefore, knowing that Dy ey = fol D yreaydj, we get

1 Dit 1-v B 1 Dit 1—v
Dt _ / ((i) th o Wtreale7t . Ptk’realKj,t) dj _ / (i) thdj
0 Dt 0 Dt

-1 1 & I~
_/0 Wtreale,tdj _/0 Pt ,rea Kj,tdj

! Djt 1= real k,real ¢ . 1 'l 1-v ;.
D= / it )y, _wrelr,, - PErR ) d = Vi / (pj) " dj
0 Dt 2 0

1 1
. k l g .
_Wtreal/o Lj,td] _ })t ,req /0 Kj,td]

Given that (i) the aggregate price level is p; ™" = [ pjl-;”dj, (77) aggregate labor demand
must equal supply, i.e fol L;dj = Ly, and (7ii) aggregate supply of capital services must equal
demand [, K;,dj = K,, the aggregate (real) dividend (or profit) is

Dt — th _ WtrealLt . Ptk,real[”’(t

Replaced into the household’'s budget constraint, this finally gives the aggregate accounting
identity as
Y, =Ci+ 1

or in detrended terms

Ye = + iy

C. Inflation

Firms have a probability 1 — ( of getting to update their price each period. Since there are
an infinite number of firms, there is also the exact fraction 1 — { of total firms who adjust
their prices and the fraction { who stay with the previous period price. Moreover, since
there is a random sampling from the entire distribution of firm prices, the distribution of any
subset of firm prices is similar to the entire distribution. Therefore, the aggregate price index,

pi " = Jy pii dj, is rewritten as

1—v 1=¢ *1—v 3 'l 1—v .
Dy :/ pyUdj Jr/ pj,t—ld]
0 1-¢

which simplifies as
p =1 =Op T+ Ty
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Let us divide both sides of the equation by p; V'

*
t

D 1—-v D 1—v D 1—-v
er) =0-olE) <)
Pt—1 Pi—1 Pt—1

and define the gross inflation rate as

1+m = P
Pr—1
and the gross reset inflation rate as
147 = Pe
Pt
we get
I+m)' ™ =1-O+m)""+¢
Finally, since we know that
i v =1,
ot 3
pe v—1 "Ey

we have the reset inflation rate as
=1,

14
(1+7) = (L m) = Fi

— —
;_42t

with the expressions given previously for =; and =, (see Appendix B.3), or equivalently with

| [1]k

the detrended terms as
v

(1+m)=(1+m) E=

vV — 1 :2t

D. Aggregate supply

We know that the demand to individual firm j is given by
Y, = (@) Y,
Pt

and that firm 5 hires labor and capital in the same proportion than the aggregate capital to

labor ratio (common factor markets). Hence, substituting in the production function for the

intermediate good 7 we get

(2) =50

2Ly ygs
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which can be rewritten with detrended variables as

ift ° Dyt -
(-2

Then, summing up across the intermediate firms gives

]:It ‘o . Lpis - .
-t L..di = / £yt d
(Lt> /0 Gt @) = Yt 0 (Z%) ]

Given that aggregate labor demand and supply must equal, i.e fol L;.dj = L, we have

1 L\ 7Y N
/ <@> djy, = k' Li™®
0 Dt

Thus, the aggregate production function can be written as

_ KL
Yt = 0,
where 0, = fol (%)_V dj measures a distortion introduced by the dispersion in relative

prices.?® In order to express (2, in aggregate terms, let decompose it according to the Calvo

pricing assumption again, so that
1 A\ 7Y 1
_ pj7t -V -V
9P —/0 (E) dj _pt/o Pt
14 ! —V 14 174 *—1/ . 1 —v .
pt/ Pjr =Pt </ py dj "‘/ pj,t—ld])
0 0 1—¢
4 ! —V 4 *k—U 14 ! —V
pt/o Pjt =p (1 =Q)p; " +p; A_ij,tldj
pt/pt— (1-¢) o _V+pt”/1 Piiadj
J D e
p / pii = (1=¢ )(—p: >_V <p—“>_y+p”/1 piiadi
! ]t Pi—1 Yz "¢ =t

1 . v
v —v *\ —V v -V VvV pyt*1 -
v [ = (=00 ) ) +pt_1pt/ <—] ) dj
0 1-¢ \ Pt-1

Given random sampling and the fact that there is a continuum of firms

Q= (1= +m) " (L+m)” + (1 +m)"

28This distortion is not the one associated with the monopoly power of firms but an additional one that arises
from the relative price fluctuations due to prie stickiness.
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11. Full set of equilibrium conditions

Households' optimality conditions:

B - /1 — [ w(1-v) (1=7)ez,t41,,7X
Qrisr = <£> <17[t/+1) 5(906(1—1#)# e (] __ (19)
cy — Ly E, [e(l Y)es, t+lfvt+1 } T—x

c ,wgeal
E []' + 1] & A
t . " rtt-i— eu-i- zt+l EtQt,t—f—l (21)
~ 1 i i i
EyQu 1 PEY {Ut+1 +— [ — Soufyy +T—— i+l <—t+1 — _>
Sonui kiyr \ ki1 k
. -\ 2 k,real
_Z 41 . i _ Pt ehtez i (22)
2 \ker1 Kk Somuy ™"
Sonul ! i i
= — — = 23
Ptk real kt ]i) ( )
Households' constraints
v = (1= L)™' + B(8)eU—HE, [el-¥)0—02 1y L] TX (24)
(1 =0 )k + S (&) ke
kt"'l - eu+ez,t+1( ) (25)
Processus for the disaster risk
log 8, = (1 — pp)log 6 + pglog b1 + oyey, (26)
Time-varying discount factor
B(0) = Bo [L = 0 + Byelt-) -] T (27)
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Tobin's q

Asset pricing (1 _
t(1 + e

E —
tQt,tH 1+ 1, 1= 0,A

Ey [QuaRl,] =1

]-+Tt

ERk,real: 1—0A L
tLtli4+1 ( t )Et(1+7rt+1)

. E Rk,real
Eiy(Premiumgyq) = tftﬂ
Rt+1
Firms' constraints 5
koLl
Yt = Q,
lz?t = wky

[1]:

1 = ytmc;‘ + CEtQt,t—l—léltH (1 + 7Tt+1)y

So, =y + CEtQt,t+1é2t+1 (1+ 7Tt+1>y_1
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Price distorsion:

Q=01-0Q+m)""(1+m)" + (1 +m)" (40)

Price index:
I+m) ™ =0-0)0+m)""+¢ (41)

Taylor rule:
re = peree1 + (1= pp) [Pr(me — 7) + Py (e — y*) + 17 (42)

Aggregate resource constraint:
Y = Ct + it (43)
This is a system of 25 equations in 25 unknowns: {y, c,i, Lk, k,u, B,q,0,wed, Phred 0 Q.

Rkrea RIPremium, Q, m, %, 21, 2, mc*, v, T}. We solve for the steady-state and then use
Dynare to simulate the responses to the disaster risk shock with a third-order approximation

(unless otherwise specified).
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