Uncertainty Traps*

Pablo Fajgelbaum Edouard Schaal Mathieu Taschereau-Dumouchel
UCLA and NBER NYU Wharton
May 10, 2016
Abstract

We develop a theory of endogenous uncertainty and business cycles in which short-lived
shocks can generate long-lasting recessions. In the model, higher uncertainty about fundamen-
tals discourages investment. Since agents learn from the actions of others, information flows
slowly in times of low activity and uncertainty remains high, further discouraging investment.
The economy displays uncertainty traps: self-reinforcing episodes of high uncertainty and low
activity. While the economy recovers quickly after small shocks, large temporary shocks may
have long-lasting e[edts on the level of activity. The economy is subject to an information
externality but uncertainty traps may remain in the e [cieht allocation. Embedding the mech-
anism in a standard business cycle framework, we find that endogenous uncertainty increases
the persistence of large recessions and improves the performance of the model in accounting for
the Great Recession.
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1 Introduction

We develop a theory of endogenous uncertainty and business cycles. The theory combines two
forces: higher uncertainty about economic fundamentals deters investment, and uncertainty evolves
endogenously because agents learn from the actions of others. The unique rational expectation
equilibrium of the economy features uncertainty traps: self reinforcing episodes of high uncertainty
and low economic activity that cause recessions to persist. Because of uncertainty traps, large but
short-lived shocks can generate long-lasting recessions. We first build and characterize a model
that only includes the essential features that give rise to uncertainty traps. Then, we embed
these features into a standard real business cycle model and quantify the impact of endogenous
uncertainty during the Great Recession.

In the model, firms decide whether to undertake an irreversible investment whose return depends
on an imperfectly observed fundamental that evolves randomly according to a persistent process.
Firms are heterogeneous in the cost of undertaking this investment and hold common beliefs about
the fundamental. Beliefs are regularly updated with new information, and, in particular, firms
learn by observing the return on the investment of other producers. We define uncertainty as the
variance of these beliefs.

This environment naturally produces an interaction between beliefs and economic activity.
Firms are more likely to invest if their beliefs about the fundamental have higher mean, but also if
they have smaller variance (lower uncertainty). At the same time, the laws of motion for the mean
and variance of beliefs depend on the investment rate. In particular, when few firms invest, little
information is released, so uncertainty rises.

The key feature of the model is that this interaction between information and investment leads to
uncertainty traps, formally defined as the coexistence of multiple stationary points in the dynamics
of uncertainty and economic activity. Without shocks, the economy converges to either a high
regime (with high economic activity and low uncertainty) if the current level of uncertainty is
su [Cciehtly low, or to a low regime (with low activity and high uncertainty) if the current level of
uncertainty is su Lciehtly high. Because of the presence of these multiple stationary points, the
economy exhibits non-linearities in its response to shocks: starting from the high regime, it quickly
recovers after small temporary shocks, but it may shift to the low-activity regime after a large
temporary shock. Once it has fallen in the low regime, only a large enough positive shock can push
the economy back to the high-activity regime.

An important feature of the model is that, despite the presence of uncertainty traps, there is a
unique recursive competitive equilibrium. That is, multiplicity of stationary points does not mean
multiplicity of equilibria. Therefore, unlike other macro models with complementarities, there is
no room in our model for multiple equilibria or sunspots.!

The model features an ine Lciehtly low level of investment because agents do not internalize the
e [edt of their actions on public information. This ine [ciehcy naturally creates room for welfare-

'For recent examples of business cycle models with multiple equilibria see Farmer (2013), Kaplan and Menzio
(2013), Benhabib et al. (2015) and Schaal and Taschereau-Dumouchel (2015).



enhancing policy interventions. We therefore study the problem of a constrained planner that is
subject to the same informational constraints as private agents. The socially constrained-e [cieht
allocation can be implemented with a subsidy to investment. But, perhaps surprisingly, the optimal
policy does not necessarily eliminate uncertainty traps. Therefore, while policy interventions are
desirable, they do not eliminate the adverse feedback loop between uncertainty and economic
activity.

To evaluate the quantitative implications of uncertainty traps, we embed the key features of
the baseline model into a standard general equilibrium framework and then compare its predictions
with an RBC model and the data. To isolate the impact of endogenous movements in uncertainty,
we also compare our full model to a “fixed #-uncertainty” version in which uncertainty about the
fundamental productivity 6 is fixed over time. We discipline the key parameters of the model, those
that determine option-value e [edts and the evolution of uncertainty, by targeting moments from
the distribution of uncertainty about real GDP growth from the Survey of Professional Forecasters
(SPF).

We first show that our calibrated model performs as well as the RBC and fixed #-uncertainty
models in terms of traditional business cycle moments. Therefore, incorporating endogenous uncer-
tainty in a standard business cycle model does not impair its ability to predict well-known patterns
of business cycle data.

Then, we demonstrate that the non-linearities generated by uncertainty traps, studied in the
baseline theory, are active in the calibrated model. Specifically, we compute the economy’s response
to one-period negative shocks to beliefs of di [erent magnitudes. We find that i) recessions are longer
and deeper under the full model than under the fixed 6-uncertainty model, and ii) the dilerknce
between both models is more important for large shocks than for small ones. In response to a
-1% shock, the ensuing recession is 22% deeper (in terms of the peak-to-trough fall in output) and
40% longer (in terms of quarters until the economy has recovered half of the peak-to-trough fall
in output) in the full model than in the fixed #-uncertainty model. However, in response to a
larger -5% shock, the recession is 35% deeper and 66% longer in the full model than in the fixed
f-uncertainty model. Therefore, in the calibrated model, the endogenous uncertainty mechanism,
whose impact is captured by the dilerknce between the full and fixed 8-uncertainty models, makes
recessions deeper and longer for shocks of any magnitude, but relatively more so for larger shocks.

Finally, our main quantitative exercise evaluates the predictions of our calibrated model for past
U.S. recessions. Since our mechanism provides amplification and persistence to large shocks, we
expect that it might help explain particularly severe recessions observed in the data. We therefore
investigate the largest recession in our sample, the Great Recession. To do so, we feed each of
the three models (our full model, the RBC model, and the fixed 8-uncertainty model) with the
observed TFP series and signals such that each model replicates the time series of forecasts about
output growth from the SPF during the first part of the recession. We then contrast each model’s
response with the data.

Our main quantitative finding is that, during the Great Recession, our model generates declines



in output, consumption, employment, and investment which are clearly more protracted, and closer
to patterns observed in the data, than what the alternative models predict. Endogenous uncertainty
adds 1.8 percentage points in terms of recession’s depth and slows the recovery by about two years
relative to the fixed #-uncertainty model.> The corresponding numbers are 5.2 percentage points
and five years when comparing to the RBC model. We also evaluate the performance of the three
models against the data in terms of one key statistic that summarizes both the depth and the
length of the recession: the cumulative output loss between the start of the recession and 2015. We
find that our model generates 93% of the Great Recession’s cumulative output lost, relative to the
70% and 30% generated by the fixed #-uncertainty and RBC models, respectively. Reassuringly,
the model also generates patterns for the evolution of uncertainty about output growth that are
roughly consistent with the data.

We demonstrate the robustness of these conclusions by replicating this exercise under alterna-
tive assumptions about the shocks hitting the economy, the source of the TFP data, the detrending
strategy, and the preferences of the household. In each case, we find that the model with endoge-
nous uncertainty performs better than its alternatives. To make sure that the full model does not
generate counterfactual amounts of persistence for milder recessions, we also replicate the second
largest recession in our sample, the 1981-1982 recession, which was characterized by a relatively
rapid recovery. We find that our model behaves similarly to the RBC and to the fixed #-uncertainty
models in that case. We conclude that the inclusion of uncertainty traps in a standard macroeco-
nomic model of business cycles improves its performance during the Great Recession and that it
leads to similar predictions than standard models for smaller recessions.

The remainder of the introduction contains the literature review followed by a discussion of our
notion of uncertainty and its business cycle properties. The paper is then structured as follows.
Section 2 presents the baseline model and the definition of the recursive equilibrium. Section 3
characterizes the investment decision of an individual firm and demonstrates the existence and
uniqueness of the equilibrium. Section 4 shows the existence of uncertainty traps, examines the
non-linearities that they generate, and characterizes the planner’s problem. Section 5 describes the
guantitative model, shows how uncertainty traps influence the response of the economy to shocks
and compares the dynamic properties of our model to an RBC model, a fixed #-uncertainty model
and the data over the Great Recession. Section 6 concludes. The full statement of the proposition
and the proofs can be found in the appendix.

1.1 Relation to the Literature

The theory is motivated by an empirical literature that investigates the impact of uncertainty
on economic activity using VARs, as in Bloom (2009) and Bachmann et al. (2013), or using in-
strumental variables, as in Carlsson (2007), and finds that increases in uncertainty typically slow

2This measure refers to the time the economy takes to recover 20% of its peak-to-trough decline. We use the
20% threshold instead of the usual half-life since, in the data, detrended output has only recovered about 20% of its
peak-to-trough decline by the end of our sample in 2015.



down economic activity. It also relates to the uncertainty-driven business cycle literature that ana-
lyzes the impact of uncertainty through real option e [edts as in Bloom (2009), Bloom et al. (2012),
Bachmann and Bayer (2013) and Schaal (2015), or through financial frictions as in Arellano et al.
(2012) and Gilchrist et al. (2014).3

Our analysis also relates to a theoretical literature in macroeconomics that stud-
ies environments with learning from market outcomes such as Veldkamp (2005), Ordofnez
(2009) and Amador and Weill (2010). Closely related to our paper is the analysis of
Van Nieuwerburgh and Veldkamp (2006). They focus on explaining business-cycle asymmetries
in an RBC model with incomplete information in which agents receive signals with procyclical pre-
cision about the economy’s fundamental. During recessions, agents discount new information more
heavily and the mean of their beliefs recovers slowly. Their paper provides a theory of endogenous
pessimism that can explain business cycle asymmetries. Our model introduces a similar learning en-
vironment in a model of irreversible investment under uncertainty in the spirit of Dixit and Pindyck
(1994) and Stokey (2008). The resulting feedback loop between endogenous uncertainty and real
option eledts, specific to our approach, olerk a novel propagation mechanism that can lead to
persistent episodes of high uncertainty and low economic activity.

The interaction of endogenous uncertainty and real option e [edts in our model is also reminiscent
of the literature on learning and strategic delays as in Lang and Nakamura (1990), Rob (1991),
Caplin and Leahy (1993), Chamley and Gale (1994), Zeira (1994) and Chamley (2004). Our paper
di [erk from this literature in its attempt to evaluate and quantify the role of uncertainty and delays
in a standard business cycle framework. In a recent paper in which learning and economic activity
interact, Straub and Ulbricht (2015) propose a theory of endogenous uncertainty in which financial
constraints impede learning about firm-level fundamentals. Financial crises cause uncertainty to
rise, leading to a further tightening of financial constraints that amplifies and propagates recessions.*
In another recent paper considering the role of learning during the Great Recession, Kozlowski et al.
(2015) suggest that the Great Recession was the result of an unlikely shock that caused agents to
substantially revise their beliefs about the probability of lower-tail events. They find that the
resulting increase in pessimism may account for part of the long-lasting downturn.

This paper is also related to the literature on fads and herding in the tradition of Banerjee (1992)
and Bikhchandani et al. (1992) . Articles in that tradition consider economies with an unknown
fixed fundamental and study a one-shot evolution towards a stable state, whereas we study the full
cyclical dynamics of an economy that fluctuates between regimes.

The dynamics generated by the model, with endogenous fluctuations between regimes, is remi-
niscent of the literature on static coordination games such as Morris and Shin (1998, 1999) and the
dynamic coordination games literature as Angeletos et al. (2007) and Chamley (1999). These pa-
pers study games in which a complementarity in payo [Sleads to multiple equilibria under complete

3 Another literature studying time-varying risk is the literature on rare disasters (Barro, 2006) and time-varying
disaster risk as in Gabaix (2012) and Gourio (2012), and surveyed in Barro and UrsGa (2012).

4Some recent papers discuss alternative channels that give rise to endogenous volatility over the business cycle.
See Bachmann and Moscarini (2011) and Decker and D’Erasmo (2016).



information. The introduction of strategic uncertainty through noisy observation of the fundamen-
tal leads to a departure from common knowledge that eliminates the multiplicity. In contrast, the
complete-information version of our model does not feature multiplicity, and complementarity only
arises under incomplete information through social learning. Uniqueness does not obtain through
strategic uncertainty, but by limiting the strength of the complementarities.

1.2 Bayesian Uncertainty and the Business Cycle

Throughout the paper, we adopt the concept of Bayesian uncertainty: in our theory, all agents
have access to the same information Z, at time ¢ and use Bayes’ rule to form beliefs about the fun-
damental of the economy 6;, which is, in our context, the aggregate productivity process. We define
uncertainty as the variance Var (6, | Z;) of the probability distribution that describes these com-
mon beliefs. In contrast, the uncertainty-driven business cycle literature that we referenced above
defines uncertainty as time-varying volatility in exogenous aggregate or idiosyncratic variables.

These two definitions of uncertainty are related, but they are not identical. They are related
because time-varying volatility may generate uncertainty about the future fundamentals of the
economy, giving rise to Bayesian uncertainty. However, they are di [erknt because Bayesian uncer-
tainty may fluctuate without the presence of time-varying volatility. In our model, the variance of
beliefs varies over time through learning, while the volatility of exogenous variables is constant.

A basic and well known feature of the data which motivates our theory is that uncertainty
increases during recessions. Instead of direct measures of time-varying volatility, we present, in
Figure 1 , the evolution of four measures that capture our notion of Bayesian uncertainty to the
extent that they reflect uncertainty in subjective beliefs.> Panel (a) shows the VXO, a measure
of stock market volatility as perceived by market participants; Panel (b) shows the uncertainty
measure proposed by Jurado et al. (2015), which captures a Bayesian notion of ex-ante forecast
error in a statistical model of the macroeconomy; Panel (c) shows the standard deviation of the
average perceived distribution of output growth from the Survey of Professional Forecasters (SPF);
and Panel (d) shows the fraction of respondents who answer “uncertain future” as a reason for why
it is a bad time to buy major household goods from the Michigan Survey of Consumers. While these
series attempt to measure distinct objects, they all capture the notion of subjective uncertainty.
All these measures support the key implication of our mechanism, that uncertainty rises during
recessions. In the quantitative section of the paper, we use the SPF measure to calibrate and
evaluate the performance of our model because it has a natural counterpart in our framework.

5The uncertainty-driven business cycle literature measures aggregate uncertainty by the conditional heteroskedas-
ticity of various aggregates such as TFP (Bloom et al., 2012). Time-varying volatility in idiosyncratic variables is
typically proxied by cross-sectional dispersions in sales growth rates (Bloom, 2009), output and productivity (Kehrig,
2011), prices (Vavra, 2014), employment growth (Bachmann and Bayer, 2014), or business forecasts (Bachmann et al.,
2013). All these measures have been shown to be countercyclical. Since all agents have the same beliefs about 8,
these cross-sectional measures are uninformative about uncertainty in our model.



(a) VXO (b) Jurado et al. (2015)
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Notes: (a) The CBOE’s VXO series is a measure of market expectations of stock market volatility over the next 30 days
constructed from S&P100 option prices. We present monthly averages of the series over 1986-2014. (b) Jurado et al. (2015)
estimate a large-scale structural model with time-varying volatility on the US economy and use it compute an implied measure
of ex-ante forecast error. The series we present corresponds to the H12 measure, i.e., an equal-weighted average of the 12-month
ahead standard deviations over 132 macroeconomic series. (c) The SPF series is the standard deviation of the “mean probability
forecast”: an average of the probability distribution provided over forecasters, of one-year ahead output growth in percentage
terms. (d) The Michigan Survey series correspond to the percent fraction of all respondents that reply “uncertain future” to
the question why people are not buying large household items. Shaded areas correspond to NBER recessions.

Figure 1: Various measures of subjective uncertainty



2 Baseline Model

We begin by presenting a stylized model that only features the necessary ingredients to generate
uncertainty traps. The intuitions from this simple model as well as the laws of motion governing the
dynamics of uncertainty carry through to the extended model that we use for numerical analysis.

2.1 Population and Technology

Time is discrete. There lﬁ fixed ln_u{nber of firms N, chosen large enough that firms behave
atomistically. Eachfirmj € 1,..., N holds asingle investment opportunity that produces output
#, common to all firms. We refer to 6 as the economy’s fundamental. and assume that it follows
the autoregressive process

0= py6 + £, 59~iid/\/%,l%l— pgmag':,' Q)
where 0 < py < 1 is the persistence of the process and ag the variance of its ergodic distribution.
To produce, a firm must pay a fixed cost f, drawn each period from the continuous cumulative
distribution F" with mean p; and standard deviation o;. Once production has taken place, the firm
exits the economy and is immediately replaced by a new firm holding an investment opportunity.
This assumption ensures that the mass of firms in the economy remains constant.’

Upon investment, the firm receives the payo 4l Firms have constant absolute risk-aversion,”

L1 [
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where a > 0 is the coe Lcieht of absolute risk aversion.

2.2 Timing and Information

Firms do not know the true value of the fundamental 6 and decide whether to invest or not
based on their beliefs. As time unfolds, they learn about 6 in various ways. First, they learn from
a public signal Z with precision ~, > 0 observed at the end of each period,

Z=0+e%, & ~iid N (0,7, )). )

This signal captures the information released by statistical agencies or the media. Second, agents
acquire information through social learning. When firm j invests, a noisy signal about its return,
z; =6 +e7, is sent to all firms.® The noise g7 is normally distributed with precision Ye/N > 0,

5This assumption is made for tractability and is relaxed in the quantitative section.

"Here, agents can be thought of as entrepreneurs with risk averse preferences. In our quantitative model, firms
use the representative household’s stochastic discount factor.

8Social learning captures the idea that firms learn from each other about various common components that a [edt
their revenues such as productivity, demand, regulations, etc. Social learning has been found to influence economic
decisions in various contexts. Foster and Rosenzweig (1995) estimate a model of the adoption of high-yielding seeds
in India and find it consistent with social learning. Guiso and Schivardi (2007) find that peer-learning e [edts matter



ilniilependeln_Llover time and across investors, but common to all observers.” We denote by N ¢

0,...,N the endogenous number of firms that invest and n» = N/N the fraction of investing
firms. Because of the normality assumption, a su [cieht statistic for the information provided by
investing firms is the public signal

e PR
fivm
where I is the set of such firms, and
X 1 1 L1 _1|i|
N=N e ~ N 0,(nz)
j

Importantly, the precision n~, of this signal increases with the fraction of investing firms n.
The timing of events is summarized in Figure 2.

t t+1
L [ [ [
] ] ] ]
N firms decide to invest Production takes place; Beliefs are updated
based on beliefs and Public signals X and Z
investment costs are observed

Figure 2: Timing of events

2.3 Beliefs

Under the assumption of a common initial prior, and because all information is public, beliefs are
common across firms. In particular, there is no cross-sectional dispersion in beliefs. The normality
assumptions about the signals and the fundamental imply that beliefs are also normally distributed

O O
HIINN /M’Y l

where 7 is the information set at the beginning of the period. The mean of the distribution p
captures the optimism of agents about the state of the economy, while ~ represents the precision of
their beliefs about the fundamental. Precision ~ is inversely related to the amount of uncertainty.
As ~ increases, the variance of beliefs decreases, and uncertainty declines.

Firms start each period with beliefs (1, ) and use all the information available to update their
beliefs. By the end of the period, they have observed the public signals X and Z. Therefore, using
Bayes’ rule, the beliefs about next period’s fundamental #~are normally distributed with mean and

for the behavior of Italian industrial firms. Bikhchandani et al. (1998) survey the empirical social learning literature.
“We assume that the precision of each individual signal x; is inversely proportional to N to prevent the signals
to be fully revealing when we take the limit N - oo, while preserving the positive relationship between economic
activity and the amount of information. This captures the idea that uncertainty may subsist even when the number
of firms is large, either because their information is correlated and arises from the same sources, or because large
economies are more complex and subject to more shocks, preventing the learning problem from becoming trivial.
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These standard updating rules have straightforward interpretations: the mean of future beliefs ;"
is a precision-weighted average of the present belief 1 and the new signals, X and Z, whereas "
depends on the precision of current beliefs, the precision of the signals, and the variance of the
shock to 4. Importantly, the precision of future beliefs does not depend on the realization of the
public signals, but only on n and ~. The higher is n, the more precise is the public signal X, and
the lower is uncertainty in the next period. We define I" (n,~) in (5) as the law of motion of the
precision of information.

2.4 Firm Problem

We now describe the problem of a firm. In each period, given its individual fixed cost f and
the common beliefs about the fundamental, a firm can either wait or invest. It solves the Bellman
equation

1]
V(N7f}/7f):maXI%"/V(N7fY)7VI(M7fY)_f ) (6)

where VW (u,~) is the value of waiting and V! (i1, ) is the value of investing after incurring the
investment cost f.

If a firm waits, it starts the next period with updated beliefs (15~ about the fundamental
and a new draw of the fixed cost f~ Therefore, the value of waiting is

1 1
VW (4, ) = BE /v Wb e @
In turn, upon investment, a firm receives output 8 and exits the economy. Therefore,
—1 —1
1 2
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a
The firm’s optimal investment decision takes the form of a cuto [rlle f¢(u,~y) such that a firm
invests if and only if f < f¢(u,~). The cuto 13 defined by the following indi Lerence condition

£ =V = vV (7). )

10



2.5 Law of Motion for the Number of Investing Firms N

We now aggregate the individual decisions of the firms. As the investment decision follows the
cutorule f€(u,~y), the process for the number of investing firms NV satisfies
(- 1 ¥
N pwyAfihgjey = B <W7). (10)
j=1
Since investment depends on a random fixed cost, the number of investing firms is a random
variable that depends on the realization of the shocks {f;},_;_z. As these costs are i.i.d., the

ex-ante probability of investment is identical across firms and equal to F' (/€ (u,)). Therefore, the
ex-ante distribution of N, as perceived by firms, is binomial,

O 1
N | p,y ~Bin N, F(f(u,7)) - (11)

Note that NV is only a function of the beliefs (u,~) and the individual shocks {fj}lsjsﬁ. Since
these shocks are independent from the fundamental # and the investment decisions are made before
the observation of returns, there is nothing to learn from the non-investment of firms, nor from the
realization of N itself.

2.6 Recursive Competitive Equilibrium

Focusing on the limiting case when N — oo, the fraction of investing firms n becomes deter-
ministic,
_ N a.s c
n==—F("(7).
N
We define a recursive competitive equilibrium as follows.'?

Definition 1. A recursive competitive equilibrium consists of a cuto Lruile f¢ (u,~y), value functions
V (s, ), VIV (i,7), VI (u,7), laws of motions for aggregate beliefs {15+5, and a fraction of
investing firms n (u, ), such that

1. The value function V (i, 7, f) solves (6), with VW (u,~) and V' (i, ~) defined according to
(7) and (8), yielding the cuto Lrule f€ (u,~) in (9);

2. The aggregate beliefs (u, ) evolve according to (4) and (5), under the perceived fraction of
investing firms n (i, ) = F (f°¢(u,y)).

10FLJc:tuations in N due to finite sampling are irrelevant for our purpose. Our results nonetheless carry on to the
finite N case. Our existence and uniqueness proof for that case is available upon request.
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3 Equilibrium Characterization

We first characterize the evolution of beliefs. We then show the existence and uniqueness of an
equilibrium, and provide conditions under which firms are less likely to invest when uncertainty is
high.

3.1 Evolution of Beliefs

The optimal investment rule f¢(1,~y) depends on how beliefs evolve. We begin by establishing
two simple lemmas about the dynamics of aggregate beliefs.

3.1.1 Evolution of the Mean of Beliefs

Using (4), we can characterize the stochastic process for the mean of beliefs as follows.

Lemma 1. For a given n, the mean of beliefs i follows an autoregressive process with time-varying
volatility s,
I:I_
p = pop+s(n,v)e,
1 1

—— L1 % ande~N(0,1).

_ 1
where s(n,7y) = py 3 T Ty

The mean of beliefs captures the optimism of agents about the fundamental and evolves stochas-
tically due to the the arrival of new information. It inherits the autoregressive property of the fun-
damental, and its volatility s (n,~) is time-varying because the amount of information that firms
collect over time is endogenous. The volatility is decreasing with ~ and increasing with n. In times
of low uncertainty (v high) agents place more weight on their current information and less on new
signals, making the mean of beliefs more stable. In contrast, in times of high activity (n high) more
information is released, making beliefs more likely to fluctuate.

3.1.2 Evolution of Uncertainty

The precision of beliefs ~ reflects the inverse of uncertainty about the fundamental and its
dynamics play a key role for the existence of uncertainty traps. Its law of motion satisfies the
following properties.

Lemma 2. The law of motion I (n,v) increases with n and . For a given fraction of investing
firms n, the law of motion for the precision of beliefs v“=T (n,~) admits a unique stable stationary

point in 7.

The thin solid curves on Figure 3 depict I" (n,~) for di [erent constant values of n. An increase
in the level of activity raises the next period precision of information vy for each level of + in the
current period. Since n is between 0 and 1, the support of the ergodic distribution of v must lie
between the bounds v and 7 defined by v = I'(0,~) and v = I'(1,%). In other words, v is the
stationary level of precision when no firm invests, while 7 is the one when all firms invest.

12
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Figure 3: Example of dynamics for beliefs precision ~

In equilibrium, n varies with p and . Suppose, as an example, that n is an increasing step
function of ~ that takes the values 0, 0.5 or 1, and let us keep u fixed for the moment. Figure 3
illustrates how the feedback from uncertainty to investment opens up the possibility of multiple
stationary points in the dynamics of the precision of beliefs, and therefore uncertainty. In this
example, the function 7= I (n (1, ) , ), depicted by the solid curve, has three fixed points. We
formally establish, in Section 4, that this type of multiplicity can happen in equilibrium.

3.2 Existence and Uniqueness

We have described in Lemmas 1 and 2 how beliefs depend on the fraction of investing firms. We
now characterize the equilibrium decision rule and provide existence and uniqueness conditions.

Proposition 1. Under Assumptions 1-3, stated in Appendixz F, and for v, sufficiently small, the
equilibrium exists and is unique. Under some additional conditions satisfied when =y, is small and

risk aversion “a” is large enough, the equilibrium cutoff f€ is increasing in p and .

This proposition establishes the monotonicity of the equilibrium cuto Crilile. Anticipating higher
returns, a more optimistic firm (higher ) is more likely to invest. In turn, uncertainty (lower ~)
reduces the incentives to invest for two reasons. First, risk averse firms dislike uncertain payo [s.]
Second, since investment is costly and irreversible, there is an option value of waiting: in the face of
uncertainty, firms prefer to delay investment to gather additional information and avoid downside
risk.

It is essential for our mechanism that uncertainty discourages investment, a feature typical

13



of optimal stopping time models of investment. Assumption 3, satisfied if the persistence of the
fundamental is high enough and its volatility is su Lciehtly low, ensures that the fundamental does
not vary too much over time, so that firms have an incentive to wait in order to collect more
information.!! This condition alone, however, is not su [Cieht in our context. The monotonicity
of the cuto A€ in ~ requires additional restrictions because of the endogeneity of beliefs, which
gives rise to ambiguous feedback e[edts. For instance, the variation in n implied by fluctuations
in 1 or v aledt the volatility of next period’s mean beliefs x° (Lemma 1). This, in turn, can have
ambiguous e [edts on firms’ current incentives to invest. To ensure that the first-order e [edts of
risk aversion and option value dominate, we must bound these feedback e [edts. Since they operate
solely through social learning, we can do so by imposing an upper bound on the informativeness of
this channel, .. When ~, is small enough, the equilibrium cuto [[13 guaranteed to be increasing in
1 and ~, as one would expect in the absence of social learning.

Establishing the existence of an equilibrium is relatively straightforward, because the problem
is continuous and general fixed point theorems apply. Showing uniqueness is more challenging
because our economy features complementarities in information: the more firms invest, the more
uncertainty declines, encouraging further investment. If these complementarities are strong enough,
they can lead to multiple equilibria. To prevent this, we use again the insight that the magnitude of
this feedback is governed by the precision ~, of the social learning channel. We show, in particular,
that the main fixed point problem that characterizes the optimal cuto [rlle is a contraction, and
that it is therefore unique, when ~, is small.'?> The uniqueness of the equilibrium is an attractive
feature, as it leads to unambiguous predictions and makes the model amenable to quantitative work.
Despite the unigueness of the equilibrium, the model features interesting non-linear dynamics and
multiple stationary points, as we show in Section 4.

Figure 4 illustrates how the investment probability varies as a function of beliefs (i, ~) when
monotonicity obtains. The fraction of investing firms increases as they are more optimistic (u high)
or less uncertain (v high) about the fundamental.

1 The law of motion (5) highlights the importance of the persistence of the fundamental pe for the dynamics of
uncertainty. As pg declines, past observations contain less information about the current value of the fundamental and
learning therefore becomes less relevant. At a result, the option value of waiting becomes smaller and the conditions
for uncertainty traps to exist, provided in the next section, are less likely to be satisfied.

2\We show that the mapping that characterizes the optimal cuto CTlle is a contraction in the space of Lipschitz
continuous functions for some given moduli, which allows us to put a bound on these feedback e [edts. We cannot
rule out the existence of equilibrium cuto [Sthat do not satisfy this property. We can, however, explicitly rule them
out in the case of the planner’s allocation, where Lipschitz continuity is necessarily satisfied.

14



n(u,y)

Figure 4: Fraction of investing firms n (i, )

4 Uncertainty Traps

We now examine the interaction between firms’ behavior in the face of uncertainty and social
learning. This interaction leads to episodes of self-sustaining uncertainty and low activity, which
we call uncertainty traps. We provide su [cieht conditions on the parameters that guarantee the
existence of such traps and discuss the type of aggregate dynamics that they imply. We find that the
response of the economy to shocks is highly non-linear: it quickly recovers after small shocks, but
large, short-lived shocks may plunge the economy into long-lasting recessions. We also characterize
the constrained planner’s problem and discuss its policy implications.

4.1 Definition and Existence

We define uncertainty traps as the coexistence of multiple stationary points in the dynamics of
belief precision — a situation similar to the one depicted in Figure 3.

Definition 2. There is an uncertainty trap if there exists an interval (u;, 1) such that, for every
u € (u, upn), there are at least two locally stable fixed points in the dynamics of the precision of
beliefs v"= T (n (1,7) ,7).

We refer to these multiple stationary points as regimes. Note that multiplicity of regimes
does not imply multiplicity of equilibria. This distinction is important because it highlights that
the model is not subject to indeterminacy. While multiple values of + may satisfy the equation
~v = I (n(u,7v),v) for a given u, the regime that prevails at any given time is unambiguously
determined by the history of past aggregate shocks, summarized by the current beliefs (u,y). The
definition of uncertainty traps also emphasizes the notion of stability, which is required for the type
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of self-sustaining dynamics that we describe. Notice, however, that we only require local stability
along the dimension ~ while ;. keeps evolving according to its law of motion.

The following proposition formally establishes that uncertainty traps exist for a range of mean
of beliefs x under some condition on the dispersion of investment costs.

Proposition 2. Under the conditions of Proposition 1 and one additional condition satisfied for
oy small enough or risk aversion “a” high enough, the economy features an uncertainty trap with
at least two regimes v, (1) < vn (1) for p € (ui, pr)- Regime v is characterized by high uncertainty

and low investment, while regime ~yy, is characterized by low uncertainty and high investment.

n=0 -------
n=1———

n=F(f(u,7)) ——

v

Figure 5: Dynamics of the precision of beliefs v"= I" (n (i,7) , ) for di[erent values of 1

Figure 5 presents examples for the law of motion of v when the investment costs f are normally
distributed. The solid curves represent the function fyDz (n(u,~),~) evaluated at five di[Cerent
values of i, with the thick solid curve corresponding to an intermediate value of x. In all cases, for
small ~, uncertainty is high and firms do not invest. As a result, they do not learn from observing
economic activity and the precision of beliefs y“remains low. As the precision v increases, uncer-
tainty decreases and firms become su [ciehtly confident about the fundamental to start investing.
As that happens, uncertainty decreases further.

In our example, the thick curve intersects the 45° line three times. The second intersection
corresponds to an unstable regime, but the other two are locally stable. We denote these regimes
by 4, and v4. In regime +;, uncertainty is high and investment is low, while the opposite is true in
regime -y,.

Proposition 2 shows that this situation is a generic feature of the equilibrium when the disper-
sion of investment costs o is small. This condition ensures that the feedback of investment on
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information is strong enough to sustain distinct stationary points.

4.2 Dynamics: Non-linearity and Persistence

We now describe the full dynamics of the economy by taking into account the evolution of p
in response to the arrival of new information. Figure 5 shows that, as long as u stays between the
values u; and uy,, defined in Proposition 2, the two regimes +; (1) and ~;, (i) preserve their stability.
As a result, uncertainty and the fraction of active firms n are relatively unaledted by changes in
w. In contrast, for values of n above uj,, a large enough fraction of firms invest, so the dynamics
of beliefs only admits the high-activity regime as a stationary point. Similarly, for values below
1y, the economy only admits the low-activity regime. Therefore, su [ciehtly large shocks to p can
make one regime disappear and trigger a regime switch.
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Figure 6: Persistent e [edts of temporary shocks

The economy displays non-linear dynamics: it reacts very di [erkntly to large shocks in compar-
ison to small ones. Figure 6 shows various simulations to illustrate this feature using the example
from Figure 5. The top panel presents three dilerknt series of shocks to the mean of beliefs u. The
three series start from the high-activity/low-uncertainty regime. At ¢ = 5, the economy is hit by a
negative shock to i, due to a bad realization of either the public signals or the fundamental. The
mean of beliefs then returns to its initial value at ¢ = 10. Across the three series, the magnitude of
the shock is di [erknt.

The middle and bottom panels show the response of beliefs precision v and the fraction of
investing firms n. The solid gray line represents a small temporary shock, such that ; remains
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within (u, up). Despite the negative shocks to the mean of beliefs, all firms keep investing and
the precision of beliefs is unaledted. When the economy is hit by a temporary shock of medium
size (dashed line), some firms stop investing, leading to a gradual increase in uncertainty. As
uncertainty rises, investment falls further and the economy starts to drift towards the low regime.
However, when the mean of beliefs recovers, the precision of information and the number of active
firms quickly return to the high-activity regime. In contrast, when the economy is hit by a large
temporary shock (dotted line), the number of firms delaying investment is large enough to produce
a self-sustaining increase in uncertainty. The economy quickly shifts to the low-activity regime and
remains there even after the mean of beliefs recovers.
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Figure 7: Escaping an uncertainty trap

We now discuss how the economy escapes from the trap in which it fell in Figure 6. Figure 7
shows the eledt of positive shocks when the economy starts from the low regime. The economy
receives positive signals that lead to a temporary increase in mean beliefs between periods 20 and 25,
possibly because of a recovery in the fundamental. When the temporary increase in average beliefs
is not su [ciehtly strong, the recovery is interrupted as p returns to its initial value. However,
when the temporary increase is su [Ciehtly large, the economy reverts back to the high-activity
regime. Once again, temporary shocks of su Lcieht magnitude to the fundamental may lead to
nearly permanent e [edts on the economy.

4.3 Additional Remarks

A number of additional lessons can be drawn from these simulations. First, in our frame-
work, uncertainty is a by-product of recessions. This result echoes the empirical findings of
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Bachmann et al. (2013) who show that uncertainty is partly caused by recessions and conclude,
by that, that it is of secondary importance for the business cycle. We show, however, that un-
certainty may still have a large impact on the economy by aledting the persistence and depth of
recessions, even if it is not what triggers them.

Second, as in models with learning in the spirit of Van Nieuwerburgh and Veldkamp (2006),
our theory provides an explanation for asymmetries in business cycles. In good times, since agents
receive a large flow of information, they react faster to shocks than in bad times.

Third, our economy may feature high uncertainty without volatility. For instance, in the low
regime, agents are highly uncertain about the fundamental but the volatility of economic aggregates
is low. Therefore, according to our theory, subjective uncertainty may a[edt economic fluctuations
even if no volatility is observed in the data. This distinguishes our approach from the existing
uncertainty-driven business cycle literature in the spirit of Bloom (2009). In particular, direct
measures of subjective uncertainty rather than measures of volatility are important to capture the
full amount of uncertainty in the economy.

Finally, a recent literature (Bachmann et al., 2013; Orlik and Veldkamp, 2013) uses survey data
to derive measures of uncertainty based on ex-ante forecast errors. Our model highlights a potential
shortcoming of this approach, as uncertainty about fundamentals dilers from uncertainty about
endogenous variables, such as output or investment. For example, when the economy is trapped in
the low activity regime, firms know that all firms are uncertain, and therefore that investment is
likely to be low, such that the economy is less exposed to aggregate risk. As a result, their forecasts
about economic aggregates are accurate, even though their uncertainty about the fundamental is
high. As implied by the model, forecast errors about variables like output may not always be a
good proxy for uncertainty about fundamentals.

4.4 Policy Implications

The economy is subject to an information externality: in the decentralized equilibrium, firms
invest less often than they should because they do not internalize the release of information to
the rest of the economy caused by their investment. In Proposition 3, we solve the problem of a
constrained planner subject to the same information technology as individual agents. We show that
the decentralized economy is constrained ine [cieht, and that an investment subsidy is su [cieht to
restore constrained e [Ciehcy.

Proposition 3. Under Assumptions 1-3, stated in the Appendiz, the recursive competitive equilib-
rium is constrained inefficient. The efficient allocation can be implemented with positive investment

subsidies T (1,7y) and a uniform tax.

The subsidy that implements the optimal allocation takes a simple form to align social and
private incentives. As shown in the proof of the proposition, it is simply the sum of the social value
of releasing an additional signal to the economy and the private value of delaying investment.
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The optimal policy being a subsidy, Proposition 3 implies that firms are more likely to invest in
the e Lcieht allocation than in the laissez-faire economy. However, uncertainty traps can still arise
in the e Lcieht allocation. Proposition 4 below establishes the result.

Proposition 4. Under Assumptions 1-2 and v, small enough, the planner’s allocation is subject

to an uncertainty trap for oy low enough and risk aversion “a” high enough.

The existence of uncertainty traps in the planner’s allocation may be surprising if one thinks
of the planner as a coordinator that should always prefer the high regime, as one might expect in
a model with multiple equilibria. As it turns out, transitioning from one regime to the other is
costly and risky. If the planner does not have more information than individual agents, it is still
optimal to wait when uncertainty is high enough. Hence, there may still exists a su [Ciehtly strong
feedback from beliefs to actions in the constrained-e Lcieht allocation to generate uncertainty traps.
However, while uncertainty traps remain present in the e [Cieht allocation, they are less likely to
arise than in the laissez-faire economy because firms have stronger incentives to invest.

5 Quantitative Evaluation

To evaluate the guantitative importance of uncertainty traps, we now embed the mechanism
into a general equilibrium macroeconomic framework. We first describe the quantitative framework
and its parametrization. We then compare the model’s implications for standard business cycle
moments with the data and two alternative models: the RBC model and a restricted version of our
model in which uncertainty about the fundamental is fixed over time. Finally, we present our main
guantitative exercise, in which we compare the behavior of economic aggregates in the data against
the predictions from our model and alternative models in the context of the Great Recession.

5.1 Quantitative Model with Uncertainty Traps

We extend the baseline model along several dimensions. First, firms are now long-lived, use
both capital and labor to produce, and accumulate capital over time. They enter the economy
endogenously depending on economic conditions and exit exogenously. Second, firms are owned by
a risk-averse representative household that maximizes utility over consumption and leisure. Third,
factor and goods prices are endogenously determined in general equilibrium. As in the baseline
model, firms must pay an irreversible fixed cost to operate and social learning takes place when a
firm begins to produce. As a result, the number of entering firms responds to uncertainty about
the fundamental, and uncertainty depends on economic activity.
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5.1.1 Preferences and Technology

The representative household chooses consumption C, and labor L; to maximize the expected
discounted sum of future utility
1
E /BtU (Ct7 Lt) ) (12)
t=0
where 0 < 8 < 1 is the discount rate. The household supplies labor in a perfectly competitive
market at a wage w;. It also owns the firms in the form of claims to their dividends.
A single good used for consumption and investment is produced by a continuum of firms of
measure m. Each firm j € [0, m] produces the final good by operating a Cobb-Douglas technology,

L
A(L+0) K17 ,0<a<l,0<w<l,

using /; units of labor and &; units of capital. The parameter 0 < o < 1 controls the capital intensity.
The firm-level returns to scale, or span-of-control (Lucas Jr, 1978), parameter w is assumed to be
strictly less than one to deliver a weII—definedlﬂoE?n oflﬂ ize. The fundamental 6 follows the
AR(1) process 67= pgf + £, with € ~iid ' 0, 1 —p2 o2 . The total mass of firms m evolves
endogenously. Each period, a mass ¢ > 0 of potential entrants has the option to start production,
but only an (endogenous) fraction n of them does so. The mass Q remains fixed over time. Firms
exit at an exogenous rate ¢,, > 0.

Each period, firms pay a fixed cosg— compmpn across firms and denominated in units of the
final good. We assume that f ~ Ny, 0% is drawn independently over time.'* Due to the
irreversibilities created by these fixed costs, fewer firms enter in times of heightened uncertainty.

5.1.2 Information and Timing

As in the baseline model, agents do not observe the true value of the fundamental ¢ but learn
about it from two sources. First, they learn from a public signal Z. In contrast to the baseline model,
where this signal captured exogenous information released by media and statistical agencies, we now
explicitly model the signal Z as a summary of the information collected through the observation of
certain economic aggregates. As in any model with information frictions, restrictions about what
agents observe must be imposed to avoid perfectly revealing the fundamental. Agents cannot, for
instance, perfectly observe output as this would reveal 6. We assume instead that agents are able
to observe the value added of each firm, as well as its aggregate counterpart, but are unable to
perfectly distinguish between its individual components: revenue and fixed cost.'®> As a result, a

13The additive specification of TFP, 1 + 0, ensures that the variance of beliefs about 8 does not a[edt expected
output directly. As in our calibration the standard deviation of the ergodic distribution of 6 is much smaller than 1,
productivity is always positive in our simulations.

14The baseline theory included an idiosyncratic component to these fixed costs, which we ignore here for simplicity.
Appendix E.4 performs sensitivity analysis on this assumption. We assume, however, that f is subject to aggregate
shocks to be consistent with our information structure, as we explain in the next subsection.

15This assumption is in the spirit of Lucas (1972), where firms cannot distinguish between real and nominal
shocks. A previous version of the paper assumed that firms cannot distinguish between aggregate and idiosyncratic
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high level of value added may reflect either a high value of the fundamental 6 or a low value of
the fixed costs.'® Second, and more specific to the channel we study in this paper, agents also
learn from signals emanating from others. As in the N — oo case of the baseline model, the entry
of an infinitesimal measure of firms dj releases a normally distributed signal =; about 6, observed
by everyone, with a precision ~,dj, proportional to the mass of entrants. Again, the information
collected through this social learning channel can be summarized by a public signal X with precision
nQv,.'" All signals being public, beliefs are common across firms and the representative household.
In each period, events unfold as follows:

1. Incumbent firms, potential entrarﬁ and Ee household start with the same prior distribution
over the fundamental, § | Z ~ N u,v~! . The fundamental ¢ and the fixed cost f are drawn
but unobserved.

2. The Q) potential entrants decide whether to enter or not. A fraction n of them enters and
start producing next period.

3. The m incumbent firms choose labor and investment. The household decides how much labor
to supply and the labor market clears.

4. Fixed costs are paid, and production takes place. All agents observe the signal Z, which
captures the information contained in value added, and the signal X from new entrants, and
update their beliefs. A fraction §,, of firms exogenously exits.

5.1.3 Firm-Level Problem

The aggregate state space of the economy is (u,~, K, m) where K = fom k;dj is the aggregate
capital stock. Realized individual profits for a firm operating with & units of capital and [ units of
labor are'®

7k, L,y K,m, 0, F) = A+ 0) k10799 — o (u, v, K,m) 1 — f. (13)

The value of an incumbent firm that has accumulated & units of capital is then

1 g =
Vv (k‘)!ﬂvlvavm):nIg%lXE UC(C>L) W(kvl!:uvlvavmvevf)+(1_5K)k_k
| =t o
+0,Uc (C, L) K™+ B(L=6,) VI B A K m  uy o (14)

productivity shocks. The benefit of our current approach is to allow for a simple aggregation of the economy.

18Despite this restriction on the observability of gross output and 8, all other economic aggregates are observed
and agents use all the available information to make their decision. However, as the timing will make clear, observing
other variables such as the wage rate w, consumption C, the aggregate capital stock K, aggregate employment L,
aggregate value added, the measure of entrants n, or the measure of incumbents m does not reveal any additional
information.

7 A formal derivation of this information aggregation result is in Subsection 5.1.5.

18Note that the presence of fixed operating costs could lead to negative profits. Since f is small relative to output
in our calibration, this virtually never happens.
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subject to the laws of motion for the aggregate state variables {y,~, K, m}, described in the follow-
ing sections. The parameter 0 < dx < 1 is the depreciation rate of capital. This firm chooses labor
[ and next-period capital k"to maximize the expected sum of profits, discounted by the marginal
utility U. (C, L), which plays the role of the stochastic discount factor. When a firm exits, which
happens with probability §,,, its accumulated capital is scrapped and returned to the household at
the end of the period.

Consider now the problem of a potential entrant. In each period, a potential entrant decides
between waiting and entering. Its value is

T

1
V (i, v, K, m) = max (v, K,m) , VE (v, K,m) (15)

If a potential entrant waits, it preserves the option of entering next period; hence the value of
waiting is O O
VW (.7, K,m) = pE V %‘?’YE"qud:’/{%’Y : (16)

If, instead, the potential entrant decides to enter, its value is

e’

O ]
VE (u, v, K,m) = max 1—-06,)E —U.(C,L)kZ+ pV! %MD,WD,KEde?u,W . 17)

The definition of V¥ indicates that a potential entrant chooses the amount of capital k. carried
into the next period if it survives the §,, shock or returned to the household at the end of the
period otherwise. Upon entry, its value next period is equal to the value of an incumbent firm that
has accumulated k[’ units of capital, V! (k5} u5+5H KHmb.

5.1.4 Aggregates

Incumbent and entrants face the same investment problem and choose the same next-period
capital level (1, ~, K, m). Therefore, next-period’s aggregate capital stock is

KXy, K,m) = mNu, v, K,m) K-u, v, K,m), (18)
where mY(u, v, K, m) is the mass of incumbents next period, given by

The fraction of entering firms among the @ potential entrants n (u,~, K, m) must be consistent
with individual entry decisions, in the sense that

1
B Ve Ko > VY Kom)
n(,u,'y,K,m) = %D? 1] if VE (ﬂ777K7m) = VW (ﬂ777K7m) (20)
| if VE (1,7, K,m) < VW (u, v, K,m).
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In turn, aggregate labor demand is
o
L(:“’vl%Kvm):le _;M777K7m ) (21)
m

where [ (k; 4,7y, K, m) is the firm-level labor demand resulting from (14).

5.1.5 Information and Beliefs

We now characterize the information contained in the signals observed by the agents. First, as
in the baseline model, the information di[uded through social learning can be aggregated into a
single signal X which averages the individual signals released by entrants,'®

L e ] ]
X=o / 2idj = 0+5, X o N 0,(mQu) (22)
0

where nQ~,, the endogenous precision of the social learning channel, changes with economic activ-
ity. Second, the information cqrveyed by observing-yalue added is equivalent to the information
conveyed by the signal Z ~ N 6, (. (K,L,m))"" with precision2

LI 1 L1 L]
Kerp(—a) 1

v (K,L,m)= A —— —
m O'f

In contrast to the benchmark model, the precision +, of this signal now changes with economic
activity — a natural implication of assuming that agents observe economic aggregates instead of
the fundamental directly. In our calibrated economy, we find that fluctuations in ., which depend
on the stock m of incumbent firms, are considerably smaller than fluctuations in the precision of
X, which depends on the flow n of incumbent firms. Therefore, the endogenous uncertainty in the

economy largely evolves as a function of the X signal.?!
As in the baseline model, agents are fully rational and use all information available to update
their beliefs according to Bayes’ Law. The laws of motion for the mean and the precision of beliefs

9As in the infinite N case in the baseline model, X in expression (22) is to be understood as the distributional
limit of the average of N signals with precisions yx/N, i.e., lim& > x; [N (O, (yXN/W)_l) as N - oo and
N/N - nQ.

20Since all incumbent firms are identical, individual value added is A (1 + 8) (%)m" (L)u_a)w —f. Since K, L,

m
m and the distribution of f are known, observing value added is equivalent to observing 8 — —— ™" (f — pg) [

AKO‘WLU*O‘)W
N <e, [Am—“’K““*’l_“—“)‘*’}_2 o%).
2

In our calibrated economy, fluctuations in y, only accounts for 2.7% of the total fluctuation in uncertainty while
social learning through X accounts for the rest.
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are

O YHF7Z +nQvy,X

= 23
P Qs (23)
2 L1 1 :
O— Py + 11— 2 g2 o4
v= Py o9 - (24)
Y+ Qs

5.1.6 Recursive Competitive Equilibrium
We are now ready to define a competitive equilibrium for this economy.

Definition 3. A recursive competitive equilibrium is a collection of value functions V (u, v, K, m),
VW (u,v, K,m), VE (u,v,K,m) and VI (k;p,~, K, m) individual policy functions k~(u,~, K, m),
kS, v, K,m) and 1 (k;u,v, K,m), aggregate policy functions KY,~, K,m), mu,~, K, m),
wHpw, v, K,m), Yu,v, K,m), n(u,~v,K,m), L(u,~,K,m) and C (u,~,K,m,0,f), and wages
w (s, 7y, K, m) such that

1. The value functions V (i, v, K,m), VWV (u,~v, K,m), VE (u,v, K,m) and V! (k; u,~, K, m),
and the associated policy functions k~(u, v, K, m), kJ(u, v, K, m) and 1 (k; u, v, K, m), solve
the Bellman equations (14)-(17) under the entry schedule n (i1, v, K, m) and the laws of motion
KX, v, K,m), mYu,~v, K, m), u~u, v, K, m) and vHu, v, K, m) given by (18), (19), (23) and
(24);

2. The fraction of entering firms n (i, v, K, m) satisfies the consistency equation (20);

3. The policy functions L (u,~y, K,m) and C (u,~, K, m, 0, f) solve the household’s first order
condition on labor supply,

E[UL (C (ﬂ777K7m797f) 7L(:U'7’77K7m))] —
E[UC (C(/%/%K?m?e?f) 7L(/L7/77K7m))]

4. The aggregate resource constraint is satisfied:

w (i, 7y, K,m);

1
C (1,7, K,m, 0, {)+KXu, v, K,m)—(Q — 0g) K+mf = AL+ 0)m'™ KL (u,~, K,m)" ™

5.2 Calibration
5.2.1 Standard Parameters

The time period is one quarter. Most of the moments that we target are computed starting
in 1978:Q1, when the Longitudinal Business Database (LBD) that we use for firm-level moments
begins, and stopping in 2007:Q3, at the onset of the 2007-2009 recession, allowing us to evaluate
the out-of-sample properties of the model in our G&iat Recession eerilse. In our benchmark
specification, we assume GHH preferences, U = log C — L'*"/(1+v) , and we also report the
results of our main quantitative exercise under CRRA preferences in Appendix C as robustness.??

22GHH preferences are common in the information frictions literature. We adopt them in our benchmark spec-
ification because the usual CRRA preferences generate a counterfactual correlation between economic activity and
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We set the Frisch elasticity v = 2.84 which corresponds to the average aggregate Frisch elasticity
of hours reported by Chetty et al. (2011). The discount rate 5 is chosen to match an annual value
of 0.95. The depreciation rate is set to an annual value of 0.1.

For the production function parameters, we normalize A = 1 and set the returns-to-scale pa-
rameter w to 0.89, which corresponds to the weighted average across 2-digit SIC estimates of the
returns to scale from Basu and Fernald (1997).23 We set the capital intensity parameter o so that
(1 — o) w = 0.645 to match the average labor compensation over GDP from 1978-2007 according
to annual data from the Penn World Table (Feenstra et al., 2015).%

We set 9,, = 2.6%, which corresponds to the employment-weighted firm exit rate for all firms
in the Longitudinal Business Database between 1978 and 2007. The mass of potential entrants @
is normalized to 1.%

The parameters pg,ag of the fundamental process 6 are estimated using the quarterly
utilization-adjusted TFP series from Fernald (2014) over 1978Q1-2007Q3 after removing a linear
trend. This yields oy = 0.028 and py = 0.964.

5.2.2 Information and Fixed-Cost Distribution

With all the above parameters calibrated, it only remains to set values for the pregisipn of
individual signals ~, and the mean and variance of the distribution of fixed costs uf,aj% . These
parameters govern the option-value e [edts and the evolution of Bayesian uncertainty about TFP.
To the best of our knowledge, no direct empirical measure exists for this concept of uncertainty.
The variance of beliefs about 8, however, is tightly related in our model to the ex-ante forecast
variance about endogenous variables like output. We thus target moments of the distribution of
uncertainty in output growth forecast provided by the Survey of Professional Forecasters (SPF)
and use this series as our main empirical proxy for uncertainty.

The SPF asks a panel of forecasters to provide the distribution of their beliefs about the growth
rate of real output in percentage terms between the current year and the last, and these distributions
are averaged across forecasters.?6 We compute the standard deviation of this averaged distribution
in every year, and use moments of its time series to calibrate the model. To fit the parameters,
we compute the exact same object in a long-run simulation of our model. We pick the values
of {v., s, 0} by targeting the mean, the 5th percentile and the 95th percentile of the empirical
distribution of uncertainty over the 1992-2007 period, corresponding to the time period over which

positive signals (see Beaudry and Portier (2006) for a VAR estimation of the impact of news shocks). Upon receiving
a positive signal about the economy, the wealth e[edt on the labor supply leads to a decline in output on impact.
See Jaimovich and Rebelo (2009) for a discussion of the role of preferences in the news-shocks literature.

230ur parametrization corresponds to the yV parameter for the private economy estimated using OLS from Table
2 in Basu and Fernald (1997).

245pecifically we use the series LABSHPUSA156NRUG from the FRED database.

25For any given Q, we can replicate the aggregate allocation, albeit with a di [efent measure of firms m, by rescaling
A, Yx, Uf and or.

26specifically, at the beginning of each quarter, the SPF asks each forecaster to report the probability that growth
between the previous year and the current year will fall within each of several bins. We use forecast reported in the
4th quarter, which represents a measure of uncertainty over just one quarter, because it maps easily into our model.
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data on the distribution of real GDP growth is available in the SPF up to the beginning of the
Great Recession.

These three moments are directly informative about the three parameters that we need to
calibrate. The 95th percentile corresponds to periods of high uncertainty about real output growth,
which in the model correspond to periods with low firm entry when uncertainty is mostly driven
by the aggregate public signal Z, as opposed to the social learning signal X. Therefore, the
95th percentile is useful to identify o which governs the informativeness of Z. Similarly, the 5th
percentile corresponds to periods of low uncertainty, which in the model correspond to periods of
high firm entry, when ~, is the main driver of uncertainty. The average fixed cost .; aledts the
average fraction of entrants n and relates to the average level of uncertainty.

The parameters are estimated by minimizing an equal-weighted distance between the empirical
and simulated moments. The numerical algorithm used to solve the model is described in Appendix
B. Table 1 reports the fit. The calibrated parameters are -, = 450, py = 0.0115 and oy = 0.0155.
As the table shows, the calibrated model cannot match all moments at the same time. In particular,
because TFP is the only source of uncertainty while the SPF forecasters may worry about other
shocks, we have di [culity matching the upper tail of uncertainty in the data and there is on average
less uncertainty in our model. We thus view our results as conservative on the role of uncertainty
in the economy.

Uncertainty About GDP Growth Data (%) Model (%)

Mean 0.60 0.55
5th percentile 0.45 0.50
95th percentile 0.73 0.64

Notes. Uncertainty is computed as the standard deviation of the SPF distribution over 1992Q4 to 2007Q4 of current year’s
annual over last year’s annual real GDP stated in the last quarter of the current year. Growth rates and standard deviations
are stated in percentage terms. We use the 5% and 95% percentiles, instead of the min and the max, for robustness against
outliers. Uncertainty in our model is computed over a simulation of 50,000 periods using the same definition as in the data.

Table 1: Calibrated Moments from the Survey of Professional Forecasters

5.3 Business-Cycle Moments

We now evaluate the performance of our model in explaining standard business cycle moments.
For that, we compare the benchmark model that we have just described against the data and
against two alternative models. The first alternative model (“RBC”) is the standard real business
cycle model under complete information, identically parametrized. The second model (“fixed 6-
uncertainty”) is a version of our model in which firms update their beliefs about the mean of the
fundamental @ (i.e., they update p using (23)) but uncertainty (i.e., the inverse of the precision
of beliefs v) remains constant at its long-run average in our benchmark model. Comparing our
full framework to the fixed 6-uncertainty model highlights the specific role played by endogenous
uncertainty.

Before comparing the models to the data, we must detrend the empirical time series. We note
that the cyclical properties we are interested in, in particular the persistence and depth of the Great
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Recession, are sensitive to the specific detrending strategy. In Appendix A.2, we investigate the
implications of three filters: the Hodrick and Prescott (1997) (HP) filter, a linear detrending, and
a linear detrending allowing for a structural break in the trend. As shown in Figure 12a in that
appendix, the HP-filtered data suggests that the Great Recession was a mild economic downturn
and that the economy promptly recovered to its long-run trend after the trough. Both conclusions
contradict essential features of the raw output data shown in Figure 11a in Appendix A.2.2” We also
find that a purely linear trend exaggerates the severity and persistence of the recession by ignoring
low-frequency changes in the trend. Therefore, we choose a linear trend with a structural break
estimated by least squares (Hansen, 2000) as our benchmark, and we also report the sensitivity of
our results to using a standard linear trend.?® See Appendix A for a more detailed discussion of
the data and the detrending strategies.

We compute standard business cycle moments using the detrended data covering the period
between the first quarter of 1978 and the last quarter of 2014. For each of the three models,
we generate ten thousand simulations of the same length as the data (148 quarters), and then
average each moment across all simulations. Panel A of Table 2 reports the results for the standard
deviation of output (YY), consumption (C"), employment (L), investment (I), the number of firms
(m) and uncertainty about real output growth (U). Panel B reports the correlation between each
of these variables and output, and Panel C reports their autocorrelation.

Because of the absence of learning, the RBC model generates more volatility in every variable
than our full model. However, their performances are overall similar. Regarding the wolatility
of uncertainty about real output growth, our model is able to explain only a fraction of what is
observed in the data, suggesting that other shocks — possibly exogenous uncertainty shocks —
may be needed to fully account for the total fluctuations in uncertainty. Note that uncertainty
about current-quarter real output growth is 0 in the RBC model under full information. Panels B
and C show that the benchmark, the fixed #-uncertainty model and the RBC model are roughly
comparable in terms of the correlations with output and the autocorrelations.

2TSee King and Rebelo (1993) and Cogley and Nason (1995a) for a discussion of various drawbacks of the HP
filter.

28 An additional advantage of the linear trends is that they allow us to cleanly interpret the (unfiltered) prediction
of forecasters reported in the SPF data used to calibrate the model. For instance, a 2% growth forecast for this year
relative to the previous year can be directly mapped to the model by removing the long-run growth rate in output
from the linear filter. It is unclear how the analog exercise would be done if the data is HP filtered and detrended
with a bandpass filter. See Appendix A.2 for a detailed discussion of the filters.
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Y C L 1 m U

A. Standard Deviation

Data 0.039 0.031 0.066 0.132 0.038 0.253
Benchmark 0.035 0.030 0.027 0.072 0.020 0.053
Fixed #-uncertainty 0.036 0.031 0.027 0.076 0.019 0.027
RBC 0.044 0.036 0.033 0.093 - -
B. Correlation w.r.t Y
Data 1 0.588 0.921 0.523 0.646 -0.443
Benchmark 1 0.967 0.884 0.855 0.459 -0.644
Fixed #-uncertainty 1 0.966 0.888 0.858 0.480 -0.619
RBC 1 0.987 1 0.944 - -
C. Autocorrelation (1st lag)
Data 0.981 0.982 0.993 0.962 0.995 0.762
Benchmark 0.956 0.943 0.942 0.918 0.991 0.931
Fixed #-uncertainty 0.957 0.943 0.941 0.915 0.989 0.869
RBC 0.934 0.949 0.934 0.907 - -

Notes. All series are computed in log deviation from trend. Each of the 10,000 replications of the simulated series are linearly
detrended. The annual series for m is interpolated to quarterly data. Uncertainty U is the standard deviation of current year
real output growth expressed in the last quarter of the current year. Because it is only available annually and, by definition,
cannot simply be interpolated, the moments we report about uncertainty are computed using observations from the 4th quarter
of every year. Its annual autocorrelation is expressed in quarterly terms. C' is gross of fixed costs for comparison across models.

Employment and output are perfectly correlated in the RBC model as a consequence of the GHH preferences.

Table 2: Business-Cycle Moments: Data, RBC, and Benchmark Model

The key conclusion from Table 2 is that a standard calibration of our model performs similarly to
the RBC model in terms of standard business-cycle moments. Therefore, incorporating endogenous
uncertainty in a standard business cycle model does not impair its ability to predict well-known
patterns of business cycle data. This result should not be surprising. As we saw in the baseline
model, the uncertainty trap mechanism kicks in only for large shocks, which are rare in these
simulations. In the next section, we show that the key di[erknce between our model and standard
models, and the value added of modeling uncertainty traps, lies in terms of predicting how the
economy responds to large shocks.

5.4 Policy Function and Impulse Responses

We now examine the role of endogenous uncertainty in propagating shocks. First, we ask
whether the key implication of the uncertainty trap mechanism identified in the baseline theory
— generating protracted recessions out of su Lciehtly negative shocks — is also at work in the full
calibrated model. In the next section, we ask whether this feature of the model can help explain
the behavior of macro aggregates during the Great Recession.

Firm Entry and Beliefs In Proposition 1 we showed that, under certain conditions, the mass
of producing firms increases with the mean of beliefs ;» and decreases with uncertainty (increases
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with ~). We verify that these properties are inherited by the calibrated quantitative model. Figure
8 plots the fraction of entering firms n (u, v, K, m) as a function of mean beliefs n, for three levels of
uncertainty. Similarly to Figure 4 in the baseline theory, we find that, for any level of uncertainty,
firms are more likely to enter when beliefs are more optimistic and that, for any level of mean
beliefs, firms are more likely to enter when uncertainty is lower. Therefore, the entry decision of
the quantitative model inherits the key feature of the baseline theory leading to uncertainty traps.
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Notes. This figure was generated with K and m at their steady-state values when shocks are set to zero.

Figure 8: Investment decision n(u, v, K, Q) for K and m constant at their steady-state level.

Response to Small and Large Shocks A central feature of uncertainty traps is the non-linear
response to shocks, shown in Figure 6 in the context of the baseline theory. For shocks leading
to large negative drops in the mean of beliefs, endogenous uncertainty leads to recessions which
are relatively deeper and last relatively longer than for small shocks. We ask whether the full
qguantitative model inherits this feature. Figure 9 shows the evolution of the mean of beliefs 1, the
precision of beliefs v, and output Y after a one-period drop in mean beliefs of 1% (left column)
and 5% (right column) in both the full model and the fixed #-uncertainty model.?? In the fixed-
information model, the economy starts to recover immediately after the initial shock regardless of
the size of the shock. In contrast, in the full model, output continues to decline after the mean
of beliefs has started to recover. Moreover, the duration of this decline is longer the larger is the
shock. Reaching the trough in output takes 6 quarters in response to the small shock, and 15
quarters in response to the larger one. As in the baseline model, this non-linearity is driven by the
endogenous evolution of uncertainty. The fall in mean beliefs drives down the incentives to enter.
As a result, fewer signals are released and the precision of beliefs falls (panels (c) and (d)). After
the shock, agents receive signals suggesting an improvement in the fundamental, and beliefs recover
(panels (a) and (b)). However, the recovery in output is delayed in the full model by the feedback
between high uncertainty (panels (e) and (f)) and slow entry.

2%Fundamental shocks a[edt the policy functions only through beliefs. Falls in beliefs may result from shocks to
the fundamental 6 or to the signals, X and Z.
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Notes: The left column shows the response of the economy to a -1% one-period shock to p. The right column shows the
response of the economy to a -5% one-period shock to p. The solid curves show the evolution of the economy according to the
full model, while the dashed curves show the evolution of a control economy in which the flow of public information is fixed at
the steady-state level of the full model. Figures (e) and (f) are in log deviation from trend, the other figures are in level.

Figure 9: Mean beliefs, precision of beliefs and output in response to a one-period shock

Table 3 summarizes the properties of the recessions depicted in Figure 9. For both shocks, the
table reports the ensuing recession’s depth (the magnitude of the peak-to-trough fall in output) and
the half-life of the recovery (the number of quarters for the economy to recover half of the peak-to-
trough fall in output). The table highlights two key features of uncertainty traps: i) endogenous
uncertainty makes recessions deeper and longer for shocks of any magnitude (recessions’ depth and
duration are larger in the full than in the fixed 6-uncertainty model), and ii) the diLerential e [edt
of endogenous uncertainty is relatively larger for large than for small shocks. The recession is 22%
deeper and 40% longer in the full model than in the fixed #-uncertainty model under a negative 1%
shock to beliefs, but 35% deeper and 66% longer under a negative 5% shock. Therefore, in the full
calibrated model, endogenous uncertainty leads to amplification and persistence of shocks driving
down beliefs.

Small shock (-1%) Large shock (-5%)
Depth 50% recovery Depth 50% recovery
Full model -1.1% 42 -6.2% 58
Fixed #-uncertainty -0.9% 30 -4.6% 35

Notes. The depth of the recession corresponds to the lowest value of output reached since the official beginning of the recession.
The “50% recovery” column is the number of quarters before the economy recovers 50% of the peak-to-trough drop in output.

Table 3: The impact of shock sizes on the depth and duration of recessions across models
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5.5 Endogenous Uncertainty in U.S. Recessions

Our previous discussion established that, within our calibrated model, endogenous uncertainty
amplifies and lengthens the decline in economic activity relatively more for large than for small
shocks. We now evaluate the role of endogenous uncertainty in explaining the U.S. experience
during past recessions. Specifically, we ask whether it can help explain the observed depth and
persistence of a recession when there is a large enough shock and if, indeed, the mechanism only
“Kicks in” for su Lciehtly large shocks.

To implement this exercise we must first take a stand on the exogenous shocks that hit the
U.S. economy in each recession. Within our model, the only exogenous shocks are the innovations
to the signals {X;, Z;} and to the fundamentals {6;}. The shocks to fundamental {6,} are taken
directly from the data. To discipline the evolution of {X;, Z;}, we choose their innovations such
that our model and the fixed #-uncertainty model exactly reproduce, as equilibrium outcomes, the
forecast of current year’s real output from the SPF during the first part of each recession.>’ We
then compute the response of the three models we have introduced — our full quantitative model,
the fixed 6-uncertainty model, and the RBC model — and contrast them with the data. Importantly,
among the variables that we simulate and contrast against the data we include uncertainty about
output growth from the SPF and the number of firms, both of which are directly related to the
forces in the model.

We implement this exercise in the context of the largest and second-largest recessions in terms
of decline in output within our sample, the Great Recession and the 1981-1982 recession. Since we
expect uncertainty traps to be more important after large shocks, the Great Recession — the most
important downturn since the Great Depression — is a historical episode where we would expect
endogenous uncertainty to play a role. However, we also verify that endogenous uncertainty does
not transform every downturn into a deeply protracted recession. For that, we also consider the
impact of the mechanism during the 1981-1982 recession, which was characterized by a large but
brief decline in productivity and was followed by a relatively rapid recovery in output. We expect
the impact of endogenous uncertainty to be relatively weaker during this episode.

5.5.1 Great Recession

We start by considering the Great Recession. According to the NBER, the recession took place
over the period 2007:Q4-2009:Q2. We first feed the model with the observed TFP shocks over
the corresponding period.?! We then feed each model with a series of signals that allows them to

39Note that we do not need to specify exactly the combination of X; and Z shocks that is needed to match output
forecasts. Only the time series of W is relevant for our purpose. In the case of the RBC model we only introduce
shocks to 8¢, as there is no degree of freedom to match the forecast about real output.

31\We pick 2007:Q2 as our start date to be consistent with the dates at which we match output forecasts. However,
we stop feeding the series in 2008:Q4 because the TFP series from Fernald (2014) displays a large increase at the
beginning of 2009, which leads to a strong counterfactual expansion in the RBC economy (the other models fare
better). For robustness, we fit the full TFP series in Figure 13 of Appendix C and experiment with other TFP series
in Figures 15 and 16. In all cases, the full model generates a deeper and longer recession than the fixed 8-uncertainty
and RBC models.
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replicate output forecasts from the SPF over that period. Specifically, the SPF surveys forecasters
every quarter about their point expectations for the level of real output for the current year. Since
the trough in output forecast from the SPF was reached in 2009:Q2, we focus on second quarter
forecasts and match expectations about current year output in 2007:Q2, 2008:Q2, and 2009:Q2.32

Figure 10 shows the evolution of TFP, real output forecasts, output, investment, employment,
consumption, the number of firms, and uncertainty about real GDP growth. The solid lines in the
left column represent the data. The right column shows the predictions of the three models: the full
guantitative model (solid blue curves), the fixed #-uncertainty model (dashed brown curves), and
the RBC model (dot-dash pink curves). The diamonds in panel (b) and (d) of Figure 10 indicate
the data that the models are calibrated to match. All shocks and innovations are set to zero after
2009:Q2, and the economy is left to recover.

The central finding of this exercise, is that for all macro aggregates that we consider (output,
investment, consumption, employment, number of firms and uncertainty about GDP growth), our
model generates dynamics which are closer to the data than the fixed #-uncertainty model and the
RBC model. Panel (f) of Figure 10 shows that the decline in output is clearly deeper and more
protracted in our model than in the alternative models.

Table 4 summarizes the key properties of the recession in the data and as predicted by the three
models. The first column shows the depth of the recession, measured as the percentage drop in
output from the beginning of the recession to its lowest value. The full model is able to explain
almost all of the depth, while the fixed 6-uncertainty model and the RBC model account for 76%
and 33% of the fall, respectively. The second column of the table shows the earliest date at which
output has recovered 20% of the depth.?? In the full model, output recovers 20% of the lost ground
in 2015:Q1, close to corresponding date in the data (2014:Q3). In contrast, in the fixed #-uncertainty
and in the RBC models this event happens in 2012:Q4 and 2009:Q3, respectively. These results
imply that, within our model, endogenous uncertainty adds 1.8 (5.2) percentage points in terms of
depth and about two (five) years until the 20% recovery relative to the fixed 8-uncertainty (RBC)
model. Finally, the third column shows the cumulative loss in output, measured as the sum of the
percentage deviations from trend from 2007:Q4 to 2015:Q1, the end of our sample. This measure
combines the depth and the persistence of the recession into a single statistic. If we normalize
this measure by the output produced in quarter 2007:Q4 at the onset of the recession, the U.S.
economy lost a cumulated 1.84 quarters of output since that date. Our full model explains 93% of
this loss, while the fixed §-uncertainty and RBC models can account for 73% and 30% of the loss,

32Forecasts in the first, third or fourth quarters in the SPF are about the current year and thus correspond to
forecasts at di [erent horizons. We focus on a single horizon with second-quarter forecasts to avoid using four di Cerknt
definitions of forecast in our model. Since we do not use forecast data in Q1, Q3 and Q4, we linearly interpolate
the series of p¢ at these points. Note finally that the empirical output forecast series stops in 2009:Q2 because of a
change in variable definition.

33We cannot use the standard half-life measure of persistence since output has not recovered half of the way from
its trough in the data. We pick the 20% threshold as it roughly corresponds to the level attained by output in the
data at the end of the sample. The full model also generates a longer recession measured in terms of the number of
quarters from peak to trough relative to alternative models. The exact date for the trough is however hard to identify
in the data because of high-frequency noise.
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respectively. According to these various measures, our full model is better able to account for the
overall severity of the recession.

Depth 20% recovery Cumulative loss

Data -7.9% 2014:Q3 -184%
Full model -7.8% 2015:Q1 -171%
Fixed #-uncertainty -6.0% 2012:Q4 -134%
RBC -2.6% 2009:Q3 -56%

Notes. We compute the depth, persistence, and cumulative loss of the recession from the official beginning of the recession in
2007:Q4 as determined by the NBER. The depth of the recession corresponds to the lowest value of output reached since the
official beginning of the recession. The “20% recovery” column is the earliest date at which output recovers 20% of the depth.
Cumulative loss is the sum of the percentage deviation of output from trend from 2007:Q4 to 2015:Q1.

Table 4: Depth, persistence, and cumulative output loss of the Great Recession

Besides output, endogenous uncertainty can also help explain the behavior of other aggregates.
As shown in panels (g) and (h), even though our model does not generate as pronounced a decline
in investment, it does generate more persistence than the alternative models. Panels (m) and (n)
of Figure 10 show that the number of firms also falls. By construction, the RBC model does not
have predictions in this regard. Our full quantitative model does well in predicting the persistence
and the amplitude of the fall in the number of active firms. Since entry and the number of firms
govern the dynamics of uncertainty within the full model, the good performance of the model along
that dimension is reassuring. Our model generates as large a fall in consumption as it is observed
in the data (panels (k) and (1)). Relative to the alternative models, it also predicts a larger fall
and a more protracted recovery in employment (panels (i) and (j)), better reflecting the empirical
patterns. Even though for most variables the fall in economic aggregates happens faster in the
data, our model is closer to the empirical series than the alternative models for all the variables
reported in the figure.

We also highlight that our model is relatively successful at explaining the shape of the uncer-
tainty response. As observed in panels (0) and (p) of Figure 10, the uncertainty in output growth
follows an inverted-U shape relationship that our model reproduces, although in our model the
peak in uncertainty is delayed relative to the data. In contrast, the alternative models generate
little variation in uncertainty in GDP forecasts.

Sensitivity

We demonstrate the robustness of our findings by replicating the Great Recession exercise under
alternative assumptions: i) fitting the whole TFP series instead of only its beginning; ii) using a
simple linear detrending instead of allowing for a structural break; iii) using TFP data from the Penn
World Table and the Bureau of Labor Statistics instead of the Fernald time series; and iv) using
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Figure 10: Great Recession - Data and models
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standard CRRA preferences instead of the GHH preferences assumed in the main exercise. The full
simulations from these robustness exercises are included in Appendix C. Table 5 summarizes these
simulations by showing the cumulative loss in output generated by each model in each exercise,
and comparing it to the data. In all cases, we find that our conclusions are robust. The full model
with endogenous uncertainty gets closer to the data by generating more severe recessions than the
alternative models. Table 7 in the Appendix shows that the full model generates deeper and longer
lasting recessions in all the robustness exercises.

Cumulative loss in output
Data Full model Fixed #-uncertainty RBC

Benchmark -184% -166% -129% -56%
Full TFP fit -184% -86% -38% +38%
Linear detrending -310% -173% -139% -12%
PWT TFP -184% -194% -175% -131%
BLS TFP -184% -171% -142% -85%
CRRA Preferences -184% -80% -65% -31%

Notes. Cumulative loss is the sum of the percentage deviation of output from trend from 2007:Q4 to 2015:Q1.

Table 5: Robustness: Cumulative loss during the Great Recession

5.5.2 1981-1982 Recession

We now consider the impact of endogenous uncertainty in the less severe recession of 1981Q3-
1982Q4. The purpose of this section is to show that, while endogenous uncertainty generates
amplification and persistence in response to very large shocks, it does not necessarily increase the
depth and persistence of every negative shock. As such, the model does not have counterfactual
implications for the magnitude and persistence of milder recessions.

Table 6 replicates Table 4 for the 1981-1982 recession.>! We see that the full and the fixed 6-
uncertainty models generate shallower recessions than the data, while output drops more than the
data in the RBC model. In terms of persistence, the three models performs similarly, suggesting
that the economy should have recovered 20% of the loss in output at the beginning of 1984 —
about a year after that threshold was reached in the data. In terms of cumulative loss, all models
predict recessions that are more severe than the data, although the di[erence between model and
data is larger for the RBC than for the full and fixed 8-uncertainty models. Overall, we find that
for the 1981-1982 recession, characterized by a less severe combination of TFP and beliefs shocks,
endogenous uncertainty does not generate additional persistence. This confirms that the full model
generally behaves as a standard RBC model, except during large unusual downturns, such as the
2007-2009 recession, when the uncertainty trap mechanism kicks in.

31Since the output forecast series is fully available over the period 1981-1985, we fit the whole time series of both
beliefs and TFP. Appendix D shows the model predicted series.
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Depth 20% recovery Cumulative loss

Data -5.3% 1983:Q2 -13%
Full model -4.9% 1984:Q1 -32%
Fixed #-uncertainty -4.7% 1984.Q1 -32%
RBC -6.4% 1984:Q2 -44%

Notes. The table is constructed similarly to Table 4. The official beginning of the recession is in 1981:Q3, and the cumulative
loss is computed between that quarter and 1985:Q1.

Table 6: Depth, persistence and cumulative output loss of the 1981-1982 recession

5.6 Further Applications

In Appendix E we provide additional exercises that highlight various features of the model.
First, we show that, like other studies of the e [edts of uncertainty on the economy (Bloom, 2009;
Bloom et al., 2012), exogenous uncertainty shocks generate recessions in our framework. In our
model, these exogenous shocks are propagated endogenously through the endogenous uncertainty
channel.

Second, we consider the problem of a social planner in Appendix E.2. To do so, we compute the
e [cieht allocation and consider how it responds to shocks relative to the competitive equilibrium
that we have studied so far. We find that the planner prevents the number of entering firms from
falling too much during the recession in order to prevent uncertainty from rising too much. As a
result, the recession is shorter and shallower in the planner’s allocation, suggesting a potential role
for government policies in mitigating the impact of recessions.

Third, we show in Appendix E.3 that our benchmark model improves on RBC in terms of
propagation of shocks. As noted by Cogley and Nason (1995b), the RBC model features weak
internal persistence so that the properties of GDP growth mimic those of the exogenous TFP
growth process. In our full model, however, the persistence in output growth is larger than in TFP
growth, and more so at lower lags. Hence, while our model does not replicate the full amount of
autocorrelation observed in the data, it does reproduce the qualitative feature of the data that the
autocorrelation of GDP growth is larger than that of TFP growth at lower lags. We interpret this
finding as evidence that endogenous uncertainty leads to a more persistent series for output growth
relative to TFP growth, in line with the baseline theory.

6 Conclusion

We develop a theory of endogenous uncertainty and business cycles that combines two forces:
higher uncertainty about economic fundamentals deters investment, and uncertainty evolves en-
dogenously because agents learn from the actions of others. The interaction between investment
and uncertainty leads to uncertainty traps: episodes in which high uncertainty leads firms to delay
investment, further raising uncertainty. In the unique equilibrium of the model, the economy fluc-

37



tuates between a high-activity/low-uncertainty regime and a low-activity/high-uncertainty regime
and is subject to strong non-linear dynamics in which large shocks can have near permanent e [edts.

To quantify the importance of uncertainty traps, we embed the mechanism in a business cycle
model. We calibrate the model to the United States economy and find that endogenous uncertainty
increases the depth and duration of recessions, particularly after large shocks. We also find that
our full model is able to better explain the behavior of standard macro aggregates during the Great
Recession than alternative models.

We believe that the novel channel proposed in this paper is important for several reasons.
First, the emphasis on subjective uncertainty — and beliefs about fundamentals in particular —
implies that not only exogenous volatility shocks, but also other sources of uncertainty, matter for
the economy. Thus, we view recent empirical work using survey data on forecasts or consumer
and business expectations as an important step towards a more complete understanding of the
role of uncertainty in business cycles. Second, we believe that our framework may be useful as
a theoretical benchmark for empirical and quantitative studies seeking to estimate the direct and
feedback e [edts of uncertainty on economic activity. Despite the multiplicity of regimes and strong
non-linearities, the model features a single competitive equilibrium, which makes it amenable to
applied work. Third, we have shown that allowing uncertainty to fluctuate endogenously leads
to a significant propagation and amplification mechanism. The type of non-linearities and the
multiplicity in regimes that we obtain may be of broader interest for business cycle modeling in
general and could also shed light on some particularly large historical downturns.

For the sake of clarity, we have exposited the mechanism in a purposely simple framework, but
a number of generalizations may be worth investigating. In particular, it would be interesting to
understand how uncertainty traps interact with frictions that could magnify their impact, such as
financial frictions, demand externalities, or belief heterogeneity. We leave these questions to future
research.
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A Data and detrending

This appendix details the sources of data used throughout the paper and the way in which the
data is detrended.

A.1 The sources of data

This section lists the data sources that we use for the measurement of uncertainty and for the
guantitative exercises. As one the main time series we use, the number of firms, begins in 1978, we
limit our analysis to the post-1978 period.

e Our benchmark series for Total Factor Productivity in the US is the quarterly Business Sector
TFP, adjusted for capacity utilization, from Fernald (2014) over the period 1978:0Q1-2015:Q1
and seasonally adjusted.

e From the Bureau of Economic Analysis, we use the quarterly Real Gross Domestic Product
(Fred: GDPC1), Real Gross Private Domestic Investment (Fred: GPDIC1) and the Real
Personal Consumption Expenditure (Fred: PCECC96) over the period 1978:Q1-2015:Q3 and
seasonally adjusted.

e Our measure of total labor is the quarterly Nonfarm Business Sector: Hours of All Persons
(Fred: HOANBS) measure from the Bureau of Labor statistics over the period 1978:Q1-
2015:Q1 and seasonally adjusted.

e For data about firm dynamics, we use the Business Dynamics Statistics from the Census
Bureau. This data is available at an annual frequency from 1978 to 2013.

e \We use two series from the Survey of Professional Forecasters (SPF). First, as a proxy for un-
certainty, we use the mean probability forecasts (PRGDP) which provides an average across
forecasters for the probability that the current annual-average over past annual-average per-
cent change in real GDP falls in a particular bin. We compute the standard deviation of
this probability distribution. The time series covers the period 1992:Q1-2015:Q1. Second, to
calibrate the beliefs during the Great Recession, we use the mean forecasts for the level of
real GDP.

e \We use the uncertainty series H1, H3 and H12 constructed by Jurado et al. (2015) over the
period 1960:Q3-2014:Q4.

e We use the VXO time series from the Chicago Board Options Exchange over the period
1986:0Q1-2014:Q2 averaged over monthly periods.

e We use the Michigan Survey of Consumers over the period 1960:Q1-2015:Q1 and construct
series with the number of respondents answering “Uncertain Future” as the main reason why
it is a bad time to purchase big household goods.
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e To verify the robustness of our empirical exercise about the 2007-2009 US recession we also
use two alternative measures of total factor productivity. The first one is the Penn World
Table Total Factor Productivity at Constant National Prices for the United States (Fred:
RTFPNAUSAG632NRUG). This data is currently only available at an annual frequency and
until 2011. The second productivity times series we use is the Bureau of Labor Statistics Net
Multifactor Productivity for the Private Business Sector. This data is currently only available
at an annual frequency from 1987 to 2014.

A.2 Discussion of the Detrending Strategy

We consider how alternative ways of detrending the data aledt the observed persistence of the
Great Recession and discuss our choice for the filter used in Sections 5.3 and 5.5.

Figure 11 shows four of the main data series used in Section 5: output, TFP, labor and the
number of firms. For each series, we show the trends generated by three dilerknt filters: i) the
brown dashed line is the trend generated by a standard Hodrick and Prescott (1997) filter;3’ ii) the
dot-dashed pink line is the best-fitting linear trend between 1978:Q1 and the last quarter before
the beginning of the Great Recession in 2007:Q3; and iii) the solid blue line is the best linear fit
generated by a least-square estimation with a structural break in the coe Lciehts (see details below).
Figure 12 shows the detrended data corresponding to each trend.

35We follow Ravn and Uhlig (2002) and use a filter with smoothing parameter of 1600 for quarterly data and 6.25
for annual data. A bandpass filter provides results similar to the HP filter (see Canova (1998)).
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Notes: The black solid line represents the data. The solid blue line is the trend from the structural break estimation. The

dashed blue line represents the estimated fit of the structural break. The brown dashed line represents the trend from the

Hodrick and Prescott (1997) filter with parameter 1600 for quarterly data and 100 for annual data.

Figure 11: Raw data and the trends from various filtering
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(a) Real output (b) TFP Fernald adjusted for capacity utilization
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Notes: The pink dashed line represents the data detrended with the linear trend from 1978:Q1 to 2007:Q3. The solid blue line
represents the data detrended with the structural break estimation. The brown dashed line represents the data detrended
with the Hodrick and Prescott (1997) filter with parameter 1600 for quarterly data and 100 for annual data. The shaded area
corresponds to the 2007Q4 - 2009:Q2 NBER recession

Figure 12: The data detrended by various filters

A comparison between raw output data in Figure 11a and the HP-filtered output data in Figure
12a suggests that the HP-filtered data does not properly reflect either the depth or the persistence
of the Great Recession. The HP-filtered data implies that the Great Recession was a mild economic
downturn and that the economy promptly recovered to its long-run state. These features of the
HP-filtered data clearly miss the important characteristics of the Great Recession that make it
unique by historical standards, as the raw data shows in Figure 12a.?¢ Therefore, we consider that
the alternative linear filters better reflect the depth and persistence of the recession observed in the
raw data.

36See King and Rebelo (1993) and Cogley and Nason (1995a) for a discussion of various drawbacks of the HP
filter.
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The raw data also suggests the possibility of a change in the trend at the time of the Great
Recession. This observation is confirmed by the fact that the economy keeps moving away from
its historical linear trend over the period 2009-2015, as seen in Panel (a). We therefore consider a
third linear filter that authorizes a break in the trend. The estimation (Hansen, 2000) finds that a
structural break in output occurred during the second quarter of 2008. We use the same break point
to detrend the other time series.>” This filtering strategy delivers a middle ground between the
very fast recovery suggested by the HP filter and the very protracted and ongoing decline implied
by the linear trend. We thus use the linear detrending with a structural break as our benchmark,
and we replicate the Great-Recession exercise using the simple linear trend in one of the sensitivity
checks of Section C.

A.3 Filters used in various part of the paper

e In accordance with our calibration strategy which targets moments over 1978:Q1 to 2007:Q3,
we use the Fernald TFP data adjusted for capacity utilization and linearly detrended over
the same period.

e For the benchmark Great Recession exercise of Section 5.5 we use the data detrended with the
structural break approach described in the previous section. We compute the linear trend of
the data before and after the 2008:Q2 structural break estimated from the output time series.
Using balanced-growth path arguments, we detrend consumption and investment using the
same trend as output.® Since the data about the number of firms is at an annual frequency
and that very few data points are after the break date, we detrend the number of firms using
the linear trend from 1978:Q1 to 2007:Q3.3°

e In the robustness exercises of section C in which we use dilerknt TFP series, we detrend all
series as in the benchmark exercise except the PWT and BLS data. These data are annual
and have very few data points after the structural break such any trend estimation would be
meaningless. We instead detrend these data using the 1978:Q1-2007:Q3 linear trend.

37 As a robustness, we have also estimated structural break points independently on each variable. In most cases,
the estimation suggests that the break occurred around the time of the recession. An exception is the time series for
hours, which implies a break around 2000. We do not use the structural break detrending for the number of firms,
the Penn World Table TFP and the Bureau of Labor Statistics TFP. See the next section for details.

38By the resource constraint, the long-run growth rate of consumption and investment should be the same. We
have also done the whole Great Recession exercise with consumption and investment data detrended independently.
The diCerknces with the benchmark are small. In both case, the mechanism generates substantial amplification and
persistence over the RBC and fixed 68-uncertainty models.

39We have also replicated the Great Recession exercise using the number of firms data detrended with the structural
break procedure. The only dilerknce is that m recuperates slightly in this case, as seen in figure 12d. The mechanism
still generates substantial amplification and persistence over the RBC and fixed 6-uncertainty models.

48



B Numerical Algorithm

This appendix describes the numerical algorithm used to compute the equilibrium in the quan-
titative model. The algorithm combines two loops. The outer loop iterates over the laws of motion
for beliefs and the aggregate mass of entering firms. The inner loop iterates over the capital accu-
mulation decision of the firms. We index outer loop iterations by k£ and inner loop iterations by [.
The steps are as follows:

1. Initialize £ = 0.
2. Guess a law of motion for entry n ) (i, v, K, m)

3. Beginning of the outer loop

(a) From n(,, compute the laws of motion of m and of the beliefs ;,“and ~"
(b) Beginning of the inner loop. Set [ = 0.

I. Guess aggregate consumption C; (1,7, K, m, 0, f)
ii. Compute the right-hand-side of the firms’ first-order condition for capital accumu-
lation as a function of K0

- o R o o o 1 O
RHS de: BE U. CQ),L° awA 1+95:77|@1‘WK@W1LE01‘&>W+1—5K | o,y

iii. Using a nonlinear solver, find the value K Pthat solves the firms’ first-order condition
for capital accumulation

1 1 1 1] DEI;I
E U AQ+0) KLU + Q1 —6)K —mf—KYL |pu,y =RHS K

iv. Using the resource constraint, compute the corresponding current consumption
C(141), move to the next inner iteration [ — [+ 1 and return to step i) with the new
guess for consumption. Repeat until C' converges.

(c) Compute the value of waiting and the value of entering for the firms. Find the equilibrium
entry decision n. 1) (1, v, K,m). Move to the next outer iteration k — k+1 and return
to step @) with the new guess on n.

(d) Repeat until n converges.

C Sensitivity Analysis on the Great Recession Exercise

This appendix evaluates the robustness of the Great Recession exercise of Section 5 by relaxing
or modifying various assumptions. In Figure 13, we repeat the exercise by matching the full time

19GHH preferences give us an analytical solution from labor supply as a function of the state space. Also, since
all firms make the same decision we already use K = mk.
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Full Fixed #-uncertainty RBC

A. Depth
Benchmark -7.8% -6.0% -2.6%
Full TFP fit -6.2% -3.8% -2.6%
Linear detrending -7.3% -6.2% -2.9%
PWT TFP -8.0% -1.2% -5.5%
BLS TFP -71.3% -6.2% -3.5%
CRRA Preferences -3.9% -3.9% -1.9%

B. 20% Recovery
Benchmark 2015:Q1 2012:Q4 2009:Q3
Full TFP fit 2012:Q1 2009:Q4 2009:Q1
Linear detrending  >2015:Q1 2013:Q3 2013:Q3
PWT TFP >2015:Q1 >2015:Q1 2014:Q1
BLS TFP >2015:Q1 2015:Q1 2014:Q2
CRRA Preferences  2012:Q2 2010:Q3 2008:Q3

Notes: We compute the depth and the duration of the recession from its official beginning in 2007:Q4 as determined by the
NBER. The depth of the recession corresponds to the fall in output and the duration to the number of quarters until output

reaches its lowest value.

Table 7: The depth and duration of the Great Recession as predicted by the three models in each
of robustness exercise

series of TFP instead of only the NBER recession period 2007-2009. In Figure 14, we use a standard
linear detrending on the data instead of relying on a linear detrending with a structural break. In
Figure 15, we use the TFP data from the Penn World Table instead of the capacity adjusted
measure of Fernald. In Figure 16, we use the TFP data from the Bureau of Labor Statistics instead
of the capacity adjusted measure of Fernald. In Figure 17, we use standard CRRA preferences
instead of the GHH preferences. In all cases, we find that our full model generates a deeper and
longer recession than the fixed ¢-uncertainty and RBC alternatives. Table 7 shows the depth and
the duration of the recession in the three models under all alternative exercises. Table 5 shows the
cumulative losses.

The last exercise makes clear the reasons that pushed us to adopt GHH preferences as our
benchmark. As in Jaimovich and Rebelo (2009), negative signals have peculiar implications in a
model with wealth e [edts on the labor supply. Here, as the agents receive bad signals about the
fundamental, they supply more labor relative to the economy with GHH preferences, and cut down
on investment. As a result, consumption counterfactually rises for a short period of time. Other
aggregates behaves roughly as in the data. In particular, our full model still explains a deeper and
longer recession in output than the fixed #-uncertainty and RBC alternatives.
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Figure 13: Great Recession - Fitting the full time series of TFP



(@) TFP (b) TFP

~ ] e

."/") C 1 i'.'.'.'i' I ."i". AT 'I'.'.'."l PR l a1l -0.05 =i i ; i'.'.'.'i' I R T B R N 'I'.'.'."l PR l 11 '.'i'.' I
Lo R L) LI 1°&& & 1g= & 1&) 2007 2008 2009 2010 2011 2012 2013 2014 2015
(c) Forecast Y (d) Forecast Y

0.1
P 1T 1Ty 1R 1R 1R 1R 1 17R) 2007 2008 2009 2010 2011 2012 2013 2014 2015

(e) Output Y (f) Output Y

Y& e ——— e e

1°&) 2007 2008 2009 2010 2011 2012 2013 2014 2015

Pt Ut 1Ty 18 1788 1T&1 1T&”

I
~

(g) Investment | (h) Investment I

A Gl S -« P S S A R B P R S P S AR AR
Lo R L) LI 1°&& & 1g= & 1&) 2007 2008 2009 2010 2011 2012 2013 2014 2015
(i) Labor L (j) Labor L

Y&

P P S S E N B P T S R R B E R B
Lo R L) LI 1°&& & 1g= & 1&) 2007 2008 2009 2010 2011 2012 2013 2014 2015
(k) Consumption C () Consumption C

e b TTNS—
I R T P T S R R B E R B
Lo R L) LI 1°8& & 1g= & 1&) 2007 2008 2009 2010 2011 2012 2013 2014 2015
(m) Mass of firms m (n) Mass of firms m

B R e e SRR T EEEEEEEE PP S0 R B S S
RN S I U T S SN ST S S N SO S S N Y PR T T B SR U ST S NS S S SN SN T S N S ST S N S S S [N T ST S AN T S SN S SO S
Lo R L) LI 1°8& & 1g= & 1&) 2007 2008 2009 2010 2011 2012 2013 2014 2015
(0) Uncertainty about growth (p) Uncertainty about growth
i e
Nl * 1

PR ] PR PR I P S BN [ PR I PRI I PR
P e Leew 1eat 1vsa 1tal  1vat 1ag 178 P e Leew 1eat 1vsa 1tal 1vat el 1ve)
Notes: The left column shows the data while the right column shows the models. In the right column, the solid curves show

the full model, the dashed brown curves show fixed #-uncertainty model and the dot-dash pink curves show the RBC model.

All figures are in log deviation from trend. The scales are the same in both columns.

Figure 14: Great Recession - linear detrending over 1978:Q1 to 2007:Q3
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Notes: The left column shows the data while the right column shows the models. In the right column, the solid curves show
the full model, the dashed brown curves show fixed #-uncertainty model and the dot-dash pink curves show the RBC model.

All figures are in log deviation from trend. The scales are the same in both columns.

Figure 15: Great Recession - TFP data from the Penn World Table
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the full model, the dashed brown curves show fixed #-uncertainty model and the dot-dash pink curves show the RBC model.

All figures are in log deviation from trend. The scales are the same in both columns.

Figure 16: Great Recession - TFP data from the Bureau of Labor Statistics
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the full model, the dashed brown curves show fixed #-uncertainty model and the dot-dash pink curves show the RBC model.

All figures are in log deviation from trend. The scales are the same in both columns.

Figure 17: Great Recession - CRRA preferences
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D The 1981-1982 Recession

Figure 18 repeats the Great Recession exercise for the 1981-1982 recession. We do not include the
behavior of uncertainty about real output growth as that period is not covered by the SPF data.*!
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Notes: The left column shows the data while the right column shows the models. In the right column, the solid curves show
the full model, the dashed brown curves show fixed #-uncertainty model and the dot-dash pink curves show the RBC model.

All figures are in log deviation from trend. The scales are the same in both columns.

Figure 18: 1981-1982 Recession

“1The SPF does have data about GNP growth over that period but a change from nominal to real GNP growth
in the middle of the sample (1981Q3) prevents us from using this series.
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E Further Applications

E.1 Uncertainty shocks

Figure 19 displays the impact of an uncertainty shock on the economy. We model this shock as
an exogenous zero-probability event that raises uncertainty and that agents do not anticipate. The
shock corresponds to a 100% increase in the standard deviation of the beliefs about the growth of
output one year ahead.*?

(a) Precision of beliefs y (b) Output Y
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Notes: Evolution of the economy in the full model after an exogenous 100% increase in the standard deviation of the beliefs
about the output growth one year ahead. Figure (a) is in level while Figure (b) is in log deviation from trend.

Figure 19: Impact of an exogenous uncertainty shock

E.2 Social planner

Figure 20 shows the response of the economy to a 5% negative shock to . in the competitive
equilibrium and in the planner’s allocation.

(a) Mean beliefs (b) Precision of beliefs y
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Notes: The solid curves show the evolution of the economy according to competitive equilibrium of the full model, while the

dashed curves show the evolution of the economy under the social planner’s allocation. Figures (c) and (d) are in log

deviation from trend, the other figures are in level.

Figure 20: Response of the competitive equilibrium and the planner’s allocation to a one period
-5% shock to p.

42Uncertainty shocks of this magnitude is not uncommon in the uncertainty-driven business cycle literature. See
Bloom et al. (2012).
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E.3 Autocorrelograms of output and TFP growth

Our benchmark model improves on the RBC model in terms of the propagation of shocks. As
noted by Cogley and Nason (1995b), the RBC model features weak persistence in GDP growth.
We repeat their exercise in Figure 21. Panel (a), showing the autocorrelograms of output and TFP
growth in US data, implies that output growth is more persistent than TFP growth for smaller
lags. The dilerknce is also statistically significant at the 95% level. Panel (b) displays the same
autocorrelograms in data generated by the RBC model and by our full model; because of the
very long simulations, the error bands from model-generated autocorrelograms are essentially zero.
Similarly to Cogley and Nason (1995b), the autocorrelogram of output growth in the RBC model
mirrors that of TFP growth. In our full model, however, the persistence in output growth is larger
than in TFP growth, and more so at lower lags. Hence, even though our model replicates only a
fraction of the autocorrelation observed in the data, it does reproduce the qualitative feature of the
data that the autocorrelation of GDP growth is larger than that of TFP growth at various lags.
We interpret this finding as evidence that endogenous uncertainty leads to a more persistent series
for output growth relative to TFP growth, in line with the baseline theory.

0.5 : : : : -l ‘ ‘ ‘
+————~ TFP growth | 1 1 1 1
; o Pgrow i - —-O=—- 012M+45678195: ;<
 — T : : : ‘ !
‘ ; ; " BToW ; ‘ O =317>73+45618)95: ;<
. = ——0——- GDP: 95% error bands at 0 . . . 0123+4567810AB -
rrrrrr wp o == —= 01 5
0.25 : — — —A— — - TFP: 95% error bands at 0 I 3

O =312>73+4567810AB

B i s Vaii

_0 25 1111 I 1111 I 111 1 I 1111 I | I I | I I 111 1 - /Il% 1111 I 1111 I 111 1 I 1111 I | I I | I I 111 1
1 2 3 4 5 6 7 8 ! " # $ % & " (
Lags )*+,

Notes. (a) The solid line is the autocorrelogram of the log GDP growth. We use the seasonally adjusted real GDP series from
1978:Q1 to 2015:Q1 from the Bureau of Economic Analysis after linearly detrending with a structural break in 2008:Q2 (see

Appendix (A)) The dashed line is the autocorrelogram of the log of TFP growth using the capacity-adjusted measure from
Fernald (2014), similarly detrended. The error bands show the 95% confidence interval at 0; (b) For comparison, both the RBC
and the benchmark models are simulated with 6 shocks only.

Figure 21: Autocorrelogram of output and TFP

E.4 Heterogeneous cost of entry

We consider the impact of heterogeneous costslgij| emﬁ on the dynamics of the model. To do
so, we assume that firms must pay a cost f, ~ N 0, a,% when they enter. As a result, the entry
decision is characterized by an equilibrium threshold such that only firms with fixed costs lower
than the threshold enter. Figure 22 shows how changes in the dispersion of these fixed costs a [edt
the response of the economy to a —5% shock to u. When the dispersion of these shocks is relatively
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small, as in the left panel, the economy behaves similarly to the benchmark model. However,
when the dispersion gets bigger, as in the right panel, the importance of aggregate uncertainty as a
determinant of firm entry is reduced, as firms pay more attention to their idiosyncratic cost shock.
In this case, the endogenous uncertainty about aggregate productivity is less important.

(a) Output under small dispersion of costs on (b) Output under large dispersion of costs on

"""""" o ; : . oM

(1#& - -0.025 [+~

(e \ cmmemm———. X4, /012-345+146 005 BT D memmesm——— Hixed. uncertainty:
N T T N (o Aol LA e T Hullmedgl,

] b #H $1 % &1 | 10 20 30 40 50 60

L] L] L] o
Notes: Evolution of output in the full model and the fixed f-uncertainty model after a -5% shock to p. The small shock is such
that op/f = 2% while the large shock is such that on/f = 4%.

Figure 22: Impact of heterogenous costs of entry

F Proofs

This section presents the proofs of the various lemmas and propositions stated in the paper.
These proofs consider the limit version of the model as N — oo, so that the fraction of investing
firms is deterministic, i.e., n = F (f©).*?

F.1 Lemmas 1 and 2

We start with the proofs of Lemmas 1 and 2, which characterize the laws governing the evolution
of beliefs.

Lemma 1 (Full). For a given fraction of investing firms n, the mean of beliefs p follows an AR(1)

process with time-varying volatility s,

[}
p = pop+s(n,v)e,
1 L]
where s(n,7vy) = peg %— m *and e ~ N (0,1). In addition, s, @ s, Q) s,, Q)
syy LOJwhile the sign of sy, (n,7) is positive for ~y l:l—f_[yz + n7,) and negative otherwise.

Proof. We use (2), (3) and (4) to compute the mean and the variance of the next period mean
beliefs " given current-period information (u,~), and the fraction of investing firms n,

E|:|q [
1, v, = pop
O o o

1
Vo, yn =pf - - ————
1 Py vty

L1

Being the sum of normally diE‘buted variaEll%F, pPis also normally distributed and can therefore

be expressed as = pou+ pp % — m ® ¢ with £ ~ A/ (0,1). The sign of the first and second

43proofs in the finite N case are available upon request.
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derivatives of s (n,~) are derived in Lemma 3 in the Online Appendix. In particular,

1
PoY V2
Sn (TL,’)/) = - 1 3 I:D;I
2(7: +nye)? (v + 72 + )2

1
+ 2 2y, +
_po(yz + ) THYEFE

5y (n,7) =

3 3
2 2 (v + e+ )2
O
Lemma 2 (Full). The law of motion of the precision -,
1 [l
— Po L ,0,
r(n,v) = + 1—py op ) ()

Ao Pl e
satisfies the following:

1. T is infinitely differentiable over Riand increases with n and v: I, [LQland 'y, Q1 In
addition, Iy, CQIT,, [Qland I, [0l

2. For a given n, there exists a unique positive fixed point vy (n) in the precision of beliefs such

that v (n) =T (n,y(n)). The function v (n) is strictly increasing in n.

Proof. 1. The infinite di Lerkntiability follows from inspection of equation 5. The first and second
derivatives of I" are derived in Lemma 3 in the Online Appendix. In particular, we have

[)3% 2
M (n,y) = 50 (n,7)” CQ}
(v + 72+ n72)

2
P
r,(n,9) = g T (n,7)* CO1
(v + 72 +nvg)

as well as I,,, CQII,, COJand IM,, QI
2. Given n, existence and uniqueness of a positive fixed point follows from noting that all the
fixed points v must satisfy

1 1
9 1 1
0_7 + ’Yz+n7x__2 - 2 2('72"'”796)-
o 1—p5 o
Because the quadratic function of + on the right-hand side is convex in ~ and negative at v =0, it
necessarily has a unique positive root ~ (n). Dilerkntiating the above equation with respect to n,

we obtain
1 — [ 1

1 1
0=2y(M)y () +y1n) v+n—= +% v0)-— o
%9 1-p5 o5
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L1 L1

> —~(n) . To see that y~(n) > 0, note that

which tells us that 7 (n) = g2 (i

1 _ P 1 L ey
ym) )+ oy,

+ 1—pf o5 > 1—pj oj

and

1 P L . BN L

= T2 o2< b0 4
y(n)  y(n)++ny, o -0

]
5 (n) 7

22
0 0>

. . . 1 1
which implies 7 < v (n) < @)z

F.2 Reformulation

To simplify the characterization of an equilibrium, we reformulate the problem of the firm in
terms of a single mapping that characterizes the investment cuto[_f°. From the main text, the
optimal investment strategy is to invest if and only if f/ /4 (u, ) where

) =V =V (7).
Substituting the value for VWV (u,~) from 7,

1 O
) = Viu,y)—BE max VW %E’,Yd:"‘/[ %Vdj_ f@];'

Subtracting the value V' (15~ — fPfrom the max operator and using the definition of f¢(u,~),
we obtain that the following recursive mapping must be satisfied by the optimal cuto[]

0 O [
£ (u,7) =S (1, ) — BE max f— f¢ %'D,’YEFIO , (25)

— vl Hr g 4] : o
where S (1,7) = VI (u,7) — BE VI (u5~Y — fY is the opportunity cost of delaying investment for
one period gross of the fixed cost f. In particular, using (4), (5) and the law of iterated expectations,
we have
1 T 1— _ﬁl—‘%él_zzlzl
S () =L @A)+ fpy = LT 1 gt TR R (RS o)

where 1y is the mean of the fixed cost distribution, as introduced in the main text.

Remark. Note that the equilibrium cuto[function f¢(u,~) is enough to fully characterize the
equilibrium. Given this function, we can recover all the other equilibrium objects. For all (u,~),

VW (1, 7) V! (Iu__,lfy) — £ (1,7), .
Vip,y) = BE V! %‘?’Ydj—fm max fD—fc%hmd:,IO

whereas the fraction of investing firms is n = F (f€). Therefore, we focus on Bellman equation (25)
for the optimal cuto Cfbr the rest of the proofs.

61



F.3 Notation

In what follows, we denote B (C) the set of bounded, continuous functions g : ¢ € R — R, for
some [ € N, equipped with the sup norm, ||g|| = sup, {g (x)|- We use T to denote an upper bound
for some variable x, and z to denote a lower bound. For a given function g € B (C), we denote g, (z)
the directional derivative 9 (z) = im Ow where e; = (0, ..., 0,1(ith),0...)% R! when
it exists. The notation g,.and 9. is used to denote an upper or lower bound, respectively, on the

ith directional derivative or a modulus of Lipschitz continuity whenever it applies.

F.4 Assumptions and Definitions

Before proving Propositions 1 to 4, we introduce a number of definitions and assumptions that
will be used throughout the proofs. We first impose some regularity conditions on the distribution
I of fixed costs f.

Assumption 1. F is a continuously differentiable cumulative distribution function with bounded
first derivatives. F' has infinite support, mean jiy and standard deviation oy, satisfies I 5> 0 and
[f|dF < co. We further assume that its mode argmafoE(f) erists and is finite.

We now define the set in which beliefs (u,~) lie. Note that because of the monotonicity in I
and the existence of stationary points, the precision of beliefs v remains bounded over time as long
as the economy starts with a precision ~ that belongs to [y (0),~ (1)]. Indeed, if v € [y (0),~ ()],
then letting "= I (n, ), the properties of I (n,~) and ~ (n) from Lemma 2 imply that

7(0) =T (0,7 (0)) CTX0,7) [H¥ITAL, ) CITAL,y (1) =~ (D).

We can thus restrict our attention to precisions belonging to the compact set %Iﬁljz [v (0),~ (D)].

The mean of beliefs i, on the other hand, has an infinite support. In order to use the contraction
mapping theorem Il_nl ttEspace of bounded continuous functions, we restrict the space in which p
lies to a compact p, 7z . These bounds are chosen to be large enough as to contain almost all the
ergodic distribution of n. We thus introduce the following bounds:

Definition 4. Define the following bounds and set:

1. Let 7 = v (1) be the unique strictly positive solution to

L1 L]

2 1 1
+ — Py O = 77 )
P T—p} o3 r(1,9) @7)

7= s
F+7+ %

and v = v (0) <7 the unique strictly positive solution to

:ng +%I ZDZIZLI I'%I H
— Py O = Y-
v+ o0 =

7= (28)

1
2. Let S = [p, 1] X ~,7 , where p and 11 are some large bounds on fi.
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Because of the bounded support for u, we must adapt the process for the evolution of the mean
of beliefs. We do so by assuming that p“follows a truncated Markov process.

1 [
Assumption 2. The mean of beliefs ufollows the truncated Markov process over JINT
O B I R I 1 [
pm=nmun  mar p6#+3(n77) &1 K (29)

where s (n,v) corresponds to the process in Lemma 1 and € ~ N (0,1).

O O
Notice that as the set u,z becomes large, the truncated process puPconverges to the one
described in Lemma 1.%

It is also useful for the rest of the proofs to introduce the following bounds on the derivatives
of sand I.

Definition 5. Define the following upper and lower bounds derived in Lemma 3 in the Online
Appendiz:

1. The derivatives of s are bounded by

Johg 0|, 2
sl = sup  [sy(m, D=1y v 2y =7 .7 = pe 3y
n 1], ~ ol
o],y rf319] I:I,Y - .,
||3nH = sup |8n (TL,’)/)| = Sn 0752 = 3 Vs
n 0J1], [f317] (37.)2

2. The derivatives of T are bounded above and below by

1 G
F’y = sup rw (n,v) = Pg
n 0]y Cf517] YF
1 _ G
) v
r, = inf M (ny) =p5 ———
y Y 9 9
n O01),y OA47] Y+7:+ 7
r, = sup  Tp(n,7) =70,
n C0J1],y Cf37]
L, = inf M (n,7) = 7L,
n C0J1],y Cf37]

To simplify our notation for the expectation operator under the truncated process (29), we
define the following operator.

o 1 O om™
Definition 6. Let R: g € B(S) — B Rx 7,57 be the operator that extends function g to the

44|n section F.2, we used the formula for the mean of a log-normal distribution to derive the expression of S. In
the context of our truncated process W, this formula should be understood as an approximation of arbitrary precision
as [, 7] becomes arbitrarily large.
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1 L]
domain R x 7,5 such that, for (u,v) € R x

if p> 1,

=8
e

[R(D](1,7) = %

)
) ifE> >,
Yoo p<p

Remark. It is equivalent to take the expectation of some function g € B (S&Iunoﬁ ttheﬁruncated
process for 1 in (29) or to take the expectation of the function R(g) € B R x ~,5 under the
unrestricted process of (4). l.e., with ® the CDF of a standard normal, we have:

(E—pop)/s(n,v)
Elg | u.v.7] / 9 (pon+ 5 (n,7) 2. T (n,7)) © (de)
( IQ%%/S;"Z) [ R - [T
L 1 -
= g mrn,y) + 1-0 EZPOR @, (n,7))
5(n,7) s (n,7)

- /_ R(g) (oo + 5 (n.7) £, T (7)) ® (d2) .

+O

We now define the mapping 7 that characterizes the equilibrium investment cuto [aks derived
in equation (25).

Definition 7. Let T : f¢ € B(S) — B(S) be the mapping such that, for all (u,7) € S,

) mim
[ch](u,v)=5(u,’y)—ﬁ//maw FP= R(f) (por + s (n (11,7) . 1) &, T (0 (11,7) ,7)) , 0 F dfd:qIJ(dE),

(30)

where © is the CDF of a standard normal, n (u,vy) = F (f¢(i,7)), and where S (u, ) is defined in
equation (26).

Under some conditions, we establish later that the mapping 7 admits a fixed point f€ in the
set Fy defined as follows.

Definition 8. Let Fy C B(S) be the set of bounded continuous functions f¢: (u,v7) € S — R
such that f¢ is bounded by f°, Lipschitz continuous of modulus f: n uand ?,cy in vy, where

1 ] ] 1 .|

21— pg

—c 4 1 1 —qu+2s a(l—pg)u—2> =P8 4 a® -
F=a-p7" ~@-p+p uf+/|f|dF + o MR g gt TTE PO
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-
and f,, [y € R%r solve the system™®

I:I D —C I:I —C = —C I:—Ic

T, =5, g O 7, + 610 lsnll 7o+ Fuds, T

- | e e e (31)
Y = Y H’l 5HS'YHASf+ﬁf“/+ﬁHFQ| ||8n‘|fp+ rnffy fﬁp

with
L1 —ap+ a(1—po)p—2 78 +2 (1-3)73
SM E?Z — 2y 1_5/)96 2 2 y 2 6/%86
1 [ a —a,u—i—ﬁ 9 a(l—pg)p—ﬁl_pg-i-ﬁ(l—pQ)o—Q
SvﬁvZZZZ - % 1 Bpge -y e
Y
1 1

—~—F __ = 1 1
and Dsf = 55 * 1557

Later on, under additional parametric restrictions, we will be able to restrict the set in which
the equilibrium cuto CTilinction lies further to a subset F; C Fy defined as follows.

Definition 9. Let F; C Fy be the subset of functions f¢ € Foy such that f€ is weakly increasing in
woand 7.

We finally impose the following condition on parameters throughout the proofs:

Assumption 3. The parameters and bounds are chosen so that

1-p% | a2

1 Caae0—rr=S e+ (1) (32)

This assumption is a necessary condition to guarantee that the real option channel is active. The
first two terms in the exponential require that the mean reversion in x and ~ is small enough not
to dominate the wait-and-see e [edts. The last term requires that the variance of the fundamental
ag is not too large to discourage firms from waiting. Note that Condition 32 is satisfied as py — 1.

F.5 Proposition 1

Proposition 1 (Full). Under Assumptions 1-3 and for parameters such thatt

[ _ 1 _ [
4 R B B B e s ar )

(1-B8)

45Condition (33) in Proposition 1 is a su [cieht condition that guarantees that this system of quadratic equations
admits a strictly positive solution (ﬁfs) In the case where there are multiple solutions (at most two), we pick
the maximal one.

46Note that condition (33) is only a su [cieht condition, so that an equilibrium may exist under weaker conditions.

Since 53 = O (yx) and Th = O (yx) while the other quantities in the condition remain bounded as yx — 0, condition
(33) is always satisfied as long as yx is small enough, implying that the complementarity in information is weak.
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L1 L1

where DNy f = F° ﬁ + ﬁ , there exists a unique equilibrium such that the optimal cutoff f€

belongs to F°. If, in addition,*”

S (7,7) CB@ E‘% (34)

1
S, (7)) B DFlls,| +BF B (35)

where A, f = ||sy]| 7; + an,cy then the resulting optimal cutoff f¢(u,~y) is increasing in p and 7.

Proof. Outline: The equilibrium mapping 7 that we consider corresponds to an ine [cieht compet-
itive equilibrium subject to an informational externality. Because of the feedback of other investors’
actions on individual beliefs, standard existence/uniqueness arguments do not directly apply. In
particular, a strong enough feedback could potentially lead to equilibrium multiplicity. The magni-
tude of the feedback is, however, governed by the informativeness -, of the social learning channel.
Our proof establishes that this feedback is a O (v,). Hence, when ~, is low, the complementarity
in information is negligible and we prove that the mapping defined in Definition 7 is a contraction.

We proceed in four steps: 1. We show that 7 is a well-defined self-map on F, under condition
(33); 2. We establish that F; is a Banach space; 3. We show that 7 is a contraction on Fy when
v, is small enough; 4. Under the additional conditions on parameters (34) and (35), which imply
that various feedback e [edts are dominated by the first order impact of x and ~ in the objective
function S, we characterize further the monotonicity of the optimal cuto ]

Step 1. T is a well-defined mapping from Fy to Fo. Under condition 33, Lemma 5 in the
Online Appendix shows that there exists a solution to the system of equations (31) which defines
the moduli of Lipschitz continuity and Lemma 6 in the Online Appendix demonstrates, under the
same conditions, that 7 maps F;, onto itself. 7 is thus a well-defined self-map on F°.

Step 2. JFy is a Banach space. Fy is a subset of the Banach space of bounded continuous
functions B (S) equipped with the sup norm ||-||. We now show that F is closed. Take a Cauchy
sequence {fi}, o€ & o P - First, since B (S) is a Banach space, it converges to some f¢ € B(S).
Second, the bound £ is preserved in the limit (f¢ (u,~) TF1— f¢(u,v) CFJ). Third, the Lipschitz
property is preserved in the limit. Indeed, we have

V (1, p2) ok € N[ fE (u2, ) — i (uas D] ) |2 — ] -

Taking the limit £ — oo, we then have |f¢ (u2,7v) — ¢ (u1,7)| I:_EL |2 — p1|, so that f€ is also
Lipschitz in p with modulus Tf, Applying the same argument along ~ implies that the limit f¢ is
also Lipschitz in v of modulus ?2 Hence, F° is closed. Being a closed subset of a Banach space,
Fo is a Banach space.

Step 3. T is a contraction on Fy under condition 33. Let ff, f§ € Fy. Denote n; = F (ff),i =

47Conditions 34 and 35 are satisfied when, for instance, 1) B is small enough, or 2) risk aversion a is high enough
that Sy is large enough and yx is small enough that Anf is small.
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1,2. We decompose the diLerkential as follows:

Tfy () =Tl () = B(A+B)

where

=
A = // max f—[R(fD)] (popr + s (n1 (it,7) , 1) e, T (01 (1£,7),7)),0
C1 I?I:Idiql)

—max f - [R (f2c)] (PG:“ +s (nl (//H /7) 7’7) &, r (nl (//H /7) 7’7)) ) 0 F df

™
Il

=
// max f—[R(f)] (popr + s (n1 (it,7) , ) &, T (01 (12,7),7)),0
]

—max f— [R(fD)] (pop + s (n2 (1t,7) ,7) &, T (n2 (1,7) ,7)) , 0

We now provide bounds for each term separately. Regarding term A, using Lemma 4.1, we have

| Al Iil/@(ff) (popr + 5 (n1 (u,7) , V) €, T (1 (11,7) . 7))

—R(fT) (popr + s (n1 (11,7) ,7) &, T (n1 (1,7) ,’Y))@ (de)
0 f5 — f1l-

Turning to term B, using the Lipschitz property along ¢ and -, and since the Lipschitz property
is preserved under operator R (Lemma 4.3), the first part of Lemma 8 tells us that

Bl = DLFIF(f5 (7)) — F(ff ()
D, f 5 — f1ll-

where A, f = ||, || 7; + fnfi. Note that A, f captures the feedback e [&dt that changes in n have
on expectations of future investment rgurﬁ. E@m the expressions in Bginljii'on we have thab

[snl = 0. T =0, i, = =)' 8, py Hand £ — =57 5, oy B Blls, | BS
as v, — 0, hence A, f is O(v,). This reflects that changes in the expectation of n only aledt
information through the precision of the social information channel ~,. Hence, B is negligible for
v, su [ciehtly small. As a result, the mapping 7 is a contraction if

Bl?+ Eﬂﬁg 1,

which is satisfied under the same condition (33) guaranteeing that the system (31) has a solution
(see Lemma 5). Indeed, the first row of system (31) tells us that

] o, . ]
51"'%:%3 fp:fp_ /JH?ZE%
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1 1 % ] —c ) ) -
Hence, we have 3 1+ ||[FY A, f =1-19, p,y [, < 1. T is thus a contraction under condition
(33), so that there exists a unique equilibrium such that f¢ € Fy.

Step 4. Monotonicity of the cutoff f€. If, in addition, conditions (34) and (35) are satisfied,
then Lemma 7 applies and 7 maps F; onto itself. Because the weak monotonicity properties are
preserved in the limit, 77 is closed. Because 7T is also a contraction on F; C JFy, we conclude that
the equilibrium cuto [fI° belongs to /7. In particular, it is weakly increasing in p and ~. O

F.6 Proposition 2

Proposition 2 (Full). Under Assumptions 1-8 and conditions (33), (34) and (35), if parameters

are such that*®

1 _ ]
75 EE’Y (1,7) = BAS [[sy]] T +T5 > 1, (36)
R P = -
where Iy = 02 m s T =%l and D f = f m + W , then the economy admits

an uncertainty trap. In particular, there exists a non-empty interval (ug, pup) such that, for all
€ (i, 1in), the economy features at least two stationary points v, (u) < vp (1) in the dynamics of
belief precision. Regime 7y, is characterized by high uncertainty and low investment while regime vy

is characterized by low uncertainty and high investment.

Proof. Outline: The purpose of this proof is to establish that there may exist various stationary
points in the dynamics of ~ for a range of p’s. It is therefore useful to introduce the following
function:

1 - - 1

2
%+ T - (37)

ny)=r(n,vy)—v= ———
PN = =y= o=

where I" is the law of motion for ~ defined in (5). By definition, stationary points in the dynamics
of ~ satisfy o (n (1,7),~v) = 0. We show that there exists a non-empty set (., 1) such that, for all
w € (pu, pn), there exist v, (1) < i () such that o (n (u, v (1)), 7 (1)) = @ (0 (e, 0 (1)) s e (1)) =
0, i.e., v; (1) and ~, (1) are two distinct stationary points in the dynamics of v for some given mean
beliefs .

We proceed in two steps. In step 1, we show that we can find a stationary point (1555 with
o (n (15HY, vH'= 0 such that the function v — ¢ (n (15%) , ) crosses the x-axis at v ~from below.
Note that this condition captures the situation depicted on Figure 5, where the law of motion for ~
crosses the 45° line from below at least once. To show this, we establish that the equilibrium cuto ]
f¢is increasing with ~ at a strictly positive rate bounded away from 0 under condition (36). Hence,
when the distribution of fixed cost F' is su Lciehtly concentrated, the number of firms switching
from waiting to investing, after an increase in -, becomes large enough that ¢ crosses the x-axis

48Condition (36) is satisfied in particular if either 1) the dispersion of the fixed cost distribution of is small enough
that [(EIHis large enough, or 2) if the risk aversion parameter a is high enough that Sy is large enough. Note also
that the set of parameters satisfying conditions (33), (34), (35) and (36) is non-empty for 1) B small enough, or 2)
for (EIH—and a large enough.
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from below. In step 2, we show that this implies that at least two stationary points exist for ;57
and that uncertainty traps must then also exist in a neighborhood of ;!

Step 1. The proof is constructive. We first establish that there exist a v™Jsuch that
o (F (fm),¥H' = 0, where f,, = argmax F"is the mode of F. Intuitively, ¢ is more likely to
cross the x-axis from below at a point where a large number of firms switches from waiting to
investing, i.e.ﬂh%the cuto A€ is close to the mode of the distribution of fiﬁd (Bsits. From the
definition of ~,7% in (27) and (28) and the monotonicity of I" in n, we have ¢ n,7 > 02> ¢ (n,7)
for all n € [0,1], in parlt_ilculgI for n = F (f,,). Since I is continuous in n and ~, ¢ is also continuous,
and there exists y~¢ 7,7 such that ¢ (F (f,) ,v)'=0.

We then establish that there is ;=3uch that n (u555'= F (f,,). For ~, small enough that the
conditions (33), (34) and (35) are satisfied, we know that the equilibrium cuto [_f° belongs to ;.
In particular, f€ is Lipschitz continuous and increasing in p. In addition, Lemma 7 in the Online
Appendix tells us that thel__tiatelia]t which f€ increases in y is bounded from below and this bound
is strigly ﬁsitive for p € p,m under condition (34). By continuity, this implies that there exists
p=€ p, @ such that f¢ (u5H5'= f,, as long as the bounds 1 and 7z are chosen large enough. By
construction, ¢ (n (u5H5, ~vH'= 0.

At this stage we have established that there is (15h5'e S corresponding to a fixed point in
the dynamics of v at which the investment cuto [cbrresponds to the mode of the distribution of
fixed costs. It remains to be shown that ¢ (n (15%), ) crosses zero from below at v = v~!

Let € > 0 be arbitrarily small. By continuity of F”and the bounds on the derivatives of I,
there exists a neighborhood Q of v=such that inf, (¢ (15%)) C@ - €) ||[FYH. Using the bound
provided in Lemma 9, we have that, for all v € Q,

p((nth),7) T (v =D fory L
p((uh), ) B (y =+, fory CEY

L1 [ ] O
where ot = (1— ) 1+ AT, [1F sal [F Sy (57) — BAGF |5l + Ty — 1. We now show
that ¢ > 0 under conditions (33) and (36). Note first that f; llsn|| CA, f, where A, f is defined
in Lemma 8. We knovHom Pro&si]‘jjn 1 that the necessaryindition (33) for the existence of an
equilibrium implies 8 1+ |[FH A,.f < 1. Hence, 1+ 3| FY A,f 2} 3 and we have

1
2-p

which, under condition (36) and for e small enough, implies %, > 0. We have thus shown that the
function ¢ (n (15%),~) crosses zero at ~from below.

Step 2. Since ¢ crosses the x-axis from below at %! there exists some (y,,v-) in the
neighborhood of v~5uch that - < y™< ~, and o (n (t5H=),7-) < 0 < p(n (L5h4), 7).
By continuity of ¢, there exists a neighborhood (y;, 1) of p™5such I_thatr:tlor all u € (u, pn),
om,v-),7-) < 0 < o (u,v4+),7+). From the definition of ~,%7 and the monotonic-

- ]
SO'Ey m_E) %:%’Y (ﬁ?i)_/@Asf”s'Y” &+£7_17
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. I | I O
ity of f¢, we have that, for all u € (u;,pn), » n p,y ;v O C-d(n (i, 7),7%). Therefore,

by the Intermediate Value theorem, there exists v; (1) € [y,7-) and v, (1) € (v+,7] such that
o,y (1), v (1) = o (v (1), v (1)) = 0. We have thus found two distinct stationary
points in ~ for all ;2 in a neighborhood (s, 1) of ©~) From the strict monotonicity of f¢ in ~,
n (, v (1)) < n (u,vn (1)), which implies that the low regime ~; (1) features lower investment and
higher uncertainty than the high regime ~, (1). O

F.7 Proposition 3

We now introduce the mapping satisfied by the constrained social planner’s problem.

Definition 10. Let 7" : B(S) — B(S) be the mapping corresponding to the planning problem
such that, for all (u,~) € S,

O O FsP |:1||:| J N R I iy e B
TVW ) = omax [ L 1-etE Froa
a

Cl, [
where P = F f5P
The following definition introduces the set WV in which the constrained planner’s value function
lies.

Definition 11. Let W C B(S) be the set of bounded continuous functions W : (u,y) €
S — R such that W is Lipschitz contlnuqﬁof modulus Wu in u @ W., in v with W

— |:|
Ao T EE and W, = T g e BN 4 5| 7,

Proposition 3. Under Assumption 1-3, the recursive competitive equilibrium is constrained in-
efficient and the efficient allocation can be implemented with investment subsidies T (u,7y) and a

uniform tazx.

Proof. Outline: \We proceed in two steps. In step 1, after writing down the problem of the social
planner and establishing a few regularity conditions such as di Lerentiability (proved in the Online
Appendix), we derive the formula that characterizes the planner’s optimal cuto A", It dilerk
from the competitive equilibrium cuto[Cih two ways. First, the planner internalizes the impact
of investment on information. Second, because the planner internalizes that investing firms are
replaced by new firms, it is not subject to the irreversibility faced by individual firms. We show in
step 2 that the planner’s cuto[Cchn easily be implemented in the competitive equilibrium with an
investment subsidy that captures the social value of information and compensates firms for their
option value of waiting.

Step 1. Derivation of the socially optimal cutoff. Given the structure of the problem, it is
immediate that the planner’s decision takes the form of a cutoCtule f57 such that the planner
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makes the firms with fixed costs f ¥ invest. The constrained planner’s problem is

fsP L L1 11 ]
W) = max [ EL@ T ar ToesE W aht @

Y+ 7.2 +nPy, X

st pt=
o+ P,
—1 9 1
O Pe L,0,
= + 1-pp oy
v+, +|:|nSP'yx
TLSP =F f P
; O 0 6 L U X X
WIHI:I: pol * g55" ~N 0, L—pj o , Z=0+¢e*c" ~N 0,77 and X =0 +c% e ~
N 0, nF~, . Using Assumption 2 for the p process, the value of the planner is the fixed

point of the mapping 7" defined in Definition 10 above. We establish in Lemma 10 in the Online
Appendix that this mapping is a well-defined contraction on the space of continuous bounded
functions B (S) equipped with the sup norm. Moreover, Lemma 11 shows that 7" is a self-
map on W, which, being a closed subset of a Banach space is itself a Banach space. Hence,
the planner’s value — the unique fixed point of mapping 7", must belong to W and is therefore
Lipschitz continuous in 1 and ~. Finally, Lemma 12 establishes that the planner’s value function
is diLerentiable. The first order condition with respect to the cuto i3

> Y Evrn > Y -

¢ D0 O, O O, o]
S

FDDSP E 0 _ SP+ EW +
f [w(®) | p,"]— f bo5p pop+ s

where ¢ is a standard normal. Since F™> 0 under Assumption 1, the e [cieht cuto i3

4 101 ., [0 _ [, [0
PP ) =B @) [ mal+ Bop® Wopgpts 070y e T 0?0y (39)

Step 2. Implementation with subsidies. We show that this optimal cuto [id implementable using
belief-dependent investment subsidies 7 (i, ) and a uniform tax T (i, ) levied on all firms at the
beginning of each period to ensure a balanced budget. In the presence of these policy instruments,
the firm’s problem is

1 1 R
V7 (i, 7y, f) = max E[U(G)\u,’y]—f+f(u,’y),ﬂEVT%‘?’YD,J“ =T 7)), (40)

which yields the individual cuto[rule f¢7:

O,

]
Fo () =E[@) | p,A]+7(,y) —BE VT 1 ,'Ym,fdﬂ-] (41)

Requiring that the government’s budget constraint balances implies T (u,7) =

7 (s ) F (57 (s 7))
Comparing (39) and (41), the subsidy implementing the constrained planner’s allocation nec-
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essarily satisfies

d (I I%ISP

I R 111 L1 L
T(Ma’Y)zﬁmE W pop+s €

v &l nf T+ BE VT u,’vm,fdj]-] (42)

This expression is intuitive. The optimal subsidy compensates investors for the two margins that
they do not internalize. The first term internalizes the social benefits of adding a marginal signal
about #, which is positive according to Lemma 13. The second term compensates investors for
their option value of waiting: since investing firms are replaced by new firms with an investment
opportunity, the social planner problem is not subject to the irreversibility that individual investors
face. Expression (42) is a functional equation in 7 because V™ depends implicitly on 7. Lemma
(14) in the Online Appendix shows that this functional equation admits a unique solution and that
the resulting subsidy 7 (i, ) and tax T (i, ) implement the planner’s allocation. O

F.8 Proposition 4

Proposition 4 (Full). Under Assumptions 1-2, when v, is small and if parameters are such that*

_ a2
%ﬂ%ﬂ?e‘w*ﬁ& + > 1, (43)

3y
then the planner’s allocation is subject to uncertainty traps.

Proof. Outline: The proof closely follows Propositi% 2. In step 1, we show that there exists a
stationary point (u5H5! ie. A point satisf&'vg o n°P (WSHH,~= = 0 for ¢ defined in (37),
such that the function v — ¢ n°” (u5%),~ crosses the x-axis from below. The idea behind the
result is identical to Proposition 2: we show that the optimal cuto A" increases with ~ at some
positive rate bounded away from 0 as long as ~, is small eno&tﬁhat the condjti of Lemma 15
are satisfied. This ensures that we can find a point where ¢ F f° (u5%5" ,~=~=0and f57 is
the mode of the distribution of fixed costs. If F' is su [ciehtly concentrated around its mode, the
function ¢ crosses the x-axis from below. Step 2 is identical to Proposition 2, so it is omitted.
Step 1. We first assume that ~, is small enough to satisfy the conditions of Lemma 15, so
that 57 increases at least at rate iﬁp = %e_aﬁ+% in 1 and at rate ﬁp = #e_aﬁ+% in .
We then repeat the same steps as in Proposition 2. Denote f,, = argmax F~ The Theorem of
the Maximum tells us that 57 is con%molﬁ. From the definition of ~+,% and the continuity of
f5F, F and and T, there exists Y& ~,%5 such that ¢ (F (f),79'= 0. Since fg i%reases at
least at rate iSP > 0 and is Lipschitz continuous, we know that there exists ;& i, 1 such that
57 (W5HY'= f, as long as the bounds . and 1z are choselﬁarge enough. construction, v™is
a stationary point in the Igl_g{namics of v at p = pHie., ¢ n°F (W5HH,~= = 0. We now show
that the function v — ¢ n°" (u5%),~ crosses the x-axis at v~from below. As in Proposition
2, pick € > 0 arbitrarily small; by continuity, there exists a neighborhood Q of v~%such that

49Condition (43) is satisfied if the dispersion of of the fixed cost distribution is small enough that [EI47$ large or

a2 .
if the risk aversion parameter a is high enough that %e_awﬁ is large.
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] 1]
inf, i ® P (W) C@-¢) ||[FY. Hence, for all v € Q,

p((H),7) PP (y =D, fory L5
p(n(uh), ) (=Y, fory 51

where ffpve =1 -9 |FY #e_“ﬁ+%&+ﬁ—l. Under condition (43) and for e su [ciehtly small,
we have gjjpvﬁ > 0. We have thus shown that function v — ¢ (n (#5%),7) crosses the x-axis at v™
from below. Step 2 of Proposition 2 applies identically. Hence, we may conclude that there exists
a non-empty interval (p, up) such that for all u € (g, 1), there exists ~+; (1) < v, () such that

o,y (1) v (1) = o (uyve (1)) ,vn (1)) = 0. Therefore, the social planner’s allocation is
also subject to uncertainty traps. O

G Auxiliary Lemmas (ONLINE APPENDIX)

This online appendix contains the proofs of the technical lemmas used in the previous proofs.

G.1 Lemma for Belief Dynamics

Lemma 3. Functions s(n,vy) and I (n,v) satisfy:

1. The first derivatives of s are such that

NI

0
sn(n,7) = PO i R

1 3
2(7: + )2 (v + 7 + )2
1
+ 2 2y+ -, +
o () = _pe(%zmx) 57 Ve + N _tm
2 (v + 72+ )2

In addition, sp, [Q]ls,, LQ]lwhile the sign of s, varies with n and .

2. The first derivatives of I are such that

pZ'V:v 2
Mn(n,y) = 6 5T (n,7)? CO)
(v + 72+ n72)

2
P
M (n,y) = 6 M (n,7)* L0l
(v + 72+ n72)

In addition, I, COJIr,, COhnd [, [0l

Proof. 1. Compute the first derivatives:

1 [
e 2 (fy + oy, + nfyz)2 v v+ v, + ny,
1
— POV V2 ol

1 3
2(7: +nv2)2 (v + 7. + 1)
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1 111
oo 1 1 T 1 2
sy (n,7) = —% S — e —
2 (yHptn)? Y Yt
9 1 2y+,+n
y2 (7 + v, F )2

Turning to the second derivatives,

1
_ /79'73 vz (7 + 4y, + 4”'7:(:)

7 - - [
(7: ¥ n2)? (v + 7 + 1)

Spn (n,7) =

1
po (v: +172)2 3 (27 + v + 1)’ = 29 (v + 12 + 1)

5 - - Cd
72 (7 + 9.+ )2

Sy (n,7y) =
The derivative s., is positive for I:lg_(fyz + n~,), hegative otherwise:

0 —1 _5 + ny, — 2
N O TR ¥ lo/ [t Qi LS Rt
4(72"'”'7:10)2 (7+72+n7x)

Sny (n, 7) =

In particular, since s,,, [0 |s,| reaches its maximum 5 n = IO__Iand v = 772 Similarly, since
sy, CQ|s,| reaches its maximum at y =~y and n = ;1 2y — . .
2. Compute the first derivatives:

2

Py
Co(n,7y) = § T (n,7)” CO}
(v + 72+ n72)
Pg 2
My (n,7) = I (n,7)” LO]

(7 + 72 + )
Similarly, the second order derivatives are given by

2.2 (. 2 (-
— pe/ym 2 pe
Mnn (n,7) = 2 sM(n,7y)" 1—-—————T(n,y) LOQ]
(v + . + 1) e PPl R 1o
2 D 2 I:I
o (n,7) = —2 P ) 1-— (4 [0
(v + 72 +n7z) v+ F Y,
P -~ g .
Chy (n,7) = =2 L M9’ 1- —=—T(n,7) [
" (v + 7 + ny)? v+, + g

G.2 Lemmas for Proposition 1

Lemma 4. Let a € R. The following is true:

1. For all (x,y) € R%,|maz(y,a) — maz(x,a)| Clgd— z|.
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2. If g - x € R = R is Lipschitz continuous of modulus g,, then x — mazx(a,g(x)) is also

Lipschitz continuous of modulus g,,.

1 1]
3. Ifg:S—>Ris Lipschitﬁonti%ous in (u,y) of modulus g,,9, , then R(g) is also Lipschitz

continuous of modulus g, -

Proof. 1. Let (z,y) € R2 Assume WLOG that z [z Then, either i) 2 [g [4,
|max (y,a) — max (z,a)| =0 Clgd— x|, ii) z Cak y, |[max(y,a) — max(z,a)| = |y — a| Clgd— x|,
i) a <z Cylthenmax (y,a) — max (z,a)| = |y — z|.

2. Let (z,y) € R? then by a trivial application of the previous bullet,
Imax (a, g (y)) — max (a, g ()| Llgl(y) — g ()| Ty — =|.

3. Leta € R and (u,v) € S. From the second bullet, Vx € R, max (z, a) is Lipschitz of modulus
1 in z. Similarly, min(z,a) = —max(—z, —a) is Lipschitz of modulus 1 in x. A composition of
Lipschitz continuous functions is a Lipschitz continu%s fugtion Whoseﬂodulﬁ is the proetﬁt
of the individual moduli. Herl%e, [%q)] (1,7) = g max min(u, @), ,max min(y,5),y Iis
Lipschitz in (u,~) of modulus g,,9, . O

Lemma 5. Under the conditions of Proposition 1, the system of equations (31) admits a strictly

positive solution.
;CI . 1
Proof. The moduli f,, f. are defined as the solution to the system

'3 @uév%ﬁ?ww lsnll o+ Falsy fu,
¥ = 5, ﬁq%ﬂf + Blsy | B + BIFT |lsnll T + Tl f

Multiplying the first row by ﬁ, the second one by Tc and subtracting both yields

?c — %’Y ,u &]E%'-l—[ﬁ Hlﬁi—”)nHAsf—c

K 09, u~ U

Substituting the latterexprepsion into the first row of our system provides us with a quadratic
equation in f,, only, f, =0, where

0 BB ,
O %uuvlj&(l—ﬁ)f+ﬁ55!sn\\+r Wﬂgﬁiﬁ\lﬂf 3

w K7

11
This quadratic equation admits two positive real solutions such that ¥ 7; =0, if and only if

L] — L] __ [mn
(1_/8)2_45 Sn” %’M H’l[HF M I:%"Y E?ZEHFBHS’YHASJC L O]

which corresponds to condition (33). In the case where there exists two distinct solutions 7;1 < 7;2,
we pick the largest one. The corresponding bounds on + are such that f-, > f-,. O

75



Lemma 6. Under the conditions of Proposition 1, the mapping T maps Fy onto itself.

Proof. Let f¢ € Fy. To show that T belghgs to Fo, we must prove that 7 f¢ is bounded by 7
and Lipschitz continuous of moduli £, f- .

1. T f¢ is bounded by f°. Let (u,~) € S. Under assumptions (1) and 3, we have
o R . S 1

1 1— _32 1—pg a2 1= p2) 2
Tyx 1_ﬁea( Pu—%5 —2+%5 (1=r3) o3

c 1 —aq, +£ 1
I g+ oug+ e
1 1
+5 [1nlar+T
¥,
where the last line results from the definition of f*.

o . OO OO _
2. Tf¢ is Lipschitz in p of modulus f,. Let uy L_ub € p,u .,y € 7,5 . Denote n; =

F(f¢(u,7)),i =1,2. We decompose the diLerkntial in y as follows

T (2,") =Tf (i, = A+ 5B +0),

where

A = 5(/@7)—5(;11,7)
1
= // max %— [R(f)](pgp1 + s (n2,7) e, T (n2,7)),0
C1

ClL
—max f—[R(f)](pop2 + s(n2,7) e, T (n2,7)),0 @ (de) ' df
][]
C = //max Ele— [R(f)] (popa + s (n1,7) e, T (n1,7)),0 F dfﬂ%(de)-
—//max %— [R(f)] (popr + s (n2,7) e, T (n2,7)),0 if~ ® (de) .

From the Mean Value Theorem, there exists ji € [u1, 2] such that A =S, (i1, v) (u2 — p1).

L1 L1

_ a2 - _a21-p% g2 (1_ 2) 5
with S, (1, 7) = ¢ T% 1 Bpge P FT -7 (17%)%  and where we have used the

result that |.S,| is decreasing in ; and . Turning to term B, the Lipschitz property of f¢is
preserved under the max operator (Lemma 4.2). Hence, max (f™— f¢(u,~),0) is Lipschitz
continuous in y of modulus 7;. Therefore,

|B| TF] n2 — .
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To control for term C, we use the result from Lemma 8, which tells us that

C| CAY, fre |F (f€ (2,7)) = F (¢ (u1,7))| COLf %% |2 — ],

where A, f = ||s, || f,, + Tnf5. Hence, 7 f¢ is Lipschitz in z of modulus f, if
- o L
%‘u H,l%ﬁ 1+A,f %Hu 7.

This condition is indeed satisfied as it corresponds to the first row of the system (31).

_ _ o e [ [ R
. Tf¢ is Lipschitz in v of modulus f.. Let u € pu .m [ € 7,57 . Denote n; =

F(f°(u,7v)),i=1,2. We decompose the dilerkntial in ~ as follows

T, ) —Tf(un)=A+5(B+C+D)

where

A= S =S ()
(I

=[] wax P RGN Gon+ 5 )T () 0
Cl,

]
—max f—[R(f)] (pop + s (n2,72) €, (n2,72)),0 @ (de) I df

.

.
|
c = // maX%—[R(fc)](peu+8(n2,71)€,r(n2771))70
Ol

T

_max P [R () (st + 5 (2, 12) & T (n2, 1)) .0 @ (de) F
H o -

D = // max 77— [R (/)] (pop + 5 (n1, 1) &, T (n1,71)) 0

o
—max Ele— [R(fN (por + 5 (n2,m) &, T (n2,7)),0 F dfﬂ%(de)-

From the Mean Value Theorem,

)
| Al Wy Hre —mnl-
[

1
—apgd 11 o, _a2l7Pg a2
with S, (1,7) = 54re WET VT 1 gpRettTrnT Ty *+%(1=r8)%  and we have used
the fact that |S,| is decreasing in 1 and . From Lemma 4.2, the Lipschitz property is
preserved under the max operator. Hence, max (f"— f¢(u,~),0) is Lipschitz continuous in

p of modulus f-. Therefore,

1Bl TR (n2,72) = T (n2,7)| T |2 — | CF e =l
1 L

where we have used the fact that T, = p2 wjﬁ < 1. To control for terms C' and D, we

77



use Lemma 8, which tell us that
’C’ msf ‘S(n27’72) - S(Tl27"}/1)’ mlsf ”S'Y” ’72 - ’Yl‘ )

|D| CALf|F (f (1,72)) — F (f¢ (1, 1)) IITJ”%%M—’M,
] 1

where A,f = f¢ 5=+ (0 )3 ,and A,f = |snll f, + Tnf,. Thus, Tf¢ is Lipschitz

continuous in v of modulus f,y
1 - . - _
8, on T T s, + 67 + 6557 TR O,

which is satisfied as it corresponds to the second row of the system (31).

O

Lemma 7. Under the conditions of Proposition 1 and, in particular, conditions (34) and (35), the
mapping T maps Fi onto itself.°0 In addition, the rates of increase of T f¢ are bounded from below

as follows:

1
Voo Tl T (p2,7) = TfC (1, 7) I:S (p2,7) — 5%;1 (2 — p1),

Voo o, TFC (s y2) — T fC (s m1) IIF (1,72) — B syl B f — BEHQF (v2—m1)-

1
Proof. Let f¢ € Fi. Denote f; (11,7) = [ max (f== [R(f)] (pops + s (n,7) &, (n,7)),0) @ (de) F (dfY.
We prove each property step by step.

: . o Gl L1 01
1. T f¢ is weakly increasing in pu. Let (ui,pu2) € p,m = with uy < puz and v € ~,%5 . Denote
n; = F(f°(ui,7v)),7 =1,2. Using the same decomposition as in Lemma 6.2;

[T 7V (2, 7) = [T N1, y) = A+3(B+0)

where

A = S(p2,7) — S (p,7)
B = f, (11,7 — fry (02,7)
C = fao, (Wi, — fr, (11,7)

Since S, > 0 and S5, [QJlwe have that

A LS} (n2,7) (2 — p1) S} (7,7) (p2 — p1) -

59Conditions (34) and (35) are satisfied when yx is small enough that AnT is negligible and if the degree of risk
aversion a is large enough that Sy > BAsT [S) [
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Turning to term B, since f¢ € F; is increasing in x4, we have B [0 Term C can be controlled
in the same way as in Lemma 6.2:

| CBF BT (s — ).

Hence, T f¢ increases at least at rate

] [ 1 L 1
Vue Lpd € pomw T (u2,7) = T (u1,7) :Fu(uz,’y)—ﬁAnfEH%i (2 — p1)

and 7 f¢ is weakly increasing in u as long as

Su(m,7) LED, f %3%;

which is satisfied for ~, low such that A, f is small enough.

[ O
. Tf¢ is weakly increasing in . Let p € p,p and vy [CAb € 7,57 . Denote n; =
F(f°(u,v)),i=1,2. Using the same decomposition as in Lemma 6.3:

Tr 72 =T (pm) = A+ (B+C+ D)

where

A= SGp) - S Gum)
(I
=[] max - (RGN s ) ) 0

L]
—max %— [R(f) (pop + s (n2,72) &, T (n2,72)) ,0 @ (de) F dfd:I
1
]
¢ = // max %— [R(f)](pop + s (n2,71) €, T (n2,71)),0

O
—max %— [R(f)N(pop + s (n2,72) €, T (n2,7)),0 @ (de) F dfd:I

D = fi (w,m) — fr, (w,7)-
Since S, > 0 and S,, [QJ]we have that

A S) (17,7) (p2 — pa) > 0.

Turning to term B, we use the fact that f¢ € F; is weakly increasing in . Since I' (ng,v1) [1
I (n2,72), we have that B [C0.1We control terms C' and D in the same way we did in Lemma
6.3:

IC] D f 54 [v2 —
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D @%%(72 -m),
1 1]

where A, f = f¢ ﬁ + 5(0,17)3 ,and A, f = [[sn]| 7; +rn7'cy. Hence, 7 f¢ increases in ~ at
least at rate

O 1 L . 1
Vo Cade 7,7 TG y2)—=T ¢ () T8, (i, 72) — Bllsyl| Asf — B EH%TH (2 —m),
and 7 f¢ is weakly increasing in ~ as long as
1 1
Sy (@) CEIAS syl + Dnf %ﬁi :

which corresponds to condition 34 and is satisfied whenever risk aversion is large enough that
S, (7, 7) > BAf ||s4|| and ~, is small enough that A, f is negligible.
]

Lemma8. For f¢ € Fy, denote f5 (u,7) = [[ maz(f™=[R(f)](pop + s (n,7) e, T (n,7)),0) F (df J @ (de).
The following inequalities hold.

1. For ny,ny COILEE — f¢ %lnf Ing — n1| where A, f = |[s,|| £, + Tnfsi

2. For s1,so Q]

1
]
@/ max %— [R(f)](pop + s2e,T (n,7)),0
B e =

— [R(f)] (pop + 512,T (n,7)) , 0

N =7 _1 1
with Bsf =1 505 * Soa7 -
. 0 0 O
Proof. Fix p€ p,pm andy e 7,7 .

|ITf|52—81 )

—max

1. Since the Lipschitz property is preserved under the max apeRR opejators (Lemma 4),
max (" [R (9] (15~ ,0) is Lipschitz continuous of moduli £, f5 in p and ~. Hence,

e (1Y) — fry (/uw)E
Cl/ R (f)] (por + s (n2,7) e, T (n2,7)) — [R(f)] (pope + 5 (n1,7) &, T (n2,7))| ® (de)
+/\[R(fc)] (pop + s (n1,7) &, T (n2,7)) — [R(f)] (popr + 5 (n1,7) €, (n1,7))| ® (de)
CTZIS(nz,v)—s(m,v)l/|6|¢(d6)+7ilr(n2,v)—F(nm)l-
1 1

C7, sl + 75T [n2 —ml,

L1

where we have used [ |e|® (de) = 2 < 1.
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2. Assume WLOG that s; [s}. Using Lemma 4, the dilerence between the maximums is
bounded by

(.
(I
@/ max %— [R(f (o + s22,T (1,7)) ,0

o E
—max %— [R(f)N(pop + s16,T (n,7)),0 F dfd:q|> (de)

. . 1) E
(. /[[R(f N(pop + s2e, T (n,7)) — [R(f)] (popr + 516, T (n,y))] F df = @ (de)

We then proceed with the change of variable ;"= pgp + s (n,7) €,

_(Hlfﬂeﬂ)z
JJREN@u+seramF @foee = [[RENWTOY) e = F (@
Hence,
= ol e -
A [ [R()] M,r(n 7)%#» B " 257 @%Ifd:dlu
[ s1Vem

From the fundamental theorem of calculus and summing over s,

EI|:l . ) 1 ( : -
52 1 _ 1 _(neew)?
A II%'/ RN AT () + Y000 ey dfd:dlu%sg

» 4 E
- // RN o+ e T ) —=+ 55 F @70 ds

Q_@I E +—E? df P (de) ds

S9o — S| .
8(0,7) 3(0,7) |2 :

G.3 Lemmas for Proposition 2

Lemma 9. Under the conditions of fgmypq 7, the equilibriwm cutoff f© € Fi is strictly increasing
in p and vy and satisfies Vpy Lpd € pp ;v Lode 4,7 -

[Fe(m1.y1).Fe(H2.v1)]

F (£ (o v1)) — F (F° (i, 1)) |:|(1+Bf;||F%‘|mgflsu<n,v)[ min F° }(uz—ul).

F Gy —F @y BT F) @O (s @0 -paF ST, mine” e -y,

L(* V1) Fe(ur,y2)]
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Proof. Let us define the following two auxiliary functions ¢ and ¥ as

1
Lodi, v, 7)) =5 (u,7) — 8 ] max = R(f°) (o + 5 (7,7) &, T (F (f (11,7)) ,7)) , Ol F (df J @ (de) ,
Lody 7)) = F@u,7) -7

By construction, since f€ is the equilibrium cuto [ ve have

V() €S, W (7, F(f(1,7))) =0,

and similarly, ¥ (u,~, F (f¢(©,7))) = f°(u,7),¥V(u,v) € S. Note that, from the properties of
f¢ € F', Wis Lipschitz continuous in . and ~. In addition, since S, >0, S, >0, s, <0, [, >0,
I, > 0and f¢ < F; is monotonic, W is strictly increasing in x and v such that

o s Y o R o
Vi Lud € pop v € 2,7,

1 1
W (g, 7,7) — W (1,7, 7) B, (7@7) » ml)nf(”m . (12 — p1)
EI EI EI I:l H1,7Y,m H2,7,
Vue pp ,m Cde 4,7,
- - |
W, v2,m) =W (u,y1,n) S, (1, 7) — BAS ||s4]| minF~ (12— ).

[ (ksy1,7) 9 (pyy2,7)]

Note that we have used the result that a lower bound on the rate of increase of W as a function of
v is Sy (12, 7) — BAs f ||s4|| > 0 according to Lemma 7. On the other hand, using similar arguments
to Lemma (8), we have that ¢ is Lipschitz in 7 of modulus 3f), ||s,||. Hence, for 7i; 7, that

O ] = ]
- 1+5f, %ﬁn” (N2 — 1) C¥p, v, n2) =¥ (p,v,m) L= 1-B6f, nll (2 — 1) CO)

where we have used the fact 3 || F'H HanTZ B FY A,f < 1 under condition (33), as argued in

Proposition 1. The implicit function theorem for Lipschitz functions (see Dontchev and Rockafellar

(2009)) tells us that the solution 7 (i, v) = F (f¢ (u,)) to equation W (u,y,7 (,y)) = 0 is such
that, V (u;, ;) € S,i = 1,2

1 . - 1] 1]

n(u2,m) —n(p,y) LCAL+Bf, %ﬁnﬂ mlnlfD Sy (7,7) (12 — 1),

l—[—_ﬁ,(ulﬁﬂ 2 fe(u2,71))]
] o
Sy

fi(u1,72) — 7 (u,m) 1+ 5F, nH min "

__ 1
7__ AS S — .
oMk ST D = BB sl (2 =)

O

G.4 Lemmas for Proposition 3

Lemma 10. Under the conditions of Proposition 3, the mapping TV is a contraction on B (S).

Proof. Let W € B (S). Note first that 7" is a well-defined self-map on B (S). Indeed, the Theorem
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of the Maximum tells us that 7"V is continuous. It is also bounded, since for all (1,v) € S,
1 ]
] —aui?d
e - R N R T

We then conclude by noticing that mapping 7" trivially satisfies Blackwell’s su [cieht conditions.
Indeed, 7" satisfies

1. Monotonicity: Let W, [k € B(S), then TWW, CTHVV,.
2. Discounting: Let W € B(S) and a € R, then TW (W +a) = TWW + fa.

Hence, 7" is a contraction on B (S).
]

Lemma 11. Under the conditions of Proposition 3, the mapping TV is a well-defined self-map on
W C B(S).

[ I
Proof. Let W € W. We must verify that 7" is Lipschitz continuous of moduli W, W, . In
what follows, it is useful to define the value of planning problem when evaluated at some arbitrary
cuto il the current period. Define 7% such that

~ I a
TG = [ 1ty SF P

+5/[R(W)] (pop+ s (F (f) ;1) e, T (F(f),7) ®(de).

O O L] L]
Then, by definition, 7" (W) (u,’y)=m?x TV W) (w7, ).

o . , , . — (I 1
1. TWW is Lipschitz continuous in p with modulus Wy Let g Cpd € p,m and v € 4,7 .

Denote f£F i = 1,2 the optimal I%Ito lEhnd entry assoﬁted %the maﬁﬂzati@ problem
when evaluated at y;. Letn; = F f°F . Thediletence TVW (u2,7)— TVW (u1,7) can
be bounded above by evaluating the value of the planning problem for p; at the suboptimal
point f5. Hence,

| | | | L1 [y R N |
TYW (u2,y) — TVW (u,7) CATYW oy, 57 = TYW v, 57
[ HU+3B
where
R57 1 0 1 ,psP [ 5 R
A= g Ew®Ima-F T[T Emere) mon-Far TE
B = @[R (W] (popia + 5 (n2,7) &, T (n2,7)) ® (de) — / [R (W] (pop1 + 5 (na,7) &, T (n,7)) (ds)E



] ]
l—ce¢

a2
Since E[u(9) | p,7] = 1 ~**3v  we control term A as follows

a2
Al Ced™ 72 |y — ).
Using Lemma 4.3 and the Lipschitz property of R (W), we bound B by

|B| CpdW , [p2 — ] -

. O, O . O _
Repeating the same argument for 7WW (u1,7)— T"W (us,~) to obtain the same bounds,
we conclude from the definition

a2
W, =@1-Bpp)"" ¢ M

that Lipschitz continuity of modulus W, is preserved by the mapping 7".

o , , . . — (I 1
. TWW s Lipschitz continuous in v with modulus W,. Letpe ppm and vy Cd e 4,7 .

Denote ¥ i = 1,2 the optimal I%Ito lEhnd entry asso%&ted ﬁc_LIthe ma@izatigi problem
when evaluated at ;. Let n; = F f? . Thediletence 7T"W (u,72)— TVW (u,71) can
be bounded above by evaluating the value of the planning problem for v, at the suboptimal
point f5. Hence,

.., O o, O J L[4 A W ]
TYW ()= TVW () CATYW oy, 57 = TVW o, 57
[H+3(B+0)
where
£57 [ O I psP g I
A= g BT [ [T Ewer -7 ar TH
B = [R(W)] (peM"‘S(nzﬁz)Ear(nzﬁz))q’(dE)—/[R(W)] (peﬂ"‘S(n2,71)57r(nzﬁz))q’(dE)E
¢ = [R(W)] (peu+S(nQ,%)e,r(nQ,w))@(da)—/[R(W)] (peu+S(mm)e,F(nzm))‘b(da)E

Using the same arguments as in the previous step, we have

a

2
_ _;’_L
|4 l:’ﬁe BTN |y — .

Using Lemma 4.3, the Lipschitz property of R (W) and the Mean Value Theorem on s and
I, we can bound B and C by

B W, s / ] d® |13 — 51| T, |54 [v2 — |
W,

[ Ty b2 — | M, 0572 — 1l
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L]

where we have used the fact that T, = p? -

113. Repeating the same argument for

1—;“/2
TYW (u,71)— TYW (u,72) to obtain the same bounds, we conclude from the definition
e R e o
W, = 1-PBpg 2—726 T+ s, || Wy,

that Lipschitz continuity of modulus W, is preserved by the mapping T,

Lemma 12. Under the conditions of Proposition 3, for all W € W, TWW s differentiable.

PE?f‘ DiI_Ei_tbntiability in ;. is immediate after proceeding to the change of variable "= pgu +
s n°P v e. Indeed, one can rewrite

0, O L S e |
TYW (u,v) = max/ S 1-e ™ty _F F df
fSP a
}, Cl, 00 1 T
+3 [ [ROV)] 10 05Py — ¢ (%P )7 gy
5 [ e g i ey r

W being continuous and integrable, and using the Envelope Theorem, we can di [erentiate under
the integral sign. 7" is thus di[erentiable in x and its derivative is

—a ﬁ I:I I:I:D (HD—PGH)
W)= +5 [ ROV 2F 057y =P b e B g
2ms* (n°",7)

Let us thgmturn tothe dilerentiability along . The argument is inspired from Kim (1993). Let
us define 7W (W) (u,7, f) the planner’s current value evaluated at some arbitrary cuto[fl as

|:~| ] 7 |:1| 1 2 |:|~|:| 101
TV ) = [y 1y SR
a
1 _ (W een)?

e 2s(ny)? d'uD’

+5/[R(W)] BT () e

. O, O L L _ O O
where n = F (f). By definition, TYW (u,7) = rrllﬁ“_alx TV W) (u,7,f). Fix p € p, i . Pick
& I

O =
1,72 € 7,7 arbitrarily close, denote f; = argmax T (W) (u,vi, f) andn; = F (f;) fori =1,2.
- f

Then, for all f € R, we have:

0 | 0 | L] L Ll L1
TYW () — TVW () IV (W) (2, ) — TV W) (s f1)-

11
In particular, we ca&lchoose f ::]fg and no = F fo to be such that I (ny,v1) =TI (12, 72), that

is to say fg =F1' n — % , which is well defined for ~; and ~, close enough. We then obtain
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the following lower bound:

DW ] DW ]
T"W (y)— T"W (u,71) LW (u,7y1,n1,8) =W (w,71,n1,0)
+E(M,’Yl,n1,A)—E(M,’Yl,nl,O),

where A = v, — v and

F_l?_é%ll:l A .
Y (uyanB) = / oLy ety _p R
a
(nLpgn)*
- I:I 1 _sn—A 2
=y D) = ﬁ/[R(W)] 25T () e SO g
vims n— -,y +
Yx

Functions Y and = are continuously di Lerkntiable in A. Hence, by the Mean Value Theorem, there
exists A_ € [0, A] such that

] ] ] ] 1 [ _ 1 _
TYW (,v2) — TVW (uym1) XA oy, n, D +Za poy,n, A A

Similarly, we can repeat this argument to obtain an upper bound. For all f € R,
O, O O, O L L J L
TYW () — T"W () CATV W) (o, f2)— TV W) (o, f)-

_ N I Iy _
Let us choose = to be such that I (ns, =T F , , that is to sa =
s f:l bil ich th (n2,72) i m y fi

F71 oo+ % . Define ny = F f1 the corresponding measure of investors. Then,

O, O O, O
T"W () — T"W (u,m) ¥ (1,72,n2,0) =Y (1,72, 12, —A)
+= (1,72, n2,0) — = (1, 72, n2, —D)

with A = ~, — 41. There exists A, € [0, A] such that

] ] ] ] 1 [ _ 1] _
TYW () — TVW () XA o2, ne, —Dy +Ya py2,m0, -y A

The derivﬁive&lof functions Y and = being continuous in all their arguments and the optimal
nSP = F f9P beinqﬁon%‘luous by the Thetﬂ:m of thgﬁxirg@, we may pow Elfe the following
limit: for some v € ~,7 , f° = argmax TV (W) p,v,f ,n5° =F f57 fix vy = v and
take the limit A — 0 in v, = v+ A. Then,

] o R ] I%I'WWI:(] +A) EITWWE(I )
Ya 7m0 + 2 uy,n®P0 T Tlim b= s
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and |%I‘WWE(I D) |%I‘WWE(I ) - O _ O -
—+ —
lim el B0 O J7.n87,0 +Za iy, nST,00

A0 A
_ _ . o POV == R o B I
Function 7WW is thus di [efkntiable in v and its derivative is YA 1,7, n°7,0 +=a u,v,n°7,0

where

| .|
] (| 1 1 1 [ 2 L a SR N
SP — —ap+g= SP —ap+g= SP
YA My, Y, N ,O = —%W Z 11— W2y —f +2—’72€ KT | f
. O 1 =rew?
=a P 0 = g / [ROV] (T (1,7)) —me 220577
1 V2w
1 W — por)” 1 Ok, 0O O, = )
X = 5 + I ——s, N7,y +s, n°,y  dy'.
s(nSF,7)"  s(nSF,y) Ve

Lemma 13. The social value of information is positive. In particular, the value function that

corresponds to the planning problem satisfies

%ﬁE [W (pop + s (n,7) e, T (n,7))] O]

Proof. Since Ey [u (6:)] is bounded, the Principle of Optimality (Theorem 9.2 of Stokey et al. (1989))
applies and the recursive social planner problem stated in (38) is equivalent to its sequential for-
mulation. For our purpose, it is useful to define the continuation value as

Lol oo ——

Wert (u, ) = max  Eg BF B w() | (X, YY) (44)
XS YY)

st Vt L0160, = peby + &Y
Xt:9t+€ix,n:9t+62/

00 NN M7’Y_1 )

which, by the Principle of Optimality, verifies W™ (u,v) = BE[W (5~ | i, 7). We also define
the augmented problem, which corresponds to the sequential planning prgblgm when the-planner
is initially endowed with an additional signal v = 6y + ¢ where ¢j ~ N 0, (An’yx)_l for some
An >0, as

Lo oo —

WeorbA® (u,y,v) = P L B'F B uw(0) | {Xs Yo} Do v (45)
t s> ¥srs—0>V0 t=1

S.t. Vi, 0t+1 = pg@t + E?
Xy :9t+EZX,Y} = 9t+51},/

o ~ N p,y~" v =6 +ep.

Note first that any feasible strategy f°F in the planning problem (44) is feasible in the augmented
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problem (45) by defining

(I (I 1 t—ll:l _
fteff’v {XSJY}S 0,’0 Efteff {X87}/t9}s:0 7Vt7v7{X87}/S}s:(]

Hence, applying the law of iterated expectation, the value functions satisfy W eont,An (w,v,v) [
weent (1, +) and the marginal social value of a signal is positive. Note, in addition, that the signal

v only enters the problem (45) through the expectation operator E;[-]. In particular, using Bayes’
formula, Vt,

O - = 1., 1 (-
Bt u(00) 100 CNI iy~ o {Xs, Yo} ioh = Ee u(00) 10p O A2 0 Anng) ™! (X6, ¥e}D)
¥ 4+ Anyx
_ ] ]
which implies that TWeentAn (4~ ) = Weont WERMV 4 Ap~ Yy v, v, To conclude, let

Y+Anyx
us return to the value the value —BE[W | u,v]. Note that since W is dilerkntiable in p and

~ from Lemma (12), this derivative exists and is well defined. We now note that, by definition,
%5E [W | u,~] is the value of adding one marginal signal v about 6 of precision “~,dn” at the end
of a period. By construction, we have

L] L1 L1 ]
|:|] dj . - +A
LW Ty = Jim @y went TR W)
n-0 v+ Anvy,

| .
= lim (An)"'E W (o, 0) = W (y) [ ey O

O

Lemma 14. Let W € W be the unique solution to the planner’s problem and f°° its optimal
cutoff. Let V7 (u,~y, f) be the value function of a firm facing investment subsidy 7 (u,~y) and tax
T (u,7y) such that

1 ] R
V7 (7, ) = max E[U(9)\u,v]—f+7(u,’y),ﬂEVT%'D,’YD,J“ =T () - (46)

Then, the subsidy T and tax T implicitly defined by

d 010 1, [
() = BEW po+s Py 2T WP
n

+5 // v s 1P A B 7 A e e B 47)

(I

] ]
SP = F 5P “and T (u,7) = F 5P (u,v) 7(u,7), exist and implement the planner’s

where n

allocation.

Proof. Expression (47) is a functional equation in 7 because the value function V™ depends im-
plicitly on 7. To show that this functional equation has a solution, we define the mapping 7"
corresponding to (46) on the set of continuous and bounded functions B (S x R) to itself such that
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forall (u,v,f) e SxRand V € B(S xR),

1 ]
[T"V1(u,~, f) = max E[u(®)|p,~]—f+7(~),EV
] ]
poE W AR e ' ke At

T (1, 7) = 27 (uy 7)) 7 (11, 7)

1= pop+s n°F (1,7), v €, e €N(0,1),
O P I:I

Yy =T 27" (,7),7 .

s.t. T (u,y) =

Note that the mapping 77 satisfies Blackwell’s su [cieht conditions.

1. Monotonicity: note that
—1
T - SP
[TV, f) = max E[u(@®) |u]—-f+ 1-n
1
| O] a |
BE V%WD’deI']"ﬂ E WEE

A
- piA

] 1O Kuni O] EFF
1-nSP BE e Of nspﬁdiE W%l],y :
n

By

]
X

Hence, for Vi [ e B(S xR), T7V, [CITV;.

2. Discounting: for a € R,
—1 1 SPD
[T"(V+a)l(p,v,f) = max E[u(@)|pm]—f+ 1-n"" x

1
] ] ] a F
BE T RO e+ pLE W e
dn
C1 1 ] ] . i
T nSP BV Gy a A Wy
W77 V1(k, v, f) + Ba.

The mapping 77 thus defines a contraction on B (S x R). Denote V7 its unique fixed point.
The subsidy 7(u,7) = BLLE,se [W (] + BE,se [VT (W45 ] and the tax T (u,7) =

S (u,v) T (11, v) implement the e [cieht cuto CA°Y. Indeed, the maximization yields the following
decision: invest if and only if

L] L]
f< EL@ | mA ) SE T T S B (@) | ]+ A Tl

which coincides with the e [cieht cuto 57, O
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G.5 Lemmas for Proposition 4

Lemma 15. Under the conditions of Proposition 4, for v, small enough, the planner’s optimal

cutoff f5 is continuous and strictly increasing in . and ~ such that

Vo O T O £ i) — 157 ) T o — ),
¥ oy D 033 EF) 5 (ne) — 57 () %eﬂm% (2 = m)-

Proof. Expanding the derivative in equation (39) (Proposition 3), the planner’s optimal cuto[]
solves the implicit equation
1 1
SP 1 —apt e L
70 (wy) = . 1e 2 +5/esnn Y Wy pepp+s n>ty

1, [
where n” = F 5P To analyze the behavior of the optimal cuto [, define the function ¥ (u, v, f)

as
L1 L1

V) = ¢ 1" F w5 [, () W+ 5 (F (1)) T (F (1)) ©(d2)
+5 [ u(E ()W, Gupt+5 (F ()T (F (D) ) O@E) — .

L . . . (] (] . .
By definition, 5% (u,~) is a root of function 9, i.e., ¥ 1, v, f°F (u,7) = 0. To lighten the notation,
define the functions A and B as

P I%I 1

_ 0

Ay, f) = /52(74_%_'_”%)2 STy L, Wy (pop + s (F (f),v) e, T (F(f),7)) ®(de)
2 (n, 2

BGunf) = [ LDy ot s(F () )T (F () .7) @ (de).

(v + 72 + 1)’

where we have substituted for the expressions of s, and I',,, so that
1 —1 , 1
Iy f)=— 1= e M — f 4 By (A, f) + B, )]

The derivatives of W, provided in Lemma 12, are algebraic combinations of continuously dilert
entiable functions with bounded derivatives on a compact and the Lipschitz function W. They
are therefore Lipschitz in p and . Functions A and B are themselves compositions and multipli-
cations of continuously dilerentiable functions on a compact with W, and W, Her]g_gl, they ar&I
Lips?Jijltzion'inLBllls in u, v and f. Denote their moduli of_l_ipschitz contin_uity by A, A, Af
and B,,B,,B; . By choosing v, su [ciehtly small that ~,A4; [Zland 7,58 [X]we thus have
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for all f1 [, 2
2 (o= ) TGsA, o)~ 0 G 1) T (s~ o).

a2 o _ a2 _

Similarly, choosing 7, small enough that v, 54, [ "%, 4,8, ke 7%, 4,4, 1
e _ i a?

bome T and 7,8, e T, we have

Yo O G T 9 G,y ) =9 G ) Tt 75 i - )
V3 O O 0 Gae ) =0 G ) Tghge ™% G = ).

Hence, by the Implicit Function Theorem applied to Lipschitz functions (Dontchev and Rockafellar,

2009), the planner’s optimal cuto %" (1, ) is Lipschitz continuous and such that for ~, small
enough

—au+2,
Vop Cd Cud a5 (uey) — 57 (u1,7) Eli(uz—ul)

1 a —au+2y

Voy o o 3 £ () — £ () E773(72—71)-

l\)
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