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Abstract

We develop tools to analyze the aggregate implications of lumpiness in microeconomic adjustment.
We derive a set of structural relationships between the steady-state moments and the business cycle
dynamics of cross-sectional distributions, and we show how to discipline these relationships using micro
panel data. As an application, we implement our machinery in a standard framework of firm investment
with non-convex adjustment costs and random opportunities of free adjustment. We demonstrate
analytically that, in order to explain aggregate capital dynamics, that model must match two steady-
state moments related to capital misallocation and the time since the last investment. Using plant—level
data from Chile and Colombia, we compute these two moments, and discover that there does not exist

a calibration of the lumpy investment model that is consistent with the data.
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1 Introduction

Lumpiness in microeconomic adjustment is pervasive in many economic environments. Capital invest-
ment, labor hiring and firing, inventories, consumption of durable goods, price setting, portfolio manage-
ment, and many other economic decisions faced by firms and households are characterized by periods of
inaction followed by bursts of activity. How does lumpiness in microeconomic adjustment affect aggregate
dynamics? After a policy change or an aggregate shock, how long do transitions last until the lumpy
economy reaches its new long-run equilibrium? Understanding these issues is key for the design and
implementation of policies aiming at stabilizing the business cycle or generating long-run growth.

This paper presents new tools to study aggregate dynamics in lumpy economies. We consider environ-
ments with ex-ante identical agents that make decisions subject to idiosyncratic shocks and adjustment
frictions. These frictions may take the form of non-convex adjustment costs, random opportunities of
adjustment, fixed dates of adjustments, among many others. A common challenge that arises when
studying this type of environments is that aggregate dynamics depend on the cross-sectional distribution
of agents, a highly dimensional and complicated object. The standard method to tackle this challenge is
through state-of-the-art numerical techniques. We propose a complementary approach by deriving a set of
structural relationships between the steady-state cross-sectional moments and microdata on adjustments,
and between the steady-state moments and business cycle dynamics.

Our first result establishes a structural relationship between steady-state moments and microdata on
adjustments. The idea behind this mapping consists in assuming a process for idiosyncratic shocks that
hit agents during periods of inaction and a minimal structure for the adjustment policy, and then use
the information revealed through agents’ actions—frequency and size of adjustments—to back out the
cross-sectional moments. Let us stress that the relationship between ergodic moments and data is model-
free, as we do not assume any particular structure for the adjustments frictions; the only requirement
is that policies are “memoryless”, in the sense that upon adjustment, the agent fully incorporates all
the accumulated idiosyncratic shocks into her policy.! An attractive feature of this approach is that it
allows to quantify cross-sectional moments of unobserved variables, for example, markup dispersion or
skewness of marginal products, using information on observable actions available in panel data, such as
price changes or investment rates, with a minimum set of assumptions.

Our second result establishes a structural relationship between the steady-state moments and transi-
tional dynamics of the distribution. The logic is that steady-state moments are informative about agents’
responsiveness to idiosyncratic shocks, and therefore, are good predictors of the effect of lumpiness on the
speed of adjustment. For example, an economy that features substantial ex-post heterogeneity relative
to the volatility of idiosyncratic shocks must necessarily have important adjustment frictions, which in
turn generate unresponsive policies and persistent transitional dynamics.

In this context, business cycle dynamics are analyzed in the following way. Starting from any arbitrary
initial distribution, we characterize the convergence of any moment of such distribution towards its ergodic

counterpart. Following Alvarez, Le Bihan and Lippi (2016), we measure transitional dynamics through

!Formally, we require certain degree of history independence in the stochastic processes and policies in order to collapse
all the ex-post heterogeneity due to idiosyncratic shocks and frictions to the problem of a representative agent. Importantly,
this aggregation result does not imply that heterogeneity is irrelevant for aggregate dynamics; it says that all heterogeneity
can be summarized in a compact way.



the cumulative impulse-response function (CIR), which equals the cumulative deviations in the moment
of interest with respect to its steady-state value, i.e. the area under the IRF. We show analytically that
the CIR can be represented through a linear combination of cross-sectional moments. This mapping is
not model-free anymore; still, we characterize the CIR for widely used models of inaction in a variety of
economic applications.

With the two theoretical results at hand, we study aggregate investment dynamics in an economy
with idiosyncratic productivity shocks, a common drift due to depreciation and productivity growth,
potentially asymmetric policies, and non-convex capital adjustments costs. For this purpose, we set-up
a canonical model of lumpy investment & la Khan and Thomas (2008), Bachmann, Caballero and Engel
(2013) and Winberry (2016). This literature aims at understanding the role of lumpy investment at
the plant-level for aggregate dynamics and has been marked by an active debate about the size of the
adjustment frictions. Our approach considers a flexible formulation and lets the data inform us directly
about the nature of frictions.

First, we compute various steady-state moments of interest (e.g. dispersion of marginal products of
capital) using investment rates and frequency of adjustment from annual plant-level data from Chile
and Colombia. Through the lens of our formulas, the data provides clear evidence against fully time-
dependent and fully state-dependent models and in favor of hybrid models that combine both types of
components.

Second, we study the transitional dynamics via the CIR. For this purpose, we assume a hybrid model
for adjustment costs known as the “CalvoPlus” model in which firms pay a fixed cost to invest and get free
random opportunities of adjustment.? We demonstrate analytically that, in order to explain aggregate
capital dynamics, such a model must match two steady-state moments related to capital misallocation
and capital age (the time since its last adjustment). Concretely, defining the capital gap as the log of
capital to productivity ratio, the CIR of aggregate capital in that model is given by the steady-state
dispersion of capital gaps and the covariance between capital gaps and capital age. We compute these
two moments for the first time and discover that there does not exist a calibration of the CalvoPlus model
that is consistent with the data. In this spirit, our tools can aid researchers in improving their models to

be consistent with the empirical evidence on inaction.

Advantages and limitations. As stressed above, one key advantage of our framework is the limited
assumptions on the structure of adjustment costs and policies. This permits us to remain agnostic about
the true nature and size of adjustment costs and allows the microdata to inform us about them. In
the same vein, we can accommodate very general (continuous) stochastic processes. While the mapping
between data and ergodic moments clearly depends on the assumptions on the stochastic process (e.g.
with drift, without drift, mean-reversion), the theory imposes cross-equation restrictions that allow us
to validate such assumptions and discern across processes. Another advantage is that we can recover
ergodic moments of variables that are hard to measure in the data, such as markups or capital gaps, with
observable data on frequency and size of adjustments.

Regarding the analysis of transitional dynamics, we provide formulas to track any moment of the

cross-sectional distribution as well as functions of these moments for a variety of family of models.

2This model is proposed by Nakamura and Steinsson (2010) in the context of price-setting.



This is useful as many applications require tracking the dynamics of higher moments of cross-sectional
distributions, such as its skewness (Bloom, Guvenen and Salgado, 2016) or tails (Kozlowski, Veldkamp and
Venkateswaran, 2015). Moreover, we can accommodate transitions starting from various initial conditions
consisting on (small) perturbations around steady-state, such as horizontal shifts of the distribution or
mean-preserving spreads, that can be interpreted as arising from aggregate shocks to first moments,
second moments (Bloom, 2009), etc.

One limitation of our framework is that we can only recover the CIR of moments of the distribution,
but not the complete IRF. The reason is that in order to exploit the ergodic properties of the environment
(i.e. exchange the time series of the cross-sectional distribution with a cross-sectional distribution of
individual stopping-time problems) we need to consider the complete transitional dynamics. Nevertheless,
the CIR is a useful metric to summarize the persistence of aggregate dynamics, it eases the comparison
across models, and it can be interpreted as a “multiplier” of aggregate shocks.?

Another limitation is that our analysis takes as a premise that the steady-state policies hold along the
transition path. This assumption is valid as long as the general equilibrium feedback from the distribution
to individual policies though prices is quantitatively insignificant. There are several general equilibrium

frameworks in which this is the case.*

But when general equilibrium effects are quantitative relevant,
our framework does not fully characterize aggregate dynamics. Nevertheless, the tools developed in this
paper are still informative about the role of lumpiness in richer general equilibrium models and serve as

a guide to study one important dimension of the economic environment.®

Related literature. Aggregate dynamics in inaction models has been widely studied. The ground-
breaking work of Caplin and Spulber (1987), Caballero and Engel (1991) and Caplin and Leahy (1991)
provided theoretical guidelines in stylized models to understand the role of micro lumpiness in shaping
aggregate dynamics. With the surge of microdata, more realistic models that incorporated idiosyncratic
shocks were developed, such as Cooper and Haltiwanger (2006), Golosov and Lucas (2007), Midrigan
(2011), Berger and Vavra (2015), Carvalho and Schwartzman (2015) and Alvarez, Lippi and Paciello
(2016), with the objective of understanding how the interaction of heterogeneity and lumpiness mattered
for aggregate dynamics. We contribute by providing novel theoretical insights and an empirical strategy
that exploits the microdata to its maximum while imposing a minimum structure to the inaction model.

Our work is inspired by Alvarez, Le Bihan and Lippi (2016), who consider a multi-product menu
cost model with random opportunities to freely adjust and Brownian innovations to markup gaps. In

that setup, they study the real effects of monetary shocks. One of their striking results is that the CIR

3 Alvarez and Lippi (2014); Alvarez, Le Bihan and Lippi (2016); Baley and Blanco (2019) use the CIR to evaluate the
effect of monetary policy shocks on output in menu cost models.

“For the effect of monetary shocks, see Woodford (2009), Golosov and Lucas (2007), and the vast literature that builds on
them. For real exchange dynamics, see Carvalho and Nechio (2011) and Kehoe and Midrigan (2008). Regarding investment
models, Bachmann, Caballero and Engel (2013) and Winberry (2016), building on Khan and Thomas (2008), show that
partial equilibrium dynamics are not undone by general equilibrium effects whenever the model is calibrated to match the
cyclical properties of aggregate investment or interest rates. Web Appendix C describes some of these frameworks.

% A concrete example of this logic is found in the context of pricing literature with Calvo-type adjustments. In a model with
negligible first order general equilibrium effects, Alvarez, Le Bihan and Lippi (2016) show analytically that the effectiveness
of monetary policy is a function of the average duration of pricing spells, independent of any type of heterogeneity. Following
this result, Blanco and Cravino (2018) reach a similar conclusion in a model with large general equilibrium effects (arising
from real rigidities) in the context of real-exchange dynamics. Therefore, the role of heterogeneity and inaction in shaping
aggregate dynamics is not altered by general equilibrium forces.



for average markup gaps—a measure of the real effects of a money shock—equals the kurtosis of price
changes times the average duration of prices divided by 6. They show this result analytically for the case
of one product (n = 1) and infinite products (n = o0), and more generally, they construct power series
of each of the terms in the equality and confirm that the relationship holds. Our contribution lies in
proving an intermediate link between the CIR and observable actions, given by the steady-state moments.
For example, in their menu cost model, the intermediate link between the CIR and the kurtosis of price
changes is given by the variance of markups. This strategy allows us to study richer environments and
provide new economic insights on the aggregate implications of lumpiness.

Our paper also relates to the pioneer work in Hamermesh (1989), where it is shown how firms’ labor
decision can be rationalized in a fixed adjustment cost model in which the adjustment trigger depends
on the labor gap, i.e. difference between current and static optimal labor. This strategy has been
applied in Caballero and Engel (1993) and Caballero, Engel and Haltiwanger (1997) for analyzing the
consequences of lumpiness for macroeconomic fluctuations. More recently, a similar approach has been
applied in the analysis of cross-country productivity differences due to capital misallocation across firms
(see Restuccia and Rogerson (2013) for a survey). While in theory this methodology appears adequate,
the challenge lies in finding the optimal target to construct the gap. The standard approach, as in Hsieh
and Klenow (2009), consists in specifying a particular production function at the micro level that allows
to recover the optimal input demand, therefore the gap. We propose an alternative way that consists in
directly assuming a stochastic process for the unobserved marginal product of an input, thus its optimal
static demand, and then adding discipline to the parameters of the stochastic process using observable

microdata on investment that holds for all lumpy adjustment models.

Structure of the paper. Section 2 presents a standard model of lumpy investment that allows us
to introduce the objects of interest. Section 3 develops the theory. Section 4 applies the theory using

micro-level data. Section 5 generalizes and extends the results.

2 A Model of Lumpy Investment

This section describes the economic environment on which we build and apply the theory. We build
a lumpy investment model in the spirit of Khan and Thomas (2008), Bachmann, Caballero and Engel
(2013) and Winberry (2016), with a few simplifications that are discussed below.

2.1 Environment

Time is continuous and infinite. A representative household and a continuum of ex-ante identical firms
live in the economy. There is no aggregate uncertainty and firms face idiosyncratic shocks to productivity
and capital adjustment costs. We denote with w € €2 the full history of shocks and consider (2, P, F) to be
a probability space equipped with the filtration 7 = {F; : ¢ > 0}. We use the notation g, ; : 2 xR = R
to denote an adapted process (a function Fi-measurable for any ¢t > 0) and E[g,,+| to denote its expecta-

tion under P.



Household. The household chooses the stochastic process for consumption to maximize its expected

utility subject to a budget constraint. The household problem is given by
[e.e] oo
/ e P'Cydt, subject to / Q: (Cy — 1) dt = 0, (1)
0 0
where II; = E[n, .| denotes aggregate firm’s profits and C; denotes household’s consumption.

Firms. Firms operate in competitive markets. They produce output y using capital k as the only input

through a decreasing returns technology:
yw,t — ei};‘/a S,ta a < 1) (2)

where the log of idiosyncratic productivity e evolves according to a Brownian motion with drift g and

volatility o
dlog(e,t) = pdt+odWyy, Wyt ~ Wiener. (3)

A firm chooses capital to maximize its expected stream of profits, discounted at the Arrow—Debreu
time-zero price ;. Capital between adjustments depreciates at a constant rate 1. For every capital
adjustment, a firm pays an adjustment cost proportional to its productivity k., ;€. ¢+, where k¢ is follows
a stochastic process to be described below. With these elements, a firm’s problem consists in choosing a

sequence of adjustment dates (7,;) and investment rates (Akr,, = k;, , —k_- ) that jointly solve the

Tw,i

following stopping-time problem:

{vai’AkTw,i};l)o: 1 i=1

00 S
max E [/ stw,s ds — Z QTOM- (Hw,TMiew,TwJ + Aknm-) , (4)
0

where output and productivity follow (2) and (3), respectively, and capital follows:

log(ku,s) = log(kwo) — s+ Y Ak, . (5)

1T, <8

Aggregate feasibility. Aggregate output Y; is used for household’s consumption C; and firms’ invest-

ments [;, which includes capital adjustments adjustment costs:

E [ei;ak&t] = Ct + E [:H‘{T,t} [/{wﬁte%t + Akw7t]] . (6)
—_———— ~
Yi I
where 1.,y = {w:3ist 7,; = t} indicates the set of adjusters.

Equilibrium. Given an initial distribution of {k, o, €,,0}, an equilibrium is a set of stochastic processes
for prices {Q¢}, household’s policy {C;}, and firms’ policies {7, ;, Ak, ;} such that:

(i) Given prices {Q:}, {C:} solves the household’s problem (1).



(ii) Given {Q:} and the stochastic processes for productivity and capital adjustment costs, {7, ;, Aky;}

solve the firm’s investment problem (4).

(iii) Goods market clears in (6).

Discussion of simplifying assumptions. Let us compare our environment with one of the benchmark
lumpy investment models by Khan and Thomas (2008). First, in contrast to that paper, we do not consider
labor as a production factor. Given that we consider a partial equilibrium setting, and the labor decision
is static in their model, this assumption is innocuous as adding labor would only affect the value of the
output-capital elasticity. Second, all the investments in our model regardless of their size are subject to
the adjustment costs (in the language of that paper, we do not consider unconstrained investments). This
assumption is quantitatively irrelevant for transitional dynamics, as in the calibration, most investments
are constrained anyways due to the large size of idiosyncratic shocks relative to aggregate shocks. Lastly,
we consider a random-walk process for idiosyncratic productivity instead of a mean-reverting process.
This assumption is done to simplify the exposition at this stage but it is relaxed in Section 5. Moreover,

this assumption is motivated by the empirical observation that plant-level investment rates are iid.5
2.2 Adjustment cost structures

The following specification for the stochastic process for capital adjustment costs s ; spans a wide set
of models of adjustment costs. Consider two sequences of iid random variables (u i, &w,i), Where u, ; is
drawn from the distribution H, over RT and &, ; is drawn from the distribution H, with support over
[0, k], with £ > 0. Then the capital adjustment costs follows:

wi D% u,; = tfor some i,

ot = { gli ot}i:rjwis;. @

The first class of nested models refers to fully time-dependent models, for which firms can adjust
freely with iid probability; this class is generated by the assumptions K = oo and He¢(0) = 1. If in
addition, H,(u) = 0 for all u < T and H,(T) = 1—the u is a constant—then firms adjust at the fixed
date T', analogous to the Taylor (1980) model. If H, is an exponential distribution with parameter A,
then firms adjust on random iid dates, analogous to the Calvo (1983) model.

The second class refers to fully state-dependent models , in which firms always face the same
constant fived cost § = k,ie. He(k) = 1and He¢(§) = 0 for all £ < k. This structure is considered
by Caballero and Engel (1991) in investment.

The third class refers to hybrid models with both time- and state-dependence in the adjustment cost
structure. Consider H, as an exponential distribution with parameter . If H¢ is degenerate at zero,
then firms face either a positive or a zero adjustment cost; this case is known in the pricing literature as

the CalvoPlus model (Nakamura and Steinsson, 2010). Finally, within this class, we call generalized

5Section 4 shows that the first-order autocorrelation of investment rates in the Chilean data is zero; this observation is
also true for US plants, see Cooper and Haltiwanger (2006). Mean-reverting shocks generate a negative autocorrelation in
investment rates at the plant level. This observation also justifies the absence of convex adjustment costs in our specification,
as they a generate a positive autocorrelation in investment rates.



hazard models those with non-degenerate H¢. For example, He ~ Uniform|0, ], which generates the
same adjustment hazard as in Khan and Thomas (2008).

The advantage of considering a flexible formulation is that it permits us to remain agnostic about
their true nature of adjustment costs and allows the data to inform us about it. In the next sections, we

focus the analysis on the three families specified above.

2.3 Dynamics of the aggregate capital stock

Given the firms investment policy, we are interested in characterizing deviation of aggregate capital
from the steady-state. Since there is growth, we work with log deviations of aggregate capital detrended
by productivity. To this end, we define three variables. First, we define the individual capital gap
ifw,t = log(kw,/ews) as the log of the ratio of a firm’s capital to its productivity. Second, we define
the average of capital gap in the steady-state kss = E [log(k,/ew)]. The notation without time index ¢
refers to moments computed with the steady-state distribution. Lastly, we define the normalized capital
gap Ty = ];‘W,t — kg as a firm’s capital gap minus the steady-state average.

With these definitions, we compute the aggregate capital detrended by productivity denoted with
K; : = E[log(kus)] — Eflog(ews)] = E[log(kwt/ews)]. Then, the aggregate capital deviation from

steady-state is equal to the average normalized capital gap E[z,,]:

A~ A~

Ky — Koy = Elog(kus/ews)] — E log(ku/en)] = E[/%w,t} — kss = Elzugl, (8)

Notice that, in this normalization, we first centralize the capital-gap distribution around its steady-state
average and then we aggregate across firms. By the previous analysis, we may shift the focus from
aggregate capital to moments of the normalized capital gaps. Finally, note that the dynamics of other
aggregate variables, such as output deviations from steady-state, denoted by Y;, can also be expressed in

terms of moments of normalized capital gaps: ¥; = aE[zy, ).

Law of motion of capital gaps. To derive the law of motion of capital gaps, we use the firm policy.

The uncontrolled capital gaps—mnot considering any investments—follow the process
di‘w’t = I/dt—i-O'dWw’t (9)

where we use tildes to show explicitly that these variables evolve exogenously. For convenience, we define
the total drift of capital gaps as v = —(t¢ + u), which is negative and includes depreciation and the
productivity trend. The initial conditions Z, ¢ are exogenously given. By the discussion above, the
initial condition of the uncontrolled capital gap is T, 0 = l%w,O — I;:SS. In contrast, the controlled capital

gaps—taking into account investments—evolve as

Tt = jw,t_‘_ Z A:ET“M" (]‘O)

Tw,igt



where the adjustment dates (7,;) and the investment rates (Aw,, ;) solve the firms’ problem in (4).
Finally, we define the reset capital gap & (the new capital gap, conditional on adjustment) and capital

gap age (the time since its last adjustment) implicitly as:
T = Tom,, > Gwr = t—max{r,;: 7, <t} (11)

A few things are worth noting. First, & is the same across firms and time, in other words, firms become
identical after an adjustment. This is due to the fact that there is no fixed heterogeneity’ and the
adjustment costs are memoryless. Second, due to the normalization explained above, & is the capital—
productivity ratio of adjusting firms relative to the average ratio in the economy. With respect to age,
for some adjustment cost structures (e.g. Taylor), capital gap age is a relevant state for the investment
decision. Even if it is not the case, the joint stochastic process of (z,a) does matter for aggregate
dynamics. Therefore, we carry age as part of the firm’s state. Lastly, we assume that steady-state policies
hold along the transition path. This assumption is valid as long as the general equilibrium feedback from
the aggregate distribution to the individual policies though prices is quantitatively insignificant. In this

model, it is guaranteed by the linear preferences.

2.4 Steady-state and transitional dynamics

Now we define steady-state moments and our notion of transitional dynamics through the cumulative

impulse response or CIR.

Steady-state moments. Consider the steady-state distribution of capital gaps and age, denoted by
F(x,a). For any two numbers k,[ € N, we define the ergodic cross-sectional moment of capital gaps and
age as
lmﬂd]zb//Qhﬂﬂm@@ Vk,l €N, with E[z] = 0. (12)
zJa

Transitional dynamics. Fix an initial distribution of the state Fy(z,a) = E []l{(%p’awyo)g(%a)}]. We
define the Impulse-Response Function for the m-th moment of the capital gap distribution under the
initial distribution Fy, denoted by IRF,, +(Fp), as the difference between its time ¢ value and its ergodic
value:
IRFy(Fo,t) = E[2]},] = E[z™]. (13)
transition  steady-state

Following Alvarez, Le Bihan and Lippi (2016), we define the Cumulative Impulse-Response (CIR), denoted
by CIR,,(Fp), as the area under the IRF,, ;(Fp) curve across all dates ¢t € (0, 00):

CIR(Fy) = / IREy,(Fo.t) dt. (14)
0

Figure I illustrates these two objects. In the left panel, we plot an initial marginal distribution Fy(x)

and the steady-state distribution F'(z), and also highlight the m-th moment of capital gaps E[z{'] which

"Section 5 introduces fixed heterogeneity.



will be tracked in its way towards steady-state.® In the right panel, the solid line represents the impulse-
response of E[z}"], which is a function of time, and the area underneath it is the CIR. The CIR is our
key measure of the convergence speed towards the steady-state. The smaller is the CIR, the faster the

convergence.

Figure I — Cumulative Impulse-Response (CIR)

A. Distribution of State B. Dynamics for E[z}"] — E[22]

— steady state F(x) ] — IRF,, = E[z]"] — E}z")
— initial condition Fy(x)

CIR,, = [," IRF,,; dt

ERT] Elp]

[o.@]

State () Time

The following Lemma expresses the CIR in a recursive way, and it is a generalization of the result in
Alvarez, Le Bihan and Lippi (2016) for any moment of the distribution m > 1, for an arbitrary Markovian

stopping policy, and for any Markovian law of motion of the uncontrolled state.

Lemma 1. The CIR can be written recursively as:
CIR,,(Fy) = /vm(x,a)dFo(af,a). (15)

where the value function for an agent with initial state (x,a) is given by:

vm(7,0) = E[/O (xT—E[xm])dt’(x,a)] (16)

The idea behind Lemma 1 is to exchange the integral across agents (the cross-section) with the infinite
time integral (the time-series).” Then, it is key to recognize that the first time a firm adjusts its capital
it incorporates all deviations from steady-state into its policy, and thus we only need to keep track of this
firm until its first adjustment; any additional adjustments are driven purely by idiosyncratic conditions.
The average of these additional adjustments equals the ergodic moment E[z™], implying that the value
function vy, (x,a) equals zero after the first adjustment. For that reason, the infinite time integral gets

substituted for an integral between ¢ = 0 and the stopping date t = 7.

8 Abusing notation, we denote the marginal distributions as F(z) and F(a).
9This can be done due to the ergodic properties of the problem and the fact that moments are finite.

10



Initial distribution as /-perturbations around steady-state. For ease of exposition, we interpret
the initial distribution as a small perturbation of the steady-state distribution that can be parsimoniously
described in terms of one parameter §. As a baseline case, we focus on a particular type of perturbation
that translates horizontally the distribution of capital gaps, i.e. a shock to the first moment of the
distribution. If f(z — J,a) denotes the initial density of capital gaps and f,(z,a) denotes its derivative
with respect to x, we can approximate it as f(x—d,a) = f(z,a)—0d fz(z,a). For § < 0, we observe that the
initial density is equal to a right shift of the steady-state density. Afterwards, the distribution will evolve
according to the agents’ policies and will converge back to its steady-state. Under this interpretation, we
will denote the CIR,,(Fp) as CIR,,(6).1°

3 Theoretical Results

In this section, we establish the theoretical relationships between observable panel data, (possibly) un-
observable steady-state moments and parameters, and the CIR. In particular, the CIR is expressed as a

linear projection over the steady-state moments.

3.1 From microdata to steady-state moments

The first link connects the ergodic cross-sectional moments, the structural parameters of the stochastic
process, and the reset state to the distribution of capital gaps Az and adjustment dates 7 in a panel of
observations. The relevance of this result lies in that, in many applications, the state z is likely to be
unobservable, but the adjustment sizes Ax and date 7 are observable. This is the case in the investment
model, as capital gaps are hard to observe but investment rates are readily available in the data.'' Propo-
sition 1 derives a set of relations between objects that we do observe—the distribution of investment and

duration—with objects that we do not observe—the joint distribution of capital gaps and age.

Proposition 1. Let (Ax,7) be a panel of observations of adjustment size and inaction duration. Denote
with B[], Cov[] and CV[]* = V[]/E[]?, respectively, the cross-sectional average, the covariance, and

the coefficient of variation squared, conditional on adjustment. Then, the following expressions hold:

1. The reset capital gap is given by:

E[Azx]

L 1_ 2 1
i S (1-oviP) + e (17)
2. The drift and volatility of the capital gap process are recovered as:
E[Az] 9 E[Az?] .
B 7 T TEm 18)

10T Section 5 we consider more general perturbations around steady-state, such as mean-preserving spreads.

"1 Our formulas require us to compute the change in log capital gaps Az in the data. Due to the continuity assump-
tion for the idiosyncratic productivity, the changes in the capital-gap equal the observed investment rates: Az, . =
limerr, log(Ku,r,/Kwi) — limerr; log(Ew,r, /Ew,t) = limgr, log(Kuw,r, /Kuo,t). Therefore, we can compute the changes in
the capital gap using changes in the capital stock.

11



3. If v # 0, the steady-state moments for any m > 1 are given by:

gmtl _ & — Ag)mtl o2
Bl = { EE[([ MA kit o mlm + 1)E[wml]} , (19)
Ela] = Eg] (1 + CV[T]2> , (20)
E |7 (& — Az)™"? o2
E[z™a] = mi— 1 [ VR[] } — E[z™] - 5m(m + DE[z™ q] (21)

The proof is in the Appendix; it enumerates the formal assumptions for this proposition to hold.
To show this result, we uses three tools: Ito’s Lemma, the Optional Sampling Theorem (OST), and
the equivalence between the cross-sectional distribution of agents and the occupancy measure.'? To
understand the logic of the proof, assume there is a single state x. Apply Ito’s Lemma to :U?”‘H with the

initial condition & (right after adjustment), integrate between 0 and 7, and use x» = & — Az, to obtain:

T 2 T
(& — Az, )™t —zgm+l = / [V(m + Dz + %(m + 1)mx?®1] dt +o(m + 1)/ ztdWe.  (22)
0 0

investment (observable)

~
history of capital gaps (unobservable) noise

Equation (22) shows that the distribution of investment is related to the history of capital gaps plus a
noise term. While we cannot recover each individual history, we can recover the average history between
adjustments. For this, take the expectation on both sides of (22), and observe that the noise term is a

martingale with expectation zero by the OST, we have that

E[(& — Az,)™" — 2™ = v(m+ 1)E [/OT x;”dt] + 022(m + 1)mE UOT x;nldt] : (23)

moments of investment

average capital gap during inaction

The final step to relate the distributions of investment and capital gaps uses the occupancy measure.
Intuitively, the average time that a single agent’s state spends at a given value is proportional to the
number of agents with a state equal to that same value, where the constant of proportionality is the
expected time between adjustments E[r].!3 Therefore, instead of measuring the average capital gap

between adjustments for an agent, we can measure the average capital gap across agents:

2

E[(& — Az,)™t! — 3" JE[r] = v(m+ 1DE[2™] + %(m + 1)mE [2™7]. (24)

~~

average capital gap across agents

moments of investment and duration

Now we provide the economics behind the expressions in Proposition 1.

Reset state. Equation (17) shows how to recover the reset state & from the microdata; this expression

is derived from the restriction imposed by the normalization of the ergodic mean to zero. It has two com-

12See Stokey (2009) for details.
YFormally, E [ [ zi*dt] = E[7]E [2™] for any m.
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ponents that reflect how the reset state compensates for the drift, for the asymmetry in state-dependent
policies, or a combination of both, ensuring that E[z] = 0. To illustrate the compensation for drift, con-

sider the family of fully time-dependent costs, which by construction do not exhibit asymmetric policies.

In such models, Cov[r, Az] = —vVar|r] and equation (17) collapses to & = —v[E[a], so that the reset

state compensates the average accumulated drift between adjustments, centralizing the ergodic mean at
14

Z€ero.

To illustrate the compensation for asymmetric policies, consider a driftless state and fully state-
dependent costs, where the widths of the lower and upper inaction triggers relative to the reset point
are | —x — 2| and |T — |, respectively. Panel A of Figure II plots three distributions of capital gaps for
different types of policies. First, symmetric policies (in green) necessarily imply & = 0. Now consider an
asymmetric inaction region such that the upper trigger is closer to & than the lower trigger, for example,
4z = |—xz—2| > |T—%| = zfor z >0 (in red). In this case, the capital gap distribution is left-skewed
and the covariance Cov[r, Ax] is positive: the longer the duration of inaction, the larger the probability
of a positive investment. This implies a positive reset state & = Cov|[r, Az]/E[r] = z > 0. Analogously,

the reset state is negative for right-skewed distributions (in blue).

Figure II — Reset state for asymmetric policies in fully state-dependent models

A. Fully state dependent B. CalvoPlus
A — symmetric | | 100/ |[— A =0.001
T=10 — left-skewed | | — A=0.1
— right-skewed ol |— A=017
8
= />_<\ 60}
= R 5l
T =—z r=2 +
1= 40f
201
-3z —2z -z 0 z 2z 3z 5 10
State () Drift (—v x 100)

Notes: Panel A describes the distribution of the state x in a fully state-dependent model. The symmetric distribution (green
line) has widths of (| — z|,|T — £|) = (z, z), the left-skewed distribution (|& — z|, [T — &|) = (42,z2), and right-skewed
distribution (| —z|,|[T—Z|) = (z,4z). The reset states are 0, z and —z, respectively. Panel B shows the levels of asymmetry
in policy and drift that together imply a zero reset state & = 0, for fixed parameters (o,z) = (0.275,—0.49) and three
values of A € {0.001,0.1,0.17}.

Lastly, regarding the interactions, policy asymmetry may dampen or amplify the effect of the drift
in the reset state. For illustration, consider the CalvoPlus adjustment costs and fix a set of parameters.
Panel B in Figure II shows the combination of values for (—v x 100,74 z) such that the reset state is zero
Z = 0. When v = 0, only symmetric policies generate a zero reset Z. As the drift increases, the upper
limit T increases as well to compensate the drift. The covariance term informs about this interaction, as

in this case & = —v (E[r] — Ela]) + Cov|[r, Az]/E[7]. Note that the asymmetry is also increasing in the

"“Proof: Cov[r, Az] = E[rAz] —E[r]E[Az] = E [r(—vr — 0o [J Wo)] +vE[r]* = —vE[r’] +vE[r]* = —vVar[r], where
we have used the OST to kill the martingale E [T fOT Wi] =0

13



parameter A (the arrival of free adjustment opportunities). This is because as A increases, the fraction of
state-dependent (asymmetric) investments decreases, and it must be compensated by a more asymmetric

policy.

Mean and variance of capital gap growth. Expressions in (18), which extend those in Alvarez,
Le Bihan and Lippi (2016) for the case with drift, provide a guide to infer the parameters of the stochastic
process. The first expression shows how to infer the drift v from the average investment rate in the data,
scaled by the adjustment frequency. Intuitively, the average depreciation has to be equal the investment
rate to have an ergodic distribution. The second expression shows how to infer the volatility ¢ from the
dispersion in investment rates, scaled by the frequency and corrected by the drift. With a zero drift,
higher idiosyncratic volatility reduces the average duration or increases the average investment size; with
non-zero drift, investment’s second moment also reflects the drift and (18) shows how to correct for it.

One interesting application of the results for non-zero drift would be to revisit the role of positive
inflation for price-setting, as studied by Alvarez, Beraja, Gonzalez-Rozada and Neumeyer (2018) in
Argentina, Gagnon (2009) for Mexico, and Blanco (2018) for the US.

Ergodic moments. Equation (20) relates average age to the average and the dispersion in duration,
measured through the coefficient of variation. The relationship with the average duration is straightfor-
ward. To understand why the duration dispersion affects average age, recall a basic property in renewal
theory: the probability that a random firm has an expected duration of inaction of 7 is increasing in 7,
i.e. larger stopping times are more representative in the capital-gap distribution.'® Therefore, dispersion
in duration reflects that there are firms that take a long time to adjust, and on top of that, those firms
are more representative in the economy; this rises the average age.

Equations (19) and (21) provide recursive formulas to compute the ergodic moments using observed
investment rates. For a given reset capital gap, the ergodic moments of capital gaps only depend on
moments of investment, and we can ignore moments of duration. For example, set £ = 0 and m = 2,
then equation (19) reads E[z?] = E [(Az)?] /3E [Az], relating the dispersion of capital gaps in the LHS
to the skewness of investment rates in the RHS. For m > 2, the ratio of drift to idiosyncratic volatility

also matters. This is not the case for the moments that interact « and a, as equation (21) shows.

Key assumptions and limitations. The first key assumption underlying Proposition 1 is the partic-
ular stochastic process for capital gaps. This is not a limitation, as different stochastic processes generate
different mappings between data and steady-state moments that can be tested. For example, if one as-
sumes an Ornstein—Uhlenbeck process instead, there is an additional equation that pins down the mean
reversion parameter (see Section 5). The second key assumption is that the state only consists of the
capital gap and its age. This is also not a limitation, as the proof can be generalized to any Strong
Markov state. In a similar way, parametric assumptions on firms’ policies are not necessary, as the proof
can be generalized to arbitrary Markovian policy. The third key assumption is that (&, v, o) is a constant

vector of numbers. If this is not the case, the theory can still recover some cross-sectional moments of

15This property has been widely studied in labor economics when thinking about long-term unemployment. For example,
Mankiw (2014)’s textbook Principles of Macroeconomics mentions that: “[...] many spells of unemployment are short, but
most weeks of unemployment are attributable to long-term unemployment”.

14



these variables. For example, in a model with stochastic volatility and zero drift, Baley and Blanco (2019)

show how to recover the average level as E[o7] = E[Az?]/E[r].

3.2 From steady-state moments to transitional dynamics

This sections shows the following properties. In the class of adjustment cost specifications described
in Section 2.2, the CIR is a linear combination of ergodic moments, where the coefficients depend on the

stochastic process parameters and adjustment cost specification.

3.2.1 Fully time-dependent models

With fully time dependent adjustment costs, the distribution of stopping times is independent of the

capital-gap. Proposition 2 characterizes the CIR,, for this class of models.

Proposition 2. In fully time-dependent models, for every m > 1:

m 2\ Mm—1 2
g i—1 a- . i—2
CIR,,(8)/mé = Z <2U> (E (2" a] + 11{,-22}%(@ - 1E [z a]> + o(6). (25)
7 =
We leave the discussion of the proof for later, as this is a special case of the generalized hazard model
explained below. To understand the economics behind this relationship, consider first the case m = 1,
where we have that

CIR((8)/6 = E[a] + o9). (26)

This expression for the CIR; was first obtained in Alvarez, Lippi and Paciello (2015) in the context
of a pricing model of inattentive producers with time-dependent revelation of information. Average
age provides information about the speed at which the average firm adjusts to the perturbation from
the steady-state. Remember, average age is different to expected duration, and it also considers its
dispersion. Thus the older is average capital in the economy and the more dispersed its duration, the
longer the transition. Consider a frictionless limit in which all firms continuously invest to brings capital
gaps to zero. Since capital in all firms would have age equal to zero, the economy reaches its steady-state
immediately.

Now consider the case m = 2, where we have that

CIR2(0)/26 = Cov|z,ad] —gzIE[a] + 0(9). (27)

To fix ideas, assume v < 0 so that the second term is positive. It is clear that a positive d-perturbation
could in principle generate a positive or negative CIR for the second moment depending on the value
of the covariance. In turn, the value of the covariance depends on the model. Using an alternative

16 e can derive

expressions for the Taylor and the Calvo models: CIR2™'“ (6)/6 = —vE[7] (02/20% — E[7]/12) and
CIRSv°(5)/6 = —vE[r] (0%/2v* — E[r]). For the same average duration, the two models may imply

expression for CIRy in terms of the first three moments of the duration distribution,

CIR2(6)/6 = v [E}E’ij‘% - % - Z—;E{;H In Taylor, we substitute E[7™] = E[r]™; while in Calvo we substitute
E[r™] = m!E[r]™.
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different signs for the transitional dynamics of the second moment; this is due to differences in the tail

and the mode (¢ = —vE[a] > 0) of the duration distribution generated by each model.

3.2.2 CalvoPlus model

Consider CalvoPlus adjustment costs. As explained in Section 2.2, this adjustment cost structure nests
the Calvo model, the fully state-dependent model, and their combination. This model also delivers a very
simple expression for the CIR, as a linear combination of two simple moments of the joint distribution

F(z,a) for all cases.
Proposition 3. In the CalvoPlus model, for every m > 1:

CIR(5)/)5 = E o] —vCovle™a) o(9). (28)

o2

The proof uses the induction hypothesis. The guess for the moments in which the CIR is projected is
suggested by the generalized hazard model below. Equation (28) shows that, up to first oder, there exists
a one-to-one mapping between ergodic moments and the CIR. To build the intuition for this result, let
us focus in the case m = 1. Consider v = 0 so that the CIR; is given exclusively by Var[x]/o?, the
dispersion of capital gaps normalized by the idiosyncratic volatility. This dispersion encodes information
about agents’ responsiveness to idiosyncratic shocks (the higher is the ratio the less responsive is the
policy), and in turn, the responsiveness determines the speed of convergence to the steady-state. In the
case v # 0, the covariance between capital gap age and the investment rate appears in the expression to
correct for the dispersion generated by the drift (which is orthogonal to the dispersion due to idiosyncratic
shocks).

Now consider m = 2. As with the time-dependent models, the dynamics of the second moment

can have either sign. Assume v < 0 and o sufficiently large. Then Cov [wQ

,a] > (, since larger age is
associated with larger accumulated gaps. Then the sign of the CIRs depends on the asymmetry of the
capital gap distribution, measured through its third moment E[z3], which in turn depends on how much

an asymmetric policy compensates the drift (recall Figure II).

Relation to the literature. With zero drift and a symmetric policy (Z = 0), one can recover ergodic
moments from data with an expression similar to (19) given by!”
2 E [(—Az)™?]

B2 = i Dm+2  Epey (29)

Combining the CIR; in the CalvoPlus model (28) with the expression for o2 in (18) and the new expression
for E[z?] in (29), we obtain the well-known “kurtosis” formula in Alvarez, Le Bihan and Lippi (2016):
E[x?] E[7] E[r] E [Az?] E[7]

CIR1(5)/5 = 2 = E[Aan]E[xQ] = 5 E[AxQ]Q = 5 KuT[A(I}] (30)

We complement their analysis by introducing the link to the ergodic variance Var|z]/o?.

17See Web Appendix for the observation formulas for v = 0.
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3.2.3 Generalized hazard models

Finally, we proceed to characterize the CIR for the most general case, where we do not impose any
structure to the adjustment hazard. The strategy is as follows. We set as an upper bound the value of the
CIR obtained for fully time-dependent models. This value reflects the adjustments along the intensive
margin exclusively, as agents cannot affect the duration of inaction. Then, we consider an additional term
that captures adjustments through the extensive margin or changes in the duration, which are available
in models with a state-dependent component, that can only reduce the value of the CIR.

There are two challenges involved in bringing discipline to the extensive margin. First, the extensive
margin does not only depend on the immediate response of the aggregate duration, but it also reflects
all current and future changes in duration. Second, even if we had the whole sequence of adjustments
in duration that follows a perturbation, the extensive margin also depends on the capital gaps of the
particular set of firms selected to invest. Next, we develop a way to discipline these margin in a general

setting.

How to characterize the extensive margin? In order to characterize the extensive margin, we

introduce the following auxiliary function:
gml7) = B2l +a] — B [z, +2)"| &), (31)

The first term in (31) equals the expected capital gap at the moment of adjustment when the initial
condition is Z + x; while the second term equals the expected capital gap at the moment of adjustment
plus a deterministic increase of size x when the initial condition is Z. The difference between these two
functions of x provides information of how the stopping time policy depends on the initial condition and
how it correlates with the capital gap. To see this clearly, recall that the expected capital gap at the

moment of adjustment is equal to x; = & — Az and we can re-express g,,(x) in the following way:
gm(z) = B |(&+z — 7™ — O'WTa”c+x)mi| —E [(56 +z—vrt — O'W.,.;i;)m} , (32)

where 77 is the stopping time with initial condition z. In equation (32) we observe that if 7 is independent
+r

of the initial condition, i.e. 7% % = 7, as in time-dependent models, then g,,(z) = 0 for all
x, implying that the extensive margin is null. For other models, the derivatives of g, with respect to
the initial condition, evaluated at zero, provides a micro-elasticity of firms’ idiosyncratic response to the
new initial conditions though changes in its stopping time 7. With this function at hand, we proceed to

characterize the CIR,, for the general hazard model.

Proposition 4. Assume v £ 0. In the generalized hazard model, for every m > 1:

CIRm(8)/6 = Zm—E™ Oy + o(d), (33)

17



where the margins of adjustment are given by:

2

(total)  Zm = T+ Op— %Zm_l, (34)
2
—1
(intensive) I, = mE[z2™ ] + ﬂ{ng}a m(;rj )E (2™ 2a] (35)
(extensive) O, = Z O jE[27], with (36)
j=0
_ LR (@0 (0)/m 41 dRg,(0)
bmg =5 kz klj! [ dak+1  dat (37)
2J

Equation (33) measures the total effect of the §-perturbation as an area with height of § and a base
given by Z,, constructed with two components: I',,, which measures adjustments through the intensive
margin and its expression is identical to that for time-dependent models in equation (25); and ©,,,, which
measures adjustments through the extensive margin and its expression is a linear combination of ergodic
moments. In turn, the weights 60,, ; or micro-elasticities are written in terms of derivatives of the auxiliary
function g,,, evaluated at zero.

The proof of Proposition 4 is constructive and has two steps. The first step constructs two Bellman
equations to characterize the intensive I'y, and the extensive ©,, margins of adjustment. The second
step we proceeds similarly to Proposition 1 and expresses each Bellman equation as a function of ergodic
moments using a combination of Ito’s Lemma, Optional Sampling Theorem and the occupancy measure.

We cannot solve analytically for the extensive margin, but we do it numerically.

Necessity of micro-elasticities. Proposition 4 uses steady-states moments plus micro-elasticities to
discipline the dynamics of the distribution capture in the CIR, especially the extensive margin. A natural
question arises: Are the micro-elasticities necessary to discipline the extensive margin? The answer is
yes, as we show with the following counterexample.!®

Let T = E[r] denote average duration. Consider an inaction model with adjustments at fixed dates
(Taylor-type) and a standard Ss model; assume away idiosyncratic shocks (¢ = 0) and allow for a
non-zero drift (v # 0). In these two models there exists a steady-state with a uniform distribution of
capital-gaps and an investment distribution with an atom at —vT'; thus they produce the same ergodic

moments.' Now, let us study transitional dynamics for § < 0. As stated by the theory, in both models

the intensive margin is equal to the average age: I'y = T/2. Since the Taylor model is time-dependent,
©1 = 0 and its CIR; equals: CIR Y (6)/§ ~ T/2. In the Ss model, the extensive margin is equal to
01 = 010E[z°] = —T/2(as6y,; = 0forj > 0), and its CIR; equals CIRT*(8)/d ~ T/2—T/2 = 0. This

result mirrors the classic money neutrality outcome in Caplin and Spulber (1987) in lumpy adjustment
models.
The previous counterexample illustrates that two models may produce the same steady-state statistics,

but nevertheless, they can exhibit completely different transitional dynamics. Our explanation lies in the

18See Web Appendix B.2 for the proof.

9These two models have several ergodic time-varying distributions that depend on the initial condition. To generate an
unique ergodic distribution for any initial condition, we add a small and random probability of free adjustment. Besides
generating a unique ergodic distribution, it gives differentiability to the CIR at § = 0 in the Ss model.
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differences in micro-elasticities, zero in the Taylor-type model and —I'; in the Ss model. Therefore, there
are cases for which the micro-elasticities are relevant objects for characterizing the extensive margin, and
our theory can guide researchers in finding experiments or exogenous variation to compute them.

In the following section we apply our theoretical results to the data.

4 Application: Investment Dynamics

In this section, we revisit the investment model from Section 2 and apply our tools using establishment-
level data to gauge the magnitude of capital misallocation in steady-state as well as the transitional

dynamics of aggregate capital.

4.1 Data description

Sources. We use yearly microdata on the cross-section of manufacturing plants in Chile from the
Annual National Manufacturing Survey (Encuesta Nacional Industrial Anual) for the period 1979 to
2011.20 Information on depreciation rates and price deflators used to construct the capital series comes
from National Accounts and Penn World Tables. We report statistics for the total capital stock as
well as for structures, a capital category that represents approximately 30% of all investment in the
manufacturing sector and features the strongest lumpy behavior. We consider all plants that appear in

the sample for at least 10 years (more than 60% of the sample).?!

Capital stock and investment rates. We construct the capital stock series through the perpetual

inventory method (PIM).?2 Let firm’s w stock of capital of type j on year ¢ be given by:
Kw,j,t = (1 — 5j)Kw,j,t—1 + Iw,j,t/Dj,t for Kw7j1t0 given, (38)

where the depreciation rate d; is a type-specific time-invariant depreciation rate; price deflators D;; are
gross fixed capital formation deflators by capital type; and initial capitals Kj; ;;, are given by the firms’
self-reported nominal stock of capital of type j at current prices on the first year in which they report
a non-negative capital stock. Gross nominal investment I, ;; is based on the information on purchases,

reforms, improvements, and sales of fixed assets reported by each plant in the survey:

I, j: = puchases, ji + reforms, ji + improvements, j; — sales, j (39)

20This data has been used by Liu (1993) to examine the role of turnover and learning on productivity growth; by Tybout
(2000) to survey the state of the manufacturing sector in developing economies; and more recently, by Oberfield (2013) to
study productivity and misallocation during crises.

2IThe Online Data Appendix presents all the details on the data, construction of variables, and analysis for each capital
category separately: structures, machinery, equipment and vehicles. Additionally, we repeat all the analysis for Colombia,
using the Annual Manufacturers Survey Encuesta Anual Manufacturera for the period 1995-2016. This data has been used
by Eslava, Haltiwanger, Kugler and Kugler (2004, 2013) to study the effect of structural reforms and trade liberalization on
aggregate productivity. Results are very similar across the two countries, so we focus here the analysis for the Chilean data.

22Gee Section A.2 for details on the PIM method and several checks on the data.
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Once we construct the investment and capital stock series, we define the investment rate i, ;; as the ratio

of real gross investment to the capital stock:

Lo jt/Djt

S 40
/vajvt Kwyjyt ( )

Table I presents descriptive statistics on investment rates. Inaction is defined as investment below 1%
in absolute value; positive spikes are investments above 20% and negative spikes below —20%. Besides
the statistics for Chile, we include the numbers reported by Cooper and Haltiwanger (2006) for 7,000
US manufacturing plants between 1972 and 1988.23 Structures presents an inaction rate of 76% and a
large fraction of positive spikes of 31%. Investment rates are very asymmetric (the frequency of positive
investments is larger than the frequency of negative investments) and serially uncorrelated, as in the US
data. The zero correlation of investment rates in the data is consistent with the model we developed in

the previous section.

Table I — Investment Rates Statistics

Structures Total US

Average Investment 10.3 18.3 12.2
Positive Fraction (i > 1%) 22.8 56.7  81.5
Negative Fraction (: < —1%) 1.4 4.0 10.4
Inaction rate (|]i| <= 1%) 75.8 39.3 8.1
Spike rate (|i| > 20%) 10.2 24.3 204
Positive spikes (7 > 20%) 9.7 23.2 186
Negative spikes (i < —20%) 0.5 1.0 1.8
Serial correlation 0.0 0.0 0.1

Sources: Own calculations using plant-level data for Chile. The time period is 1979-2011 for plants that appear in the
sample for at least 10 years. US refers to data in Cooper and Haltiwanger (2006) which covers manufacturing plants total
investment in the US from 1972 to 1988. Investment rates reported in this table are computed as real investment divided
by initial capital. We use perpetual inventories to compute capital stock. We eliminate investment rates below the 1st

percentile and above the 99th percentile of the investment rate distribution.

4.2 Construction of capital gaps and duration

To apply the theory, for each firm w and each inaction spell k, we record the capital gap change upon
action Az, ;, and the spell’s duration 7, ;. Recall that the capital gap change is given by the log difference

in the capital stock between adjustment dates:

Axu),k = Tty — Tty p—1 = log (Ktw,k/Ktw,k—l) = log (1 + iw,t) (41)

23The Data Online Appendix shows numbers reported in Zwick and Mahon (2017) from tax records for US firms. In
particular, the weighted inaction rate across firms is 30% in their unbalanced panel.
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Using the information on investment rates, we construct capital gap changes as:

log (1 +¢ if 7 > 9
Ars = g (14w k) i | > i (42)
0 if |iw,k‘ < Z,

where 7 > 0 is a parameter that captures the idea that small maintenance investments do not incur the
fixed cost. Following Cooper and Haltiwanger (2006), we set ¢ = 0.01, such that all investments smaller
than 1% in absolute value are excluded and considered as inaction. Finally, we compute a spell’s duration

as the difference between two adjacent adjustment dates:>*

Twk = tw,k _tw,k—l- (43)

Figure III plots the cross-sectional distribution of capital gap changes for structures and the total capital
stock. In each figure, we show the distribution for two subsamples: observations with spell duration
above the average (dark bars) and spell duration below the average (white bars). Interestingly, the two
populations present the same behavior in terms of adjustment size: there is a large mass concentrated
at low levels of capital gap changes and there are a few firms that have very large adjustments, and the
distribution is asymmetric. Moreover, given that the two distributions lie on top of one another, there is

no apparent correlation between adjustment size and duration.
Figure III — Distribution of capital gap changes by duration

A- Structures B- Total

0 I Spelis below aver. duration 0
1 Spells above ave. duration

T T T T T T T T T T T T T T
-3 0 3 6 9 1.2 15 -3 0 3 9 1.2 15

. .6
Capital gap change Capital gap change

As the next step, we put the theory to work by computing the cross-sectional statistics of the capital
gap changes and duration in order to back out the parameters of the stochastic process as well as the
ergodic moments. With these objects at hand, we use the theory to provide evidence against fully

time-dependent models and in favor of hybrid models, and study the transitional dynamics via the CIR.

248ee the Online Data Appendix for corrections due to duration dependence and unobserved heterogeneity.
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4.3 Putting the theory to work

The relationships derived in Proposition 1 tell us how to use cross-sectional data on capital gaps and
duration to pin down the parameters of the productivity process, the reset point, as well as the ergodic
moments, which in turn are used to construct the CIR. Table II summarizes the statistics calculated from

the microdata which serve as inputs into the formulas, as well as the theory’s output.

Table II — Inputs from Micro Data and Outputs from the Theory

Inputs from Data Outputs from Theory
Structures Total Structures Total
Frequency Parameters
E®[7] 2.441 1.714 v -0.111 -0.129
CV?3[7] 1.093 0.855 o’ 0.076 0.067
z 0.013 0.039
Capital Gaps Steady State Moments
E®[Az] 0.271 0.220 Var[z] 0.228 0.149
E*[Az?] 0.192 0.132 E[a] 2.554 1.590
E*[(& — Ax)?] -0.186 -0.099 Covla, ] 0.914 0.417
Covariances Transitional Dynamics
Cov®[r, Az] 0.063 0.040 Var[z]/o® 3.014 2.240
E[r (& — Ax)?] 0.534 0.254 —vCovla, x| /o 1.340 0.803
CIR1(0) 4.354 3.043

Sources: Authors’ calculations using establishment-level survey data for Chile.

The left part of Table II shows the inputs from the data: cross-sectional statistics for frequency,
capital gaps, and covariances between them. The right part of the table shows the outputs from our
theory: estimated parameters v,02,# and ergodic moments Var[z], Cov|x,a], and the CIR;(6) for the

CalvoPlus model.

4.3.1 Inputs from microdata

Consider first the distribution of expected times 7. We obtain an average expected time to adjustment
of E[r] = 2.4 years with a large dispersion, suggesting substantial heterogeneity in adjustment times
across plants. Now consider the distribution of capital gaps; it has an average of E[Az] = 0.27 and a
second moment of E[Az?] = 0.19, and it is right-skewed. The covariance between adjustment size and
expected time is almost zero Cov|r, Az] = 0.06. As we discuss below, this zero covariance is one of the

key statistics that allows us to discern across inaction models.
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4.3.2 Outputs from theory: parameters

Let us know explain the parameter values implied by our formulas. From (18), the implied drift, which

captures the depreciation rate, productivity growth, and changes in relative prices, equals

E[Az] 0.271
- = = g1 44
Y E[r] 2.441 0-1i1, (44)

and the volatility of idiosyncratic shocks equals

= 0.27. (45)

Note that the main component that drives the volatility estimate is the second moment of capital gap
changes, normalized by expected duration, whereas the drift term is negligible. The calibration for the
volatility of innovations in the literature falls within a very wide range, from 0.052 in Khan and Thomas
(2008) to 0.121 in Winberry (2016) to 0.202 in Bachmann, Caballero and Engel (2013).2° Tt is worth
noting that these calibrations are done jointly with the fixed adjustment cost within a particular inaction
model. In contrast, our volatility estimate is pinned down directly through our model-independent
mapping between data and parameters. Lastly, the observation formula for the reset capital gap in (17)

implies that, upon adjustment, capital gaps are reset on average 1.3% above the average capital gap:

. E[Az] 9\ , Covlr,Az]
P = = (I—CV[T] >+W — 0.013 (46)
0.14 ~0.23 o2

As with the covariance, the reset state together with the drift provide very useful information to tell

apart families of inaction models, as we explain below.

4.3.3 Output from theory: ergodic moments.

According to the observation formula (19), the steady-state dispersion of capital gaps Var|z]—a notion

of misallocation—can be expressed in terms of capital gap changes and the reset point as follows:

#3 —E[(2 — Ax)3)
3E[Az]

Varlz] = = 0.23, (47)

where the cubic powers capture asymmetries in the distribution. The average age E[a] is recovered

using information about the average and the dispersion of adjustment times from (20). Following our

25The original numbers used in those papers are 0.022 and 0.049, respectively. Since we abstract from labor and our
productivity is rescaled, we must adjust their volatilities by a factor 1/1 — « in order to make their numbers comparable
to ours. We assuming a labor share of « = 0.58 and obtain the numbers above. Additionally, for Bachmann, Caballero
and Engel (2013) and Winberry (2016), we convert their quarterly volatilities 0? = 0.024,0.047 to yearly taking into

account their yearly growth rate standard deviation: ¢* = 0‘1\/‘1’4_;; + 14 p2+ p* + p%), with p = 0.94,0.86. Lastly, for
Bachmann, Caballero and Engel (2013), we only consider the idiosyncratic shocks (excluding the sectorial shocks). Recall

that we only consider here structures.
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earlier discussion on renewal theory—larger stopping times are more representative in the sample—the

heterogeneity in expected times increases the average age:

Ela] = E[r]/2 <1+(CV[T]2> = 2.52. (48)
N ——————

1.2 21

Lastly, equation (21) implies that the covariance between age and adjustment size suggested by the data

is positive:

1 |E |:7' (z— Aa:)Q}

Covlz,a] = — —Var[z] — 0®Eld] | = 0.914. (49)
2 = 0.23 0.20
0.22 ' '

This positive covariance between capital gaps and capital age means that the capital holdings of plants
that have not adjusted in a long time (their capital is old) are above the gap of firms that have recently
adjusted. In the next section, we discuss how this covariance as well as other objects compute above

allows us to discern across models of inaction.

4.4 Discerning between inaction models

Let us recall the only two assumptions we have made to establish the link between data and ergodic
moments and parameters: (i) capital gaps follow a Brownian motion, and (ii) the reset state Z is constant
across plants and time. We have not assumed any particular inaction model or parametric restriction of
the plants’ state besides those imposed to the capital gaps x. Clearly, plants may have other drivers of

their investments besides capital gaps and we do not impose any structure on those.

Evidence against fully time-dependent models. A first source of evidence against this family is
the zero covariance between duration and adjustment size. According to our formulas, in fully time
dependent models it equals Cov[r, Az] = Var[r] = 6.5, which is extremely large compared to its tiny
value in the data. A second source is the reset state: if the driver of inaction was fully time-dependent,
then the reset state should be equal to #4meder = _pE[a] = —0.111 x 2.554 = 0.279, twenty
times larger that the reset state implied by the data %% = 0.013. We conclude that there exists an
important state-dependent component that trades-off a lower reset state with an asymmetric policy in

order to compensate the drift.

Mixed evidence of state-dependent models. Fully state dependent models are characterized by
an increasing adjustment hazard: the covariance between duration of inaction and the adjustment size is
positive. Even more so if there is a negative drift: the longer the inaction period, the larger the amount
of idiosyncratic shocks that have accumulated. For this reason, one would expect a positive covariance:
the longer the inaction period, the stronger the effect of the drift; consequently, upon taking action, the
investment rate should be larger. Again, this is invalidated by the data, as the covariance is very small.

Recall that the drift in capital gaps is equal to minus 11%. As firms that reset their capital gaps do it to
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a point 1.3% above the average, the part of the drift that is not compensated by the reset state (9.7%)

must be accommodated through an asymmetric policy. This is in favor of state-dependent models.

Evidence in favor a hybrid model. The data points towards a hybrid model with both time and
state-dependent components. A tiny covariance between adjustment sizes and duration, Cov[r, Ax] ~
0, which in turn implies a positive covariance between capital gaps and capital age of Cov[z,a] ~ 1.
This provides evidence that plants compensate part of the structural shocks they receive. However,
compensation is not total. This can be seen with the ratio Var[z]/o? = 2.8, which is quantitatively
close to the expected duration E[r] = 2.4. This suggests that the dispersion—a measure of ex-post
heterogeneity—is almost equal to the fundamental volatility o2 times expected duration. In other words,
there is a large passthrough of productivity shocks to capital misallocation, signaling inefficient capital
adjustments. Moreover, comparing this result to (18), implies that 2v& = 0: the large negative drift of
—11% is undone by firms through their adjustment policy.

While some of these moments appear counterintuitive, we want to stress again that they come directly
from the data. Thus the empirical evidence suggests a hybrid model with both state and time dependent
components. For this reason, we focus on a CalvoPlus structure for adjustment costs and proceed to

analyze the dynamics of aggregate capital for this family.

4.5 Business cycle dynamics in CalvoPlus model

Now we assume the CalvoPlus model to analyze transitional dynamics of the first moment of capital
gaps. We consider an unanticipated permanent aggregate productivity shock that shifts horizontally the
distribution of idiosyncratic productivity of all firms. If this model is true, where both intensive and

extensive margins are active, we obtain that

Var[z] v Covla, z]

CIRy (§)/6 ~ ——5— — — 5 = 4.354. (50)
—
3.014 1.340

The fact that the CIR1(d)/d = 4.354 is larger than its upper bound, that of a fully time dependent
model given by CIR1(6)/0 = Ela] = 2.55, suggests that their is no calibration such that the CalvoPlus

generates the values of the ergodic moments in the data.

Calibration strategy. Now we show that the CalvoPlus model cannot generate jointly the four scalars
that determine the CIR;. The parameters for the stochastic process of the capital gaps (v,02) =
(—0.111,0.076) and the reset state & = 0.013 are taken from the data through our formulas, see Table
I1. We are left with four parameters to calibrate: the upper and lower border of the inaction region (z, ),
and the arrival rate of free adjustment opportunities A. To set the remaining parameters, we follow the
following strategy. First, we find the arrival rate of free adjustments A to match the average expected
time to adjustment E[7] = 2.44. The implied X is plotted in Figure IV. Then, we vary the normalized
borders of inaction (z — #,T — &) and compute the implied capital gap variance Var|z] and covariance

with age Covlz, a] for those parameters.
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Figure IV — Calibration of arrival rate of free adjustment opportunities
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Figure V plots these key moments for different values of the normalized inaction regions (and the
implied A that matches average duration). The variance is increasing in both sides of the inaction region,
while the covariance is decreasing in the lower band and increasing in the first. Given these shapes, we
find that, in order to match the variance of capital gaps Var|z|, we need a wide upper band T — & = 4
and a wide lower band £ —z = 2 (and a large A = 0.34); in other words, the variance calls for
wide inaction region with frequent free adjustment opportunities. In this case, the adjustments would be
primarily driven by the Poisson arrival rate, as in a Calvo model. In contrast, to match the covariance
of capital gap and its age, we still need a wide upper band T — & = 4 but a very narrow lower band
Z—x = 0.3 (as well as alow A = 0.005); thus, the covariance calls for a one-sided inaction region and
infrequent opportunities to adjust. This is close to a standard menu cost model with very asymmetric

inaction regions.

Figure V — Key moments generated by the random fixed cost model
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In summary, the random fixed cost model cannot match simultaneously the two key moments that it
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must satisfy for the CIR of average capital.

4.6 Heterogeneity concerns

One obvious concern that arises regarding the empirical analysis is that different layers of heterogeneity
may affect the computation and the interpretation of cross-sectional statistics. To mitigate this concern,
we repeat the analysis considering eight 2-digit subsectors within manufacturing and also different plant

sizes in terms of their number of workers.26

Table III — Inputs from Micro Data and Outputs from the Theory by Size and Sector

Inputs from Data Outputs from Theory
Plants size Excluding Plants size Excluding
Small Large Textile/Chemical Small Large Textile/Chemical
Frequency Parameters
E*[7] 2.862 2.300 2.445 v -0.111  -0.111 -0.110
CV?3[7] 1.167 1.012 1.096 o? 0.077 0.078 0.075
T 0.004 0.013 0.011
Capital Gaps Steady State Moments
E*[Az] 0.317 0.256 0.270 Var[z] 0.220 0.244 0.228
E*[Az?] 0.222  0.185 0.190 E[a] 3.101 2314 2.563
E*[(& — Ax)?) -0.209  -0.187 -0.184 Covla, ] 0.849 1.016 0.922
Covariances Transitional Dynamics
Cov®[r, Az] 0.088 0.033 0.059 Var[z]/o? 2.870 3.145 3.021
E*[r(z — Az)?] 0.769  0.455 0.531 —vCovla,x)/c? 1227  1.454 1.350
CIR, () 4.097 4.599 4.371

Sources: Authors’ calculations using establishment-level survey data for Chile.

Regarding the sectoral composition, we find that besides textiles and chemicals, all other sectors
present very similar investment patters. Table I1I recomputes our formulas excluding textiles and chem-
icals and we find that neither the inputs from the data nor the outputs from the theory differ from the
numbers that include these sectors. We conclude that heterogeneity across sectors should not be a con-
cern once these two subsectors are excluded. Regarding plant size, things are more interesting. Across all
capital categories, average investment, the frequency of non-zero investments, and the fraction of spikes
are increasing in plant size; in contrast, the inaction rate decreases with size. Table III recomputes our
formulas splitting the sample in small and large plants. Not surprisingly, the inputs from the data are
different for small and large firms. What is really striking is that the parameters of the stochastic process

that we recovered are identical same across sizes: firms are hit with the same type of shocks. In terms

263ee Data Online Appendix for details. Table XIV reports cross-sectional statistics by subsectors: (1) Food and beverages;
(2) Textile, clothing and leather; (3) Wood and furniture; (4) Paper and printing; (5) Chemistry, petroleum, rubber and
plastic; (6) Manufacture of non-metallic mineral products; (7) Basic metal; (8) Metal products, machinery and equipment.
Table XVI reports cross-sectional statistics by quartiles of the average number of workers during the sample period: small
plants (0-25%, S), medium plants (25-50%, M), large plants (50-75%, L), and very large plants (75-100%, XL).
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of ergodic moments, larger plants have more dispersed capital gaps, capital is younger on average, and
have a larger covariance; all of these forces increase the CIR.

Overall, heterogeneity across sectors and across plant size does not change the conclusion.

5 Extensions and Generalization

In the previous sections we specified parametric restrictions to the inaction model and to the firms’
state space. Such assumptions exclude from our analysis models with fixed adjustment dates as in
Taylor (1980), models with observation costs as in Alvarez, Lippi and Paciello (2011), and several others.
Nevertheless, it is possible to extend our theory to accommodate richer models. In this section, we
generalize our results to consider any stopping-time model or state space, explaining the assumptions on
policies and processes that are key to apply our tools.

Second, we extend the analysis in three directions, to consider: (i) transitions of higher moments
(m > 1) of the distribution; (ii) transitions starting from any general initial condition Fp; and (iii)
transitions for a mean-reverting process. In each case, we focus on the one property that delivers the
most interesting mechanism.?” We denote conditional distributions as Z|Y’, conditional expectations with

initial condition z as E*[Z], and the minimum between two stopping times as t A s = min{¢, s}.

5.1 Generalization

Let (€2, P, F) be a probability space equipped with a filtration F = (F;;t > 0). We consider an economy
populated by a continuum of agents indexed with w € (), where agent w’s information set at time ¢
is the filtration F;. Each agent’s uncontrolled state is given by Si(w) = [F¢(w),S; % (w)] € RMF K=,
The state is split between a main state T and a set of complementary states S’[z. The main state
follows a Brownian motion dZ;(w) = odWi(w). Agent’s policies consist of a sequence of adjustment

dates {7}7°_ ; and adjustments sizes {ASy, }°_ |, measurable with respect to F;. Given these policies

1s
{m(w), AS, (w)}3°_ 1, the controlled state S;(w) evolves as the sum of the uncontrolled state plus the

adjustments: Sy(w) = Sy(w) + Do (w)<t DS (w)-

The first premise for our theory is a recursive representation of the conditional CIR, both between
and within stopping dates. This demands S;(w) to be a sufficient statistic for the conditional CIR, which

in turn requires that the policy is history independent. Formally, this mean that

Ti+1 T
E [/ f(xt)dﬂfn/\t(w)] =K |:/O f(xt)dﬂs'ri/\t(w) = Uf(‘sn/\t(w))? for all t(w) S Ti+1-

i/\t(w)

Since the main state follows a Brownian motion, the burden of this requirement falls completely on the

complementary state and the policy. Assumption 1 and 2 formalize these requirements.

2"The Web Appendix presents the full characterization and analysis of the three properties.
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Assumption 1 (Markovian complementary state). The complementary state gt_ ¥ follows a Strong
Markov process:

e @) Fnn, = S (@IS any (@), Yk (51)

To understand this assumption, consider a history w such that ¢t < 73(w). In this case, the comple-
mentary state’s law of motion depends only on its current value; thus it is independent of its own history.
Additionally, the complementary state is an homogenous process, since its law of motion at date t is
equivalent to its law of motion at zero, given an initial condition. In the complementary case t > 71 (w),
these properties continue to hold, thus the stopping policy does not reveal new information about the

complementary state’s law of motion.

Assumption 2 (Markovian policies). Policies satisfy the following conditions:
Tht1 | Frpth = T1|Sm4n forall h € (0,741 — 73] (52)

A second premise in our theory is that we can characterize the CIR with the first stopping time of
every agent. This means that, upon taking action, agents fully adjust to include any deviations from their
steady-state behavior and come back to the steady-state process. This would imply that S;, is ¢id across
time and independent of the history previous to the adjustment. The challenge with stochastic iid resets
is that is makes it more difficult to identify the parameters of the stochastic process, e.g. differentiating
the fundamental volatility ¢ from the volatility arising from a random reset state. Therefore, in order for

the reset state to be sufficiently informative, we ask that it is a constant z,, = #.28

Assumption 3 (Constant reset state). The reset state is constant: x,, = & for all k.

It is straightforward to check that the previous assumptions hold in the investment example developed
in Section 2. For Assumption 1, the complementary state is given by the arrival of free adjustment
opportunities Ny, which is assumed to be a Poisson counter process and thus a Strong Markov process.
The requirements in Assumption 2 and 3 are also satisfied. We showed that the reset capital gap is
constant; and since the stopping policy is an inaction set with respect to the controlled state, the stopping
policy is history independent within and between adjustments.

Finally, in order to apply the Optional Sampling Theorem, we require several stopping processes to

be well-defined (finite moments at the stopping-time).2?

Assumption 4 (Well-defined stopping processes). The processes ({fg siam st} ,7') for all m
t

and j = 0,1, are well-defined stopping processes.

The previous Markovian requirements are enough in order to characterize the aggregation, represen-
tation of the intensive margin, and observation properties; however, in order to apply the representation
property to the extensive margin, we must require one additional assumption. There must exist an

equivalent representation of the extensive margin as a function exclusively of the main state x. For this,

28In this paper, we ignore ex-ante heterogeneity across agents (that could be reflected in different reset states and policies),
but this can be relaxed. Nevertheless, it remains crucial that history is erased at the moment of reseting the state.
29Gee Web Appendix A for a formal definition of a well-defined stopping process.
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we require that there exists a stopping policy 7" that only depends on the main state z and can fully
describe the extensive margin by itself. For instance, a stopping policy given by a Poisson counter with

hazard A(x)dt satisfies this requirement.

Assumption 5 (Hazard). Assume that there exist a stopping policy T s.t.

T ES [pm+2 ) . T Ex 7Ti+2 9
E / 0 [IT /m + } _ ES [$T+1] dt| = EZ / 0 [xr /m + ] _ E* [JZ'T:'_I] dt 7
0 ox 0 ox
(53)
and there exist a smooth function gn,(x) such that
gm(z) = E¥7[(& — Az)™] - RE[(& — Az +2)™], VYm. (54)

where Az is under the policy T*.

5.2 Extensions

Now that we have stated the formal requirements needed to apply our theory, we proceed to develop
the three extensions. To highlight the new mechanisms, in all the extensions we focus on the driftless

case v = 0, but the proofs are straightforward to extend to consider a non-zero drift.

Extensions I: CIR for arbitrary functions the capital-gaps. This section provides formulas for
the CIR of the m-th moment for different classes of models. Additionally, these formulas have two useful
applications. They can be used to (i) derive bounds for the dynamics of functions of the m-th moments,
and (ii) study transitions of any arbitrary function of the state. To illustrate the first application, let us
consider the transitional dynamics for the variance. Using Jensen’s inequality, we derive an upper bound

on the variance’s CIR:3Y

CIR(Var[z]) = /0 T (Vile] - V[e])dt < CIRa(6) — CIRy(5)2. (55)

To illustrate the second application, consider a smooth function of the state f(z). For example, in
many models the aggregate welfare criteria can be written in this form. Using a Taylor approximation
around zero, we write the CIR of the f(z) function in terms of the state’s CIR, weighted by the Taylor

factors.
oo

CIR(f(z)) = /OooEt[f(w)]—E[f(w)]dt = .

j=1

df’(0) CIR; (9)
P (56)

Extension II: Transitional dynamics for higher moments We first consider the transitional dy-
namics for higher moments of the distribution (m > 1). The initial condition remains to be a mean
translation of the steady-state distribution. In this case, we focus the discussion on the representation of

the intensive margin.

SCIR(Var([z]) = [ (Vel[2] = Viz])dt = [;° (E¢ [2°] — E[2?]) dt — [3° Ee [2]* dt < CIR2(8) — CIRT(6).
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Proposition 5. Assume dz; = odWy. To a first order, the transitional dynamics of the m-th moment
are given by
CIR,(0)/6 = Ty + Op —E[z™]O9 + 0(9) (57)

where the intensive margin relates to ergodic moments as follows:

I, = mE[z™ 4], (58)
E[z™"a] = = Elraam _ e (59)
’  m(m+1) E [Az?] o2 '
To focus on the intensive margin, assume ©,, = 0 for all m and consider the transitional dynamics

for the state’s first three moments by setting m = 1,2,3. We have that

CIRy(6)/6 = T1 = Eld (60)
CIRQ((S)/(S = FQ = QE[ma] (61)
CIR3(6)/6 = T3 = 3E[z%q] (62)
As discussed earlier, the dynamics of the first moment (m = 1)—average capital gaps—are fully driven
by the state’s average age. The dynamics of the second moment (m = 2)—dispersion of capital gaps or

misallocation—are driven by the covariance between the age and the size of capital gaps. If this covariance
is zero, then the distribution’s second moment remains constant along the transition path. Asymmetry
in in the agents’ investment policy, which generates a skewed ergodic distribution, is one way to generate
a non-zero covariance. This interaction between the business cycle dynamics of capital misallocation
and the asymmetry of the ergodic capital distribution is studied by Ehouarne, Kuehn and Schreindorfer
(2016) and Jo and Senga (2014). Finally, the dynamics of the third moment (m = 3)—skewness of
capital gaps—are driven by the covariance between age and the square of capital gaps. Note that if the
ergodic distribution features excess kurtosis, then the skewness of the distribution will change along the
transition.

Proposition 5 provides formulas for the CIR of the m-th moment. Additionally, these formulas have
two useful applications. They can be used to (i) derive bounds for the dynamics of functions of the
m-th moments, and (ii) study transitions of any arbitrary function of the state. To illustrate the first
application, let us consider the transitional dynamics for the variance. Using Jensen’s inequality, we

derive an upper bound on the variance’s CIR:3!

CIR(Varfs]) = /0 T (Vyla] = V[])dt < CIRa(6) — CIRZ(9). (63)

To illustrate the second application, consider a smooth function of the state f(z). For example, in
many models the aggregate welfare criteria can be written in this form. Using a Taylor approximation

around zero, we write the CIR of the f(z) function in terms of the state’s CIR, weighted by the Taylor

UCIR(Var(z]) = [° (Velz] = V[z])dt = [° (B [2%] —E [2?]) dt — [[°E: [2]” dt < CIR2(5) — CIR3(9).
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factors. .
df?(0) CIR;(6)

dxi g!

CIR(f(z)) = /OmEt[f(x)]—E[f(w)]dt = >

j=1

(64)

Extension III: General initial conditions This extension considers transitional dynamics for general
initial conditions. For instance, since the work on uncertainty shocks by Bloom (2009), there has been a
large literature interested in the macroeconomic consequences of uncertainty in the business cycle. Within
our framework, these aggregate uncertainty shocks can be studied by setting the initial distribution
as a mean-preserving spread of the steady-state distribution. Moreover, the interaction between first
and second moment shocks, as studied by Aastveit, Natvik and Sola (2013), Vavra (2014), Caggiano,
Castelnuovo and Nodari (2014), Castelnuovo and Pellegrino (2018), and Baley and Blanco (2019), can
be accommodated as well.

For simplicity, we consider perturbations that can be expressed via a single parameter §. The initial
distribution is described through a function G(z,§), such that Fo(z) = F(G~'(x,6)). To make progress,
we impose certain smoothness and differentiability properties to the function G.Additionally, we focus on
perturbations to the first and second moments. Since this extension does not affect steady-state moments,

we omit the characterization of the observation property as it remains as before.

Proposition 6. Assume dz; = odW; and let G(x, ) be a function that satisfies the following properties:
1. G(z,0) = x.
2. 3z > 0 such that Ve € (—z,z), G(-,€) is bijective.
5. WOZWOD . _(Gy+ Giy) with G+ G = 1.

To a first order, the CIR 1is given by:

CIR1(G)/6 = Go(T10+©10)+G (I'11+611) + 0(6) (65)
1st mom\;nt shock 2nd moment shock
I; = (i+1)E[z'q] (66)
@171' = Z Glij[x”i] (67)
7 =0

with 01 ; are the micro-elasticities.

Proposition 6 points towards the moments that are crucial to characterize the dynamics for a particular
type of initial condition. As long as there exists enough differentiability in the perturbation of the initial
condition, we can find ergodic moments that perfectly describe the dynamics of the model. Interestingly,
the micro-elasticities needed to compute the extensive margin are independent of the number of moments
that are shocked.

As an example, consider G to be a mean preserving spread of the steady-state distribution Fy. This
means that G(z,0) = x(1+ 0) and therefore Gy = 0 and G; = 1. Again, let us focus only in the
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intensive margin by setting ©1; = 0 for all ¢. Then the CIR is approximated as:

CIR4(6)

5 ~ GiI'ly = Covlz,al.

Thus mean-preserving perturbations have first order effects if and only if the covariance between age and
the state is different from zero. A non-zero covariance is consistent with the data presented in Section 4.
Therefore, suggesting that uncertainty shocks (in the form of mean-preserving spreads of the capital gap

distribution) would have effects on average investment.

Extension IV: Mean-reversion. This extension considers a mean-reverting process for the uncon-
trolled state. This type of process is wildly used due to its empirical relevance and because it ensures the

existence of an ergodic distribution. For this application, we focus on the observation properties.

Proposition 7. Assume the uncontrolled state follows a Ornstein—Uhlenbeck process diy = pZidt +

odWy. Then, the reset state and structural parameters are recovered through a system of equations:

po= [[]A_] (68)
2 - i )
erf (;/p) _ ( ) (70)
where erf(z) = 2= [} e~ dt is the Gauss error function.

To gain some intuitions about the observation formulas above, let us consider the limiting case p — 0.

Using the approximation e ?" & 1 — pr, it is easy to show that equations (68) and (69) converge to our

baseline observations expressions in (17) and (18) with v = 0 (no mean-reversion):
i E[rAq] 2 E [Aa?]
— 71

Therefore, as long mean reversion is “sufficiently small”, the mappings between the data and the reset
state, and between the data and idiosyncratic volatility do not change.

Let us make a deeper comparison of how & is determined with and without mean-reversion. With iid
shocks, we can write (17) as a weighted sum of investment rates across firms:

it = Eln(r)Az], with n(r) = m >0, En(r)] = 1,
T

where the weights 7(7) are increasing in 7, i.e. more weight is given to the investment rate of firms with
large periods of inaction (with “old” capital). In order to understand this result, note that conditional

of surviving, the distribution of the state is more centered around the reset state for “young” capital

vintages, which cannot reflect policy asymmetries. The opposite happens for firms with “old” vintages,
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as the distribution of the state is more centered around the domain’s middle point, reflecting the policy
asymmetries. Thus investment rates associated with large stopping times are more informative about
these asymmetries. The opposite happens when we consider a mean-reverting process. An analogous
decomposition yields

e P Ele=*T]

/ — e
>0, En(r) =1 R = Efe—r] — 1 <0,

™ = RE[(7)Az], with 7n'(7)

where now the weights are decreasing in duration and it is preceded by a negative number. As the inaction
period of increases, the mean-reverting productivity process goes back to its zero long-run mean, and the
distribution gets centered around zero on its own, so there is no need to correct for policy asymmetries

with the initial condition.

6 Conclusion

This paper provides a structural relation in model of inaction between the CIR (a measure of persistence
for aggregate dynamics) and microdata. This relation holds for any moment of the distribution, any
inaction model, and any initial condition. In the same way we apply our tools to a model of lumpy
investment, we foresee applications in models with labor adjustment costs, inventory models, portfolio
management, government debt management, among others.

For developing our theory, we assume that upon taking action, agents fully adjust to include any
deviations from their steady-state behavior. Thus our results do not accommodate partial adjustments
which are due, for instance, to imperfect information or convex adjustment costs. One example of these
frameworks is the menu cost model with information frictions in Baley and Blanco (2019). We leave for

future research the application of the tools developed here to that type of frameworks.
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A  Appendix: Proofs
Proof of Lemma 1. Here we extend the result in Alvarez, Le Bihan and Lippi (2016) for higher order moments and arbitrary
state state. Let Sy = [x+, a¢]. Next, we enumerate the three assumptions needed for this Lemma:

1. {St}icjo,00) is an Strong Markov Process with first element ;.

2. 8, =5

3. 7; is a stopping time w.r.t. the filtration generated by {S:}.

Fix an m € N. Start from the CIR’s definition:

CIRy, = E { /O T (@)™ — El™) dt} : (A1)

where the expectation is taken across agents w. Using the strong Markov property and law of iterated expectations
CIR,, =E {IE [/ (ze(w)™ — E[z™]) dt‘ ]—'0” = / E [/ (ze(w)™ — E[z™]) dt‘ So = S} dFo(S) =: CIRm(Fy), (A.2)
0 s 0

Let {7:};-, be the sequence of stopping times. In (1), we write the CIR as the cumulative deviations between time ¢ = 0 and
the first stopping time 71 plus the sum of deviations between all future stopping times. In (2), we use the Law of Iterated
Expectations to condition on the information set F-,. In (3), we use the Strong Markov Property of S¢, the assumption of
homogenous resets and that § is constant for i > 1 to change the conditioning from S-, 4| F7, to Sh|§ and write the problem
recursively. In (4), we show that every element inside the infinite sum is equal to zero. For this purpose, recall the relationship
between ergodic moments and expected duration derived in Auxiliary Theorem 2, M,,[z] = E [y ze(6]w)™] JE[7], and
thus we are left with the simple expression in the fourth line (we also relabel 71 as 7):

CIRm (Fp) = /S]E [/Ow (2¢(w)™ — E[mm])dt‘ So = S} dFy(S),

=M /SJE /071 (z(w)™ — E[z™]) dt + g/ﬂml (zi(w)™ — E[z™]) dt| So = S| dFy(S)
- [ ' [ o —wlam > [ / (w2(w)™ — E[s™]) dt f} So =S| dFo(s) (A.3)

_® /SE /O” (a:t(w)m—]E[mm])dt} IE iE [/OT:pt(w)mdt‘g] — M [2]E[7|S][ So = S| dFo(S)  (A.4)

=0

_@ /S [E UO (mt(w)m)dﬂs} - ]E[wm]IE[ﬂS]’ So = s] dFy(S) (A.5)

As a final step, define the following value function conditional on a particular initial condition S = [z, S™%]:

0™ (S) = E° [ /O ’ [z:(w)™ — E[z™]] dt} , (A.6)

CIR. (Fo) = / V™ (S)dFy(S) (A7)
5
O
Proof of Proposition 1. We continue with the notation S; = [+, a;] and assume S,, = S. Additionally, we assume that

({fot xg's™ dWS} ,T) are a well-defined stopping processes for any m and n = 0, 1.
t

e Average adjustment size. From the law of motion z: =  + vt + cW%, we find the following equalities: oW, =
—vT + x, — & = —vT — Ax. Taking expectations on both sides, we have oE°[W,] = —vE°[r] — E°[Az]. Since W, is

a martingale, IES[WT] = Wy = 0 by the OST. Therefore, v = _E°[Aq]

() as well.

e Observation of fundamental volatility: For characterizing o define Y; = x; — vt with initial condition Yy = .
With similar steps as before we have that
2 ES [AY?] ES [(zr —vT — 27 + 3)?] ES (v + Az)?]

o= = = 3 = 3 (A.8)
ES[r] ES[r] ES|r]
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or equivalently

s 2 S Sr.2
»_E [Ax}+2y E [AJCT] VEA[T]
E=[r] ESr] E?[r]
Applying the formula for & below (A.10) we have the result.

e Observation of reset state: For the reset state &, we apply Itd’s lemma to z7 to obtain d(z?) = 2zdx: + (dzt)? =
(2vas + 0°) dt + 20w dW;. Using the OST E°[ [ 2.dW.] = 0. Moreover, given that E°[ [ z.ds] = E[z]E°[r] = 0, we
have that . .

E°[z2] = 2° + o’ E°[7] (A.9)

Completing squares Es[zi] = ES[(i — (& —z,))%] = ES [Az?] — Qi’ES[AIE] + (2)?, we get

b= — [E%1827] - 0°E°[7]]
2ES[Ad]
5 & s & s 282
- ES[As?] — | ES[Az?] + oE [AI]E [AzT]  E [Aa{] ES[r?)
2ES [A:L’} ES [T] ES [T]2
_Eden)  BAE) o
E3[7] 2ES ]2
Applying the formula for the covariance ES[rAz] + ES[r]E*[Az] = Cov®[r, Az] and coefficient of variation square
CV?[r] = V] , we have the result.

ES []2
e Observation of ergodic moments with respect to the state: For observability of ergodic moments of x, apply
It5’s lemma to ™" and get de7 ™" = (m + 1)z vdt + (m + 1)z cdW; + %m(m + 1)z 'dt. Integrating from 0 to
7, using the OST to eliminate martingales, and rearranging:

ES /T ordt| = —— (Eé[xm“] - i«m“) A /T e dt (A.11)
0 vim+1) T 2v 0 !

Substituting the equivalences E[z™] = ES [y i dt] /ES[T] and E° [Az] = 7Z/ES[T} yields:

g _E* (& — Az)™T? o’m 1
E[z™] = EszAi’%(m _’_Al)) ] Y E[lz™" 7], Elz] =0 (A.12)

e Observation of ergodic moments with respect to the joint moments of state and age: For observability

of ergodic moments of £™a, where a stand for the duration of the last action, we use It6’s lemma and the OST on

"t

N N T N T 2 N T
E® [r (& — Az)""'] =E° V x;”“dt} + (m + 1)vE® V x?tdt} + MES V x?—ltdt] (A.13)
0 0 0

and therefore

ES [ (2 — Az)™! E[g™t! 2
E[z™a] = l "] _Ee™ o g™ ) (A.14)
v(m + 1)E°|[7] v(m+1) 2v

c e - B3
with initial condition E[a] = ——2—.
2ES [1]

O

Proof of Proposition 2. We collapse this proof with the proof of proposition 3. O

Proof of Proposition 3. The proof is divided into Lemmas 2 to 7 for clarity. Some of the steps are developed in Online
Appendix. O

Lemma 2. [CIR as a function of v, (z)]
Define vm (z) = E* [ [ i"dt], then

T

CIR(0)/6 = / (v (@) — E[z"]vp(x)) dF (x) + o(8) (A.15)

x

Proof. The proof comes directly from Lemma 1. O
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Lemma 3. [Characterization of ergodic moments] Define the following values:

T —v—y/v242x02
|
0

- “dt} , V2 (x) T Mdt

. T —uty/o212a0?
vm(z) = E” {/ :c?dt] , Vi (z) = E” E” / e
0 0

They can be expressed as

e [aon™ () — k™ (3)] = ¢ o, (2) = " (@) + 1 )

vm(z) = X (A.16)
| _e§1$(e€1££62 _ eilffgz) _ 65290 (egﬂfgl _ e€1££al) 4 651961:

V(z) = - 251 6) (A.17)
) _6511‘(6&2££a2 _ 6§2f§g2) _ e (engfgl _ enggal) + 822

Vm(z) = - 2T E) (A.18)

where the parameters are given by

po= 5 5 A= % (A.19)

b = —v-— \/m ;o &= -—D4+\D2 42X (A.20)

@ = @glﬁsz; izegzﬁsﬁ o = eslygﬁ-e é_li§2£+£107 (A.21)

o = €£1£+52; gj;wrsﬁ o L= e&z-&-&; §j£6£2£+§15 (A.22)

KM(z) = ibi,mxi with bim = T—,' &J&ZA &)™+ &g&;z* (52)””] (A.23)
1=0 :

Proof. The derivation of v, () is in proposition E.3 in the Online Appendix and the derivation of V! (x) and V?(x) are in
proposition E.7 in the Online Appendix. (I

Lemma 4. [Decomposition I of CIR,] The following relation holds

CIR (86 = am = PKam A‘J QEETT]](KIO —Rw) | o(6), (A.24)

where

Kim = [—egli(eglggaz — 87 Fq,) — 2 (efﬁfgl - 65151’&1) + egli:ic] [@2k™(z) — ank™ (T)] ...

ot [—egli(eéﬁgaz — 27 zq,) — e52° (egﬁfgl - e§2££61) + egﬂi} [y ™ (T) — 1™ (z)] + o Z 10i—1(Z)bs,m

(A.25)
_eS1® i = 61T _pbe® (LT iz 12 4
Kom = e (M a; — e Tay) ~e (e e zal) rew [@2k™(z) — a,k™(T)] - ..
v+&
_eS1®( bez = oT— _ pbed (LT €2z §2d 4,

o e 1% (e"*Exan — €52 Tay,) ~e (27T, — e%*%zay) 4 €72 oK™ (F) — @5 (@) (A.26)

U+ &

Proof. Using Theorem 2 and Lemma 3, we have that
CIRn(8)/6 = / [vin () — E[z"]vg(2)]dF (z) + o(5) (A.27)
E? [T vp(z¢)dt] — E[x™]E® [ [ vp(ze)dt

_ B Ly vimlea)dt] — BRIE” [ vo(w)dt] | o (A.28)

E?[r]
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Operating over o2 \E* [f VU, (xt)dt] we have that

o? AE* [ /0 ’ O, (xt)dt}

—£10°E” {/T eglxtdt} [Gak™ (z) — a,k™(T)] — E20°E" {/T eg2x‘dt} la, k"™ (T) — ™ (z)] + 0 iivifl(i)bl m
o 0 i=1

= (&iilg) [—egll( Sy, — 7 Fa,) — 527 ( SPZq, — e‘sllmal) + eglifs] [@2k™(z) — o™ (T)] . ..
1
RS 7(17 5_25 ) [—e'ﬁlx( 22 1 o — %2 EQQ) 2t ( gﬂxa — engal) 1 ef2%y } o, k™ (T) — o™ (z)] + o? Zivifl(i)bz m
2
— [—egli(egwgaz — egﬁfgﬁ — ef2® ( glxara — eglfawq) +ef ] [a2k™(z) — ayk™(T)]. ..
N [765103(852&&62 _ 6€2E§g2) o e§2 ( §2$xa1 _ 652*37&1) + e i'] [gllg (7) — O(lli ] + o ZZ’UZ 1
= —:5 [—eglz( SZrm, — 17 Tay) — e2F ( S7Zq, — 661££71) + 6515”9%] [@2k™(z) — a,k™ (T)] . ..
1
- :5 |:_e§190( 22,5, — 2750, — f2? ( €27z 652{51) n egz%} [, k™ (T) — k™ ()]
2
where K1, and Koy, are defined in equations above. O

Lemma 5. [Characterization of K1 as a function of ergodic moments with respect to x| The following relation
holds

/Clm:/\<vm+1(“) TV (2) %;()vaz ) (A.30)

Proof. For this proof it would be useful to define 7 = (G20, — al%)*l. The following relation holds 7

(€€1£+€25 _ e§2£+§15)2

— (A = - _ izt 22+61T
T= (QQQI - OCIQQ) eé1z+E2T _ pboz+&1T € -¢ ' (A'31)

Thus
€L = Tay; €87 = Tay; €822 = Ta,; 817 = Tao. (A.32)

Departing from the definition of K1, we have
Kim = [—eglz( SLra, — 17 Ta,) — 527 (egﬁfgl — eglixal) + eglii] [@2k™(z) — apk™(T)] . ..

-t [—eglz( 2Lrm, — 27 Fa,) — 527 ( 2T, — e§2£§a1) + egzii} oy k™ (T) —aak™ ()] ...

m
<+ 0'2 Z'L'Uz—l(j?)b

i=1
_ [_eélx( 82,7, — €7Fa,) — 2° (65@5% _ eslggal) + esl%] [QQ Z i — sz T ] )

=0
R [76511( £22 g — e§2zfg2) —ef2? (engfgl — e€2£g61> + egziﬁc] [al Z bi,mfi — a1 Z bi,mmi:| ...
i=0

4 0?y ET U x“] bim.- (A.33)
i=1 0
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Using the definition of 7

Kim = &[—vm ()X + £™(2)] Zzbl m [f G [&2#‘71(@) 7@21€i71(f):| — 2 [glnifl(f) —akT ]

m
— T [(almz ~ i7a,) [az D bimz' —ay Y bimT 2 bim® — Z bimz

=0 =0 =0

m m

i=0 i=0

+ (Qzde — G2Tay) [oc

m
"f‘(angl _ngal) |:041 E zmx — a1 E bzm
=0

1 & . . . . . )
= Z[—vm ()N + £"(2)] + 3 Zibi’m [—eglx [&2%’ Yz) — a,k’ l(f)} — 2% [lel @) —akT( ] @] --.
i=1
— egliT [aggl — a1g2] |:012 Z bi,mg —Qy Z bs, me—l Z bi,mgif [6162Q2 — EIEQQQ] + Z bi,mfii [QlaZQQ - QlaQQQ]
I i=0 i=0 ~ i=0 ~
28 [G2a; — @10 |:Ot1 Z bi,mfi+l — Z bi,ma SRl s Z bz’,mff [ty — Goaioy] + Z bi,mfii a1 — aya10y]
I i=0 i=0 i=0 ~ i=0 ~
. N mya 1~ & [~ - i1 & il — i i1
= Z[—vm ()N + " (2)] + i Zzbi,m [*651 [042.‘{ Yz) — ayk l(x)] — €2 [gln Y@) -k 1(;)] + K l(a:)]
=1
_ S |:|:042 bi, mx —Qy Z b; mIl+1:|:| — f2® |:|:a1 Z bs, mfl-H @ Z bi,7nxi+1:|:| . (A-34)
i=0 =0
(A.35)
Define .
W (x) = —e517 [agx — QT ] — 2 [alx — oz ] + z, (A.36)
and rewrite as
_ s — - _ .8 _ ¢ . N
Kim = —Zvm(Z)A + = ZZbl m [ e [azn (z) — gk (x)] e [alfc (T) —auk (m)] + kK (:v)}
1=1
— 65195 |:0£2 Z bz,m@H_l — Q5 Z b; m$i+1:| — 65 |:Ol1 Z i, mx — Qg Z bz mx Z b1 mi’H—l
i=0 i=0 i=0 i=0
m i—1 m
= —@Xom(2) + = D ibim D b1 W) + Y bim¥(i+1)
i=1 j=0 i=0
(A.37)
Using Proposition E.8 in the Online Appendix and £™(z) = Y- ) bim®
1 m i—1 m m+1 v m (3
i Z’Lbl bj i 1\11( ) + sz’ (’L + 1) Z blﬂm+1\11(i) — X Zbl’m bj’i\I/(j), (A38)
=1 Jj=0 1=0 =0 1=0 =0
we have
. - v .
Kim=2\ (v,n+1(:c) Tvm (T) — X ;bl mw(x)) (A.39)
O
Lemma 6. [Characterization of ergodic moments with respect to age] The following relation holds
U (&) 4 Cim + Com
Elaz™] = — - A
lox B [r] X (A.40)
ICQm
Cim = — (A.41)
1 m—1
sz = X bz,m’Ui(i’))\ (A.42)
=0

]
-

o
.
|
o




Proof. From proposition E.6, we have that

R (0)
[aa™] = 32 o (A.43)
_pb1(0)2 [ m _ m (= 2 mi— - m A
hn () = —© [@2(p)r™ (2, @) — ay(9)r™ (Z, ¢)] . ¢ _ [a, (p)r™(Z,0) —ar(p)r™ (z, )] + ™ (£) (A.44)
where
- A —
Ap) = =57 (A.45)
Gilp) = =7 — /72 +2X(p) ; &a(p) = —0 +1/7% +2X(p) (A.46)
B e81(P)T eb1(w)z
G(0) = forraer —menaer ' 90 = omaer —menaes (A-47)
B e52(P)T eS2(p)z
@) = St er —meraer | 20 = e —menaer (A.48)
i 7 7
. sl [§1(9) +&(p)€(0) 5 i S+ a(e)é(e)y -
K () = Y (2)' o g ( - 2 g (0) | (A.49)
— il §1(p) — &2(e) &a(p) — &1(e)
Taking the derivative of hm (p), and using the result that and that
deb1(#)2 ef1(P)2 4 (A50)
- ¢ 50
de o+ &i(y))
deb2(#)2 e&2(P)2 4 (A1)
- ¢ , 51
do o?(0 + &(p))

we have that

B (0) = —e81D% (@ ()™ (2, @) — (@)™ (T, )] — €27 [ay ()™ (T, ) — a1 (p)&™ (z, )] + Fm (2, @)

(A —¢)?
S1(P)@g m m (= ef2(P)@ g m (= — m
N 02(914.721(@) [@2(0)™ (2, 0) — ay ()™ (T, )] + (,2(;,2+7§2(¢,)) [a,(@)r™ (T, @) — ar(p)r™ (z, )]
0= e

_eb1(p)d [dadz;w) K™ (z, ) — Qz;l:P) K (T, 90)} _ eb2(e)d [Q}igﬂ) KT, ) — a;iptp) K™ (z, 4,0)}
A=9)

_eli(p)2 [52(@ dr 4(5750) 7g2(<p)“ ngp)] _ e2(p)@ [gl(so)ﬁ d(i»w) — (o))" éiw)] +E (gi,w)

. , (A.52)
A=)

and evaluating at zero, we have that

—e1 [aan™ (2) — api™ (T)] — €27 [y ™ (T) — Tk (2)] + KT (E)

o(0) = .
124 — .m m (= S2d4 m(— — .m
| e [ @) — 0™ (@) 4 G 0™ () - @™ o)
A
_ &g | daa(e) m _as(y) m _ gad | 2q(e) m=\ _ a1(p) m
e [ do |, K" (z) de |, K (55)] e { o |, k™ (T) o | ,_g K @)}
o+ \ o
6 | = drl(ze) _ K™ () Y K (T,0) _ = Em(ze) ™ (2,0)
e [a2 de =0 L2 " dp ‘¢—o] e {gl de | o @ de L o} T Ty ‘q,:o
4 \ ,

A
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where we have defined

e&lij o o e&zfcj . Cm
Cim = 2ot E) [k (z) — apk™ (T)] + 27+ &) [a,™ (@) — k™ (2)] ...
RIS ST daia () K™ (2) — M K™(T) | — olad () & (%) ai(y) K@) ..
d(,O =0 d‘/’ ©=0 d@ ©=0 d(p =0
Com = _efli To dk (£7§0) - a, M _efzi a, M o K (£7§0) + K (IE7Q0)
d(p ©=0 dgﬁ ©=0 dgﬁ ©=0 dgp ©=0 d(p »=0
(A.54)
Now we show that % = Cim. Taking derivative of o, () and @;(p)
L P g L e L (A.55)
do |_, v+& U+ & v+ &
g2 dale)| o _%52%_&1%5 Ql@?_algﬂ_ -t (A.56)
de |, v+& v+& v+&
ot )| _ o [T -TagT | 0,00 - Tagr] | 0a (A7)
dSO —0 L I/+§1 7/+§2 I/+52
o2 )| @@yt | 0@t —tiapr] | ez (A.58)
de |_, L v+& U+ & v+&
Operating and using the definition 72 = (@20, — al%)*l
2 daiz(p) _ o |amer —aia,T | aia, (T - w)}
=T = A.59
7 de |_, o2 v+ & U+ & ( )
2 doi (o) _ o [mate(z—-7) | 0T - 0‘10‘231
don(p) | _ 51 c z A.60
7 de |_, “ r+& + v+ & ( )
o Q@) _ o - tha,T | 0,8 @ @} (A.61)
dp |, v+ & U+ &
2 da, (p) [—@10,(T — ) | 0T — 6@2@}
=1\ — T = - A.62
7 de |_, @ L r+& v+ & ( )
Using (A.59)-(A.62), and departing from
1% 4 o o 2% 4 o o
Cim = {m [2r™ (z) — apk™ (@)] + 20 + &) la, ™ (F) — a1k (2)]}
P le=0 P =0 P lp=0 ¥? ly=0
1% 4 o . 2% 4 o o
O] [a2r™ (z) — k™ (T)] + (7 + &) la, ™ (F) — 1" ()] ...
&1 12
- e b — w0, [ (1) — an” (0)] — ST, (7 - 1) (@7 (2) - o (@)
Eod E2d
- 70.2?,; :;1)51@1 (z —7) [ar™ (%) — 22r" (2)] - 702?1; :;2) [, @27 - apa] [a, 5™ (%) — ak™ (z)]
— 02(%-5-51) [fegliT[glagg —1a,T| — eéﬂ’Talgl (z—7)+ egljﬁz] [@2k™(z) — ank™ (T)] . ..
o m [—egli’f&z% (@ — ) — €T [, @2T — ara,z] + 652%} [, k" (T) — a1k™ ()]
-t [feélj(eglﬁmag — e '7zq,) — 27 (egﬁfa - eélgxal) + €§1iiﬁ] [@2r™(z) — k™ (T)] - .
0+ &) : o aoee e
02(171+ = [_e§1i(€§2£§a2 _ e§2§§g2) _ b2 (eﬁszgl _ eézﬁifl) + e&zfci,} [a,x™ (@) — @™ (z)] . (A.63)
Thus,
IC m
022 = Cim. (A.64)
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Finally, we need to show that

m—1

Com = Z bz m'Uz (A65)

Departing form the definition of Csa,, and using Proposition E.9 in the Online Appendix, we have that

Corr = —cf1% | g, W (2:9) —a, " K", ) N P (@, 9) g ) LY
de =0 de =0 dp =0 de =0 do =0
m—1 m—1m— m—1 J m—
dB;.m () 1 1 1
=2 XZZ_ =5 2. 2 bimbs ;vaa
=0 p= =0 g=1t j=0 ¢=0 7=0
Thus, we have the result. O
Lemma 7. [Final characterization of the CIR] The following relation holds
]E m+17 _ (C , m
CIR(8)/6 = =] JZ wlaz" L o), (A.66)
Proof. To show the previous Lemma, first, we need to characterize
’Clm - f)K:Zm
NTE ] (A.67)
Using Lemma 5 and Lemma 6
) A (Ums1 () — 30m (8) — £ X7 0 by mi(2)) — v |EE[TIAES [a2™] — v (2) — Bimabrmvi@X
’Clm - V’C2m _ (A 68)
Ac2E? [7] Ao 2E? [7] ’ '
Ei‘ m+1 _AEQ m _memE m YR[z™ % m
_ B[] R ] SbmnBlr"] + XERT) B e (A.69)
o o
Since bm,m = 1, we have that
Kim — PKam _ E® [¢"F'] — 2E® [2™] — vE? [az™] (A70)
Ao2E® [r] o2 '
Since E[z] =0
Kim — 0Kom — E[z™] (K10 — D/C20)
IR = -
CIRm (3)/0 Ao?E? [7]
E m+1] _ AE m] _ Ei m oA
o o
E [z — v [E [az™] — E[z™]E [a
_ Bl - vBlaa”] R o
o
E m+17 C , m
_ B[] — .21 o), (A.71)
o
where in the last step we use the covariance formula Cov® [a, z™] = E[z™]E [a]. O
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Proposition 4. Assume that:

o The uncontrolled state follows dx+ = vdt + odWy, with W a Wiener process;

({ t zy's"™ dWs } ) are a well-defined stopping processes for any m and n =0,1; and

e Define the function X )
gm(@) =ETT[(& — Ax)"] — E7 [(& - Az +2)"],

1. Aggregation: To a first order, the CIR is given by
Am(8)/6 = 21 — M [2]O0 + 0(8)

where the intensive and extensive margin are given by

Zyp =0y + T — %szl
_ [fo @m(xf) ] . T _ 1 x.m m
Fm:]Ez—[T] 5 Wm(l’t):;(ﬂ‘: [ir-r]—xt)
m(Tt) o OE” xTH m
o, = [foE‘»:[T§ ] : 309”(575) _ % [ E [ am/( + 1)]

2. Representation for the intensive margin:

[, Zm(m —1
Tmo = mMpm—11[x,a] + {m=2} ( )

2v
3. Representation for the extensive margin:
> , . 2 2RI [dP 1 gy2(0)
= Om Mlz] with Om; = T > o { M2
j=0 k>j

o IfT|xe ~ T, gm(z) =0(m,j) =0 for all m,i.

The proof is divided into 4 Lemmas for clarity.
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dkngrl (0)
dxk

(A.72)

(A.73)

(A.74)

(A.75)
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(A7)



Lemma 8. [Aggregation] To a first order, the transitional dynamics of the m-th moment are given by

Am(8)/8 = X (Zm — Mim[2]O0) + 0(5) (A.78)

where the intensive and extensive margin are given by

2

Zp =0 + Ty — %zm,l (A.79)
I £ UOES:T[:gxt)dt] P Pm(m) = % (E* [27] — =") (A.80)
o, = E® UOT]E;E@;%%)dt] L oS = % [81[4? [zT“;{(m +1)] - [17?]] (A81)

Proof. The proof consists of 6 steps.

Characterization of CIR as the recursive problem of a representative agent. Fix an m € N. Start from the CIR’s
definition: -

An(0) =E [/ (ze(W|0)™ — Mum[x]) dt] , (A.82)

0

where the expectation is taken across agents w. Let {r;};, be the sequence of stopping times after the arrival of the
perturbation. In (1), we write the CIR as the cumulative deviations between time ¢ = 0 and the first stopping time 71 plus
the sum of deviations between all future stopping times. In (2), we use the Law of Iterated Expectations to condition on the
information set F-,. In (3), we use the Strong Markov Property of the Brownian motion, the assumption of homogenous resets
and that # is independent of ¢ for ¢ > 1 to change the conditioning from z-,4n|Fr, to z,|Z and write the problem recursively.
To get (4), we show that every element inside the infinite sum is equal to zero. For this purpose, recall the relationship
between ergodic moments and expected duration derived in Auxiliary Theorem 2, M [z] = E* | Jo @t (8lw)™] JE*[7], and
thus we are left with the simple expression in the fourth line (we also relabel 71 as 7):

anti) =0 B[/ " @)™ - Mafeae+ 3 [ @ilbl)” - Male) dt]

Ti41

—@ g /071 (xt(d\w)mem[x])dtJriE[/T )

=1 i

(2(8]w)™ — Mo z]) dt‘]—'ﬂH

_® g /O (xt(5|w)m—Mm[x])dt}+E ZE[/OTxt(ﬂw)mdt

x} — Mo[2]E[7|3]

=0

—@ g /OT(xt(6|w)m)dt]me[m]IE[T].

As a final step, define the following value function conditional on a particular initial condition x:
v (z) = E” [/ xt(w)mdt] — M [z]E[7], (A.83)
0

and notice that A, (9) is equal to the average of v™(x) across all initial conditions after the perturbation, given by the shift
in the ergodic distribution (Fo(z) = F(z — 9)):

Am(8) = / o™ (2)dF (z — §). (A.84)

2. State’s support. Since Brownian motions are continuous in ¢, and initial conditions are identical across agents (by the
assumption of homogeneous resets), the ergodic set is connected. Thus, the support of x is given by an interval [z, Z].

3. Taylor approximation to A,,(d) and decomposition into two terms. We do a first order Taylor approximation
of A, () around zero: A, (8) = Am(0) + A7, (0)5. Since Ay, (0) = 0 by definition, we have that: A, (5) = 6.A,,(0), which
we now characterize. Start from the representation in (A.84), expressed in terms of the marginal density of x:

Am () = /vm(x)f(x —6)dz. (A.85)

47



The derivative with respect to d, at § = 0, is given by:

g0 = 2 / — 8)da

= dxv (z)f(z)dz

6=0

where in the third equality we do integration by parts, and in the fourth equality we use the result that there is no mass
at the endpoints (or Pr®=2[r = 0] = Pr®=®[r = 0] = 1). The previous expression says that the effect of the perturbation
is equivalent to the changes in the stopping time problem of one agent when her initial conditions change (derivative of v
with respect to x), averaged across all the possible initial conditions (the steady state distribution). In turn, as we show
next, changes in the stopping time problem are reflected by alterations in the state paths and by shifts in duration.

From v™’s definition in (A.83), take its derivative with respect to initial conditions and substitute it back into .47, (0)

/ O pe [ / t(w)mdt] dF () — Mon[a] / 81%1[7] AP (z)

aazin dt] dF(z), we re-express Aj, (0) as the sum of three terms T'y,, Oy,

Lastly, by adding and subtracting the term [ E® [ N
and ©g defined in the brackets.

AL, /IE””{ " oal” dt] dF () me[x}/aEal[T] dF(:c)Jr/ (%Ez UOT ml"dt} U Oz dtD F(z). (A.86)
SH)

Now we further characterize each of these terms. Note that for various extensions, the proof up to this point is exactly
the same. The results change from this point onwards as we make use of the particular stochastic process for the uncontrolled
state.

4. Characterize B,,. Since z: = ¢ + vt + oW, for all t < 7 we have that
By = /IE’: { "oz dt} dF(z) = /]E” { mm:”*dt} dF (z).
0

Applying Ite’s Lemma to z}* we have dz}* = vmz!* 'dt + omazdW; + %m(m — 1)a™2dt, and integrating both sides
from 0 to 7 and taking expectations with initial condition = we get

T T 2 T
E” [z7] — 2™ = mo E” {/ xznflth} +vE”* {/ mx{"ildt} + %Ez [/ (m — l)x;"ﬂdt] .
0 0 0

=0 by OST

Given that [ Ot xy'dW, is a martingale with zero initial condition and it is well-defined by assumption, we apply the Optional
Sampling Theorem (OST) to conclude that E* [ [ z;*~'dW;] = 0. Solve for E* [ [ ma{*~'dt] :

T T [.m] _ ,.m 2 T
E” {/ mx’f*ldt} B G0 ek Mg {/ (m— 1)x2”72dt} .
0 v 2v 0

&[pr T z
Integrating both sides across all initial conditions, defining ¢y, = 2 (E* [7"] — 2}*) and I'y, = %W

, and recognizing
B, and B,,—1 we get:
a*m
2v

where we used the Auxiliary Theorem 2, exchanging the ergodic distribution for the local occupancy measure.

Bm =T —

Bm_1, To=0, (A.87)

5. Characterize C,,. With similar steps as in the previous point, we characterize C,, as follows.
Cm = / ZE* U a:;"dt] U O dt} dF (z).

First we get an expression for the term A. Applying It6’s Lemma to ' we have dz7** = (m+1)valdt+o(m+ 1)z dW, +

—Zm(m + 1)z ~!dt. Integrating both 51des from 0 to 7, taking expectatlons with initial condition z, using the OST, and
(E [a7*!] — 27t "2;" e 'dt], and its derivative with respect to

rearranging we get: E* Uo Ty dt] u(m+1)
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initial condition x:

0 [/T x{”dt] _ % (aEw [2741] /(m + 1) —x;”> P OE* [T a7 dt]
0

ox ox 2u ox

Now, for the term B, recall from the characterization of I',, that

e[ 70 ] Ly oy oPme [ [T O
B=E UO axdt]_;(ﬂi [7] — z7) 2VEU0 AR

Subtract the equations for A and B and simplify to obtain:

OF" [fy aldt] . { " oy dt] _1 <8W et fm 1) o [m> _’m {m@z o =i7'dt] oo { / 0si’” dt} }

ox ox v ox 2v ox 0

#5 (xr)

Integrating with the ergodic distribution and using the definition of ©,, in (A.81) and recognizing C,, and C,,—1 we get:

02m

Cm == ®m - Wcmfl, C*l =0. (A88)

Define Z,, = B, + C,, which implies Z,, = 'y, + O, — ”22;” Zm—1. Combine the results in (A.87), (A.87) and (A.88) to
obtain: A7, (0) = (Zm — M [7]O0).

6. Characterize ©9. We corroborate that the expression [ %dF(m) is equal to ©p. By the OST, we have E*[z,] —x =

vE®[7]. Thus B]E;C[T] = % [B]E;LZT] — 1]. Substituting and using Auxiliary Theorem 2 we recover the expression for ©¢ in the
definition of ©,,:
OE” 7] 1 [OE" [z,
= = [ | = 1
Ao / o dF (zx) / > [ o dF (z)

Lemma 9. [Representation for intensive margin] The intensive margin 'y, defined as

E? UOT @F(xt)dt]

b= TR

. 1 xT m m
o with Ghe) = (BT[] - a)").

can be represented as a function of steady state moments as:

]l{mZQ}UQm(m —-1)
2v

Iy = mMp—11]z,a] + Mp—2.1]z,al.

Proof. Start in (1) from the definition of T',, and @5, (S), then (2) exchange the time integral with the expectation conditional
on adjustment E*[-], which introduces an indicator 1¢<,y. Use the law of iterated expectations in (3) to condition on the
set {t <7}

VE® (7], = B [ [ e - a:;”dt} = [T B [ 7] - o) Len) di
0 0
—® [T g R @ ™ =2 Lpen |t < dt:<4>/m1Ei EJE™ [2]"] — of"
[ e b= sz f =0 [ s -
_(5) o & m __m _(6) o & m __m
_ /OIE []E[:ET z thHdt_ /OIEI [E{(wT 27 1i<ny

_( g { / (2 fmzn)dt] _® g {xr / dt} _ g { / xi”dt} (A.89)
0 0 0

We now characterize E* [m’T"H fOT dt] Applying Ito’s lemma followed by the OST to Y;" = ai" fot ds

tng dt

tST}] dt

t t _ 2 t
dY'tm = m;ndt + ]]_{le}l/m:E;n71 / dsdt + ]].{le}O'm{L'In71 / deWt + :ﬂ.{ng} wx;niQ / dsdt (AQO)

0 0 0

) A T T E® [[7ay Mtdt —-1o® [ (7
E* [YTm] =E" a::n/ dt| =E* / xydt +1{m>1}umM—|—1{m>z}ME$ / x:n_Qtdt (A.91)

0 0 B E#[r] - 2 0
— — N— — N—_——— —
My, [x]E® 7] Mo —1,1[x,a] Moy _21]x,0]
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Using equations (A.89) and (A.91), we have that

]l{ng}UQm(m —1)

' = ]l{mzl}m./\/lm_m[x, a] + Mm_2,1[33, a]

2v
O
Lemma 10. [Representation for extensive margin] Assume the moments of the adjustment size can be written as:
gm(x) = E*7 (2 — Az)™] — E* [(2 — Az +x)™] (A.92)

Then the extensive margin given by ©.,, =

b T O x m+1

E® [mT]) can be represented

as a function of steady state moments as follows:

A" gy (2) ¥ gm (x) ~k—j
oo . ) 1[ i /m 11— = ]wix
Om =Y Om M) with Opy = > o =0 . (A.93)
=0 =y I
o IfTlxe ~ 7, gm(x) =0(m,j) =0 for all m,i.
Proof. Using a change of variable in assumption (A.92), we have that :
EY [27] = gm(y — 2) + E* [(y — & + 2-)™]. (A.94)
Using the previous equation we have that
S m,+1
]ES f [l /(m+1)] ES[ZL’T] dt
Om = (5 i )] (A.95)
vES [7]
S T dgm & & - m A Z - m
VB [J ([ =2 jn 4 1) + B2 [(y = &+ 20)™ ]| = [gmly — ) + B2 [y — & + 20)™]] | dt]
v ES[r]
S T | dgm —
LB [ [Lm =0y m 4 1) — gy — 2)] ]
i ES[r
g i dgm z ~\J
[ [ i [+ ) - gnl@)] (- 3] ]
v B[]
; d?lgq1(0 A gm ~z & P
iy [T tm - s (1)L
Vi o J! z ES[7]
C Taitlg
L= d [d dz;"fll(m /m+1-— a’ gv;](O)] 77 i
== > i L) M-zl
j=0 2=0
ditt m 0 3 m
> J1 [ diﬂ”jll( ym+1 -4 sz@]
=X v 2 —2)! M;—zla]
7j=02=0 U i
:,Hnl,j,z
= z em,th[x], with Om.n = Z Hon ke ko—h- (A.96)
h=0 k>h
If 7|x¢ ~ 7, then we have that
gm(@) = E*7[(& — Ax)™] = E [(& — Az + 2)"]
=E [(3& +x 4ot 4 UWTz+i)m] -E [(56 +z+uvrt 4 JWT@)m]
=E[@4+xz+vr+oW)"|—E[(@&+z+vr+oW;)™]
0 (A.97)
O

50



	Introduction
	A Model of Lumpy Investment 
	Environment
	Adjustment cost structures
	Dynamics of the aggregate capital stock
	Steady-state and transitional dynamics

	Theoretical Results
	From microdata to steady-state moments
	From steady-state moments to transitional dynamics
	Fully time-dependent models
	CalvoPlus model
	Generalized hazard models


	Application: Investment Dynamics
	Data description 
	Construction of capital gaps and duration
	Putting the theory to work
	Inputs from microdata
	Outputs from theory: parameters
	Output from theory: ergodic moments.

	Discerning between inaction models
	Business cycle dynamics in CalvoPlus model
	Heterogeneity concerns

	Extensions and Generalization
	Generalization
	Extensions

	Conclusion
	Appendix: Proofs
	Definitions and Auxiliary Theorems
	Additional proofs
	Relationship between kurtosis and age in drift-less time-dependent models
	Proof of Example 2
	Economic Frameworks With Small GE Effects
	Monetary Shocks: GoLu:07
	Real Exchange Dynamics: BlancoCravino:18
	Lumpy Investment: Proofs
	Characterization of Equilibrium Transition Dynamics in the Generalized Hazard Model

	Application of the Theory
	Lumpy Investment in the CalvoPlus Model
	Additional steps for Proof of Proposition 3

	Lumpy Investment in the Calvo-Taylor Model

	Quantitative Models of Investment
	Quantitative Model
	Role of each simplification.
	Fit of the random Ss model


	Data description
	Perpetual Inventory Method
	Investment and Capital Stocks
	Depreciation rates
	Deflators by capital types
	Comparison with National Accounts

	Investment Rates Statistics
	Aggregate Time Series
	Cross-sectional statistics
	Inputs from data
	Results by capital type
	Results by firm size
	Results with weights





