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ABSTRACT

During the recent U.S. financial crisis, the large decline in economic activity and credit was ac-
companied by a large increase in the dispersion of growth rates across firms. However, even though
aggregate labor and output fell sharply during this period, labor productivity did not. These features
motivate us to build a model in which increased volatility at the firm level generates a downturn
but has little effect on labor productivity. In the model, hiring inputs is risky because financial
frictions limit firms’ ability to insure against shocks that occur between the time of production and
the receipt of revenues. Hence, an increase in idiosyncratic volatility induces firms to reduce their
inputs to reduce such risk. We find that our model can generate about 67% of the decline in output
of the Great Recession of 2007-2009.
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The recent U.S. financial crisis has been accompanied by severe contractions in eco-
nomic activity and credit. At the micro level, the crisis has been accompanied by large in-
creases in the cross-section dispersion of firm growth rates (Bloom et al. 2011). At the macro
level, it has been accompanied by a large decline in labor, even though labor productivity has
barely fallen. Motivated by these observations, we build a quantitative general equilibrium
model with heterogeneous firms and financial frictions in which increases in volatility at the
firm level lead to increases in the cross-section dispersion of firm growth rates and decreases
in aggregate labor and output in the face of flat labor productivity.

The key idea in the model is that hiring inputs to produce output is a risky endeavor.
Firms must hire inputs to produce and take on the financial obligations to pay for them
before they receive the revenues from their sales. Because of the separation between the
time of production and the receipt of revenues, any idiosyncratic shocks, such as demand
shocks, that occur between these times make hiring inputs risky. When financial markets
are incomplete, firms have only limited means to insure against such shocks, and hence, they
must bear this risk. This risk has real consequences if, when firms cannot meet their financial
obligations, they must experience a costly default. In such an environment, an increase in
uncertainty arising from an increase in the volatility of idiosyncratic shocks leads firms to
pull back on their hiring of inputs.

We quantify our model and ask, can an increase in the volatility of firm-level idio-
syncratic shocks that generates the observed increase in the cross-section dispersion in the
recent recession lead to a sizeable contraction in aggregate economic activity? We find that
the answer is yes. Our model can generate about 67% of the decline in output and 73% of
the decline in employment seen in the Great Recession of 2007-2009. More generally, we
find that the model generates labor fluctuations that are large relative to those in output,
similar to the relationship in the data. Generating such a pattern has been a major goal of
the business cycle literature.

Our model has a continuum of heterogeneous firms that produce differentiated prod-
ucts. The demand for these products is subject to idiosyncratic shocks. The volatility of
demand shocks is stochastically time varying, and these volatility shocks are the only aggre-

gate shocks in the economy. A continuum of identical households supply labor to firms and



lend to firms using uncontingent debt through financial intermediaries.

The model has three key ingredients. First, firms hire their inputs—here, labor—and
produce before they know their demand. Second, financial markets are incomplete in that
firms have access only to state-uncontingent debt and firms default if they cannot pay for
their debt. Third, since firms must pay a fixed cost to enter a market, in equilibrium they
make positive expected profits in each period that they do not default. The cost of default
is the loss of future expected profits.

Given these ingredients, when firms choose their inputs, they face a trade-off between
expected return and risk. As firms increase their employment, they increase the expected
return conditional on not defaulting, but they also increase the probability of default. For
a given variance of idiosyncratic demand shocks, they choose their optimal employment to
balance off the increase in expected return against the losses from default. The potential
losses from default are an extra cost of increasing labor and thus distort the firm’s first-order
condition for labor. When the variance of the idiosyncratic shocks increases, at a given level
of employment, the probability of default increases, and thus, so does this distortion. In
equilibrium, in the face of such an increase in variance, firms become more cautious and
decrease employment. At the aggregate level, these firm-level responses imply that when the
dispersion of idiosyncratic shocks increases, aggregate output and employment both fall.

The result that firms decrease employment when the variance of demand shocks in-
creases depends critically on our assumption of incomplete financial markets. If firms had
access to complete financial markets, there would be no trade-off between expected return
and default risk. Thus, an increase in the variance of these shocks would lead to no change
in their employment; firms would simply restructure the pattern of payments across states
so that they would never default.

In our model, firms optimally time the purchases and sales of uncontingent debt to help
meet their financial obligations in the presence of the stochastic revenue stream generated by
the demand shocks. In this sense, firms have a precautionary motive to use debt to self-insure.
Since firms have only limited means to repay their debt, they face upward-sloping interest rate
schedules and a credit limit, a maximum amount they can borrow. Firms typically maintain

a buffer stock of unused credit. By running this buffer stock up and down, firms can partially



dampen the fluctuations in labor input in response to volatility shocks.

As in any incomplete market model, the buffer stock can play an important role as a
means to absorb idiosyncratic shocks. In particular, if the incentives to build up this buffer
stock are sufficiently strong, firms build such a large stock that they greatly dampen fluctua-
tions in labor. A large literature in finance, however, argues that there are substantial costs
of maintaining a large buffer stock and that these costs help explain why firms typically have
large amounts of debt. In particular, Jensen (1986) argued that, in practice, if firms retain a
large amount of their earnings in order to build up a buffer, managers use these funds in ways
that benefit their private interests rather than the shareholder interests. Since shareholders
understand these incentives, they give the managers incentives to pay out funds immediately
rather than retain them. We capture this Jensen effect with a simple parameter that controls
the weight in the valuation of present payoffs relative to continuation payoffs. This parame-
ter represents the attempts of shareholders to discipline the managers by rewarding them for
paying out funds as dividends rather than keeping them as retained earnings.

We consider a quantitative version of the model in which we choose the parameters of
the idiosyncratic firm demand shock process so that the model produces the time variation
in the cross-section dispersion of the growth rate of sales observed in a panel of Compustat
firms. To illustrate the workings of the model, we consider the impulse response after an
increase in the volatility of firm-level shocks. When the volatility shock hits, firms pull back
on their employment and decrease their debt in order to avoid default and, in equilibrium,
leave the default rate constant. This increase in volatility also leads to a tightening in firms’
credit limits, which in turn tends to amplify the reduction in employment.

The pattern of both financial responses and employment to this increase in volatility
is heterogeneous across firms. Firms with relatively low demand shocks and high existing
debt run their buffer stocks down to zero and decrease their employment the most. At the
same time, firms with higher levels of demand shocks tend to increase their buffer stocks and
decrease their employment less. These heterogeneous financial responses in the aggregate
result in both a large increase in the fraction of firms with a zero buffer and an increase in
the aggregate buffer stock. In this sense, our model simultaneously produces tighter credit

market conditions, in which more firms are constrained in their borrowing, whereas in the



aggregate firms are sitting on larger buffers.

In order to illustrate our new mechanism in the simplest context, we have abstracted
from some features that economists have argued are quantitatively important in accounting
for business cycle fluctuations. These features include intermediate goods and sticky real
wages, which we incorporate in two extensions to our benchmark model. In both extensions
the output and employment responses to volatility fluctuations are amplified relative to those
in the benchmark model.

To understand how these extensions amplify our mechanism, recall that in our model
hiring inputs is risky because firms take on financial obligations to pay for them. In the
benchmark model, input prices—here, wages—fall when volatility increases, and these general
equilibrium effects dampen our mechanism because they make inputs cheaper in times of high
volatility. Both extensions make the price of inputs less sensitive to volatility shocks and hence
amplify our mechanism.

We have argued that our mechanism is very different from that in the standard real
business cycle model: here, output downturns are not accompanied by falls in labor produc-
tivity. A recent strain of work in macroeconomics has argued that in classifying alternative
mechanisms for business cycle models, another useful step is to compare the labor wedge gen-
erated by the model to that in the data. We follow that strain and discuss the implications
of our model for the labor wedge. In the benchmark model, the distortion in firms’ labor
choices contributes to an aggregate labor wedge, but quantitatively, the model can account
for about half of the worsening of the labor wedge during the Great Recession. The model
extended with sticky real wages, however, can account well for the dynamics of the labor
wedge during this period.

We view our model as providing a new mechanism that links increases in firm-level
volatility to downturns. To keep the model simple, we have also abstracted from additional
forces that would lead it to generate a slow recovery, as has been observed following the Great
Recession. In so doing, we follow the spirit of much of the work on the Great Depression,
including Cole and Ohanian (2004), that divides the analysis of the downturn and recovery
into mechanisms that generate the sharp downturn and mechanisms that generate a slow

recovery.



Our work is related to studies that emphasize time-varying volatility. Bloom (2009)
and Bloom et al. (2011) show that in the presence of adjustment costs, firms halt their
investment and hiring when hit by a high volatility shock. A key difference between our
approach and that of Bloom et al. (2011) is that in the latter, the fixed cost frictions
manifest themselves as total factor productivity (TFP) shocks and hence as movements in
labor productivity. In contrast, in our model and in the data, we focus on an increase in
volatility that is accompanied by a large decline in labor without much change in labor
productivity.

Christiano, Motto, and Rostagno (2009) and Gilchrist, Sim, and Zakrajsek (2010) also
explore the business cycle implications of volatility shocks. Christiano, Motto, and Rostagno
(2009) show that, in a dynamic stochastic general equilibrium model with nominal rigidities
and financial frictions, volatility shocks to the quality of capital account for a significant por-
tion of the fluctuations in output. Gilchrist, Sim, and Zakrajsek (2010) study the interactions
of financial frictions, volatility, and investment. As in Bloom et al. (2011), they find that
increases in volatility lead to drops in aggregate TFP and, hence, labor productivity.

Our work is also related to studies on heterogeneous firms and financial frictions. For
example, Cooley and Quadrini (2001) develop a model of heterogeneous firms with incom-
plete financial markets and default risk and explore its implications for the dynamics of firm
investment growth and exit. In other work, Cooley, Marimon, and Quadrini (2004) find in
a general equilibrium setting that limited enforceability of financial contracts amplifies the
effects of technology shocks on output. Finally, several researchers, including Buera, Kaboski,
and Shin (2011) and Buera and Shin (2010), have used similar heterogeneous firm models to
help account for the relation between financial frictions and the level of development.

In our model, volatility shocks lead credit constraints to endogenously tighten. In a
large body of other work, as in Mendoza (2010), productivity shocks lead credit constraints
to endogenously tighten. Finally, a recent literature has developed business cycle models in
which the exogenous shock is directly to the credit constraint. See, for example, the work
of Guerrieri and Lorenzoni (2011), Perri and Quadrini (2011), and Jermann and Quadrini

(2012). This approach is complementary to ours.



1. Model

We start by building a dynamic model that incorporates financial frictions and varia-
tions in the volatility of shocks at the firm level.

The model has a continuum of identical households, a continuum of heterogeneous
intermediate goods firms, final goods firms, and financial intermediaries. The households have
preferences over consumption and leisure, and they provide labor services to intermediate
goods firms and lend to these firms through the financial intermediaries. The households
own all firms and pay lump-sum taxes. The final goods firms are competitive and have a
technology that converts intermediate goods into a final good. This technology is subject to
idiosyncratic shocks, referred to as demand shocks, which affect the relative demand of the
final goods firms for different types of intermediate goods. The volatility of these demand
shocks is stochastically time varying, and these volatility shocks are the only aggregate shocks
in the economy.

The monopolistically competitive intermediate goods firms pay a fixed entry cost and
then use labor to produce differentiated products. The shocks to the final goods firms’
technology make the demand for their good stochastic. The intermediate goods firms can only
borrow state-uncontingent debt and, hence, cannot insure away the fluctuations in demand
that they face. These firms are allowed to default on their debt, and if they do, they exit the
market.

The timing of decisions is as follows. In the beginning of each period, households decide
on the amount of labor to supply to intermediate goods firms. The wage rate is determined so
that the labor market clears and intermediate goods are produced. Next, the current demand
and volatility shocks are realized. Then all other decisions are made simultaneously. The
intermediate goods firms set their prices, sell their products to final goods firms, pay their
workers, choose whether to repay their existing debts to financial intermediaries, distribute
dividends, and choose new borrowing and a plan for employment. The final goods firms buy
the intermediate goods and sell their final goods to households and new entrants. Potential
new firms decide whether to enter the market and buy some final goods in order to pay their
entry costs. Households consume, receive payments on existing funds lent to intermediaries,

and lend new funds to intermediaries.



A. Intermediate and Final Goods Firms

Intermediate goods firms produce differentiated products that are subject to idiosyn-
cratic demand shocks z; that follow a Markov process with transition function 7, (2|21, 04_1),
where o;_; is an aggregate shock to the standard deviation of idiosyncratic demand shocks.
The aggregate shock o; follows a Markov process with transition function 7, (o¢|oy_1).

These intermediate goods firms are monopolistically competitive and produce at the
beginning of the period, before the idiosyncratic demand shocks and the aggregate shock are
realized. The intermediate goods firms have access to one-period debt contracts and enter
period ¢ with a level of debt b;. They then produce output y,; using the technology vy, = ¢¢,
where /; is the labor input and a < 1. After production, demand shocks are realized.

At this stage, the idiosyncratic state of a firm is x; and the aggregate state is S;. The
idiosyncratic state x; = (¢, b, z;) records its labor input used in production, its debt due,
and its current idiosyncratic demand shock. The aggregate state S; includes the beginning-of-
period aggregate state Sy; together with the current aggregate shock oy, so that S; = (Sy, 0y).

The beginning-of-period aggregate state Sy = (041, T, By) records the beginning-of-
period information on aggregate shocks, o, 1, the measure of firms Y, indexed across z;, and
the contingent assets B; of households. We find it convenient to record the shock z; in the
beginning-of-period aggregate state even though an individual firm’s z; is not realized until
the middle of the period. This approach is permissible, since there is a continuum of firms
of each type (¢;,b;) at the beginning of the period, so the fraction of these firms that will
experience each level of z; is known.

Final goods firms buy the products from intermediate goods firms. The final good is
used for consumption and to pay the fixed cost of starting a new firm. The final good Y} is

produced from the intermediate goods via the technology
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where y,(z) denotes the intermediate goods produced by a firm with idiosyncratic state x,

v > 1 is the elasticity of substitution across goods, and z is an element of the firm state



x = (£,b,2). The final goods firms choose the intermediate goods {y;(x)} to solve
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subject to (1), where p;(z) is the price of good x relative to the aggregate price index, which
is the numeraire of this economy. This problem yields that the demand y,;(z) for any good

with idiosyncratic state x = (¢, b, z) and price p,(z) is
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Let us turn now to the details of the problem faced by intermediate goods firms. These
firms have access to one-period debt in the form of discount bonds that are not contingent on
either the idiosyncratic or the aggregate shocks. After shocks are realized, each firm decides
on the price of its product. Firms also decide on whether to repay or default on their debt,
decisions denoted ¢ = 1 or ¢ = 0, respectively. Firms that repay continue, whereas firms
that default exit.

Firms that continue in period ¢ must choose new debt contracts b;,1 and labor input
/111 at the end of period t before the realization of the new shocks that occur at the beginning
of period t 4+ 1. Note that under this timing, when firms are borrowing at the end of period
t, they commit to their plan of production ¢;,; for period ¢ + 1 and that production actually

occurs in period ¢t + 1.1 A debt contract pays off by, at ¢t + 1 as long as a firm chooses not

! An alternative timing is one without commitment in which firms borrow b, at the end of period ¢ and
then are free to choose whatever employment level they want at the beginning of period ¢ + 1, before the
shocks are realized. Notice that in both scenarios, no shocks are realized between the end of period ¢+ 1 and
the beginning of period t, so the only difference is the difference in implied commitment. Here, firms prefer
the commitment outcomes because under commitment, firms confront debt price schedules that reward them
for choosing less aggressive labor schedules. Mechanically, with commitment when firms choose their labor
input, they take the derivative of the price schedule for bonds. When firms do not have commitment, at the
beginning of period ¢ + 1, they have already received the proceeds of the bond sales, and when they choose
their labor, they take no such derivative. Note that this subtlety arises only because of the possibility of
default.



to default at ¢t + 1 and gives the firm q(S;, 2¢, €121, bir1)biy1 at t. The price q(Sy, z¢, i1, bev1)
reflects the compensation for the loss in case of default and depends on the current aggregate
state S;, the firm’s current idiosyncratic shock z;, and two decisions of the firm—its labor
input 4,1 and its new debt (or borrowing) level by ;.

The dividends d; for a continuing firm are restricted to be nonnegative:
(4)  dp = puly — w(Sp)ly — b + q( S, 21, ligr, begr )brsr 2 0.

Here, p; is the price of this firm’s product and w; is the wage.

In our model, firms default only if they are forced to do so because their budget set is
empty. For a firm in state (¢, S;), the budget set is defined as I'(zy, S;) = {d;| d; > 0}, where
d; is given by (4). Clearly, firms with large enough debt have an empty budget set, which
forces them to default. That is, given the bond price schedules q(St, 24, €y 41, bi11) for new
borrowing b;, 1, there is a large enough inherited debt b, at ¢t such that no new debt contract
can deliver nonnegative dividends. For such a configuration, the only option for the firm is to
default. Such a firm then exits. We capture this formally by requiring that if I'(z;, S;) = &,
firms default by setting ¢(x, S;) = 0.

All firms choose prices and produce, even those that default. Defaulting firms that
make enough revenues to cover their wage bill—those with p,¢y —w.¢; > 0—pay this wage bill
and pay the residual revenues to debt holders. If a defaulting firm has insufficient revenues
to cover current wages, so that pff — wl; < 0, then the firm pays out all its revenues to
labor, the government pays off the residual wages by levying lump-sum taxes on households,
and bondholders receive zero.

Let V (24, S;) denote the value of the firm after demand shocks are realized in period
t. For any state (z;,S;) such that the budget set is empty, this value is zero. For all other
states in which the budget set is nonempty, firms continue their operations: they hire labor
¢;,1 and produce output ¥;,1, choose new debt b, 1, and pay dividends d;. The value of such

continuing firms equals

(5) V@ta St) = max Kdg + (1 - ’f) Z Wz(zt+1|zt7 Ut)Q (Ut+1|5t) V($t+17 St+1)

{pt,Ley1,be41,de}
2441,0t+1



subject to the production technology w1 = ¢f,;, the demand for their product (3), the
non-negative dividend condition (4), and the law of motion for aggregate states that evolves

according to

(6)  Sipr = H(S)).

In the firm’s problem (5), the aggregate price function @ (o411]S;) is the state-contingent
price of final goods at ¢t + 1 in units of final goods at ¢. This problem gives the decision rules
for prices p(x, S;), labor £(x4, S;), new debt b(x, S;), and dividends d(zy, S;). Together with
the budget set, it also gives the decision rule for repayment ¢(x;,S;). Note that since the
elasticity of demand + is larger than 1, continuing and defaulting intermediate goods firms
set their prices so that they will sell all of their output.

We think of the parameter « in (5) as a simple way of capturing the tensions between
shareholders and managers discussed by Jensen (1986). The idea is that if firms have large
amounts of retained earnings, then managers will often use these funds in ways that benefit
their private interests relative to the shareholder interests. Since shareholders understand the
incentives of managers to inefficiently use such funds, the shareholders design the contracts
of the managers to induce them to pay out funds immediately rather than retain them. In
this context, k stands in for the attempts of the shareholders to discipline the managers by
rewarding them for paying out profits as dividends rather than keeping profits as retained
earnings.

The parameter x, controlling the Jensen effect, plays an important role in our model.
In the model, the combination of the lack of insurance against idiosyncratic shocks and
the nonnegative dividend condition restricts the ability of the firm to choose the size of
employment so as to maximize expected profits. That restriction gives firms an incentive
to build up a large amount of savings, which would allow the firm to self-insure against
idiosyncratic shocks. By adjusting s, we can make it attractive for firms to borrow rather
than build up large levels of savings.

Most dynamic models of financial frictions face a similar issue. The financial frictions,

by themselves, make internal finance through retained earnings more attractive than external
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finance. Absent some other force, firms build up their savings and circumvent these frictions.
In the literature, the forces used include finite lifetimes (Bernanke, Gertler, and Gilchrist
(1999), Gertler and Kiyotaki (2011)), impatient entrepreneurs (Kiyotaki and Moore (1997)),
and the tax benefits of debt (Jermann and Quadrini (2012)). For a survey of these forces and
the role they play, see Quadrini (2011).

Firms make their choices of labor and debt before they know the realization of their
current shocks, but they know that once these shocks occur, they can use new borrowing to
cover their wage bill and existing debt obligations. We can think of each firm as having a
credit line B(S;, z;), which is the maximum amount of resources it can borrow at the end of

a period:

(7) B(Stazt): max [Q(St7zt7€t+1ubt+1)bt+1]-

Li41,bt41

Each firm also maintains a buffer stock of potential funds, defined as

(8) B(Sta %) — q(St, 2y Ui, bev1 )by,

which is the unused portion of their credit line. In our model, firms find it optimal to maintain
a buffer stock in order to guard against the possibility of receiving a very low demand shock
and being forced to default on existing obligations. As we shall see, when volatility increases,
firms raise their buffer stock because they have a greater incentive to guard against default.

Now consider firm entry. The model has a continuum of potential entering firms every
period. To enter, firms have to pay an entry cost £ in period ¢t and decide on the labor
input ¢;,, for the following period. The entry costs are paid by households and give the
households the claims to all future dividends of the firm. The idiosyncratic demand shocks
of new entrants z;,; are drawn from a distribution with transition function 7. (2;11|0:). The

value function of entrants is given by

9) Ve(S) = {Tlga% — K+ (1K) Z Te(ze41]00)Q (0441/51) V (€1, 0, 2041, Sp1)
t+1

Zt+1,0t+1

subject to the evolution of the aggregate states. This problem gives project sizes for new
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entrants £y, ,(S;). Let M(S;) denote the measure of new entrants.

B. Financial Intermediaries

Competitive financial intermediaries borrow from households and lend to firms. At
time period ¢, an intermediary borrows from households by selling them a vector of state-
contingent bonds { By 1(0¢11)} at prices {Q(o++1|5:)} and lends these funds to firms. We now
derive the bond price schedules offered to firms. To do so, we use the fact that competition
among financial intermediaries implies that every contract that an intermediary offers earns
zero profits.

To develop the expression for the value of a contingent loan to a firm, suppose the
current aggregate state is Sy, and imagine that a firm with current idiosyncratic shock z; and
labor input ¢;,; promises, conditional on not defaulting, to pay the intermediary an amount
bty at t + 1. The intermediary realizes that at ¢t 4+ 1, when the aggregate shock is 0,47 and
the idiosyncratic shock is z;y1, if the repayment indicator ¢(¢; 1,11, 2e41, Set1) 18 1, then
this firm will repay completely, and if this indicator is zero, then it will partially default
by repaying only its operating profits, max{p;1¢7,; — wi;1€i41,0}. The intermediary values
these repayments using the price for contingent claims Q(o11|S;) on the funds obtained from

households. Hence, the value for such a default-contingent loan is given by

(10) q(Sk; 26, Lo, besn)bea = Z Q (o141|5¢) T2 (2041 ]20 00) (@1, Se1)besa

Zt+1,0t+1

+ Z Q (0141]50) T (24120 00) [1 = P(e41, Sppr) max{p(wesr, Sea1) €7 —w(Si41)les1, 0},

Zt+1,0t+1

where ¢, is part of the state x;,;.

C. Households

At the beginning of period ¢, households provide labor L, to firms. After the aggregate
shock o, and the idiosyncratic shocks are realized, the households choose their consumption C}
and state-contingent asset holdings { B, 1(011)}, get paid their wages w;, receive aggregate

dividends D; from their ownership of the intermediate goods firms, and pay a lump-sum tax

T;.
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The state of the household is the beginning-of-period state Sy;. The recursive problem

for households is the following;:

(11) VH (Sy) = max {Z?TU(Ut|O't_1) max [U(C’t, L) + BVH(Sthﬂ }

Ci{Bt+1(0t41)}

subject to their budget constraint

(12) C; + Z Q(0141]58) Bry1(0e41) = wi(See) Ly + Bi(oy) + Dy(Sy) — Ti(St)

Ot+1

and the aggregate law of motion for S; given in (6), where, recall, Sy = (Sy, 04). The aggregate
dividend that households receive each period is the sum of all the dividends from incumbent

intermediate goods firms net of the entry costs from all newly entering firms, so that

(13) D) = [ dw, SdTi(a)  M(SE

The household’s problem (11) gives the decision rule for labor, L (Sy), and the decision rules
for consumption and bond holdings, C'(S;) and B(o¢41]5;).

D. Equilibrium

In our model, market clearing in the labor market requires that

(14) / (. Sy )AT1(2) = L (Sw)

where £(z;_1,S5;_1) is the labor input demand for period ¢ committed to by the firm with state
x4—1 at t — 1 and L (Sy) is the labor supplied by the household. Market clearing in the final
goods market requires that the total consumption by households plus the total investment

by newly entering firms equals the total final good output:

(15) C(Sy) + M(S5)€ = Y(51).
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The government budget constraint requires that the lump-sum taxes levied on households

cover any wages not paid for by the defaulting firms:

(S, = / 1 — ¢(z, S,)] max{w(Su)l — p(a, S0, 03T (),

where ¢ is an element of the firm’s state © = (¢, b, z). Next, bond market clearing requires
that the repayments by firms to the intermediaries equal the payments by the intermediaries

on the bonds purchased from the households, so that

(16) / (¢($a Se)b + [1 — ¢(x, St)| max{p(z, S;)l* — w(Si)¢, 0})drt($) = By(0¢),

where b and /¢ are elements of x = (¢, b, z). Finally, the free entry condition for new interme-

diate goods firms is that
(17) Ve(Sy)M(S;) = 0.

The transition function for the measure of firms is Y1 = H(5;), given by
(18) H(xyy1;5:) = /A(xt+1,x|5t)Tt(x)dx + M(Sy)A(2441]St),

where the probability that a firm with some x = (¢, b, z) transits to x;1 = (C¢41, bs1, 2¢41) In
aggregate state S; is given by A(z. 1, z|S)) = m. (2412, 01) if b1 =0(x, Sy), b1 = b(x, Sy),
and ¢(z, S;) = 1 and zero otherwise. Likewise, the probability that a new entrant has a state
equal to 11 = (Cig1, bey1, 2e41) 18 A®(x441|St) = Te(2eq1|o) if i1 = £9(S;) and by = 0 and
zero otherwise.

We now define the equilibrium of this economy. Given the initial distribution Ty and
an initial aggregate shock g, a recursive equilibrium consists of policy and value functions of
intermediate goods firms {d(x¢, S;), b(xy, St), €(xy, St), &(x, St), V(xt, St)}; household policy
functions for consumption C(S;), labor L(Sy), and savings B(o;,1,.5;); the wage rate w(Sy)
and discount bond price Q(o 1, S;); bond price schedules q(Sy, z¢, €11, bi11); the mass of new

entrants M (.S;); and the evolution of aggregate states T, governed by the transition function
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H(S;), such that for all ¢: (¢) the policy and value functions of intermediate goods firms
satisfy their optimization problem, (ii) household decisions are optimal, (i) loan contracts
break even in expected value, (iv) domestic good, labor, and credit markets clear, (v) the
free entry condition holds, and (vi) the evolution of the measure of firms is consistent with
the policy functions of firms, households, and shocks.

We turn now to the definition for real output (GDP). In our model, the final goods
producer has no value added, and hence this producer is a simple device to aggregate the
output of the heterogeneous firms—which we refer to as intermediate goods firms—into a
single value. Of course, we can equivalently think of these heterogeneous firms as final goods
producers and equation (1) as reflecting agents’ preferences over these final goods.

Under either interpretation, in this environment, the natural definition of GDP is the

sum of output of these heterogeneous firms in base period prices po(z):

(19) GDP, :/po(:v)yt(x)th(:U),

T

where we consider a base period in which po(x) = 1 for all z. It turns out that in the

quantitative exercise, the time series for GD P, and Y; are nearly identical.

2. Our Mechanism in a Simple Example

Before we turn to our quantitative analysis, we construct simple examples to illustrate
our mechanism in its starkest and most intuitive form. Specifically, we show how, in the
presence of financial frictions, fluctuations in the volatility of demand shocks give rise to
distortions that generate fluctuations in labor. To do so, we compare the optimal labor
choice of firms in two environments: one in which they can fully insure against shocks and
one in which they cannot insure at all.

Consider a one-period stripped-down version of our model. Firms begin the period with
some debt obligations b. They then choose the amount of labor input ¢ to hire to produce
using the technology y = (* before the idiosyncratic demand shock z for this product is
realized. These shocks are drawn from a continuous distribution 7,(z). Given the demand
shock z and the aggregate output Y, firms choose the prices p for their products and sell
them.
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If a firm has sufficient revenues from these sales, it then pays its wage bill w/ and debt
obligations and receives a continuation value V. here simply modeled as a positive constant.
If the firm cannot pay its wage bill and debt, it defaults and receives a continuation value of
0.

Consider, first, what happens when financial markets are complete. Imagine that a
firm chooses the state-contingent pattern of repayments b(z) to meet its total debt obligations

b and, hence, faces the constraint

(20) / b(z)m,(z)dz = b.
0
The firm chooses labor and state-contingent debt to solve the following problem:

%?5/0 [p(2)0* —wl — b(2)|m,(2)dz+V

subject to (20) and the nonnegative dividend condition
(21) p(z)l* —wl —b(z) > 0,

where p(z) = 2Y'Y/7¢~%/7 is the price the firm sets to sell all of its output and is derived from
(3) and y = ¢*. Assume that the debt b is small enough so that it can be paid for by the
profits of the firm. Hence, with complete financial markets, the firm can guarantee positive
cash flows in every state in period 1 by using state-contingent debt b(z), and the dividend
constraint is not binding.

With complete markets, the firm’s optimal labor choice ¢* is such that the expected

marginal product of labor is a constant markup over the wage

xa—1 _
(22) Ep(z)al = T

This first-order condition shows that with complete financial markets, fluctuations in the
volatility of the idiosyncratic shock 2z that does not affect its mean will have no impact on a

firm’s labor choice, since p(z) is linear in z.
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Now consider what happens when financial markets are not complete: the existing
debt is state-uncontingent, so firms have no way to insure against demand shocks. Here,
firms with large employment have to default and exit when they experience low demand
shocks, since cash flow is insufficient to cover the wage bill plus debt repayments. Effectively,
the firm chooses its labor input ¢ as well as a cutoff productivity Z below which it defaults,
where for any ¢, Z is the lowest z such that p(z)¢® > wfl + b, where p(z) is described above.
Thus, the firm solves the following problem:

rréayx/ [p(2)20% — wl — bl7,(2)dz + / Vr,(2)dz

subject to p(2)¢* — wl — b = 0. This last condition defines the cutoff productivity Z below
which the firm defaults, because for any z < Z, the firm would have negative cash flow. The
larger the level of labor ¢, the larger the probability of default for the firm.

In this environment, the optimal choice of labor does not simply maximize period 1
profits as it does with complete financial markets. Here, the firm balances the marginal in-
crease in profits from an increase in ¢ with the increased costs arising from a higher probability

of default that such an increase entails. The choice of ¢* satisfies

Z)  dz
o Sgprat = 7 _m8)
(23) E(p(2)]z > 2)at o1 YT YT T ar |

where p(2)0** —wl* —b = 0 and II,(z) is the distribution function associated with the density
7.(2).

When financial markets are incomplete and firms face default risk, the choice of ¢
equates the effective marginal product of labor in the states in which the firm is operative
to the marginal costs arising from increasing labor, which includes the wage and the loss
in future value. Condition (23) illustrates the distortion in the firm’s first-order condition
arising from default risk that makes the marginal product of labor larger than the wage.

Now, in contrast to what happens in complete financial markets, fluctuations in the
volatility of idiosyncratic shocks do affect the choice of labor. Increases in volatility typically
increase the hazard rate m,(2)/[1 — II.(2)], which in turn leads to a larger distortion and

a smaller labor input. More precisely, in the Appendix, we assume that z is lognormally
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distributed with E(z) = 1 and var(logz) = 0. We show that if the value of continuation
V is sufficiently large, then a mean-preserving spread (an increase in o) leads to a decrease
in labor £. The intuition for this result is that an increase in volatility increases the risk of

default; hence, firms have incentives to lower this risk by reducing their labor input.

3. Quantitative Analysis

The quantitative analysis of our benchmark model begins with parameterization. We
use the impulse responses to show how an increase in volatility leads to a drop in output
and labor. We illustrate the importance of the financial structure and the source of shocks
by contrasting our results to those of alternative specifications with complete markets or
with productivity shocks. We show that the model can account for many of the patterns
of aggregates during the Great Recession. Finally, we discuss the business cycle moments

implied by the model.

A. Parameterization

Many of the parameters of preferences and technology are fairly standard, and we
choose them to reflect commonly used values. We use features of the time variation in the
cross-section distribution of firms in the United States to help inform the choice of some key
parameters of the intermediate goods firms.

Consider the setting of some standard parameters. The utility function is assumed to

take the form

CI—U hl—i—u

(24) wu(e,h) =

l—0c 140

We set ¢ = 2, a common estimate in the business cycle literature. We set v = 0.5, which
implies a labor elasticity of 2. This elasticity is in the range of elasticities used in macroeco-
nomic work, as reported by Rogerson and Wallenius (2009). The exponent of the production
function « is set to the labor share of 0.70. We choose the elasticity of substitution parameter
~v = 7.7 so as to generate a markup of 15%, which is in the range estimated by Basu and
Fernald (1997).

Now consider the parameterization of the Markov processes over idiosyncratic demand
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shocks and aggregate shocks to volatility. We want the parameterization to allow for an
increase in the volatility of the idiosyncratic demand shock z while keeping fixed the mean
level of this shock. We choose a discrete process for idiosyncratic shocks that approximates

one that is autoregressive in the log of z, namely,

(25) logz = py + p,log 21 + 0racs,

where the innovations &, ~ N (0, 1) are independent across firms. We choose p, = —0? /2 so
as to keep the mean level of z (as opposed to its log) across firms unchanged as o, varies.

The discrete process for the aggregate shocks approximates the continuous process

logo; = (1 - p,)log p, + p,log o1 + vy,

where v; ~ N(0, ¢?).

Our discrete Markov chains have two aggregate shocks and five discrete sets of values
for demand shocks for each of the two aggregate shocks. These approximations follow the
methods of Tauchen and Hussey (1991). We also want to have an additional demand shock
low enough such that when financial markets are incomplete, firms default when this shock
occurs. When we add such a shock, firms default only at this additional low demand shock
and at none of the other levels of the demand shock. We choose the probability of the
additional low demand shock to be 2.5%. With this level, the model reproduces failure rates
similar to the mean failures since 2000 reported by Campbell, Hilscher, and Szilagyi (2008).
The productivity of new entrants is chosen to be the lowest discrete value of the demand
shock in light of estimates by Lee and Mukoyama (2012). Using the Longitudinal Research
Database of the U.S. Census Bureau, they report that the average size of new entrants relative
to incumbents is 0.6. In our model, the corresponding value is 0.7.

We set the rest of the parameters so that the model reproduces salient features of
the microeconomic data on firms. We choose the serial correlation of idiosyncratic shocks
to be p, = 0.7, which is in line with Foster, Haltiwanger, and Syverson’s (2008) estimated
value. We choose the rest of the parameters governing the aggregate and idiosyncratic shocks

Ly P, Py, the Jensen effect parameter s, and the entry cost £ to target five moments. Four
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of these moments use Compustat data and are features of the distribution of firms: the
mean, standard deviation, and autocorrelation of the cross-section interquartile range (IQR)
of annual sales growth and the mean ratio of liabilities to sales. Annual sales growth is
computed using quarterly data from 1970 to 2010 as (sales; — sales;—4)/0.5(sales; 4+ sales;)
with sales deflated by the consumer price index (CPI) for firms in the Compustat data set
with at least 100 quarters of observations. The fifth moment is the fraction of labor employed
by entering firms, which is measured by the U.S. Bureau of Labor Statistics. The resulting
parameters from the calibration are pu, = 0.18, ¢ = 0.13, p, = 0.85, Kk = 0.4, and £ = 1.57.

Table 1 shows that the model generates moments similar to those in the data.

B. Impulse Response to a Volatility Shock

Here we describe the impulse response of the aggregate economy to an increase in
volatility. We then use the impulse responses of individual firms in this economy as well as
firms’ decision rules to provide intuition for the model’s mechanism.

To set the initial conditions before the shock, we consider a long enough sequence of
realizations in which the volatility shock is at its mean, so that all aggregates do not change
from one period to the next. We then use as an initial condition the resulting measure over
individual states. Starting from this distribution, we suppose that in period 1 the volatility
shock increases by one standard deviation and stays there from then onward. To help interpret
the magnitude of the shock, note that we choose the initial IQR of sales growth to be equal

to its mean value of 18% and that a one standard deviation shock increases the IQR to 23%.

Impulse Responses for the Aggregate Economy

We start with the model’s impulse responses at the aggregate level. In Figure 1A,
we plot the impulse responses of the main aggregates: output, labor, and consumption for
10 quarters. In period 1, the impact period, output and labor do not change because firms
produce before shocks. In the period after the shock hits, output falls about 2.4% and labor
falls more than 3.2%. Aggregate output and labor fall because incumbent firms reduce their
employment and fewer new firms enter.

The dynamics of consumption differ from those of output and labor. On impact,

consumption rises about 0.3% and then declines. Consumption rises on impact because
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investment in new firms falls more than output. If we continued these impulse responses, we
would find that in the long run, consumption follows output and they both level off, about
1.6% and 2.5% lower, whereas labor slowly rises and eventually returns to almost its initial
level.

In Figure 1B, we plot the impulse responses of the aggregate debt of firms and the
measure of firms. We see that higher volatility leads firms to de-leverage by decreasing their
debt. This increase in volatility also leads to fewer new firms.

We turn now to analyzing labor productivity, wages, and interest rates. Labor produc-
tivity is simply the ratio of GDP to aggregate employment, GDP,/L,. From Figure 1C we see
that labor productivity increases a modest amount, about 0.9%, after the shock. The overall
response, however, is fairly flat compared to the responses of output and labor. Next, we see
that the wage falls on the shock’s impact, about 1.4%, and continues to fall thereafter. The
interest rate falls modestly, by about 0.5% (from 2.1% to 1.6%) on impact and then stays
slightly depressed.

Impulse Responses of Individual Firms

To shed light on the mechanisms driving the aggregate responses just discussed, we
now turn to the responses for the individual firms. Recall that each firm’s state (z,¢,b)
includes its shock, employment, and debt. We plot the responses for employment and debt
for three representative firms that happen to have a sequence of low (z) demand realizations,
medium (z;) demand realizations, and high (zy) demand realizations. Here, we set zj; at
the mean level of z and set the levels of z;, and zx to be one standard deviation below and
above z;. The initial employment and debt states for each of the firms are set to the median
levels within each z group. When volatility increases, the mean demand shock stays the same
and the standard deviation increases. Thus, after the increase in volatility, we adjust the
levels of z;, and zy so that they continue to be one standard deviation below and above the
mean, thus lowering zj,, raising zy, and leaving z;; unchanged.

In Figures 2A, 2B, and 2C we plot the levels of labor ¢, debt b, and the buffer stock
D — gt defined in (8) for each firm for 10 quarters after the shock. For each firm, the

employment and debt levels are plotted relative to their levels in period 0, and the buffer
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stock is reported relative to the contemporaneous level of output.

Consider the responses for the firm with a medium demand shock, z;,. When volatility
increases in period 1, on impact, this firm decreases its employment about 1.2%, decreases
its debt 0.5%, and increases its buffer stock 0.3% of its output. The intuition is that at the
original employment and debt levels, when volatility increases, firms would be forced into
default more often. When firms default, they lose the future stream of positive expected
profits. To avoid losing this stream, the firm with the medium demand shock z,, takes the
precautionary actions of lowering its employment and debt levels. It does this in order to
reduce its financial obligations to workers and debt holders due at the end of the period and
thereby reduce default risk. This firm also chooses to build up its buffer stock in order to
help ensure that it can remain solvent in the face of a more volatile distribution of z.

In the background, the increase in volatility also shrinks this firm’s credit line because
higher default risk induces financial intermediaries to restrict lending. This effect further
amplifies the desire of firms to reduce their employment and debt and to increase their buffer
stock.

After the impact period, the firm starts increasing its employment. The reason is
twofold. First, since the firm has built up its buffer, it can better self-insure against the more
volatile shocks it now faces, making an increase in employment less risky. Second, as we
saw in Figure 1, wages have fallen, and this general equilibrium effect also leads the firm to
increase its employment.

Figure 2 also shows responses for firms with z; and zgy. On impact, the firms with z;,
and zy take the same precautionary actions of contracting their employment and decreasing
their debt, as does the firm with z;;. Since the conditional means of z vary for these firms,
however, the magnitudes of their responses differ. For example, since the conditional mean of
the demand shock for the z;, firm falls as volatility increases, this firm decreases employment
more than the other two types of firms. Likewise, since the conditional mean of the demand
shock for the zy firm increases as volatility increases, this firm decreases employment less
than the other two types of firms. These differential effects persist beyond the impact period.
After the impact period, the employment for firms with z; remains depressed, whereas the

employment of firms with zy increases.
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Now consider the behavior of debt and the buffer stock for the firms with z; and zp.
Recall that the credit line available to all firms shrinks with the shock. As shown in Figure
2C, the firms with z;, start with a low buffer stock, and when the shock hits, such firms reduce
their debt and exhaust their credit line. Firms with zy have a larger buffer stock before the
shock and increase it by reducing their debt when the shock hits.

In Figure 3, we show the responses of the aggregate buffer stock and the fraction of
firms with zero buffer. We see that the increase in volatility leads to an increase in the
aggregate buffer stock at the same time as it leads to an increase in the fraction of firms with
zero buffer. These responses occur simultaneously because while most firms increase their
buffer stocks, the higher volatility leads to a fatter tail of low shocks. This fatter tail in turn
leads to an increase in the number of firms that experience relatively low shocks. Such firms

end up running their buffer down to zero.

Debt Overhang and Liquidity

Our model has a type of debt overhang, in that all else equal, highly indebted firms
choose smaller labor.

To illustrate this phenomenon, in Figure 4A we plot the decision rules for labor as a
function of the inherited debt for a firm with z,;, when the volatility is low and when the
volatility is high. Clearly, firms with larger existing debt choose smaller employment. Since
firms find it optimal to roll over most of their debt, firms that inherit larger amounts of debt
also take on more new debt. Firms that have more new debt obligations find it optimal to
reduce the risk of default by decreasing their level of employment to a more conservative
level. As Figure 4A shows, when debt is large enough, firms default and exit. Note that high
debt is disproportionately disruptive in times of high volatility because the level of debt for
which the firm shrinks its employment and defaults is lower with high dispersion.

Our model generates default because of firm problems with liquidity, not solvency. To
see that default is due to liquidity problems, note that default happens when firms cannot
roll over their debt even though the firm has a positive value. Figure 4B shows the value of
the firm as a function of debt for the two aggregate shocks. Clearly, the higher the debt of a

firm the lower its value, and, once the debt reaches a critical size, the firm’s value discretely
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jumps down to zero. At this critical value, the firm is able to borrow just enough to pay off
its existing debt. Hence, for slightly higher values of debt, the firm cannot borrow enough
and must default. The value function jumps at this critical value because by defaulting, the
firm loses a strictly positive discounted stream of expected future profits.

This analysis leads naturally to the question, why is the firm with a positive present
value of dividends not able to borrow more? The firm cannot borrow freely at the contingent
prices used in the valuation of future dividends. In particular, the firm cannot borrow against
future dividends and repay different amounts contingent on its idiosyncratic shocks. Because
of this friction in asset markets, the firm cannot pledge resources based only on the expected
stream of profits. Hence, it is possible for a firm to be illiquid, in that it cannot borrow, even

though it is solvent, in that it has positive value.

C. Impulse Responses in Two Reference Models

To help understand the role of incomplete financial markets and the source of aggregate
shocks in generating a downturn, we contrast the aggregate impulse responses in our model—
hereafter, the benchmark model—with those in two alternative models. One has volatility
shocks but complete financial markets. The other has incomplete financial markets but
aggregate productivity shocks. We see here that both financial frictions and the source of the

shocks—volatility instead of productivity—are critical to our benchmark model’s results.

Volatility Shocks and Complete Markets

To get a feel for the importance of financial frictions at the firm level, we compare our
model to one with complete markets, in which we add to the model state-contingent claims
that pay off on the realization of both idiosyncratic and aggregate shocks.

When firms can issue state-contingent claims, their employment choices ¢ are undis-

torted and solve

D QoS Tz lz, 01)p(z, Sl =

2t+1,0t+1

i 1 wt(Sbt)>

where p(z,11, S;) = 2Y (S;)/7¢~*/7. The existence of complete markets also eliminates default

because firms can structure the state-contingent payoffs such that their budget sets are never
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empty. By eliminating default, complete markets prevent inefficient liquidations and deliver
a constant measure of firms in the long run.

Figure 5A plots the aggregate responses to increased volatility shocks in a complete
markets model. The difference in responses between the benchmark model and the complete
markets model is striking. Volatility shocks have very minor effects on aggregates in the
complete markets economy, in contrast to the benchmark economy. Aggregate output de-
creases slightly, about 0.2%, aggregate employment is unchanged, and consumption increases

slightly.

Productivity Shocks and Incomplete Financial Markets

To understand the importance of our source of aggregate shocks, we also compare the
responses of our benchmark model to a model in which we replace the aggregate volatility
shocks with aggregate shocks to firms’ productivities. Specifically, we assume that interme-
diate goods firms produce output using y; = A;¢y, where A; is common across firms. We find
that the source of shocks is critical for our results.

We choose a discrete process for the productivity shocks that approximates one that

is autoregressive in the log of A, namely,

(26) log Ay = iy +palog Ay 1 + e,

where the innovations are 4, ~ N(0,0%) and p, = 0.85 and 04 = 0.008.

Figure 5B plots for this productivity shock model the aggregate responses to a per-
manent decrease in productivity of 3%. Even though this model has incomplete financial
markets, it produces a larger decline in output than in labor. This pattern, which is a typical
problem in standard real business cycle models, contrasts sharply with the pattern in Figure
1A of our benchmark model.

The comparison of the impulse responses of wages and labor productivity in the pro-
ductivity shock model to the benchmark model illustrates that our mechanism provides a
force for labor to vary that works very differently from the standard productivity shock chan-
nel. In Figure 5C we see that in a recession driven by productivity shocks, wages and labor

productivity both fall sharply. In contrast, in a recession driven by volatility shocks, wages
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fall sharply but labor productivity does not. Indeed, in such a recession, labor productivity
slightly increases on impact and then flattens out.

As we have noted, in the Great Recession of 2007-2009, labor productivity is stable
even though output and labor both decline sharply. Such a pattern is inconsistent with a

recession driven by productivity shocks, even in a model like ours with incomplete markets.

D. The Great Recession of 2007-2009

So far we have investigated the implications for our model following a one-time shock
to demand volatility. Here we ask how much of the movement in aggregates in the recession
of 2007-2009 can be accounted for by our model. We show that our model can account for
much of this movement.

In this experiment, we let the initial number of firms be that which arises in the limit
after a long sequence of volatility levels such that the IQR equals the one at the start of the
recession in the fourth quarter of 2007 (2007:4). We then choose a sequence of shocks so that
the IQR of sales growth that the model produces is similar to that in the data. In Figure 6A
we show the IQR of sales growth in the model and the data. The IQR increased substantially
during the recession, from 0.17 to 0.31. We think of this procedure as using the data (and
the model) to back out the realized sequence of volatility shocks. Given our initial condition
and this sequence of shocks, we simulate the model.

The model generates substantial declines in aggregate output and labor over this
period. From Figure 6B, we see that over the period 2007:4 to 2009:3, the model generates
a decline in output of 6.5%, whereas in the data output declines 9.7%. From Figure 6C,
we see that the dynamics of labor are similar to those of output: the model produces about
an 8% decline in labor, whereas in the data labor declines about 10%. At the end of the
recession (2009:3), the model predicts a slight increase in employment, whereas in the data
employment remains depressed. Mechanically, the model produces this small upturn because
as Figure 6A shows, the increase in the IQR tapers off; hence, so do our backed-out volatility
shocks.

We summarize the overall contraction in both output and labor as the cumulative

decline in these variables during this whole event. Using this measure, we find that the
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model can explain 67% of the overall contraction of output and 73% of the contraction in
labor during the Great Recession.

From Figure 6D, we see that the model produces a fairly flat productivity profile for
the recession, whereas in the data productivity falls modestly and then rises modestly. Note
that both in the model and in the data, productivity at the end of this event is essentially
unchanged from what it was at the beginning of this event even though output has fallen
10% from beginning to end.

The response of productivity in our model helps to contrast the mechanism in our
model with that of Bloom et al. (2011). They show that in a model with adjustment costs
for capital and labor, high volatility generates a large productivity decline. Both models
generate a contraction in aggregate output in response to high volatility, but they do so
through different margins. In the environment of Bloom et al. (2011), the contraction in
output is accounted for by an endogenous decline in productivity, whereas in our model, the
contraction is accounted for mainly by a decline in labor with flat labor productivity.

Here we have focused on the Great Recession of 2007-2009. We have not tried to
account, for the slow recovery after the end of the recession in 2009. As it stands, our model
cannot account for the slow recovery. The reason is twofold. First, in the data, our measure
of volatility, IQR of sales growth, falls relatively quickly post-2009. Second, our model has
a tight link between volatility and output so that when volatility falls, output recovers. One
reason for this tight connection is that agents know exactly when the volatility shifts. A more
elaborate stochastic structure on information in which agents receive only noisy signals of the
volatility would allow the model to break the tight connection. Another reason is that we
have abstracted from other mechanisms, such as adjustment costs in labor, search frictions,
and so on, that stretch out the impact of shocks on aggregates. Finally, we have abstracted
from other shocks, including policy uncertainty shocks, that Baker, Bloom, and Davis (2012)

show actually increase further after the end of the Great Recession.

E. Business Cycle Statistics
So far we have focused our quantitative analysis on the impulse responses to a one-time

shock and the implications of our model for the Great Recession. We are also interested in
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briefly exploring the second-moment implications of our model. To do so, we consider the
business cycle statistics that the benchmark model generates. To highlight the importance
of financial frictions and volatility shocks, we compare these statistics to those generated by
the complete markets version of our model with volatility shocks and by our model with
aggregate productivity shocks but constant volatility.

These comparisons reinforce our conclusions from the impulse responses. First, a
necessary ingredient for volatility shocks to have a large impact on output and employment
is the presence of incomplete financial markets. Second, even with imperfect financial markets,
standard productivity shocks do not generate much volatility in labor relative to output, but
volatility shocks do.

In examining these statistics, it is important to recall that in our benchmark results,
we have purposefully abstracted from other shocks in order to highlight the quantitative
importance of volatility shocks; hence, our model should not be thought of as a complete
model of the business cycle. To keep in mind the standard ranges for business cycle statistics,
we also report some statistics from the U.S. data. Specifically, we use quarterly data from
1970:1 to 2011:2 and log and detrend each series with linear trends.

We report the results of our benchmark model in Table 2, which shows that even
though our benchmark model has only volatility shocks, it generates highly volatile business
cycles. The model generates a volatility (std) of output of 2.6, which is about 80% of the
volatility observed in the data. The model also generates a relative volatility of labor to
output that is similar to that in the data (1.27 in the model vs. 1.28 in the data). The model
generates a lower relative volatility of consumption to output than is in the data (0.31 vs.
0.83). A partial explanation is that our model includes no adjustment costs on new entrants,
so even though the share of total output of these firms is small, their investment easily adjusts
so as to smooth consumption.

In our model, financial frictions at the firm level, together with volatility shocks,
generate time-varying distortions to firms’ labor choices, which, in turn, generate movements
in labor. To put these implications in perspective, recall that classic frictionless business
cycle models with productivity shocks do not generate the high volatility of labor relative to

output observed in the data because in those models, there are no distortions in the labor
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market.

We now turn to the business cycle implications of the two reference models.

As can be seen from the complete markets statistics in Table 2, when financial markets
are complete, volatility shocks produce only minor fluctuations in aggregates. The volatility
of output is tiny relative to the volatility of output either in our benchmark model or in the
data. Moreover, even when measured in relative volatility terms, labor is quite unresponsive
to volatility shocks.

The productivity shocks model also does poorly. Table 2 reports second moments when
the economy has a constant volatility of idiosyncratic demand shocks and is hit by aggregate
productivity shocks. We choose the volatility of productivity shocks such that the aggregate
fluctuations in output in this exercise are similar to those in the benchmark model. In the
productivity shock model, as in standard business cycle models with aggregate productivity
shocks, the volatility of labor relative to output is much lower, less than 40% of that observed

in the data.

4. Extensions: Amplification and the Labor Wedge

So far we have kept our benchmark model simple by abstracting from some features
that economists have argued are important in accounting for business cycle fluctuations.
Nakamura and Steinsson (2010), for example, have argued that intermediate goods, which
make up more than half of gross output, help amplify the effects of shocks in their model.
Others, such as Hall (2005) and Shimer (2012), have argued that real wages in the Great
Recession have fallen much less than a model with flexible wages predicts, and that incorpo-
rating real wage rigidities also amplifies the effects of shocks. We begin with two extensions
to our benchmark model, intermediate goods and sticky real wages, and show that both of
these extensions amplify our mechanism.

To understand why both extensions amplify our mechanism, recall that in our model,
hiring inputs is risky because firms must take on financial obligations to pay for these inputs
before knowing the revenues from their sales. In the benchmark model, input prices—here,
wages—fall when volatility increases. These general equilibrium effects dampen our mecha-

nism. The reason is that exactly when the volatility shocks induce firms to cut their labor
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input for any given wage, the wage itself falls, which, all else equal, induces firms to hire
more labor. Hence, the fall in wages tends to offset the pull-back effect of the increased
volatility. Both of our extensions make the price of inputs less responsive to volatility and
hence diminish these offsetting general equilibrium effects. Overall, these extensions amplify
our mechanism relative to the benchmark case.

We also discuss our model’s implications for the labor wedge. Our motivation is that
economists have argued that examining the properties of this wedge are useful in understand-

ing the performance of alternative explanations for business cycles.

A. Amplification Mechanisms
Here we discuss the two amplification mechanisms for our model: intermediate goods

and sticky real wages.

Intermediate Goods

Consider first the alteration in technologies. We replace the production function y; =
(¢ for each intermediate good firm by y, = (¢} "m¢)®, where m is the amount of the composite
good Y used as an intermediate input for a given firm. This composite good is now interpreted
as gross output. Next, in terms of timing, in the benchmark model firms choose their labor
input ¢,,1 at the end of period ¢ at the same time that they choose their new debt b;,;. In
this extension, firms now choose their intermediate inputs m;,; at the same time as their
labor input. The rest of the economy is unchanged.

To illustrate the aggregate implications of this economy, we repeat our experiments
for the Great Recession and compute the business cycle statistics. The only new parameter
is 0, which we set to 0.52, motivated by the work of Nakamura and Steinsson (2010). The
rest of the parameters are the same as those in the benchmark.

We begin by repeating our experiment for the Great Recession for this economy. Specif-
ically, we choose a sequence of shocks so that the IQR of sales growth that the model produces
is similar to that in the data. In Figures TA and 7B, we plot the resulting paths for output
and labor for this model. Comparing the paths for output and labor from this model, la-
beled Intermediate Goods, Large Jensen Effect, to those from the benchmark model, labeled

Benchmark, we see that adding intermediate goods greatly amplifies our mechanism. With
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intermediate goods the drop in both output and labor is significantly greater than in the data.
As Table 2 on business cycle statistics shows, because of this amplification, the volatility of
output is essentially double that in the benchmark model.

The intuition for the amplification relative to the benchmark is that with intermedi-
ate goods, over half of a firm’s inputs are composite intermediate goods (so that the cost
function for producing y units of output is proportional to w*=?p’, where p = 1). When the
volatility increases, for any given percentage fall in the wage, since the price of the composite
intermediate goods does not change, the cost of inputs falls by less than half as much.

We think of our first experiment with intermediate goods as simply providing a com-
parative static result, rather than a quantitative evaluation of the impact of volatility shocks
on the Great Recession. To perform a more relevant evaluation, we reparameterize the model
so that it produces a similar volatility of GDP as in the benchmark model. We choose to
adjust only one parameter, the parameter x governing the Jensen effect. The reason is that
this parameter is both important for our mechanism and is set only with indirect measures.
Specifically, we lower k to a level such that the volatility of output in the model coincides
with that in the benchmark. The resulting value of « is 0.1. Comparing the paths for output
and labor from this model, labeled Intermediate Goods, Small Jensen Effect, to those from
the benchmark model, we see that adding intermediate goods produces larger declines in
output, especially in employment, and brings the time paths for the model closer to those in
the data. Turning to the business cycle statistics, we see that intermediate goods magnifies

the volatility of labor relative to that of output.

Sticky Real Wages
In our second extension, we consider a sticky real wage model. To show the effects of
such stickiness, we simply posit a version of what Hall (2005) refers to as a partially smoothed

wage by assuming that

(27) wy = dw + (1 — Nwy,

where w; equals the consumer’s expected marginal rate of substitution between consumption

and leisure at the beginning of period ¢ and w is the average wage in the benchmark economy.
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Here, A measures the amount of stickiness in that when A = 0 wages are perfectly flexible, as
in the benchmark economy.

For this extension, we repeat our experiments for the Great Recession and compute
the business cycle statistics. The only new parameter is A, which we set to 0.80. To analyze
the episode of the Great Recession, we choose the sequence of shocks to volatility so that the
sticky wage model reproduces the observed IQR for this period.

In Figure 8A we compare the real wages in data, the benchmark model, and the sticky
real wage model for the Great Recession. For the data we follow Shimer (2012) in using the
Employment Cost Index as a measure of nominal wages and deflate this index by the Core
CPI. From this figure we see that over the period of the Great Recession, real wages in the
data drop by about 2%, whereas wages in the benchmark model drop over 8%. In contrast,
in the sticky real wage economy, real wages drop about the same as in the data.

In Figures 8B and 8C we see that, relative to the benchmark, sticky real wages amplify
the output and labor effects of the increase in volatility. In the business cycle statistics, we

see that these sticky wages also make output substantially more volatile.

B. Labor Wedge

A recent strain of work in macroeconomics has argued that in classifying alternative
mechanisms for business cycle models, a useful approach is to compare the labor wedge
generated by the model to that in the data. (See Shimer 2009 for a survey.) Here we ask, do
our volatility shocks show up as labor wedges?

The first issue we need to grapple with is that the aggregate labor wedge has been
defined for economies with an aggregate production function. For example, Chari, Kehoe,
and McGrattan (2007) define the labor wedge as the ratio of the marginal rate of substitution
between consumption and leisure to the marginal product of labor in the aggregate production
function. Our economy with heterogeneous firms and imperfect financial markets does not
admit an aggregate production function. Nevertheless, we follow the spirit of the work on

the labor wedge and define it to be the marginal rate of substitution between consumption
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and leisure to labor productivity

U GDP,
28) 1—7F=——=
( ) t UCt Lt

Figure 9A shows that during the Great Recession, the labor wedge falls about 12%.
Our benchmark model generates about half of this fall. Thus, volatility shocks do indeed
generate labor wedges, but the wedge is less than in the Great Recession.

A major source of the discrepancy between the benchmark model’s labor wedge and
that in the data is coming from the dynamics of consumption. As Figure 9B shows, in the
benchmark model consumption is roughly constant throughout this time period, whereas in
the data, consumption falls about 7%.

From Figure 9A we also see that in the model with sticky real wages, the labor wedge
in the model is similar to that in the data. From Figure 9B we see that this improvement is
due in large part to the behavior of consumption.

Some economists, such as Gali, Gertler, and Lopez-Salido (2007), have argued that
an instructive approach is to decompose this wedge as the product of a firm-side wedge
1— 7/ = (w;/Fy) and a consumer-side wedge 1 — 7¢ = (=Uy/U,) /w,. In Figures 9C and 9D
we plot this decomposition (in logs). We see that in the data, the worsening of the labor
wedge is largely driven by the consumer-side wedge. In the benchmark model, in contrast, the
worsening of the labor wedge is driven by the firm-side wedge, and in fact the consumer-side
wedge improves. Figures 9C and 9D also show the consumer- and firm-side wedge in the
real sticky wage model. In this model, the dynamics of the consumer- and firm-side wedges
are closer to that in the data. Of course, for a variety of well-known reasons, including,
for example, the nature of the long-term relationship between employees and employers,
measured wages in the data may not correspond to their theoretical counterparts. Hence,
decomposing the labor wedge into a consumer-side labor wedge and a firm-side labor wedge

is controversial.

5. Conclusion
We have developed a model in which fluctuations in the volatility of idiosyncratic

demand shocks lead to quantitatively sizeable downturns in output and employment. In the
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model, as in the recent recession, we observe a large increase in the cross-section dispersion
of growth rates by firms and a large decline in labor but relatively flat labor productivity.

Hence, we think of the model as a promising parable for the Great Recession of 2007-2009.
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6. Appendix

To illustrate the effects of increasing volatility on the labor choice of firms in the
simple example of Section 2, we consider the case where In(z) follows a normal distribution
N(p,0?). We assume that b = 0 and write the condition (23) using the definitions for the
price p(z) = 2Y'Y/74=%/7, the threshold p(3)(® — wl = 0 as

(1—0wV . (307°)
Al (1 - IL(20-0))

(29) E [z > %61‘9] AGPY =

where 0 = « (%) and A = Y7, We convert the distributions to standard normals, use

the fact that E(z) = e#*7°/2, and write condition (29) as

2 w pl1—0 w pl—0
(30) €u+02/2q) p+o”— In (Zg ) Aeﬁ@—l —w= (1 — e)wvh In (Zg ) K ’
o Ao o

where ® and h are cdf and hazard for the standard normal distribution.

We want to consider the effects of a mean-preserving spread of the distribution. To
do so, we set E(z) = 1, which implies that y = —¢?/2. The first-order condition (FOC) (30)
becomes

(31) @ (UQ/Q — 12 Wla)) 4001 — = U —Aig“’vh (1“ (%flz) + 02/2> |

To evaluate how the labor ¢ changes with volatility o, we totally differentiate condition (31)

and get an expression for d¢/do:

U= ho () — @ ()0
(32) dt/do = ar o) L)

[@(.)AOLO=1 + B()AO(O — 1)00=2] + 0L D8V () — =DV, ()

Using the FOC (31) for the bottom of equation (32) and after some simplification, the

comparative static d¢/do equals

(lfG)th, d_x o 666_1 ﬂ
(33) df/do = a1 (%) g $y) 3

Sy) FAOL + B(y) ALO-2(0(20 — 1)) — G — L= p/ () 42
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ln(%él’e)—l—az/?
o

h'(z) > 0 for a standard normal. Sufficient conditions for d¢/do < 0 are that § < 1/2 and

02/2—In( L et-9
and y = W Note that fl—i{ < 0, % > 0, and recall that

where z = s o

that the partial derivatives satisfy g—g < 0 and g—g > (0. With these sufficient conditions, the
bottom of equation (33) is negative and the top is positive.

Below we show thatfl—cyr < 0 and % > 0 are satisfied when the continuation value is
high enough such that the implied default probability is less than 1/2.
Assumption 1 6 < 1/2 and {V, o} satisfy

A{® (o) exp(c?/2)0 — 1}
1 (0) (exp(0?/2)uw)” =7 (1 - 6)

(34) V>

for given A and w.
Lemma 1. In (%6*1_9) < —0?%/2 under assumption 1

Condition (34) with equality is precisely the FOC condition when In (%¢*'~%) = —¢2/2.
As V increases, (34) becomes a strict inequality. If the labor ¢* decreases with higher V| then
In (2¢*17%) < —0?/2 under assumption 1. We can show that when § < 1/2, d¢/dV < 0 by
totally differentiating the FOC

(35) d¢/dV = e hl)

G(y) LAY~ + B(y) ALO-2(0(20 — 1)) — S — L=V pr () de

< 0.

n(¥ *1—0 0.2
Note that Lemma 1 implies that the liquidation probability § = ® (M) <
1/2.

Proposition 1. As volatility increases, labor declines, df/do < 0, under Assumption 1.

n( ¥ 1—-6
Lemma 1 showed that In (%¢*7%) < —¢2/2. Hence, dz/do = _(Ee) +3>0 and

o2

n(¥ 1—-6
dy/do =% + m(%07) < 0. These derivatives imply that d¢/do < 0 in (33).

o2
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Table 1: Target Moments in Data and Model

Annual Moments Data Model
IQR sales growth
Mean .18 18
Std. deviation 4.8 4.7
Autocorrelation .84 .84
Ratio of liabilities to sales 55 5.6
Fraction of labor employed by entry firms 1.8 1.8

Table 2: Business Cycles Statistics

std (Labor) std (Consumption) std (LaborProductivity)
std (GDP) std (GDP) std (GDP) std (GDP)

Data 3.2 1.28 0.83 0.50
Benchmark 2.6 1.27 0.31 0.53
Complete markets 0.2 0.2 1.02 1.02
Productivity shocks 2.0 0.5 0.38 0.96
Intermediate goods 5.3 1.8 0.86 1.27
Large Jensen effect

Intermediate goods 2.8 1.7 0.83 1.07

Small Jensen effect

Sticky real wages 4.5 1.16 0.64 0.36




Figure 1: Aggregate Impulse Responses to an Increase in Volatility
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Figure 1: Aggregate Impulse Responses to an Increase in Volatility (Cont.)
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Figure 2: Firm-Level Impulse Responses to an Increase in Volatility
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Figure 2: Firm-Level Impulse Responses to an Increase in Volatility (Cont.)
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Figure 3: Aggregate Impulse Response to an Increase in Volatility
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Figure 4: Labor Policy Function and Value Function
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Figure 5: Aggregate Impulse Responses in Two Reference Models
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Figure 5: Aggregate Impulse Responses in Two Reference Models (Cont.)
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Figure 6: The Great Recession of 2007-2009
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Figure 6: The Great Recession of 2007-2009 (Cont.)
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Figure 7: The Great Recession of 2007-2009: Model with Intermediate Goods
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Figure 8: The Great Recession of 2007-2009: Model with Sticky Real Wages
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Figure 8: The Great Recession of 2007-2009: Model with Sticky Real Wages (Cont.)
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Figure 9: The Great Recession of 2007-2009: Understanding the Labor Wedge
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*The labor wedge is defined as the ratio of the marginal rate of substitution
between leisure and consumption to labor productivity.
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Figure 9: The Great Recession of 2007-2009: Understanding the Labor Wedge (Cont.)
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*The firm-side labor wedge is defined as the ratio of the real wage to the
marginal product of labor.
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