ECONOMIC RESEARCH

FEDERAL RESERVE BANK OF ST. LOUIS
WORKING PAPER SERIES

Hayashi Meets Kiyotaki and Moore: A Theory of Capital Adjustment

Costs

Authors Pengfei Wang, and Yi Wen
Working Paper Number 2010-037B
Revision Date May 2011

Citable Link

https://doi.org/10.20955/wp.2010.037

Suggested Citation

Wang, P., Wen, Y., 2011; Hayashi Meets Kiyotaki and Moore: A Theory of Capital
Adjustment Costs, Federal Reserve Bank of St. Louis Working Paper 2010-037. URL
https://doi.org/10.20955/wp.2010.037

Published In

Review of Economic Dynamics

Publisher Link

https://doi.org/10.1016/j.red.2011.09.004

Federal Reserve Bank of St. Louis, Research Division, P.O. Box 442, St. Louis, MO 63166

The views expressed in this paper are those of the author(s) and do not necessarily reflect the views of the Federal Reserve
System, the Board of Governors, or the regional Federal Reserve Banks. Federal Reserve Bank of St. Louis Working Papers
are preliminary materials circulated to stimulate discussion and critical comment.




Hayashi Meets Kiyotaki and Moore:
A Theory of Capital Adjustment Costs*

Pengfei Wang
Hong Kong University of Science & Technology

Yi Wen
Federal Reserve Bank of St. Louis
& Tsinghua University

April 6, 2011

Abstract

Firm-level investment is lumpy and volatile but aggregate investment is much
smoother and highly serially correlated. These different patterns of investment be-
havior have been viewed as indicating convex adjustment costs at the aggregate level
but non-convex adjustment costs at the firm level. This paper shows that financial
frictions in the form of collateralized borrowing at the firm level (Kiyotaki and Moore,
1997) can give rise to convex adjustment costs at the aggregate level yet at the same
time generate lumpiness in plant-level investment. In particular, our model can (i) de-
rive aggregate capital adjustment cost functions identical to those assumed by Hayashi
(1982) and (ii) explain the weak empirical relationship between Tobin’s @) and plant-
level investment.
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1 Introduction

It is well known that firm-level investment behaves quite differently from aggregate invest-
ment. In particular, firm-level investment is lumpy, whereas aggregate investment is much
smoother and highly serially correlated (see, e.g., Caballero, 1999). Such a sharp difference
in investment dynamics at the plant and aggregate levels has often motivated researchers to
adopt inconsistent assumptions in explaining investment dynamics: assuming convex adjust-
ment costs in aggregate models and non-convex adjustment costs in micro models. Econo-
metric studies typically find that convex capital adjustment costs (CAC) are consistent with
aggregate investment data but not with firm-level data (e.g., Bloom, 2009).

However, CAC are a widely adopted assumption in dynamic macroeconomic models and
have a long tradition in the history of investment theory.! This assumption is often needed
because a theoretical model without CAC would imply (i) the elasticity of capital supply is
the same in both the short run and the long run; that is, the equilibrium capital stock can be
reached instantaneously because of the possibility of an infinite speed of the investment rate;
and (ii) the relative price of the investment and consumption goods is a constant independent
of the relative outputs of the two goods.

Such implications not only are inconsistent with data but also create theoretical difficul-
ties in determining the optimal rate of investment in partial equilibrium models of the firm,
which motivated the early investment literature to adopt CAC (e.g., Lucas, 1967; Gould,
1968). In addition, theory requires CAC to rationalize investment decisions as a function of
firm value and replacement costs of capital (Tobin, 1969; Lucas and Prescott, 1971; Abel,
1979, 1983; and Hayashi, 1982).

CAC also play an important role in contemporary dynamic stochastic general equilibrium
(DSGE) models. For example, (i) they help open-economy models to explain the saving-
investment correlations and the home bias puzzle (e.g., Baxter and Crucini 1993); (ii) they
are essential to explaining the equity premium puzzle in production economies with capital
(e.g., Jermann, 1998; Boldrin, Christiano, and Fisher, 2001); (iii) they rationalize large
welfare costs of the business cycle (e.g., Barlevy 2004); and (iv) they are key to supporting

news shocks as a credible driving force of the business cycle (e.g., Beaudry and Portier, 2007;

'For the early literature that assumes CAC, see Gould (1968), Lucas (1967, 1969), Uzawa (1969), Lucas
and Prescott (1971), among others. For a literature survey on investment theory, see Caballero (1999).



Jaimovich and Rebelo, 2009).

However, despite the popularity and apparent "necessity" of CAC in macro models, few
microfoundations have been provided in the literature to rationalize CAC, especially the
properties imposed on the functional forms of CAC (Hayashi, 1982). This lack of microfoun-
dations unavoidably invites criticisms, such as the following:

(i) Empirical analysis based on firm-level data does not find convex adjustment costs
important in explaining firm-level investment behavior.?

(ii) Firm-level investment is lumpy with very little serial correlation, which is inconsistent
with convex adjustment costs which smooth out investment over time.?

(iii) CAC imply that Tobin’s @ should be a sufficient statistic to explain firm-level in-
vestment, but firms’ investments are more sensitive to cash flows than to Tobin’s Q.

The goal of this paper is to reconcile the apparent inconsistencies between micro and
macro behaviors of investment. In particular, we show that financial frictions in the form
of collateralized borrowing at the firm level can simultaneously explain convex adjustment
costs at the aggregate level and lumpy investment at the firm level if firms are subject to
idiosyncratic shocks. A particular advantage of our approach is that the model is analytically

tractable with closed-form solutions.

2 CAC and Related Literature

The typical CAC in macro models take the following functional form (Hayashi, 1982):

Kipn=(1-0) K+ (%) K, (1)
where the function v (+) is increasing, concave, and homogeneous of degree zero; K; denotes
the existing capital stock; and I; denotes total investment expenditure as part of a firm’s cash
flow (CF): CF = F(K,N) —WN — PI, where P is the relative price of investment goods.
In a one-good economy, P = 1. This type of CAC function ¢ (-) implies diminishing returns

2See e.g, Cooper and Haltiwanger (2006) and Bloom (2009).

3See, e.g., Caballero, Engel and Haltiwanger (1995), Cooper, Haltiwanger and Power (1999), Doms and
Dunne (1998), and Power (1994). In the data, as one moves from the plant level to more aggregated
levels, such as business establishments, firms, and industries, the lumpiness of investment gradually weakens.
However, even at the firm level, investment still appears to be very lumpy, much lumpier than industry-level
investment (see, e.g., Doms and Dunne, 1998, p.422). Although most empirical literature used plant-level
data to document lumpy investment, in our model we assume that firms and plants are equivalent entities
and use these terms synonymously (i.e., each firm has only one plant).

1See, e.g., Hassett and Hubbard (1997) and Caballero (1999).



to investment in capital formation—part of the investment spending is lost and does not
become productive capital. Under this type of adjustment cost function, the average Tobin’s
(@ is the same as the marginal (), which greatly facilitates empirical studies of investment
behaviors (Hayashi, 1982).

This form of adjustment costs in equation (1) is equivalent to an alternative formulation of
CAC that is also popular in the investment literature. This alternative formulation maintains
the neoclassical law of motion for capital, K;,1 = (1 — ) K; + ft, but redefines a firm’s cash

flow as
F(K,, N,) — W,N, — P,C(I,/ K},) K, (2)

where the function C(-) denotes total real costs associated with investment expenditure I
measured in capital units and satisfies the properties C'(-) > 0 and C”(-) > 0 (see, e.g.,
Abel, 1982, 1983).

These two forms of adjustment costs formulated in equations (1) and (2) are equivalent,
since by redefining I,/ K, = C(I,/K,), we have I,/ K, = C~Y(I,/K;) = ¥(I,/K;). There are
other formulations of CAC, but this paper focuses on the more standard form defined in
equation (1).

Why does aggregate capital accumulation exhibit convex adjustment costs? At least
three plausible explanations are offered in the literature: (i) Installing new capital takes time
and involves sunk costs, delivery lags, and learning (e.g., Cooper and Haltiwanger, 2006).
(ii) Capital is firm specific, which makes investment irreversible or partially irreversible
(i.e., it comes with resale costs). Irreversibility imposes costs in adjusting the capital stock
downward. (iii) Firms are borrowing constrained; hence, they are not able to increase capital
at an infinite speed. Borrowing constraints impose costs in adjusting capital upward.

Two questions naturally arise: Suppose these frictions are explicitly modeled in firms’
optimization decisions; (i) would they necessarily give rise to the form of CAC in equation
(1)? (ii) If so, do they have the same policy implications as those implied by equation (1)?
(iii) Are these frictions consistent with the lumpiness of firm level investment?

These questions are answered in this paper. We show the following:

(i) If firms’ investment projects are subject to idiosyncratic risk (that affects the project’s
rate of returns) and firms face borrowing constraints with borrowing limit proportional to
firms’ collateral (capital stock), then the aggregate economy exhibits CAC that are identical

in functional form to equation (1).



(ii) Irreversible investment—an important assumption in the investment literature to ra-
tionalize convex adjustment costs®—is unnecessary for deriving the aggregate CAC function
but imposes more structures on the CAC function. In particular, if investment is completely
irreversible and the distribution of investment-specific shocks follows the Pareto distribution,

then the implied aggregate CAC function takes the popular Cobb-Douglas form:
K= (16K, +bI’K} (3)

where 0 € (0, 1) is a parameter that depends on the borrowing constraints and distribution
of firm-specific shocks.

(iii) A microfounded CAC model with financial constraints is consistent with the following
empirical facts: (a) Firm-level investment is lumpy and (b) firm-level investment has little
serial correlation and is insensitive to Tobin’s Q.5

This paper relates to the work of Carlstrom and Fuerst (1997), who show that the par-
ticular type of borrowing constraints studied by Bernanke and Gertler (1989) can imply
aggregate CAC. The specific financial frictions studied by Bernanke and Gertler (1989) are
private information for investment returns and agency costs associated with costly state
verification. However, these types of borrowing constraints do not imply a CAC function
identical to that in equation (1) because the implied CAC function under agency costs is not
homogeneous of degree zero and does not have the property that the marginal () equals the
average (). Hence, our paper differs from this literature in at least three important aspects.
First, the financial friction we consider is based on costly contract enforcement and collater-
alized borrowing as in the works of Kiyotaki and Moore (1997) and Jermann and Quadrini
(2010)." More specifically, in the models of Bernanke and Gertler (1989) and Carlstrom and
Fuerst (1997), firms rent capital from entrepreneur households who transform consumption
goods into capital by borrowing from unproductive households. In contrast, capital rental
markets do not exist in our model and firms must finance fixed investment through external
funds with borrowing limits depending on the firm’s collateral value. Thus, we can charac-

terize the relationship between the marginal () and average () of a firm, following closely the

5See, e.g., Abel and Eberly (1994, 1996), Pindyck (1991), Dixit (1992), and Dixit and Pindyck (1994).

6The theoretical literature on lumpy investment typically assumes fixed investment costs, which are not
assumed in this paper. Important examples include Veracierto (2002), Thomas (2002), Khan and Thomas
(2003, 2008), Gourio and Kashyap (2007), Bachmann et al. (2008), among others.

"The literature on financial constraints and contract enforceability is vast. A selection of works closely
related to those of Kiyotaki and Moore (1997) and Jermann and Quadrini (2010) includes those of Albu-
querque and Hopenhayn (2004), Cooley, Marimon, and Quadrini (2004), Jermann and Quadrini (2010),
Tacoviello (2005), and Liu and Wang (2010), among many others.



tradition of Tobin (1969) and Hayashi (1982). Second, in an agency-cost model, investment
is not lumpy because the entrepreneurs always undertake investment in equilibrium. This
feature is inconsistent with data. In contrast, we attempt to quantitatively match the lumpi-
ness of firm-level investment and the correlation between the investment rate and Tobin’s
Q.

Our work also relates to Lorenzoni and Walentin (2007) and the associated literature
that uses simulated data from theoretical models with financial frictions to investigate the
quantitative relationship between Tobin’s ) and investment (e.g., Gomes, 2001; and others).
Lorenzoni and Walentin (2007) show that financial constraints can substantially weaken the
correlation between () and investment, relative to a frictionless benchmark (e.g., Hayashi,
1982). While our model can also explain the weak relationship between ) and investment,
our approach differs from that of Lorenzoni and Walentin (2007) in one important aspect:
They assume CAC in firms’ investment technologies, whereas we do not need this assumption.
Consequently, their model cannot explain the lumpiness of firm-level investment. Our paper
also differs from theirs in the main focus of the analysis: We try to rationalize and derive
CAC from microfoundations.

Thomas (2002) uses a model with non-convex adjustment costs to generate lumpy invest-
ment at the firm level and shows that such lumpiness can be unrelated to the volatility of
aggregate investment in general equilibrium. Our analysis differs from hers. We show instead
that borrowing constraints can simultaneously explain the lumpiness of firm-level investment
and the sluggishness of aggregate investment. Consistent with Thomas (2002), however, our
results suggest that there can be no causal relations between investment volatility at the
firm level and that at the aggregate level. This implication holds in our model regardless of
general equilibrium.

The rest of the paper is organized as follows. Section 3 presents a benchmark model with
a simple form of borrowing constraints and shows how to derive equation (1) from the model.
Section 4 studies a model with endogenous borrowing limits and their policy implications.
Section 5 provides a rationalization for the special forms of borrowing constraints using lim-
ited contract enforceability. Section 6 conducts quantitative simulations of our microfounded
model and examines the model’s predictions for the lumpiness of firm-level investment and
its correlation with Tobin’s Q. Section 7 discusses the robustness of the results. Section 8

concludes the paper.



3 The Benchmark Model

3.1 Firms

There is a continuum of competitive firms indexed by i € [0,1]. Firm i’s objective is to

maximize its discounted dividends,

max Fjy Z Ik —Dt (4)

where D,(i) represents firm i’s dividend in period ¢ and A; the marginal utility of a rep-
resentative household. The production function has constant returns to scale and is given
by

Yi(i) = F(K(i), ANi(i)), (5)

where A; represents aggregate labor-augmenting technology which can be either deterministic
or stochastic, and N,(i) and K;(7) are firm-level employment and capital, respectively. Each

firm accumulates capital according to the law of motion,
K1 (i) = (1= 0) Ki(i) + &:(1) (7)), (6)

where I;(i) denotes investment expenditure and ¢;(i) € R" is an idiosyncratic shock to
the marginal efficiency of investment, which has the probability density function ¢(¢) and
cumulative density function ®(¢). For simplicity, assume that this shock is orthogonal to any
aggregate shocks. A firm’s dividend in period t is hence given by D, (i) = Y;(i) — P.1y(i) —
W, N (i), where P, = 1 denotes the relative price of investment goods and W; the competitive
real wage.

What is the meaning of £,(i)?7 There are at least two interpretations. First, as it is
modeled here, ¢,(7) is a shock to the rate of returns to investment. A higher realization
of £(7) implies that the same amount of investment expenditure leads to more finished
capital goods. In a world with time-to-build (Kydland and Prescott, 1982), it takes time
and additional efforts for invested resources to become productive capital. So the efficiency
shock £,(7) captures any idiosyncratic factors involved in the process between the time of
investment spending and the time of project completion.

Second, the results are identical if we assume that the dividend is given by D, (i) = Y;(i)—
(1) I;(i) =W Ny (i) and the law of motion of capital is given by Ky 1(i) = (1 — ) K (1) + 1 (4).

In this alternative setting, (i) measures the cost (or its inverse) of investment. So (1)
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captures idiosyncratic costs associated with the ordering and installation of capital for a firm.
This interpretation of €,(i) directly relates to the micro adjustment cost literature pertaining
to equation (2).

In addition, investment-specific cost shock £,(7) allows us to handle the case with occa-
sional binding financial constraints. In the original Kiyotaki and Moore (1997) model, the
constraint is assumed to be always binding even when desired investment is low. In reality,
however, this may not be the case.

Denote n; (i) = Ny(i)/ K (i) as the labor-to-capital ratio and f (-) = F (1, -) as the output-
to-capital ratio. Given the real wage, the firm’s optimal labor demand is determined by the
equation f, (A;n(i)) Ay = W;. Note that the labor demand function implies that all firms
choose the same labor-to-capital ratio, namely, n;(i) = n(w;, A;) for all . Firm ¢’s operating

profits can then be expressed as R, K (i) = maxy, ) {Yi (i) — WiN(4)}, where

Ry = f(+) — winy (7)

is independent of 7 and the capital stock. Hence, a firm’s operating profit is proportional to
its capital stock. The dividend is then given by D;(i) = R K (i) — I;(1).
We make the following additional assumptions:

(i) A firm’s investment is financed by credit and is subject to the borrowing constraint:
1(i) < 6K, (i), (8)

where 6 > 0 is a constant. This borrowing constraint specifies that total investment cannot
exceed an amount proportional to the existing capital stock. We defer discussions about the
justifications of such a form of borrowing constraints to a later section.

(ii) Firm-level investment may be partially irreversible:
Kiy1(i) 2 p (1= 0) Ki(3), (9)

where the parameter p € [0, 1] indicates the degree of irreversibility. For example, if p = 1,
then investment is completely irreversible and equation (9) becomes [;(i) > 0. At the
other extreme, if p = 0, then investment is completely reversible and equation (9) becomes
K;11(7) > 0. Hence, the restriction in equation (9) encompasses both reversible and irre-

versible investment as special cases. Equation (9) can also be rewritten as

L(i) > —gﬁi)m(z’), (10)

8




where p = (1 — p) (1 — 9). Since our general results hold for p = 0, irreversible investment
is not essential for our analysis.

With the definition in equation (7), a firm’s maximization problem can be rewritten as

> tAt . .
T?thlf( N tz_;ﬁ Ao (R4 (i) — 1(1)) (11)

subject to equations (6), (8), and (10).
Denote {A¢(), 11,(7), m(¢) } as the Lagrangian multipliers of constraints (6), (8), and (10),

respectively. The firm’s first-order conditions for {I;(7), K;.1(i)} are given, respectively, by

1= e (0)Ae(2) + (i) — py(3), (12)

Ay
Ay

(1) = BE; {Rtﬂ + (1= 0) A1 (4) + Opyy1 () + pWHl(i) } ’ (13)

5t+1(i)

plus the complementarity slackness conditions, (i) | I;(i) + pit((;))] =0 and p,(2)[0, K (i) —

I;(i)] = 0. It is obvious that when () is i.i.d, the Lagrangian multipliers {\:(¢), m(4), p,(2) }
depend only on aggregate states S; and £,(i), which implies that the expected values of the
Lagrangian multipliers are independent of i; namely, Ey\i11(i) = N1, Eyptyy1 (1) = Fypr s

and Fymeyq(i) = Ty1. So equation (13) can be rewritten as

A

M) = BES

< e (e
{Rt—l—l + (L= 0) A1 + O0f1y 40 + P/ t+1(.)d¢(5)} ; (14)
et (i)
which shows that (i) = A(S;) = A is also independent of ¢. Since the marginal cost of
investment is 1 and the marginal value of newly installed capital stock is );, the market-based

measure of Tobin’s @) is given by (); = \;, which is independent of i.

3.2 Investment Decision Rules

We use a guess-and-verify strategy to derive closed-form decision rules at the firm level. The
decision rules are characterized by a cutoff strategy where the cutoff (¢}) pertains to the
realization of investment-specific shocks and is defined by the opportunity cost of installing

one unit of capital:

€t



Consider the following possible cases:
Case A: g,(i) > £f. In this case, the marginal efficiency of investment is high. Since the
return to investment is high, firms opt to undertake investment up to the borrowing limit,

I;(7) = 6,K,(i), so the constraint (10) does not bind. Hence, we have (i) = 0. Equation
(12) implies yz,(i) = =9 4 7,(1) —1 =D 1 > 0.

* *
€t €t

Case B: ¢,(i) < ;. In this case, the marginal efficiency of investment is low. Given this,

firms opt to make minimum investment, which means [;(i) = —ﬁit(%). So the constraint

(8) does not bind and we have p,(i) = 0. Equation (12) implies m,(i) = 1 + p,(i) — 42 =

1— 20 5.

€t

Case C: g,(i) = €. By equation (12), y,(i) = =9 4+ 7,(i) — 1 = m(i). Suppose

-
€t

{p; (i), (i)} > 0; by the slackness conditions we have [;(i) = —bzt((f)) and [,(i) = 0K,(1),

which is a contradiction. Hence, it must be true that p,(7) = m;(7) = 0. In this marginal case,
equation (12) implies \; = Ei*, which confirms that the cutoff is indeed given by equation
t

(15). Without loss of generality, we assume that in this marginal case a firm undertakes

maximum investment.

Notice that from an individual firm’s own perspective, Tobin’s ) is measured by ¢ (i) =

Ets(f). A firm will undertake positive investment if g(i) > 1, otherwise the firm disinvest or
t

remains inactive. However, because markets are incomplete and the idiosyncratic shocks are

not observable (or insured) through markets, the market-based measure of Tobin’s () is %,

which is independent of &,(i).

Based on the above analysis, the Lagrangian multipliers satisfy p, (i) = max {¢(¢) — 1,0}
and (1) = max {1 — ¢,(¢),0}. The firm’s decision rules for investment and capital accumu-
lation are thus given by

0K, (1) if e,(i) > eF
(i) = | (16)

—piE ife(i) <e
1 A 1—46
-t fr s 0 o). (17
€ t Ct+1
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where the implicit function O(-) in equation (17) is defined by

~7Tt+1(i)] (18)

Olctis) = B |fhali) + 522

) — &F 1 1
- 9/ W—gt“d@(e)jtb/ ( __ —) 4o (c).
€t+1(i)262‘+1 St—‘,—l Et+41 (i)<€:+1 Et41 (Z) 6t-‘y—l

The investment function (16) indicates that firm-level investment is lumpy with little

serial correlation. Each firm in any period has only probability 1 — ®(&}) of undertaking
positive investment and probability ®(ef) of remaining inactive (or disinvesting). These
probabilities are determined by aggregate economic conditions that influence the cutoff (¢})
and are independent of each firm’s investment history (which is highly idiosyncratic). Also,
such lumpiness is independent of the value of p—mnamely, the lumpiness does not hinge on
irreversibility.

Notice that O(-) is the option value of one unit of installed capital®: If the firm receives
a favorable shock in the next period, one unit of installed capital can expand the firm’s

borrowing capacity by # units and each additional unit of installed capital can bring a net

profit of q(i) — 1 (= €0=<") yunits. This case occurs with probability Jiooe d®(e). In the
Z€41

E*
case of an unfavorable shock, the firm can withdraw p > 0 of investment units and each unit

of saving can be transformed into % units of consumption goods. By doing so, the firm can

increase net profit by =4 (= $ — &) units.

Hence, equation (17) implies that the optimal level of investment is determined at the
point where the marginal cost (i) equals the marginal benefits (= the marginal product
of capital + the value of nondepreciated capital + the option value of capital). Because
the optimal level of investment depends on the expected returns, which in turn depend on
the probability weights of the different cases considered above (i.e., the cutoff €}), equation
(17) states that a firm chooses the optimal cutoff £ (as an implicit function of aggregate
economic conditions) so that the marginal cost of investment equals the expected marginal
gains.

Equation (17) also shows that the optimal cutoff ] is independent of 7, so it is the same

across all firms. More specifically, the optimal cutoff is independent of a firm’s investment

8Note that we used the orthogonality condition between idiosyncratic shocks and aggregate uncertainty
to derive equation (17).
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rate and existing capital stock. This property allows us to characterize aggregate investment
dynamics in a tractable manner without needing to use numerical methods (as in the work

of Krusell and Smith, 1998).

3.3 Properties of Aggregate Investment Function

Integrating the firm-level decision rules by the law of large numbers, the aggregate invest-
ment, aggregate capital stock, and the optimal cutoff are determined jointly by equation

(17) and the following two equations:

Iy " = 1 '
e IR LG (19
Kt+1 = (1 — 5>Kt + QKt/ 5d¢(5) — pKt/ d@({‘:), (20)
e>ef e<e}

where equation (19) is derived from equation (16) and equation (20) from equation (6). It
can be confirmed by the eigenvalue method that this three-equation dynamic system has
a unique saddle-path steady state. Hence, given the stochastic process of {R;, A;}, the
equilibrium path of {I;, K;11,£;} is uniquely determined.

Equation (19) suggests that the aggregate investment rate is fully determined by e;.
Given the parameters 6 and p, this equation also defines the cutoff as an implicit function

of the investment rate: ¢} = 5*({{—’1). Therefore, equation (20) can be written as

Ky =(1-0)K, + @(?)Km (21)
¢
where
I -
oy =0] | cdn(e) - p/ do(e) (22)
t 525*(7’;) 5<5*(K—’;)

is an implicit function of the aggregate investment rate.

Proposition 1 The implicit function ¢(+) is increasing, strictly concave, and homogeneous

of degree zero in {I;, K;}.

Proof. See Appendix I. m

12



3.4 Equivalence between CAC and Borrowing Constraints

If we define the market value of one unit of newly installed capital (or Tobin’s @) of a firm

as
1

Q=X =~ (23)
€

and the aggregate investment rate as i, = II{—ft, using equation (19), we can simplify the

implicit function O(e}) in equation (18) to

0@ = é [9/> b (e) —p/< *dcb(a)] _ {9[1-@(5:)1 —p/< * éd@(s)}

= Qup(ir) — ir. (24)

Therefore, using the defined functions for {¢(-), ¢'(+), O(-), @}, the system of equations that

solves for the aggregate investment rate (i;), the capital stock (K1), and @ is given by

Qe (i) = 1, (25)
Qv = BE, A;f {Be1+ Quia(1 = 0) + Quiaplina) = ien} (26)
K= (1= 0)K; + (i) K. (27)

Now consider a standard representative-agent macro model with CAC (e.g., Hayashi,
1982), where a representative firm solves (taking as given the marginal product of capital

R;)

= A
max F tz:; 5tA—; (RK, — I) (28)
subject to
I
Ky =(1-0) K+ w(%)Kt- (29)
t

Defining @; (Tobin’s Q) as the Lagrangian multiplier for the constraint (29) and i, = [I(—ft as

the investment rate, the first-order conditions for {I;, K;,1} are given, respectively, by

Q' (iy) =1 (30)

{Ris1+ (1= 0)Qrs1 + Qegr [W(ies1) — V' (dg1)irsa] }- (31)

13



Using equation (30), we can rewrite equation (31) as

Am

Q: = ﬁEt {Rep1+ (1= 0)Qup1 + Quy1t0(igg1) — drg1} (32)

Notice that the system of equations (29), (30), and (32) is identical to the system of
equations (25)-(27) because the two CAC functions, ¢(-) and v (-), have the same properties.
Since our microfounded model is equivalent to the aggregate CAC model regardless of the
value of p, the equivalence result is established without relying on the assumption of irre-
versible investment. The key assumption instead is the collateralized borrowing constraint
(8).

The equivalence result holds regardless of the exogenous driving processes of { Ry, Wy, A¢}.
That is, the two models are identical not only in the steady state but also along any transi-
tional dynamic path. For example, the impulse responses of the two models are completely
identical under either aggregate technology shocks that affect { Ry, W;} or aggregate demand
shocks that affect A;.

Example To further illustrate the equivalence result, suppose the distribution of ¢ is Pareto
with support [1,00) and shape parameter n > l—mnamely, ®(¢) = 1 — ¢7"; and as-
sume that investment is completely irreversible, i.e., p = 0. With these assump-
tions, equations (19) and (20) become, respectively, Il(—tt =07 = 0Q] and K; | =

n-1

(1-0)K; + 71_9 'K, where the adjustment cost function ﬂjl (%) o= p(dL) is

homogeneous of degree zero and satisfies ¢’ (%)Qt = 1. Substituting for ¢}, equa-

tion (32) then becomes Q; = Eif,,, {Rt+1 +Qu1(1—9)+ 77%1][;;11 }, and the law of

capital accumulation becomes

o
K= (1= 90)K; + %I 3 Ktna (33)

which has the familiar Cobb-Douglas form (equation (3)) commonly assumed in the

macro literature.

3.5 Intuition of the Equivalence

In representative-agent models, CAC imply that the aggregate investment rate is sluggish in

responding to macroeconomic environmental changes because of diminishing returns to in-
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vestment in capital formation. In other words, because v(+) is concave, aggregate investment
responds to a higher future capital productivity (R;.1) less elastically than it would other-
wise. As a result, the optimal capital stock can be reached only through multiple periods
of investment at a finite speed instead of through a single-period investment at an infinite
speed.

In our heterogeneous-agent model, firm-level investment is lumpy because a firm under-
takes either a large amount of positive investment ("active") or a large amount of negative
investment ("inactive"), depending on the idiosyncratic shock to the rate of return to in-
vestment in a particular period. However, despite the lumpiness of firm-level investment,
aggregate investment is sluggish. Aggregate investment in our model has two margins: an
intensive margin that depends on each firm’s maximum investment level (0) and an extensive
margin that depends on the number of active firms (¢}) in each period. Equation (19) shows
that the aggregate investment rate depends on 6 (the intensive margin) and the proportion
of active firms, 1 — ®(e*) = Pr[e > £*] (the extensive margin, assuming p = 0 for a moment).
However, the extensive margin is determined by the optimal cutoff ¢}, which behaves slug-
gishly because by equation (17) the inverse of the cutoff e;—Tobin’s Q—is a slow-moving
(weighted) average of expected future marginal products (R.y;,j = 1,2,...) as well as the
option values of capital (Ouy;,j = 1,2,...). Hence, when R,.; changes, the optimal level
of aggregate capital stock cannot be reached through a single-period aggregate investment
because the extensive margin (Tobin’s Q) adjusts slowly over time (since an increase in Ryyq
has only a small impact on the cutoff).

Aggregate investment (both in our microfounded model and in the representative CAC
model) depends fully and positively on Tobin’s ) because Tobin’s ) contains all information
about the marginal costs and benefits of investment—a higher value of capital is required for
a higher investment rate when the marginal cost of investment is increasing. However, it is
well known that this -theory of investment has not fared well empirically. Variables such
as firms’ cash flows are always found to be significant in explaining firm-level investment
other than the average @ (see, e.g., Hassett and Hubbard, 1997).

Our approach provides an explanation for this apparent failure of the ()-theory. In our
model, firm-level investment is driven by idiosyncratic cost (or efficiency) shocks (i) while
the market-based measure of ) does not capture (reveal) such information. Hence, firms’
cash positions and net worth will appear to be more important than the market value of

Tobin’s @) in determining the rate of investment. On the other hand, without borrowing
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constraints, only the most productive firm—the most efficient firm with the highest draw of
e(i)—will undertake investment in each period; the model then degenerates to a one-firm
(or representative-firm) model in which @) is a sufficient statistic for determining a firm’s
investment. Hence, both idiosyncratic shocks and borrowing constraints are important in
rendering firm-level investment insensitive to Q.

At the aggregate level, however, total investment depends positively and fully on @ for the
following reasons: Since a firm’s investment is constrained by the firm’s capital stock, only
the most efficient firms will undertake positive investment and the rest will remain inactive in
each period. Thus, an increase in the aggregate stock of capital requires a greater proportion
of active firms. This is possible in equilibrium only if the market value of capital (@) increases
(or the cutoff £* decreases) so that more firms (including the less efficient ones) will find
investment profitable. In other words, the less efficient firms raise the aggregate marginal
cost of investment, hence calling for a higher () to balance it in equilibrium. Therefore,
aggregate investment is closely related to (). This explains why empirical work based on
micro data tends to find firms’ cash flows more important than () in determining the rate
of firm investment in the short run, but aggregate data and long-run analysis tend to find
@ important and significant in determining aggregate investment (see, e.g., Caballero, 1999;
Cooper and Haltiwanger, 2006).

So if we were to use both our model and the standard CAC model to generate artificial
data for firms’ investment rate and run regressions between this variable and Tobin’s @) for
the two models, the results would indicate that the regression’s R* = 1 in the aggregate

CAC model and is < 1 in our model.?

4 Endogenous Borrowing Constraints

In the previous benchmark model, the borrowing limit is assumed to be a fixed proportion
of the existing capital stock. In general, firms’ borrowing limits may depend on the value of
the collateral (Kiyotaki and Moore, 1997). That is, the parameter § may be endogenous. To
take this into account, consider the following borrowing constraint with endogenous credit
limits:

(i) < 0Qq (i) Ky(i), (34)

9For quantitative results from such regression analyses, see Table 3 in our working paper (Wang and Wen,
2010).
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where Q);(i) denotes the market value of firm i’s existing capital stock and § > 0 is a

parameter. '’

Proposition 2 Assuming p = 0 for simplicity (without loss of generality), a firm’s invest-

ment decision rule is given by

thKt('l) Zf Eft(i) Z 5:
I,(i) = ; (35)
0 if e1(i) < ef

the market value Q) is determined by

A Era1(2
Q: = 5Et%1 Rip1 + (1= 0)Q1 + 9@t+1/ [ ttl( ) - 1] dd(e) o, (36)
t erp1(i)>er,, L Ct41
or, equivalently, by Q; = gi = BEtij—tlth(i); and the firm’s private value v,(i)—the value

function of a firm per unit of capital—is determined by

Rt —+ (]_ — 5)Qt + HQt[Qtét(i) — ]_] Zf €t(i) Z 6:
Ut<i> = . (37)
Ri+(1—-6)Q: if e1(i) < ef

Proof. See Appendix II. =
The investment decision rule has the same form as that in the benchmark model (except
here the parameter 6 in the benchmark model is replaced by 6Q);). Note that the private

value of a firm is proportional to its capital stock (i.e., v4(7) is independent of K;(i)) and the

Agy1
e

market value of a firm, Q; = SE; =22 v,,1(7), is the same across all firms, as in the benchmark

model.!!

By the law of large numbers, the aggregate investment is given by

I = 0K,Qu[1 — (e7)]. (38)

OFor example, if the non-depreciated capital stock is fully collateralized, then § = 1 — 6.
11 As mentioned earlier, because markets are incomplete in the model, idiosyncratic shocks to a firm’s
investment return are uninsured. Hence, ¢;(i) = ) cannot be used by the market to determine a firm’s

et
1 e(1)
e*

Q. This is why the market-based measure of Tobin’s @) is = instead of
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Since @y = %, the above equation defines the implicit function Q; = @ (I;/K;). We can use

this implicit equation to rewrite equation (36) as

Qr = ﬁEtAtH {Rt+1 + (1 =0)Qu1 + 9Q§+1/ ed®(e) — Lo } : (39)

At €2 Q(It+11/Kt+1)
Similarly, the aggregate law of motion for capital accumulation is given by

Iy

Kii=(1-90)K;, + \I/(?)Kt, (40)
where
\IJ(%) = GQ(It/Kt)/ 1 ed®(e). (41)
t 2 QKD

Proposition 3 For any probability density function ¢(e) that satisfies ¢'(e) < 0, the implicit
function ¥(-) in equation (40) is increasing, concave, and homogeneous of degree zero in

{IL;, K}.
Proof. See Appendix I1I. m

Example Many standard distributions, such as the Pareto distribution, the exponential
distribution, and the uniform distribution, satisfy the property ¢'(¢) < 0. As an

example, consider the Pareto distribution, ®(¢) = 1 — &= with n > 1. Equation

(38) becomes [I(—ft = 07", and the capital accumulation equation becomes K4 =

(1-06)K;+ 077’7715: ~. Combining these two equations implies

1
Kipr = (1= 0) Ky + o K [ (42)
At 1 T
— BE 1— - 4
Q= PE; A, |:Rt+1 + (1= 0)Qss1 + 71K (43)
I
= =0, (44)

where ¢, = n"j@ﬁ > 0. Thus, similar to the benchmark model, we obtain a reduced-

form Cobb-Douglas CAC function V(1;/K;) = ¢, <[I(—ft> " with irreversible investment

and the Pareto distribution,
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Therefore, borrowing constraints at the firm level can fully rationalize the CAC function
in equation (1), regardless of whether the borrowing limits are endogenous or exogenous.
In other words, the specific form of aggregate CAC assumed by Hayashi (1982) and others
in the existing literature can be derived from microfoundations with financial frictions that
hinder firms’ ability to borrow. However, there are subtle but important differences between
the exogenous borrowing limit model and the endogenous borrowing limit model, as shown

below.

4.1 Caveats on Equivalence

With endogenous borrowing limits, the equivalence between the microfounded heterogeneous-
firm model and the representative-agent CAC model holds only with respect to equation (1).
Unlike the benchmark model, however, the equilibrium in the endogenous borrowing limit
model and that in the aggregate CAC model are not completely equivalent because the tra-
jectories of investment and capital stock in the endogenous borrowing limit model are no
longer identical to those implied by the aggregate CAC model. That is, even though the
two models share the same law of motion for aggregate capital accumulation as in equation
(29), the first-order conditions in equations (30) and (32) (derived in the representative-firm
model) no longer hold in the microfounded model with endogenous borrowing limits.

The source of the discrepancy stems from the endogeneity of the borrowing constraints
in equation (34), where the market value of capital, Q(I;/K;), is positively affected by the
rate of aggregate investment. Hence, the more investment a firm makes, the higher its value,
and thus the more creditworthy it becomes. However, this type of credit externality is not
internalized by firms because (); is a market price taken as given by individual firms. As a
result, the microfounded model appears to have an insufficient investment level relative to
the counterpart representative-agent CAC model.

The following proposition shows that the credit externality in the endogenous borrowing
limit model is equivalent to a form of aggregate "investment externality" in the conventional
CAC model, where the source of the aggregate investment externality is a social rate of

return to the average investment rate that individual firms take as given.

Proposition 4 The heterogeneous-firm model with an endogenous borrowing limit is obser-
vationally equivalent to the following representative-firm CAC model with investment exter-
nalities:

K= (1= 0K, + (3, i) K, (45)
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where 1y = Ltt denotes the average investment-to-capital ratio in the economy that the repre-

sentative firm takes as given, and the CAC function U(-,-) is increasing and concave in {7, i, }

and satisfies the decomposition: U (7, 4;) = 0Q(%)¢(iy), where the function ¢(-) satisfies
o) = [ =) (16)
e>e*(it)

which 1s also increasing and concave.
Proof. See Appendix IV. m

Example As an example, consider the microfounded model with Pareto distribution. The

model’s equilibrium is characterized by equations (42), (43), and (44). Now consider

= a
a representative-firm CAC model with investment externality (é—i) :

max Fj gﬁtﬁ—; (R K — I (47)

subject to
K1 = (1= 0) K + ¢ (%)“ KLy, (48)
where ¢, = nLQvﬁ, a = n(n1+1)’ b = ’7771, and 1% denotes the average investment

rate in the economy that the representative firm takes as given. Denoting @); as the
Lagrangian multiplier for the constraint, the first-order conditions with respect to I,

and K., are given, respectively, by

I_ a
Qepob (f) Kt =1 (49)
t
_pg e g 1-46 Fowy () o 50
Qr = BE A, 1+ (1= 0)Qu1 + Quy190(1 — D) i, t+1te1 (- (50)
Imposing the equilibrium condition, ]% = II(—';, and plugging in the values of {¢,, a, b},

equation (48) becomes

1
P@n+r 1 _n_
77 ' 1[(];H—l [tn+1; (51)

Kt+1 — (]_ - (S)Kt —l—
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equation (49) becomes

I
& =6 (52)
and equation (50) becomes
A 1 1
Qv = PE, ;\tl {Rt—H +(1=0)Qu1 + ﬁ[(t:l} ' (53)

The three equations are identical to equations (42) through (44) in the microfounded

model.

4.2 Policy Implications

The previous analysis suggests that if CAC is not a form of technology but a consequence
of firm-level borrowing constraints, then the policy implications of an aggregate CAC model
and those of a microfounded model may be different. As an example of the different policy

implications of the two models, we have the following proposition:

Proposition 5 The optimal rate of capital tax in the representative-agent CAC model is

zero in the steady state, while that in the endogenous credit limit model is negative.

Proof. See Appendix V. =

The intuition behind this proposition is straightforward. The endogenous credit limit
model features a positive credit externality in firms’ investment. Because firms consider
the borrowing limit as exogenous when in fact it is endogenously determined by the market
equilibrium, the competitive equilibrium features suboptimal investment and leads to insuf-
ficient capital stock. Alternatively, since the model is equivalent to a representative-agent
CAC model with positive investment externalities, the investment level determined by a
representative firm in a competitive equilibrium is suboptimal. Therefore, the adoption of a

negative capital tax rate to encourage more investment improves social welfare.

4.3 Rationalizing Collateral Constraints through Limited Con-
tract Enforceability

So far the collateral constraints have been imposed on firms in an ad hoc fashion. This
subsection is intended to rationalize to the assumptions we have made. The discussions

below follow that of Jermann and Quadrini (2010).
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Suppose that investment needs to be paid in advance, i.e., before production. Assuming
that these payments could be financed with intra-period loans that do not incur interests, it
is more convenient for the firm to finance the payments with debt than to carry cash over
from the previous period. However, after taking out the intra-period loan and before making
the investment, the firm could renegotiate the loan as pointed out by Kiyotaki and Moore
(1997). In case of default or liquidation the lender would recover a fraction of the existing
capital stock, 0K, (i), which can be converted into consumption goods. By assuming that
the firm has all the bargaining power, the lender will be willing to lend up to 0K,(i). By
further assuming that firms cannot raise dividends at the beginning of the period, we obtain
the desired constraint (8) in the benchmark model.

On the other hand, if we assume that the lender takes over the firm in the case of default,

the value recovered by the lender would be proportional to the firm’s value, 0Q,K,;(i) =

7 [ﬁEt Aj\tl [ vig1 (i) d®(e)| Ki(i), where v;(i) is the firm’s private value as defined in equation

(37). So the constraint (8) would be replaced by equation (34).

5 Why is Investment Lumpy at the Firm Level?

This section solves for a general-equilibrium version of our microfounded investment model
and uses simulated data from the model to investigate the lumpiness in firm-level investment.
Because a firm’s investment rate depends on the firm’s value and other macroeconomic
variables such as the real wage, a general-equilibrium model is required.

A representative consumer (i.e., the owner of firms) solves

max Fj Z B {log Cy — ar N;} (54)
=0
subject to
Cy < WiNy + 11, (55)

where II; denotes the lump-sum profit income from all firms. Notice that, for simplicity,
the household does not save. Introducing an equity market where households can buy firms’
shares would give identical results. Denoting A; as the Lagrangian multiplier of the house-
hold’s budget constraint, the first-order conditions of the representative household are given
by

A=+ (56)



1l—a)y; 1
(Tt)ta:a[/. (57)

The firm’s problem is identical to that in the previous section with endogenous bor-

rowing limits. The firm’s decision rules are again given by equations (35) through (37),

and the following relationships hold: Y, = A, KN}, W, = (1 — ) %, and R, = a%.
Under the assumption of Pareto distribution, the competitive general equilibrium of the
aggregate economy is characterized by these three relationships, plus equations (42), (43),
(44), (56), and (57). This system of eight equations determines the equilibrium path of

{C\,N.,Y;, 11, K1 1,Q;,W;,R,}. The equilibrium cutoff is determined by & = Q;'. The model
has a unique saddle path near the steady state as can be easily confirmed by the eigenvalue
method. We solve the model by log-linearizing around the steady state under the assumption

that the aggregate productivity (A;) evolves according to the law of motion,
log A, = plog A, 1 + 0&,, (58)

where ¢, is i.i.d. with the standard deviation normalized to 1.

Calibration. We calibrate the model at quarterly frequency by setting the time discount-
ing factor § = 0.99, the capital’s income share a = 0.3, the persistence of technology shock
p = 0.95, and the standard deviation of innovation o = 0.0072 (as in the standard RBC lit-
erature). Since a;, does not enter the model’s log-linear dynamic system, we choose aj, such
that N = 1 in the deterministic steady state. The other three parameters—the depreciation
rate of capital §, the borrowing limit 6, and the Pareto distribution parameter n—are chosen
so that the model matches the distribution of firm-level investment. The parameter values

are summarized in Table 1.

Table 1. Parameter Values

6] Q ar, P o ) 0 n
0.99 0.3 1.097 0.95 0.0072 0.032 0.08 2.4

We follow Cooper and Haltiwanger (2006) by defining i,(i) = Kt“(i);éb;d)Kt(i) as a firm’s

investment rate. The annual investment rate in the model is calculated by simulation and
time aggregation. We simulate 200, 000 quarters of data. We first use a general-equilibrium

model to obtain the cutoff £f. We then make 200, 000 independent draws of £;(¢) for a typical
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firm by normalizing its initial capital stock. Finally, we calculate the annual investment rate
for 7 =1,2,...50,000 by
K4T - (1 - 6)4[(4*(7——1)

A
i = . 59
K4*(7'7 1) ( )

(More details of the simulation procedure can be found in Appendix VI). The statistics for
the annualized investment rate /! are reported in Table 2, where the empirical counterpart

are based on statistics reported by Cooper and Haltiwanger (2006, p. 615, Table 1).

Table 2. Summary Statistics for Annualized Investment Rate

Investment Rate 4 <0 0<id<20% i4>20% E[i4] stdjid] ZE2020 pa 4 )

E[iA]
Model (%) 17.2 62.6 202 127 317 57.1 -0.0056
Data (%) 18.5 62.9 186 122 337 50.0 0.058

The table shows that our microfounded model matches the basic features of plant-level
investment dynamics reported by Cooper and Haltiwanger (2006). For example, our model
predicts that in any given year, about 17% of firms are inactive (making zero or negative
investment), about 20% of firms undertake big investment projects (with values exceeding
20 percent of the existing capital stock), and the average investment rate is 12.7% a year.
These predictions are extremely close to data. The standard deviation of the investment
rate is 32% in the model, whereas it is 34% in the data. (iii) Firm-level investment is not
serially correlated. The model predicts an autocorrelation of —0.0056, while this value is
0.058 in the data (the last column in the table). Therefore, our model performs quite well

in explaining the lumpiness and lack of serial correlations in firms’ investment behavior.

6 Robustness Analyses

6.1 A More General Form of Financial Structure

The financing constraints in the previous sections may appear restrictive—that is, all in-
vestment must be financed by credit. This means that firms cannot accumulate financial
assets and are “forced” to distribute all their profits as dividends in each period. It would
be important to see whether (and how) the results of the analysis carry through to more
flexible specifications of firm financial structures (e.g., those considered by Gomes, Yaron,

and Zhang, 2006). Although it is beyond the scope of this paper to consider a general form
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of firm financial structure, this section demonstrates the robustness of our results by consid-
ering a slightly more general form of financial constraints where firms can finance investment
by both credit and savings.

Suppose that firms have the option of not distributing all profits as dividends and that
they can borrow from each other’s past savings to finance investment in addition to using
bank credit. We can model this additional source of finance as an internal loan market where
firms issue one-period bonds backed up by past savings. Denote B;_1(i) as the savings of
firm i. Notice that if B, 1(i) < 0, then firm 7 lends a portion of its previous-period profits
to other firms through the internal loan market. The rate of return (interest rate) is Ry 1.

At the beginning of each period before production, the internal loan market opens and
firms use both outside credit and their previous-period savings to finance the current-period

investment. The objective function of firm ¢ is to maximize the discounted dividends:

g max E, Z /3 = Rth (1) — I,(i) — By(i) + By_1(i) Ryr_1] (60)
¢ ! t=0

subject to
Kpaa(i) = (1= 8) K, (1) + (i) 1 (i) (61)
L) > _afz)[(t(i) (62)
1() < 0K(i) + Bes(i)Ror1, (63)

where equation (63) indicates that a firm’s investment can be financed by both outside credit

(limited by collateral 0K, (i)) and past savings.

Proposition 6 Changing the financial structure by allowing an internal loan market does

not change our results.

Proof. See appendix VII. m

6.2 Decreasing Returns and Non-Constrained Firms

In our model all firms that make positive investment are subject to financing constraints.
This stems from the homogeneity of degree one of the production function, which implies
that it is always optimal for a firm to expand its investment level. However, in reality

financing constraints may apply only to some firms (for example, low-productivity firms or
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small businesses). In the models presented above, even a firm that has experienced several
positive shocks to the productivity of its investment and has accumulated a sizeable capital
stock is financially constrained. So a more realistic model with heterogenous firms should
allow some firms to be unconstrained. The question is: Would the results be preserved in a
framework in which some firms are not borrowing constrained?

The answer is yes. If we assumed a technology with decreasing returns (as in Thomas,
JPE 2002), so that a firm’s optimal capital stock is finite, then some firms can have a debt
capacity larger than their optimal capital stock (i.e. the financing constraint is not binding).
Even though the model is no longer analytically tractable because of the decreasing returns to
scale technology, our results should continue to hold. The reason is that as long as a positive
fraction of firms are financially constrained and such constraints are sometimes binding in
equilibrium, the aggregate investment should appear to be more sluggish compared with
that in a model without financial constraints, indicating increasing marginal costs or convex
adjustment costs. Firm-level investment will remain lumpy because there are no adjustment
costs at the firm level and the fraction of firms undertaking investment (positive or negative)
is strictly positive. That is, borrowing constraints at the firm level will manifest as convex
adjustment costs at the aggregate level regardless of the returns to scale, as long as some
firms are borrowing constrained in equilibrium.

This point can also be illustrated using a tractable model with constant returns but with
firm-level capital adjustment costs. Because of the adjustment costs, each firm has an optimal
level of investment. So a firm will increase investment to its borrowing limit if it receives a
good shock, but will keep investment at the optimal level if it receives a bad shock. Thus in
the model there is always a positive fraction of firms operating at optimal investment level
yet without being financially constrained. We can show that imposing financial constraints
in this model leads to an aggregate CAC function that is more convex than the one originally
assumed for firms. Hence, borrowing constraints can lead to (or enhance) convex adjustment
costs at the aggregate level even if some firms are not financially constrained. The details of

the analysis are provided in Appendix VIII (available only upon request).

7 Conclusion

This paper has addressed a long-standing inconsistency problem in investment theory: The
assumption of convex adjustment costs in aggregate models and the assumption of non-

convex adjustment costs in micro models. The former assumption is consistent with aggre-
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gate investment behavior but inconsistent with firm-level data. The latter assumption is
consistent with micro evidence but not with aggregate data. Therefore, it is difficult to view
either types of adjustment costs as a pure form of technology. This paper has shown that
borrowing constraints based on limited contractual enforcement can rationalize CAC at the
aggregate level and at the same time generate lumpy investment at the firm level.

The intuition is simple. In the typical CAC models, the marginal cost increases con-
tinuously as the investment increases. This assumption can rationalize the sluggishness of
aggregate investment but is inconsistent with firm-level lumpy investment. In this paper,
however, the marginal cost at the firm level is instead constant (at zero) until it reaches a
borrowing limit, and then goes to infinity above this level. Thus, firm-level investment can
be lumpy while aggregate investment can appear sluggish.

Our model can also explain the empirical puzzle of why Tobin’s @) is not a sufficient
statistic to explain firm-level investment in disaggregated data. The reason is that in our
model, Tobin’s () is an aggregate statistic while firm-level investment depends crucially on
firm-specific shocks which are not captured by the market value of (). We have also shown
that if convex adjustment costs are no longer assumed to be part of the aggregate technology
but are derived instead from market frictions and interactions, then aggregate CAC are not

necessarily policy invariant.
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Appendix 1. Proof of Proposition 1

I

= and taking derivative of the function ¢(-) in equation (22) with

Proof. Denoting i; =

respect to i; gives

i) = [00(0) — poleD)] ot (61

where ¢(g) denotes the PDF of e. Differentiating equation (19) with respect to i; = [I(—ft, we

have

O _ goer) - b%aﬁ(ei“)- (65)

~ =
Oe;}

The above two equations together imply

b10(c1) + poler)
_ — >0, 66
0o(c) + pkoter) T (96)

@' (ir)

Differentiating this equation again with respect to i; and using equation (65) gives

_ Ogf 1

©" (i) Ji, 000 — pL o) <0. (67)

Therefore, the function ¢(i;) is increasing and strictly concave in i;. Since ¢(i;) depends

only on the investment-to-capital ratio, it is homogeneous of degree zero in {I;, K;}. =

Appendix II. Proof of Proposition 2
Proof. Denote V' [K,(i),e,(i)] as the value function of firm i with capital stock K;(i). Based
on the analysis of Hayashi (1982), we conjecture that a firm’s value is linearly homogeneous

in its capital stock because of constant returns to scale production technology:

VIE(i),e0(1)] = v [ ()] Ko (4) = 0n(0) K4 (0).- (68)

We verify later that this conjecture is correct. Define v, = Ew(i) = / v (e)d®(e) as the

110)
i

average value of the firm across states and i,(i) = as the firm’s investment rate. Firm

=

1 solves the following dynamic programming problem:

(i) K,(6) =  max {Rth(i)—It(z')Jr 8E, [Aj\*lwﬂ(i)KtH(i)H (69)

Kiy1(3), 1 (1) t
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subject to

K (i) = (1 = 0) K@) + ()1 (4) (70)

P :

K, 71
5t< Z) t(z) ( )
and the borrowing constraint in equation (34). To simplify the analysis, assume p = 0.

Denote {A(2),m:(7), p,(4)} as the Lagrangian multipliers of constraints (70), (71), and

Li(i) > —

(34), respectively. The firm’s first-order conditions for {;(7), K y1(7)} are given, respectively,
by 1= &,()Au(7) + (i) — p,(7) and

M) = BB g, (72)

The envelope condition is given by v;(i) = Ry 4+ (1 — 0) A\ (7) + 0Q¢(4) i1, (7). Substituting this

expression into equation (72) gives

Am

M(i) = BE— {Revr + (1= 0)As1(d) + 0Quia(i)py 1 (1) } (73)

Hence, all first-order conditions are the same as those in the benchmark model except here
0 = (1 —0)Q(i). Therefore, following the same steps of analysis as in the benchmark
model (Section 2.2) by considering different cases for the possible values of the Lagrangian

multipliers, it can be easily shown that the Lagrangian multipliers are given by p,(i) =

max {q (i) — 1,0}, (7)) = max {1 — ¢(i),0}, where ¢(i) = = éf); the firm’s optimal decision
rules for investment and capital accumulation are given by equations (35) and (36); and the
firm’s value function is given by equation (37). Clearly, since R; and @), are independent
of K,(i), equation (37) implies that the value of a firm is proportional to its capital stock:
Vlee(i), Ki(i)] = ve(i) K¢ (7). This confirms our initial conjecture. m

Appendix III. Proof of Proposition 3

Proof. Denote i; = II(—Z, then

ov Q
- == 6 6@ 5L (7
Since Q; = %, equation (38) implies
a't * * *
a0, = (L= 1= )] + (1= 9)<fole). (75)
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The above two equations together imply

| /> EdP(e) +£{0(ED)
U'(iy) = € [1__ O(e)] + ero(er)

> ef >0, (76)

where the inequality holds because / Zd®(e) > 1 — ®(¢*) and the support of ¢ is in the

e>e*
positive region of the real line.
Integrating by parts and rearranging, the first term in the numerator of W’(i) can be

written as / ed®(e) = ef[1 — P(e")] + / [1 — ®(e)] de. Thus,
e>ej

*
e>ey}

S5l — B(e)] + e20(e) + / 1 B(e)] de / 1 — ()] de
’ i _ e>ey _ : e>ef (
v i) T8 + 500 AR R Y e K
= f(e").
Notice that
—[1—=&(ep)] {erp(er) + [1 — @(ef)]} — 62‘@5'(62*)/ L= ®(e)]de
’ ,tk _ - e>ey 7
Fle) =1+ ol T o) ()
ey @ / o)
erd(er) +[1 =) {eroler) + (1 — ®(en)}
g e sl
efo(er) 1 —@(ep)]  A{eroler) +[1—@(eh)]}*
Clearly, as long as ¢'(}) < 0, we have
f'(ef) >0 (79)
and
e 06
V(i) = 1 g <0 (50)



since % < 0 by equation (38). Therefore, ¥(-) is increasing and concave. In addition, it is
t

clear that W(-) depends only on the investment-to-capital ratio i;, so it is homogeneous of

degree zero in {I, K}. =

Appendix IV. Proof of Proposition 4
Proof. Consider a representative firm solving the program in equation (28) subject to
equation (45), taking 7; as given. Denoting @; as the Lagrangian multiplier for the constraint
and imposing the equilibrium condition 7; = 4;, the first-order conditions for I; and K; ., are
given, respectively, by

0Q7 ' (ir) = (81)

A . , .
Qi = BE; { ;;+1Rt+1 + (1= 0)Qu1 + Q7 [p(ir) — @’(Zt+1)lt+1]} ' (82)
Since 0Q?, ¢’ (it+1) = 1, equation (82) can be written as

Ay
Ay

— 1+ (1= 0)Quy1 + HQ?H/ ed®(e) — L } ) (83)

1
€2 Qig41)

QtZBEt{

which is identical to equation (39) in the microfounded model. m

Appendix V. Proof of Proposition 5
Proof. The first part of the proposition—the optimal capital tax rate in the representative-
agent CAC model without externalities is zero—is a standard result in the literature. Hence,
we need only to prove the second part of the proposition. We add a representative household
into the model so that the government’s objective function is well defined. We prove the
proposition in an environment without aggregate uncertainty. The household’s problem is

to choose consumption (C}) and labor supply (IV;) in each period to solve
max Z B'[u(Cy) = v(Ny)] (84)
=0

subject to C; < wyN; + II; + T}, where II, denotes aggregate dividends distributed from
firms and T} = [ 74[Y;(i) — wyNy(i)]di is a lump sum transfer from the government based on
capital tax revenues collected from all firms, where 7; is the tax rate for capital income. The

first-order conditions of the household can be summarized by
u'(Ct)wt = 'U/(Nt). (85)

31



On the firm side, we can show that, regardless of capital tax, the endogenous credit
limit model is always equivalent to a representative-firm model with investment externality.
Hence, based on the equivalence, we need only to prove that the optimal capital tax rate
is negative in the representative-firm model with investment externality. For simplicity, we
consider the Pareto distribution for firms’ idiosyncratic shocks €4(i) (in the microfounded
model) and the Cobb-Douglas production function, ¥; = AK*N;}~*. Thus, the equivalent

CAC function is of the Cobb-Douglas form and a representative firm in the investment

externality model must solve

maXTi;OBT AZT {(1 = 7)Y — wNy) — I} (86)

subject to
K = (L= 0)Ki + ¢ ([%)a KT, (87)
where a = #ﬂ)’ b= 17;—1, and 1% denotes the average investment rate in the economy that

each firm takes as given. The first-order conditions for {I;, K;;1} in this model are given by

I a
Qupob (E) Kt =1 (88)
t
_ At L\ o
Q= BE; A, (1= Ter1) Resr + (1 = 0)Qe1 + Qe1po(1 — b) K, Kl gy (89)
where R; = a% and w; = (kNat)Yt. Imposing the equilibrium conditions, I% = II(—*t and

Ay = ¥/ (Cy), and plugging in the values of {y,, a,b}, and substituting out { R, wy, Q,}, the

above two first-order conditions become

L poit (90)

Y, Lo \™ 1 1
(1_7-t+1)u+(1_5)9ni1< t+1> Lt t+1]

K, w/(Cy) Kin Ky n— 1K
(91)
The law of motion for capital accumulation becomes
1
O e it
Kt+1 — (]_ - 6)Kt —l— — 1 Kt It ; (92)
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and the household resource constraint becomes
L+ Cy =Y, = AKMN} . (93)

Notice that equations (85), (91), (92), (93), and the aggregate production function can
uniquely solve the competitive equilibrium path of {C}, I, Y;, Ny, Ky 41} as a function of the
tax rate 7; in the externality model. The optimal tax policy is to design a sequence of tax

rates {7;}:°, to solve

Tt

V(o) = max S B fu(C(r) — v(N () (94)

subject to equations 85, (91), (92), (93), and the aggregate production function.

Instead of directly solving program (94), we first study the "first best allocation" in the
externality model, which pertains to the highest possible utility that a social planner can
achieve in the model when the investment externality is fully endogenized. Hence, the first
best allocation also pertains to the highest possible utility that the government can achieve
using tax policies in program (94).

The first best allocation solves

(o)

V*(Ko) = o ; B'u(Cy) = v(Ny)] (95)

subject to
K = (1= 8)K, + ”e_"ii K (96)
Cy+ I, = AKPN}!™ (97)

It is obvious that the lifetime utility defined in program (95) is at least as large as that defined
in program (94): V*(Ky) > V(Kj), because the former gives the first best allocation. The

first-order conditions for {I;, C;, Kyy1} in program (95) are given, respectively, by

I

FES I T
e s LA (98)
, 1—-a)Y; ,
(e S = vy (99)
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u'(Cyy1)
u'(Cy)

aYi

Q=25 Koy

n+1ln—1 t

1
1 @+t 1 4 n
+ (1 =0)Qu1 + Qi s K Itn+1] ' (100)

1

Equation (98) implies @Q); = %H_ﬁ (II{—tt) r Using this relationship to substitute out @,

equation (100) becomes

Lk ( ; )+ _ g(Cnt)
u'(Ch)

1
aYi +(1-9) n? — 19_ﬁ ( Ty )”*1 n 1 Ly
K 772 K n K

(101)
Notice that equations (99), (101), (96), (97), and the aggregate production function
together uniquely solve for the first best allocation {Cy, I3, Y;, Ny, Ki4+1} under program (95).
Similarly, equations (85), (91), (92), (93), and the aggregate production function together
uniquely solve for the equilibrium path of {C(7¢), I(7¢), Y (7¢), N(7¢), K(74)} in a competitive
equilibrium with investment externalities. Comparing these two systems of equations, except
that equation (101) is different from equation (91), all other equilibrium conditions in the first
best allocation are identical to those in a competitive equilibrium in terms of mathematical
relationship. In particular, equations (99), (96), and (97) are identical to equations (85),
(92), and (93), respectively.
Denote the equilibrium path of the first best allocation as {C}, I}, Y, N, K/,,}. By
comparing equation (101) under program (95) with equation (91) in the competitive equi-
librium, it is obvious that the government can achieve the first best allocation in program

(94) by setting the tax rate such that equation (101) and equation (91) are identical, which

implies
2 * * - *
LS gy (1) Ty 2 (102
n°—1 Kt+1 t+1 n*—1K{,

1
vy L (LN 1T
T R e R T
’ Kia t+1 n—1K,

Simplification gives

1
o )aYh = —— T 103
(772 1 ) t+1 T]Q —1 t+1 ( )
2_1 1 I* % 9‘_}4 1 n
: 1 ; o T
Since Qf = L5077 (K—ft) , we have Qi KT} = U:—l[tfﬂ. So we can
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rewrite equation (101) by multiplying both sides by K/, as

* Tk ul( ¥ 1) * * * *
Qt Kt+1 = BT&;) [a t+1 [t+1 + Qt+1Kt+2] : (104)
This equation implies that in the steady state we must have aY™* > I*. Then by equation

(103), we must have 7 < 0 in the steady state to achieve the first best allocation. =

Appendix VI. Model Simulation

1. Simulating aggregate variables. We solve the equilibrium path of the aggregate vari-
ables by log-linear approximation around the deterministic steady state. The log-linearized

variable is defined as
& = log(X;) — log X, (105)

where X indicates the steady-state value. We simulate the aggregate model for ¢ = 200, 000
periods using the law of motion of aggregate technology in equation (58). Based on the
simulated variables, we can use the following transformation to obtain the value of aggregate
variables:

X; = X exp(2y). (106)
In this way, we obtain the sequences of capital K;, aggregate investment I;, Tobin’s (), and

the cutoff e; = -

2. Generating firm data. In order to generate firm data, we need to simulate the idio-
syncratic shocks, €;(i). A random sample with 200,000 observations for (i) in each time
period ¢t can be generated using inverse transform sampling. Given a random variable U

drawn from the uniform distribution on the unit interval (0,1), the variable

1
£ =— (107)
Un
is Pareto distributed with the distribution function
Fle)=1—-¢" (108)

Given the sequences of aggregate variables (especially the cutoff ), we obtain firm-level

investment based on the firm’s decision rule,

QOK,(i))  ife (i) > el
L(1) = : (109)
0 if e4(7) < ef
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We normalize each firm’s initial capital stock to the aggregate steady-state capital K; namely,

Ko(i) = K. We construct the firm-level capital sequence by the law of motion:
Kip1(1) = (1 — 0) K4 (i) + (i) 12 (7). (110)

In each period t = 0,1, ...,200, 000, we track each firm ’s capital stock and positive invest-
ment level whenever g,(i) > €.
3. Regression analysis. We run two regressions. The first is based on aggregate time

series!?:
Ky — (1-96)
K,

K
=By + B1Q. (111)
The second is based on firm-level data:

Koy (1) — (1 = 6) K4(4)
K (i)

= Bo + 61Q:- (112)

The adjusted R? is almost the same if we use log variables for the aggregate model. For the

K1 (1) —(1-0) K+ (3)
K (3)

firm-level data, since can be zero in some periods, we cannot use log values

in the regression.

Appendix VII. Proof of Proposition 6
Proof. Denoting { (i), m:(i), pt,(7)} as the Lagrangian multipliers of constraints (61), (62),
and (63), respectively, the firm’s first order conditions for {I;(i), K;11(7), B:(i)} are given,
respectively, by

L= (DM ) + mil0) — (i), (13)
M) = BB L R+ (L= DN (i) + ) 4720 (11
1 = BRyE[1 + 1,1 (4)], (115)

plus the following complementarity slackness conditions:

. . Ki(i)]
() [10) + ] =0 (16
p (000 K1 () + Bio1 (i) Ryp—1 — 14(i)] = 0. (117)

2Tobin’s @ is a sufficient statistic to determine aggregate investment in both our model and the CAC
model.
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Following the same analysis and solution method as in the previous sections, we have the

following decision rules and equilibrium conditions for each firm:

HKt(Z) + Btfl(i)Rbtfl if €t<i> 2 5:

I(i) = A (118)
—p if &,(i) < &
1 A 1-6
— = BB~ {RHl + ( - ) +O(ej;+1)} (119)
gt At €t+1

A
1= E
B Ry Ey A,

1+ / *idcb(g)] , (120)

>ery Citl

where the implicit function

~7”+1<i)] (121)

Olctis) = B |Ohli) + 5725

1) — &} 1 1
_ 9/ €t (21 €it1 dq)(€> + Z)/ ( e > dq)(ﬁ)
er1(i) >l €+l er1(i)<ely, err1(i)  era

Market clearing for the internal loan market implies [ B, (i)di = 0 for all ¢. Notice

At+
e

that as long as €}, ; < emax, equation (120) implies that SE; Ry < 1, so a representa-

tive household (firm owner) will not want to hold the one-period bond issued by firms in
the internal loan market. So the one-period bonds will only be traded among firms. The

aggregate investment is given by

Aﬁmbﬂm—MJ Lise), (122)

*
E<5t

which is identical to equation (19). Hence, the aggregate capital stock evolves according to
equation (20). So changing the financial structure by allowing internal financing does not

change our results. m

Appendix VIII. Possibly Non-Binding Borrowing Constraints (Not
For Publication)

In this appendix, we show that having some firms operate at the optimal investment

level without being financially constrained does not change our results. To allow for some
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firms to be unconstrained when investing positively at the optimal level, we consider capital

adjustment costs at the firm level with the investment technology:
Ko (i) = (1= 0)K;(0) + & (0) K7 ()1, (i), (123)

where 0 < v < 1 indicates convex adjustment costs and &,(4) is i.i.d with Pareto distribution.

The financial constraint takes the following form:
Ii(7) < OK(i). (124)

The analysis is conducted in two steps. First, we show that if § = co, namely there are no
financial constraints, the aggregate CAC function is identical to equation (123). Second, we
show that if § < oo, then the implied aggregate CAC function is more convex than the CAC
function in equation (123).

Consider 0 = oo first. The value function of a firm is given by

Vileu(i), Ki(i)) = max { R K, (i) — L,(i)} + BE, Af\:l Visa(er1(2), Kipa (i) (125)

subject to the technological constraint
Ki1(i) = (1 — 0) K, () + &4(4) K7 (1)1} 7 (4). (126)

Following Hayashi (1982) and the solution method in the main text of this paper, assuming

Vi(ee(1), K (7)) = v(e4(d)) K (i) and defining Q; = BEtA]Cl [ vir1(e)p(e)de, the first-order

condition with respect to investment is

1= (1= 7)Ques (i) K7 (1) I, (i), (127)
L(i) = [(1 = 1) Qe ()] Ki(i). (128)

Hence the aggregate investment in the economy is

1 1
Iy = [(1 =)@ Kt/aw(a)da, (129)
and the aggregate capital stock follows the law of motion:

1—

Ko = (1- 86K + / D)) [(1— 1) Qi) T

(1=K + K [(1-7)Q) / £ p(e)de. (130)
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Substituting out @Q); with equation (129), the above equation becomes

1—y
I
Kiga=(1-0)K,+ K, -t /5’lv<b(5)ds. (131)
K [ev¢(e)de
Rearranging gives
K= - 0K, +eK, 177, (132)

.
where the parameter £ = < i s%qﬁ(g)dg) . So the aggregate investment technology in the

above equation exhibits a CAC function that is identical to the CAC function in equation
(123) at the firm level. Equation (129) indicates that the elasticity of investment with respect
to Tobin Q is %y:

L Q1

- = 133
0Qy I Y ( )
Now consider the case with 8 < co. The firm’s value function satisfies
. . . . A . .
Vi(eu(i), Ki (1)) = max { R, K (i) — L, (i) } + ﬁEt—;\H Vi1 (€e41(7), Kia(4)) (134)
t

with the constraint

Ky (i) = (1= 0) Ky (i) + &, () K] (i) 1} 7 (4) (135)
and

1,(i) < 0K, (i). (136)

As before, assuming V;(e4(7), Ky(i)) = vy(e4(7)) K (7) and defining Q; = BEtAEI [ vi1(e)p(e)de,

optimal investment can be determined by solving
max { —1,(i) + Q[(1 — 0) K, (i) + e, (4) K (1)1, " (i)]} (137)

subject to
(1) < OK(i). (138)

If I;(7) < 0K4(i), the first-order condition for investment is still given by

1= (1 —)Que()) K, (4) 1,7 (7). (139)

This defines a cutoff
—87 ¥ 140
(1 o V)Qt - Eta ( )
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so that equation (139) holds if (i) < £5(Q), and (i) = 0K, (7) if £,(i) > £f(Q). Hence, the

aggregate investment is given by

o0 Q) )
=0k [ v K[ (-0l doe) (141)
e (@) Emin
which implies
g 1 Jil- m% a2(c) 1)
QI g Jr dd(e) + [ V)Qie]” dd(e)

So as long as €f < emax, namely, as long as some firms are financially constrained, we have

ajt Qt

90, 1, < (143)

regardless of the distribution of ¢;(i). Hence, aggregate investment is less responsive to To-
bin’s () because financial constraints imply greater convex adjustment cost at the aggregate

level. However, when 6 < oo, there does not exist an analytical expression for CAC function

analogous to equation (132). But given that (%tt Q< ,1y, we can infer that the aggregate

CAC is more convex than that in equation (132).
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