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1 Introduction

Macroeconomic growth rates exhibit low-frequency patterns often associated with innovation

and technological change. The advent of electricity and the introduction of computers are

each associated with persistent waves in the trend component of productivity.1 The adoption

and diffusion rate of new technologies is also important for explaining productivity dynamics

and for reconciling cross-country differences in economic growth.2 Despite these efforts in

the growth literature, there is no consensus on the macroeconomic sources of prolonged

productivity slowdowns and the subsequent recoveries. In particular, there is substantial

disagreement in projecting the long-run effects of the recent Great Recession on economic

growth (Summers (2013)).3

In this paper, we quantitatively examine the driving forces of economic growth at both

medium- and long-term frequencies by building and estimating a Dynamic Stochastic Gen-

eral Equilibrium (DSGE) model that incorporates endogenous technological progress and

adoption rates. We then use our estimated model to enhance our understanding of two key

events in US economic history that presented a persistent productivity slowdown, the Great

Recession and the Great Inflation. The model embeds an endogenous growth framework

of vertical innovations (Aghion and Howitt (1992), Grossman and Helpman (1991), and

Peretto (1999)) and technology adoption (Parente and Prescott (1994)) in a medium-size

DSGE framework (Christiano, Eichenbaum, and Evans (2005), Smets and Wouters (2007),

and Justiniano and Primiceri (2008)) that features a rich set of macroeconomic shocks. The

spillover effects from knowledge accumulation and variation in endogenous technology pro-

vide two important transmission channels for business cycle shocks to long-term growth. In

equilibrium, total factor productivity (TFP) growth is endogenous and related to research

and development (R&D) and technology adoption rates. Thus, this framework allows us to

analyze the impact of business cycle disturbances on TFP and trend growth.

Our model produces a link between TFP and the state of the economy through the

1See, for example, Jovanovic and Rousseau (2005) and Gordon (2010) for surveys.
2Prominent examples include Barro (1991), Parente and Prescott (1994), Barro and Sala-i-Martin (1997),

Basu and Weil (1998), Comin and Hobijn (2004), and Comin and Hobijn (2010b)
3Benigno and Fornaro (2015), Gordon (2014), and Fernald (2014) are examples that provide opposing

views.
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endogenous component of TFP. This endogenous component is the result of a process of

accumulation, adoption, and utilization of knowledge. The stock of knowledge is accumulated

through R&D investment, then knowledge is adopted in order to be in a usable form for

production, and finally, resources are expended for the stock of adopted knowledge to be

utilized in production. In the estimated model, the endogenous component of TFP explains

most of the variability in TFP growth, while the accumulation of knowledge is primarily

related to long-run trends in TFP growth. The return on adopting existing technology varies

significantly in response to changes in market conditions. Due to high R&D adjustment

costs, transitory disturbances are mostly absorbed by endogenous TFP. In other words,

the optimal response to variations in the marginal return of technology mostly consists of

adjusting the adoption and utilization rates of existing technology, as opposed to changing

R&D expenditures. We find this result appealing as the accumulation of knowledge through

R&D is a process that requires expending a steady amount of resources, while the decision of

how much technology to incorporate in the production process of goods can be more easily

adjusted in response to market conditions.

Our estimates suggest that a significant fraction of the medium- and low-frequency vari-

ation in growth rates, such as output, consumption, and investment, is attributed to shocks

to the marginal efficiency of physical investment (MEI shocks). At the same time, shocks to

the marginal efficiency of investment also explain the bulk of the variation at business cycle

frequencies of investment growth, consistent with evidence from Justiniano, Primiceri, and

Tambalotti (2010, 2011). Therefore, our results suggest a tight link between business cycle

fluctuations and long-term growth dynamics. In the model, a positive shock to the marginal

efficiency of investment increases investment in physical capital, which raises the marginal

productivity of R&D capital (i.e., knowledge capital) due to complementarities in produc-

tion. Greater accumulation of R&D capital and higher technology adoption and utilization

rates lead to a persistent increase in growth due to knowledge spillovers.

Accounting for these two margins of technology adjustment, R&D and adoption and uti-

lization rates, has important implications for the consequences of a recession, especially over

longer horizons. We find that the Great Recession was associated with a large drop in tech-

nology adoption and utilization rates, while R&D was not significantly affected. In contrast,
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during the 2001 recession there was a significant decline in R&D investment after the bust

of the information technology (IT) bubble, but only a modest change in the adoption rate of

existing technology. Consequently, while the current recession has been substantially more

severe in the short-term, our model suggests that trend growth was less affected during the

Great Recession compared to the 2001 recession, which accords with the empirical evidence

from Fernald (2014). While the current model projections suggest that long-run growth

prospects have remained relatively stable during the current recession, our results also imply

that if market conditions did not improve, R&D would eventually start declining.

Further, counterfactual experiments suggest that during the Great Recession, accom-

modative monetary and fiscal policies helped to stabilize both R&D rates and the adoption

of existing technology, which has important consequences on the trend component of pro-

ductivity. In a model with exogenous growth, TFP and trend growth do not depend on

policymakers’ actions. As a result, these models generally imply a steady and relatively

fast return to the trend, independent from the actions undertaken by the fiscal and mone-

tary authorities. Instead, in the present model sustaining demand during a severe recession

can deeply affect the medium- and long-term outcomes for the economy. This result has

important implications for the role of policy intervention during recessions. For example,

we believe that the link between policy interventions and growth is important in light of

the recent debate on the consequences of performing fiscal consolidations during recessions

(Alesina and Ardagna (2010) and Guajardo, Leigh, and Pescatori (2014) provide opposing

views).

The differences between the two recessions detected by our estimates are in line with a

heuristic interpretation of the two events. The 2001 recession coincided with the end of the IT

bubble, an event that particularly affected R&D intensive firms. Our model captures this fact

through a shock to the marginal efficiency of R&D (MER), which we find is strongly related

with the internal cash flow and the supply of external equity finance for R&D intensive firms,

the main sources of financing for R&D. Since R&D projects are often characterized by a high

degree of asymmetric information and low asset tangibility, debt financing is more limited

(e.g., Brown, Fazzari, and Petersen (2009)). The large negative MER shock preceding the

2001 recession led to persistent decline in R&D, which implies a long-lasting adverse effect
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on trend growth. In contrast, the 2008 recession originated, or at least coincided, with a

severe financial crisis. Shocks to the marginal efficiency of investment can be regarded as

a reduced-form way to capture the ease to which firms can access external debt financing.

For example, Justiniano, Primiceri, and Tambalotti (2011) show that this shock is highly

correlated with the credit spread between the returns on high-yield and AAA corporate

bonds. This shock had a sharp, but short-lived impact on R&D, and therefore had less of

an impact on trend growth compared to the 2001 recession.

The model has also interesting implications for the interpretation of the Great Inflation

of the 1970s. Short-lived inflationary shocks have persistent negative effects on economic

growth, primarily through the technology adoption channel. In the estimated model, the oil

shock episodes of the 1970s contributed to a decline in the endogenous component of TFP,

which led to an extended slump in productivity growth. In the model, a fall in productivity

increases real marginal costs, which implies an increase in inflation. At the same time, the

positive markup shock reduces demand for factor inputs, including R&D capital. As there

are high costs for adjusting R&D, technology adoption and utilization rates fall aggressively

while R&D only declines slightly, albeit more persistently. In sum, TFP growth drops sharply

and persistently, while the increase in inflation is relatively short-lived.

The endogenous growth mechanism generates positive responses in consumption and

investment to investment shocks, which is sometimes a challenge in DSGE models (e.g.,

Barro and King (1984)). In standard DSGE models, positive investment shocks often lead to

a decline (or an initial decline) in consumption, while investment, hours, and output increase.

In our model, the investment shocks are amplified, as they affect TFP growth through the

knowledge accumulation and endogenous TFP channels. Thus, a positive investment shock

increases output more than in the standard models without the endogenous technology

margins, which helps our model generate a positive consumption response. Finally, monetary

policy shocks induce positive comovement between measured productivity and inflation,

consistent with evidence from Evans and dos Santos (2002).

Our approach of estimating a structural model helps to elucidate the link between R&D,

growth, and business cycle dynamics. Due to data limitations, measuring the sources of low-

frequency growth fluctuations at long horizons is inherently difficult. For example, it would
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be hard to learn about the impact of R&D by only looking at its effect on growth decades

later. Instead, our endogenous growth framework imposes joint economic restrictions on the

evolution of macroeconomic quantities at short- and long-horizons. Therefore, conditional

on the model, the dynamics at business cycle frequencies are also informative about the

low-frequency behavior of the economy. This is because, given a parametric specification,

the deep parameters that govern high- and low-frequency movements are invariant and can

be inferred by examining fluctuations at all frequencies.

This paper is related to the literature linking business cycles to growth.4 Barlevy (2004)

shows that the welfare costs of business cycle fluctuations are higher in an endogenous

growth framework due to the adverse effects of uncertainty on trend growth. Aguiar and

Gopinath (2007) find that shocks to trend growth are the primary source of fluctuations

in emerging markets. Kung and Schmid (2014) examine the asset pricing implications of

a stochastic endogenous growth model and relate the R&D-driven low-frequency cycles in

growth to long-run risks. Kung (2014) builds a New Keynesian model of endogenous growth

and shows how the model can rationalize key term structure facts. In the context of the

asset pricing literature on long-run risks based on the work by Bansal and Yaron (2004), our

results imply that MEI shocks, typically associated with business cycle fluctuations, are an

important source of low-frequency movements in consumption growth. Guerron-Quintana

and Jinnai (2013) use a stochastic endogenous growth model to analyze the effect of liquidity

shocks on trend growth. Our paper distinguishes itself, as it represents, to the best of our

knowledge, the first attempt to estimate a state-of-the-art medium-size DSGE model with

endogenous growth. Further, our estimation framework allows us to more precisely identify

the macroeconomic sources of low-frequency growth fluctuations.

We also relate to papers examining the causes and long-term impact of the Great Reces-

sion. Benigno and Fornaro (2015) analyzes how animal spirits can generate a long-lasting

liquidity trap in a New Keynesian growth model with multiple equilibria. Eggertsson and

Mehrotra (2014) illustrate how a debt deleveraging shock can induce a persistent, or even

permanent, economic slowdown in a New Keynesian model with overlapping generations.

Christiano, Eichenbaum, and Trabandt (2014) show how interactions of financial frictions

4Also, see Comin (2009) for a general survey of this approach.
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with a zero lower bound constraint on nominal interest rates in a DSGE framework can help

explain the dynamics of macroeconomic aggregates during the Great Recession. Bianchi and

Melosi (2014) link the outcomes of the current recession to policy uncertainty. Our paper

focuses on the effects of the Great Recession through the R&D and technology adoption

margins, and thus, we view our contribution as complementary to the existing literature.

This paper makes two methodological contributions with respect to the existing litera-

ture. We introduce a Schumpeterian growth framework in a medium-size DSGE model with

nominal rigidities, captured by Calvo pricing.5 Second, we structurally estimate the model

using Bayesian methods. To the best of our knowledge, this is the first paper that estimates

a quantitative model of the business cycle augmented with endogenous growth and technol-

ogy adoption margins by using data on the amount of R&D investment. In this respect, our

work is related to, but differs from the seminal contribution of Comin and Gertler (2006)

and the subsequent work by Anzoategui, Comin, Gertler, and Martinez (2016) across sev-

eral dimensions. First, these papers use an endogenous growth framework with horizontal

innovations (i.e., expanding variety model of Romer (1990)) whereas we use a growth model

with vertical innovations. Second, we have different interpretations of the 2001 and 2008

recessions compared to Anzoategui, Comin, Gertler, and Martinez (2016). Third, we use

our model to study both the Great Inflation and the Great Recession. Finally, we make use

of the recently released series for quarterly R&D investment to inform us on the process of

knowledge accumulation.

Finally, our paper also relates to models that feature technology adoption. Parente and

Prescott (1994), Basu and Weil (1998), Comin and Hobijn (2010a), and Comin, Gertler, and

Santacreu (2009). Our model complements these contributions by showing that medium-

term fluctuations in technology adoption and utilization rates are mostly driven by shocks to

the marginal efficiency of investment. Further, we show that accounting for the technology

adoption channel is important for explaining the dynamics of TFP during major economic

events, such as the Great Recession and the Great inflation. The connection between market

conditions, demand shocks, and measured TFP relates to Bai, Rios-Rull, and Storesletten

(2012). Finally, our paper is connected to McGrattan and Prescott (2010), who study the

5For a survey on Schumpeterian growth models, see Aghion, Akcigit, and Howitt (2013).
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role of intangible investment for explaining the economic boom of the 1990s, and Cao and

LHuillier (2014), who explore the role of learning for medium-term fluctuations.

The paper is organized as follows. Section 2 illustrates the model. Section 3 presents

the estimates. Section 4 studies the Great Recession and the Great Inflation in light of our

model. Section 5 concludes.

2 Model

The benchmark model is a medium-scale DSGE model with endogenous growth and technol-

ogy adoption. The endogenous growth production setting with vertical innovations follows

Kung (2014) and the additional frictions and shocks are standard in the literature and taken

from Christiano, Eichenbaum, and Evans (2005).

2.1 Representative Household

There are a continuum of households, each with a specialized type of labor j P r0, 1s. House-

hold j is also assumed to have external habits over consumption Ct.

Et

8
ÿ

s“0

βsζC,t`s

#

logpCt`s ´ ΦcCt`s´1q ´ χt`s
L1`σL
j,t`s

1` σL

+

,

where β is the discount rate, Φc is an external habit parameter, Ct denotes consumption, Ct

is average consumption, Lt denotes the labor service supplied by the household, and σL is the

inverse of the the Frisch labor supply elasticity. The variable ζC,t represents an intertemporal

preference shock with mean one and the time series representation:

logpζC,tq “ ρζC logpζC,t´1q ` σζCεζC ,t,

where εζC ,t „ Np0, 1q. The variable χt represents shocks to the marginal utility of leisure

and has the following time series representation:

logpχtq “ p1´ ρχq logpχq ` ρχ logpχt´1q ` εχ,t.
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Households are a monopolistic supplier of labor to intermediate firms following Erceg, Hen-

derson, and Levin (2000). In particular, intermediate goods firms use a composite labor

input:

Lt “

„
ż 1

0

L
1

1`λw
j,t dj

1`λw

.

Employment agencies purchase labor from the households, package the labor inputs, and sell

it to the intermediate goods firms. The first-order condition from profit maximization yields

the following demand schedule:

Lj,t “

ˆ

Wj,t

Wt

˙´
1`λw
λw

Lt,

where Wj,t is the wage rate paid to the supplier of Lj,t. The aggregate wage index paid by

the intermediate firms for the packaged labor input Lt is given by the following rule:

Wt “

„
ż 1

0

W
´ 1
λw

j,t dj

´λw

.

The household sets wages subject to nominal rigidities. In particular, a fraction 1 ´ ζw

can readjust wages. The remaining households that cannot readjust wages will set them

according to the following indexation rule:

Wj,t “ Wj,t´1 pΠt´1Mn,t´1q
ιw pΠ ¨Mnq

1´ιw .

Households own the physical and R&D capital (i.e., knowledge) stocks.6 Households

accumulate the physical stock, Kt, and rent out physical capital services, Kt, to a competitive

capital market at the rate, Ptr
k
t , by selecting the physical capital utilization rate ukt : Kt “

uktKt´1. Increased utilization requires increased maintenance costs in terms of investment

goods per unit of physical capital measured by the function akpu
kq. In the linearized solution

of the model, only the ratio a2k
`

uk
˘

{a1k
`

uk
˘

“ σk is relevant for the law of motion of the

6We assume the household accumulates both physical and knowledge capital to stay as close as possible
to standard medium-size DSGE models, such as Christiano, Eichenbaum, and Evans (2005). The dynamics
of the model are quantitatively similar if instead firms accumulated the capital stocks (see, for example,
Kung (2014)).
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economy, where uk is the steady-state value for ukt .

The household accumulates physical capital subject to the following law of motion:

Kt “ p1´ δkqKt´1 `

„

1´Ψk

ˆ

ζI,t
It
It´1

˙

It,

where the function Ψk is convex and in the steady-state Ψk “ 0 “ Ψ1
k. The variable ζI,t

represents a mean one shock to the marginal efficiency of investment, and evolves as:

logpζI,tq “ ρζI logpζI,t´1q ` σζI εζI ,t,

where εζI ,t „ Np0, 1q.

Households accumulate knowledge capital N t, adopt knowledge capital rNt, and rent

adopted knowledge capital services, Nt, to a competitive capital market at the rate Ptr
n
t ,

by selecting the adopted knowledge capital utilization rate unt : Nt “ unt
rNt´1. Increased

utilization requires increased costs in terms of investment in R&D capital measured by the

function anpu
nq. In the linearized solution of the model, only the ratio a2n pu

nq {a1n pu
nq “ σn

is relevant for the law of motion of the economy, where un is the steady-state value for unt .

Households accumulate knowledge capital by investing in R&D expenditures, St, accord-

ing to the following law of motion:

N t “ p1´ δnqN t´1 `

„

1´Ψn

ˆ

ζS,t
St
St´1

˙

St,

where the function Ψn is convex and in the steady-state Ψn “ 0 “ Ψ1
n. The variable ζS,t

represents a mean one shock to the marginal efficiency of R&D investment and evolves as:

logpζS,tq “ ρζS logpζS,t´1q ` σζSεζS ,t,

where εζS ,t „ Np0, 1q. The shock ζS,t can be interpreted as capturing variations in the

efficiency with which R&D investment can transformed into new knowledge (e.g., blueprint

ideas). Such variations are likely to depend on disturbances that are specific to sectors that

are characterized by high R&D intensity.
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Technology also needs to be adopted in order to be usable for firms. The households own

the stock of adopted knowledge and need to spend Jt in the following law of motion:

rNt “ ξtH

ˆ

Jt
rNt´1

˙

pN t´1 ´ rNt´1q ` φ1
rNt´1,

where adoption technology Hp¨q is concave and in the steady state, H “ 1 and H 1 “ 1
ξpn´1q

.

Compared to the existing literature, we model both the process of adopting and utilizing

new technology. In the context of our model, adoption captures the process of transforming

new ideas or technology in usable form for production, whereas utilization captures the costs

associated with directly implementing the new technology in the production process. We find

that accounting for these two technological margins is important when confronting the model

with the data, because the adoption margin is more important for explaining low-frequency

phenomena, while the utilization margin acts mostly at high frequencies.

The budget constraint for the household is:

PtCt ` Ptζ
´1
Υ,tIt ` PtSt `Bt “ Bt´1Rt´1 ` PtKt´1rr

k
t u

k
t ´ akpu

k
t qs `

Pt rNt´1rr
n
t u

n
t ´ anpu

n
t qs `WtLt ´ TtPt ´ PtJt,

where ζ´1
Υ,t captures the cost, in terms of consumption goods, of one unit of investment. Since

the currency price of the consumption good is Pt, the currency price of a unit of investment

good is Ptζ
´1
Υ,t. The law of motion for ζ´1

Υ,t is given by:

logpζΥ,tq “ ρζΥ logpζΥ,t´1q ` σζΥεζΥ,t,

where εζΥ,t „ Np0, 1q. We allow for changes in the relative price of physical investment to

capture technological progress that affects the rate of transformation between consumption

and investment, but that is not directly linked to the accumulation of knowledge through

R&D investment. Variation in the relative price of investment is needed mostly to correctly

capture the process of physical capital accumulation that occurred in the US starting from

World War II. Furthermore, these relative price shocks allow us to interpret the shocks to

the marginal efficiency of physical investment in a way that is in line with the literature.
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2.2 Firms

A representative firm produces the final (consumption) goods in a perfectly competitive

market. The firm uses a continuum of differentiated intermediate goods, Yj,t, as input in the

CES production technology:

Yt “

ˆ
ż 1

0

Y
1{λf,t
j,t dj

˙λf,t

,

where λf,t is the markup over marginal cost for intermediate goods firms. The law of motion

for λf,t is given by:

logpλf,tq “
`

1´ ρλf
˘

logpλf q ` ρλf logpλf,t´1q ` σλf ελf,t .

The profit maximization problem of the firm yields the following isoelastic demand sched-

ule:

Yj,t “ Yt

ˆ

Pj,t
Pt

˙´λf,t{pλf,t´1q

,

where Pt is the nominal price of the final goods and Pj,t is the nominal price of intermediate

good i. The price of final goods is obtained integrating over the intermediate goods prices.

The intermediate good j is produced by a price-setting monopolist using the following pro-

duction function:

Yj,t “ max
!

Kα
j,t

`

AtN
η
j,tN

1´η
t Lj,t

˘1´α
´ F ¨ rNt, 0

)

,

where Nt ”
ş1

0
Njdj is public knowledge and the parameter η P r0, 1s. In addition, the inputs

Kj,t and Nj,t are accumulated using the final goods. The variable At represents a stationary

aggregate productivity shock that is common across firms and evolves in logs as an AR(1)

process:

at “ p1´ ρqa
‹
` ρat´1 ` σεt,

where at ” logpAtq, εt „ Np0, 1q is i.i.d., and a‹ ą 0 is the unconditional mean of at.

Following Calvo (1983), a fraction 1´ ζp, randomly chosen, of the intermediate goods firms

are permitted to reoptimize their price every period. Of the remaining firms, a (randomly

selected) fraction 1´ ιp must set Pit “ ΠPi,t´1 and a fraction ιp sets Pi,t “ Πt´1Pi,t´1, where
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Πt “ Pt{Pt´1 is gross inflation.

2.3 Market Clearing and Fiscal Authority

The market clearing condition for this economy is Ct ` ζ´1
Υ,tIt ` St ` Gt “ Y G

t , where Gt

denotes government expenditures and Y G
t is measured GDP (i.e., Y G

t “ Yt ´ akpu
k
t qKt´1 ´

anpu
n
t q

rNt´1 ´ Jt). The government issues short-term bonds and moves lump-sum taxes Tt

in order to finance government expenditure. Government expenditure follows an exogenous

law of motion:

ĝt “ ρgĝt´1 ` σgεg,t,

where εg,t „ Np0, 1q, ĝt “ lnpgt{gq, and gt ” Gt{ rNt. In the steady-state, G{Y G “ ηG.

The central bank follows a modified Taylor (1993) rule:

Rt

R
“

ˆ

Rt´1

R

˙ρR
«

ˆ

Πt

Π

˙φπ ˆ∆Yt
∆Y

˙φ∆y

ff1´ρR

eσRεR,t

2.4 Solving the Model

The trend component in TFP, rNt, is endogenous. In order to induce stationarity, aggregate

variables, such as, consumption, R&D, investment, output and government expenditures,

are normalized by rNt. Once the model is rewritten in terms of stationary variables, the

nonstochastic steady state can be computed, which includes the endogenous trend growth

rate, ∆ rN . In particular, the trend growth rate is a function of the deep parameters of the

model:

∆ rN “ β p1´ δn ` ξq .

After obtaining the non-stochastic steady state values, we log-linearly approximate the equa-

tions around the steady-state values (the linearized equations are in the appendix).
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2.5 TFP Growth

Imposing the symmetric equilibrium conditions, the aggregate variable output rYt can be

expressed as:

rYt “ pZtLtq
1´αKα

t ,

where measured TFP, Zt, is endogenous and depends on the utilization rate of adopted

knowledge:

Zt “ Atu
n
t
rNt´1.

As in Comin and Gertler (2006) and Kung and Schmid (2014), the trend component in TFP,

rNt´1, is endogenous and time-varying. For the discussion of the results below, we define

at ” logpAtq as the exogenous stationary shock to TFP, unt is the technology utilization rate,

N t´1 is the stock of knowledge, rNt´1 is the stock of adopted knowledge, and Nt ” unt
rNt is

the endogenous component of TFP.

3 Estimates

This section presents the main estimation results. We estimate the model using a Metropolis

Hastings algorithm. As observables, we use seven series of U.S. quarterly data: real GDP

per capita, annualized quarterly inflation, the federal funds rate (FFR), real consumption

per capita, investment in physical capital in terms of consumption units, investment in R&D

(knowledge) capital in terms of consumption units, and the relative price of investment. All

variables except for inflation and the FFR enter as log differences and are downloaded by

the BEA website. The sample spans 1954:Q3 to 2013:Q3. To the best of our knowledge,

this is the first paper that makes use of the newly released series for quarterly R&D in a

structural estimation.

3.1 Parameter Estimates

Table 1 reports priors, modes, means, and 90% error bands for the DSGE parameters. The

priors are diffuse and in line with the literature. For the parameters that characterize the
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endogenous growth mechanism, we choose diffuse priors and take an agnostic view on their

likely values, given that there is no previous evidence to guide us. We also specify a prior on

the steady-state trend growth rate: 100∆ rN „ N p.45, .05q. Given that steady state growth

in the model is a function of several model parameters, this choice translates in a joint prior

on these model parameters.

The posterior parameter estimates suggest a significant degree of price stickiness and

habit formation consistent with the literature (e.g., Altig, Christiano, Eichenbaum, and

Linde (2011) and Del Negro, Schorfheide, Smets, and Wouters (2007)). We find very high

adjustment costs for R&D, S2N , and a small elasticity of firm-specific R&D with respect

to its output, η, which both make R&D less responsive to macroeconomic shocks and is

important for capturing persistent R&D dynamics. Similarly, the parameters associated

with the adjustment and depreciation rate of the adoption process (H2 and φ1, respectively)

imply that adoption varies mostly at low frequencies, as we will show in the next subsection.

On the other hand, the low value for σn implies that the technology utilization rate is very

responsive to changes in the return of adopted knowledge. We interpret these two findings

as implying that R&D and adoption needs to be carried on consistently over time in order

to produce significant results and that the important margin for technology adjustment in

the short-run relies on varying the utilization rate of adopted knowledge. Furthermore, the

small value for η also implies that there are large positive spillover effects from innovation,

which is consistent with microeconomic evidence from Griliches (1992). The depreciation

rate for R&D capital turns out to be substantially lower than the one for physical capital,

which again is a reflection of the smooth R&D dynamics.

3.2 Variance decomposition

In this section, we analyze the properties of the estimated model in the frequency domain.

This analysis will prove useful to understand our interpretation of the 2001 and 2008 reces-

sions. Before proceeding, it is worth recalling that the model implied TFP consists of three

different components: The stationary technology shock, the technology utilization rate, and
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adopted knowledge. Namely:

TFPt “ At
Tech. Shock

˚ unt
Utilization

˚ rNt´1
Ad. Knowledge

.

The product of utilization and adopted knowledge is the endogenous component of TFP,

Nt “ unt
rNt´1, which includes the endogenous trend component. The stationary technology

shock, At, is the exogenous component of TFP. As we will see, the endogenous component

of TFP captures the bulk of the fluctuations in the model implied TFP, while the long-term

component, adopted knowledge, is fairly stable. These definitions imply that TFP growth

and the endogenous component of TFP can be expressed as:

∆tfpt “ ∆at
∆Exogenous

` ∆nt
∆Endogenous

∆nt “ ∆unt
∆Utilization

` ∆rnt´1
∆Ad. Knowledge

,

where we have used lower case letters to denote the logs of the corresponding economic

variables.

Table 2 decomposes the model-implied variance of the observed variables and the com-

ponents of the model-implied TFP across three frequency intervals. Long-term frequencies

correspond to cycles of more than 50 years, medium-term frequencies are associated with

cycles between 8 and 50 years, whereas business cycle frequencies correspond to cycles of a

duration between 0.5 and 8 years. For all the observed variables the volatility at medium-

term frequencies plays a significant role, consistent with the findings from Comin and Gertler

(2006). In fact, for the FFR, labor hours, and R&D growth more than 50% of volatility is

explained by medium-term fluctuations. Furthermore, for consumption growth, investment

growth, and GDP growth, the variance of the medium-term and business cycle components

are quite similar in magnitude.

For model-implied TFP, the decomposition across frequencies varies depending on its

components, endogenous TFP (Nt “ unt
rNt´1) and adopted knowledge ( rNt). The growth

rate of TFP and endogenous TFP exhibit fluctuations mostly at business cycle frequencies,

which reflects the sizable estimated value of the elasticity of technology utilization with
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respect to its return. On the other hand, the fluctuations of the growth rate of adopted

knowledge are mostly at low frequencies and, to some extent, at medium cycle frequencies,

which is due to both the high R&D adjustment costs and the persistence in the technology

adoption process.

We also find that most of the variation in the model implied TFP is attributed to the

fluctuations in the endogenous TFP component (more than 60%) and that this fraction is

larger at lower frequencies. Figure 1 provides a visual characterization of this result by

plotting the evolution of the model-implied TFP growth (dashed black line), along with the

endogenous component of TFP (solid blue line), and adopted knowledge component of TFP

growth (red dotted line). These series are obtained extracting the corresponding smoothed

series based on the posterior mode estimates. Consistent with variance decomposition above,

TFP growth appears substantially more volatile with respect to the growth rate of knowledge

itself. In principle, such large fluctuations could be explained by changes in the exogenous

component of TFP. However, it is evident that changes in the endogenous component of TFP

capture the bulk of the fluctuations in TFP growth, as the endogenous component tracks

quite closely the medium-term fluctuations in TFP, whereas the exogenous fluctuations seem

to be mostly important at high frequencies. In other words, this figure corroborates the

finding that the most important margin for explaining TFP growth dynamics consists of

changes in endogenous TFP, as opposed to fluctuations in the accumulation of knowledge

through R&D or exogenous fluctuations in technology captured by the stationary technology

shock.

It is then interesting to understand what forces drive the observed fluctuations. In

order to address this question, Table 3 reports the variance decomposition with respect

to the structural shocks that affect the macroeconomy. The top panel refers to the variance

decomposition at business cycle frequencies, while the lower panel refers to medium-term

cycle frequencies.

The first observation that is worth emphasizing is that shocks to the marginal efficiency

of investment play a central role for all of the observed variables included in our estimates,

especially at medium-term frequencies. At these frequencies, the marginal efficiency of in-

vestment explains over 40% of the variance for most of the endogenous variables, with a peak
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of 82% for the FFR. Furthermore, the marginal efficiency of investment plays a key role at

business cycle frequencies for investment growth and, consequently, for GDP growth.

The dynamics of the endogenous components of TFP growth differ quite substantially

from each other. For the adopted knowledge growth component, shocks to the marginal

efficiency of R&D play a key role. This is due to fact that knowledge growth is very persistent

and the MER shocks are particularly important for low-frequency fluctuations. In contrast,

for the endogenous component of TFP, the price markup shock explains over 40% of the

overall volatility, while MEI and stationary technology shocks both explain around 20%.

Overall, these results suggest that markup shocks can have important effects at business

cycle frequencies while low-frequency movements in growth are mostly driven by MEI and

MER shocks.

In fact, markup shocks explain a sizeable fraction of consumption fluctuations at business

cycle frequencies (around 16%). Preference shocks also explain a sizeable fraction of con-

sumption volatility at business cycle frequencies, but they are mostly irrelevant for medium-

term fluctuations. As a result, preference shocks play a modest role for explaining the bulk

of the overall consumption volatility. In addition, the markup shock explains most of the

business cycle variation in wage growth (around 80%) and inflation (around 45%). The fact

that markup shocks explain the bulk of the business cycle dynamics of inflation, and at the

same time have large effects on the growth rate of endogenous TFP, creates an interesting

link between inflationary shocks and growth that we will explore in Subsection 4.2.

Overall, we provide new evidence supporting the importance of shocks to the marginal

efficiency of investment for economic fluctuations, particularly at medium and low frequen-

cies. As in Justiniano, Primiceri, and Tambalotti (2010) this shock is important for business

cycle fluctuations of investment. However, our estimates suggest that this shock plays a key

role to explain medium-term fluctuations of all observed variables, and not just GDP and

investment. Given that the medium-term frequencies explain a significant fraction of the

overall volatility, shocks to marginal efficiency of investment are therefore a driving force for

the overall macroeconomic volatility of the observed variables. Our evidence is also consis-

tent with the asset market literature, which shows that investment-specific shocks are an

important source of systematic risk and therefore stock market returns (e.g., Papanikolaou
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(2011) and Kogan and Papanikolaou (2014)).

We find the transmission of a typical business cycle shock, such as the MEI shock, to

medium cycle fluctuations interesting in light of the fact that Justiniano, Primiceri, and

Tambalotti (2010) show that the MEI shock capture costs of external debt financing. In

our model, knowledge spillovers from R&D accumulation along with technology adoption

and utilization rates provide transmission channels of macroeconomic shocks to medium-

and long-term growth. More broadly, our estimation suggests a tight link between business

cycles and medium-term fluctuations, which supports the findings of Comin and Gertler

(2006). The role played by this shock for the lower frequency movements of consumption

growth are also interesting in light of the long-run risks literature (e.g., Bansal and Yaron

(2004)) that focuses on the comovement between consumption growth and asset returns at

longer horizons. We consider this a promising direction for future research. In the next

section, we focus on impulse responses to better understand the propagation of the shocks.

3.3 Impulse responses

This section illustrates the key model mechanisms through impulse response functions. Fig-

ure 2 displays impulse response functions from a positive shock to the marginal efficiency

of physical investment. A positive investment shock triggers more investment in physical

capital. Given the complementarity of the factor inputs, a larger physical capital stock in-

creases the marginal productivity of adopted knowledge, which leads to an increase in the

adoption and utilization of existing technology along with a smooth increase in R&D. More

resources devoted to improving technology raises TFP and also increases trend growth due

to the spillover effects from knowledge accumulation. Note that the model also produces

positive comovement in consumption and investment, which is sometimes a challenge for

standard medium-size DSGE models such as Christiano, Eichenbaum, and Evans (2005).

After a positive investment shock, the increase in R&D and endogenous technology amplify

the output response by improving both the level and trend components of TFP persistently.

Higher current and future levels of output consequently induce a positive consumption re-

sponse. The positive comovement of macroeconomic quantities to investment shocks allow

these shocks to be the main driver of business cycles and low-frequency movements in growth
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rates.

Figure 3 plots impulse response functions to a positive shock to the marginal efficiency

of R&D (MER). A positive MER shock directly induces more R&D investment, and sub-

sequently, increases in adoption and technology utilization. Given the timing lag from the

adoption process (to convert knowledge to a usable form for production) and the stickiness in

the adjustment of R&D and adoption, the impact on TFP is delayed significantly compared

to the response to a MEI shock. Consequently, the impact on other macroeconomic quan-

tities, such as consumption, GDP, hours, and investment exhibit this delayed reaction. In

fact, there is an initial dip in investment, as resources in the economy are devoted initially to

boosting technology. These key differences in the responses to the MEI and MER shocks are

important for capturing salient features of the 2001 and 2008 recessions, which is explored

in Section 4.1.

Figure 4 shows impulse response functions from a positive price markup shock.7 This

shock directly increases inflation via the model-implied Phillips curve. Also, a positive

markup shock reduces demand for factor inputs, which reduces labor hours, physical and

R&D investment. Given high R&D adjustment costs, the R&D response is more gradual

than the response of physical investment and labor hours. It is worth emphasizing that while

the technology shock is very transitory (see lower left panel), the effects on macroeconomic

quantities are quite persistent, and is primarily due to the medium-term dynamics of adopted

knowledge. In short, the model generates endogenous persistence in the cycle and trend

components of macroeconomic variables.

Figure 5 displays the impulse response functions to a contractionary monetary policy

shock. A tightening of monetary policy increases the FFR and lowers the price level. Due to

sticky prices, aggregate demand falls and the real rate rises, which discourages investment in

physical capital and R&D. The decline in R&D and the endogenous component of TFP leads

to a decline in TFP after a contractionary monetary policy shock, consistent with empirical

evidence from Evans and dos Santos (2002). Further, the drop in R&D lowers the trend

component of TFP due to the endogenous growth channel. Note that response of R&D is

7We find that stationary technology shocks have similar effects. This will be useful when accounting for
the link between high-frequency movements of inflation and the productivity slowdown during the Great
Inflation.
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significantly more persistent than the other macroeconomic variables, which is a reflection

of the high R&D adjustment costs.

4 Two productivity slowdowns

In this section, we analyze two key events in US economic history that were associated with

productivity slowdowns. We first focus on the Great Recession, and then, we investigate the

Great Inflation.

4.1 The Great Recession

The most recent recession has generated concerns about the possibility of a prolonged slow-

down. Following the speech delivered by Larry Summers (Summers (2013)), some economists

have become interested in the possibility of a “secular stagnation” similar to the one that

characterized the aftermath of the Great Depression according to Hansen (1939). Eggerts-

son and Mehrotra (2014) builds a model that can deliver secular stagnation as a result of

household deleveraging or a decline in the population growth rate. Gordon (2014) argues

that the US might be heading toward a prolonged period of reduced growth. On the other

hand, using projections from a calibrated model, Fernald (2014) finds that trend growth

remained stable after the Great Recession.

Our model provides a useful framework to address these concerns from a quantitative

point of view, given the strong linkages between business cycle fluctuations and long term

growth. Figure 6 analyzes the Great Recession through the lens of our model. The solid blue

line reports smoothed estimates at the posterior mode for investment, knowledge growth, and

the endogenous component of TFP over the past 15 years. The dashed black line describes

a counterfactual simulation in which all policy shocks are set to zero since the beginning of

the crisis. Specifically, starting from the first quarter of 2008 we set the filtered government

expenditure shocks, monetary policy shocks, and inflation target shocks to zero.

The first aspect that emerges from this analysis is that while the recession has implied a

significant fall in investment in physical capital, the growth rate for knowledge has been less

affected. Instead, the fall in investment has determined a significant and persistent decline
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in the utilization rate of existing technology due to the decline in the marginal return of

adopted technology. As a result, endogenous TFP has fallen significantly (see right panel).

Interestingly, this pattern was reversed during the 2001 recession. In the 2001 recession, the

economy experienced a relatively small fall of investment in physical capital, a substantial fall

in the growth rate of knowledge (after the large accumulation of R&D during the IT boom in

the 1990’s), and only a relatively modest decline in endogenous TFP. The knowledge growth

rate never really recovered, and instead, stabilized at a lower level until the 2008 recession.

The decline in the growth rate of knowledge during the 2008 recession is visibly smaller,

especially when taking into account that the 2008 recession was much more severe.

A heuristic interpretation of the two events relate to the sources of financing. The 2001

recession coincided with the end of the IT bubble, an event that particularly affected high

tech firms (i.e., high R&D intensity firms). Our model captures this fact through a shock to

the marginal efficiency of R&D (MER), which we find is strongly related with the internal

cash flow and the supply of external equity finance for R&D intensive firms,8 the main

sources of financing for R&D. Since R&D projects are often characterized by a high degree

of asymmetric information and low asset tangibility, debt financing is more limited (e.g.,

Brown, Fazzari, and Petersen (2009)). The large negative MER shock preceding the 2001

recession, illustrated in the right panel of Figure 7, led to a persistent decline in R&D,

which implies a long-lasting adverse effect on trend growth. In contrast, the 2008 recession

originated from a severe financial crisis. As shown in Justiniano, Primiceri, and Tambalotti

(2011), shocks to the marginal efficiency of investment are highly correlated with the credit

spread between the returns on high-yield and AAA corporate bonds and can be regarded as

a reduced-form way to capture the ease to which firms can access external debt financing. In

the left panel of Figure 7, we observe a large negative spike in the MEI series at the onset of

the recession in 2008. This shock had a sharp, but short-lived impact on R&D, and therefore

had less of an impact on trend growth compared to the 2001 recession.

The top panel of figure 8 plots the R&D series for high tech firms (dash-dot black line),

non-high tech firms (dashed blue line), and all firms (solid red line) as a percentage of GDP.

Observe that the R&D of the tech firms drive most of the fluctuations in aggregate R&D

8The correlation between cash flow and the MER is 0.63 for high tech firms.
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dynamics and these firms have steadily increased their share of R&D expenditures relative to

non-tech firms since the 1980’s. Thus, shocks to the financial constraints of high tech firms

have important consequences for aggregate innovation dynamics. The middle panel plots

R&D expenditures (dashed blue line), cash flow (solid red line), and new equity share issues

(dashed black line) as a percentage of GDP for tech firms, while the bottom panel plots

the same series for non-tech firms.9 From the middle panel, we can see that the persistent

decline in R&D for tech firms following the 2001 recession coincides with a sharp decline in

cash flow and equity issuance, the main sources of financing for R&D. In contrast, the drop

in R&D after the 2008 recession was only short-lived as there was a quick rebound in R&D,

and cash flows and equity issues fell significantly less than during the 2001 recession. For

non-tech firms, the three series are relatively stable compared to the tech firms, reaffirming

the fact that tech firms are the key drivers of innovation over the past three to four decades.

These results have important implications for the long-term consequences of the current

recession. On the one hand, it seems that the low-frequency trend component (knowledge

growth) has not been substantially affected, implying that long-run growth remained stable.

On the other hand, as we have shown in Subsection 3.3, the consequences of a slowdown

on the adoption rate of technology can persist for many years, implying that it might take

a significant amount of time before the economy closes the gap with respect to the trend

component. Furthermore, the 2008 recession has exacerbated a pre-existing downward trend

in the growth rate of knowledge that started with the 2001 recession.

In this respect, it is interesting to analyze the role of policymakers’ behavior. Modeling

unconventional monetary policy or changes in policy rules is beyond the scope of the paper.

However, it is still instructive to study the implications of policy shocks. The counterfactual

simulation reported in Figure 6 shows that absent policy shocks, the growth rate of knowledge

would have been only mildly affected, but the extent of the recovery in investment and

adoption of existing technology would have been much more contained.

These results have important implications for the role of policy interventions during

recessions. In models with exogenous growth, TFP does not depend on policymakers’ actions.

As a result, these models generally predict a steady and relatively fast return to the trend,

9Tech firms are defined as firms with the following SIC code: 283, 357, 366, 367, 382, 384 or 737.
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independent from the actions undertaken by the fiscal and monetary authorities. Instead, in

the present model sustaining demand during a severe recession can deeply affect the medium

and long term consequences for the economy. Policymakers cannot intervene each period to

permanently alter the trend growth rate of the economy.10 This would violate the notion of

the equilibrium steady-state and be subject to the Lucas critique. However, policymakers

can substantially reduce the long-term consequences of a recession.

4.2 The Great Inflation

The Great Inflation and the productivity slowdown that occurred in the 1970’s have attracted

a lot of attention in the literature. Several explanations have been proposed for why infla-

tion rose during the 1960’s and 1970’s. Orphanides (2002), Primiceri (2006), and Sargent,

Williams, and Zha (2006) have focused on central bankers’ misperceptions about the state

and structure of the economy, Clarida, Gali, and Gertler (2000), Lubik and Schorfheide

(2004), and Bianchi (2013) provide support in favor of violations of the Taylor principle,

and Cochrane (1998), Sims (2011), and Bianchi and Ilut (2012) emphasize a dysfunctional

interaction between the monetary and fiscal authorities.

During the 1970’s, movements in inflation exhibited both strong low-frequency and busi-

ness cycle components. The former has been often explained in light of a persistent pro-

ductivity slowdown that arguably led to changes in policymakers’ behavior. The latter was

mostly determined by two oil crises that occurred in 1973/1974 and in 1979. In what follows,

we will use our model to highlight the link between these two components.

Figure 9 reports the series for inflation and the model implied growth rate for endogenous

TFP based on the parameter values from the posterior mode. The red dashed line corre-

sponds to the actual data, while the solid blue line captures the variation in the variables

that is due to the markup and stationary technology shocks. This is obtained by using a

counterfactual simulation in which all shocks except the markup and stationary technology

shocks are set to zero. It is worth emphasizing that the endogenous component of TFP does

10See Barro and Sala-i-Martin (1992) for a model where public finance can affect the steady state growth
rate.
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not include the stationary technology shock:

TFPt “ At
Tech. Shock

˚ unt
rNt´1

Endog. TFP

.

Therefore, movements in the growth rate of endogenous TFP are not the result of an ac-

counting identity, but derive from the endogenous responses of the technology utilization

rate, unt , and the stock of adopted knowledge, rNt´1, to a stationary technology shock, At.

We focus on endogenous TFP, as opposed to rNt´1 only, because as shown above, it captures

the bulk of TFP fluctuations.

The counterfactual series for inflation tracks inflation dynamics very closely at high fre-

quencies. This is in line with the variance decomposition results that show that stationary

technology shocks and markup shocks explain more than 50% of inflation fluctuations at

business cycle frequencies. However, the right panel shows that these shocks also have a

visible impact on the persistent component of TFP. In other words, the results suggest that

a significant fraction of the decline in measured productivity that occurred in the 1970’s

can be explained in light of short-lived inflationary shocks (e.g., oil shocks) because of their

impact on the growth rate of adopted knowledge. These results are in line with the evidence

presented in Section 3.3: A markup shock (or a stationary technology shock) has an imme-

diate and short-lived impact on inflation, but has a prolonged effect on the adoption and

utilization rates of existing technology and a very persistent effect on the accumulation of

knowledge itself.

When TFP is endogenous, the consequences of the oil shocks of the 1970’s are quite

different than in the exogenous TFP setting. While all shocks have an impact on TFP

through the knowledge and adoption components, markup and stationary technology shocks

are different to the extent that they move growth and inflation in opposite directions. As

a result, our model suggests a link between the productivity slowdown, a low-frequency

phenomenon, and short-lived inflationary shocks, the oil shocks. While other factors might

have contributed to the productivity slowdown, we believe that a model featuring endogenous

growth introduces a new dimension for the analysis of the events of the 1970s. This is for two

reasons. First, the fact that a short-lived inflationary shock can have persistent consequences
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on the trend can easily lead to misperceptions about the nature a of a productivity slowdown.

This, in turn, might cause policy mistakes. Second, due to the link between the high- and

low-frequency fluctuations, policymakers might be tempted to accommodate these shocks

in order to mitigate their long-run consequences on growth. In both cases, policymakers’

actions could lead to a progressive increase in the low-frequency component of inflation. This

would create a link between trend inflation and higher frequency fluctuations.

5 Conclusions

In this paper, we build and estimate a medium-size DSGE model that features endogenous

growth and technology adoption. Positive externalities from knowledge accumulation provide

a economic channel linking business cycle shocks to long-run growth through the trend

component of TFP. The endogenous technology adoption and utilization rates provide a

strong propagation channel at medium-term frequencies through the endogenous component

of TFP. We find that shocks to the marginal efficiency of physical investment explain a

large share of the volatility of all macroeconomic variables, and not just that of investment.

This is because these shocks have large effects at medium-term frequencies that, in turn,

capture a large fraction of the overall volatility. The endogenous growth margin also helps

the model to generate positive comovement in consumption and investment in response to

a MEI shock, which is sometimes a challenge for standard DSGE models. More broadly,

our model estimation suggests strong linkages between business cycle fluctuations and low-

frequency movements in aggregate growth rates.

We then use our estimated model to interpret two major economic events and analyze

their long-run consequences. First, we show that while during the Great Recession there

was a significant decline in investment and in endogenous TFP, the trend component was

not equally affected. In the context of our model, this implies that the most recent reces-

sion had severe consequences in the short- and medium-term, but long-run trend growth

remained relatively stable. The opposite was true during the 2001 recession, which triggered

a persistent decline in the growth rate of knowledge. We interpret the difference between the

two recessions in light of the different forms of financing for investment in physical capital
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and R&D. Second, we show that during the Great Inflation of the 1970’s, short-lived infla-

tionary shocks, like oil shocks, contributed to the low-frequency productivity slowdown over

the decade due to their persistent effects on adopted knowledge and R&D accumulation.

In short, our paper highlights the importance of studying growth and business cycles in a

unified setting for understanding macroeconomic dynamics.
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Appendix A. System of linearized equations

This appendix reports the linearized system of equations used for the estimation.

1. Firms, “marginal cost” in terms of both factor costs:

p1` p1´ αqηqxmct “ αprkt ` p1´ αqp pwt ´ patq ´ p1´ αqη

ˆ

y

y ` F

˙

pyt

`

„

pη ´ 1q p1´ αq
1

σn
` ηp1´ αq



prnt ` pη ´ 1q p1´ αqpµn,t

2. Firms, marginal cost in terms of rental rate of capital:

xmct “ prkt ´ p1´ αq
´

pat ` punt `
pLt ´ pukt ´

pkt´1

¯

3. Firms, real rental rate of R&D capital:

prnt “ xmct ` αpu
k
t ` kt´1 ´ u

n
t q ` p1´ αq ppat ` pLtq

4. Phillips curve:

π̂t “

ˆ

1

1` βιp

1´ ζp
ζp

˙ˆ

1´ ζpβ

θ̃1

˙

xmct`

ˆ

ιp
1` βιp

˙

pπt´1`

ˆ

β

1` βιp

˙

Etpπt`1`
1

1` βιp
pλf,t

where θ̃1 “

´

1´ p1´αqη
1`p1´αqη

λf
λf´1

y
y`F

¯

.

5. Households, consumption:

pλn,t “ ´
Φc

Mn ´ Φc

pµn,t ´
Mn

Mn ´ Φc

pct `
Φc

Mn ´ Φc

pct´1
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6. Households, labor:

pw̃t “
p1´ βζwq

1´ δσL

¨

˝

β p1´ δσLq ζwEt

”

pw̃t`1 ` pwt`1

ı

1´ βζw
´ pλn,t ` σLpLt

`
β p1´ δσLq ζw pEt rpµn,t`1 ` pπt`1s ´ ιw ppµn,t ` pπtqq

1´ βζw

´
p1´ δσLq pwt

1´ βζw
´ δσL pwt

˙

7. Labor supply index:

p1´ ζwq pw̃t “ ζw p pwt ` pπt ` pµn,tq ´ ζw p pwt´1 ` ιw ppπt´1 ` pµn,t´1qq

8. Households, bonds:

0 “ ζC,t p1´ ρζC q `
pλn,t ´ Etpλn,t`1 ´ pRt ` Etpπt`1 ` Etpµn,t`1

9. Households, physical capital:

0 “ ζC,t p1´ ρζC q `
pλn,t ´ Etpλn,t`1 ´ Et pR

k
t`1 ` Etpπt`1 ` Etpµn,t`1

10. Return on physical capital: then

pRk
t “

Π

qkRk
rkprkt `

Π

Rk
p1´ δkqpq

k
t ` pπt ´ pqkt´1

where qk “ 1.
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11. Households, investment in physical capital:

0 “ pqkt `
pζΥ,t ´Ψ2

kM
2
n p1` βqpit `

pζI,t ´Ψ2
kM

2
nµ̂n,t

` Ψ2
kM

2
n
pit´1 ` βM

2
nΨ2

kEt

”

pit`1

ı

` βM2
nΨ2

kEt rµ̂n,t`1s

12. Households, physical capital utilization:

pukt “
p

rrkt
1

σA

13. Households, physical capital accumulation:

pkt “
1´ δk
Mn

p
pkt´1 ´ µ̂n,tq `

i

k

´

pit ` pζI,t

¯

14. Households, knowledge capital:

0 “ ´pqnt ´
pλn,t ´ pζc,t ` Et

«

βpjt`1 pδn ` r
n ´ 2ξ ` φ1 ´ 1q

pn̄´ 1qMn

´
βpµn,t`1 p´n̄δn ` ξn̄` n̄´ r

n ` ξ ´ φ1q

pn̄´ 1qMn

`
β p´δn ` ξ ` 1q pζc,t`1

Mn

`
β p´δn ` ξ ` 1q pλn,t`1

Mn

`
βξpqat`1

Mn

´
β pδn ´ 1q pqnt`1

Mn



15. Households, investment in knowledge capital:

0 “ pqnt ´Ψ2
nM

2
n p1` βq pst `

pζS,t ´Ψ2
nM

2
nµ̂n,t

`Ψ2
nM

2
npst´1 ` βM

2
nΨ2

nEt rpst`1s ` βM
2
nΨ2

nEt rµ̂n,t`1s
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16. Households, knowledge capital accumulation:

n̄ŝt pMn ` δn ´ 1q

Mn

`
n̄ pδn ´ 1q µ̂n,t

Mn

´
n̄ pδn ´ 1q ˆ̄nt´1

Mn

´ n̄ˆ̄nt “ 0

17. Households, adopted knowledge capital:

p1´ ρζC q
pζC,t ` pλn,t “ Etpλn,t`1 ` Et pR

n
t`1 ´ Etpπt`1 ´ Etpµn,t`1

18. Return on adopted knowledge capital:

0 “ Π

˜

´
jpµn,tMn

`

jξ pn̄´ 1q2H2Mn ` n̄
˘

n̄´ 1
´
jpjtMn

`

jξ pn̄´ 1q2H2Mn ` n̄
˘

n̄´ 1

´
jpnt´1n̄Mn

n̄´ 1
´ pqat pjMn ` ξ ´ φ1q ´ pqat´1 p´jMn ` r

n
´ ξ ` φ1q

` pπt p´jMn ` r
n
´ ξ ` φ1q ´ pRn

t p´jMn ` r
n
´ ξ ` φ1q ` prnt r

n
¯

19. Households, investment in adoption:

jpµn,tξ pn̄´ 1qH2Mn ` jpjtξ pn̄´ 1qH2Mn `
n̄pnt´1

n̄´ 1
` pqat “ 0

20. Households, adopted knowledge capital utilization:

punt “
p

rrnt
1

σn

21. Households, adopted knowledge capital accumulation:

´pnt´1 pMn ` ξ ´ φ1q ` p1´ jqpµn,tMn ´ jpjtMn

Mn

“ 0

22. Government expenditure:

ĝt “ ρgĝt´1 ` σgεg,t
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23. GDP:

pyGt “
c

yG
pct ` ηGpgt `

i

yG

´

pit ´ pζΥ,t

¯

`
s

yG
pst

where ηG “ G{Y G.

24. Resource constraint:

cpct ` i
´

pit ´ pζΥ,t

¯

` spst ` ηGypgt “ py ` F q
”

p1´ αq
´

at ` pLt

¯

` αpkt´1 ´ pµn,t

ı

`
“

py ` F qα ´ rkkM´1
n

‰ 1

σA
p

rrkt

`
“

py ` F q p1´ αq ´ rnM´1
n

‰ 1

σn
prnt ´ jpjt

25. Monetary Policy:

rRt “ ρR rRt´1 ` p1´ ρRq
“

φπpπt ` 4φdy
`

pyGt ´ pyGt´1 ` pµn,t
˘‰

` σRεR.t

26. Three equations describing the shocks to ζS,t, ζC,t and ζI,t:

logpζX,tq “ ρζX logpζX,t´1q ` σζXεζX ,t

27. Productivity shock:

at “ p1´ ρqa
‹
` ρaat´1 ` σaεa,t

28. Markup:

logpλf,tq “
`

1´ ρλf
˘

logpλf q ` ρλf logpλf,t´1q ` σλf ελf,t
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Appendix B. Data

The sample is from 1980 to 2013. Firms’ balance sheet data is from COMPUSTAT. We

follow Brown, Fazzari, and Petersen (2009) to define high-tech industries. We divide the

sample into two categories: high-tech industries and non-high-tech industries. High-tech

industries have SIC codes 28, 357, 366, 367, 382, 384, and 737. We define gross cash flow,

R&D, new share issues and total assets as (COMPUSTAT code in parentheses):

• Cash Flow is Depreciation and Amortization (DP) plus Income Before Extraordinary

Items (IB) plus Research and Development Expense (XRD).

• R&D is Research and Development Expense (XRD).

• New Share Issues is Sale of Common and Preferred Stock (SSTK) minus Purchase of

Common and Preferred Stock (PRSTKC).

The data is deflated using the CPI index from CRSP (expressed in 2000 dollars). For

the non-high-tech-firms we exclude utilities (SIC code 49) and financial services firms (SIC

code 6).
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Parameter Mean 5% 95% Type Mean St.dev.

φπ 1.3564 1.2550 1.4446 N 2 0.6
φ∆y 0.1276 0.1019 0.1560 G 0.3 0.15
ρR 0.8074 0.7869 0.8271 B 0.6 0.2
ιw 0.0905 0.0234 0.1868 B 0.5 0.2
Ψ2n 38.2010 34.7480 40.7480 G 15 10
Ψ2k 2.7882 2.289 3.2772 G 4 3
σk 4.7006 3.0015 6.9882 G 1.5 1
σn 1.2041 0.8123 1.6437 G 1.5 1
ζp 0.6616 0.6233 0.6913 B 0.5 0.2
ιp 0.0347 0.0137 0.0599 B 0.5 0.2
η 0.0326 0.0167 0.0543 B 0.2 0.1
ζw 0.8551 0.8066 0.8999 B 0.5 0.2
ξ 0.0067 0.0054 0.0081 B 0.1 0.05
φ1 0.7926 0.6826 0.8869 B 0.9 0.05
ρζi 0.9541 0.9336 0.9701 B 0.5 0.2
ρζc 0.1838 0.0897 0.2781 B 0.5 0.2
ρλf

0.9975 0.9952 0.9991 B 0.5 0.2
ρζS 0.6932 0.6316 0.7690 B 0.5 0.2
ρζa 0.8626 0.7867 0.9379 B 0.5 0.2
ρχ 0.9231 0.8912 0.9473 B 0.5 0.2
λw 0.1471 0.1176 0.1793 G 0.15 0.02
L˚ 100.6000 99.8580 101.2400 N 100 2.5

100π˚ 0.5294 0.4458 0.6096 N 0.5 0.05
100pβ´1 ´ 1q 0.1869 0.1379 0.2305 G 0.25 0.05

Φc 0.9247 0.9172 0.9324 B 0.7 0.2
λf ´ 1 0.6434 0.5157 0.7888 G 0.35 0.1
δk 0.0214 0.0169 0.0267 B 0.03 0.02
δn 0.0038 0.0023 0.0055 B 0.05 0.02
a˚ -2.2325 -2.5294 -2.0253 U -100 100
H2 263.0200 262.5600 263.3100 G 250 100
α 0.2669 0.2385 0.2986 B 0.35 0.05
σL 0.8367 0.4405 1.3086 G 1.5 0.75

100σR 0.2178 0.2009 0.2358 IG 0 0
100σζi 3.4596 3.0152 3.8953 IG 0 0
100σζc 5.0367 4.7571 5.4850 IG 0 0
100σλf

0.1492 0.1297 0.1799 IG 0 0
100σΥ 0.7111 0.6635 0.7611 IG 0 0
100σζs 12.8490 9.6719 14.9430 IG 0 0
100σζa 0.5981 0.5474 0.6537 IG 0 0
100σζg 3.0493 2.7669 3.5104 IG 0 0
100σχ 7.6093 4.7102 12.327 IG 0 0
100σw 0.6487 0.5955 0.7062 IG 0 0

Table 1: Posterior means, 90% error bands, and priors of the model parameters.
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Long Medium Business

GDP growth 5.78
p4.73,7.4q

38.63
p35.71,41.68q

55.12
p51.56,58.25q

Inflation 12.01
p9.85,16.33q

42.93
p40.18,45.28q

44.39
p40.54,47.48q

FFR 20.14
p16.04,29.08q

60.69
p53.95,64.28q

18.66
p16.17,20.79q

Investment growth 0.94
p0.77,1.15q

48.38
p44.86,51.65q

50.62
p47.16,54.15q

Consumption growth 19.89
p17.12,23.54q

43.99
p41.62,46.19q

35.62
p31.93,39.21q

R & D growth 11.79
p10.22,13.66q

62.08
p59.07,65.1q

26.02
p22,29.82q

Wages growth 17.85
p14.91,21.77q

35.71
p33.56,37.98q

45.9
p41.78,49.76q

Hours 34.88
p30.73,40.7q

59.77
p54.33,63.94q

5.14
p4.12,6.23q

TFP growth 15.62
p12.58,20q

16.55
p13.96,19.57q

66.81
p62.15,71.03q

Endogenous TFP growth 25.66
p20.64,32.33q

24.14
p21.69,26.83q

49.66
p44.78,53.57q

Adopted knowledge growth 78.7
p75.13,82.59q

20.26
p16.09,24.07q

0.76
p0.4,1.65q

Knowledge growth 76.13
p72.42,80.41q

23.65
p19.4,27.35q

0.22
p0.16,0.29q

Table 2: Median and 90% error bands for the model-implied variance across different fre-
quency intervals. Long term: Cycles of more than 50 years. Medium term cycle: Cycles
between 8 and 50 years, Business cycle: Cycles between .5 and 8 years.
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Figure 1: TFP Growth
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Figure 1 describes the evolution of TFP growth, knowledge, and endogenous TFP.

Figure 2: Shock to the Marginal Efficiency of Investment

This figure displays impulse response functions for GDP, inflation, investment, consumption,
R&D, change in wages, hours, and TFP to a positive shock to the marginal efficiency of
investment. The solid line corresponds to the median while the dashed lines correspond to
the 68% error bands.
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Figure 3: Shock to the Marginal Efficiency of R&D

This figure displays impulse response functions for GDP, inflation, investment, consumption,
R&D, change in wages, hours, and TFP to a positive shock to the marginal efficiency of R&D.
The solid line corresponds to the median while the dashed lines correspond to the 68% error
bands.

Figure 4: Shock to Markup

This figure displays impulse response functions for GDP, inflation, investment, consumption,
R&D, change in wages, hours, and TFP to a positive shock to markup. The solid line
corresponds to the median while the dashed lines correspond to the 68% error bands.
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Figure 5: Monetary Policy Shock

This figure displays impulse response functions for GDP, inflation, investment, consumption,
R&D, change in wages, hours, and TFP to a contractionary monetary policy shock. The
solid line corresponds to the median while the dashed lines correspond to the 68% error
bands.

Figure 6: Impact of the Great Recession

This figure analyzes the Great Recession through the lens of our model. The solid blue line
reports smoothed estimates at the posterior mode for Investment, knowledge growth, and
the endogenous part of TFP over the past 15 years. The red dashed line corresponds to a
counterfactual simulation in which monetary and fiscal shocks are removed starting from the
first quarter of 2008.
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Figure 7: Marginal Efficiency of Investment and Marginal Efficiency of R&D

This figure analyzes the 2001 and 2008 recessions through the lens of our model. The solid
blue line reports smoothed estimates at the posterior mode for the marginal efficiency of
investment and marginal efficiency of R&D over the past 15 years.
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Figure 8: Financing of R&D for High Tech and Non-High Tech Firms

P
e

rc
e

n
ta

g
e

 o
f 

G
D

P

R&D

 

 

1980 1985 1990 1995 2000 2005 2010

0.4

0.6

0.8

1

1.2

1.4

1.6
Tech Firms

Non Tech Firms

All Firms

NBER recessions

(a) R&D for all firms, tech firms, and non tech firms

P
e
rc

e
n
ta

g
e
 o

f 
G

D
P

(C
a
s
h
 F

lo
w

 a
n
d
 N

.S
.I
)

Tech Firms

1980 1985 1990 1995 2000 2005 2010
0

0.5

1

1.5

2

2.5

3

3.5

4

1980 1985 1990 1995 2000 2005 2010
0

0.2

0.4

0.6

0.8

1

1.2

P
e
rc

e
n
ta

g
e
 o

f 
G

D
P

(R
&

D
)

 

 

R&D

New Shares Issues

Cash Flow

NBER recessions

P
e
rc

e
n
ta

g
e
 o

f 
G

D
P

(C
a
s
h
 F

lo
w

 a
n
d
 N

.S
.I
)

Non Tech Firms

1980 1985 1990 1995 2000 2005 2010
0

2

4

6

8

10

12

1980 1985 1990 1995 2000 2005 2010
0

0.2

0.4

0.6

0.8

1

1.2

P
e
rc

e
n
ta

g
e
 o

f 
G

D
P

(R
&

D
)

(b) R&D, cash flow, and new shares issues for tech and non tech firms

This figure depicts the financing and R&D patterns for tech firms and non tech firms. In
Panel (a), the solid red line reports R&D investment as percentage of GDP for all firms.
The the dash-dot black line and dashed blue line show R&D investment as percentage of
GDP for tech and non tech firms, respectively. Panel (b) reports cash flow, R&D and new
shares issues for tech firms (first figure) and non tech firms (second figure). The red solid
line shows cash flow as percentage of GDP, the dashed blue line depicts R&D investment
(as percentage of GDP) and the dash-dot black line shows new share issues (as percentage
of GDP).Tech firms are firms with the SIC code: 283, 357, 366, 367, 382, 384 or 737.
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Figure 9: The Great Inflation

This figure analyzes the Great Inflation through the lens of our model. In the left panel,
the red dashed line represents actual inflation, while in the right panel, the red dashed line
corresponds to the smoothed estimate of the growth rate of the endogenous part of TFP
at the posterior model. In both panels, the blue solid line corresponds to a counterfactual
simulation in which all shocks, but the markup and the stationary technology shock, are set
to zero.
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