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Abstract

We analyze the implications for monetary policy when deficient aggregate demand can cause
a permanent loss in potential output, a phenomenon termed as output hysteresis. In the model,
incomplete stabilization of a temporary shortfall in demand reduces the return to innovation,
thus reducing TFP growth and generating a permanent loss in output. Using a purely quadratic
approximation to welfare under endogenous growth, we derive normative implications for mon-
etary policy. Away from the zero lower bound (ZLB), optimal commitment policy sets interest
rates to eliminate output hysteresis. A strict inflation targeting rule implements the optimal pol-
icy. However, when the nominal interest rate is constrained at the ZLB, strict inflation targeting
is sub-optimal and admits output hysteresis. A new policy rule that targets output hysteresis
returns the output to the pre-shock trend and approximates the welfare gains under optimal com-
mitment policy. A central bank unable to commit to future policy actions suffers from hysteresis

bias: it does not offset past losses in potential output.
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1 Introduction

”... a portion of the relatively weak productivity growth ... may be the result of the recession itself. ... In

particular, investment in research and development has been relatively weak... Federal Reserve actions to
strengthen the recovery may not only help bring our economy back to its productive potential, but it may
also support the growth of productivity and living standards over the longer run.”

Janet L. Yellen, Former Chair of the Board of Governors of the Federal Reserve System

In the aftermath of the Great Recession, the US economy has experienced its slowest post-recession recovery
since World War II. Ten years in, real GDP is still approximately 15% below the pre-recession trend (Figure
1). Similar trajectories have been observed in other OECD countries as well (see Martin, Munyan and
Wilson 2015). One of the primary drivers of this output shortfall has been slow productivity growth (Hall
2016, Stock and Watson 2016), the source of which has been a subject of extensive debate. Fernald (2014 a)
and Cette, Fernald and Mojon (2016) show that total factor productivity (TFP) growth started slowing in
2004, three years before the recession started. Thus, they say slowed growth following the recession may
not have been due to the recession itself. On the other hand, Decker, Haltiwanger, Jarmin and Miranda
(2014) show that the recession accelerated the slowdown in startup entry, which is a significant channel for
productivity growth. Similarly, investment in research and development (R&D), considered to be another
important contributor to TFP growth, fell considerably during the recent recession. These facts underscore

Chairwoman Yellen’s concerns as cited above.!
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The standard theoretical treatment of monetary policy is largely silent on the interaction of monetary

1More recently, Yellen (2016) remarked, “Are there circumstances in which changes in aggregate demand can have an
appreciable, persistent effect on aggregate supply? Prior to the Great Recession, most economists would probably have answered
this question with a qualified “no.” ... This conclusion deserves to be reconsidered in light of the failure of the level of economic
activity to return to its pre-recession trend in most advanced economies. This post-crisis experience suggests that changes in
aggregate demand may have an appreciable, persistent effect on aggregate supply—that is, on potential output.” (October 14,
2016)



policy with the productive potential of the economy.? In this paper, we construct a model in which there
is such an interaction. We embed a model of Schumpeterian growth along the lines of Aghion and Howitt
(1992) and Grossman and Helpman (1991) in a new Keynesian (NK) setting. A contraction in aggregate
demand reduces the incentives for firms to invest in R&D, resulting in lower innovation. This leads to an
endogenous slowdown in TFP growth, which accumulates into a persistent output gap. Thus, following a
recession unemployment returns to its natural rate while output remains below its pre-recession trend. In
this framework, monetary policy can affect the long-run potential output of the economy. This is in contrast
to the traditional NK models which do not incorporate endogenous productivity and thus incorrectly predict
a recovery of output to its pre-recession trend.

Using this framework, we ask whether it is optimal for monetary policy to engineer a recovery back to
the pre-recession trend. Optimal policy analysis is the focus and main contribution of this paper. In order to
analyze normative implications for the conduct of monetary policy, we derive a closed-form expression for the
linear-quadratic approximation of the representative agent’s lifetime utility function. This expression gener-
alizes the approximation derived by Benigno and Woodford (2004) to the endogenous growth environment
and nests the exogenous growth as a special case. In particular, we decompose the stabilization objectives
of the social planner into three key market distortions: a wage inflation gap, a labor efficiency gap and a
productivity growth rate gap. Of these, the productivity growth rate gap is novel to the endogenous growth
framework and provides an additional rationale for stabilization of short-run fluctuations.

We use this framework to study an economy hit with temporary demand shortfalls. While our quadratic
approximation is general, we focus the discussion on liquidity demand and monetary policy shocks because
the model exhibits divine coincidence under these shocks. This implies that monetary policy can completely
undo these shocks and maintain the economy at the first-best level. An implication of this property is that
while the natural rate of interest, r-star, is exogenous, the level of potential output becomes an endogenous
object. Hence, these shocks allow us to tractably study monetary policy with endogenous growth. In this
environment, we define output hysteresis as the gap between the output and its initial deterministic trend.
We obtain the following three sets of results.

First, away from the zero lower bound (ZLB), an optimizing policy-maker with ability to commit to
future policy actions (optimal commitment policy) sets interest rates to offset the permanent output gap.
A standard textbook prescription of strict inflation targeting rule implements the optimal policy. If the
central bank strictly targets inflation and the nominal interest rate is away from the ZLB, there is no output
hysteresis. Although strict inflation targeting implements optimal policy away from the ZLB, it is unable
to stabilize aggregate demand when the ZLB becomes a binding constraint. As a result, a strict inflation
targeting rule admit output hysteresis after a ZLB episode. On the other hand, there exist policy rules

which, if credibly communicated to the public, could prevent output hysteresis following recessions induced

2There is a recent synchronous literature that explores these interactions, including Anzoategui et al. (2019), Bianchi, Kung
and Morales (2019) and Benigno and Fornaro (2018). Ours is the first paper to analyze the interaction of optimal monetary
policy at the ZLB, aggregate demand and endogenous growth. We discuss this at length in the related literature section.
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by shortage of aggregate demand, whether or not the ZLB is binding. A new rule where the central bank
targets zero output hysteresis emerges in the endogenous growth framework. The central bank commits to
keeping interest rates lower until output is back at the initial trend. This hysteresis targeting rule rule signals
ex-ante commitment by the central bank to running a high-pressure economy in the future when there is no
slack in employment. Thus, we find that output hysteresis is contingent on the monetary policy specification
of the central bank.

While the hysteresis targeting rule can eliminate output hysteresis, it raises the question of whether it is
desirable to run a high-pressure economy using this rule. Our second set of results speak to this. At the ZLB,
the optimal policy response is to credibly commit to keeping future interest rates low in order to incentivize
recovery close to the pre-recession trend. A zero output-hysteresis targeting policy rule eliminates all the
persistent effects resulting from constrained monetary policy, thereby closely replicating the welfare gains
achieved under optimal policy for a feasible range of parameters. This rule has the relative advantage in
ease of communicating the central bank’s policy stance to the public, unlike optimal policy rules studied in
the literature.

Third, and importantly, we uncover a new dynamic inconsistency problem. A policy-maker unable to
commit to future policy actions (discretionary policy) does not find in its interest to undo permanent output
gaps, following a ZLB period. This means that it is sub-optimal ex post for policy to be redesigned in order
to offset the existing output hysteresis. We label this as the hysteresis bias of a discretionary policymaker.
It complements our first finding that hysteresis is a consequence of a central bank’s policy constraints, in
particular, its inability to credibly commit to future policy actions, and not of inept or irrational behavior
on part of the central bankers.

On the technical front, the hysteresis bias result may be surprising to scholars of business cycles given
that we operate in an environment with an endogenous state variable (level of productivity) influenced by
policy levers. Because of linearity assumption in production functions in a broad-class of endogenous growth
models (see Jones 2005 for details), past losses in productivity do not affect the allocation of resources
between investment and consumption, and are bygones from the policy maker’s perspective. Lack of credible
monetary policy tools results in permanent output shortfalls. This long-run consequence of policy constraints
provides a reason for policy makers to pursue aggressive stabilization policy through implementable rules
during times of severe demand shortfalls.

The rest of the paper paper is organized as follows. We begin with a brief review of the related litera-
ture. Section 2 proposes a production economy with nominal wage rigidities augmented with endogenous
growth. Section 3 discusses the main theoretical results under liquidity demand shocks. A purely quadratic
approximation of household’s utility function allows us to decompose objectives of the policy-maker into
key market distortions/wedges. In Section 4, we provide brief discussion on optimal policy under discount
rate shocks and supply shocks. We also summarize findings from a quantitative medium scale model that

illustrate the potency of monetary policy in offsetting output hysteresis. An extended discussion on the



quantitative model including estimated structural impulse responses is relegated to the appendix to keep the

paper focused on the optimal monetary policy analysis. Section 5 concludes.

Related Literature

Our paper is closely related to the recent work of Anzoategui, Comin, Gertler and Martinez (2019), Benigno
and Fornaro (2018), Bianchi, Kung and Morales (2019), Garcia-Macia (2015), Guerron-Quintana and Jinnai
(2019), Moran and Queralté (2018) and Queralto (2019) who integrate endogenous growth into a business
cycle framework. Among these papers, our framework is most similar to that of Benigno and Fornaro (2018),
who identify the possibility of an economy entering a phase of persistent liquidity trap and low TFP growth
due to pessimistic expectations. While the model is closest to the one by Benigno and Fornaro (2018), our
paper should be seen as complementary. We complement their elegant analysis by studying optimal monetary
policy in response to shocks to fundamentals while Benigno and Fornaro (2018) study the possibility that
the economy is trapped in the zero lower bound equilibrium.? To our knowledge, ours is the first paper
to analyze the desirability of permanent output gaps in the presence of severe demand shocks, particularly
relevant once the ZLB is binding. The analytical result on hysteresis bias is new to the literature and has
important implications for central bank policy.*

Moran and Queralté (2018) provide empirical evidence in support of the mechanism that monetary
policy shocks affect R&D investment, which in turn affects TFP growth. In a related work, Jorda, Singh
and Taylor (2019) using panel data for seventeen advanced countries over 1890-2015, provide causal evidence
of persistent effects of monetary policy.” Moran and Queralté (2018) also build a quantitative endogenous
growth model with nominal rigidities and emphasize the importance of ZLB constraint on TFP. Our work
complements their analysis by characterizing optimal policy at and away from the ZLB under endogenous
growth. Our result on hysteresis bias emphasizes that lack of commitment tools at the disposal of the central
bank can lead to persistent drop in output.

We contribute to the optimal monetary policy literature by providing an analytically tractable gen-
eralization of the textbook optimal policy problem with nominal rigidities (Woodford 2003, Benigno and
Woodford 2004). Recently, a number of papers have explored the implications for optimal monetary policy
in a hysteresis-prone environment. Blanchard (2018) provides a detailed survey of the empirical and the-

oretical advancements in the hysteresis literature. Here we only highlight the papers that relate closest to

30ur framework cannot rule out stagnation traps of Benigno and Fornaro (2018) without making further assumptions. For
example, one can construct fiscal strategies following Benhabib, Schmitt-Grohe & Uribe (2002) that rule out such traps for a
given monetary policy rule. Our analysis implicitly assumes that there exists an equilibrium selection device that allows us to
focus on the fundamentals-driven equilibrium.

4Stadler (1990) and Fatas (2000) are also important precursors to our paper and this recent literature.

5In appendix G.1, we identify quantitatively similar effects of monetary policy shocks on R&D at the firm-level in Compustat,
monthly number of business incorporations from Survey of Current Business, quarterly establishments births from National
Private Sector Business Employment Dynamics data, utilization-adjusted TFP series from (Fernald, 2014b) using various
external instruments with Jorda (2005) local projections techniques. To keep our discussion focused on optimal monetary
policy analysis, we relegate discussion of those results and their robustness to the appendix. Meier and Reinelt (2019) also find
that monetary policy shocks affect aggregate TFP. They provide quantitative assessment in support of a misallocation channel
through markup dispersion.



ours from optimal policy perspective. Acharya, Bengui, Dogra and Wee (2018) conduct policy analysis in
environment with permanent skill-loss from temporary unemployment at the ZLB. Gal{ (2016) solves for
optimal policy in an insider-outsider model of labor markets (Blanchard and Summers, 1986). Erceg and
Levin (2014) evaluate monetary policy rules in an environment where workers may exit the labor force, to
reconcile the lower labor force participation rates in the economy. We complement these analyses by allowing
contractions in demand to negatively affect long-term supply via endogenous productivity growth. Because
of the linearity assumption in the production function of endogenous growth model, our setup is analytically
tractable. Annicchiarico and Pelloni (2016) study Ramsey policy and Tkeda and Kurozumi (2014) study the
use of simple operational rules in an endogenous TFP growth setting away from the ZLB.

We also contribute to the literature on stabilization policy, where DeLong and Summers (2012) and Fatds
and Summers (2015) argue that these permanent deviations can be avoided using appropriate policy tools.
These two papers focus on fiscal policy as the appropriate mechanism to counteract the permanent negative
effects, while our analysis carves out a role for monetary policy as suggested by Yellen (2016) recently. Our
theoretical analysis uncovers an implementable policy rule for the central bank that approximates welfare
gains achieved under optimal policy. On fiscal policy, we show in Appendix F that investment tax credits are
expansionary and in related work, it has been shown that debt-financed fiscal policy can be self-financing in
hysteresis-prone environments (see Eggertsson, Mehrotra, Singh and Summers (2016)). However, our focus
in the main text is on monetary policy.

Finally, our paper adds to the Hansen/Summers/Gordon secular stagnation literature. While our model
can not generate permanent recessions (as in Eggertsson and Mehrotra 2015, Guerrieri and Lorenzoni 2017)
due to the representative agent setup, it formalizes how demand-side and supply-side secular stagnation
ideas are related. These papers instead employ a permanent shock to the borrowing limit, and hence to
the natural interest rate r-star. As a result, output is permanently depressed. In our setting, a temporary
shock to r-star propagates through a slowdown in TFP growth to generate a permanent effect on the level

of output. Our paper formalizes that secular stagnation may be a consequence of policy constraints.

2 A New Keynesian Model with Endogenous Growth

We integrate a textbook model of endogenous growth into a new Keynesian (NK) environment. Households
set nominal wages in staggered contracts following Calvo (1983).° On the production side, we use a discrete
time version of the Schumpeterian growth model of Aghion and Howitt (1992), following Aghion and Howitt
(2008, Ch. 4). There is a continuum of intermediate goods, each of which is produced by a sector-specific
monopolist. Growth results from innovations that raise the productivity in the economy by improving the
quality of products. These innovations are undertaken by profit-maximizing entrepreneurs in every sector,

who spend final output in research. We delegate the monetary authority with the task of mitigating the

60ur results do not depend on assuming this specific form of nominal rigidity. Results apply with a quadratic adjustment
costs or menu cost frictions that generate money non-neutrality.
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effects of nominal rigidities, while fiscal policy is responsible for offsetting the distortions associated with
imperfect competition.
There are six main actors in our model - households, wage unions, firms, entrepreneurs, fiscal authority

and the central bank - described below.

2.1 Households & Wage Setting
2.1.1 Households

There is a continuum of monopolistically competitive households (indexed on the unit interval), each of
which supplies a differentiated labor service to the production sector. As is standard, we assume perfect risk
sharing within the household. Household derives utility from consuming a final consumption good, disutility

from supplying labor and utility from holding a risk-free bond.

Bt
Py
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where v > 0 is the inverse Frisch elasticity of labor supply, w > 0 is a parameter that pins down the
steady-state level of hours and the discount factor § satisfies 0 < g < 1.

We use this particular specification of the utility function augmented with taste for holding risk-free bonds
in order to introduce the liquidity demand shock &;. Fisher (2015) models this shock as a micro-foundation
for the risk-premia shock considered by Smets and Wouters (2007). The primary reason for our preference
for this shock, as we proof shortly in Proposition 2, is that & allows us to maintain divine coincidence
(Blanchard and Galf, 2007).” That is, a monetary policy authority following optimal policy rule does not
face a trade-off in stabilizing fluctuations in output and inflation arising from such shocks. This shock is an
example of purely intertemporal shock considered by Eggertsson (2008) and we think is a desirable ingredient
in order to generalize the study of monetary policy to an environment with endogenous TFP growth.

Labor income W;L; is subsidized at a fixed rate 7. Households own an equal share of all firms, and
thus receive I'; dividends from profits, and pay taxes 7° on their incomes from riskfree bonds. Finally, each
household receives a lump-sum government transfer T;. Household’s budget constraint in period t states

that consumption expenditure plus asset accumulation must equal disposable income.
PtCt + Bt+1 = (1 — Tb)Bt(l + ’Lt) + (1 + Tw)WtLt + Ft + Tt (1)

Utility maximization delivers the first order condition linking the inter-temporal consumption smoothing

"We assume that the household cannot issue any risk-free debt Byy1. Anzoategui et al. (2019) also use the same specification
for the demand shock because this shock induces a co-movement in investment and consumption. This is also a relevant feature
for our setting. This shock also has a standard interpretation of a shock to the money in the utility function if the central bank
paid interest on reserves. In Section 4, we show the results for standard preference shocks to the household’s utility as employed
in Eggertsson (2008). Alternately, we could have introduced these shocks through the budget constraint of the household.
Amano and Shukayev (2012) show that such shocks are important ingredients for building models with binding ZLB. We prefer
introducing them as shocks to the “wealth in the utility” function. Intrinsic desirability for wealth is not unconventional. See
for instance Michaillat and Saez (2014) for more references.



to the marginal utility of holding the riskfree bond
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The stochastic discount factor by which financial markets discount nominal income in period ¢ + 1 is given
by:
-1
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The household does not choose hours directly. Rather each type of worker is represented by a wage union
who sets wages on a staggered basis. Consequently the household supplies labor at the posted wages as

demanded by firms.

2.1.2 Wage Setting

Wage setting follows the modeling of Erceg, Henderson and Levin (2000). Perfectly competitive labor
agencies combine j type labor services into a homogeneous labor composite L; according to a Dixit-Stiglitz

aggregator:
} S W

1 1
L. = [/ Li(j) ™ wt dj
0
where Ay ¢ > 0 is the (time-varying) nominal wage markup. Labor unions representing workers of type j set
wages (with indexation) on a staggered basis following Calvo (1983), taking as given the demand for their

specific labor input:
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In particular, with probability 1 — 6,,, the type-j union is allowed to re-optimize its wage contract and it
chooses Wy to minimize the dis-utility of working for laborer of type j, taking into account the probability
that it will not get to reset wage in the future. If a union is not allowed to optimize its wage rate, it indexes
wage to steady state wage inflation II"". Workers supply whatever labor is demanded at the posted wage.

The first order condition for this problem is given by:

E Y (80,)" C;
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S
By the law of large numbers, the probability of resetting the nominal wage corresponds to the fraction of
types who actually change their wage. Consequently, the nominal wage evolves according to:
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—1 — —_—
thw,t = (L= 0u) Wi et + 0y (Wi 11) 2ot (4)




2.2 Firms
2.2.1 Final Good producer

Households consume the final good, which is produced by perfectly competitive firms. These firms use
identical production technology employing a homogeneous labor composite supplied by the wage union and

a CES composite of intermediate goods weighted by their productivity:®
1
R T A 6
0

where each x;; is the flow of intermediate product i used at time ¢, the productivity parameter, A;; reflects
the quality of that product and M, is the stationary (aggregate) productivity shock.

The firms choose L; and {x};c[0,1] to maximize profits, taking as given both the wage index W; and
the prices of the intermediate goods {pst }ic[o,1]- The inverse demands for labor composite and intermediate

good ¢ are given by the following first-order conditions:

W 1
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2.2.2 Intermediate goods producer

There is a continuum of intermediate products indexed by 4 € [0, 1], each of which is produced by an index-
specific monopolist. The monopolist uses one unit of final good to produce one unit of her own good. As
a result, every monopolist faces a marginal cost of P,. Each intermediate monopolist sets prices flexibly
to maximize her firm’s profits, taking as given the final sector’s demand for its product. In particular, she
solves

max(1l — 7P)pyx; — Prxyy  s.t.  inverse demand in eq 6 (7)
Pit
where 77 is a sales tax/subsidy imposed on the monopoly price. Further, we assume that there is a com-

Air
ol

petitive fringe in every sector who can produce the intermediate good with quality , where v > 1 is
the step-size of innovation and captures the quality distance between the frontier and laggard firms within
a sector. As a result, the intermediate monopolist cannot charge a price higher than p; = v'~*P,. In
equilibrium, the monopolist charges a price given by:

1
L= = mi l-o =
P = CP; = min <7 = Tp)a) P,

8We denote gross output by YtG7 to keep it distinct from Y; (defined shortly after), which we refer to as the GDP analog of
our model.



The linearity in the use of rival goods in the final goods’ production function is an important ingredient
here. It makes an intermediate firm’s profits linear in the labor demanded by the final good’s firm and it’s
own productivity.” Higher own productivity enables the firm to capture a larger share of the demand for

the final good. Profits are given by

Ft(Ait) = X"PML;As
a> = (8)

where "' = (( — 1) (§

2.2.3 Entrepreneurs

There is a single entrepreneur in each sector who invests RD(z;;)A;; of final good in research and development
in period t, where RD' > 0, RD" > 0.!° The dependence on productivity A;; is assumed for stationarity.
With probability z;;, she is successful in making a process improvement. The productivity in sector ¢ goes
up by a factor of v > 1 (step size of innovation) and she gets the monopoly rights (patent) over production of
the intermediate good in the following period. If she fails to innovate, the incumbent monopolist continues

to produce with productivity A;; until replaced by a successful entrant. Hence,

~vA;; with probability z;;
Ajr1 = 9)
A;; otherwise

The cost of research is increasing in the innovation intensity chosen by the entrepreneur and the existing
level of technology in the intermediate goods’ sector in which the entrepreneur operates. Specifically, we
assume that RD(z;;) = dz%, where 6 > 0 and and o > 1 is the inverse elasticity of innovation intensity to
R&D expenses. 7" is a research subsidy provided by the government to the entrepreneur. The entrepreneur

in every sector chooses z;; to maximize her expected discounted profits (from the patent):

maxl]{zitEtQt,tJertJrl('YAit) — (1 =7")PiRD(zi)Ait} (10)

zit €10,
where value of the patent is given by:

Vi =T + (1 — 2it)EeQy 141 Vi (11)

The value function is linear in productivity due to the linearity in the production function (see appendix A).

9This linear dependence on productivity is central to endogenous growth models. Jones (2005, Sec 6.2) formalizes this
argument as “any model of sustained exponential growth requires that a particular differential equation is linear in some
sense” .

10We follow Aghion, Akcigit and Howitt (2014) in this discrete time analog of their classic Schumpeterian model, but extend
it to allow for a more general innovation production function that allows decreasing returns to R&D. Benigno and Fornaro
(2018) use a similar model but with RD" = 0. Assuming RD’ > 0 introduces decreasing returns to innovation, which is a
feature stressed regularly in the innovation literature. As we will argue in Section 6, this curvature is a crucial parameter that
regulates the quantitative implications of several endogenous growth models.

9



Writing the normalized value function as V;; = P:/Xt and focusing on the symmetric equilibrium, we solve

for interior solution (where z; > 0):

i C R V4
02 lzmat( t“) Wit (12)
o) T

According to equation (12), the entrepreneur chooses innovation intensity so that the discounted marginal
revenue of an additional unit of innovation intensity is equal to the marginal cost of this unit. Increase in
demand for final good increases the value of obtaining the patent. This is because of the market size effect
- for a given cross-sectional distribution of productivities, increase in demand for final good requires higher
quantities of intermediate goods to fulfill that demand. Since a monopolist’s profits are increasing in the

quality of its product, she can capture higher share of the increased market with a successful innovation.

2.3 Aggregation & market clearing

The aggregate behavior of the economy depends on the aggregate (which also corresponds to the average in

this case) productivity index defined as:

1
&:/AMi (13)
0

Because of the linear production function, we can aggregate the firm-level variables to form aggregate com-
posites. Specifically RD; = [ RD;di is the total R&D expenditure and X; = [ X;,di is the aggregate
intermediate good produced in the economy. We can rewrite the aggregate output and nominal wage purely

in the form of aggregates:

o\ TS
ve = <<) ML, A, (14)

-«
Wt = (1 - OZ) (?) MtAtPt (15)
The growth rate of output in the economy is equal to the growth rate of aggregate productivity:

At+1 - At
- Tt 1
gt+1 A, (16)

In any period, innovations occur in z; sectors and 1 — z; sectors use previous period’s production technol-
ogy. Aggregating across all the sectors, we get the following equation governing the dynamics of aggregate
productivity: )

A = /o [zevAir + (1 — 2¢) Age]di = Ap + ze(y — 1) Ay (17)

This means that the growth rate of the economy in period ¢ + 1 is determined in period ¢ and equals the

10



number of innovating sectors times the step-size of innovation:

g1 =2 (v — 1) (18)

The number of innovating sectors z; may be interpreted as new entrants since the incumbents do not
undertake R&D investment in our model. The final output produced in the economy is used for consumption,

research and production of intermediate goods:
Y, = C; + RD; + X, (19)

Henceforth, we define Y, — X; = (1 — %)ch =Y; as GDP.

2.4 Fiscal & monetary policy

To close the model, we assume net zero supply of risk-free bonds:'!
Bt = 0

The government’s budget is balanced every period, so total lump-sum transfers are equal to intermediate-

good, labor and research taxes.
1 1
PT; = Tp/ Pirxipdi + 7" PLRDy + TV / Wi(h)L¢(h)dh (20)
0 0

An independent central bank follows a Taylor rule in setting the nominal interest rate in the economy:

. . HWt o Lt Py i

144 =max | 1,(1+is5) | = =) e|; ¢x>1,0,2>0 (21)
My L

The nominal interest rate is set in order to target deviations of wage inflation and employment at respective

steady state targets, as long as the implied nominal interest rate is non-negative. ! is defined as a monetary

policy shock.!?

1We do not allow government debt to offset the increased demand for liquidity to keep the analysis focused on optimal
monetary policy. In a recent work, Del Negro, Eggertsson, Ferrero and Kiyotaki (2017) assess the importance of government
liquidity facilities during the Great Recession in stabilizing the economy. Similar analysis under endogenous growth and sticky
prices following the quantitative model of Guerron-Quintana and Jinnai (2019) is left for future work.

12From equation 14, we wish to emphasize that this rule is analogous to the Taylor rule used to represent monetary policy
response in an exogenous growth model. Once we normalize Y; by level of productivity A¢, there is a one to one mapping
between employment and normalized output. In the presence of liquidity demand and monetary policy shocks, a rule targeting
employment or normalized output are identical.
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2.5 Equilibrium

We formally define the competitive equilibrium of the economy in appendix A. In order to arrive at a sta-

tionary system of equations, we normalize the equilibrium equations by dividing the non-stationary variables

Cy

A as the normalized

such as consumption, output, real wage by the level of productivity. We define ¢; =
(productivity adjusted) consumption and so forth. This allows us to solve for the steady state.

We find the steady state by imposing restrictions on the parameters such that the steady state satisfies
a) z € (0,1), b) consumption is non-negative and c) nominal interest rates are non-negative.'® In appendix

B, we analytically characterize the existence and uniqueness of the steady state by imposing additional as-

sumptions on the nature of wage rigidity and the duration of patents granted to the monopolist.

Steady State Efficiency

Because of the presence of research externalities and monopoly distortions, the private sector equilibrium
is inefficient. We define the efficient steady state as the one in which the welfare of the representative
household is maximized subject to the production technology of consumption good (eq 14), the law of
motion of aggregate productivity (eq 17), and the economy’s resource constraint (eq 19) for a given initial
productivity. The complete system of equations is provided in appendix D.

Proposition 1 states that the steady state of the competitive equilibrium allocation is inefficient. This is
due to the presence of three static distortions in our setup: (i) monopoly power in each intermediate goods
sector, (ii) monopolistic competition in the labor market and (iii) inter-temporal research externalities.
Whereas the first two distortions are common in the business cycle literature, the third distortion is specific
to the endogenous growth literature. The entrepreneur is unable to reap all the benefits of her technology
advancement because she gets replaced with positive probability by a new entrant (surplus appropriability
effect). This makes her under invest in R&D. On the other hand, an entrant replaces the incumbent to profit
from the full step size of innovation ~ rather than the incremental gain in knowledge v — 1. This business
stealing effect (Aghion and Howitt, 1992) incentivizes the entrepreneur to over-invest in R&D. As a result
of these two opposing forces, private investment in research can be higher or lower than the first-best.

We assume that the fiscal authority has access to lump-sum taxes, and so the first best allocation in the

steady state can be implemented by a set of constant taxes elaborated in the following proposition:

Proposition 1 (Steady State Efficiency). Assuming the policy maker has access to non-distortionary lump-
sum taxes, the steady state of the competitive equilibrium can be made efficient using the following three
tazes:

a) sales subsidy 77 =1 — 1

b) labor tax T = 1;)‘“’ , and

¢) research tax 7" =1 — [(71*(1_(1)&1(1) (( 1?,;*)], where terms with = denote the efficient steady state

1-B(1—2") -1

13In our numerical simulations, we verify that innovation probability is bounded 2z € (0,1).
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values.
Proof. See appendix E O

It is commonly argued in the endogenous growth literature that the private sector under invests in R&D
(Jones and Williams 1998), and therefore growth rate is higher in the efficient steady state. These distortions
would imply that in the absence of relevant fiscal instruments, monetary policy could affect the growth rate
of output in the long-run. We follow the monetary economics literature and suppose that the average
productivity growth rate is optimal and independent of monetary policy. As shown by Woodford (2003) and
Benigno and Woodford (2004), the linear-quadratic approximation to the social welfare function around the
non-stochastic efficient variables is justified if there are no distortions under price stability. In the parlance
of the literature, there are no permanent differences between the efficient and natural rate of interest. The
idea is to disassociate the welfare losses from fluctuations in growth rate from those arising from suboptimal

growth solely due to monopoly distortions and research externalities. We make the following assumption:

Assumption 1. The fiscal authority provides the set of constant subsidies described in Proposition 1 such

that the competitive equilibrium is efficient in the steady state.

The crucial difference to note from the earlier monetary economics literature is that monetary policy
in our setting has a bearing on the long-run level of output even though we do not allow monetary policy
to influence the steady state distortions. We log-linearize the competitive equilibrium around the efficient-

steady state and define the following approximate equilibrium:"*

Definition 2.1 (Approximate Equilibrium). The approximate competitive equilibrium in this economy with
endogenous growth is defined as a sequence of variables {7}, ¢, ¥t, Gt+1, iv, Ly, Wy, 7y, Vt} which satisfy the

following equations, for a given sequence of exogenous shocks {&, My, €, Ay }.'?

Aggregate Demand:

— (Belrs1 — & + Geg1) + i — Byfpqn + & =0 (22)

Endogenous Growth equations:
(0= Dngder1 = —(Eeer — & + Gey1) + EViga (23)
Vi, = NyTe — N20t41 — Ng(BeCig1 — & + Jegr1) + antV}H (24)

141n the appendix, we show the necessary condition for local determinacy for the model with perfect wage rigidity and single
period patent granted to the monopolist. This derivation generalizes the local determinacy condition derived by Benigno and
Fornaro (2018) to include diminishing returns to R&D investment. However, a closed form representation of determinacy is
not possible in our benchmark setup with Calvo wage rigidities and stochastic patent duration. With this caveat in mind,
we proceed by assuming local determinacy to characterize theoretical implications for policy. In all numerical simulations, we
verify the local determinacy of the efficient steady state.

15For any variable z, &; = log (%’), where Z is the efficient/non-distortionary steady state. With few exceptions: g¢+1 is

the deviation of gross growth rate from the steady state value that is g1 = log (1?7%). We verify that the growth rate

is always non-negative in numerical simulations. The log-linearized representation of liquidity demand shock ét = cA& since
the steady state value of the shock £ is assumed to be 0. & is scaled-version of the non-linear liquidity demand shock, where
the scaling variable is the balanced growth level of consumption under flexible wages. AR(1) shock to & maps one-to-one to a
shock to ft,
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where gy = 550 > 1, =1~ U220 50— 20, = U222 5
Market clearing;:
c R
—Cr + T 0NgG14+1 = 25
th + y Qg9t+1 = Yi (25)
ge = My + Ly (26)
Wage setting;:
ﬁ.zu = BEtﬁtw-&-l + K [ét + V[A/t - wt] + ’{’wj\wt (27)
Wy = M, (28)
7y =y — W1 + T+ G (29)
= (126u)(1=p0u)
where k., = b (Lo (1 L) >0
Monetary policy rule: B
2 7 ~w ~ i
1y = max <_1+{’ Orfty + Pyl + st) (30)

The aggregate demand, market clearing and wage Phillips curves are familiar to scholars of the new Keynesian
business cycle literature. The new ingredient is the endogenous growth block (eqns 23-24). It is a log-linear
transformation of profit-maximization condition of the entrepreneur.

The endogenous growth condition (eq 23) states that the entrepreneur makes her R&D investment deci-
sion based on the expected present discounted value of the future profits. Thus there are two forces governing
her decision: the rate at which she discounts the future, and the expected value of future profits. In our
model, the households retain ownership over all firms. Therefore, the rate at which a firm discounts the fu-
ture is given by the stochastic discount factor of the household. A higher stochastic discount factor increases
the entrepreneur’s incentive to innovate (discounting effect) because of lower discounting of future profits.
Second, higher expected future output increases her incentive to invest in innovation because of the market
size effect, discussed above. Furthermore, a percentage change in innovation investment translates into ﬁ
p.p- change in productivity (gross) growth rate, where i is the elasticity of innovation intensity, and p is
assumed to be greater than 1 following the innovation literature (see Acemoglu and Akcigit 2012). This

implies decreasing returns to investment in innovation- a higher value of o signifies lower responsiveness of

innovation success (and productivity growth rate as a result) to innovation investment.

Equilibrium Concepts and Policy instruments

We now provide a brief discussion of the natural rate allocation, the first-best allocation and the pre-recession
trend allocation under the endogenous growth setting. Importantly, we underscore the subtleties introduced
in the endogenous growth setup relative to the exogenous growth setting. This allows us to formally define
potential output, which becomes an endogenous object under endogenous growth.

We assume that the (normalized) economy is in the efficient steady state at beginning of time ¢ = 0. The
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first-best allocation is the competitive equilibrium allocation under flexible wages such that the fiscal authority
utilizes (non-distortionary) time-varying taxes in order to maximize the representative agent’s welfare. The
natural-rate allocation (or interchangeably flexible-wage allocation) is the competitive equilibrium allocation
under flexible wages such that the fiscal authority provides (non-distortionary) constant tax instruments
outlined in Proposition 1.

Under liquidity demand and monetary policy shocks, the natural-rate and the first-best allocations coin-
cide. Moreover, these shocks do not affect the flexible-wage equilibrium output, consumption and investment
in R&D. The economy stays on the initial balanced growth path (BGP), also referred to as the pre-recession
trend. Thus, any change in output in the sticky-wage economy emerges solely because of nominal rigidities.
An implication of this statement is that the natural rate of interest, r-star, is exogenous even in the presence
of endogenous growth. This helps to isolate the role of monetary policy. For the sake of transparency, our
main analysis in this paper is conducted with these two shocks. We provide a brief discussion of discount
rate shocks, cost push shocks and stationary TFP shocks in Section 4.'6

Whether potential output is endogenous or not depends on the precise definition. There are two concepts
of price/wage flexibility in the presence of a pre-determined state variable. One is the Neiss and Nelson
(2003) definition of flexible wages, under which wages have been set flexibly since time 0 and remain flexible
indefinitely. Wages set under this concept are called time-0 flexible wages. Second concept of flexibility is the
Woodford (2003)’s definition where wages are set flexibly in the current and future periods taking as given
the evolution of state variable. Wages set under this concept are called time-t flexible wages. Based on two
concepts of flexible wages, there are time-0 first best, time-0 natural rate, time-t first best and time-t natural
rate allocations. We provide formal definitions in the appendix section D.9. To avoid clutter of notation,
henceforth we will use first best allocation for time-0 first best allocation and natural rate for time-0 natural
rate allocation whenever possible without ambiguity. For the ease of exposition, we refer to time-0 flexible
wages as flexible wages. We define potential output as the level of output that coincides with the time-t
first-best allocation. We believe this is more appealing definition than the one based on time-0 concept
because it coincides with the maximum non-inflationary output an economy can produce at a given time.

We emphasize that the distinction between two natural rate concepts defined here is different from
that imposed in exogenous growth environments with capital investment (Edge 2003). In our benchmark
endogenous growth model, the natural rate of interest is always same under the two concepts of flexibility.
Only the levels of productivity and output differ. Importantly, this difference in levels may be permanent
depending on the central bank’s policy rule. In contrast, the introduction of capital investment introduces
a temporary difference in the levels of capital, output as well as the interest rates depending on the nature

of flexibility assumed. In those models, there is no medium or long-run difference between various concepts

16The distinction between the natural-rate, the first-best and the pre-recession trend allocations will become crucial in Section
4. This is because under discount rate and supply shocks there can be a divergence among these concepts. Thereafter, in order
to provide a data counterpart for hysteresis, we define hysteresis as the deviation of output under a competitive equilibrium
allocation from the pre-recession trend. Under liquidity demand and monetary policy shocks, it does not matter whether the
output hysteresis is defined as deviation from the (time-0) first-best or the (time-0) natural rate or the pre-recession trend of
output.
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as capital always returns to initial steady state value. Hence, in contrast to the setups in Neiss and Nelson
(2003) and Woodford (2003), the potential output is an endogenous object even in the long-run, as will
become clear in the next section.

Sticky wage allocation is the equilibrium allocation under staggered (nominal) wages such that the fiscal
authority provides (non-distortionary) constant tax instruments outlined in Proposition 1. We refer the

reader to Appendices D.9.1, D.9.2 and D.9.3 for a formal definition of these equilibria concepts.

Proposition 2. The (time-0) natural rate allocation coincides with the (time-0) first-best allocation under

liquidity demand and monetary policy shocks.

Proof. See appendix E O

Proposition 2 implies that the representative agent’s welfare is maximized if the policy maker could
replicate the natural rate allocation. This outcome is always possible if the policymaker has access to time-
varying tax instruments (see for example Correia, Nicolini and Teles 2008, and Correia, Farhi, Nicolini and
Teles 2013). In appendix D.6, we illustrate how the first-best can be implemented by appropriate state-
contingent fiscal instruments even at the ZLB. Henceforth, we assume that the policy maker does not have
access to these time varying fiscal instruments: fiscal authority satisfies Assumption 1, and adjusts lump-sum
taxes every period to balance the budget. The central bank sets the nominal interest rate i; on the risk-free

(nominal) bond B; subject to the ZLB constraint:

i, >0 Vit (31)

This is the bank’s only policy instrument.

Calibration and Impulse Responses
Our approximate equilibrium is linearized around a locally determinate steady state. We can analytically
solve for the impulse responses under the assumption of AR(1) process for shocks. The exact solution is
provided in the appendix C for the case of liquidity demand shocks. However in order to illustrate the
dynamics for the benchmark model, we calibrate the model with parameters reported in Table 1. Time is
quarterly. There are eight parameters - we calibrate five of these using values standard in the New Keynesian
literature. The discount factor 5 equals 0.99. Labor share 1 — « is set to 0.67. Preferences are logarithmic
in consumption and the inverse Frisch elasticity v is set at 2. The wage adjustment probability is set such
that wages are reset once every 4 quarters and the steady state wage markup is 10%. Monetary policy is
assumed to follow a standard Taylor rule (eq 30) with ¢, = 1.5 and ¢, = 0.5.

We choose remaining three innovation parameters - step size of innovation ~, the (inverse of the) inno-
vation elasticity o, and cost parameter in R&D investment ¢ such that the model replicates annual steady

state growth rate of 2%, annual firm entry rate of 10%, and R&D to GDP ratio of 25%.!” In the data,

17Innovation success probability is interpreted as firm entry rate, consistent with the “creative destruction” literature.
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Monetary Policy Shock Lig Demand Shock

Table 1: Parameters for Welfare Analysis in the Simple Benchmark Model

Standard Parameters Formula Value
Labor share 11—« 0.67
Discount rate I5) 0.99
Steady State Wage Markup Aw 0.10
Calvo probability of wage adjustment (1—6,,) 1—0.75
Inverse Frisch Elasticity v 2
Innovation Step Size vy 1.20
Inverse Innovation Elasticity 0 1.47
Innovation Cost parameter ) 22.6

the private R&D to GDP ratio is 2% (NIPA 1953-2007). We do not have a data counterpart of this ratio

under an efficient steady state. As shown in Proposition 1, the steady state in the private sector equilibrium

may feature over /under-investment in R&D because of the research externalities. Jones and Williams (1998)

estimated that the social return on R&D investment is at least four times the private return on R&D. In

a more general setup than ours, they find that the forces such as business stealing effect are quantitatively

dominated by loss in profits to innovating firms due to technological spillovers to other firms. Because agents

cannot appropriate the full extent of profits from innovation, they underinvest. We choose a higher value of

R&D to GDP ratio for the ease of illustrating our results. We show robustness of our results to choosing a

grid of R&D /GDP ratio in the range of 10% - 30% later in Section 3.3.'% In Section 4.5, we show a quan-

titatively realistic calibration of model, away from an efficient steady state, that can replicate key variable

moments in the data.

% dev from ss

% dev from ss

Figure 2: Model based impulse response functions
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Note: The figures illustrate the impulse response functions from the benchmark model presented in Section 2. The IRF's are plotted in
response to liquidity demand shock, and monetary policy shock, with persistence 0.9 and 0.92 respectively..

Rows 1 and 2 in Figure 2 plot the impulse responses for normalized output, wage inflation, real interest

18See Table 3.
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rate and productivity growth rate for a positive shock to liquidity demand &; and a contractionary monetary
policy shock &, each following an AR(1) process with persistence 0.90 and 0.92 respectively. A positive
liquidity demand shock corresponds to a fall in annualized natural interest rate of one percentage point. It
increases the desire for saving in the risk-free bond and thus diverts the resources away from consumption.
Lower anticipated aggregate demand reduces investment in R&D by entrepreneurs, exerting a drag on
productivity growth. Furthermore, a positive liquidity demand shock reduces household’s stochastic discount
factor, for a given nominal interest rate. This is equivalent to an increase in the “borrowing cost” for
investment in innovation for the entrepreneur. These two forces act in the same direction to reduce investment
in innovation. Hence, the productivity growth rate is lower following a contraction in demand induced by
the liquidity demand shock.

Similarly, a surprise contractionary monetary policy shock (annualized 68 basis points) implies a 10 basis
points increase in the real interest rate and tends to lower the nominal wage. Due to the stickiness of
nominal wages, aggregate demand adjusts downwards. The equilibrium increase in the real interest rate
combined with expectations of a lower future aggregate demand leads to a reduction in investment in R&D

and, therefore, in TFP growth.

3 Normative Implications for Conduct of Monetary Policy

Next, we analyze the normative implications for the conduct of monetary policy. In order to do so, we derive
a quadratic approximation of the welfare function of the household. We use this to analyze optimal policy in
response to aggregate demand shocks. We highlight three results. One, away from the ZLB, optimal policy
is equivalent to a strict inflation targeting rule, and does not involve permanent shifts in output. Two, at
the ZLB, optimal policy commits to keeping interest rates lower in the future. Such a policy returns the
economy close to the pre-shock trend. Three, a discretionary policy (time-consistent policy) at the ZLB
involves excessive output hysteresis relative to commitment policy. We label this as the hysteresis bias of
discretionary policy. This result implies that output hysteresis is an artifact of policy-constraints faced by
the central bank rather than irrational or inept behavior on part of the central bank. Lack of credibility tools
with the central bank is sufficient to generate hysteresis. Numerically, we show that a new strict hysteresis
targeting policy closely replicates optimal policy, thereby implying significant welfare gains over discretionary
policy. This is true for a range of values of the key parameter g, which determines the innovation sensitivity

to investment fluctuations.

3.1 Quadratic approximation of welfare

One primary contribution of our paper is that we derive a purely quadratic approximation of welfare of
the representative household under endogenous growth. This expression can enable researchers to solve

for optimal policy in a tractable manner. It generalizes the quadratic objective derived by Benigno and
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Woodford (2004) to an endogenous growth setting.

Proposition 3. Assume that the economy is at the efficient steady state at time t = 0, with given productivity
level Ag. Under the sticky wage allocation, quadratic approzimation of representative agent’s lifetime utility

function Wy around the non-stochastic efficient steady state is given by

Wo — W
chsyss
:*lif’t A @*L . 9 2“ i1 A= (B2 |+ O(IE E1°) + tip (32)
2t:0 Y t 1—5V+%t+1 g Yt+1 ™ \ Nt tsCt
P (ii) (iii)
K3

(i) : labor efficiency gap,  (ii): productivity growth rate gap, and  (#i): wage inflation gap

— _c B v__B — 1, 1 = (1=0,)(1=p0w)
where \y = (v + %) >0, Ay = R [@mﬁL[(Q*l)nngl]} >0, Ar = 5545 >0, ke = POt )) >

0, ng = 1-&-79 > 1 and t.i.p. stands for “terms independent of policy”. W* denotes welfare under the (time-0)

first-best allocation. The approximation is scaled by the constant U, yss = z— (evaluated at the efficient
steady state).
Proof. See Appendix E O

This approximation is composed of three gaps/wedges - (i) labor efficiency gap, (ii) productivity growth
rate gap, and (iii) wage inflation gap. These are the three stabilization goals for a planner maximizing social
welfare. The first and the third terms are standard in a textbook NK model.

The first term, labor efficiency gap, is the difference between the marginal product of labor and the

marginal rate of substitution between consumption and leisure for the representative household.

(i) = mrs; — mpny

where these terms denote deviations from the respective steady state values. Since we do not model price
setting frictions in this simple benchmark model, and do not consider price-markup shocks, mpn; corresponds
to the (productivity-adjusted) real wage. Thus the labor efficiency gap captures the time-varying wedge in
the disutility of the household from supplying labor at a pre-set nominal wage.

The third term, wage inflation gap, describes the loss in efficiency resulting from dispersion in wages
across the members of the household. Wage dispersion, similar to price dispersion in standard New Keynesian
models, is costly because firms hire different number of hours from various members of the household, causing
marginal disutility of labor to vary within the household. Under flexible wages, both labor inefficiency gap
and the wage inflation gap go to zero.

The second term, productivity growth rate gap, is a key new ingredient of the endogenous growth model.
Investment in R&D in a given period contributes to increase in productivity which persists into the indefinite
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future. These intertemporal spillovers of R&D investment may not be internalized by the private agents
and may result in too high or low responsiveness of investment relative to the first-best. Starting from a
productivity level Ag, the growth rate gap in eq. (32) captures the sub-optimality of deviations from the
first-best level of productivity given by AF = Ag(1 + gss)t at all times ¢t > 0. Under nominal rigidities, as
discussed in last section, demand shocks may induce this permanent gap, thus leaving the agent permanently
worse off. This gap disappears under the exogenous growth assumption and the quadratic approximation
simplifies to the setting discussed in the graduate textbook treatment of Gali (2015, Ch. 4).

In Corollary 1, we show the conditions under which the welfare loss resulting from these productivity
growth rate deviations is larger than that arising due to changes in the labor efficiency gap. We provide
a sufficient condition for the growth rate gap to be of higher importance for stabilization than the labor
efficiency wedge. We argue below that this condition is likely to be satisfied even for extreme values of
parameters considered in the literature. This highlights the importance of stabilizing the productivity growth

rate around the first-best allocation.

Corollary 1 (Importance of Growth Stabilization). The relative weight on growth rate gap is higher than

the relative weight on labor efficiency wedge if

%>%(u+%) (33)

Proof. See Appendix E O

Common calibration values of discount rate 8 at quarterly frequency lie in the range of [0.98,1). This
implies a lower bound on the left hand side of the condition (33) at 49. We bound the right hand side as
follows: consumption to output ratio in the US has fluctuated between 0.54 and 0.66 from 1960 -2014 (BEA).
Estimates of Frisch elasticity of labor 1/7 in the micro literature lie between 0.1 and 0.5 (Chetty et al. 2016)
while the macro literature uses the estimates in the range of (2,4). Using value of 0.1 for n~* and 0.54 for
¢/y ratio, this implies an upper bound on the right hand side at 22. Hence for a wide range of parameter
estimates used in the macroeconomics literature, the welfare loss from a given growth rate deviation is higher
than the welfare loss from a similar change in labor efficiency gap. Intuitively, a given deviation in growth
rate from steady state has long run, potentially permanent effects. On the other hand, fluctuations in the

labor efficiency pertain to welfare losses only in the period these are encountered.

3.2 Away from the ZLB

Optimal policy away from ZLB
We now turn to investigating the implications for the conduct of monetary policy in our model and show the
main results outlined at the beginning of this section. First, we show that optimal policy involves setting the

nominal interest rate in order to perfectly stabilize output and productivity along the first-best allocation.
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Proposition 4 (Optimal policy away from ZLB). Given a process for liquidity demand and monetary policy
shocks, optimal policy under sticky wage allocation tracks the natural rate of interest when the zero lower

bound constraint is slack.
Proof. See Appendix E O

From Proposition 2, we know that the flexible wage allocation coincides with the first-best allocation.
Under a sticky wage allocation, setting the nominal interest rate to track the natural interest rate implements
the flexible wage allocation, thereby replicating the first-best allocation. This implies that the output follows
a trend stationary process since normalized output and productivity growth rate are always at the steady

state. Hence, the following corollary follows;

Corollary 2. When the ZLB is slack, the time series of output under optimal policy is a trend stationary

process (integrated of order zero), that is,
logY; =a+0bxt

where a = logYy is the initial level of output, and b = log(1 + gss) is the steady state productivity growth

rate.
Proof. See Appendix E O

We established that permanent output gaps are an undesirable feature of the endogenous growth econ-
omy in response to temporary demand shocks. The optimal policy does not allow for these hysteresis effects.

Next, we characterize how policy rules used in the standard new Keynesian model fare in this environment.

Policy rules away from the ZLB
Assume that the central bank follows the Taylor rule shown in equation eq 30. Given local determinacy, we
can derive the deviations in level of productivity and output from the respective levels under flexible wages

as:
t—1 t—1

log A; — log AY = Z el logY —log Y = + Z vel
s=0 s=0

where w; > 0 (detailed expression in the appendix C) and ¢! is the liquidity demand shock or the monetary
policy shock at time t. We refer to the permanent deviation in output from the flexible wage benchmark
as the output hysteresis (or alternately as permanent gap). Then we can show the following proposition,

generalizing the standard new Keynesian model results to an endogenous growth environment:

Proposition 5 (Output hysteresis). Given the monetary policy rule (eq 30) and in the absence of a zero
lower bound constraint on the nominal interest rate, transitory (modeled as AR(1) process) liquidity demand

shocks or monetary policy shocks induce a permanent gap in the time series of output from the counterfactual
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(flezible wage-) level of output if and only if monetary policy is not a strict targeting rule i.e.

YT#Y; — {¢W7¢y>O:¢W7L>OQU¢y7L>OO}

where 1 < T < oo such that yr = y (steady state value) and yr = X—; is the normalized (or stochastically

detrended) output.

Proof. See Appendix E O

Intuitively, as long as there is incomplete stabilization of normalized output i.e. ; # 0 V¢, permanent
gaps emerge in this economy. This is a consequence of a standard monetary policy specification assumed in
eq 30. Normalized output (and the growth rate of productivity) exhibits a monotonic response to the shocks
which approaches zero as the shocks die out. Thus, the sum of the productivity growth rate deviations from
the steady state cumulate to the output hysteresis denoted henceforth by h; = Zi:l Js = Gt + ht—1. This
result generalizes the textbook results (Gali, 2015, Ch. 3) to an endogenous productivity environment.

Since entrepreneurs are forward looking, expectations of low future demand depresses investment in
innovation. This causes a slowdown in productivity growth, which is not offset by the monetary policy rule.
Hence, the potential output is permanently lower relative to the flexible wage economy. As inflation and
employment approach the steady state, output tends to this permanently lower level of potential output.
Had the monetary policy followed a strict inflation targeting rule, these permanent effects would not have
emerged. Note that under the considered demand shocks, the property of divine coincidence (Blanchard and
Gali, 2007) holds. This implies that the central bank faces no trade-off in stabilizing output and inflation.
Setting nominal interest rate so as to track the natural interest rate leads to perfect stabilization of the
economy, and therefore there are no long-lasting supply effects from the demand shocks. Inability of the
central bank to track the natural interest rate perfectly gives rise to permanent supply side deviations
following demand shocks. This is the second key implication of our framework and formalizes the concept
of Inverse Say’s law recently put forward by Lawrence Summers.

However, it may not be possible to implement the optimal policy due to a binding ZLB constraint. As
a result, under standard monetary policy rule, temporary contractions in aggregate demand may result in

permanent downward shifts in output.

3.3 At the ZLB

We first show that a policy rule which perfectly stabilizes the economy away from the ZLB may fail to do so
when monetary policy is constrained by a lower bound on the nominal interest rate. Thus, output hysteresis
arises with policies that are optimal away from the ZLB in the endogenous growth environment.

To illustrate, we follow Eggertsson and Woodford (2003) in setting up a two-state Markov chain for the

natural interest rate 77 in the endogenous growth economy.'® Structurally, a negative shock to the natural

19In the notation of our framework, 77 = —& + (1 — 8). £ > 1 — 8 makes the ZLB binding.
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interest rate is an increase in the demand for risk-free bonds representing the flight to safety aspects of the
financial crisis of 2007-09 (Krishnamurthy and Vissing-Jorgensen, 2012). We assume that the economy hits
the ZLB unexpectedly in period 1, that is the nominal interest rate consistent with the stable inflation target

breaches a policy lower bound constraint 7' < X8 (assume %P = 0).

Ala M=ig<0 V1<t<T® (34)

With probability p, it continues to stay in the low state and with complementary probability, the shock
returns to the steady state. We assume that the economy is back at the no-deflation steady state after a

stochastic but finite time T¢ < 0o .

Alb P =(1-8)>0 Vt>T (35)

Further, we assume restrictions on parameters such that the equilibrium is locally determinate around the
no-deflation steady state (Assumption A2). We calibrate the expected duration of ZLB at 4.6 quarters (14
months approx.) and the natural interest rate at -3% (annual). This calibration implies a drop of 5% in
(normalized) output and 1% in nominal wage inflation relative to the target. The central bank is assumed

to follow a strict inflation targeting rule.

Proposition 6 (Output Hysteresis at the ZLB). Under a strict inflation targeting rule (¢ — oo in eqn
30), a positive shock to liquidity demand such that the zero lower bound is binding for finite time T¢ results

in a permanent gap in output from the flexible wage counterfactual.
Proof. See Appendix E O

This result follows from the fact that a) when the ZLB (¢ < T°) is binding, there is wage deflation and low
output along equilibrium path, and b) after time ¢ > T (when the ZLB is non-binding), monetary authority
raises the nominal interest rate to the level consistent with wage inflation target and full employment. While
the economic indicators of employment and wage inflation return back to full capacity levels, the productive
potential of the economy is permanently lower relative to the counterfactual path, in which the ZLB is not
binding. Such losses in potential output can be sizable for reasonable durations of binding ZLB constraint.

While we leave a thorough quantitative analysis to Section 4.5, here we illustrate the extent of hysteresis
in our model at the efficient steady state. In Figure 3, we plot output (solid line) when ZLB is binding for
28 quarters. Output falls on impact by 5% and in the subsequent periods productivity continues to grow at
a rate slower than its (annual) steady state growth rate of 2% because investment in R&D is reduced during
the recessionary period. This results in a persistent output shortfall.

In Section 3.2, we proved that the strict inflation targeting rule implements optimal policy under en-
dogenous growth away from the ZLB. After a ZLB episode, such a rule prescribes raising interest rates as
soon as deflationary pressures subside and employment is back to full capacity leading to a persistent output
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Figure 3: Strict Targeting Policy at ZLB

rcent a year Percent a year .
Output Fereent & Wage inflation Nominal Interest rate
04r a5
e Strict Inflation Target/ Taylor rule
—E- - Hysteresis Targeting . o
Initial BGP DO O OO q T
02 o . [
Y i
o~ \ 351 i
oke=” n i
3r !
i
i
0.2 L H
25 l
!
0af 2 i
!
151 |
06 i
i
ir i
0.8 ’
05 ’
!
2L . ol & &
10 20 28 30 0 20 28 30

10
ate Markov chain for the natural

10 20 28 30
Note: The figures reports one realization o
interest rate under alternate policy equilibria. In period 1, the natural interest rate becomes negative and stays there for 28 quarters,
and returns back to the full employment steady state. Realizations under a strict inflation targeting rule and under hysteresis targeting
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output graph plots evolution of deterministic trend at an annual 2% steady state growth rate.

o
f output, inflation and nominal interest rate from a two-st

shortfall. The ensuing long-lasting supply effects of demand shocks in our framework suggest a role for policy
based on an inertial rule. Reifschneider and Williams (2000), Eggertsson and Woodford (2003) and others
have shown that optimal policy at the ZLB involves some form of history dependence. The key new result
in our setting is that an inertial rule is needed in order to offset negative supply side effects at the ZLB.
Instead of strict inflation (or output) targeting, the central bank can target the history of deviations of
productivity growth rate due to current and past shocks, which we refer to as output hysteresis targeting

rule. Specifically if the central bank follows a hysteresis-augmented Taylor rule of the form:
o ; ~w T N
1t = max <—m7 ¢7-‘-7Tt =+ ¢th + ¢hht+1 + Et) 5 (36)

which incorporates an additional target of cumulative sum of all deviations in productivity growth rate i1
resulting from history of shocks until time ¢, it could avoid the permanent gaps by committing to maintaining
a path of interest rates until output is restored to the counterfactual path of output. When ¢, — oo, we
label the rule as strict output hysteresis targeting rule.

The dashed line in Figure 3 tracks the level of output under the hysteresis-augmented Taylor rule. This
is an inertial policy which signals commitment by the central bank to maintain a path of nominal interest
rates consistent with reversing past policy constraints/mistakes. A positive liquidity demand shock results in
a drop in (normalized) output and wage inflation. However, since the central bank is committed to undoing
any permanent gaps in output, it is willing to tolerate excess wage inflation (Figure 3, panel B). This reduces
the real interest rate gap, which results in lower growth rate deviations on impact, and allows subsequent
growth rate overshooting to undo past constraints on policy. Thus the hysteresis targeting policy embeds a

forward guidance mechanism, credibly signaling the intention to tolerate excess inflation.?’

20 Note that our use of “targeting” is distinct from that in the delegation literature. See Vestin (2006) for examples and
references. That literature specifies a target for monetary authority in that the monetary authority chooses an instrument in
order to maximize a welfare-objective with a quadratic term for the target. In most cases, this welfare objective is different
from the societal welfare objective function. Instead, we simply augment the policy rule of central bank with an additional
objective following Chung, Herbst and Kiley (2015). Strict targets may be implemented without an explicit instrument rule
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Should monetary policy offset these hysteresis effects at the ZLB? We take up this question next. Our
normative analysis at the ZLB retains the assumptions (A1l and A2) regarding exogenous dynamics of nat-

ural interest rate and local determinacy.

Optimal policy at the ZLB

We first solve the optimal commitment policy, when the central bank can credibly commit to future state-
contingent policy actions. At the ZLB, the economy is characterized by deflation and drop in output. By
committing to pursuing accommodative policy in the future, the central bank manages expectations of private
agents regarding the future path of inflation. Commitment policy achieves two objectives - (i) it reduces
the severity of economic contraction during the ZLB, and (ii) it allows aggregate demand to overshoot the
steady state level after the the ZLB stops binding. While the first (forward guidance) channel reduces the
drops in output from the trend through reduced contraction in demand, the second channel tends to reverse
past drops in output that occurred during the ZLB. The key takeaway from this analysis is that the optimal
policy returns the economy close to the pre-recession trend. In the baseline calibration, the strict inflation
targeting rule rule admits a permanent output gap of 0.88 percent. On the other hand, the optimal policy
involves a permanent gap of only 0.085 percent.

The policy maker maximizes the lifetime utility of the household subject to assumption 1 and the competi-
tive equilibrium conditions: (i) Euler Equation (eq 22), (ii) Wage Setting Block (eqns 27-29), (iii) Endogenous
growth block (eqns 23-24), (iv) resource constraints and market clearing conditions (eqns 25-26), and (v)
the lower bound on the nominal interest rate (eq 31).

Since the first order conditions involve a complementary slackness condition, the solution to the optimal
policy problem does not have a closed form. We solve it numerically for each state contingent realization
of the shock. We provide the first order conditions in the appendix. The solution method is a version of
shooting algorithm outlined in Eggertsson and Woodford (2003).

Figure 4 shows the equilibrium output, inflation and nominal interest rate under a realization of the
shock binding for 28 quarters. A central bank with the ability to credibly commit offsets the permanent
output gap by promising to keep interest rates lower after the ZLB stops binding. Under optimal policy, the
central bank minimizes total losses in welfare by trading welfare losses during the ZLB against the welfare
losses from policy that arise after the ZLB stops binding. By committing to keeping interest rates lower
upon exit from the ZLB, the central bank creates anticipation of a boom, which lowers the real interest rate
during the ZLB. This has the effect of reducing the impact of the shock relative to a discretionary policy.
On impact, the drop in wage inflation and output are only 0.04% and 1.23% respectively.

Upon exit from the ZLB, the central bank keeps interest rate lower for two additional quarters to follow

through with its promise and thus creates a boom in output and inflation. Because of procyclicality of

as in Chung, Herbst and Kiley (2015). For example, they implement a nominal GDP target with an equation that sums price
level and output gap (from flexible level) to zero. We leave the extension of our framework to delegation problems as in Vestin
(2006) to future work.
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Figure 4: Optimal Policy at the ZLB
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Note: The figure reports one realization of output, inflation and nominal interest rate from a two-state Markov chain for the natural
interest rate under alternate policy equilibria. In period 1, the natural interest rate becomes negative and stays there for 28 quarters,
and returns back to the full employment steady state. Realizations under a Taylor rule, Markov-Perfect Equilibrium (or discretionary)
optimal policy, optimal commitment policy and hysteresis targeting are shown. Wage inflation is plotted in deviation from steady state.
Output in period -1 is normalized at 1. Black line in the output graph plots evolution of deterministic trend at an annual 2% steady
state growth rate.

investment in innovation, the boom in output allows for growth rate to overshoot its target. Hence the
permanent output gap is reduced substantially on account of two reasons: a) the forward guidance channel
of optimal policy, and b) the accommodation of excess wage inflation upon exit from the ZLB. In the steady
state, output is only 0.085 percent below the (time -0) efficient path of output (solid line). In our numerical
example, we have a two-state Markov chain for the shock process with an expected duration of ZLB of 4.6
quarters. On average, agents expect the central bank to keep interest rates lower for two quarters beyond
4.6 quarters implied by the shock. While we illustrate one realization of ZLB binding for 28 quarters, we
emphasize that the expansionary effects of commitment do not arise because agents at time 0 expect the
central bank to keep interest rates lower after 28 quarters.

Note that this is the optimal policy subject to the binding ZLB constraint.?! It is possible to avoid the
permanent output gap altogether by a commitment to accommodating even higher inflation post the ZLB.
Such a policy would be optimal had the social planner put higher weight on growth rate stabilization relative
to the “true” welfare weight in eq (32) (as shown in row 3 of Table 2). However, under the “true” welfare
weights, the policy maker allows some permanent output gap because perfectly neutralizing the permanent
output gap comes at the expense of higher wage dispersion inefficiency upon exit from ZLB. Thus, the ZLB

introduces a short-run versus long-run tradeoff for the central bank even when we have assumed away initial

steady state distortions (by assumption 1).

Comparison with exogenous growth benchmark at the ZLB
How does this optimal policy compare to the policy when the central bank does not internalize that it
can influence productivity growth rate? That is, a policy-maker solves the optimal policy problem as before

except she does not choose productivity growth rate. The optimal policy under this non-internalizing scenario

211f the policymaker had access to time-varying proportional tax instruments such that it could replicate the flexible wage
allocation, then the first-best allocation can be implemented (as shown in Appendix D.6) However, the optimal monetary policy,
in the absence of these time-varying taxes, trades off welfare losses during the ZLB episode against welfare losses in the future
in the absence of appropriate time-varying tax instruments.
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does not allow the central bank to accommodate as high inflation after a ZLB episode as the optimal policy
considered above would. Consequently, the permanent output gap is somewhat larger. Figure 5 shows the
optimal policy under this “misspecified” setting and compares it to the optimal policy when the central bank

internalizes the consequence of its actions on TFP growth rate.

Figure 5: Exogenous Productivity Comparison
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Note: The figure reports one realization of output, inflation and nominal interest rate from a two-state Markov chain for the natural
interest rate under alternate policy equilibria. In period 1, the natural interest rate becomes negative and stays there for 28 quarters,
and returns back to the full employment steady state. EW2003 denotes optimal “misspecified” policy when the central bank does
not choose productivity growth rate. Optimal rule (dashed) denotes the optimal commitment equilibrium allocation. Wage inflation
is plotted in deviation from steady state. Output in period -1 is normalized at 1. Black line in the output graph plots evolution of
deterministic trend at an annual 2% steady state growth rate.

Quantitatively, this difference in the optimal policies is negligible (permanent output loss is 0.09% under
misspecified problem compared to 0.085% under fully optimal rule). This is because the key problem in this
economy is deficiency of aggregate demand. Since the R&D investment is pro-cyclical under liquidity demand
shocks, stabilizing inflation stabilizes aggregate output and hence R&D investment. The main implication of
this analysis is that while optimal commitment policy prescriptions are not quantitatively different under the
two environments, the cost of not adhering to optimal commitment rules is elevated because of permanent
output gaps. The key insight that we illustrate next is that we do not need a vastly sub-optimal rule to
generate output gaps. A minimum departure from a fully optimal policy by introducing lack of credibility is

sufficient to generate permanent output gaps.

Markov-perfect policy at the ZLB and the hysteresis bias

Next, we analyze the optimal policy when the policy maker is unable to commit to policy actions announced
in the future. Such a policy is referred to as the discretionary policy and the resulting equilibrium as the
Markov Perfect equilibrium (MPE, formally defined in Maskin and Tirole 2001). The key result here is
that the discretionary policy is characterized by a new dynamic inconsistency (Kydland and Prescott 1977)
problem that we label as the hysteresis bias: once the ZLB stops binding, the nominal interest rate is set
without any intent to offset the long-run effects of past contractions in aggregate demand. Hence, a policy
of committing to lower future interest rates is not time-consistent because the central bank would increase
the interest rates as soon as employment recovers back to full employment. The discretionary policy-maker

treats past productivity losses as bygones.
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The policy maker sets the current short-term nominal interest rate in order to maximize the quadratic
approximation of the welfare function (eq 32) subject to assumption 1 and the constraints: (i) Euler equation
(eq 22), (ii) wage setting block (equns 27-29), (iii) endogenous growth block (equs 23-24), (iv) resource
constraints and market clearing conditions (eqns 25-26), and (v) the lower bound on the nominal interest
rate (eq 31). The problem is similar to the optimal commitment problem, except the policy maker cannot

commit to future policy actions.

Proposition 7 (Optimal Discretionary Policy at the ZLB). If Assumptions A1 and A2 hold and for a given
level of productivity at time 0, Ag, the Markov perfect equilibrium is characterized by:
log A1 = log Ag + log(1 + gss)

forO<t<T®

e = Yy < 037 = Yprg < 0;G; = Pgrg <0
log Ai1 =log Ay + g1y

and when t > T°¢

log Ay 1 =log Afyy + (T° — 1)ipgrg < log A7,

_ (1-Buwng' _ kw(vtno) _ l-gne * oy
where 1P, = (1_[3#)(1_#)_’{“)5&”0)#”51 >0, Yy = = Py >0, and g = Ty 1y > 0. Aj, is the
(time-0) first-best output at time t + 1.
Proof. See Appendix E.1.2 O

Since the policymaker is unable to commit to future actions, optimal policy involves setting interest rates
such that the economy returns to the (normalized) steady state as soon as the shock abates. This leads to
excessive deflation during the ZLB relative to the commitment policy that involves 7. > 0. This dynamic
inconsistency problem identified as the deflation bias by Eggertsson (2006) is also present in our setup. The
new feature is that when the ZLB stops binding at stochastic time T, the discretionary policy maker does
not offset the difference in level of productivity from the first-best. MPE thus admits a unit root in the
time-series of productivity and hence output. This is the hysteresis bias we identify. Absence of credibility
is sufficient to generate a permanent output shortfall.

Under discretionary policy, the policymaker re-optimizes every period, hence past deviations in growth
rate from the steady state are no longer under the influence of a policy-maker at time T°¢ onwards. In order
to bring the output back to the first-best output, the policy maker needs to incentivize excess investment
in R&D after the economy has recovered back to full employment. Such an allocation is not desirable from
the perspective of policymaker from time 7° onwards. This can be seen by directly looking at the first-order
conditions of discretionary equilibrium. Once the shock to the natural interest rate is over, the policy-maker
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sets interest rate equal to the natural interest rate implying zero slack in the economy. Intuitively, this
happens because even though the level of productivity is an endogenous state variable, it only affects the
absolute level of the stochastically-trending variables. The efficiency of resource allocation in the normalized
economy is independent of the level of productivity. As soon as the central bank is able to set the normalized
variables to their steady state values, it does so. Past deviations of growth rate enter the welfare-loss as
additive inefficiencies that cannot be influenced by policymaker optimizing at time ¢ > T°. In other words,
what is relevant for the stabilization at time ¢ is the gap from the time-t first-best allocation. Once the
ZLB has stopped binding, setting interest rates such that employment is back to the efficient steady state
implements the time-t first-best allocation.

Figure 4 plots the path of output under MPE. There is an unanticipated shock at time ¢ = 1. The output
falls by 5% and continues to grow at a slower pace. When the shock stops binding in period T¢ = 28, the
economy is permanently at a lower output trajectory. This also corresponds to the policy under a strict
inflation targeting rule specification discussed above. The output in the new steady state is permanently
lower by 0.88 percent. Compare the equilibrium evolution of variables under discretionary policy to that
under optimal commitment policy. The discretionary policy leads to excessive deflation and slack in the
economy during the ZLB. Since the discretionary policy does not offset output hysteresis, it also leads to a
larger permanent output gap.

This hysteresis bias of discretionary policy thus strengthens the result from Proposition 6 that output
hysteresis is an artifact of policy-constraints faced by the central bank and does not arise because of irrational
or inept behavior on part of the central bank. An implication of the hysteresis bias, we emphasize, is that it
is sub-optimal for the central bank to redesign policy ex-post in order to offset past output hystereses. Hence,
if the central bank could credibly commit to being irresponsible as suggested by Krugman (1998), it could
not only reduce the deflation during the ZLB but also minimize the permanent output gaps. This raises the

stakes for optimal commitment policy that the central bank must credibly communicate to the public ex-ante.

Alternative policy rules at the ZLB

Eggertsson and Woodford (2003) have underscored the complex nature of the optimal commitment policy
in that it may not be feasible to properly communicate the policy stance to the public even if full credibility
can be achieved. On the other hand, we showed that the discretionary policy-maker suffers from hysteresis
bias and does not offset past inefficiencies. In this regard, alternate simple policy rules that have built-in
commitment to reverse past policy mistakes assume importance. Such policy rules are presumably easier
to communicate to the public, for example a commitment to keep interest rates low until the permanent
output gap is filled may be more readily understood. Earlier, we illustrated the potency of this strict output

hysteresis targeting rule, given by:
t+1

hip1 = §s=0
s=1
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where growth rate g, is determined at time ¢.

Table 2: Policy Rules at the ZLB: Welfare Comparison

Policy Rule Welfare Loss  Permanent Output Gap

Optimal rules

Discretion (MPE) 100% -0.88%
Commitment 0.043% -0.085%
Commitment with

higher wt on g¢ 0.11% 0

Simple rules

Strict Inflation Target 100% -0.88%
Hysteresis Targeting 0.049% 0

Wage Level Targeting 0.053% -0.30%
W x Y targeting 0.311% -0.37%

Notes: Values report the conditional welfare loss starting from an effi-
cient steady state. Loss is expressed in consumption equivalent units
relative to discretionary rule. Computation details in the Appendix.
The true relative weight on growth rate gap is 3.94. Under a weight
of 165, the permanent output gap is 0.

The central bank ex-ante announces to set interest rates in order to completely cut down permanent
losses in output. Such a rule is fully optimal in the absence of the zero lower bound. At the ZLB, though
not fully optimal, this rule may have a relative advantage in ease of communication to the public. Figure
6 plots nominal interest rate, output and wage inflation under such a rule contrasting it with the realized
paths of these variables under the optimal commitment rule. The central bank keeps the interest rates low
for additional two quarters as in the optimal policy. The forward guidance element through anticipation
of higher inflation leads to a reduction in the real interest rate, which implies a lower drop in inflation
and normalized output (on impact). In the calibrated experiment, output drops by 1.17% on impact. The
commitment to this simple rule implies that the central bank accommodates excess wage inflation up to
0.25% before it starts to raise interest rates gradually. Such a policy is relatively more accommodative than
the optimal policy. Rows 2 and 5 in Table 2 show that the hysteresis targeting policy achieves most of the
welfare gains under optimal policy relative to a strict inflation target (or a discretionary) policy, conditional
on ZLB being binding in period 1. An optimal commitment policy with higher weight on output gap can
also close the output gap (as shown in row 3 of Table 2) but it results in somewhat higher welfare losses
compared to the strict hysteresis targeting rule.

Contrast this policy with the policy of nominal wage level targeting (analogue of a simple price level
targeting rule), where the central bank ex-ante announces its intention to set interest rates in order to attain

a particular level w* for the normalized output y; adjusted nominal wages wy:

14+ Ay
Aw

wy + Ay = w”;  where A =
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Figure 6: Alternate Rules at the ZLB
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Note: The figure reports one realization of output, inflation and nominal interest rate from a two-state Markov chain for the natural
interest rate under alternate policy equilibria. In period 1, the natural interest rate becomes negative and stays there for 28 quarters,
and returns back to the full employment steady state. Realizations under a Taylor rule, Markov-Perfect Equilibrium (or discretionary)
optimal policy, optimal commitment policy, hysteresis targeting and nominal wage level targeting rule are shown. Wage inflation is
plotted in deviation from steady state. Output in period -1 is normalized at 1. Black line in the output graph plots evolution of
deterministic trend at an annual 2% steady state growth rate.

Figure 6 shows the realized paths of output inflation and nominal interest rate under wage level targeting
against those obtained under optimal commitment policy. This simple policy also approximates the welfare
gains achieved under optimal commitment policy (as seen in row 6 of Table 2) relative to the discretion
policy, but results in a permanent output gap of 0.3 percent given that it is not as accommodative as the
optimal policy.

Compared with wage level targeting, the hysteresis targeting rule requires the central bank to be more
tolerant of higher inflation upon exit from ZLB. But it may have an advantage in communication and
operationalization over a policy of wage-level targeting. A central bank’s commitment to keep interest rate
lower until output has been restored to pre-shock trend is perhaps more readily observable and implementable,
assuming that achieving credibility is not a constraint for the central bank. Such a policy of hysteresis

targeting is equivalent to a real GDP targeting rule because:
logV; —log )" = Iy

where Y denotes the counterfactual path of output under time-0 flexible-wage allocation

A third simple targeting rule is the nominal GDP (NGDP) targeting rule (see Woodford 2012 and
references therein). Since our benchmark model features only nominal wage-frictions, a comparison with
conventional NGDP targeting rule may not be a useful comparison. The analogue of NGDP targeting in

this simple framework is the W x Y rule:
Wy xYs = Wte X Yte

where W is the counterfactual path of nominal wages under time-0 flexible-wage allocation. The central
bank commits to adjusting interest rates in order to achieve this target relationship whenever possible. As

shown in row 6 of Table 2, this W x Y rule also implies significant welfare gains and smaller persistent output
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shortfalls than under discretionary policy.

Table 3: Policy Rules at the ZLB: Welfare Comparison for Range of o

Benchmark

Innovation Intensity o 1.02 1.09 1.20 1.47 1.50 1.71 2.78
Permanent Output

Gap
Discretion (MPE) -1.74% -1.58% -1.25% -0.88% -0.867%  -0.695%  -0.346%
Commitment 0.0149%  -0.073% -0.085% -0.085% -0.084% -0.076%  -0.044%
Hysteresis Targeting 0 0 0 0 0 0 0
Wage Level Targeting 0.048%  -0.291% -0.354% -0.297% -0.29% -0.246%  -0.129%
W x Y targeting 0.026% -0.11%  -0.136% -0.145% -0.143% -0.132%  -0.08%
‘Welfare Loss
Commitment 0.021% 1.17% 2.26% 4.33% 4.48% 5.48% 7.62%
Hysteresis Targeting 0.031% 1.27% 2.53% 4.87% 5.02% 6.09% 8.13%
Wage Level Targeting 0.073% 5.90% 13.83% 5.25% 23.41% 26.67% 32.63%
W X Y targeting 0.04% 1.36% 2.88% 6.43% 6.66% 8.56% 13.13%

Notes: Values report the conditional welfare loss starting from an efficient steady state. Loss is expressed
in consumption equivalent units relative to discretionary rule. Only two parameters are adjusted. Innova-
tion Intensity elasticity (1/¢) and research cost § to target 2% annual growth rate.

Table 3 compares permanent output gaps and welfare losses in these three operational rules against
the optimal commitment policy for a range of innovation elasticity parameters. Ceteris paribus, we vary
o (inverse of innovation intensity elasticity) and 6 (R&D cost parameter) in order to hit 2% growth, 10%
firm entry rate and R&D to GDP ratio in the range of 10% to 30%, while keeping all other parameters
fixed at values described in Table 1. Hysteresis targeting policy approximates the welfare gains achieved
under optimal policy for this range of parameters. This analysis highlights that a new operational rule that
approximates welfare gains achieved under optimal policy is available for implementation in our framework.
Since the standard NK models feature exogenous productivity, this rule is not available to the policy-maker

in those environments.

4 Discussion: Optimal policy under alternate shocks

In the analysis so far, we focused on shocks such that the economy exhibits divine coincidence. The virtue of
this exercise was that it did not matter whether output hysteresis was defined as deviation from the (time-0)
first best, (time-0) natural rate or pre-recession trend output. In this section, we consider alternate demand
and supply shocks, and analyze the optimal response of monetary policy in each case. The distinction

between the three equilibrium concepts will become crucial now.
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Figure 7: Path of GDP under TFP and wage markup shocks
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Note: The figure reports model based evolution of GDP under discount rate (panel a), TFP (panel b) and wage markup shocks (panel
c). Shocks are parametrized such that output falls by 1 percent on impact. For illustration, persistence of shocks is chosen to equal
0.9. Output in period -1 is normalized at 1. Black line plots evolution of deterministic trend at an annual 2% steady state growth rate.

4.1 Discount rate shocks

Discount rate shocks are modeled as shocks to household’s discount rate. A positive shock to the discount
rate temporarily makes the household more patient. This transmits to innovation through two opposing
channels: One, lower discounting of future profits increases the present discounted value of innovation,
thereby increasing investment in R&D. Two, in the presence of nominal rigidities, increased patience lowers
aggregate consumption demand. If the aggregate demand channel is strong enough, output falls, thereby
reducing the investment in R&D due to a shrunken market (aggregate demand effect). Under the first-best
allocation, however, prices are flexible, so there is no negative aggregate demand channel. This leads to
an increase in R&D relative to the pre-recession trend (figure 7a, squared-blue graph). In the presence of
nominal rigidities, however, the overall effect on R&D is determined by two opposing forces as described
above. In our calibration, the aggregate demand channel dominates and investment in R&D and hence, TFP
growth rate and output fall under a standard Taylor rule (figure 7a, red graph).

The response of the first-best allocation and the flexible-wage allocation (figure 7a, dashed-maroon graph)
differ because of breakdown in divine coincidence under discount rate shocks. The entrepreneurs do not
internalize the long-run benefits of innovation compared to the social planner despite the presence of an
efficient steady state (Nufio, 2011). Replicating the flexible wage allocation is no longer an optimal policy.
Infact, the natural rate of interest r-star is an endogenous object in this environment. Under optimal
commitment equilibrium, the policy maker lowers the real rate in order to closely replicate the welfare gains
under first-best allocation. This results in overshooting of output relative to both the flexible-price GDP

and Taylor rule GDP (figure 7a, crossed-blue graph).

4.2 Stationary TFP shocks

A negative productivity shock shrinks the resources available for consumption and R&D investment. It
is optimal to reduce R&D investment in response to a temporary reduction in the level of total factor

productivity. Temporarily lower productivity growth, as a result of low investment, cumulates to generate a
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permanent output gap relative to the pre-shock trend. Hence, the time-0 first best allocation features a unit-
root process for output (figure 7b, squared-blue graph). Since optimal monetary policy approximates the
first-best allocation, the optimal commitment solution also admits output hysteresis (figure 7b, crossed-blue
graph).

Table 4: Policy Rules : Welfare Comparison

Policy Rule Discount rate shock  Markup shock Productivity Shock  Liq Demand Shock  MP shock

Optimal rules

Commitment 0.0022% 0.18% 0.00009% 0 0
Discretion 0.0032% 0.753% 0.0001% 0 0

Simple rules

Taylor rule eq 27 0.0253% 2.04% 0.0003% 0.022% 0.019%
Hysteresis Targeting 0.0024% 4.61% 0.0015% 0 0
Wage Level Targeting 0.0024% 0.2881% 0.00009% 0 0
W X Y targeting 0.0024% 4.6% 0.0015% 0 0

4.3 Wage markup shocks

In the presence of cost-push shocks, the central bank faces a tradeoff in stabilizing short-term inflation and
long-run output. The optimal commitment allocation (figure 7c, crossed-blue graph) admits a permanent
output gap. This result is a generalization of the short-run tradeoff in the exogenous growth new Keynesian
model. With exogenous growth, the central bank counters a positive wage markup shock by committing to
generating a negative output gap in the future. The same commitment under endogenous growth implies
a reduction in market size for entrepreneurs and hence reduced incentive to undertake R&D. Thus, in a
bid to reduce current wage inflation, the central bank keeps output permanently below the time-0 first best

allocation. The inflation stabilization objective generates a long-run tradeoff for the central bank.??

4.4 Welfare analysis

In table 4 we report the consumption equivalent welfare losses conditional on starting from an efficient
steady state. These losses are computed as an average over 10,000 simulations with each starting at the
same efficient steady state. Hysteresis targeting rule is of the form A1 +y — y{ = 0 rule, where superscript
f denotes flexible wage allocation, h; is (log) hysteresis determined at time ¢ — 1 and y; is (log) stationarized
output. Wage level targeting rule is implemented as W, + y, — ytf = 0, where W, is the (log) nominal
wage. W x Y targeting takes the form: Wy + hyy1 + yp — yic = 0. In response to demand shocks, hysteresis
targeting closely replicates the welfare achieved under optimal commitment. In response to supply shocks,

however, it is an order of magnitude more costly (in terms of welfare) to implement hysteresis targeting

22Note that the time-0 first best allocation is a trend stationary process (figure 7c, squared-blue graph). This is because we
assume that the social planner has access to time-varying taxes to counter these shocks (Correia et al., 2013).
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relative to the optimal policy. This highlights the importance of correctly identifying the source of business

cycle fluctuations in the design of optimal monetary policy.

4.5 Quantitative assessment

In Appendix G, we build and calibrate a quantitative model, extending the Smets and Wouters (2007)
model with endogenous (Schumpeterian) growth mechanism, to evaluate the quantitative import of output
hysteresis. Since the model is fairly standard, we relegate its full presentation to the appendix (see also
Guerron-Quintana and Jinnai (2019) for a an estimated endogenous growth business cycle model).?* The
key finding here is that quantitative magnitude of output hysteresis in our model depends on the elasticity
of innovation intensity, measured by inverse of parameter p. Lower p implies higher sensitivity of innovation
success to a given change in R&D investment, which in turn allows the model to generate large changes in
productivity growth rate and hence level of GDP. We illustrate this with a simulation of the model under
a liquidity demand shock calibrated to replicate the US Great Recession episode. Under a standard Taylor
rule, the two calibrations of p of 1.07 and 3.08 generate a permanent output gap relative to the pre-recession
trend of 1.25% and 0.08%, respectively. In the innovation literature, these two values of p lie in the range of
empirically estimated values. Hence, our exercise suggests plausibility of quantitatively significant hysteresis
under a commonly assumed monetary policy rule. Furthermore, we show that a hysteresis targeting rule also
buffers the output impact of the liquidity demand shock (immediate output drop of 0.3% compared to 2.6%
under a Taylor rule for p = 3.08, and similar difference for low p) via its built-in commitment mechanism to

keeping interest rates lower for longer. More details are provided in the appendix.

5 Conclusion

This paper undertakes optimal monetary policy analysis in an environment where the long-run potential
output of the economy is endogenous to short-run fluctuations in demand. An optimizing policy maker
at the ZLB commits to keeping interest rates lower in order to offset the long-run effects of contraction
in aggregate demand. However, a policymaker unable to commit to future interest rates does not offset
permanent output gaps following a ZLLB episode. This is the hysteresis bias of discretionary policy that we
formalize.

There are however certain shortcomings in our analysis that we now highlight. Our modeling assumption
in the paper is that a new innovation gets adopted with certainty in the following period. This is clearly
unrealistic. Comin and Hobijn (2010) and others have found that firms adopt new technology with a lag
of upto seven years on average. As long as contraction in demand results in lower investment in knowledge

creation, the model of output hysteresis presented in this paper has insights for the conduct of monetary

23 citeguerron2014liquidity also show that endogenous growth can generate positive co-movement of equity prices and invest-
ment in recent models of financial frictions with adverse asset liquidity shocks.
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policy. The key elasticity determining the long-run effect of sub-optimal monetary policy is the elasticity
of innovation to R&D expenditure. We have discussed robustness to calibrating various parameterizations
of this elasticity. However we leave the investigation of optimal monetary policy in a richer model with
implementation lags and technology diffusion (see for example Anzoategui et al. 2019) for future work.
While the empirical evidence on the interaction between monetary policy and long-term investment in
research is still scant, there is a large literature emphasizing the potency of tax credits for spurring R&D
growth. Time-varying fiscal instruments in the presence of non-distortionary lump-sum taxation can replicate
the first-best outcome in our framework (see appendix D.6). However, in this paper we limit our focus to
time-varying use of monetary policy instrument. We leave the analysis of optimal fiscal policy for future

research.
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A Competitive Equilibrium

Definition A.1 (Competitive Equilibrium). The competitive equilibrium is defined as a sequence of 9
quantities {Ct, Zt, ‘/t, Ft, YtG, }/157 }%l)t7 Lt, At} and 7 pI'iCGS {it, Qt,t-{-la Pt, Wt, Kt, Ft, 7TW,t,} which satisfy
the following 16 equations, for a given sequence of exogenous shocks {e;, &, My, Ay} and exogenously

specified policy variables {7?, 77, 77, 7}*}.

1. Euler Equation and Stochastic Discount Factor
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Stationarizing the System

The competitive equilibrium defined above is non-stationary. Specifically, consumption, output, nominal

wage, are co-integrated with TFP level A;. We normalize the variables as follows:
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Further note that because of the linearity assumption in the production of final goods, the Value function is

a linear function in productivity with which an entrepreneur enters the sector:

- V. ~ (7
v, = Xt =T+ (1 — 2)E Q41 Viga
t

where V is normalized by the productivity with which the entrepreneur enters the sector. Finally the growth

rate of productivity, determined in period t, is given by
(L4 gi41) =1+ 2(y—1)

Remaining variables are stationary.

Definition A.2 (Normalized Competitive Equilibrium). The normalized competitive equilibrium is defined
as a sequence of 9 stationary quantities {c;, f/t, f‘t, th, Yt, 7dt, L, gev1, 2t} and 6 stationary prices {is, wy,
Ky, Fy, mw,, II;} which satisfy the following 15 equations, for a given sequence of exogenous shocks {e;, &,

My, Ay} and exogenously specified policy variables {7, 77, 7, 7/*}.
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Steady State
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Six variables z,g,V, L, C,Y solve the following six equations

1. Endogenous Growth Equation

2. Value Function

V=

R

3. Intra-temporal Labor Supply condition

4. Aggregate Production Function

5. Resource Constraint

c+622 =y

6. Growth equation (law of motion of productivity)

g==20y=1)

Other steady state variables can be backed out after solving this system. We look for steady state such that

z€(0,1) and ¢ > 0.

Definition A.3 (Approximate Equilibrium). An approximate competitive equilibrium in this economy with

endogenous growth is defined as a sequence of variables {7}, ¢, ¥t, Gr+1, i, ﬁt, Wy, T, ‘A/f} which satisfy the

following equations, for a given sequence of exogenous shocks {ét, M, el j\wt}.

Aggregate Demand: R .
— (Etésy1 — Ct + Geg1) + o0 — Eetpn +6 =0

Endogenous growth equations:
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Market clearing;:
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Monetary policy rule:
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B Local Determinacy with one-period patent and exogenous nom-

inal wages

To analytically characterize the determinacy condition, we make following two assumptions, that we will

refer to as T1 and T2:

Assumption T1 Deterministic patent length of one period: Upon successful innovation, the entrepreneur gets the

monopoly right over production of intermediate good in the following period ¢t + 1. if a randomly

selected entrepreneur fails to innovate at ¢ + 1, the planner selects a producer from a fringe of measure

zero to produce using period t + 1’s productivity in the following period. The first order condition

reported in the endogenous growth block above is modified to:

(1- Ttr)Pt(sQZtgil = EtQt,t+1Ft+1(At+1)

where I'y(A;) = (( — 1) (%)m P,M,L;A;, ( = min (71*0‘ ), and v > 1.

1,
-

Assumption T2 Perfect nominal wage rigidity with indexation: Nominal wages are assumed to evolve :

Wy = 7w Wiy

This equation replaces the wage Phillips curve derived above.

Both these assumptions allow us to analytically derive determinacy conditions, at and away from the

ZLB.
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B.1 Away from ZLB

Under T1 and T2, the approximate equilibrium (assuming no shocks) is given by:
= AELi + AsErgiio

Giv1 = AsEi Loy 1 + AgEidiyo
(e,

e 1)n +1 _ (£-1)on, _ 1-¢A _ —A 1+

" ) Az = )y ) g = (Qflfbnqzr17 Ay = oo 1<;)5n:+1 Mg = gg and
Yy h
et 1+(g 1)nq+l

¥_q
%+¢ 1+(9(*(;l)ﬂg)+1
lowercase letter y, ¢, and g denote steady state values. The system is locally determinate iff following two

’\\‘c

where A =

conditions are met:

[A1As — AsAs] < 1;  [A + Ayl <14+ A1A; — AsAg

The second condition is met as long as ¢ > 0 . The first condition is met if:
> ——>1
Mg N1

This condition also implies that consumption is positive and there is positive R&D investment. Assuming

0 =1, this condition can be rewritten solely in terms of parameters as in Benigno and Fornaro (2017):

1+‘I’('75_1) > ﬁf(y;w >1; where ¥ = (1_?) (?)la; w=(C-1) (?)la

For a general ¢, conditional on a steady state with positive consumption and positive R&D investment,

following two conditions guarantee determinacy:

¢ >0; and 77g>ﬂ>1
v—1

B.2 ZLB with two-state Markov Chain

Assuming the two-state Markov Chain where with probability p € (0,1) the economy continues to stay at
the ZLB and with 1 — p it escapes the ZLB, the system (with T1 and T2) in the short-run ZLB state (S)
can be expressed as:

LtS = A} E.L] t+1 T Ag]Etgt—i—Q +QY¢s
gi1 = Agﬂ‘:tﬁfﬂ +ATE G5 + Q3 ¢s

where A} = (1 + ((91)7)79191) AS = —u (1 ) ong, A3 = m, A =0,n, = HTQ and lowercase

letter y, ¢, and g denote steady state values. The system is locally determinate iff:

((e=Dng+1)(v—1)
By
A6

p<




Most calibrations have v € (1.05,1.55) and 8 € (0.96,1). For values of o > 1.105, 2% annual steady state
growth rate and the above parameter bounds on v and f, this condition is always satisfied. Given these

empirically plausible parameter restrictions, we obtain local determinacy at the Zero Lower Bound.

C Impulse Responses under Taylor rule eq 30

We show the detailed derivation for impulse response under the Taylor rule eq 30 and liquidity demand
shock. For monetary policy shock, productivity shock and markup shock, the proof is similar. Assume that

the liquidity demand shock follows the AR(1) process:
éct = Piét—l + &
Guess the solution takes the form:
& = elii o = Vylii Gorr = Yoli; 1Y = Yl Vi = huée

From Euler equation, we get:

(1 - Pi)ibc = _(¢7r - pi)% - (by'l/}y -1 (46)

From the Endogeneous Growth equation:

(1 - pz)djc + Pi% = [(Q - ]-)779 + 1}1/)9 (47)
From the Resource constraint:
c R
—Pe+ —onghg = 48
y y M9%e y (48)
From the Wage Phillips curve
(1 - 5/%)% = “w(¢c + Wr/)y) (49)
From the Value function:
(1 = nvpi)o = nythy — (N2 +ng)tbg + ng(1 — pi)ibe (50)

From equations 47, 48, and 50, we can find a relation between 1. and ,. Rest of the system is pretty

standard NK system where we can solve for v, and 1), from equations 46 and 49 using:

1—nyp; (e=1)ng+1 4+ D=t

Pi 13 B —y
QZJC _ : : v QMg v QMg wy — Alwy, 0< Al <1
1-nvp; (e=1)ng+1 ¢ _ N=H7q ¢ — D
pi Tong  u | (L=p)| + 3 Qg Y gl = pi)

AT



We get:
- H(Al + l/)

1/’1’—1_*5;% y = Aoy

And thus:
-1

(= p) A1+ (br — pi) A2+ 6y

Further, from the resource constraint we find :

0

%:

@D?*Ewc 172141
Py = —— = Yy

R R
y g 3 g

Since A; < 1, it follows that A; < £. Hence there is a positive co-movement of output and growth rate

under liquidity demand shock. Further it must be that the following holds

[(0— 1)779 + l]lbg — (1= pi)pe _ Ny Yy — (n- + nq)il)g + 774(1 — pi)Pe

1/)1) =
Pi 1- v Pi

D Solution to Social Planner’s Problem

D.1 Social Planner problem I

The Social Planner chooses {Ct, Ly, Aty1, 2: } to maximize the welfare function:

max logCy — LL%J”’

14+v
subject to the constraints:
Ct + RDt = O[ﬁ(l — O[)AtLt

A — A

At = (,Y - 1)Zt

Rt = 6ZfAt
Zt Z 0
Combining the constraints and using the functional form for R&D Investment, we get:

A — A, 1

e
Ct + 0 ( At M) At = Otm(l — Oé)AtLt

Let A\; be the Lagrange multiplier on the constraint. Solution to this problem is thus :



—Aido (At+1 - At)gl At41500 (At+2 - At+1>91_/\t+155(9 -1 (At+2 — A

o
+a™s (1=a) Ly s 18 =0
(y—1)e Ay (v —1)e Ayt (y —1)e A > ( JLir1 A1

, we can rewrite the above condition as:

Since growth rate is defined as g;41 = At%t—m

Ct+1 (;Q o—1 _ 66Q o—1 65(Q - 1) o

C, 7(7_ 1)99t+1 = (v — 1)99t+2 (’y— 1)e Git2

—+ Oéﬁ(l — Oé)Lt+1,6

This can be rewritten as:

Cip1 g2\ 1—0 g2 \* | aTE(1—a) Ly (y — 1)°
=p T, Jme + 1

Cy gi+1 Ji+1 do 9i

This the Euler equation for R&D investment in the Social Planner’s allocation. The right hand side gives

the return on R&D investment. Writing the LHS in normalized terms i.e. Cy = ¢; A, we get

cer1(1+ gry1) _3 (9t+2)g_1 1= Qgt+2 <9t+2>9_1 n a™a (1 — ) Ly (v — 1)° 51)
Ct Jt4+1 0 Jt+1 do gf_:ll

The (interior) equilibrium (with positive growth) is thus given by the sequence of three variables {c;, L, gr+1}

such that equation 51 and following two conditions (intra-temporal labor supply and budget constraint) are

satisfied:
wllc; = a™a (1 — a) (52)
ge+1 \*_ e
ct+5(7tj11) =aTa(l—a)l, (53)

D.2 Policy Relevant Welfare Function

The representative agent’s lifetime welfare function at time ¢ can be rewritten as

oo o0

V= Zﬂs_t [log Cs — v(Ls)] = Zﬁs_t [log cs —v(Ls) +

s=t s=t

1
log(1 + gs41)| + —— log A,

B
1-8 1-8

We redefine the terms in the square brackets as the policy relevant per period welfare function:

W, =loge; —v(Ly) + log(1 + gi41)

B
1-p
Thus the policy relevant lifetime welfare function is given by

oo

W, = Zﬁs_t {logcS —v(Lg) +

s=t

1 ﬁﬂ log(1 + gst1)
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D.3 Social Planner problem II

The Social Planner chooses {ct, Ly, gr+1, 2¢} to maximize lifetime-policy relevant welfare function:

- S— w v /8
max ;5‘ t [log Cs — mL?‘ + T3 log(1 4 gs11)

subject to

c +rdy = aﬁ(l —a)L; =y,

gir1 = zt(y — 1)

rdy = 02
Zt Z 0
Solution (for z > 0) is given by:
rd (z B 1
) -yl
Ct ]. — B ]. —+ gt+l

wllc, = a™a (1 - a)
ci+rdp=ava(l—a)ly =y,
rdy = 627

gir1 = z(y — 1)

Substituting out for research intensity z; in terms of growth rate and using the functional form for R&D
Investment, Solution is given by Intra-temporal labor supply condition eq 52, Budget constraint eq 53 and

the following R&D investment condition:

s [ 9L 9717( fl)ii (54)
¢ v—1 - 1 =814 g1

D.4 Equivalence of two solutions

It is clear that Euler condition derived in eq 51 is not as amenable to analytical manipulations as is the
corresponding R&D investment condition eq 54 derived under the modified Social Planner problem II.
Remains to be shown that the resulting equilibrium is identical in both scenarios.

In Steady State eq 51 simplfies to:

(1+g) =4 1_1;99+am(1—a)L(’y—1)9

It is straightforward to show that eq 54 combined with eq 53 also yields the above condition. Thus, the

A10



solutions are identical at the steady state.! As regards the dynamics away from the steady state, eq 51 can

be rewritten as:
corr(L+ge41)
Ct

o—1
c —1)¢
(22) 7 (4 g+ G O30 (55)
gt+1 0 gy

From eq 54, we can write out the RHS of the above equation 55 as

1 ot
Ct+1( + gt+1) _ (gt-‘rQ) (1 + gt+2) (56)
Ct gt+1

Thus, it remains to show that the LHS of two equations 55 and 56 are equal. We prove by reduction.
Substitute LHS of equation 56 into RHS of eq 55 to get:

o—1 o—1 _
<gt+2) (1+9t+2):ﬂ[(gt+2> (1+gt+2)+%w

gt+1 gt+1 9i

Simple algebraic manipulation yields:

o—1
g c+1 (v —1)°
u—m(t“) (14 gus2) = gt 021
gt+1 0 gy

which can be simplified to yield:

1-8 o0 <9t+2

o—1
3 4—1 ’Yl) (L+ git2) = ¢

which is true since it is eq 54 forwarded by one period. Since we do not use the labor-supply intra-temporal
condition to show the equivalence between the two solutions under flexible wages, the two approaches are
also equivalent under nominal wage rigidities which introduces a wedge in the labor-supply intra-temporal

condition.

D.5 Efficient Steady State

Efficient Steady State is given by following system of equations in three variables ¢, L, g:

laTe(1-a) ;_ 0 1-p g ¢!
L= e ] ; 077_1 5 (1+9) po—
g \°
c+9 (_1) =aT-+(1—-a)L
T
Be (v — 1) e g \°
% g =(1-B)(1+g); c=a (17a)L76(E)

. These yield the above Euler equation.

A1l



When p = 1, the solution is given by a fixed point of the following equation:

) here __ 0 1-5
; where y; = ————
'Tay-1 08

at™a (1 — a)

wx1(1+g)

1)
xd1+g)+7_1gl

The LHS is a linear monotonically increasing function of g. RHS is a monotonically decreasing function of
g. By single crossing, one can show that there is a unique locally determinate solution for a given condition

on 1. For higher values of g, numerically we verify local determinacy.

D.6 Unconventional Policy away from the ZLB: Implementable Allocation

Now we show that the first-best equilibrium allocation can be implemented as the competitive equilibrium
using the time-varying fiscal and monetary instruments - nominal interest rate i;, Tax on interest income
7P, Tax on intermediate goods 77, Research subsidy for entrepreneurs 7/ and Labor tax for household 7 as

follows:

Ttp—l—é
T = Aw,t
1*7'{:%7_1015“‘2%1
7 =0

and the nominal interest rate is set such that W; = 7?{,[, W_y - consistent with perfect nominal wage inflation

targeting.

Proof. Follows from comparing the system of equations derived under first-best allocation in Appendix C.3

and the (normalized) competitive equilibrium defined in Definition A.2. O

D.7 Unconventional Fiscal Policy at the ZLB: Implementable Allocation

At the zero lower bound, the nominal interest rate is stuck at 0. However, the first best can still be
implemented using the tax subsidy on interest income to offset the ZLB shock. The fiscal instruments
are used are as follows: Tax on interest income 77, Tax on intermediate goods 7}, Research subsidy for

entrepreneurs 7; and Labor tax for household 73* as follows:

= & Tt (57)
" Begh (L gepa) T L
1
7= Awt (59)
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1— .
l—71/ = 5 o TP_Y T+ Ve (60)

Proof. Follows from comparing the system of equations derived under first-best allocation in Appendix C.3

and the (normalized) competitive equilibrium defined in Definition A.2. O

As in Correia et al. (2013), it can be shown that the resulting equilibrium is revenue-neutral and time-

consistent.

We can re-define the first-best allocation as the equilibrium allocation defined in Definition 1 such that

the government provides the time-varying fiscal and monetary instruments listed in eq 57-60.

D.8 Approximate First-Best Equilibrium

We log-linearize the non-linear equilibrium conditions around the non-stochastic efficient steady state. Ap-
ik ax

proximate first-best equilibrium is given by a sequence of 4 quantities: {ﬁ:‘,ct,yt,g;_l} that solve the

following equations for a given exogenous process of shocks M;:

vLi +¢& =M, (61)

(0= V)nggiyr = ¢ — Gi (62)
c rd

—C + —0Ng9iy1 = Ui 63

y t y gIt+1 t ( )

M, +L; = §; (64)

Efficient solution

The above system can be solved to derive the following closed form solution:

Gig = UMy & =iMy g7 =iMy; Ly = ; M,

x 14+v
where ¢y = (v<+1)((e—Dng+1)+e=Lon, >0,

0<9r=((o—1Dng + ¢y <1,
by = %1/%‘ + %dgn_qw; > 0, and
Pr =14 50

v

D.9 Time-t vs. time-0 flexibility

There are two concepts of flexibility in the presence of a pre-determined state variable. One is the Neiss

and Nelson (2003) definition of flexible wages, under which wages have been set flexibly since time 0 and

remain flexible indefinitely. Wages set under this concept are called time-0 flexible wages. Second concept of

flexibility is the Woodford (2003, Ch. 5)’s definition where wages are set flexibly in the current and future
A13



periods taking as given the current period value of the state variable. Wages set under this concept are called
time-t flexible wages. Based on two concepts of flexible wages, there are time-0 first best, time-0 natural
rate, time-t first best and time-t natural rate allocations.

Since the normalized equilibrium can be written without any reference to the level of productivity Ay,

the normalized allocations based on the two flexibility concepts coincide.

Definition D.1 (normalized natural rate allocation). The normalized natural rate allocation is given by a
sequence of variables {é{ , gj{ , g[ 1 th } such that these satisfy the following equations for a given sequence

of shocks {ét, £t Mt, 5\w,t}1

o +vgl — A+ v)My) + A =0 (65)
c . rd R ~

—¢l + —ongal 1 =9 (66)
y y

(0= Vgl iy = —(Eeclyy — & +al0) + Euill (67)
th = Uy??tf - 77z§{+1 - nq(Eté{H - é{ + gtf+1) + nVEtV;t{H (68)

In other words, if 33{ = [é{7 y[,g{+1, I:tf, \?}f} is vector of endogenous variables and ¢; = [ét, €t M, j\w,t] is a
vector of shocks, then there is a unique flexible allocation independent of history of nominal distortions and

is given by the solution of following rational expectations system:
Fal  + Gzl + He, =0 (69)

where F', G, and H are matrices of coefficients corresponding to definition A.2. Using a standard rational

expectations solution method, the system can be solved as:
af = Me (70)
t — t

Therefore the major difference that these two flexibility concepts generate in the context of our framework
is that under time-0 flexibility setting, productivity A/ ~°° is a hypothetical construct that would have
occurred had prices and wages been flexible since the beginning of time. Under time-t flexibility, the level
of productivity A’ is the pre-determined level of productivity corresponding to the data A%%*¢. Following
are the law of motions of the two productivity concepts:

Atf-,i-_loo = A7+ gtf+1)

,t d
A{+1 = Af* (1 + 9{+1)

where A{ "% is the level of productivity under flexible wages at time ¢ when wages have been flexible since
the infinite past. A% is the level of productivity given by the Definition A.1 of the competitive equilibrium
and gtf 11 is the flexible-wage productivity growth rate solved in the system 70.
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D.9.1 time- 0 allocations

We can therefore define the time-0 allocations as follows:

Definition D.2 (time-0 first-best allocation). The time-0 first best allocation is defined as sequence of
variables {Y;"~™, A7 %, C/ 7%, &, F, §i11, Lt} which satisfy the equations 61- 64 and the following

equations, given a sequence of shocks {ft, g, ]\th, j\w,t} and initial level of productivity Ag:

A:—&-_l = A:,—m(g;_l + 10g(1 + gss))
VI = AP o)
Cy™ = AP~ >(e; + log css)

Definition D.3 (time-0 natural rate allocation). The time-0 natural rate allocation is defined as sequence
of variables {Y,” > A,{J’rl b el ol g +1,th } which satisfy the equations 65- 68 and the following

equations, given a sequence of shocks {ft, €t M,, w’t} and initial level of productivity Ag:

AlG = AP, +log(1+ g.s))
/7% = Al +logys)

thﬁoo = A{’foo(é{ + log ¢ss)

D.9.2 time- t allocations
Similarly, we define the time-t allocations as follows:

Definition D.4 (time-t first-best allocation). The time-t first best allocation is defined as sequence of

variables {V;"f, A%f 1, CF SO g 1 L7} which satisfy the equations 61- 64 and the following equations,

given a sequence of shocks {ﬁt, €l Mt, w,t} and the actual level of productivity at date t, Adat?:

A:fl = A?am(flwl +log(1 + gss))
Y= AJ (g7 + log yss)
Pt = Adate(er 4 log cy)

Definition D.5 (time-t natural rate allocation). The time-t natural rate allocation is defined as sequence of
variables {Yf K A{jl, C’f ¢ ét , y{, gm, V } which satisfy the equations 65- 68 and the following equations,

given a sequence of shocks {&7 &t M,, w’t} and the actual level of productivity at date t, A¢at®:
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A,{_EOO = A?am (§f+1 + log(l + gSS))
th,—oo _ Af”’t“(g)[ + logyss)

Cf 7 = Adate(el 4 logeys)

D.9.3 sticky-wage allocation

Definition D.6 (sticky-wage allocation). The sticky-wage allocation is defined as sequence of variables {Y;,
A1, Cr, T, Ety Uty Grg1, %t, ﬁt, Wy, Ty, \?}} which satisfy the equations 37- 45 and the following equations,

given a sequence of shocks {ét, €l Mt, ;\w7t} and initial level of productivity Ag:

Aprr = A(Geg1 + log(1 + gss))
Y, = Ai(ge + log yss)
Ct = At(ét =+ log CSS)

Adate corresponds to Ay defined under the sticky-wage allocation.

E Proposition Proofs

Proposition (Proposition 1: Steady State Efficiency). Assuming the policy maker has access to non-
distortionary lump-sum tazes, the steady state of the competitive equilibrium can be made efficient using
the following three fiscal tools :

a) sales subsidy 77 =1 — 1

b) wage tax cut 7 =\, , and

¢) research tax /subsidy 7" = 1— [(71*(1a)°‘1a) ( 17€C* )} , where terms with * denote the efficient steady

1-B8(1-2*) (v—1

state values.
Proof. Follows from Appendix C.6 above. O

Proposition (Proposition 2). The (time-0) natural rate allocation coincides with the (time-0) first-best

allocation under liquidity demand and monetary policy shocks.

Proof. From Appendix C.9, the time-0 natural rate allocation under liquidity demand shocks and monetary

policy shocks is characterized by:

gl =0, =0,4/,, =0, vt>0
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Because of the presence of time-varying taxes, the time-0 first-best allocation has the same solution for the
corresponding variables {7/, ¢;, g7 1} Hence, output at any time under (time-0) natural rate and (time-0)
first-best allocations coincide (follows from the accounting identity eq 71). Moreover, time-t natural rate

and time-t first best allocations also coincide with each other. O

Proposition (Proposition 5: Output hysteresis). Given the monetary policy rule (eq 27) and in the absence
of a zero lower bound constraint on the nominal interest rate, transitory (modeled as AR(1) process) liquidity
demand shocks or monetary policy shocks induce a permanent deviation in the time series of output from the

counterfactual (flexible wage-) level of output if and only if monetary policy is not a strict targeting rule i.e.

YT#YZE — {¢W,¢y>01¢7‘-7§OOU¢)y7L>OO}

where 1 <T < oo such that yr = X—:TF =y (steady state value).

Proof. We give the proof for liquidity demand shocks. The proof is identical for monetary policy shocks.

Note that .
Y= (14 g:) Aoy; Yo =[] (1 + gx) Aoy
k=0
Taking a log difference in the two series
T-1 T-1
logYr —log Y} = Z Jk+1 = wg Z €k (71)
k=0 k=0

where z/)g is the coefficient derived in Appendix C above. For a given sequence of shocks that does not add to
zero (which is the case with AR(1) process), the difference in the two series depends on wg. This parameter
is 0 if and only if monetary policy rule is either a strict inflation targeting (¢, — 00) or a strict employment
targeting rule ¢, — oc.

O

Proposition (Proposition 6: Output Hysteresis at the ZLB). Given the monetary policy rule (eq 27), a
positive shock to liquidity demand such that the zero lower bound is binding for finite time T¢ results in a

permanent gap in output from the flexible wage counterfactual.

Proof. A positive shock to the liquidity demand that induces the ZLB under the Taylor rule results in wage
deflation and drop in output for the duration of ZLB.
Under Eggertsson and Woodford (2003) two-state Markov Chain assumption, the system at time ¢ < 7° is

in state S (short run) and can be expressed as:
(1 —p)es = pig +7's

(1= Bu)ts = Kuw(és + vis)
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[(0— )y +1]ds = uVs + (1 — p)és

rd R . c.
—0Nggs = Ys — —Cs
Y Y

1 R . ~
VS — 17 [nvys + nq(l — /,L)CS - (nz + nq)gS]
—nNvp

We can solve the last three equations to find a relationship between ¢ and y:

1—nyvp (e—1)ng+1 4+ 1=t

R . m = op on, Y
Cs =ncys; Mo = p— vt — <1
1—nvp (e—D)ng+1 ¢ _ N=4Nq ¢ _
1 ong HA=p)|+ =Long y Fall = 1)

We can solve the system for t < T¢:

Ut = Pyrg < 037" = Pprg < 0;Gr = Yy <0

where 1, = U—Bp)ng >0, ¢, = ")y S 0 and g, = 2", > 0. We assume (by A2
Y (1-Bw)(A—p)—rw(tnoln PP T 1-pp YV T 9 Hemg YT Y

in the main text) the system is locally determinate around the state S equilibrium defined above. Therefore

using the accounting identity eq 71 derived in the proof of Proposition 1, we can derive:

t—1
log¥; —log Vi = > gryr = (T° = 1)pgrg < 0; Vi>T¢
k=0
This is the permanent output hysteresis in our framework following a ZLB episode. O

Proposition (Proposition 3). Assume that the economy is at the efficient steady state at time t = 0, with
given productivity level Ag. Under sticky wage allocation, quadratic approzimation of representative agent’s

lifetime utility function Wq around the non-stochastic efficient steady state is given by

Wo — W3
=—1§:ﬁt A @——5 . g 2+A P A (B2 + O(|€ E1P) + tip (72)
Qt:o y t 1_6V+%t+1 g\ﬁi T t tyE¢

(i) (i31)
(i)

(i) : labor efficiency gap,  (ii): productivity growth rate gap, and  (iii): wage inflation gap

where Ay = (v+Y%) > 0, Ay = 5% ﬁ”%%—i—[(g—l)ng—&—l] > 0, A\r = NXA% > 0, Ky =
%ﬁi"; >0, ng = HTQ > 1 and t.i.p. stands for “terms independent of policy”. W* denotes wel-

fare under the (time-0) first-best allocation. The approzimation is scaled by the constant U, yss = L=

Css

(evaluated at the efficient steady state).

Proof. The proof for this is detailed and builds on results shown above. First, note from Appendix C.4 that
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the solution of welfare function of the representative household is equivalent to the solution of the policy-

relevant welfare function derived in Appendix C.2

We then derive a quadratic approximation of the policy-relevant lifetime welfare function. Since the
problem is relatively complicated, we break the approximation into first solving for a setting with flexible
wages. We show the derivation in the case of flexible wages, i.e. no pricing distortions, in Lemma 1 below.
This simplifies the exposition. It is relatively standard to extend this proof to include nominal wage setting
frictions. The extended proof is similar to the textbook proof of Gali (2015, Ch. 4) and is available on
request. O

Lemma 1. Quadratic approximation of W; under flexible wages is given by

1 ~ ~ % ﬁ 1 ~ Ak ? ~ Ak .
B l)‘y ((yt —9;) — T-Bo+ %(gtJrl - 9t+1)) + A (Ger1 = G711)° | + hoot. + tip.

Proof. We will make use of following two approximation results as in Erceg Henderson Levin 2000:

d 1
—mz§:+fi2, T=lnz—InZ
x 2

Ifx = {fol z(j)‘ﬁdj} ? the logarithmic approximation of x is

1 1 1 1
i [5G+ povarsali) = [5G+ 59
0 0

1 1 2
[ stz ([ )
0 0
Writing the per period utility as sum of three components:

1
We=u(e) = [ o(Lm)dh + T2 (o)

At the Efficient Steady state,
9 '(1+g) _ B

c(y=1)¢ 1-8

y=ama(l—a)l; w

o
v—1

1 —1 p6go1 1 pdgo!
Uy = —jUg = — i Uyg = —
A T A R

_ 1 _ 00ge~? 2 n o(o—1)6g22
Uyy = = 23 Y99 = c(y—1)e c(y—1)e
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L, 1 wrL oy
vy =wl? = vy = —5— = —
c Y yc

g1 _ B 1

YT I B9 T 1B (1+g)2

Second Order approximation of individual components of the welfare function is given by:

_ dyq dgi+1 dys dgir1 | y? dy.\*  (1+g)? dgi1\’
ut=u+yuy7+(1+g)ugl+g +y(1+g)71+g+§uyy ) T2 w1y, +hot.

_ dy: o2 <dyt > 2
Vg =0V + Yvy,— + = — ] + h.o.t.
vy 9 W\ Ty

_ d 14 g)° d ?
wy =W+ (14 g)w, 1gj; +< 29) W (fj:;) + h.o.t.

Using the Taylor approximation result that

where & = log(z) — log(xss), we can write down the quadtraic approximation as :

B 1, . 1, - y? oo (L+g)? ,
U = YUy Yt + L + (1 +9)ug [ge+1 + 5941 +y(1+ 9)3tGes1 + 5 Yy Y + Ty UggJit1 + h.o.t. +t.i.p.
2

1 .
Ut = Yvy {Z?t + 223,52] + %Uyyﬁf + h.o.t. + t.i.p.

(1+g)?

Tw_qggf+1 + h.o.t. + t.i.p.

. 1,
wy = (1 + g)w, [gt+1 + 29t2+1] +

where §; = logy; — logy, and gi+1 = log(1 + gir1) —log(1 + g).

Combining the three components, per period welfare function can be expressed as:

Wi = [yuy - yvy] Ut + [(1 + g)ug + (1 + g)wg] Ji41 + y(l + g)uyggt§t+1
1 A
+ 5 [y“y + y2“yy —Yvy — i‘/QUyy} Yi
1 R
+ 5 [+ g)ug + (1+9)%ugg + (1 + 9wy + (1+ 9)*wgy] 574

+ h.o.t. + t.i.p.

note that following relations hold true at the efficient steady state

yuy = yvy;  (L+gug + (1+ 9wy =05 y(1+ gluyy =

ol

B
1-p
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yiy
Yuy + yguyy — YUy — yzvyy = [E + 1/}

B 8 \° . olo—1)8(1+g)%g°?
ﬂ+( ﬂ) *

(1+g)ug + (1 + 9)%ugg + (1 + gJwy + (1 + g)*wgy = — ll 11— (v —1)e

Using these into the quadratic approximation of Wy and completing the squares we get

ly U\ [ o p__1 . o ]
Wi =75 (V+E) |:(yt_yt)_1_ﬁy_~_g(gt+1 —9t+1)}

1 B v B
_215{1/#;1&

Flle= g+ 1] Govr = G+ ot 4 i

the term in the first bracket is the labor wedge.

Lemma 2. Labor Wedge is given by

7 T % ~ Ak ~ A~k ~ A~ B 1 ~ A~k
v(Ly = Li) + (& — &) — (b — 7)) = (9 — 95) — my_'_g(gtﬂ = Ji+1)

c

Proof. Use equations 40, 41 and 43 from definition A.3 to substitute for L, ¢ and ;. Finally note that

under efficient allocation, the labor wedge is zero, that is, Vf/;k +c¢; —wf =0. O

Corollary (Corollary 1: Importance of Growth Stabilization). The relative weight on growth rate gap is

higher than the relative weight on labor efficiency wedge if
B y ( y)
— > = < 73
1-8 Z e\ + c (73)
Proof. 1If % > Y (v+ %), then it follows directly that :

B v B
1-p8lv+21-p

+(Q—1)ng+1} >%<u+%>

since all the terms in the square bracket on the LHS are positive and add to more than 1. O

Proposition (Proposition 4: Optimal Policy away from ZLB). Given a process for liquidity demand and
monetary policy shocks, optimal policy under sticky wage allocation tracks the natural rate of interest when

the Zero Lower Bound constraint is slack.

Proof. When the nominal interest rate is set equal to the natural interest rate (and is non-negative), the

unique solution to the competitive equilibrium is
=0, &=0 7'=0; giy1=0

which corresponds to the first-best allocation as shown in proof of Proposition 4. O
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Corollary (Corollary 2). When the ZLB is slack, the time series of output under optimal policy is a trend

stationary process (integrated of order zero), that is,
logYi =a+bxt
where a = logYy is the initial level of output, and b = log(1l + gss) is the steady state productivity growth

rate.

Proof. Under optimal policy, the productivity growth rate does not deviate from the steady state growth

rate. Hence the series of output can be expressed as:

T-1
log Yr =log Yo+ » (14 gss) =log¥p+ (T — 1)(1+gss); V> 1
k=0

E.1 Optimal Policy at the Zero Lower Bound

E.1.1 Optimal Commitment Solution at the ZLB

Lo=Fy) B
=0

<o+ =ongir — il

(
[
[
+ P {_(Etét-'rl — &+ Gea1) FEVip — (0 — 1)77g§t+1}
[
|

Vi +my G — n2Ge1 — 1g(Eeleor — & + Gig1) + ﬂvEtVtH}

First Order conditions:
C _
D1t — KwPor + P3¢ + §¢4t + Ngbst — B [pre—1 + P3t—1 + 1NgPst—1] = 0

A (0t = XGt+1) — 2tkwl — dar + P5eny = 0
—MX (P — XGt+1) + A2ger1 — [(0 — )ng + 1¢as + %Qﬁg@t = (M= +ng)p5t =0
T 4 o — dar1 — B P11 =0
—¢5t + B [ps—1 + vdsi—1] =0
¢1: >0, 4 >0, ¢uiz=20
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E.1.2 Optimal Discretionary Solution at the ZLB

Following is the Lagrangian for the Discretion policy

2 )

+11

¢ — XOi+1)% 4 Aoy + (710)?]
t — Ciyq — T — T }
i +¢2t 7Tt+1 — Ruw (Ct + Vyt)]

ot |l + Qﬁggt+1 - yt}

1(9
¢
(7
t=0 +p3 [ &y = G+ Ger) + Vi — (0 — 1)77,qgt+1:|
52
v

+¢s5t ¢+ 0y Tt — 20t — Ng(Cfyq — G + Geg1) + nV‘A/ti-l}

M= (V) %7, X = 1251w, and Agznwgﬁ[ v ilg + [(gfl)ngﬂl] e

m\v:

First Order conditions:

D1t — KwPat + ¢3¢ + §¢4t + NgPst = 0
M (Pt = XGt41) — P2tkwV — Pag + G5y = 0
—MX(G — XGe+1) + A2Gev1 — [(0 — D)mg + st + %Qng¢4t = (n: +1g)p5e =0
T + o =0
¢5e =0

$1: >0, 44 >0, ¢iiy =0
Proposition (Proposition 7: Optimal Discretionary Policy at the ZLB). If Assumptions A1 and A2 hold
and for a given level of productivity at time 0, Ag, the Markov equilibrium is characterized by:

log A1 = log Ag + log(1 + gss)

forO<t<T®

Yo = Yyre < 037 = Yprg < 056, = Pgrg <0
log Ay11 = log Ay + g1

and when t > T°€

p=1"=g=0

log Ayp1 =log Aj | + (T° — 1)pyry < log Af

_ 1-8 _ kw(+ il
where 1, = (1—5u)(1—u)ncﬁnw(v+nc)u >0, ¢, = #Lgcl/fy > 0, and g = g wy > 0. Aj,, is the
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(time-0) first-best output at time t + 1.

Proof. First note that the policymaker sets the policy rate to the unconstrained optimal policy rate as
soon as the zero lower bound stops binding that is for ¢ > T°. The discretionary policy (MPE) taking
into account the ZLB constraint is defined by the first order conditions derived above and the structural
relations. The optimal policy when the ZLB stops binding involves setting ¢,;;, the Lagrange multiplier on
the zero lower bound constraint, to 0. This reduces the system of equations to the familiar unconstrained
policy of setting interest rate equal to the natural interest rate such that output and inflation are back to
the (unconstrained) steady state. This constitutes a unique bounded solution and proves that there is no
inertia in the discretionary policy. Remains to show that under the zlb, it is optimal to set interest rate to
0. Suppose it is not then, as discussed above, the Lagrange multiplier on ZLB constraint must be 0 and thus
output and inflation must be at the steady state. But this leads to a violation of the AD equation, which
is not satisfied. Next we solve for the values of endogenous variables . Under the assumed Eggertsson and
Woodford two-state Markov Chain, the system at time ¢ < T is in state S (short run) and can be expressed
as:

(1 —p)és = prg + 75
(1= Bu)7§ = Kuw(és +vis)

[(0— 1)ng +1]gs = uVs + (1 — p)és

rd R ~ c .
—O0Nggs = Ys — —Cs
Y Y

- 1

Vs = ——— [nviys +nq(1 — p)és — (0= + 1q)ds]
1—nvu

We can solve the last three equations to find a relationship between ¢ and y:

1—nvp (e=1)ng+1 + nz+ng

w rd rd — Ny
¢s =ncPs; No = = y e v 2l <1
1—nyp (e—=)ng+1 ¢ _ N="F"Mq c _
5 Stong v HA-w|+ “hong v a1 = 1)

We can solve the system for ¢t < T¢:

o = Yy < 037 = Yprg < 0;G, = Pgrg <0

_ (1—Bmw)ng’ _ kuw(vt+no) _ 1=gmc
where ¢, = GGy Py ey >0, Y, = T Py > 0, and Yy = o, 1y > 0. We assume

(by A2 in the main text) the system is locally determinate around the state S equilibrium defined above.

Therefore by the law of motion of productivity, we can derive that:

log Aipq1 =log Ay +9pgrs; YO <t <T€
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Second part of the proposition (when ¢ > T°) follows from Proposition 6. O

E.2 consumption-equivalent welfare loss

We derive the consumption equivalent welfare loss relative to the (time-0) first best allocation as follows:

We discussed above in the Appendix D.2 that the lifetime welfare function can be re-written as :

s
1-8

Wy = ZBS [logcS —v(Lg) +

log(1 + gsH)}
s=0

Assuming a permanent gain in consumption b > 0 percent, the welfare at the efficient allocation is given by:

W) =3 5 [mg(cs(l b)) (L) + log(1 +b)
s=0

1
20wt + o) = W= 0)+ 11

Equating this to the welfare under the sticky wage allocation:

Wo = W§(b)

> (1— B)(Wo — W(b = 0)) = log(1+b) ~ b

Further we derived the quadratic approximation of the welfare relative to the first-best allocation above

in Appendix D:
Wo — Wb =0)
chsyss

Thus, the consumption equivalent welfare loss :

Wo — Wi(b = 0)
U,

cssYUss

b=U., yss(1 = p) <0

where the term in square brackets is the quadratic approximation we derived above in Proposition 4 and the

welfare terms are the conditional welfare gains or losses, starting at the efficient steady state at t = 0.

Under monetary policy shocks, liquidity demand shocks and wage markup shocks, the first-best allocation
corresponds with the no-fluctuations allocation. Hence the consumption-equivalent welfare loss is relative to
the Balanced Growth Path. However under productivity shocks, the first-best allocation departs from the

Balanced Growth path and the consumption equivalent welfare loss derived above is non-standard.
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E.3 Simple targeting rules

We follow Chung, Herbst and Kiley (2015) in implementing a simple version of operational rules. Simple

nominal wage level targeting takes the form:

. ool —0

Wy + Yt yt 9
where w; = IX—: is the normalized wage level, y; = A% is normalized output, hats refer to log deviations from
steady state and superscript f denotes the corresponding variable under flexible wage allocation. Simple
hysteresis targeting rule is

hepr +9c — 9 =0,

where hy1 is the hysteresis term defined as a sum of productivity growth rate deviations (from steady state)
because of the history of shocks realized until time ¢t. Wage x Y target (equivalent of Nominal GDP target)

is implemented as combination of wage level targeting and hysteresis targeting:
Wi+ hosr + G — 5 = 0.

wage + h — hflex +y —yflex =0

F Fiscal Policy Multipliers at the ZLB

The results echo the findings of Eggertsson (2011). The kew insight here is that the policy has long-run
implications. We here present the analytical solution for investment subsidy for research spending. Results
on paradox of toil, paradox of thrift, and expansionary government spending can be derived similarly.

To analyze fiscal policy, we allow government to run budget deficits, by issuing the nominal risk-free bond

By1, which is not in net zero supply anymore. "

1 1
PtTt + Bt+1 = _7_1)/ pltl'ltdl + T{Pth — Tw / Wt(h)Lt(h) + (1 — ’Ttb)(]. + Y:tfl)Bt (74)
0 0

And the following transversality condition on government debt holds

B
lim E, T

e 7PT(]_ T T%)UC(CT) = 0

Further we assume that following bounds on g hold:

[< ((e=Dng+1)(v—1)
By

tSince Ricardian Equivalence holds, it does not matter if the government finances expenditure by running a balanced budget
or via deficit financing.
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(1= Bu)(1 — p) — k(v +nc)ung' >0

F.1 R&D Investment Subsidy

Assume a temporary research subsidy is implemented 75 > 0 for S € [1,7°¢). Under Eggertsson and Woodford
(2003)’s two-state Markov Chain assumption, the system at time ¢ < T is in state S (short run) and can
be expressed as:

(1= p)és = pitg +Fs
(1 - Bu)rts = Kw(cs +vis)

[(0—1)mg +1)gs — 75 = pVs + (1 — p)és

rd R . c .
—0Nggs = Ys — —Cs
Yy Yy
. 1 X R K
Vs = p— v is +1q(1 — p)és — (nz + 14)3s]
—nvp

We can solve the last three equations to find a relationship between ¢ and y:

1—nvp (e=L)ng+1 | nz+mng

A . . w =4 ong don, Y
¢s =ncls —MeTg; Ne = : <1
o wwng(l_u) +tae g (1 —p)
p Seng Y gengy M
1
- >0
1-nvp (e=1)ng+1 ¢ _ n=41q ¢ _
[ p %mgg v T (1 ,u)] * %9’7: v (1= 1)

Using this, the resulting AD-AS system can be expressed as:

(1= p)neys = pitg + (1 — p)n.7g + s

(1= Bu)s = Kuw(Me + V)Js — KuwNaTs

We can solve the system for ¢t < T¢:

gt = "/’yrg + Wﬁg
R = Yl + 027G

Ji+1 = %T? + It

(1=Bp)ng"
where = — >0
wy (1_[3#)(1_11)_’{111(V+770)l”7c'1 ’
WY = 1 A=Bu)A—p)—Kwp >0
T el et ey (1= B) (1= ) =R (vne)ung
Y @ng Ty 219
_ Ew(v¥ne) _ 1-gnc
Yy = =5 Py > 0, and 9y = %;ng 1y >0
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p— [ Qe N(A=Bp)(I=p)—rwp) _ }
w‘r 1—pp [(1_ﬁl‘)(1_li)—f£w(l/+7]c)/w]51 1 >0.

~ 1-2nc
g = = ong vy >0
_ l=yme i _ 1 [ c [ (1=Bu)(1—p) —rwp) H
g — Y Yy _ Y — y_ ¢ _
w‘r %igﬁg wT %Qng Nz %Q”]g wT ynz (1—B/L)(1—,u)—rcw(u+nc)/n]51 1 > 0.

Hence research tax subsidy is expansionary at the ZLB. This is equivalent to the investment tax credit
studied by Eggertsson (2011). Note that a supply side expansionary policy is contractionary at the ZLB if it
reduces expectations of inflation. Here, this supply side policy increases the potential output of the economy
without inducing the corresponding deflationary pressures. Instead the expectations of increased demand for
research spending boosts inflation. Hence, a tax subsidy for non-tangible investment can be expansionary
at the ZLB.

The Long-run Output is given by:

log Yis1 = log ¥y + (T° — Loyl + (T° — L)ygel; Ve > T°

The Long-run output is higher by the increase in productivity growth rate achieved by higher research

subsidies duirng the binding ZLB. Thus the long-run output multiplier for research subsidy is given by:

Y,
7%

= (T =1)p? >0

G Quantitative Evaluation

So far, we advanced a channel for hysteresis by allowing monetary policy to have an effect on R&D invest-
ments and hence TFP growth. Second, we solved for optimal policy at ZLB assuming a liquidity demand
shock. Our analysis raises two questions: (i) does monetary policy influence productivity enhancing invest-
ments and the level of TFP in the data, and (ii) can a realistically calibrated liquidity demand shock generate
a sizable recession. We answer both questions in the affirmative. We show empirical evidence consistent
with key model predictions regarding monetary policy shocks. Contractionary monetary policy temporarily
reduces R&D investment, firm entry, and has a persistent effect on TFP. Further, we conduct numerical
exercises using a medium scale version of our model. A one time increase in liquidity demand, calibrated to
match the increase in premium associated with very liquid assets during the financial crisis, can explain a

third of the drop in output observed in the data during the Great Recession.

G.1 Empirical Evidence

We estimate dynamic causal impacts of monetary policy on R&D investment, firm-entry and aggregate TFP.
We interpret firm entry as an indicator for productivity enhancing investment for two reasons. First, we
observe R&D investment for large firms in the data. These firms may not be significant drivers of TFP

growth. Second, Decker et al. (2014), among others, have shown that firm entry is a significant driver of
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TFP growth. Consistent with the creative destruction literature, we interpret the number of innovating
sectors in our model as counterpart of net firm entry in the data. The estimated impulse responses lend
support for key predictions of our model: a contractionary monetary policy shock has a transitory negative

effect on R&D investment and firm entry, and a persistent negative effect on TFP.

Empirical Strategy

Our empirical strategy is based on the recent literature (Jorda, Schularick and Taylor 2019, Ramey and
Zubairy 2017, and Barnichon and Brownlees 2016) that combines the instrumental variables with the local
projections (LP-IV) approach to directly estimate the structural IRFs. The series of (narratively- and high
frequency-) identified monetary surprises e} are treated as proxy for the true shocks €}*. In the first-stage,
we instrument a policy indicator (fed funds rate) with the relevant proxy.! In the second stage, we run a
sequence of predictive regressions of the dependent variable on the instrumented policy indicator for different
prediction horizons. The estimated sequence of regression coefficients of the instrumented policy indicator
are then the impulse responses.

More specifically, we estimate the following second-stage LP specification for horizons h € 0,..., H:

Yern ="+ B fFro+ > 0" Zi vy, (75)
p

f }rt is the predicted policy instrument from the first-stage regression using identified monetary policy instru-
ments ej”. The set Z; includes lags of dependent variable, the policy indicator, the policy instrument, and
the current and lagged conditioning variables that identify exogenous fluctuations in the monetary policy in-
strument and improve precision of standard errors (see Stock and Watson 2017). The conditioning variables
are log real GDP and log GDP deflator. The dynamic coefficients of interest are, therefore, the estimates of
B for h = 0,1,..., H. We compute standard errors based on heteroskedasticity and autocorrelation robust
covariance matrix (Newey-West) estimators. The impulse responses for R&D investment at the firm-level are
estimated in a similar manner, by conditioning on time-invariant firm-fixed effects, an aggregate time trend
as well as two lags of time-varying firm-level controls (assets, cash holdings, short-term debt, and annual

employment). The standard errors, in this case, are clustered at the firm-level.

Data: Instruments and Variables of Interest

We obtain two sequences of monetary policy surprises identified in the empirical literature. One is
narratively-identified series from Romer and Romer (2004) (RR). They decompose changes in the intended
federal funds rate at the FOMC meetings into a systematic and a residual shock component. The resid-

ual shock is extracted from unexplained variation in a regression of target funds rate changes on changes

TThe use of external instruments or proxy SVAR was developed by Stock (2008), and extended by Stock and Watson (2012)
and Mertens and Ravn (2013). Gertler and Karadi (2015) combine high-frequency identification and proxy SVARs to estimate
monetary policy impulse responses. Stock and Watson (2017) discuss connections between proxy SVAR and LP-IV approaches.
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Figure 8: Policy Indicator and Monetary Policy Surprises

" -
----- Fed Funds rate (left axis) 1 “ === == Fed Funds rate (left axis)
Romer Romer monetary surprise (right axis) - “ GSS monetary surprise (right axis)
rs
Lo
13
© -
f=3
LS
a 2
8 5
£ - S
2 '2 g 1 z
g Lo & o z
2
2 s
f=3 o+
| ]
a
=1
r
f=3
S — T T S o T T T
1969Q1 1979Q1 1989Q1 1999Q1 1990Q1 1994Q1 1999Q1 2004Q1
Observation Time Observation Time

Note: The figure plots the Federal Funds rate against the monetary surprises. Two measures of monetary surprises are used in the
main text. On the left, we plot the Romer & Romer (2004) narrative-identified monetary policy instruments. On the right, we plot the
changes in current-month federal funds rate futures in a narrow 30 minute window around FOMC meeting announcements. These daily
indicators are aggregated to the monthly frequency by adjusting for number of days left in the month. Monthly monetary surprises
are summed to get the quarterly frequency aggregates. We take the FOMC days’ announcement surprises from Giirkaynak, Sack and
Swanson (2005)

in Greenbook forecasts of inflation, output growth and unemployment. The original monthly series from
1969-1996 has been recently extended by Wieland and Yang (2016) until 2007. The second set of surprises
are measured using high-frequency data on the federal funds futures contracts. The rates on these contracts
reflect market expectations of the average federal funds rate during that month. To identify the exogenous
part of announced changes in monetary policy, Giirkaynak, Sack and Swanson (2005) (GSS) calculate changes
in the traded rate in a narrow 30 minutes window around the FOMC press releases. We obtain this series
for 1990-2007 by combining the data from GSS with that extended by Gorodnichenko & Weber (2016). We
sum up both the series to get a quarterly series of surprises, as in Ottonello and Winberry (2017) and Wong
(2015). Figure 8 plots series of obtained shocks against the effective federal funds rate. We use information
on surprises until 2005Q4, with response variables measured up to three years later (2008Q4), before the
financial crisis.

As measures for R&D investment, we use two quarterly data series (denoting sample lengths used in
parentheses): (i) log R&D investment deflated by GDP deflator available from NIPA (1969-2007), and
(ii) firm-level R&D investment constructed from COMPUSTAT database (1990-2007). The construction
of firm-level R&D investment data is described in the Appendix and follows the methodology common in
the literature (Brown, Fazzari, and Petersen 2009, Terry 2017).F As measures of firm entry, we obtain two
aggregate data series: (1) log number of business incorporations, and (2) log number of (net) establishment
births. The first series is aggregated to quarterly level from a monthly Survey of Current Business produced
until 1994 run by the Bureau of Labor and Statistics (BLS). The second series comes from a quarterly

National Private Sector Business Employment Dynamics Data of BLS available 1993 onwards. Finally, log

TWe exclude the rate cut of September 2001, to avoid the noise in the rates caused by the terrorist attacks.

TTo provide a broad picture, the firm-level R&D sample data in year 2000 contained 3441 firms for which R&D investment
information was available. These firms collectively employed 9.7% of total US Employment (Fred code: PAYEMS), spent 86%
of total private R&D measured by NIPA and had sales worth 26% of US nominal GDP. Data construction discussed in Appendix
H.
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utilization-adjusted TFP and non-adjusted TFP measures are constructed by cumulating the respective TFP
growth rate series obtained from (Fernald, 2014b) over 1969-2007. For brevity, we leave the discussion on

data-selection, sample end-points and other robustness checks to the appendix.

Results

Figures 9 and 10 report our main empirical results using the GSS and RR instruments over different sample
lengths. We report deviations from a constant trend following a 100 bps increase in federal funds rate.
The shaded areas represent the 95% confidence intervals. We report the F-statistics for respective IRF's in
the figures to verify instrument relevance. In most cases, the F statistic is above 23, a threshold for ten
percent level constructed by Montiel-Olea and Pflueger (2013). Because of the shorter sample length, the

GSS instrument does suffer from the weak-instrument issue.

Figure 9: Response of utilization adjusted TFP and TFP to 100 bps increase in Federal Funds Rate
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Notes: The figure plots the estimated impulse response functions for log utilization adjusted TFP and non-adjusted TFP. Time is in
quarters. Sample length, and instrument used are denoted at the top of each row. IRFs are computed using a local-projections IV
approach. Current and two past-lagged values of log real GDP and inflation rate are used as conditioning variables. Regressions also
include past values of the proxy, the federal funds rate, and the dependent variable. Kleibergen-Paap F statistic for weak instruments
are reported in the figures. The standard errors are calculated using HAR-Newey-West standard errors. The shaded areas denote 95%
confidence intervals.

In figure 9, we plot the IRFs for utilization-adjusted TFP and raw TFP. Consistent with the dynamics
of the model, the utilization-adjusted TFP declines gradually after a monetary policy shock. The IRF's for
raw TFP decline by more than the fall in adjusted TFP because of higher fluctuations in factor utilizations
induced by monetary policy shocks. The leveling off of the decline in raw TFP is consistent with the
persistent decline in adjusted TFP. This decline in TFP reaches -0.4% after 32 quarters (estimated on data
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from 1969-1999). Recently, Moran and Queralt6 (2018) identify monetary policy shocks using a Cholesky
ordering and find that a shock which increases the federal funds rate by 70 basis points, permanently reduces

adjusted-TFP by 0.25%. With a non-parametric estimation strategy, we reach similar results.’

Figure 10: Response of Firm Entry, Aggregate R&D and Firm-level R&D to 100 bps increase in Federal Funds
Rate
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Notes: The figure plots the estimated impulse response functions for firm entry, aggregate R&D and firm-level R&D. Two indicators for
firm-level R&D are used: (1) log number of new incorporations available over 1969-994, and (2) log number of net establishment births
available since 1993. Time is in quarters. Sample length, and instrument used are denoted at the top of each row. IRFs are computed
using a local-projections IV approach. Current and two past-lagged values of log real GDP and inflation rate are used as conditioning
variables. Regressions also include past values of the proxy, the federal funds rate, and the dependent variable. Kleibergen-Paap F
statistic for weak instruments are reported in the figures. The standard errors are calculated using HAR-Newey-West standard errors.
The shaded areas denote 95% confidence intervals. Firm -level R&D regressions also include two lags of assets, short debt, cash,
employment, and firm-fixed effects. The standard errors are robust clustered at the firm-level.

In Figure 10, we plot the response of the number of new incorporations, establishment births, aggregate
R&D and firm-level R&D investments. Contractionary monetary policy shocks are found to have a temporary
effect on these indicators. There is a delayed negative effect on R&D investment, which is not statistically
significant for aggregate R&D but is statistically significant at the firm-level. Our benchmark model does
not feature adjustment costs or frictions in R&D investment. As a result, the benchmark model exhibited
a linear response of R&D investment to monetary policy shocks. In the medium scale model, we introduce
adjustment costs in order to generate the curvature in the R&D response. The empirical findings align
with the key predictions of our model: monetary policy influences long-run level of TFP. We next use these

empirical findings to assess the quantitative relevance of our model.

TIn the appendix, we show the IRFs for log real GDP and the implicit price deflator. The responses are similar to those
documented by Ramey (2016). We confirm that the real GDP traces the response of raw TFP and levels off after 32 quarters
to match the permanent decline in TFP. The permanent effect is, however, statistically indistinguishable from zero.
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G.2 Medium Scale DSGE Model with Schumpeterian growth
G.2.1 Model

For brevity, we sketch the additional features introduced into the benchmark model and leave the detailed
model discussion to appendix I. Capital is introduced in the production of intermediate good, following
Howitt and Aghion (1998). Households own and accumulate capital subject to investment adjustment costs
and rent it out to the intermediate good monopolists. The specification for investment adjustment costs
follows the new Keynesian literature (Christiano, Eichenbaum and Evans, 2005). We append price-rigidity
by introducing a retail sector that sells the final good produced by the perfectly competitive producer.
Monopolistically competitive retailers set prices on a staggered basis following Calvo (1983). Further, we
allow for variable capital utilization, and (internal) habits in consumption. Relative to the existing new
Keynesian literature, we introduce adjustment costs in R&D expenditure. A particular functional form we
use is §74 — z (Mfﬁ — 1)2, which the entrepreneur takes as given while making her R&D investment
decision. This feature helps the model match the curvature in R&D responses that is found in empirical

IRFs (see Figure 10 discussed above, as well as Moran and Queralté 2018).

G.2.2 Calibration

We calibrate the model at a quarterly frequency. Table 5 reports the calibrated values of parameters, that

we discuss next:

Steady State Parameters
Steady state labor supply is normalized to 1. Six parameters are set to match six steady state targets. Table
6 reports the steady state moments targeted by the model. We set 8 to 0.9990, to match an annualized real
interest rate of 2.40%, along with (annualized) steady state output growth rate of 2%. Innovation step size
~v is set to 1.55 to match the creative destruction rate of 3.6%. Howitt (2000) selects this value as it matches
the empirical finding that a non-innovating U.S. company loses value at a 3.6-percent annual rate. Capital
depreciation rate is set to an annual rate of 10% and steady state price markup is set to 15%. These are
commonly used values in the business cycle literature. We calibrate «, §, and ¢ such that model replicates
following (annual) steady state targets: Gross Private Domestic investment to GDP ratio of 17.2%, growth
rate of 2%, R&D to GDP ratio of 2%, and Profits to GDP ratio of 6.2%. These are calculated from quarterly
NIPA tables over 1947-2007.

We consider two variants of the model to vary the innovation sensitivity. Under first calibration, following
Benigno and Fornaro (2018), we introduce an exogenous probability of patent loss g = 11.4%. This implies

that value of owning an intermediate goods’ patent defined in equation 11 is modified to:
Vi=T¢+ (1= 2zip — 0)EiQrt 041 Via
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Table 5: Parameters

Steady State Parameters

I6] Ap Ok «@ ~
. . Capital . :
Discount Price s.s. P Capital Innovation
factor markup demfacégtlon share step size
0.999 0.15 0.025 0.28 1.55
0 4 p
Inverse Innovation i1
. . . A Probability of
Calibrations innovation cost 2 g
elasticity parameter patent loss
1. low o 1.07 5.88 0.0285
2. high o 3.08 7 47x 104 0.0
Parameters Characterizing the Dynamics
a’ (1
v Ao 0, 0 h o
Inverse . Capital
f Wage s.s. Price Calvo Wage Calvo (Internal) /apita
ell:;;ltsig?ty markup probability probability habit umég:glon
1.00 0.15 0.750 0.750 0.5 4
) 1
x S (1) wa ¢y 1- g
R&D Investment Taylor rule Taylor rule Government
adjustment adjustment inflation (normalized) output spending
cost cost response response share
0.768 0.75 1.50 0.125 0.20

Notes: The table shows the parameter values of the model for the baseline calibration.

Table 6: Targets and Model-Implied Values in Calibration of Steady State Parameters

Targets GDP growth rate D est?ﬁi?itg\rllerat e Real rate Investg:trig/ GDP R&llga/t%DP Profli)f; igDP
Data 2 3.6 2.40 17.18 2 6.50
Model 2 3.6 2.40 17.18 2 6.59

Notes: The table shows the empirical targets and the model-implied values in the calibration of the six steady state parameters. The

sample used to compute the data counterparts of the targets is 1948Q1-2007Q4.

w is chosen in order to match the (annual) R&D depreciation rate of 15%. An exogenous probability of
patent loss reduces profitability from successful innovation, and in turn reduces R&D investment. Ceteris
paribus, a higher exogenous patent loss probability requires higher returns from R&D investment, and thus
lower p. As a result, we find o = 1.07. Schumpeterian growth literature following Aghion and Howitt
(1992) has largely focused on the analytically tractable case of ¢ = 1 (c¢f. Nuno 2011). There is an ex-
tensive empirical literature that estimates this parameter (surveyed in Hall, Mairesse and Mohnen 2010)
and finds a relatively wide range o € (1.10,5). Low p implies higher sensitivity of innovation probability
to R&D investment, which invariably allows the model to generate large growth rate fluctuations.! Addi-

tionally, we recalibrate the model without the exogenous patent loss to get a calibration with higher o = 3.08.

Parameters characterizing Endogenous Propagation
Remaining set of parameters are chosen from the standard business cycle literature, and we closely follow
Del Negro et al. (2017) in calibrating these parameters. Inverse Frisch elasticity of labor supply is set to 1,

wage markup is set to steady state markup of 15% to mirror the degree of monopolistic competition assumed

TThe marginal probability of success is decreasing in o, keeping fixed the profitability upon successful innovation. Exogenous
patent loss reduces the profitability of successful innovation, for a given probability of success.
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in the product market (A, = 0.15). Nominal rigidities parameters are chosen, following the empirical evidence
of Nakamura and Steinsson (2008) who find an average duration of price and wage contracts to be 4 quarters
(0, = 0y, = 0.75). We calibrate habits parameter at h = 0.5. Varying these parameters to ranges considered
in the literature does not significantly change our results. Investment adjustment cost parameter S”(1) is
set to 0.75, consistent with the estimates of price elasticity of investment (in the range of 1.22 — 1.36) in
Eberly (1997) as well as Christiano and Fisher (1998).

As discussed above, we introduce curvature in R&D investment in order to replicate the curvature in
the estimated impulse responses. Brown, Fazzari and Petersen (2009) estimate an Euler equation model
for R&D investment at the firm level using Compustat data and find a baseline estimate for 5 = 0.384.

Consequently, we set sz = 0.768.1

Policy Rule parameters and Exogenous shocks

We set the feedback coefficient on inflation and (normalized) output at 1.50 and 0.125 respectively (Taylor,

1993). Steady state government spending share (1 — /\i) is set to 0.20. We discuss the persistence of shocks
g9

in the next exercises.

G.2.3 Quantitative Assessment

Impulse Response Functions

We shock the economy with a monetary policy shock that generates a 100 basis point (annualized) increase
in nominal interest rate on impact. This is the same shock we used in the estimation in section G.1, so that
the results are comparable. We choose the persistence of monetary policy shock equal to 0.9, a commonly
used estimate in the literature. We report the model IRFs in percent deviations from steady state at time 0.
Figure 11 plots the IRFs for two calibrations of the model against the estimated IRFs for R&D investment,
average firm entry, and utilization-adjusted as well as raw TFP. T While we do not explicitly model firm entry,
we interpret probability of innovation z; as the average firm entry in the following period consistent with
the creative destruction aspect of our framework. The monetary policy shocks induce a negative transitory
response for R&D investment, average firm entry and a permanent effect on TFP. Because of the presence of
adjustment costs in R&D investment, R&D impulse response exhibits an U-shaped response, as seen in the
estimated IRFs. R&D investment and firm entry are important sources of TFP growth in the model. While
firm entry and R&D investment decline immediately, endogenous slow TFP growth results in a permanently
lower level of TFP. Because of absence of technology adoption, TFP monotonically declines to a permanently

lower level. As in the data, initial decline in raw TFP exceeds that of the adjusted TFP because of variability

TThey estimate the following equation for firm j, investing R&D rd; ¢ at time t:

rdj ¢ = pird;ji—1 + 52“@#1 + controls + fixed effects + error; ;

We interpret B2 to be our model equivalent of %
fIn the model, we define raw TFP as sum of two terms (1) deviations in capital utilization from steady state, and (2)

deviations in log TFP (pure) from its deterministic trend at time 0.
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in factor utilizations. Overall, the model replicates the estimated dynamic impacts.

Figure 11: Response of Firm Entry, Aggregate R&D and Firm-level R&D to 100 bps increase in Federal Funds
Rate

1969Q1 - 2004Q4 1969Q1 - 2004Q4
log adjusted TFP log TFP

Romer and Romer Surprises

in percent in percent
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Notes: The figure compares model-implied IRFs to the estimated impulse response functions for utiltization adjusted TFP, raw TFP,
firm-level R&D and net establishment births. Time is in quarters. Sample length, and instrument used are denoted at the top of each
row. IRFs are computed using a local-projections IV approach. Current and two past-lagged values of log real GDP and inflation rate
are used as conditioning variables. Regressions also include past values of the proxy, the federal funds rate, and the dependent variable.
Kleibergen-Paap F statistic for weak instruments are reported in the figures. The standard errors are calculated using HAR-Newey-West
standard errors. The shaded areas denote 95% confidence intervals. Firm -level R&D regressions also include two lags of assets, short
debt, cash, employment, and firm-fixed effects. The standard errors are robust clustered at the firm-level. The model impulse responses
are extracted from two calibrations with ¢ = 1.07 and ¢ = 3.08. In the mode, IRFs are traced following a one-time exogenous shock in
the federal funds rate of 100 bps (annualized).

Importantly, the impulse response comparisons highlight a tradeoff in calibrating a value for po. Lower o
implies higher sensitivity of R&D investment and hence a significant innovation gap emerges. The model,
however, is unable to match the empirical response of R&D. Even for the extreme value of p = 3.08, the
model predicts a larger fall in R&D investment relative to that observed in the data. On the other hand, the
model with low p closely replicates the empirical impulse responses for TFP. Given the low responsiveness
of R&D investment in the data, the model tends to fit the data under a firm entry interpretation. To the
extent firm entry and other forms of investment are significant drivers of TFP growth, there is little reason
to treat R&D expenditure in the model solely as the R&D expenditure incurred by publicly-traded firms.
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Another takeaway we emphasize is that there is lack of a clear disciplining device for calibrating the value
for ¢ without making an assumption on the drivers of TFP growth. As a result, we will show results for

both parameter calibrations.f

Simulating the Great Recession

We now simulate the model with a liquidity demand shock to study its ability to explain the Great Reces-
sion episode. In the model, the liquidity demand shock is characterized by the rise in premium for holding
Treasuries - referred to as the convenience yield (Krishnamurthy and Vissing-Jorgensen, 2012).The size of
the liquidity demand shock is calibrated to generate a rise in the liquidity premium of 180 basis points. This
is the preferred parameter choice of Del Negro, Eggertsson, Ferrero and Kiyotaki (2017), who estimate the
convenience yield using financial market data.! We chose the persistence of the shock to equal 0.938 and
0.95 in two calibrations of p. These are chosen in order to generate a ZLB episode with expected duration
of six quarters. This expected duration lies within the range of estimates found in financial market surveys
during 2009-2010.

Figure 12 plots the evolution of output, inflation and nominal interest rate to the calibrated liquidity
demand shock and compares it with the data, for sixteen quarters starting in 2008Q3. Column 1 shows the
changes in the data relative to 2008Q3 (Lehman Brother’s bankruptcy). We report percentage change in
output from a linear trend estimated from 2000Q1 to 2007Q4, normalized to zero in 2008Q3. Output is
constructed as the log sum of consumption, and investment from the NIPA tables. For inflation, we report
the deviation of the annualized percentage change in the GDP deflator from 1.6% annual inflation rate. We
chose this number to get the model to match annualized nominal interest rate of 4%. The nominal interest
rate is the effective federal funds rate.

Given a relatively modest shock, the model can explain a significant component of the decline in out-
put (-2.6% in the model versus -8.6% in the data). Furthermore, it implies a reduction in inflation of 0.9
percentage points following the shock, compared to an initial drop of 1% in the data. The nominal interest
rate hits the zero lower bound, stays at zero for six quarters and sluggishly recovers back. We emphasize
the close fit in the dynamics of the model with the data. The model implies no recovery to the 2000Q1-
2007Q4 trend, as has been observed in the data. Calibrations of ¢ = 1.07 and 3.08 imply a 1.25% and
0.08% permanently lower output respectively, relative to pre-recession trend. In figure 12, we compare the
evolution of consumption, investment and R&D investment with the data. The model replicates the broad

empirical pattern of generating more decline in investment relative to consumption. Moreover, it generates

TThe range of values for g considered is consistent with wide range of estimates found in aggregate and firm level studies (see
Hall, Mairesse and Mohnen 2010).One of the commonly cited estimates come from Griliches (1990), who surveys the literature
estimating relationship between R&D and patents (as an indicator of innovation output). Results differ on the estimation
strategy: cross-sectional estimates of p lie in range of 1 - 1.67, while within-firm time-series estimates are in the range of 1.5-3.3.
Kortum (1993) reports estimates in the range of (1.3,10). More recently, Bloom et al. (2017) emphasize that research effort has
gone up, with declining research productivity suggesting an increasing p over time.

TThe results are qualitatively similar, but larger in magnitude, when we calibrated the shock to match rise in spread between
AAA and 20 year Treasuries, or the spread between most recently used and older 10 year Treasury bonds of same maturity,
called the on-the-run/ off-the-run spread.
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Figure 12: Response of Output, Inflation, and the Nominal Interest Rate to the Liquidity Shock
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Notes: The figure compares the evolution of output, inflation, and the nominal interest rate in the data (left column) and in the two
variants of the model in response to the calibrated liquidity shock (right columns). The data start in 2008Q3. Both data and model are
plotted for 16 quarters. Output in the data (top-left) is the sum of consumption and investment, in percentage log-deviations from a
linear trend estimated from 2000Q1 to 2007Q4, and is normalized to zero in 2008Q3. Inflation in the data (middle-left) is the annualized
quarterly inflation rate of the GDP deflator minus 1.6%. Value of 1.6% is chosen for the model to hit a steady state nominal interest
rate of 4%. The interest rate in the data (bottom-left) is the annualized effective Federal Funds Rate. Output in the model (top-right)
is the log-deviation from steady state in percentage points. Inflation in the model (middle-right) is expressed in annualized percentage
points. The interest rate in the model (bottom-right) is the annualized level of the nominal interest rate in percentage points (the
horizontal line is its steady state value).

a persistent decline in consumption relative to investment. The model with low o (line with crosses) implies
a more sluggish recovery in consumption relative to high o (line with circles). Because of higher sensitivity
of R&D investment, low o generates a counterfactually large response of R&D investment. In the data,
R&D investment declined by 6%, while low ¢ implies a decline of 16%. In contrast, the model with high o

generates a 1.8% decline in R&D investment.f

Hysteresis targeting during the Great Recession
How does a hysteresis targeting rule perform in a quantitative model? We assume that the central bank sets

interest rate using the following hysteresis-augmented interest rate rule, with ¢, = 0.5:

s i ~w 3 [ o
iy = max <1+Z’ Sxt’ + by (Le — L) + dnhegr + 5t) (76)

TNote that persistence of the simulated shock is calibrated such that the expected duration of ZLB is six quarters. Conse-
quently, the recession is less severe. In the Appendix 1.10, we show that a more persistent shock where the ZLB is expected to
bind for twelve quarters performs better at replicating the drop in output, inflation, consumption and investment in the data.
Moreover, the drop in consumption is more persistent and less severe than output and investment. Because of pro-cyclicality
of R&D investment, a more severe recession, however, also implies a larger drop in R&D.
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percentage points

annualized basis points

Figure 13: Response of Consumption, Investment, R&D Investment, and Convenience Yield to the Liquidity Shock
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Note: The figure compares the evolution of consumption, investment, R&D investment, and convenience yield in the data (left column)
and in the model in response to the calibrated liquidity shock (right column). The data start in 2008Q3. Both data and model
are plotted for 16 quarters. Consumption in the data (top-left) is total consumption minus durable consumption. Investment in the
data (top-middle-left) is investment plus durable consumption minus Intellectual Property Investment. R&D Investment in the data
(bottom-middle-left) is the Intellectual Property Investment. These three variables are expressed in percentage log-deviations from a
linear trend estimated from 2000Q1 to 2007Q4, and are normalized to zero in 2008Q3. The convenience yield in the data (bottom-left)
is in annualized basis points (produced by (Del Negro et al., 2017)). Consumption (top-right), investment (top-middle-right), and R&D
investment (bottom-middle-right) in the model are log-deviations from steady state in percentage points. The convenience yield in the
model (bottom-right) is the annualized absolute deviation from steady state expressed in basis points.

where superscript f denotes the flexible-price-wage allocation, hysteresis hy11 = hy + g{ 41, Where g;11 is

determined by R&D investments in period ¢.

Figure 14: Hysteresis Targeting: Response of Output, Inflation, and the Nominal Interest Rate to the Liquidity
Shock
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Notes: The figure compares the evolution of output, inflation, and the nominal interest rate under Hysteresis targeting rule and
assumed Taylor rule in the model with o = 1.07 in response to the calibrated liquidity shock. All graphs are plotted for 16 quarters.
Output in the model (top-right) is the log-deviation from steady state in percentage points. Inflation in the model (middle-right) is
expressed in annualized percentage points, deviation from steady state value of 1.6%. The interest rate in the model (bottom-right) is
the annualized level of the nominal interest rate in percentage points (the horizontal line is its steady state value). Hysteresis targeting
rule is implemented by adding an additional term called the hysteresis with a coefficient of 0.5. Hysteresis is defined as sum of all
endogenous growth rate deviations induced by history of shocks at time t.

Figure 14 compares the evolution of output, inflation and interest rate under the above interest rate rule
with ¢, = 0.5 (Hysteresis targeting) to rule with ¢, = 0 (Standard Taylor rule). We only plot the figures for
the case of ¢ = 1.07. The results are similar in the case of p = 3.08, although the permanent output shortfall
is significantly smaller in that setting. Output falls by only 0.3% under hysteresis targeting compared to
the 2.6% drop under Taylor rule. Inflation and federal funds rate are positive (in contrast to Taylor rule).
An explicit commitment to targeting permanent output shortfalls creates inflationary expectations, which
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lowers the natural interest rate. Higher expected inflation provides more room for the central bank to offset
declines in natural interest rates, as the central bank in this exercise has the power to reduce the impact of
the shock by lowering the nominal interest rate. This example illustrates that the hysteresis bias embedded

in a standard Taylor rule has quantitatively significant implications for the permanent level of output.

H Data Appendix

H.1 Sources

e Real GDP, GDP deflator, unemployment rate, R&D Investment (1969 - present): St. Louis FRED

database

o TFP (Quarterly, 1969 - present): Fernald (2014). We constructed the annualized TFP growth rates
into a log TFP series.

o Number of new business incorporations (Monthly, 1969 - 1994): Survey of Current Business Jan-
uary/February 1996 supplement titled “Sources for Business Cycle Indicators” (discontinued) from the

BEA website

e Quarterly net establishment births (Quarterly, 1993Q1 - present): National Private Sector Business
Employment Dynamics Data, BLS

e R&D Compustat (Monthly, 1969 - 2010): Quarterly and Annual COMPUSTAT database from WRDS,
(Quarterly, 1990Q1 - present)

e Romer Romer shocks: Romer and Romer (2004), Wieland & Yang (2016)

e High frequency shocks (Monthly, 1990 - 2010): Gorodnichenko & Weber (2016) and Gurkayanak, Sack
& Swanson (2006).

H.2 Firm level R&D data construction

We downloaded COMPUSTAT data from the US Fundamentals Quarterly file available through Wharton
Research Data Services (WRDS). Annual employment data came from the US Fundamentals Annual file.
We follow Terry (2017) and make the following sample restrictions:

e Nonmissing total assets atq, SIC code sic, book value of capital ppentq, GAAP earnings ibq, operating
earnings before depreciation EBITDA oibdpq, total sales saleq, value of equity ceqq

e Positive levels of assets and book value of capital: atq, ppentq > 0

e No utilities or financial firms as classified by SIC code: sic not in 6000’s or 4900’s
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In the baseline regression at horizon 0, the sample included 4271 unique gvkey and 90385 firm-quarter
observations between 1992Q1 and 2004Q4. Nominal variables were deflated using the GDP deflator. R&D
investment is defined as the difference between log R&D stock in two consecutive periods. Following Brown,
Fazzari & Petersen (2009), and Kabuckuoglu (2014), we construct R&D stock using perpetual inventory
method as follows:

RDf,ttOCk =(1- CSR)RD;?,ttO—%C + XRDQ;

where XRDQ; ; represents the real R&D expenditures of firm i at time ¢; 6% is the depreciation rate . We
assume 6 = 15%(annualized), standard practice in the innovation literature.. Initial period R&D stock is
assumed to be %, where XRDQ); ( is the first observation of R&D expenditures for firm i. We define
R&D investment as:

AR&D;; = log RD{!¢% — log RD3Y°

H.3 Real GDP and Price level

Figure 15: Response of Output, and Price level to 100 bps increase in Federal Funds Rate
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Notes: The figure plots the estimated impulse response functions for log real GDP and implicit GDP deflator. Time is in quarters.
Sample length, and instrument used are denoted at the top of each row. IRFs are computed using a local-projections IV approach.
Current and two past-lagged values of log real GDP and inflation rate are used as conditioning variables. Regressions also include past
values of the proxy, the federal funds rate, and the dependent variable. Kleibergen-Paap F statistic for weak instruments are reported
in the figures. The standard errors are calculated using HAR-Newey-West standard errors. The shaded areas denote 95% confidence
intervals.

H.4 Robustness: Sample endpoints, lags, and instruments

In the IRFs reported in the main text of the paper, we cut the sample end point at 2004Q4 in order to
trace out the IRF until 2008Q4. In Figure 16, we show robustness of our results to sample size adjustments,
different instruments, and changing the number of lags for controls. The graphs are plotted for utilization
adjusted TFP, and aggregate R&D . For comparison, we also plot unadjusted TFP measure from Fernald.
The IRFs for TFP and adjusted TFP plotted using the RR instrument are consistent with the results
in the paper for different sample lengths as well as lags. The robust takeaway is that the the utilization

adjusted TFP is found to exhibit a persistent response to a temporary contractionary monetary policy shocks
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identified by narrataive instruments. The results reported in the main text are robust to choosing reasonable

sample start-date, end-date and number of lags of conditioning variables. But, those results are sensitive to

the choice of instrument. These inconsistencies are under investigation and are part of active literature as

surveyed by Ramey(2016).

Figure 16: LPIV: Robustness to sample endpoints, # of lags
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Note: The figure plots the structural impulse responses for TFP (utilization adjusted), and TFP (unadjusted). Time is in quarters.
IRFs are computed using a local-projections instrumental variables approach. A policy indicator, federal funds rate, is instrumented
with either narrative shocks identified by Romer & Romer (RR) or high frequency surprises (GSS). Conditioning variables used are
current and p lagged values of : log real GDP, and GDP Price deflator index. Sample length, number of lags p, and the instrument
type (RR or GSS) are indicated in titles above the graphs.
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I Derivation and details for the medium scale DSGE model

We follow Howitt and Aghion (1998) and Aghion and Howitt (2008) in introducing capital in the endogenous growth framework.
We however extend our model to allow for investment adjustment costs in sync with the New Keynesian literature following
(Christiano, Eichenbaum and Evans, 2005), Smets and Wouters (2007) and Justiniano, Primiceri and Tambalotti (2013). The
new ingredients are (i) a monopolistically competitive retail sector that sets prices in a staggered fashion, (ii) endogenous capital
accumulation by households subject to investment adjustment costs, (iii) habit formation in consumption, (iv) variable capital
utilization rate, and (v) partial indexation of prices and wages to the respective lagged inflation rates. We discuss these in turn:

1.1 Monopolistically Competitive Retailers

There is a continuum of monopolistically competitive retailers that sell the final good Y;(k). These goods can be aggregated
into a Dixit-Stiglitz composite Y; as follows:

1 1 1+Ap,t
"= U Yi(k) T dk
0

where Ap ¢ > 0 is the (time-varying) price markup. We assume that Ap ; follows the exogenous ARMA process:
log Ap,t = (1= pp)log Ap + pplog Ap,1—1 + €] — pipef_y; € ~ N(0,0p)

Each retailer k purchases one unit of intermediate good composite Yz(k,m) at a given price of PtM to package it into one unit
of final good and is assumed to set prices on a staggered basis following Calvo (1983). With probability (1 — ), a retailer gets
to reset its price. It solves the following problem:

oo
max Er D (86p)°Qe,t+s [Pt(k)ﬂt,t+s - Pt]‘fs] Yiys(k)
t s=0

subject to demand for its product
_ 1A ptts

P (k)IT Ap,tts
Viro(k) = ( t(P)H—t,H—s) pott
S

where the stochastic discount factor period ¢ + s is given by:

Atys Pt

Qtt+s =fB
° At Piys

where A is the marginal utility of consumption defined later and

s
11— 2
Ht,t+s = H (7rss pﬂ‘tib_l)
b=1

is the automatic adjustment that firms make to their price when they do not get to reset them, ¢, € (0,1) is the indexation
coefficient and 75 is the steady state price inflation rate. Let P: be the reset price at time ¢. The first order condition is :

Ee Y (B0p)°Qu,ets [Pth,t+s -1+ Ap,t+s)Pt]¥s] Yigs(k) =0
s=0

The law of motion of the aggregate price index P; is given by:

% o1 1 1
P, = (1— 0p)(Pt) *p:t +6p <7"ép,17fss_Lth71) Apot
1.2 Perfectly Competitive Composite Good Production

Each of the intermediate good composites is produced by a perfectly competitive firm that uses a CES composite of labor and
secondary intermediate goods.” As a result, all intermediate good firms are identical and we omit the subscripts (k,m) and
simply denote the intermediate output at Y;™.

1
Y = MtLtl*a/ Agpaldi,
0

where each x;+ is the flow of intermediate product ¢ used at time ¢, and the productivity parameter A;; reflects the quality of
that product and M; is the aggregate (stationary) productivity shock which follows the process:

log Mt = (1 — pm)log My + pm log My—1 + €5 € ~ N(0,0m)

TSuch a convoluted market structure is assumed to introduce price -rigidity in a staggered fashion. Basically, there is a single
consumption good that is produced by a perfectly competitive firm, but is retailed by monopolistically competitive retailers in
different packaging.
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The composite good producer’s maximization problem is is as follows

1 1
max {P;”MtLtl—“/ Aitm?tdi—WtLt—/ pitritdi}
Li{zit}ic(o,1) 0 0

Solving this gives the (inverse) factor demands:

pit = aP" MLy~ * Ay ! (L1)
Ym

Wy = (1— a)PtmLt— (1.2)
t

1.3 Monopolist Intermediate Good Producer

Intermediate good producers are monopolists and use capital to produce one unit of intermediate good. Following Howitt and
Aghion (1998), we assume the following production function for the intermediate good:

Kiy

At

Tit =

The intermediate monopolistic firm sets prices flexibly every period in order to maximize profits:.
rgax (1 —7P)psrzsr — R{(Kit
it

subject to the demand for the intermediate good (eq I.1). Tf is the sales tax/subsidy imposed on the monopolist’s price.
Further, we assume that there is a competitive fringe in every sector that faces a marginal cost of v~ A;; Rf, where vy is the
step-size of innovation, discussed in following subsection. As a result, the intermediate monopolist cannot charge a price higher
than p;; = XAitRf(- In equilibrium, the monopolist charges a price given by:

pit = CAit R = min (717‘17 ) AiRE

1
1—7P)x
This yields

1
1— T—a
o & _ %Pt’thLt o 1 K _ gPthvtm
Tit = - K il Rt -

At R; ¢ K¢
and profits are given by T't(A;) = (¢ — 1)%%& Define aggregate productivity A; = f01 A;¢di. Substituting for the
intermediate goods’ production levels, we can rewrite the production function purely in the form of aggregates:

Y™ = My(ArL) K2 (1.3)

m
t

Define ke = £t and yi* = 2 = Mykply .

1.4 Innovation and research arbitrage

There is a single entrepreneur in each sector who spends final output in research . The entrepreneur at time t decides her
research inputs and if successful, she gets to be the intermediate monopolist in the following period producing goods with
productivity Ajt4+1 = yA;+ . She is successful with probability Q:z;; , where ; is the exogenous shock to innovation success
and and is assumed to follow the following process:

log Q2 = polog Qi1+ €5 €t ~ N(0,00)
2;¢ is the innovation intensity chosen by the entrepreneur. In order to achieve this, she needs to spend the amount of final good
R
R't = C(Z‘t A‘z + ST (7) At
’ it) As (1 + gss)Re—1

in research, where c(2¢) = §2¢; 0 > 1. S7(-) denote adjustment costs in R&D that the entrepreneur takes as given. We assume

S7(1) = 0 and %iRT(l) > 0. These adjustment costs generate a hump shape response for R&D expenditure. These costs are
similar to those considered by Aghion et al. (2010) since these enter additively and do not affect the first-order condition for
entrepreneur. Entrepreneur maximizes the net expected profits from investing in research :

max {2t Q¢ e+1Vit1(VAw) — (1 — 74 )Py Rir }
21 €[0,1]

where the lifetime discounted profits are given by the value function:
Vi(Air) =Te(Ait) + (1 — Qi2it)E¢ Qt p 41 Vi1 (Air)

Because of the linearity of production function, as we showed above in the Appendix A, the Value function is also linear in

productivity. Writing the normalized Value function as V;; = PtLXt and focusing on the symmetric equilibrium, we solve for

TThis could further be generalized to allow for adoption probability for this entrepreneur’s technology in the next period,
which would better match the data. Secondly, we can also add a financial frictions constraint to get more action.
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interior solution (where z; > 0):

A1 Y UVit1
Ae (1—1])8

Total amount of the final good used in research and innovation:

1 Rt
Ry = R;idi = | c(z +ST(7))A
¢ A ‘ ( ( t) (1 +955)Rt—1 ‘

1.5 Households & Wage Setting
I.5.1 Households

Each household supplies differentiated labor indexed by j. Household j chooses consumption Ct, risk-free nominal bonds By,
investment I; and capital utilization u; to maximize the utility function:

0xf 7l =8 (1.4)

) w .

B2 087 |log(Crys — hCiys—1) — mLHs(J)HV +&
where h is the degree of habit formation, v > 0 is the inverse Frisch elasticity of labor supply, w > 0 is a parameter that pins
down the steady-state level of hours, the discount factor g satisfies 0 < 8 < 1 and & is the liquidity demand shock. We assume
that in the steady state £ = 0 .We assume perfect consumption risk sharing across the households. As a result, household’s
budget constraint in period t is given by

Bty
P

PCi + Pily + Bor1 = Bi(1+ i) + B2 () + (1 + 79)Wi L (5) + Tt + T3 + REue Kt — Pra(u) K (L5)

where I; is investment, Bf (4) is the net cash-flow from household j’s portfolio of state-contingent securities. Labor income
WL (j) is subsidized at a fixed rate 7. Households own an equal share of all firms, and thus receive I'y dividends from
profits. Finally, each household receives a lump-sum government transfer 7;. Since households own the capital and choose the
utilization rate, the amount of effective capital that the households rent to the firms at nominal rate R;gK is :

Ky = uw K¢

The (nominal) cost of capital utilization is Pra(u¢) per unit of physical capital. As in the literature (SW 2007, JPT 2010) we
assume a(1) = 0 in the steady state and a’’ > 0. Following CEE 2005, we assume investment adjustment costs in the production
of capital. Law of motion for capital is as follows:

It

(ermre| KA

K, =t |:1—S(
where gss is the steady state growth rate of productivity, e,’; is a shock to the relative price of investment and In the steady
state S(1) = S’(1) = 0, S” > 0. JPT consider this as shock to marginal efficiency of investment (MEI) and is assumed to
follow the following process:

logvs = pylogui—1 +¢€f; € ~ N(0,00)
Utility maximization delivers the first order condition linking the inter-temporal consumption smoothing to the marginal utility
of holding the risk-free bond
Aty P,

. t -1
1= 5Et (1 + Zt) + A gt 16)
A¢ P k (
The stochastic discount factor in period ¢t + 1 is given by:
Aty1 P
Qut+1 =5
Ar Py
where A; is the marginal utility of consumption given by:
1 hg

Ay

T Ci—hCi—1 Cip1 —hCy

The household does not choose hours directly. Rather each type of worker is represented by a wage union who sets wages
on a staggered basis. Consequently the household supplies labor at the posted wages as demanded by firms.
We introduce capital accumulation through households. Solving household problem for investment and capital yields the
Euler condition for capital:
K
Atg1 (Rt+1

Ay Py

where the (relative) price of installed capital g¢ is given by

I I Iy Apa 1 Ly \? _, Ty
qtv 1—5‘(7)—3’( ) }—I—B qt+1v 7( S——— =1
e [ (1 + gss)Itfl (1 + gss)ltfl (1 + gss)ltfl At et (1 + gss) Iy (1 + gss)It

Choice of capital utilization rate yields:

qt = BE:

ut+1 — a(uty1) + qe+1(1 — 5k)>:|

L

P = o/(ur)
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1.5.2 Wage Setting

Wage Setting follows Erceg, Henderson and Levin (2000) and is relatively standard. Perfectly competitive labor agencies
combine j type labor services into a homogeneous labor composite L according to a Dixit-Stiglitz aggregation:

1 1 1+>\w,t
Ly = {/ Lt(j) T+t dj
0
where Ayt > 0 is the (time-varying) nominal wage markup. We assume that Aw,t follows the exogenous ARMA process:
log At = (1 = pw) log Ay + pw log Aw,t—1 + € — pwe1; € ~ N(0,0u)

Labor unions representing workers of type j set wages on a staggered basis following Calvo (1983), taking given the demand
for their specific labor input:

Wi(j)\ ~ st 1 1 Awe
Li(y) = (‘;Vi]) w,t Ly, where Wi = |:/ Wi (5) Nw,t dj:|
t 0

In particular, with probability 1 — 6, the type-j union is allowed to re-optimize its wage contract and it chooses W to minimize
the disutility of working for laborer of type j, taking into account the probability that it will not get to reset wage in the future.
If a union is not allowed to optimize its wage rate, it adjusts wage at steady state wage inflation II* rate. Workers supply
whatever labor is demanded at the posted wage. The first order condition for this problem is given by:

Lt,/+s (j)
A

t+s

]Et Z (6910)8 At+s

s=0

L+ m"YWIE, s — (L + Aw)w Liys(j) =0 1.7)

where
S
s = H(ﬂ';ﬂs)
b=1

By the law of large numbers, the probability of changing the wage corresponds to the fraction of types who actually change
their wage. Consequently, the nominal wage evolves according to:

1 1 1
N PN v
W = (1= ) (Wa) T + 0, (s Wy y) Yo
where the nominal wage inflation and price inflation are related to each other :

Wt Wt 1 1

w o _
= = —

Wici wi—ime 14 ge
where m = Pft T is the inflation rate, wy =
growth rate.

P‘Z‘t‘t is the productivity adjusted real wage and g; is the (endogenous) productivity

1.6 TFP and growth rate

Aggregate (endogenous) productivity follows:

1 1
Ay = / Agpdi = / [Q_1ze—17A—1+ (1 — Q_1ze-1)Aj—1]di= A1+ U1z 1(y — 1) A1
0 0

The growth rate of the productivity :
A=A

A1
Measured TFP (total factor productivity) is given by product of stationary exogenous component and the non-stationary
endogenous component :

gt =Q1ze—1(y— 1)

TFPt:MtXAt

1.7 Government

The central bank follows a Taylor rule in setting the nominal interest rate. It responds to deviations in inflation, output and
output growth rate from time-t natural allocations.

. &
1444 e\ o7 Yi Y mp
- = N €y
1+ ss Tss }ftf’
where iss is the steady state nominal interest rate, Y;f‘t is the time-t natural output, and €;'¥ ~ N(0, o) is an AR(1) monetary

policy shock with persistence pg.
We assume government balances budget every period:

1
PTy = Tp/ pitxitdi + 7{ PrRy + VWi Ly + PGy
0
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where Gt is the government spending, which is determined exogenously as as a fraction of GDP

1
Gi=(1-=)v
= ( Ag)t

where the government spending shock follows the process:

logA{ = (1 — pg)A9 + pglogX!_| +€); €l ~ N(0,04)

1.8 Market Clearing
Y; =Ct + It + Re + a(uy) K + Gt

1.9 Stationarizing the system

We normalize the following variables:

yt = Yi/As
yi =Y /A
ct = Ct/At

ki = Ki/As

kit = Ki' /At
I; = I:/A: capital investment
R; = R¢/A: R&D investment
Gt = G¢/Ar Govt Spending
we = Wi /(AePt)

Pt =P/ B
r¥ = RF /Py
At = AAy
£ = & Ay
S
t =
PtAt

Further note that because of the linearity assumption in the production of final goods, the Value function is a linear function
in productivity with which an entrepreneur enters the sector:

- Vi(Air) = At+1 ~
Viz—=T 1—2z)E Vi
PA;, ¢+ ( z¢)Ey " t+1

where V is normalized by the productivity with which the entrepreneur enters the sector.

1.10 Matching the Great Recession: 11

In the main text, we choose a conservative persistence for the liquidity demand shock such that the ZLB is expected to bind
for six quarters. Here, we choose a persistence such that the expected duration of the ZLB is 12 quarters, i.e 3 years. We
show that the model is better able to match the empirical moments. Figure 17 plots the evolution of Output, Inflation and
Federal funds Rate from 2008Q3 till 2012Q3. The first two columns on the left reproduce the results reported in Figure 12 for
comparison. Column 3 (rightmost) reports results from the model with a more persistent liquidity demand shock. The shock
is calibrated such that convenience yield rises by 180 bps on impact. The nominal interest rate hits the ZLB under the Taylor
rule and stays there for 12 quarters. Output drops by 7.30%, and Inflation drops by 1.58%.Contrast this with the data where
output drops by 8.6% and Inflation drops by 2%. Thus, the liquidity demand shock can explain 84% of the drop in output
and 79% of the observed drop in inflation. Figure 18 plots consumption, and investment under a more persistent shock. In the
data, consumption and capital investment drop by 4.34% and 27% respectively. In the model with more persistent liquidity
demand shock, the drop in consumption and capital investment are 2.88% and 18.40% respectively. Thus, the liquidity demand
shock can explain 66% of the observed drop in consumption and 68% of the observed drop in investment. Importantly, the
model produces a faster recovery in investment as observed in the data, while consumption recovers sluggishly. As noted in
the main text, the model generates counterfactually high responsiveness of R&D investment. This persistent liquidity demand
shock reduces long-run output by 2.50%, through a slowdown in endogenous productivity growth.



Figure 17: Response of Output, Inflation, and the Nominal Interest Rate to the Liquidity Shock
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Notes: The figure compares the evolution of output, inflation, and the nominal interest rate in the data (left column) and in the two
variants of the model in response to the calibrated liquidity shock (right columns). The first two columns plot the data and model with
exogenous patent loss as in Figure 12. Column 3 plots these variables in response to a more persistent liquidity demand shock. The
data start in 2008Q3. Both data and model are plotted for 16 quarters. Output in the data (top-left) is the sum of consumption and
investment, in percentage log-deviations from a linear trend estimated from 2000Q1 to 2007Q4, and is normalized to zero in 2008Q3.
Inflation in the data (middle-left) is the annualized quarterly inflation rate of the GDP deflator minus 1.6%. Value of 1.6% is chosen
for the model to hit a steady state nominal interest rate of 4%. The interest rate in the data (bottom-left) is the annualized effective
Federal Funds Rate. Output in the model (top-right) is the log-deviation from steady state in percentage points. Inflation in the model
(middle-right) is expressed in annualized percentage points. The interest rate in the model (bottom-right) is the annualized level of the
nominal interest rate in percentage points (the horizontal line is its steady state value).



Figure 18: Response of Consumption, Investment, R&D Investment, and Convenience Yield to the Liquidity Shock
with 12 quarters expected ZLB duration
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Note: The figure compares the evolution of consumption, investment, R&D investment, and convenience yield in the data (left column)
and in the model in response to the calibrated liquidity shock (right column). Column 1 plots the data counterpart of these variables
as reported in Figure 13. Column 2 plots the model evolution under a more persistent liquidity demand shock. The ZLB binds for
12 quarters. The data start in 2008Q3. Both data and model are plotted for 16 quarters. Consumption in the data (top-left) is
total consumption minus durable consumption. Investment in the data (top-middle-left) is investment plus durable consumption minus
Intellectual Property Investment. R&D Investment in the data (bottom-middle-left) is the Intellectual Property Investment. These
three variables are expressed in percentage log-deviations from a linear trend estimated from 2000Q1 to 2007Q4, and are normalized to
zero in 2008Q3. The convenience yield in the data (bottom-left) is in annualized basis points (produced by (Del Negro et al., 2017)).
Consumption (top-right), investment (top-middle-right), and R&D investment (bottom-middle-right) in the model are log-deviations
from steady state in percentage points. The convenience yield in the model (bottom-right) is the annualized absolute deviation from
steady state expressed in basis points.
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