Journal of Economic Literature 2014, 52(3), 679-739
http://dx.doi.org/10.1257/jel.52.3.679

The Macroeconomics of Trend Inflation

GUIDO ASCARI AND ARGIA M. SBORDONE

Most macroeconomic models formonetary policy analysis are approximated around a zero
inflation steady state, but most central banks target an inflation rate of about 2 percent.
Many economists have recently proposed even higher inflation targets to reduce the
incidence of the zero lower bound constraint on monetary policy. In this survey, we show
that the conduct of monetary policy should be analyzed by appropriately accounting for
the positive trend inflation targeted by policymakers. We furst review empirical research
on the evolution and dynamics of U.S. trend inflation and some proposed new measures
to assess the volatility and persistence of trend-based inflation gaps. We then construct
a Generalized New Keynesian model that accounts for a positive trend inflation. In this
model, an increase in trend inflation is associated with a more volatile and unstable
economy and tends to destabilize inflation expectations. This analysis offers a note of
caution regarding recent proposals to address the existing zero lower bound problem by

raising the long-run inflation target. (JEL E12, E31, E32, E52, E5S)

1. Introduction

he notion of price stability as defined

in modern monetary theory and central
banking practice today is typically associ-
ated with a moderate rate of price inflation.
For example, during the most recent period
of relatively stable inflation, from 1990 to
2008, average inflation (as measured by the
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consumer price index) was about 2.8 per-
cent in the United States, 2.2 percent in
Germany, and 4 percent in the OECD coun-
tries. Countries whose central banks offi-
cially adopt an “inflation targeting” regime
typically target inflation at about 2 percent.
Recent communication by the Federal Open
Market Committee (FOMC) states that a
2 percent annualized increase in the price
deflator for personal consumption expen-
ditures is the rate of inflation “most consis-
tent over the longer run with the Federal
Reserve’s statutory mandate.”! The recent
crisis has led some researchers to advocate

LFOMC Statement of Longer-Run Goals and Policy
Strategy, released for the first time by the Federal Reserve
in January 2012 and last amended in January 2014: http://
www.federalreserve.gov/monetarypolicy/files/FOMC_
LongerRunGoals.pdf
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a higher target rate of inflation even in nor-
mal times to allow more room for monetary
policy to react to deflationary shocks (e.g.,
Blanchard, Dell’Ariccia, and Mauro 2010;
Williams 2009; and Ball 2013). In particular,
the proposal in Blanchard, Dell’Ariccia, and
Mauro (2010) to adopt a 4 percent inflation
target in the United States to address the cur-
rent crisis situation, in which monetary pol-
icy is constrained by the zero lower bound,
stimulated a lively debate in both policy and
academic circles.” In various speeches, how-
ever, Federal Reserve Chairman Bernanke
had argued against such proposals. In his
2010 Jackson Hole speech, for example, he
observed that:

“Inflation expectations appear reasonably well-
anchored, and both inflation expectations and
actual inflation remain within a range consis-
tent with price stability. In this context, rais-
ing the inflation objective would likely entail
much greater costs than benefits. Inflation
would be higher and probably more volatile
under such a policy, undermining confidence
and the ability of firms and households to make
longer-term plans, while squandering the
Fed’s hard-won inflation credibility. Inflation
expectations would also likely become signifi-
cantly less stable, and risk premiums in asset
markets—including inflation risk premiums—
would rise.” |

In light of this debate, it is worth inves-
tigating the implications of a higher target
rate of inflation for the conduct of monetary
policy in normal times. In particular, what
are the implications of different underly-
ing rates of inflation—we call these inflation

2E.g., see the recent policy commentary by Paul
Krugman, April 29, 2012, in the New York Times (http://
www.nytimes.com/2012/04/29/magazine/chairman-
bernanke-should-listen-to-professor-bernanke.
html?Ppagewanted=all&_moc.semityn.www) and by Brad
DeLong in The Economist: http://www.economist.com/
debate/overview/203.

3Chairman Ben S. Bernanke, “The Economic Outlook
and Monetary Policy,” Remarks at the Federal Reserve
Bank of Kansas City Economic Symposium, Jackson Hole,
Wyoming, August 27, 2010, http://www.federalreserve.gov/
newsevents/speech/bernanke20100827a.pdf

“trends”—for the volatility and persistence
of inflation and for the dynamics and vola-
tility of the economy as a whole? And what
are their implications for anchoring inflation
expectations? '

Although estimating the rate of trend infla-
tion is the subject of a large time series litera-
ture, there is no comprehensive discussion of
the implications of different trend inflation
rates for the conduct of monetary policy.
Workhorse monetary models most often
assume zero inflation in the steady state,
or they mute the theoretical relevance of a
positive average inflation rate by imposing an
appropriate indexation to trend inflation.

Recent work has started to investigate the
implications of modeling trend inflation and
its evolution from an empirical, theoreti-
cal, and policy perspective. Trend inflation
is tied to the behavior of monetary policy,
while short-run fluctuations of inflation
around trend reflect price-setting dynam-
ics, external shocks, and monetary policy.
Trend inflation itself may have interesting
dynamics. Policymakers may have targets
that change over time; for example, when
they implement gradual disinflations (or
reflations) or learn about the structure of the
economy over time. Or policymakers may
have implicit inflation targets, which agents
have to learn over time. Understanding the
dynamics of the short- and long-run com-
ponents of inflation helps to estimate the
persistence of inflation and has significant
implications for the design of monetary
policy; for example, monetary policy rules
that are optimal in forward-looking models
deliver bad outcomes in models that feature
intrinsic persistence. Furthermore, in stan-
dard models, the dynamics of the economy
are affected by the rate of inflation that char-
acterizes the long-run equilibrium. Hence,
the assumptions one makes about trend

4Throughout this paper, we use the terms trend inflation,
steady state inflation, and inflation target interchangeably.
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inflation have important implications for the
cyclical properties of the economy, affect-
ing the policy trade-offs and the conduct of
monetary policy.

To review these implications, we first dis-
cuss empirical research on the evolution
of the dynamics and persistence of infla-
tion. Next, we discuss what an appropriate
accounting of positive trend inflation implies
for the theory and practice of monetary pol-
icy. Finally, we address the current policy
debate by considering the circumstances
under which it may be desirable to have
higher trend inflation.

We start by discussing whether the vola-
tility and persistence of U.S. inflation have
evolved over time. In section 2 we review
reduced-form methods to characterize the
evolving inflation dynamics and then discuss
the consequences of allowing for a time-
varying trend inflation on the assessment of
inflation persistence in a structural Phillips
curve relationship.

In section 3, we consider the implications
of a positive inflation target for the dynam-
ics and volatility of the economy and for
anchoring inflation expectations. We chose
the New Keynesian model for this analysis
because it is the baseline framework of mod-
ern monetary policy literature. It therefore
allows both a unified treatment of the issues
we intend to address and a direct compari-
son with other results in the literature that
do not take trend inflation into account. As in
standard versions of this model, we build the
supply side on the Calvo price-setting frame-
work. We start by reviewing the implications
of a low trend inflation rate for the dynamic
properties of the model economy. In par-
ticular, we discuss its implications both for
the dynamic response to shocks and for the
determinacy and E-stability of the rational
expectations equilibrium. We discuss results
in the literature that show that, everything
else equal, higher trend inflation increases
the cost of price dispersion, the volatility of

the economy, the likelihood of sunspot fluc-
tuations, and can generate unstable expecta-
tions dynamics under learning.

We also briefly consider whether these
implications hold under other time-dependent
models of price adjustment. We do not cover
the literature on state-dependent prices, which
has played a less central role in the monetary
policy debate. Indeed, our focus on the impli-
cations of a low rate of trend inflation makes it
reasonable to assume that trend inflation does
not affect the frequency of price adjustments.
Where appropriate, however, we mention
results that obtain in our framework but
may not hold under state-dependent pricing.

The end of section 3 covers normative
issues. In discussing optimal stabilization
policy conditional on a chosen target, we
illustrate the sensitivity of optimal policy
analysis to the accounting for trend inflation.
We also touch briefly on research on the
optimal inflation rate.

Finally, in section 4 we directly address
the current debate: Would it be desirable for
policymakers to target a higher long-run rate
of inflation in the current situation in which
the zero lower bound (ZLB) continues to
constrain the nominal interest rate? Here we
address two somewhat separate issues.

The first involves whether the presence of
a ZLB alters traditional considerations about
the optimal long-run inflation. The rationale
for a higher target is to allow policymakers
more room for lowering the real rate of inter-
est in case of deflationary shocks, making the
ZLB less likely to be reached. Our analysis
shows, however, that a higher inflation tar-
get increases the cost of price dispersion and

5Recent contributions also suggest that the degree of
state-dependence is not very high for changes in the rate
of inflation when average inflation is moderate, as cur-
rently observed in advanced economies. Hence, the Calvo
model provides a relatively good approximation in this case
(see Alvarez, Lippi, and Paciello 2011; Costain and Nakov
2011a; Costain and Nakov 2011b; Woodford 2009b; and
Kehoe and Midrigan 2012).
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makes it more difficult for monetary policy to
stabilize inflation around that target. Hence,
in answering the question of whether a
higher inflation target can mitigate the zero
bound constraint, one needs to balance the
costs of higher inflation in normal times with
the benefit of reducing the likelihood of hit-
ting the ZLB constraint.

Second, even if a higher inflation target
can in principle mitigate the zero bound con-
straint, are there alternative monetary policy
strategies that can help exiting the ZLB with-
out the drawbacks of a permanently higher
target?

2. Trend Inflation, Inflation Persistence,
and the Phillips Curve

In this section we discuss empirical evi-
dence on the low-frequency component of
inflation. We show that a distinction between
inflation and the inflation gap (the latter
being the difference between inflation and
its trend) matters for estimating the dynam-
ics of inflation and inflation persistence in
structural models.

The extent of inflation persistence is
important for the design of appropriate mon-
etary policy. Knowing the time it takes for
inflation to approach a new equilibrium after
a shock is crucial for determining how to
adjust monetary policy tools to reach desired
objectives. But shifts in monetary policy also
affect the fundamentals that drive inflation,
and therefore alter its dynamic properties:
one should determine, for example, whether
persistence is intrinsic to the inflation pro-
cess or is instead the result of how monetary
policy is conducted. The latter would be the
case if persistence is primarily detected in
the trend component of inflation, which is
typically associated with the long-run objec-
tive of the policymakers.

The debate on inflation persistence is part
of the general debate on whether the rela-
tively stable inflation that characterized the

so-called Great Moderation period (1985
until the Great Recession) was due to lower
volatility of the shocks (better luck) or less
persistence in the effects of the shocks,
which could be partly attributed to better
policy.

Evidence on the topic remains contro-
versial. In a recent, comprehensive survey,
Fuhrer (2011) discusses the large body of
research on inflation persistence, which has
been conducted with an array of statistical
methods on the most common measures of
U.S. inflation. The surveyed research inves-
tigated the occurrence of structural breaks
and whether these breaks were likely to
have been associated with a change in the
systematic behavior of monetary policy, or
rather with changes in the persistence of the
shocks. Most relevant to the present work
are the analyses that examine the evolution
of persistence in connection with the evo-
lution of the trend component of inflation.
We highlight how changes in inflation persis-
tence can manifest themselves as a change in
the volatility of the innovations to the trend
component (e.g., Stock and Watson 2007) or
as a decline in the inflation gap persistence
(Cogley, Primiceri, and Sargent 2010).

We then investigate the presence of
intrinsic persistence in a structural model
of inflation dynamics that allows for posi-
tive trend inflation. To do so, we introduce
a variation of the New Keynesian Phillips
Curve (NKPC), obtained by approximating
firms” optimal pricing conditions around a
steady state with positive (and possibly time-
varying) inflation. We call this variation a
Generalized New Keynesian Phillips Curve,
or GNKPC. Relative to the standard formu-
lations of the NKPC, this generalized model
features dynamics of inflation that are more
forward looking, and changes in trend infla-
tion alter the trade-off between inflation and
real activity. The GNKPC is the backbone of
the general equilibrium model that we use
for the policy analysis in section 3.
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At the end of this section, we present a
way to estimate the GNKPC and discuss
its implications for the assessment of the
intrinsic persistence in the inflation process
(Cogley and Sbordone 2008; Barnes et al.
2009). A caveat to the empirical literature
on the NKPC, however, is the weak identi-
fication of the parameters (Kleibergen and
Mavroeidis 2009 and Mavroeidis, Plagborg-
Mgller, and Stock 2014).

2.1 Inflation Persistence in Reduced-Form
Frameworks

Most measures of inflation in the United
States and other advanced economies were
significantly higher from the mid-1970s to the
early ’80s than in the previous and following
years, which raises the issue of accounting for
possible structural changes when estimating
inflation dynamics over those periods. Several
research contributions show that the analy-
sis of persistence is sensitive to whether one
accounts for variation in the autoregression
coefficients when fitting a univariate process
to the inflation series. Levin and Piger (2004),
for example, analyze inflation dynamics in
twelve industrial countries for the period
19842003 and allow for possible structural
breaks at unknown dates. They find strong
evidence of a structural break in the intercept
of the autoregressive equations, but little evi-
dence of a break in any of the autoregressive
coefficients. Allowing for a break in the mean,
the sum of the autoregressive coefficients
reveals very little persistence in most of the
inflation series, leading the authors to con-
clude that high persistence is not an intrinsic
feature of inflation in industrial economies.

Pivetta and Reis (2007) analyze U.S. infla-
tion persistence and find no evidence of sig-
nificant changes over time. They allow for
a unit root in inflation and consider several

6They report the sum of the autoregressive coefficients
to be less than 0.7, and they can reject the null hypothesis
of a unit root at the 95 percent confidence level.

measures of persistence in an effort to dis-
tinguish between changes in volatility and
changes in persistence. They conclude that
persistence has not changed over the past
three decades, and attribute their findings to
a proper accounting for structural breaks; a
break is a way to account for shifting trend
inflation.

Stock and Watson (2007) provide evidence
that the dynamics of inflation have been
largely dominated by the trend component.
Their analysis focuses on the forecastability
of inflation. They use a split-sample analysis,
in which the split is set around the beginning
of the second term of Volcker’s chairmanship
at the Federal Reserve (1984). They observe
that, on the one hand, inflation has become
more predictable because its innovation vari-
ance is smaller, and on the other hand, it has
also become less predictable because future
inflation is less closely correlated with cur-
rent inflation and other predictors. Changes
in the forecastability are affected by changes
in the volatility and persistence of infla-
tion. To identify the nature of the changes
in inflation dynamics, as well as the timing
of these changes, Stock and Watson (2007)
estimate a univariate time-varying trend-
cycle model with stochastic volatility;| in
doing so, they found large variations in the
standard deviations of the permanent inno-
vations o, , (reported in. The period
from the 1970s through 1983 was a period of

TIn this UC-SV model, inflation is the sum of two com-
ponents; a permanent stochastic trend component 7, and a
serially uncorrelated transitory component 7,. Specifically,
m=7+mn, and 7,=7,_,+¢, where the processes 17,
and ¢, are respectively 1, = 0, , Cn.r, and €, = 0., (- +. The
stochastic volatilities evolve as driftless geometric random
walks: Ino,, =Ino,, 1 +v,, for i =n,e. Furthermore,
¢ =Cnt. o) is iid N(0,7L), v,=(v,, v.,) is iid
N(0, vI,), and ¢, and v; are independently distributed. ~ is
a scale parameter that controls the smoothness of the sto-
chastic volatility process. The figures reported here show
the smoothed estimates of the standard deviation of the
permanent and transitory components of inflation (o , and
0,,» respectively), measured by the GDP deflator, com-
puted by Markov chain Monte Carlo (MCMC).
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Source: Stock and Watson (2007, p. 18)—Figure 2(a)

high volatility. The previous period, from the
mid-1950s through the late 1960s, as well as
the 1984-90 period, show moderate volatil-
ity; after the mid-1990s, o, fell to very low
levels. By contrast, the variance of the transi-
tory component (o, ,, in remained
largely unchanged.

Stock and Watson’s analysis suggests that
the inference about inflation persistence may
be quite different when conducted on the
inflation gap, measured as deviation of infla-
tion from a time-varying trend. However, in
their setting, inflation innovations are seri-
ally uncorrelated, which makes the model

unsuitable to investigate persistence in the
inflation gap.

A number of recent contributions have
analyzed inflation dynamics in a multivari-
ate framework, aiming at relating shifts in
the dynamics of inflation to the evolution
of monetary policy. A seminal work is the
contribution of Cogley and Sargent (2002),
who introduced Bayesian vector autoregres-
sion models with drifting coefficients for
the study of the joint dynamics of inflation,
unemployment, and the short-term nominal
interest rate. They estimate the trend com-
ponent of inflation and find that it appears
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to bear most of the responsibility for the rise
and fall of U.S. inflation in the post-World
War II period and for movements in inflation
persistence. The results of this paper and its
companion (Cogley and Sargent 2005), which
also accounts for stochastic volatility, contrast
with other results in the structural VAR litera-
ture. For example, in modeling discrete shifts
in regimes, Sims and Zha (2006) found that
the historical patterns emphasized by Cogley
and Sargent can be generated by “stable mon-
etary policy reactions to a changing array of
major disturbances” (p. 77). Primiceri (2006)
also tends toward this interpretation, argu-

ing that the high volatility of the shocks that

characterized the 1970s and early 1980s
seems a more likely candidate to explain the
peaks in inflation in those periods.

Although the significance of the decline in
persistence and its attribution to monetary
policy remain debated, undoubtedly more
attention is now being paid to modeling the
dynamics of trend inflation and, hence, of the
inflation gap. Indeed Cogley, Primiceri, and
Sargent (2010) extend the work of Cogley
and Sargent (2002, 2005), focusing explic-
itly on the inflation gap. They provide a new
measure of inflation persistence based on pre-
dictability and detect a significant decline in
inflation gap persistence in the post-Volcker



686 Journal of Economic Literature, Vol. LII (September 2014)

era (post-1987). They also find that inflation
innovations account for a small fraction of
the unconditional variance of inflation, imply-
ing that most of the volatility is in the trend
component of inflation. This result is consis-
tent with the univariate analysis of Stock and
Watson (2007).

We now formally introduce the notion of
trend inflation and its estimation in the con-
text of a Bayesian VAR model, as in Cogley
and Sargent (2002). This allows us to illus-
trate the dynamics of U.S. trend inflation
and evaluate the persistence measure just
described. It also sets the stage for the dis-
cussion of inflation persistence in the context
of the structural price setting model that we
present in the second half of this section.

A VAR model with time-varying coeffi-
cients can be written as follows:

(1) Xt = Xt, Iﬁt + Exb

where x, is a N x 1 vector of endogenous
variables, X; = Iy ® [1 x, ] (where x; | rep-
resents lagged values of x;), and 9, denotes
a vector of time-varying conditional mean
parameters. 9, is assumed to evolve as a
driftless random walk:]

(2> ﬂt = ﬂtfl + Vi,

where the innovation v, is normally distrib-
uted, with mean 0 and variance 2. Stochastic
volatility in the VAR innovations e, adds
further dynamics to the model.| We assume
that e, can be expressed as:

Ex[ = V}/z &b

8This description is based on Cogey and Sargent (2005).
The model specification estimated below follows Cogley
and Sbordone (2008). More detail on the models and their
estimation can be found in those papers.

9This is also subject to a reflecting barrier that guaran-
tees nonexplosive roots for the VAR at every date.

10Cogley, Primiceri, and Sargent (2010) extend this
framework to include stochastic volatility also in the
parameter innovations v,.

where €, is a standard normal vector, which
we assume to be independent of parameter
innovations v, (E(§, v,) = 0, for all £,5). V, is
modeled as a multivariate stochastic volatil-
ity process:

(3) V, =B 'H,B",

where H, is diagonal and B is lower triangu-
lar. To represent permanent shifts in inno-
vation variance, the diagonal elements of H,
are assumed to be independent, univariate
stochastic volatilities that evolve as driftless
geometric random walks:

(4) Inhy = Inhy, ., + o

The innovations 7, have a standard normal
distribution, are independently distributed,
and are assumed independent of innovations
v, and &,."! The vector x, includes a measure
of inflation; it typically also includes a mea-
sure of real activity and a policy variable. In
our reported estimates of (1), the vector x,
includes inflation, output growth, a measure
of marginal costs, and the short-term interest
rate, variables that comove with inflation in
the structural model that we analyze later.'”
We define trend inflation in terms of
the infinite horizon forecast, following
Beveridge and Nelson (1981); that is, as
the level to which inflation is expected to
settle after short-run fluctuations die out:
m=lim,_ E m,. To compute that

HThe factorization in (3) and the log specification in
(4) guarantee that V, is positive definite, while the free
parameters in B allow for time-varying correlation among
the VAR innovations €.

127This is the same specification of Cogley and Sbordone
(2008). Inflation is computed from the implicit deflator of
GDP for the nonfarm business sector and output growth is
the rate of growth of GDP in the nonfarm business sector,
both from the NIPA; marginal costs are approximated by
unit labor costs for the nonfarm business sector, from the
BLS:; and the short-term interest rate is the effective fed-
eral funds rate. The calibration of the priors for the VAR
parameters and the estimation procedure also follow those
of the original paper, which contains further details.
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measure, we use the companion-form nota-
tion of (1):

z, = P + Az + €y

where the vector z, = (x,, xt_l,...,x,_PH)’,
the matrix A, refers to the autoregressive
parameters in 9,, and the vector p, includes
the intercepts. We approximate 7, by cal-
culating a local-to-date ¢ estimate of mean
inflation from the VAR:

(5) ™ = e7/T<I —A) ',

where e is a selection vector that picks up
inflation from the vector z, This definition
implies that, to a first-order approximation,
inflation evolves as a driftless random walk.

Fiéure 3| reports the estimate of trend
inflation obtained from this model with
quarterly U.S. data from 1960:I through
2012:1V. The thin black line in the figure
is actual inflation, and the thick line is the
median estimate of trend inflation at each
date (all expressed at annual rates). The esti-
mates are conditioned on data through the
end of the sample. As the figure shows, trend
inflation rose from slightly above 2 percent
in the early 1960s to around 5 percent in the
1970s, then fell to just about 2 percent at the
end of the sample. This path is also largely
consistent with long-term inflation expecta-
tions derived from survey data. For exam-
ple, the correlation between our estimate
of trend inflation and the ten-year inflation
expectations from the Survey of Professional
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TABLE 1
AUTOCORRELATION OF INFLATION GAPS

1960-2012 1960-1983 1984-2012
Mean-based gap 0.875 0.855 0.718
Trend-based gap 0.727 0.785 0.352

Forecasters (computed from 1981) is 0.96.
A time-varying inflation trend implies that
the inflation gap, measured as the deviation
of inflation from the time-varying trend, is
quite different from deviations of inflation
from a constant mean." In particular, the
persistence of these two series is different: in
the figure, long runs appear at the beginning,
middle, and end of the sample, when infla-
tion does not cross the mean line; inflation
crosses instead the trend line more often,
especially after the Volcker disinflation.

The figure also shows, however, that
there is a lot of uncertainty about the level
of trend inflation at any given date, as shown
by the marginal 90 percent credible sets at
each date (displayed as dotted lines in the

figure)."
Table 1| summarizes the autocorrelation

of the inflation gap. The first row refers to
the inflation gap computed as the devia-
tion of inflation from the mean; the second
row refers to the inflation gap measured
by subtracting the median estimate of

13As we will discuss later, deviations from a constant
mean (reflecting the assumption of a constant steady-state
rate of inflation) are typically analyzed in conventional ver-
sions of the NKPC.

14A credible set is a Bayesian analog to a confidence
interval. The marginal credible sets portray uncertainty
about the location of 7, at a given date. The estimates of
the structural parameters we present later take this uncer-
tainty into account because they are based on the entire
posterior sample for trend inflation, not just on the mean
or median path.

trend inflation from actual inflation. The
autocorrelation of the mean-based gap
hovers around 0.7-0.8, both for the whole
sample and for the two subsamples. In con-
trast, the persistence of the trend-based
gap, while still elevated for the period
before the Volcker disinflation, drops sub-
stantially afterward, to around 0.35.]"

To further analyze the decline in the per-
sistence of the trend-based gap, we use the
statistical measure introduced by Cogley,
Primiceri, and Sargent (2010). They com-
pare the fraction of the total variation in the
inflation gap due to shocks inherited from
the past with the fraction due to those that
will occur in the future. Specifically, the fol-
lowing forecasting model for the vector of

gap variables is defined:
(ZH—I _Z_t) = At(zt _Z_t) + €415

(where z, is approximated by (I — A,)~'p,),
and the j-period-ahead forecasts of the
gap variables are approximated by A} Z,

15These results are consistent with Kozicki and Tinsley
(2002), who were among the first to point out the impor-
tance of shifts in trend inflation to assess the persistence of
inflation. Using the sum of the autoregressive coefficients
of an AR(4) model fit to inflation data for the 1962-2001
period and for various subsamples, they found that persis-
tence in the trend-based gap is generally lower and that it
declined in the recent subsamples.
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where 7, = z, — Z,.'9 The forecast-error vari-
ance of Z,; is then approximated by:

: i
(6) Vart<it+j) ~ Z(A?) var ( €z,t+l) (A}tl)/-

h=0

The unconditional variance of Z, , ; is approx-
imated by taking the limit of the conditional
variance as the forecast horizon j increases:

o0
!

var(,,,) ~ Z(Aﬁ) Var(ez,H—l) (A?) :
h=0

By virtue of the anticipated-utility approxima-
tion, this is also the unconditional variance
of z,,, for s > 1. Inflation persistence at any
given date ¢ is then defined as the fraction of
the total variance of the inflation gap due to
shocks inherited from the past. The rationale
is that, if past shocks die out fast, persistence is
weak, and this measure will converge rapidly
to zero. If past shocks instead explain a high
proportion of the variation of future inflation
gaps, then the persistence of the inflation gap
is high. Cogley, Primiceri, and Sargent 2010
(2010) call this measure of persistence R]Z,f
(being akin to an R-square statistic for j-step
ahead forecasts). They compute it as 1 minus
the fraction of total variation due to future
shocks, where the latter can be expressed as
the ratio of conditional to unconditional vari-
ance (since future shocks account for the fore-
cast error):

Vart<e7,rit+j)

M RE=1-

var(e, 7))

e;rzjh;l()(A?) Var(ez,ﬂrl) (Ail)/eﬁ
e;Eiio(A?) Var(EZ,H_l) (A?)’eﬂ

~

16We have used the anticipated-utility approximation
to obtain E,z,,; =z, This approximation, introduced in
Kreps (1998) as a way to model bounded rationality, is
standard in the macro-learning literature. It implies that
agents treat their current estimate of drifting parameters
as if they were known with certainty. Cogley and Sargent
(2008) compare the decision rules under this approxima-
tion with exact Bayesian decision rules and demonstrate
that the approximation is good as long as precautionary
motives are not too strong.

The R; statistic (by definition between zero
and one) converges to zero as the forecast hori-
zon j lengthens, and its degree of convergence
indicates the degree of persistence. Cogley,
Primiceri, and Sargent (2010) emphasize that
this statisticis more informative than typical sta-
tistics used to summarize persistence in VARs,
such as the largest autoregressive root in A
the reason is that it retains all information
in A, while still being sensitive to changes
in the conditional variance V,. For example,
they note, this measure of persistence would
decline if the composition of the structural
shocks change toward a predominance of
those shocks for which the impulse response
declines more rapidly.

Computing such a measure on our esti-
mated VAR, we find that, as in Cogley,
Primiceri, and Sargent (2010), inflation inno-
vations account for a small fraction of the
unconditional variance of inflation, implying
that most of the volatility is in the trend com-
ponent of inflation. Furthermore, the R} sta-
tistics for one, four, and eight quarters ahead,
reported in the three panels of sug-
gest overall that inflation gap persistence was
higher in the Great Inflation period and lower
after the mid-1980s."

To illustrate whether the decline in persis-
tence is statistically significant, we again fol-
low Cogley, Primiceri, and Sargent (2010) by
considering the joint posterior distribution
of the one-step-ahead statistic R}, across two
pairs of years: 1960 and 1980, and 1980 and
2012." We find that for both pairs, the draws
from the posterior distribution fall mostly
on one side of the forty-five degree line; in

ITThe figure reports the posterior median and the inter-
quartile range for Rﬁ at each date ¢, for j = 1,4, 8 quarters
ahead. By construction, the statistic declines as the length
of the forecast period increases.

18We capture the points where persistence has likely
changed by using the beginning and the end of the overall
sample period (in our case, 1960 and 2012), as well as the
middle, which represents the high point of the statistic and
coincides with the eve of the Volcker disinflation.
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which compares  nonetheless, it clearly indicates a change in

ie below the line

(R?’ 1950 > R%,zm »), indicating with high prob-
ability that inflation persistence went down
from 1980 to 2012. In contrast, the draws
from the pairs 1960 and 1980 lie mostly above
the forty-five degree line (R7 1950 > R} 1960)s
implying that inflation persistence likely
went up from 1960 to 1980. The evidence
we obtain is not as sharp as that reported in
Cogley, Primiceri, and Sargent (2010), where
almost the entire distribution of the pairs col-
lapses away from the forty-five degree line;

persistence across periods, validating the
inference from the serial correlation statistics
reported in the table.

2.9 Persistence in Structural Models

The debate on inflation persistence affects
the formulation of structural models in at least
two distinct ways. The first is the form of the
aggregate supply or Phillips curve relationship.
Some argue that standard forward-looking
New Keynesian curves fail to account for infla-
tion persistence and typically need a backward
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Figure 5. Joint Distribution of R Statistics: 1960-80 and 1980-2012

component to fit the data. The literature offers
different ways of delivering hybrid curves. One
can, for example, introduce ad hoc indexation
assumptions (e.g., Gali and Gertler 1999);
replace the standard pricing mechanism with
state-contingent pricing (e.g., Dotsey, King,
and Wolman 1999; Wolman 1999); or depart
from the rational expectations assumption
(e.g., Erceg and Levin 2003; Milani 2005,
2007). The previous discussion suggests,

however, that a forward looking model may
indeed account well for inflation dynamics
once the Phillips curve is formulated in terms
of the trend-based inflation gap, rather than
the mean-based gap; this is because the per-
sistence of the inflation gap, as we discussed,
is significantly lower than that of overall infla-
tion and has also likely declined over time.

To investigate inflation persistence in
a structural model, we now introduce an
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NKPC that accounts for trend inflation. We
build this relationship from firms’ optimal
price-setting behavior, discuss briefly the
important features of the model, and show
an assessment of its empirical fit. The micro-
foundations of our GNKPC are those of the
Calvo-Yun model,"f in which price-setting
firms face random intervals between price
adjustments. This model is the central fea-
ture of the small general equilibrium model
that we build in section 3 to analyze the
implications of positive trend inflation for
the evaluation of monetary policy.

2.2.1 The Calvo—Yun Price-Setting Model

In each period ¢, a final good, Y,, is pro-
duced by perfectly competitive firms, which
combine a continuum of intermediate inputs,
Y;,, i € [0, 1], via the technology:

1 e-1 £
8) Y, = |J, vii di]=,
where € > 1 is the elasticity of substitution
among intermediate inputs. Profit maximiza-
tion and the zero profit condition imply that
the price index associated with the final good
Y, is a CES aggregate of the prices of the
intermediate inputs P, :

]1/(1—5)

1
©) p,=||, Pl di

>

and the demand schedule for intermediate
input Y; , is:

P\
(10) Y, = [—] Y.
: P

Intermediate inputs are produced by a
continuum of firms with a simple linear

19The model was introduced by Calvo (1983); the dis-
crete time version we use here was first introduced by Yun
(1996).

technology in labor, which is the only input
of production:

(11) Yi,t = A, Ni,t’

where A, is a stationary process for aggregate
technology.”| Due to the assumption of con-
stant returns to scale technology and assum-
ing that nominal wages are set in perfectly
competitive markets, the real marginal costs
of firm i, MC, ,, depend only on aggregate
variables and thus, are the same across firms:

Wi

12 MC,, = MC, = .
( ) it t AfPf

Intermediate firms® price-setting prob-
lem. Imperfect substitutability generates
market power forintermediate goods produc-
ers, which are thus price setters. We assume
random intervals between price resets: in
each period a firm can reoptimize its nominal
price with fixed probability 1 — 6, while with
probability € it maintains the price charged
in the previous period.?| The problem of firm
i, which sets its price at time ¢, is to choose
P}, to maximize expected profits:

o0

(13) E, ) 6D,

Jj=0

P
X | ==Y, = TC, (Y,
Py

subject to the demand function (10).
D, is a stochastic discount factor and

20The online appendix presents the more general case
of decreasing returns to labor.

21Tn the baseline model, we do not assume indexation
of prices to past inflation and/or to trend inflation, an
assumption we find counterfactual. We discuss indexation
in section 3.6.1.
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W, Y,

t+j i,t+j
TCt+j(Yi,t+j) = Tﬁ/ AH;
function. Letting p;, denote the rela-
tive price of the optimizing firm at ¢t (p;,
=P}, /P,), the first order condition of this

problem can be written as:

is the total cost

14) pf, =%
< )pz)t 5_1

E, Zj:o@j D, t+ Yt+j IT; t+j M Ct+j
E, Z]io 07 Dt,f+j Yt+j 17,

114

X

where IIi+y; denotes the cumulative gross
inflation rate over j periods:
1 forj=0
T P .
n (h)xx( +‘/) forj:l,2,~~.

Pryj

In what follows, we denote the gross inflation
b,

Py’

rate by 7, =

Note that future expected inflation rates
enter both the numerator and the denomina-
torin (14) and thus affect the relative weights
on future variables. The numerator is the
present discounted value of future marginal
costs. Forward-looking firms know that they
may be stuck with the price set at ¢ and that
inflation will therefore erode their markup
over time; hence they use future expected
inflation rates to discount future marginal
costs. The higher these future expected
inflation rates, the higher the relative weight
on expected future marginal costs; firms
become effectively more forward-looking,
giving more weight to future than to present
economic conditions.

Note also that equation (14) in a steady
state with constant inflation is:

e 2 pom) MC

e =L X (pem Y

(15)  pi=

where p’ is the steady-state value of the
relative price p;,, 7 is steady-state (trend)
inflation, (3 is the steady-state value of the
stochastic discount factor D, ,,;, and MC is
the steady-state value of real marginal cost.
Hence, the model constrains the feasible
inflation rate in the steady state: if steady-
state inflation is positive (i.e., ™ > 1), the
convergence of the sum in (15) requires that
BT < Land 87 < 1. This implies upper
bounds on trenld inflation: 7 < (1/68)""Y
and 7 < (1/683)¢.7

The aggregate price level evolves accord-
ing to:

(16) Pt:[_‘.olpi,tl_g dl.]ll,g

1
=[P} + (1 — )P <] 1=,

2.2.2 The GNKPC

Most studies at this point take a log-linear
approximation of the firms equilibrium
conditions and the aggregate price relation
around a steady state characterized by zero
inflation. They obtain an expression of the

type:
(17)

7, = PE, iy + K MC,

where hatted variables denote log-deviations
from steady state values (for any variable
x,:%, = In(x,/x)) and the coefficient of
the marginal cost x is a combination of the
parameters governing the price-setting

7(170)(1795). Here we

problem: k=
depart from this practice and instead

log-linearize the equilibrium conditions

22For somewhat standard calibration values (0 = 0.75,
3 =0.99, ¢ = 10), those bounds would be 14.1 percent and
12.6 percent annual rates, respectively.
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around a steady state characterized by a
shifting trend inflation and, with the usual
manipulations, derive a version of the NKPC
that can be written as:*

(18) 7, = w(b, ) me, + by( P, 7T,) Efypy
+ by( P, 7,) E, Z; e, %i)jilﬁ—t-ﬁj
=

[0.9]
: A

+ b3(’lb, %1) E, Z ‘P(ll—% %i)]pt—o—j,i-ﬁj+l

j=0

+ uy.

This equation differs from conventional ver-
sions of the NKPC in two respects. First,
all the coefficients are nonlinear functions
of trend inflation 7, and the parameters of
the pricing model, which we collected in a
vector denoted by ; even though these
parameters are assumed to be constant,
the coefficients of equation (18) drift when
trend inflation drifts. In particular, higher
trend inflation implies a lower weight on
current marginal cost (in the plane (7, mc,),
the short-run NKPC flattens) and a greater
weight on expected future inflation. Second,
a number of additional variables appear on
the right-hand side of (18).* These include
higher-order leads of expected inflation
and terms involving the discount factor D,.
Excluding these variables when estimating
traditional Calvo equations would result in
omitted-variable bias on the estimated coef-
ficients, if the omitted terms are correlated
with the regressors. The standard NKPC
emerges as a special case when steady-state
inflation is zero (7, =1 for all #). In those

23Following the derivation in Cogley and Sbordone
(2008), we use the anticipated-utility approximation to
evaluate multi-step expectations when parameters drift.

24We also included the error term u, to account for the
fact that this equation is an approximation and to allow for
other possible mis-specifications. In the estimation, we
assume that u, is a white noise process.

cases, by(, T,) = by(U, 7r,) = 0, while the
other coefficients collapse to those of the
standard model (17).

Furthermore, from (15) and (16) evalu-
ated in steady state, one derives a restric-
tion between trend inflation and steady-state
marginal cost:

(19) [1 —ori L [ 1 - 6067
1-6 1—087"
g _
= mc,
e—1

2.2.3 Estimation of the GNKPC

To investigate the importance of trend
inflation for assessing inflation persistence,
Cogley and Sbordone (2008) formulate
and apply to the data a slightly more gen-
eral form of the GNKPC (18). Specifically,
they assume that firms that do not optimally
reset prices nonetheless change their price
by indexing it to past inflation.” Prices that
are not set optimally thus evolve according to
P,,=m? P, where g € [0,1] measures
the degree of indexation. In this more gen-
eral formulation, the coefficients of (18)
depend also on the parameter p, which is
included in the vector ¥.” Importantly,
the more general formulation introduces a
backward-looking term in the GNKPC and
therefore allows testing for the presence of
“intrinsic persistence” in inflation dynamics.

25A “hybrid” New Keynesian Phillips curve, including
lagged inflation, was formulated by Gali and Gertler (1999)
by assuming the presence of rule-of-thumb firms. A similar
hybrid curve is more frequently obtained in the literature
by assuming indexation, as in Christiano, Eichenbaum, and
Evans (2005).

26 The model estimated in Cogley and Sbordone (2008)
is more general than (18) in a few more respects: it assumes
a concave production function, allows for output growth,
and allows for the presence of strategic complementarity
in price setting. The estimates we report are obtained for
this more general formulation.
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TABLE 2
ESTIMATES OF THE STRUCTURAL PARAMETERS

0 0 €
Median 0.593 0 9.32
90 percent confidence interval (0.49, 0.66) (0,0.17) (7.66, 11.00)

The estimation method exploits a set of
cross-equation  restrictions between  the
parameters of the Calvo model and those of
a reduced-form vector autoregression with
drifting parameters, where the latter takes the
form discussed in section 2.1. The intuition is
that, if inflation is determined according to the
GNKPC, the VAR should also satisfy a collec-
tion of nonlinear cross-equation restrictions;
these are embedded in (18), which relates the
cyclical components of inflation and marginal
cost, and in (19), which constrains the evolu-
tion of their steady-state values. These rela-
tions involve nonlinear combinations of the
underlying parameters of the Calvo model,
collected in the vector 1, which is now
defined as 1 = [0, €, o]’, where g indicates the
degree of indexation.

Following Cogley and Sbordone (2008), we
perform the estimation of 1 with a two-step
procedure. First, to estimate trend inflation,
we fit to the data an unrestricted reduced-
form VAR of the type described in section
2.1. Then, conditional on those estimates, we
estimate the vector of parameters 1 as:

(20) {l') = argmin F( ﬁ’hAb ’lb),F(i‘\l'pAb'll'))'

where the function £ (ji, A, 1) embeds the
cross equation restrictions.”

27Note that here hats on vectors W, {i, and matrices A,
indicate that they are estimated values. A full description
of the estimation method appears in Cogley and Sbordone
(2008,).

Table 2 summarizes the second-stage esti-

mates. Because the distributions are nonnor-
mal, we report the median and 90 percent
confidence intervals. As in Cogley and
Sbordone (2008), the estimates accord well
with microeconomic evidence and are rea-
sonably precise.

In particular, there is no evidence of a sig-
nificant backward component, as discussed
in Cogley and Sbordone (2008). We inter-
pret this result as 1) being due to the proper
accounting, in this equation, of the dynam-
ics of trend inflation; and 2) as a cautionary
note against monetary policy analyses that
rely on NKPC formulations with important
backward-looking components.” We return
to this issue in section 3.4.7*

28This is the same interpretation of Ireland (2007), one
of the first papers modeling and estimating a process for
trend inflation in a small-scale DSGE model. He finds
that a backward-looking term in the Phillips curve is not
only unnecessary for explaining the postwar U.S. data, but
actually leads to a significant deterioration in the model’s
statistical fit.

29Barnes et al. (2009) challenges this conclusion, argu-
ing that it results from considering too simple a model of
indexation. Under the assumption that nonoptimally reset
prices are indexed to a weighted average of aggregate infla-
tion of the past two periods, they obtain a GNKPC with
two lags of inflation whose coefficients are estimated to be
statistically significant, albeit quite small.

30A similar result is obtained by Coenen, Levin, and
Christoffel (2007) who estimate a generalized Calvo model
by allowing the probability of a price revision to depend
on the length of time that the existing contract has been in
effect. They find that the estimated degree of backward-
looking behavior is zero. However, for such result to hold
in U.S. data, there must be a proper account of a shift in
trend inflation in the early 1990s.
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Figure 6. GNKPC Coefficients

Trend inflation also matters in its effect on
the coefficients of the GNKPC, which become
time varying. We can evaluate these coef-
ficients by combining the estimates in table
2 with the estimated trend inflation, illustrat-
ing the extent to which, as we noted above,
the relationship is more forward-looking than
standard NKPCs. portrays as solid
lines the coefficients «,, b, by, and bs,, com-
puted as in (18): their time variations reflect
time variation in 77,. The dashed lines report
the value of the same coefficients that would
obtain under a standard approximation of

the Phillips curve, i.e., assuming zero trend
inflation. The figure shows that the weight
on current marginal cost (upper left graph)
varies inversely with trend inflation, while the
forward-looking coefficients b, (i =1,2,3)
are all positively related to trend inflation and
larger than in the standard approximation
case. In particular, the weight on next-period
inflation expectations is always bigger than
one and higher-order expectations matter.
Relative to the conventional approximation,
current costs matter less, while anticipation
matters more.
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3. Trend Inflation and Monetary Policy

We embed the GNKPC in a simple gen-
eral equilibrium model to illustrate the
implications of a positive trend inflation for
the effects of monetary policy. To keep the
model simple, we assume that trend inflation
is positive but constant and is set exogenously
at . We analyze how a positive steady-state
inflation alters both the dynamics of the
standard New Keynesian model and the
trade-offs confronted by policymakers. We
show, in particular, that in this Generalized
New Keynesian (GNK) model, higher trend
inflation is associated with a more volatile
and unstable economy and tends to destabi-
lize inflation expectations.

Price dispersion plays a crucial role in
the GNK model. We start by analyzing the
steady-state properties of the model, show-
ing that without full indexation, positive
steady-state inflation implies a violation of
the natural rate hypothesis: because price
dispersion increases with trend inflation,
the model in steady state exhibits a negative
relationship between long-run output and
inflation. Next, we show how this long-run
Phillips curve relationship importantly
affects the Taylor principle, reducing the
region of the parameter space that induces
a unique rational expectations equilibrium.
This in turn affects the ability of monetary
policy to anchor inflation expectations.

Further, we analyze how trend inflation
affects the dynamic response of the endog-
enous variables to shocks. Higher trend
inflation tends to increase the persistence of
macroeconomics variables and, for realistic
calibrations, to increase their volatility. This
result is related to the fact that superneutral-
ity does not hold in the GNK model: changes
in trend inflation affect the steady state,
which in turn affects the log-linear dynamics
of the model, simply because it changes the
point around which the model is log-linearly
approximated. The extent of this effect

obviously depends on how much nonlin-
earities matter: we show that it is particularly
important for the standard New Keynesian
model because this model is very nonlinear
around the zero-inflation steady state (see
figure 9), which is the point around which it
is commonly log-linearized in the literature.
Finally, we look at the normative implica-
tions of positive trend inflation by analyzing
how it influences the trade-off confronted
by monetary policy and the features of the
optimal stabilization policy. We show that
positive trend inflation breaks the so-called
“divine coincidence” property of the stan-
dard New Keynesian model.

3.1 The Baseline Generalized New
Keynesian (GNK) Model

Following Ascari and Ropele (2009), we
begin building our baseline GNK model by
introducing the aggregate demand side and a
monetary policy rule. We then complete the
description of the supply side of the model
introduced in section 2.2 by relating mar-
ginal costs to output. In this part we intro-
duce a measure of price dispersion and show
how it increases marginal costs and reduces
the output produced per unit of inputs.
The cost of price dispersion in turn carries
implications for the long-run relationship
between inflation and output. Finally, we
present a log-linear approximation of the
model around a steady state characterized by
positive inflation, comparing it with a model
approximated around a zero steady-state
inflation.*

The aggregate demand side. The
demand side of the model features a rep-
resentative household, which maximizes an

310ur baseline GNK model with positive trend infla-
tion is essentially the same as that of Ascari and Ropele
(2009), augmented to include technology and labor sup-
ply shocks and abstracting from indexation. See the online
appendix for the derivation.



698 Journal of Economic Literature, Vol. LII (September 2014)

intertemporal utility function, separable in
consumption (C) and labor (N):

00 1-o 1+¢

| Yt t4
21) E J —d, et ———|,
(21) [];ﬂlw e

subject to the period-by-period budget

constraint:
(22) P.C,+(1+i)'B,
=W,N,+D,+ B,_,.

Here, i, is the nominal interest rate, B, is
holdings of a one-period bond, W, is the
nominal wage rate, and D, is profits (distrib-
uted dividends); ¢, is a labor supply shock, o
is the intertemporal elasticity of substitution
in consumption, and ¢ is the Frish elastic-
ity of labor supply. The household optimiza-
tion problem yields the following first-order
conditions:

(23)  Euler equation:

)+ e

(24) Labor supply equation:

1
— =fE
c’ !

>

t

—=d, " NfC/.
Pf

w, =

The policy rule. We assume a very simple
Taylor rule of the form:

. by
(25) (1 +ﬁ) - (2)“(?) e,
1+ s Y

where Y is steady-state output; v, is a mone-
tary policy shock; and ¢_, ¢, are nonnegative
parameters.

Recursive formulation of the optimal
price-setting equation. The joint dynamics
of the optimal reset price and inflation can
be compactly described by rewriting the
first-order condition for the optimal price
(14) as follows:

(26) ph=— 2
e—1¢

where 1), and ¢, are auxiliary variables that
allow one to rewrite in recursive formulation
the infinite sums that appear on the numera-
tor and denominator of (14):*

27) = MCY} ™ + 0BE,[751 Y]
and
(28) @, = Y77+ OBE,[ i -

These variables can be interpreted as the
present discounted value of marginal costs
and marginal revenues (for a unit change in
the optimal reset price), respectively. The
different exponents on future expected infla-
tion rates in (27) and (28) reflect the dif-
ferent elasticities of marginal costs and of
marginal revenues to a change in the relative
price in (13).*

We should also note that equation (16)
implies:

1— Gﬂf_l) !

30 o= 1<
( ) pz,t ( 1 _ 9

32Here we substituted the stochastic discount factor
from the Euler equation, i.e., D, ,,, = AC;}3/C; 7 and set
C, =7,

33This can be easily seen by rewriting (14) as

(29)

- P
Er Z 6/ Df, t+j Yt+j ? H;, tH
t

=0

€ e

—— 1 Tery Mcw) =0
Future inflation changes the relative price of the firms that
cannot modify their price. This change affects future mar-
ginal costs and marginal revenues in a different way, and
the former (¢) relatively more than the latter (¢ — 1).
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The role of price dispersion. Price dis-
persion affects the relationship between
aggregate employment and aggregate out-
put. From the individual firms™ production
functions, aggregating over i, we derive the
aggregate labor demand as:

1
(31) N, =[N, di

:Iuhwzﬁiwﬂﬂam

A AP

Denoting by s, the following measure of

price dispersion:
—&
) 0

1
(32) g:L(
we express aggregate output as:

Pl’,t
Pt

(33) Y,=-'N,

Schmitt-Grohé and Uribe (2007) show that
s, > 1, and itis equal to 1 only if all the prices
are the same, that is, only if there is no price
dispersion. Equation (33) shows that s, is a
convenient variable to express the resource
cost of price dispersion in this model:* the
higher the dispersion of relative prices, the
higher is s,, hence the higher is the labor
input needed to produce a given amount of
aggregate output. Thus, it immediately fol-
lows that, for any given level of output, price
dispersion increases the equilibrium real
wage (see (24)) and hence the marginal cost
of the firms (see (12)). Furthermore, from

34For brevity, we will also refer to s as price dispersion
because it is a model-consistent index of price dispersion.

this one can show that price dispersion is an
inertial variable, which evolves as:*

(34) S = (1 - 9) (P?J)is + 0 5,5

The complete nonlinear model. In this
simple baseline model, there is no capital
and no fiscal spending; hence the aggre-
gate resource constraint is simply given by
Y, = C,. Using the latter to substitute for con-
sumption, the nonlinear model is described
by equations (12), (23), (24), (25), (26), (27),
(28), (30), (33), and (34), which determine
the evolution of the variables MC,, Y,, w,, i,,
Piv @ Vi T Ny ;.

3.1.1 The Cost of Price Dispersion and the
Long-Run Implications of Trend
Inflation

Price dispersion is probably the pivotal
characteristic of price-staggering models,
as it determines the costs of inflation. In
an economy with moderate trend inflation,
price dispersion is therefore an important
first-order variable that matters when study-
ing the long-run behavior, the short-run
dynamics, and the welfare properties of the
class of NK models we are analyzing.

To illustrate the cost of price dispersion
is in our benchmark model, we first derive
the steady-state price dispersion from (34),
using expression (30) for the optimal price
pi+ evaluated in steady state:

35) 5=
) =g

1-6 (1—9ﬁ5j;1
1-6 ‘

35The expression is obtained by observing that s, can
be written as

P
s,:(l—é?)[ P”] + 0ns

t

ool o

t—1 t—1

el

where the expression in the curly brackets is exactly the
definition of's,_, .
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This expression shows that in a steady state
with positive inflation, price dispersion
increases in 6, ¢, and 7. Quite intuitively,
the higher the average duration of prices,
the higher is price dispersion: if prices were
completely flexible (6 = 0) , there would be
no price dispersion (s = 1). The cost of price
dispersion is also increasing in € because the
larger the elasticity of substitution among
goods, the larger the inefficient allocation
among firms due to the distortion in relative
prices. Finally, trend inflation increases price
dispersion by causing a greater difference
between the price set by the resetting firms
and the average price level.

As (33) shows, price dispersion is akin
to a negative aggregate productivity shock
(recall that s, > 1), since it increases the
amount of labor required to produce a
given level of output. Hence, we follow
Damajanovic and Nolan (2010) and measure
the cost of price dispersion by defining the

. 1 A « .
variable A, = - as a measure of “effective
aggregate productivity and mapping a per-
centage increase in s into an equivalent per-
centage decrease in aggregate productivity,
At. shows this decrease in aggregate
productivity as a function of 6, £, and 7.*
Aggregate productivity is rapidly decreas-
ing with trend inflation and with values of
the price stickiness parameter that are above
0.75. Moreover, higher trend inflation makes
the cost of price dispersion more sensitive to
the value of the structural parameters 6 and
o b

36Unless otherwise stated, we use fairly standard
parameter values in the numerical computations, setting
£5=099,0=1,6=10,0=0.75, and p = 1.

37Decreasing returns to labor (i.e., a firm technology
Y, =A,N}!/®) would make price dispersion more sensi-
tive to the rate of trend inflation; hence decreasing returns
would deliver a larger equivalent change in aggregate
productivity (see online appendix). For example, assume
a = 0.3; then, if annual trend inflation goes from 0 to 4
percent, the cost of price dispersion increases by almost 9
percent, a change corresponding to a 5.8 percent negative
shock to aggregate productivity.

Damajanovic and Nolan (2010) provide an
indirect estimate of the productivity loss by
mapping the price dispersion measure s, into
the coefficient of variation of prices; they
show that if, for example, the coefficient of
variation is between 10 and 30 percent, as
suggested by some empirical evidence, then
the productivity loss ranges from 0.8 to 3.3
percent (see Damajanovic and Nolan 2010
and the references therein).

A loss in aggregate productivity in turn
translates into an output loss, as shown
in Panel A in the figure displays
steady-state output as a function of trend
inflation. In this stylized New Keynesian
model, long-run superneutrality breaks
down, and a negative long-run relationship
emerges between inflation and output (King
and Wolman 1996; Ascari 2004; Yun 2005).
To understand this result, it is useful to use
expressions (12), (24), and (33), evaluated in
steady state, to write the steady-state output
level as:

(36) Y

(A¢+I 1 )ero_

d, ¢v-L
n STre

[l
d, su ’

where A is the steady-state level of tech-
nology, and p = % is the steady-state
(real) markup. As the equation shows, the
steady-state level of output depends upon
price dispersion and the average markup,
which are in turn functions of trend infla-
tion. The negative effect of trend inflation
on output through price dispersion is quite
powerful: panel A in figure 8 mostly reflects

38See Karanassou, Sala, and Snower (2005) for an
empirical appraisal of the long-run Phillips curve, or Beyer
and Farmer (2007) for a positive empirical relationship
between inflation and unemployment. Vaona (2012) finds
empirical support for a negative relationship between infla-
tion and output growth.
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Figure 7. The Cost of Price Dispersion

the right-hand panel of figure 7. The average
markup also increases with trend inflation
(see panel B in figure 8). The intuition for
this result is best seen through the following

decomposition of the markup (see King and
Wolman 1996):

pij\Mc)
where £

. , . p;
P s a pmce-ad]ustment gap; and MC

is a marginal markup, which is the ratio of the

newly adjusted price to marginal cost. The
first term decreases in inflation (see (30))
because inflation erodes the relative price of
firms that reset in past periods. Hence, the
higher the current inflation rate, the more
the newly set price is (mechanically) away
from the average price level. The marginal
markup instead increases with trend infla-
tion, as can be seen from expression (15):

* _ —=e—1
<37> Pi _ € 1 597'('_ :
MC e—1 1- 807
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Figure 8. Trend Inflation and Steady State Variables

Note: Variables expressed as percentage deviation from the zero inflation steady state.

because of the forward-looking behav- — gap term (figure 8, panel B); therefore

ior of firms and the interactions of future
expected inflation rates with the monopo-
listic competition framework. As we dis-
cussed in section 3.1, future inflation rates
affect marginal costs relatively more (¢)
than marginal revenues (¢ — 1) (see (14)).
Thus, the overall effect of trend inflation
on the average markup depends on the
elasticity of demand e, a key parameter
of the model. The marginal markup term
in general dominates the price-adjustment

higher trend inflation yields a larger average
markup, hence a larger monopolistic distor-
tion and a larger negative effect on steady-
state output.

Another element that affects the mar-
ginal markup and partially offsets the effect

39The price-adjustment gap is actually stronger for
extremely low values of trend inflation, so that the average
markup first decreases slightly and then increases as trend
inflation increases (see King and Wolman 1996).
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of trend inflation is discounting. The more
firms discount the future, the less they are
going to worry about the erosion of future
markups: this implies a lower marginal
markup,!| a lower aggregate markup, and a
higher steady-state output.

Finally, panel C in figure 8 shows that
steady-state welfare (computed by plugging
the steady-state values in the utility function
(21)) is also strongly decreasing with trend
inflation in this simple NK model, both
because trend inflation reduces steady-state
output and hence consumption and because
it increases the amount of labor needed to
produce a given amount of output. We will
analyze further these implications when we
discuss normative issues in section 3.4.

3.1.2 The Log-Linearized GNK Model

Much of the success of the standard NK
model is due to the elegance of condensing
a quite sophisticated microfounded model
into three simple linear equations, which are
typically derived as log-linear approxima-
tions of the equilibrium conditions around a
steady state with zero inflation. The first two
are the Euler equation (23) and the Taylor
rule (25). For the Euler equation, we impose
the resource constraint Y = C to have:

(38) ?r =E, ?r+1 - Uﬁl[it — E ).
For the Taylor rule, we have:
(39) Uy =G+ by ?t + o

The third equationis an NKPC that links infla-
tion and output obtained by log-linearizing
the supply side equations: this equation is
obtained by combining the NKPC (17) with

40Tt is easy to show that the marginal markup increases
with 8if 7 > 1 (see the online appendix).

the relationship between marginal costs and
output:"

(40) 7, =AY, + BE, 7.,
+ “(gz - (90 + l)At)>

where the slope is given by A = k(o + ).

When the approximation is around a steady
state characterized by positive inflation, the
first two log-linearized equations still hold,
but getting an expression corresponding to
(40) is more cumbersome. We could proceed
as above, starting from the GNKPC (18),
with 7, replaced by 7, and substituting in it
the log-linear expression of marginal costs
as function of output. However, it is simpler
to log-linearize instead a recursive formula-
tion of the GNKPC, which can be obtained
from expressions (26)—(28) of section 3.1. To
do so, we combine (26) and (30) to obtain
an expression for ¢, which we substitute in
(28). This gives a Phillips curve that com-
prises two equations describing respectively
the dynamics of inflation and the evolution of
the present discounted value of future mar-
ginal costs 1),. We then log-linearize these
two equations around a trend inflation 7 to
obtain:

(41) ﬁ'f = ﬁ(ﬁ) me, + bl(ﬁ) E, 7Art+1
+ bz(ﬁ) ((1 - U) i/t - Eﬂ[’tﬂ)

and

(42) = (1-687) (e, + (1 - 0)Y,)

+ (eﬂﬁs) Et(’(LtJrl + 57Art+1):

41The derivation is obtained by substituting in (17) a
log-linear approximation of the marginal cost expression
(12), the labor supply equation (24), and the aggregate
production function (33), with §;, = 0.
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=1 —e
(1 97T 07;5(71] aﬁﬂ )’ b](ﬂ')
=A[1+e(l — 67 ") (7m—1)], and by(7)
=[(1—07 ") (1 —7)." Finally, to ex-
press the Phillips curve as an inflation—
output relationship we substitute out the
marginal cost, accounting for the price dis-
persion term in the aggregate production
function: Y, = A, + N, — §,. Equations (41)
and (42) then become, respectively:

where k(7)==

43) &, = AT)Y, + by(7) E, 7y
+ /(7) (¢, + 5, — (p +1)A,)
+by(7) (Y,(1 = 0) — Estis),
and
(44) = (1 - 087)
x (03 + (e + 1) (Y, —A) + )
+ 0687 Eth + eft),

where A7) = k(7) (0 +¢), and the
dynamic behavior of §, is derived by
log-linearizing (34):*

—=e—1
(45) 5, = %ﬁ- V|4 + (075, ..
—om

The log-linearized GNK model is thus com-
posed of the Euler equation (38); the policy
rule (39); and three equations for the sup-
ply side, (43), (44), (45). These equations
describe the evolution of the variables 7, v,
Y, §,and?i,.

42 This formulation is expression (18) written in recur-
sive form. For ease of notation, we have suppressed the
dependence of coefficients on the vector of structural
parameters, retaining only their dependence upon trend
inflation. Details of the derivation are in the online
appendix.

43We use (30) to substitute for p;, in (34).

Two things should be noted here. First,
the supply side block of the GNK model
now includes three dynamic equations—
(43), (44), and (45)—rather than one, (40),
as in the approximation around zero steady-
state inflation. Setting 7 =1 in these three
equations yields the standard NKPC (40).
Second, §, is a backward-looking variable, so
its inclusion adds inertia to the adjustment of
inflation; moreover, trend inflation increases
the weight on §, ; yielding, ceteris paribus, a
more persistent adjustment path for ;. The
dynamics of the GNK model is thus richer,
and as we stressed in section 2.2.2, impor-
tant coefficients depend on the level of trend
inflation.

3.1.3 The Zero Inflation Steady-State
Approximation

Despite the high costs it imposes on out-
put and welfare (discussed in section 3.1.1),
price dispersion is generally considered a
term of second-order importance in linear-
ized models, because the vast majority of the
literature uses models approximated around
a zero inflation steady state. Two main rea-
sons lie behind this choice. The first is that
zero is the optimal long-run inflation for
many specifications of the NK framework
(see Goodfriend and King 2001; Woodford
2003; and the discussion in section 3.5). The
second, as shown above, is analytical conve-
nience; the resulting model is very simple
and tractable.

Zero steady-state inflation, however, does
not coincide with the concept of price sta-
bility held by central bankers, who generally
target a positive inflation rate.

From a theoretical perspective, assuming
zero inflation in the steady state eliminates
some interesting effects that derive from the
interaction of trend inflation, relative prices,
and the monopolistic competition frame-
work. In section 3.1.1, we distinguished
three such effects: price dispersion, marginal
markup, and discounting. When the model is
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log-linearized around a zero inflation steady
state, the price dispersion effect is com-
pletely nullified at first order—price disper-
sion is irrelevant both in the steady state and
in the model dynamics. Setting 7 =1 into
(45) yields:

(46) §, =08,

Small perturbations have a zero first-order
impact on §, because the model is
log-linearized exactly around the point at
which price dispersion is at its minimum.
The marginal markup effect is also muted
and would appear only in a second-order
approximation. Discounting interacts with
trend inflation in the direction opposite to
that of the other two effects. The NKPC (40)
in the long-run implies:

1-5
A

(47) Y =

I,
1-3 .
where ——= represents the long-run elastic-
ity of output to inflation in a zero steady-state
inflation. From expression (47), one con-
cludes that discounting makes the long-run
relationship between inflation and output
positively sloped. m shows however,
that this conclusion is an artifact of the
log-linearization around zero steady-state
inflation. The figure plots the nonlinear
long-run Phillips curve, expression (36),
together with the long-run relationship
implied by expression (47)." The relation-
ship between the two curves is clear: the
“long-run Phillips curve” implied by the
log-linearized model is the tangent to the
nonlinear long-run Phillips curve at the zero
inflation steady state.”” More generally, the

44The graph on the right magnifies the version on the
left to emphasize the behavior at very low rates of infla-
tion. A similar figure appears in Yun (2005), Levin and Yun
(2007), and Ascari and Merkl (2009).

45The use of hatted variables in a long-run relationship
may require clarification. When a model is approximated,

slope of the long-run Phillips curve depends
upon the inflation rate that characterizes
the steady state around which the model is
approximated. The figure shows that, except
at extremely low rates of inflation, the dis-
counting effect in the nonlinear model is
weak and easily dominated by the effects
of price dispersion and marginal markup.
At zero inflation, however, these two effects
are absent at first order; hence, the time dis-
counting generates a positive mﬂatlon—out—
put relationship, with coefficient 1= The
long-run elasticity of output to inflation (the
slope of the curve) shapes the determinacy
region, as we will see in the next section (see
(48) and (49)).

Three main implications follow from this
analysis. First, the fact that the markup and
price dispersion effects cancel out under the
zero inflation steady-state assumption makes
the model behave as if there were only one
representative firm; hence, price dispersion
would no longer be an issue. Indeed, the
model is, to the first order, observationally
equivalent to the Rotemberg (1982) model,
which assumes convex costs of price adjust-
ment with no staggering or price dispersion.*
The zero inflation steady-state assumption is
therefore not just a convenient simplifica-
tion; rather, it washes out some implications
of the microfoundations of the Calvo model.

Second, the standard NKPC, equations
(17) or (40), is notable for the absence of a
role for the parameter ¢. This stands in con-
trast with our emphasis in section 3.1 on
the effects of the interaction between trend
inflation and the monopolistic competition

the long-run relationships implied by the log-linearized
model are nothing else than the log-linear approximation of
the original long-run relationships around the point of the
approximation. In the literature, the log-linearized model
is sometimes used to look at permanent changes, but that
can lead to erroneous findings when the nonlinearities
of the original model are strong enough (see Ascari and
Merkl 2009).

46Tn this model, firms change prices in every period and
in the same way (see the discussion in section 3.6.2).
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Figure 9. Steady-State Output: Percent Deviation from Zero Inflation Steady State

Note: Relation between steady-state inflation and output in the model linearized around a zero steady-state
inflation and in the nonlinear model. The right-hand panel shows values for trend inflation rates lower than

1 percent.

framework, which naturally depends on the
demand elasticity e. This elasticity deter-
mines the relative weight of future inflation
in the present discounted value of marginal
costs and marginal revenues (see (27), (28),
and footnote 33). Around zero inflation,
these interesting effects are of second-order
importance. "’

47This point can be seen by comparing x and &(7).
However, simple modifications of the pricing model, such
as assuming firm-specific inputs or a more general demand

Third, figure 9 makes clear that pol-
icy inference under the zero inflation
steady-state  approximation  becomes
increasingly ~ problematic  with  higher
steady-state inflation. Of course, the extent
to which a linear approximation worsens as
one moves away from the approximation
point depends on how nonlinear the original

aggregator, introduce alternative channels through which
the elasticity of demand can affect the slope coefficient in
otherwise standard NK models.
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model is near that point. The standard NK
model is unfortunately especially nonlinear
around the zero inflation steady state; mov-
ing the approximation point slightly away
from there delivers a log-linearized model
with quite different long-run and dynamic
properties. In particular, the explicit account-
ing for a positive steady-state inflation in the
GNK model changes the results of the stan-
dard NK model regarding the determinacy
of the rational expectation equilibrium, the
dynamic response to shocks, and the design
of optimal policy. We turn to these changes
next.

3.2 Trend Inflation and the Anchoring of
Expectations

Many economists have advocated an
increase in central banks” inflation targets to
respond to the current economic recession;
others, including former Federal Reserve
Chairman Bernanke, counterargue that such
a move could destabilize inflation expecta-
tions. Within our framework, we can address
the extent to which a higher inflation target
makes the anchoring of inflation expecta-
tions more difficult for the central bank.

3.2.1 Rational Expectations and
Determinacy

As we discussed, the standard log-linear
NK model is composed of the Euler equa-
tion (38), the NKPC (40), and the policy rule
(39). With this specification, one can show
that a necessary and sufficient condition for
the rational expectations equilibrium (REE)
to be unique is:

(1-5)

(48) ¢+ h\

¢Y>1,

with both ¢_ and ¢, positive. As stressed
by Bullard and Mitra (2002) and Woodford

48Since this section analyzes the indeterminacy proper-
ties of the model, we can abstract from the shocks.

(2001; and 2003, Ch. 4.2.2), among others,
this condition is a generalization of the
Taylor (1993) principle according to which
the nominal interest rate should rise more
than proportionally with respect to infla-
tion, i.e., ¢, > 1. Condition (48) states that
in an NK model, the Taylor principle should
be amended according to the long-run
properties of the model: the nominal inter-
est rate should rise by more than the long-
run increase in inflation. As we saw above,
(1 — 8)/X represents the long-run elasticity
of output to inflation in this model (see equa-
tion (47))." In other words, the Taylor prin-
ciple should be understood as saying that:

01
49 -
(49) OT LR

of

— > 1,
on

LR

= (bn + ¢y

where LR stands for long run. The intuition
is straightforward: a sunspot increase in
inflation requires a more than proportional
increase in the nominal interest rate in order
to drive up the real interest rate. This in turn
reduces output via the Euler equation, curb-

ing the initial rise in inflation via the NKPC.

shows the determinacy region
in the space of the policy parameters
(¢, ¢y). Panel A portrays this region in the

zero inflation steady state case as a shaded
area. The figure also shows another condition

49Hence, the left-hand side of (48) “represents the
long-run increase in the nominal interest rate prescribed
[...] for each unit of permanent increase in the inflation
rate” (Woodford 2003, p. 254). Therefore, “The Taylor
principle continues to be a crucial condition for determi-
nacy, once understood to refer to the cumulative response
to a permanent inflation increase” (Woodford 2003, p. 256,
italics in the original). For this reason, this generalized ver-
sion of the Taylor principle is sometimes referred to in the
literature as the long-run Taylor principle.

50An intuitive analytical explanation is provided again
by Woodford (2003). Indeed, (38), (39), and the standard
NKPC continue to be satisfied if inflation, output, and
interest rates are increased at all dates by constant factors
satisfying (49) with equality. This means that a real eigen-
value of 1 corresponds to that equality.
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Figure 10. The Determinancy Region

Note: Panel A the zero inflation steady state case; Panel B the positive trend inflation case.

that needs to be satisfied for determinacy:
by + Ao >3 — 1.

The case of positive trend inflation is por-
trayed in panel B. In this case, as we saw
in section 3.1.2, the log-linearized model
comprises additional equations describ-
ing the dynamics of price dispersion § and
of the variable ; most importantly, the
parameters of these equations are gener-
ally a function of trend inflation. As a conse-
quence, the determinacy region is affected
by the particular value of trend inflation.
Despite the higher-order dynamics, Ascari
and Ropele (2009) show that, under some
simplifying assumptions, it is possible to
derive the determinacy conditions analyti-
cally and show that the generalized Taylor

51This condition is often neglected in the literature
because, in the case of a zero inflation steady state, it is
always satisfied in the positive orthant of the space (¢,, ¢y).
We show below that this condition becomes important
under positive trend inflation.

principle (49) still holds.”™ In this case the
oY

o7 IL
increases, becoming increasingly negative
at lower values of trend inflation. The line
that defines the generalized Taylor principle
(49) therefore rotates clockwise, shrink-
ing the determinacy region, as figure 10,
panel B shows. Note also that the second
determinacy condition now moves the bot-
tom line upward in the diagram, so that it
eventually enters the positive orthant.” As
a consequence of the joint movement of
the two lines, the minimum level of ¢_ nec-
essary to induce a unique REE increases
with trend inflation. Again, the intuition is
straightforward. Since trend inflation makes
price-setting firms more forward-looking,

term

N decreases as trend inflation

52The simplifying assumptions we use are log prefer-
ence in consumption (¢ = 1) and indivisible labor (¢ = 0).

53When o = 1 and ¢ = 0, a necessary condition for this
second condition to hold is: ¢y + A(T)¢,. > A7 — 1 (see
figure 10). See Ascari and Ropele (2009) for details.
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Figure 11. The Determinancy Region and Trend Inflation

the inflation rate becomes less sensitive to
current economic conditions (the short-run
GNKPC flattens); hence, monetary policy
should respond more strongly to inflation to
induce a reduction in output that achieves a
given change in inflation.

Simulating the determinacy region for
the benchmark calibration of the model
(see footnote 36) yields the results shown in
In the baseline GNK model, the
determinacy region shrinks very rapidly with
trend inflation, requiring a weaker policy
response to output and a stronger response
to inflation to guarantee determinacy as
trend inflation increases. The x in figure 11

marks the classical values of the Taylor rule
parameters, i.e., = 1.5 and ¢, = 0.5/4, as
in Taylor (1993). These values would result
in an indeterminate REE for trend inflation
greater than 4 percent.

54For trend inflation at the high values of 6 and 8 per-
cent, a small region of instability also appears above the
indeterminacy region. For our calibration, this region is
extremely small for 6 percent and gets bigger as trend infla-
tion increases. However, these values for trend inflation are
out of the range of the estimates in figure 3. Thus, figure 11
plots only the determinacy regions of the parameter space
so as to focus the discussion on determinacy and to put all
the cases in a single figure.
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Two general policy implications emerge
from this analysis. First, a higher trend
inflation tends to destabilize inflation
expectations. Second, in a higher inflation
targeting regime, monetary policy should
respond more to deviations of inflation
from target and less to output gaps. Ascari
and Ropele (2009) show that these two
messages are qualitatively robust across
different parameterizations and different
types of Taylor rules (backward-looking,
forward-looking, and inertial  policy).
However, in the case of positive steady-state
inflation, inertial policies tend to stabilize
expectations. Similarly, Taylor-type rules that
respond to output growth, rather than to the
output gap, widen the determinacy region,
thus making it easier for policy to induce a
unique REE (Coibion and Gorodnichenko
2011).

Coibion and Gorodnichenko (2011)
provide an interesting empirical application
of these results. They reinterpret the
economic instability of the period before
the U.S. Great Moderation as resulting
from a combination of high trend inflation
and a mild policy response. A mainstream
interpretation of the volatility of the Great
Inflation period is that high inflation was
due to the failure of monetary policy to
satisfy the Taylor principle (Clarida, Gali,
and Gertler 2000). By contrast, post-
Volcker monetary policy responded strongly
to inflation (the policy parameter ¢_ is
estimated to be substantially bigger than
one), bringing expectations back in line with
a unique stable REE. In this interpretation,
the “conquest of American inflation” after
the 1980s is due to a switch from “bad”
to “good” policy. However, Coibion and
Gorodnichenko (2011) identify another
possible dimension of the bad versus good
policy argument: the substantial reduction
in the inflation target. To show that, they
first estimate a Taylor rule using real-time
U.S. data based on Federal Reserve staff

forecasts for two subsamples: 1969-1978
and 1983-2002.7"

They then conduct some counterfactual
experiments on the estimated policy coef-
ficients of each of the two subsamples and
on the rate of trend inflation, using two val-
ues that correspond to the average inflation
in the two periods (6 percent and 3 percent,
respectively).”| In line with Clarida, Gali, and
Gertler (2000), they find that the economy was
very likely to have been in an indeterminate
region, according to the pre-1979 estimates,
while the opposite was true according to the
post-1982 estimates. However, contrary to
Clarida, Gali, and Gertler (2000), they also
show that replacing the policy rule coeffi-
cients from the pre-1979 estimates with those
from the post-1982 estimates without at the
same time reducing the target inflation rate
would not have been sufficient to rule out
indeterminacy.’”

To dig further into this result, Coibion and
Gorodnichenko (2011) estimate a version of
their Taylor rule with time-varying param-
eters and recover a time-varying measure of
trend inflation from the intercept of the rule.
Moreover, from the estimated time series of
the Taylor rule parameters and the estimated
measure of trend inflation, they construct
time series of the probability of determinacy

55They omit the period from 1979 to 1982, during which
the FOMC officially abandoned interest rate targeting in
favor of monetary aggregate targeting. In addition to a
response to inflation and the output gap, their estimated
Taylor rule features interest rate inertia and a response to
output growth. The forecasts appeared in the Greenbook,
the briefing on economic and financial developments pre-
pared by the staff of the Federal Reserve Board for each
meeting of the FOMC.

56 For each sample period, they make 10,000 draws from
the distribution of the estimated parameters of the Taylor
rule and assess the fraction of draws that yield a determi-
nate REE at 3 percent and 6 percent trend inflation.

57In particular, it would have increased the likelihood
of a determinate REE, but it would have still left a large
uncertainty because only 60 percent of draws from the
distribution of estimated parameters from the Taylor rule
predicted determinacy.
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Figure 12. Probability of Determinancy Using Time-Varying Response Function by the Federal Reserve

Source: Coibion and Gorodnichenko (2011) Figure 4, p. 363.

for the U.S. economy given the estimated
distribution of the Taylor rule parameters.
[Figure 12|shows the implied evolution of
these probabilities and nicely visualizes the
two main messages of their work.” First, the
U.S. economy was very likely to be subject to
indeterminacy from the early 1970s until the
start of the Volcker disinflation. Second, the
reduction in trend inflation was an important

581n Figure 12, the dashed (dotted) line assumes a con-
stant rate of trend inflation of 3 percent (6 percent), while
the solid line uses the time-varying estimated measure of
trend inflation. See Coibion and Gorodnichenko (2011) for
details.

component of the change in the probability
of a unique REE. The two dashed lines are
far apart, meaning that an average inflation
of 3 percent, rather than 6 percent, matters
in determining the likelihood of a deter-
minate REE. Had policy switched to the
“good” post-1982 reaction coefficient with-
out reducing average inflation to 3 percent,
the U.S. economy would have remained at
the edge of the indeterminacy region.

3.2.2. Learning and Expectations

Learning provides a natural frame-
work to study the concern that a higher
inflation target could unanchor inflation
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expectations.” Kobayashi and Muto (2013),
Ascari and Florio (2012), and Kurozumi
(2013b) extend the analysis of Ascari and
Ropele (2009) by introducing adaptive
learning a la Evans and Honkapohja (2001)
in the baseline GNK model with trend
inflation.’| As expressed in the learning lit-
erature, convergence of the agents’ perceived
law of motion to the actual law of motion of
the economy means that the REE is “learn-
able” or “E-stable,” in that expectations
under learning converge asymptotically to the
REE. Kobayashi and Muto (2013) and Ascari
and Florio (2012) investigate the E-stability
regions—the regions of the parameter space
(¢, ¢y) of agiven Taylor rule where the REE is
E-stable—in the manner of Bullard and Mitra
(2002). Their main result is that higher trend
inflation generally makes the REE more dif-
ficult to learn, reduces the E-stability region,
and requires a stronger policy response to
inflation and a weaker response to output in
order to guarantee E-stability.’!

Trend inflation therefore has an effect on
the E-stability region under adaptive learning
that is similar to its effect on the determinacy
region under rational expectations; this

59A similar point has been made by former Federal
Reserve Chairman Bernanke: “What is the right concep-
tual framework for thinking about inflation expectations in
the current context? . . . Although variations in the extent
to which inflation expectations are anchored are not eas-
ily handled in a traditional rational expectations frame-
work, they seem to fit quite naturally into the burgeoning
literature on learning in macroeconomics. . . . In a learn-
ing context, the concept of anchored expectations is easily
formalized” (speech at the NBER Monetary Economics
Workshop, July 2007).

60Under this learning model, agents form expectations
through recursive least squares with decreasing gain, and
their perceived laws of motion usually take the minimum
state variable (MSV) form.

61 Despite some differences in the assumptions regard-
ing the learning process across the two papers, the main
result seems quite robust across different specifications of
the Taylor rule (backward, forward, and inertial). Kurozumi
(2013b) shows, however, that the result that the shrinkage
of the E-stability region with trend inflation may not hold
for low levels of the Frish elasticity of labor supply and high
levels of trend inflation.

similarity supports the claim that a higher
inflation target could unanchor expecta-
tions.” Moreover, Ascari and Florio (2012)
show that, conditional on E-stability, higher
trend inflation reduces the speed of conver-
gence of expectations to the REE. Hence, a
higher inflation target destabilizes expecta-
tions both asymptotically (E-stability) and in
the transition phase.

Branch and Evans (2011) and Cogley,
Matthes, and Sbordone (2014) follow a dif-
ferent approach to the relationship between
learning and the inflation target. They both
study the dynamics of the model when there
is imperfect information about a change
in the central bank’s long-run inflation tar-
get. Branch and Evans (2011) show how an
increase in the inflation target could gener-
ate near-random-walk beliefs and temporarily
unstable dynamics due to self-fulfilling paths.
The assumption that agents form expectations
using adaptive learning with constant gain
(that is, that agents discount past data) is key
for the result, and it can be justified by a prior
on a possible structural change of parameters.
In this way, the model can generate signifi-
cant and persistent departures from rational
expectations.

The mechanics of this result are the fol-
lowing. After an increase in the inflation
target, inflation expectations increase less
than proportionally because of the adaptive
learning process; as a result, inflation would
be below target, and the central bank would
reduce the nominal interest rate. Given the
specification of the learning process, agents
will detect a structural change in the persis-
tence of inflation, which will lead to higher
inflation expectations that feed back into
higher inflation rates. Eventually agents
come to believe that inflation follows a ran-
dom walk, and inflation could then largely

62See Ellison and Pearlman (2011) for a formal analy-
sis of the link betwen the determinacy and the E-stability
region.
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overshoot the target before returning to its
new long-run value. Imperfect information
on the inflation target can thus generate
instability in the inflation rate and inflation
expectations, which temporarily follow non-
stationary dynamics. To prevent that, mon-
etary policy should be perfectly credible and
transparent, informing agents about the size
and the timing of the change in the target.

A related work by Cogley, Matthes, and
Sbordone (2014) studies optimal disinflation
policy with Taylor-type rules under learning.
They analyze the options of a central bank
that inherits high inflation. Under full infor-
mation, the optimal disinflation policy in that
case implies more aggressive response coef-
ficients; whereas under learning, optimal dis-
inflation occurs more gradually and implies a
larger sacrifice ratio. Under learning, the opti-
mal disinflation is gradual because the equilib-
rium law of motion in that case is potentially
explosive. However, the authors find that the
crucial source of potential explosiveness is the
imperfect information about the policy feed-
back parameters, rather than about the long-
run inflation target. The authors also show
that the form of the Taylor rule—whether
backward or contemporaneous—matters in
generating potentially unstable dynamics.

3.3 Trend Inflation, Macroeconomic
Dynamics, and Monetary Policy
Trade-Offs

Trend inflation alters the transmission
mechanism of monetary policy and the
dynamics of the macroeconomy in response
to shocks. These alterations arise because
trend inflation affects the parameters of the
log-linearized model; in particular, as we
have shown, it flattens the Phillips curve. To
analyze these effects, we specify the follow-
ing autoregressive processes for the three
shocks of our baseline model:

(i) the technology shock:

~ ~

(50) A= PA A+

(ii) the labor supply shock in (24) (which is
equivalent to a cost push shocks in the mar-
ginal cost equation (12)):

(51) S = Py S1 T UG

and (iii) the monetary policy shock in the
Taylor rule (39):

(52) Up = Py U1+ Uy

The innovations u,,, u, and u,, are assumed
to be i.i.d. standard normal processes.

To obtain analytical expressions for the
responses of output and inflation to the
shocks, we use the following simplifying
assumptions: log preferences in consump-
tion (o = 1), indivisible labor (¢ = 0), and
no persistence in the shocks (p,=0 for
i=A,qv). With these assumptions, the
log-linearized GNK model can be described
by the following equations:

(53) #,=A7) (Y, - A +q)

+ by(T) E 7,y — by(T) E, 12’t+1,

(54) "Zz = (1-6p7) (i{f - At + ';t)

+ (667) Et(lztﬂ + 67?1‘+1>>

A

(55) Y, =E, )A]t+1 - (it —E, ﬁtﬂ))

(56) i =, %+ Y, +u.

The model is completely forward-looking,
as in the case of zero steady-state inflation,
because the assumption of indivisible labor
makes price dispersion irrelevant for the
dynamics of output and inflation (but not for
the dynamics of hours), asis evident from (43)

63Note that ¢ = 1 and ¢ = 0 imply A\(7) = (7).
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and (44). Moreover, given that the shocks are
i.i.d., there are no transitional dynamics and
the economy returns to the steady state in
the period after the shock. The impact of the
different shocks is derived as:™

(57) ﬁt: A(ﬁ)
1+ A7) 1%%
A 1
X(f 135"
<58) 6= 1+ ¢, ! ( )
L4+ N7

x ()\(77) (A4 —q) - d)Lut).

™

As in the standard NK model, a positive
technology (labor supply) shock reduces
(increases) inflation and increases (lowers)
output, while a positive monetary policy
shock contracts both output and inflation.*
However, an increase in 7 reduces the
impact effect of a technology (labor supply)
shock on output and inflation because it flat-
tens the Phillips curve by reducing A(7).*
With higher trend inflation, the impact of a
monetary shock on output is larger, and the
effect on inflation is smaller. Thus, the effect

64Under our simplifying assumptions, the labor sup-
ply shock is equivalent to a negative technology shock.
We will thus comment only on the effects of technology
shocks, with the opposite effects being valid for labor sup-
ply shocks.

65Moreover, the higher the ¢.(¢y), the lower (higher)
the response of inflation to shocks and the higher (lower)
the response of output.

66Very often in the literature, a cost-push shock is sim-
ply added to the NKPC equation. If we had added a shock
to (53), then the output and inflation impact response to
such a shock would have increased with trend inflation.
This explains the result in Ascari and Ropele (2007) that
the policy frontier, i.e., the locus of feasible combinations
of output and inflation variances attainable by monetary
policy, shifts outward with trend inflation (see proposition
3 therein).

of trend inflation on the volatility of aggre-
gate variables depends on the type of shock.

If we remove the assumption of ¢ =0,
which was used to obtain the analytical
derivations above, the dynamic response
to shocks is affected also by the dynamics
of price dispersion. As we discussed, when
trend inflation increases, deviations of price
dispersion from the steady state are more
persistent. This feeds back into marginal
costs—and hence into the NKPC—so that
trend inflation tends to increase the persis-
tence of macroeconomic variables, particu-
larly inflation. This in turn also affects the
unconditional variance of most economic
variables. We display these effects in the fol-
lowing figures.

Technology Shock. |Figure 13| shows
the impulse response functions of output,
inflation, and price dispersion to a positive
1 percent technology shock for three values
of trend inflation: 0, 2, and 4 percent. Each
row of the figure corresponds to a different
parametrization of the shockpersistence, p,,
and the Frish elasticity, .7 The first row
assumes the same parameters as in our ana-
Iytical investigation; the second line assumes

. = 0.95; and the third sets p, = 0.95 and
¢ = 3. The first line displays the analytical
result we discussed above: trend inflation
dampens the impact of a technology shock
on output and inflation and amplifies that on
price dispersion. Output and inflation return
immediately to the steady state after the
impact because they do not inherit any persis-
tence from the shock (since p, = 0) or from
price dispersion (because s does not enter
the GNKPC when ¢ = 0). Price dispersion
does not move much because the change in
inflation is small and short-lived.’S However,

67Calibration of the Taylor rule parameters is standard:
¢.=15and ¢y = 0.5/4.

68 As previously explained, price dispersion does not
move in the case of zero steady-state inflation because, in
that case, it does not matter to a first order.
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Figure 13. Impulse Response Functions to a 1 Percent Positive Technology Shock

when the technology shock displays high
persistence, as is often assumed in quanti-
tative studies, trend inflation amplifies the
impact of a technology shock on output and
inflation because price-setting firms are, in
this case, more forward-looking. The price
dispersion response is also quite sizable and
persistent in this case, as expected from
(45). Finally, when ¢ > 0 (bottom row of

figure 13), price dispersion increases the
persistence of output and inflation because
in this case, there is mutual feedback
between inflation and price dispersion,
whose strength is governed by the param-
eter .

Monetary Policy Shock. Fiéure 14 shows
the impulse responses of output, inflation,
and price dispersion to a 1 percent shock
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Figure 14. Impulse Response Functions to a 1 Percent Positive Monetary Policy Shock

to the Taylor rule.’ At higher rates of trend
inflation, price resetting firms react less to
the current drop in output, so that infla-
tion reacts less and the interest rate increase

69 Here we set ¢, = 2 (rather than 1.5, with the other
parameters as in the benchmark calibration of footnote 36)
to allow determinacy for the 6 percent trend inflation case.
The change in parameters has no effect on the shape of the
impulse responses. For realism, we also add inertia to the
Taylor rule, which is now specified as:

(59) L=p 0+ (1 - Pi><¢ﬁ Tt oy it) + o,

with p, = 0.8.

induces a larger reaction of output according
to the Euler equation. Trend inflation mat-
ters for these impulse responses through the
GNKPC slope A(7): by reducing this slope,
higher trend inflation reduces the impact of
monetary policy shocks on inflation.| Note
also that, through price dispersion, higher
trend inflation increases inflation persistence.

70 Ascari and Ropele (2007) show that this result is valid
also for shocks to the rate of growth of the money sup-
ply when monetary policy is described by an exogenous
autoregressive process for money growth.
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The main message from these simulations
is that trend inflation tends to increase the
persistence of macroeconomic variables. Its
effect on volatility, however, depends on the
type of shocks, the variable, and the calibra-
tion. In particular, when supply shocks are
very persistent, as is commonly calibrated
in the literature, trend inflation strongly
increases the volatility of macroeconomic
variables. For example, in our benchmark
model, an increase in the inflation target
from 0 to 4 percent more than doubles the
variance of output (from 1.3 to 2.85) and
that of inflation (from 0.41 to 0.85), assuming
only technology shocks with persistence and
variance equal to 0.95 and 0.45, respectively
(as in Smets and Wouters 2007).

These results are in line with those of
Amano, Ambler, and Rebei (2007), one of
the first papers in the literature to analyze
the macroeconomic effects of trend infla-
tion. Amano, Ambler, and Rebei (2007) also
uncover the effects of trend inflation on the
stochastic means of variables by simulating
the model dynamics using a second-order
approximation. They show that the spread
between the variables” deterministic steady
states and their stochastic means increases
with trend inflation. With zero trend infla-
tion, the stochastic mean of inflation is
slightly higher than the deterministic trend
inflation rate, while the stochastic means of
output, consumption, and employment are
slightly lower than their steady-state coun-
terparts. With positive trend inflation, these
spreads increase dramatically. The effect is
particularly large for the stochastic mean
of inflation which, in the case of a 4 per-
cent inflation target, is very large—7.8 per-
cent. The mechanism again works through
price dispersion, whose effects are nonlin-
ear: persistent increases in the deviations of
price dispersion from the steady state have
a greater impact on the model’s endogenous
variables than do decreases, leading to a
spread between the deterministic steady

state and the stochastic mean. This result has
an important policy implication: the higher
the inflation target, the more often infla-
tion will exceed its target (unless the mon-
etary authority is willing to counteract these
effects by forcing output, on average, to fall
short of its deterministic steady-state value).

In sum, trend inflation affects the dynamics
of the model in a significant way. By changing
the trade-off faced by monetary policy, it also
affects the optimal monetary policy response
to shocks, to which we turn next.

3.4 Trend Inflation and Optimal
Stabilization Policy

To evaluate the effects of trend inflation
on stabilization policy, we revisit, in the con-
text of our GNK model, the well-known
Clarida, Gali, and Gertler (2000) analysis of
optimal stabilization policy under discretion
and commitment. Ascari and Ropele (2007)
conduct such an exercise in a model like our
baseline, adding a cost-push shock to the
GNKPC (53) as in Clarida, Gali, and Gertler
(2000), and assuming an ad hoc quadratic
loss function of the form:

60) W= E 3 Ba%, +xTE).
=

where x represents the relative weight

between output and inflation stabilization

around the target.

Optimal policy under discretion has the
same prescription in our GNK model that
Clarida, Gali, and Gertler (2000) obtained
for the standard model approximated around
a zero inflation steady state: optimal policy
has to “lean against the wind,” distributing
the effects of the cost-push shock between
output and inflation according to:

(61) Y,=-2"L 7,

71 Ascari and Ropele (2009) assume o = 0 to derive con-
dition (61).
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However, since the slope of the Phillips
curve A\(7) is decreasing in 7, inflation is less
sensitive to a change in output engineered
by monetary policy. As a consequence, the
optimal policy response to a cost-push shock
depends on trend inflation: as trend inflation
rises, the shock is passed more into inflation
and less into output because higher trend
inflation lowers the gain in terms of reduced
inflation for each unit of output loss. This
result carries two implications. First, the
optimal policy is initially more aggressive
as 7 increases but becomes less aggres-
sive for further increases in 7. The reason
for this nonmonotone response is that the
interest rate is a weaker policy instrument
in the presence of trend inflation: at some
point the output costs of controlling inflation
become too high, so the optimal response is
increasingly cautious. Second, the variability
of inflation relative to output increases with
trend inflation.

Turning to optimal policy under commit-
ment, a positive inflation target strengthens
the policy features of the optimal commitment
in Clarida, Gali, and Gertler (2000), such as
a lower impact on endogenous variables and
greater persistence in impulse responses.
Inflation dynamics is in fact more forward-
looking with positive trend inflation, so that,
according to the model, there are greater
incentives for the monetary authority to use
forward guidance to manage expectations. The
nominal interest rate also reacts less aggres-
sively under commitment because monetary
policy becomes less effective as trend infla-
tion increases. Hence, in this case the relative
volatility of inflation and output also increases.
Finally, the gains from commitment are ini-
tially increasing with positive trend inflation
because trend inflation increases the impor-
tance of managing future expectations; after
a certain trend inflation rate, however, such
gains diminish because higher trend inflation
reduces the effectiveness of monetary policy.
At some point, inflation becomes so costly to

control that policymakers find it optimal, both
under commitment and discretion, to keep
the output gap almost constant rather than
trying to stabilize inflation; hence, commit-
ment does not produce significant gains.

In the standard optimal policy litera-
ture, the NKPC is usually expressed in
terms of an output gap, Y,, defined as the
log-deviation of current output from the
output that would arise in a flexible-price
environment, namely the natural level of
output Y;' (Woodford 2003 and Gali 2008):
Y, =logY,—logY/. Y, is a measure of
the nominal distortion implied by sticky
prices. In our benchmark model under zero
steady state inflation, the output gap can be
written as Y, = (log Y, — log Y) — (log Y} —
logY) = Y, — f:; A+ (Hl_tp G, where Y is
the flexible-price steady-state output. Thus,
the Phillips curve (43) can be written in the
familiar form:

(62) i, = )‘it + BE, .

An optimal policy that closes the output
gap also stabilizes inflation: this is what
Blanchard and Gali (2007) called the “divine
coincidence” in the NK model.

To write an expression analogous to (62)
under trend inflation, we introduce the fol-
lowing decomposition:

(63) Y, = (log Y, — log Y(7))
— (log Y —log Y)
+ (log Y@ — log Y)

+1 .
¥ A+ 1
o+ o+

:i][_ <t+?

where we defined Y(7) as the steady-state
output for a given trend inflation. The extra
term, Y, arises from the fact that the model
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is log-linearized around a positive 7. The
term Y =log Y(7) — log Y is the deviation
of the level of output associated with steady-
state inflation 7 from the level of long-run
output under flexible prices (or when steady-
state inflation is zero). As such, Y represents
a long-run output gap (recall figure 9). Using
(63), we can write the GNKPC (43) and (44)
as:

(64) 71, = )\(ﬁ) (?z - )7) + H(ﬁ) 08,

+ by(T) E, 7,y + bo(T)

- o~ e+1a 1
Y —-Y A, —
(t MR 0+<pgt)

X

x (1 —0)—E, i)m),

(65) ¥, = (1 - 057°)

A v v, 1l—0 3
@st+(1+¢)(yt Y+U+¢At)

90+"‘

+08TE (¢t+l + €7Tz+1)

It is now evident that closing the output
gap is not sufficient to stabilize inflation, so
divine coincidence does not hold when trend
inflation is positive.”

Using this output gap definition, Coibion,
Gordodnichenko, and Wieland (2012) and
Lago Alves (2014) derive a second-order
approximation to the utility function of the
representative agent under trend inflation,
following the approach in Woodford (2003).7

721In other words, the shocks in our benchmark GNK
model do generate policy trade-offs under positive trend
inflation. See Lago Alves (2014).

73This provides an extension of the Ascari and Ropele
(2007) analysis to the case of a microfounded loss function.
This extension is important because the parameters of the
microfounded loss function provide another channel for
the effects of trend inflation.

Woodford (2003) shows that in the zero
inflation steady-state approximation the
steady-state inefficiency @, is 51mply due to

the monopolistic distortion: &, = 1 — L =L,
u

The second-order approximation of the util-
ity function around the efficient level of out-
put (Rotemberg and Woodford 1999) is then
derived under the assumption-that the inef-
ficiency ®, is “small enough.”” When trend
inflation is positive, however, Lago Alves
(2014) shows that the monopolistic distor-
tion is potentially larger (see (37) and (30)),
since the steady state markup is now:

o —=e—1
(66) p=_° =0T
c—1 1- 607

(1 T )511
X | — )
1-6
Lago Alves (2014) also illustrates two results
from the analysis of the welfare func-
tion. First, the nonlinear welfare function
decreases rapidly and becomes increasingly
concave as the inflation rate rises. Hence the
microfounded loss function derived under
the zero inflation steady-state assumption
can be a poor approximation to the true wel-
fare function when average inflation is posi-
tive. At 2 percent inflation, for example, the
curvature of the true loss function is two and
a half times as large as the curvature at the
steady state with zero inflation; at 4 percent
inflation it is 10 times as large. An approxi-
mation around positive trend inflation would
be more precise. The second result pertains
to the relative weight on output in the wel-
fare function, which is now:"™

1— g7t A7)
1—-07° €

(67) X(7) =

74 Alternatively, one may assume another policy tool
(e.g., a subsidy) to take care of this inefficiency.

75See proposition 1 in Lago Alves (2014) and the subse-
quent discussion therein.
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rather than y = %, as in the case of T=1.

The weight x(7) is rapidly decreasing with
trend inflation: with 7 at 3 percent, for
example, x(7) is about 80 percent of the
corresponding value under zero steady state
inflation. Thus, optimal policy has a lower
weight on output gap volatility (or a higher
weight on inflation volatility) when the target
level for inflation is higher. This is very intui-
tive. Inflation fluctuations are costlier when
trend inflation is higher because they have a
larger and more prolonged impact on price
dispersion; hence, the weight on inflation
stabilization should be higher.

Finally, Lago Alves shows that the features
of optimal policy under a positive inflation
target, which we discussed for the case of an
ad hoc loss function, also hold when the opti-
mal weight x depends on trend inflation. The
welfare effects of trend inflation are obviously
critical to the issue of the optimal inflation tar-
get, which we discuss in the next section.

Our discussion of stabilization policy has
assumed away an important issue: model
uncertainty. We have illustrated how policy
prescriptions change under positive trend
inflation. But how is the policymaker’s choice
affected by uncertainty regarding the true
model of the economy, and especially for
our discussion, uncertainty about inflation
persistence? As we discussed in section 2, an
empirical specification of the Phillips curve
that accounts for drifts in trend inflation
tends to attribute the larger part of inflation
persistence to the persistence of its underly-
ing trend. Under this interpretation, inflation
persistence is not an intrinsic feature of the
economy but might instead result from the
behavior of monetary policy itself; hence, the
New Keynesian Phillips curve should have a
purely forward-looking specification. Which
specification one chooses affects the optimal
policy prescriptions because those are sensitive
to the degree of intrinsic inflation persistence.

Sbordone (2007) illustrates this point for
the case of optimal response to cost-push

shocks. She considers a small New Keynesian
model similar to the model developed here,
but she allows for two specifications of the
Phillips curve. In one specification the curve
has a backward-looking component, as in
Galf and Gertler (1999), while in the other
it is purely forward-looking, and the inflation
persistence is picked up by the time-varying
inflation trend (the specification is similar to
that of Cogley and Sbordone 2008). She then
evaluates the consequences for stabilization
policy of assuming a wrong degree of intrinsic
inflation persistence in the model. Her simu-
lations suggest that the cost of implement-
ing a stabilization policy that overestimates
the degree of intrinsic inflation persistence is
generally higher than the cost of responding
to shocks without regard to possible struc-
tural persistence. The results in Sbordone
(2007) sharpen as the inflation stabilization
weight increases in the policymaker’s loss
function; this is the case in her model when
the loss function is welfare-based.
Uncertainty about the form of the Phillips
curve is one of many types of model uncer-
tainty that policymakers must confront when
designing optimal monetary policy. In a
Bayesian approach for dealing with uncer-
tainty, policymakers form a prior over models
and choose policy to minimize expected loss
given that prior (see for example Soderstrom
2002). Svensson and Williams (2007, 2008)
have pushed the frontier by adapting and
extending Markov jump-linear-quadratic
control algorithms for the study of mon-
etary policy. They approximate policymak-
ers’ uncertainty using different discrete
modes in a Markov chain and take mode-
dependent linear-quadratic approximations
of the underlying model.”| In contrast to the

76 Applying this methodology to the study of the effect of
uncertainty about the degree to which the New Keynesian
Phillips curve is forward-looking, Svensson and Williams
(2008) show that the optimal policy is more aggressive
under uncertainty in responding to inflation movements
than is optimal policy in the absence of uncertainty.
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Bayesian approach, robust control seeks to
minimize the worst case loss over the set of
possible models. This approach presumes
that decisionmakers are either unable or
unwilling to form a prior over the forms
of model misspecification and instead just
bound the set of possibilities rather than
fully specifying each alternative (see Hansen
and Sargent 2007).

The literature on optimal policy under
uncertainty addresses many kinds of uncer-
tainty and is now quite vast; further discus-
sion goes beyond the scope of this paper.

3.5 The Optimal Trend Inflation Rate

In our baseline model, as in New Keynesian
models more generally, trend inflation is
under the control of the central bank so long
as its policy is credible. This assumption is
not unrealistic. The experience of inflation-
targeting central banks, for example, is evi-
dence that, with appropriate monetary policy,
trend inflation can be brought to a desired
level. Similarly, in Europe, the reduction and
convergence of inflation rates in EMU coun-
tries leading up to the 1999 monetary union
is a real-world example of controllability of
trend inflation.”] Even in the case of liquid-
ity traps, monetary policy tools have been
deployed to maintain reasonable control
of trend inflation. Controllability of trend
inflation doesn’t imply that one should not
observe time variations in trend inflation of
the kind we analyzed earlier. Such variations
may arise from adjustments in the policy-
maker’s target, from the publics imperfect
information about the target, or from persis-
tent shocks. On the other hand, controllabil-
ity raises the question of what long-run rate
of inflation a policymaker should choose.

7TAmong other criteria, the Maastricht treaty estab-
lished that, in order to join the European monetary union,
a country was to have inflation no more than 1.5 percent-
age points above that of the three lowest inflation rates
among the EMU members.

We have shown so far that incorporating
a positive long-run rate of inflation in the
benchmark NK model tends to unanchor
inflation expectations, enhance macroeco-
nomic volatility, and lower welfare. These
results are consistent with the vast literature
on the optimal long-run rate of inflation,
recently covered in an extensive survey by
Schmitt-Grohé and Uribe (2011). In most
New Keynesian models the optimal long-run
rate of inflation is indeed zero (Goodfriend
and King 1997; Yun 2005; Benigno and
Woodford 2005; Khan, King, and Wolman
2003; and Amano et al. 2009), a conclusion
shown to be quite robust in cashless mod-
els with staggered price setting.” Moreover,
Schmitt-Grohé and Uribe (2011) showed
that the Ramsey optimal policy calls for
price stability (i.e., zero inflation) at all times
in such a model. For plausible calibrations,
the inflation rate is always very close to zero,
even in the presence of uncertainty. This
result is perhaps not surprising, given the
emphasis we have put on the cost of price
dispersion. Nor is it surprising that the opti-
mality of zero inflation disappears only in the
extreme and unrealistic case of full index-
ation. When prices are fully indexed, there
is no price dispersion in the steady state, so
the optimal steady-state rate in this case is
equal to the initial one (Schmitt-Grohé and
Uribe 2011).

The pivotal role of price dispersion in this
class of models is even more evident by con-
sidering how the optimal policy is affected
by a positive inherited level of price disper-
sion. In this case the optimality of zero infla-
tion at all times is no longer valid. Although

T81f there is a demand for money, the optimal inflation
rate can be negative, since it will counteract the opportunity
cost of holding money attributable to a positive nominal
interest rate and the cost of price dispersion attributable to
a positive inflation rate. Since we consider only a cashless
framework, we do not address the money demand case,
which is comprehensively treated in Schmitt-Grohé and
Uribe (2011).
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the optimal policy does converge to the
steady state characterized by zero inflation,
the transitional dynamics call for a quicker
reduction of the inherited level of price dis-
persion than under a zero inflation policy.
This result is easy to show in our framework,
following Yun (2005). The Ramsey prob-
lem is to maximize the utility function of
the representative consumer under just the
resource constraint and with the evolution of
price dispersion as described by (34).™ The
optimal policy should satisfy the following
two conditions (see the online appendix):

(68) Ty = 51

and

1
(69) s, =s,4[0+ (1 —0)s77"] .

From these, it immediately follows that:
(i) the optimal policy implies zero inflation
in the steady state (7 = 1); (ii) if there is no
inherited price dispersion (s,_; = 1), then
a policy setting m, =1 for all ¢ is optimal;
(iii) however, if there is inherited persistence
(s,.; > 1), then optimal policy would pre-
scribe a gradual reduction in price disper-
sion to satisfy (69) toward a steady state with
no price dispersion.’ In the latter case, then,
the inflation rate is negative (7, < 1) along
the adjustment path to exactly engineer a
reduction in price dispersion faster than the
reduction implied by a zero inflation policy.
Furthermore, along the optimal path, as long
as there is price dispersion, the optimal reset
price is below the average price level:

(70) pri= gl

79Using (30) to substitute for p;; in (34).
80Since e > 1,if s, , > 1, then (69) implies s, <, .

To sum up, the GNK model would predict
an optimal inflation rate either equal to zero
(assuming no money demand distortions) or
negative during the transition whenever the
initial level of price dispersion is nonzero,
since the goal of policy is to minimize the
distortions due to price dispersion. These
results show once again how the costs of
inflation arise naturally from the key feature
of price dispersion in an NK model with
trend inflation.

3.6 Trend Inflation, Alternative Models of
Price Setting, and Generalization of the
Basic NK Model

In this section we discuss some gener-
alizations of the framework we have used
throughout this paper. We consider alterna-
tive price-setting models as well as other fea-
tures within the Calvo price-setting model.”

3.6.1 Microeconomic Features

Firm-specific inputs. When factors of
production are firm specific, the effects of
trend inflation described in the previous sec-
tions are amplified. In our baseline model,
we assumed a common-factor market, which
implies strategic substitutability in pricing
decisions; in contrast, specific-factor mar-
kets (either in capital or in labor) generate
strategic complementarity in price setting.
Bakhshi et al. (2007) show that firm-spe-
cific factors increase the long-run negative
effects of trend inflation and the elasticity of
the slope of the Phillips curve with respect
to trend inflation. The presence of firm-
specific factors also strengthens the effects
of trend inflation on the determinacy and
E-learnability regions we analyzed in sec-
tion 3.2 (Hornstein and Wolman 2005 and
Kurozumi and Van Zandweghe 2012).

81We do not discuss models with growth. However,
Amano et al. (2009); Vaona and Snower (2008); and Vaona
(2012) show that growth generally strengthens the effects
of trend inflation in an environment with nominal rigidities.
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The effect of differences in microeco-
nomic features across models is often muted
when the models are approximated around
a steady state with zero inflation. This is
what Levin et al. (2008) call macroeconomic
equivalence and microeconomic dissonance:
when two different models are log-linearized
around the flexible-price equilibrium, their
different microfoundations may become
irrelevant. They show this phenomenon by
considering two types of strategic comple-
mentarity (or real rigidity): one generated
by a kinked demand curve, the other by the
presence of firm-specific inputs. Up to a
first-order approximation, these two models
yield the same standard NKPC, which is flat-
ter than the standard case because of the real
rigidities. This is, however, an effect of their
approximation: if they had taken the approxi-
mation around a generic trend inflation level
(or even better, worked with the nonlinear
model) the model differences would have
been preserved.”

In Levin et al. (2008), the different micro-
foundations of the two models carry impli-
cations only for welfare, since welfare is
approximated to second order (around the
efficient allocation). Price dispersion is not
very costly in the kinked demand model,
where relative demand reactions (and thus
equilibrium allocations of resources) have a
low price sensitivity, while it is very costly in
the model with firm-specific factors. This in
turn leads to very different policy prescrip-
tions, since the two models imply different
optimal weights on output and inflation vola-
tility in the welfare function.

Finally, contrary to firm-specific factors,
a kinked demand curve implies a lower
long-run inflation elasticity of output, which
weakens the effects of trend inflation on the

82Taking second-order approximations around the zero
inflation steady state will generally reveal the difference
in microfoundations, but this would matter only at second
order.

determinacy and E-learnability regions (see
Kurozumi and Van Zandweghe 2013).

Discounting. We saw above that another
microeconomic feature that interacts with
trend inflation is discounting. Graham and
Snower (2008, 2013) demonstrate that
hyperbolic discounting could generate a
positive relationship between inflation and
output in steady state, so that the optimal
rate of inflation could be positive in this case.
Hyperbolic discounting strengthens the
discounting effect described above, which
eventually dominates the relative price and
price dispersion effect.*

Indexation. In the NK models literature,
nonoptimized prices are often assumed to
be somewhat indexed to steady-state infla-
tion (Yun 1996), or to past inflation rates
(Christiano, Eichenbaum, and Evans 2005),
or to both (Smets and Wouters 2007). The
purpose of backward-looking indexation is
mainly to capture persistence in inflation data,
as discussed in section 2. Indexation coun-
teracts the effects of trend inflation (Ascari
2004); the theoretical results discussed in pre-
vious sections are mitigated when assuming
partial indexation of prices that have not been
reset, and they are actually muted if index-
ation is full. In fact, under full indexation,
the steady state of the model is exactly that
of flexible prices; there is no price dispersion,
and all the firms charge the same price. The
assumption of indexation, however, does not
seem justified on either theoretical or empiri-
cal grounds. Theoretically, indexation is not
typically derived from the optimal behavior of
price setters, and empirically, analyses based
on price microdata show that prices do not
change all the time, as automatic indexation

83Graham and Snower use a model with overlapping
contracts & la Taylor. We conjecture that this result will be
harder to get in a Calvo setup, where the price dispersion
effect is stronger.
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would imply. Furthermore, microdata on
price changes do not exhibit a spike at the
previous period or trend inflation level, as
indexation to previous-period inflation or to
trend inflation would imply. Finally, as we
discussed in section 2.2.3, indexation doesn’t
appear to be needed to fit the NKPC, once
trend inflation is taken into account.

Capital. Little work has been conducted
on the effects of trend inflation in models
with capital. Capital accumulation is typi-
cally included in medium-scale NK mod-
els, together with other features that allow
one to better capture specific aspects of the
data. Some features are introduced to gener-
ate more inertia in the model and are likely
to have an impact on, for example, the deter-
minacy region (see Sveen and Weinke 2013).
Gerko and Sossounov (2011) investigate the
introduction of capital accumulation in the
GNKPC model of Ascari and Ropele (2009)
and confirm that positive trend inflation sub-
stantially shrinks the determinacy region. In
contrast, Arias (2013) and Ascari, Branzoli,
and Castelnuovo (2012) find that real fric-
tions that smooth aggregate demand make the
determinacy region less sensitive to variations
in trend inflation. This suggests that the results
on determinacy are sensitive to the particular
features of the models and the specification of
the policy rule. More work is needed on the
interaction of other features of medium-scale
models with trend inflation and how it affects
the properties of the baseline model that we
have discussed—more work is needed to
assess the quantitative implications of trend
inflation in empirically realistic models.

3.6.2 Other Time-Dependent Pricing
Models

The New Keynesian literature often
employs two other time-dependent pricing
models: the Taylor (1979, 1980) overlapping
contracts model and the Rotemberg (1982)
cost-of-adjustment model.

The effects of trend inflation we discussed
for the Calvo model still hold qualitatively
for the Taylor model, but they are quantita-
tively far less important because the Taylor
model has only limited price dispersion. Two
features in the Taylor model limit its price
dispersion: (i) the price resetting firms in
each period are those that reset their prices
in the more distant past, and (ii) price reset-
ting occurs a fixed number of times (typically
four, so there are only four prices in each
period). Ascari (2004) shows that the steady
state and the dynamics of the Taylor model
are much less sensitive to changes in trend
inflation than those of the Calvo model.” In
line with Ascari and Ropele’s (2009) results,
Kiley (2007) shows that, in a Taylor model
with an interest rate rule, trend inflation
makes the determinacy of the rational expec-
tation equilibrium more difficult to achieve,
and it increases inflation volatility following
cost-push shocks. Finally, Amano, Ambler,
and Rebei (2007) present simulations both
for the Taylor model and for a truncated
Calvo model™ and show that in both models
the effects of trend inflation on the dynamics
and properties of the model are dampened.
These results reinforce the general message
of the present paper that trend inflation mat-
ters because it increases price dispersion;
the degree to which trend inflation increases
price dispersion, though, depends on the
price-staggering model considered.

The same intuition reveals why the
Rotemberg price-setting model implies
qualitatively different results from the Calvo
model—in the Rotemberg model, which
uses a quadratic cost of price adjustment,
price dispersion is always zero because all

84See also Ascari (2000) and Graham and Snower
(2004), which analyze the effects of trend inflation in a
wage-staggering model a la Taylor.

85This is a hybrid version of the Calvo model, which
borrows from the Taylor model the idea that prices are
fixed for a limited period, after which they are always
readjusted.
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firms set the same price. The two models
are indeed an example of macroeconomic
equivalence and microeconomic dissonance in
the NK literature; to a first-order approxi-
mation around a zero inflation steady state,
they have the same reduced-form dynamics
(Rotemberg 1987; Roberts 1995) and equiv-
alent welfare implications (Nistico 2007). As
a consequence, these two models are treated
in the literature as equivalent from a macro-
economic perspective, despite their differing
microfoundations and welfare implications.
Under positive trend inflation, the two mod-
els differ because there is no price dispersion
in the Rotemberg model, hence, none of the
effects of relative prices on price-setting that
we described in section 3.1.1 are present.
The discounting effect remains, how-
ever. In changing their prices, firms weigh
the cost of today’s adjustment more heav-
ily than the cost of tomorrow’s adjustment.
It follows that in the Rotemberg model the
steady-state average markup decreases, and
the steady-state output increases, with trend
inflation. The Calvo model implies a wedge
between aggregate output and aggregate
employment through price dispersion (see
(33)); but in the Rotemberg model the cost
of nominal rigidities is the quadratic adjust-
ment cost that enters the resource constraint,
thus creating a wedge between consumption
and output. Ascari and Rossi (2012) show
in particular that in the Rotemberg model,
unlike in Calvo’s, (i) the long-run NKPC is
positively sloped; (ii) the log-linear GNK
model is qualitatively very different, implying
different dynamics; and (iii) when monetary
policy follows a Taylor rule, positive trend
inflation enlarges the determinacy region
and dampens the dynamic response of out-
put and inflation to a persistent technology
shock. Using U.S. data, Ascari, Castelnuovo,

86 However, consumption and welfare decrease with
trend inflation, as in the Calvo model, because as trend
inflation rises, firms have to pay a larger adjustment cost.

and Rossi (2011) compared the empirical fit
of the log-linearized Calvo and Rotemberg
models under trend inflation; the results
support the view that trend inflation is an
empirically relevant feature and point in
favor of the Calvo model.

3.6.3 Endogenous Frequency of Price
Adjustment

Finally, throughout our analysis, we treated
the frequency of price adjustment (the Calvo
parameter) as constant and independent of
trend inflation. However, with higher infla-
tion, price resetting may occur more often.
In the standard NK model, higher price
rigidity implies higher price dispersion for
any given level of trend inflation. As a conse-
quence, more flexible prices (a lower Calvo
parameter) would dampen the effects of
trend inflation.

Bakhshi, Khan, and Rudolf (2007) obtain
the GNKPC in the state-dependent model
of Dotsey, King, and Wolman (1999). In this
model the coefficients of the GNKPC (which
in this case exhibits more inflation inertia)
are still a function of steady-state inflation;
but they are also a function of the steady-
state distribution of price vintages and the
number of price vintages, which evolve
endogenously. When trend inflation rises,
firms adjust their prices more frequently;
thus, the number of price vintages declines
while the number of firms in recent vintages
increases, and so price dispersion decreases.
In this framework (under high policy iner-
tia), monetary policy shocks have a larger
impact on inflation when trend inflation is
higher; and the persistence of inflation is
lower. The opposite occurs for output. These
effects are, however, quantitatively small
(see Bakhshi, Khan, and Rudolph 2007).
Moreover, Dotsey, King, and Wolman (1999)
show that the relationship between inflation
and the impact of money on output could
be nonmonotonic. That is, with high infla-
tion, firms know that they will be adjusting
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prices in the near future. Hence, they may
not adjust their prices in response to a shock,
which leads to a greater impact of monetary
shocks on output.

Levin and Yun (2007) analyze the steady-
state properties of a model in which firms
are subject to a cost of price adjustment but
are allowed to choose the frequency of price
changes once and for all, given a constant
average steady-state inflation. The equilib-
rium average frequency of price adjustment is
then endogenous and increases with steady-
state inflation. The solid line in
shows the steady-state relationship, given
our benchmark calibration, between trend
inflation and the probability of price adjust-
ment, 6, implied by the Levin and Yun (2007)
model. In this model, the steady-state rela-
tionship between output and inflation is dif-
ferent from that shown in figure 9. For very
high rates of inflation, firms adjust prices
every period so that the equilibrium is the
same as the flexible price one and the model
exhibits superneutrality. For low and inter-
mediate rates of trend inflation, the relation-
ship is first positive and then negative as in
figure 9, but the effects are far less dramatic.
Since, under endogenous price stickiness,
the long-run Phillips curve is different, it

follows that the term oy . will be differ-

or L
ent, and this may change some of the results
surveyed above. Kurozumi (2013) follows
this intuition and employs the steady-state
relationship defined in Levin and Yun (2007)
to study how much endogenous price sticki-
ness affects the results in Ascari and Ropele

2007, 2009). For our standard calibration,
shows that with high trend infla-
tion (the cases of 7 = 4, 6, and 8 percent are
shown in the figure), the determinacy region
increases, contrary to what we showed in fig-
ure 11. However, when trend inflation rises
from 0 to 2 percent, the determinacy region
shrinks, as we showed in figure 11; and, for

moderate values of trend inflation, it is still
true that the slope of the generalized Taylor
principle (49) switches sign.

The Levin and Yun (2007) results have the
unpalatable implication that, at zero infla-
tion, firms would choose to fix their prices
once for all, so § = 1; in this case, the model
is determinate as long as ¢_, ¢, > 0. If we
assume instead that § = 0.75 at zero inflation
(a much more common calibration), and if
we maintain the elasticity of 6 with respect
to trend inflation that is implied by the Levin
and Yun (2007) model (i.e., € is scaled down
by 0.75), we would obtain the dashed line in
figure 15a, which would deliver
In that figure we recognize the standard
Taylor principle at zero inflation. For a low
rate of inflation, the effects described by
figure 11 are still present because the effect
of the increase in trend inflation dominates
the effect of the change in the probability of
readjustment. However, the relative strength
of these two effects changes as trend infla-
tion increases. Considering just the positive
orthant, the determinacy regions at 4 and
6 percent rates of trend inflation basically
overlap. Then, for further increases in trend
inflation, the determinacy region expands
because the effect of the change in 6 domi-
nates that of the increase in trend inflation.
The general message is that, at low inflation,
the nonlinearity of the model allows the
effect of trend inflation to prevail. For high
rate of trend inflation, the opposite is true.

The sensitivity of the frequency of price
adjustment to the average inflation rate
is ultimately an empirical question. But
because our interest lies in the effects of
low to moderate rates of trend inflation, we
believe it is reasonable for us to treat the
Calvo parameter as constant. The lines in fig-
ure 15a assume a price stickiness parameter
that is fairly elastic with respect to changes
in trend inflation, a condition that does not
seem consistent with either macro or micro
estimates. Many of the macroeconomic
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studies that estimated various versions of
the NK model in the pre- and post-Volcker
periods report no significant changes in the
Calvo parameter.”] Microeconomic data
also show no evidence of sizable changes in
the frequency of price adjustment. Alvarez,
Lippi, and Paciello (2011), for example,
using a uniquely rich dataset from Argentina,
conclude that the steady-state frequency of
price changes is unresponsive to inflation for
low inflation rates (below 10 percent).” In
their comprehensive survey, they show that
their results are similar to those obtained for
other countries. But a similar result holds for
price dispersion. From the perspective of a
price-staggering framework useful for mac-
roeconomic models, this may suggest that,
rather than the fixed probability of chang-
ing prices, a more problematic feature of the
Calvo model could be the existence of very
long tails; that is, very old, and then relatively
very low, prices lead to a large cost of price
dispersion that is very sensitive to the degree
of trend inflation.

4. Trend Inflation and the Zero Lower
Bound (ZLB)

This section brings our surveyed results
to bear on the debate about whether to raise
the inflation target. The debate involves
two somewhat separate questions. On
the one hand, does the presence of a zero
lower bound alter traditional considerations
regarding the optimal long-run inflation rate
(see section 3.5)? On the other hand, should
alternative policies be preferred even if a
higher inflation target can in principle miti-

87E.g., see Fernandez-Villaverde and Rubio-Ramirez
(2008) and Cogley, Primiceri, and Sargent (2010). In the
working paper version of their 2008 AER article, Cogley
and Sbordone (2005) show that the estimate of the Calvo
probability on U.S. data appears quite stable in the post—
World War IT period.

88See also Gagnon (2009).

gate the zero bound constraint? We discuss
these questions in turn.

4.1 Is Low Long-Run Inflation Optimal in a
ZLB Environment?

The first question is whether the central
bank should adopt a higher inflation target in
normal times to reduce the probability of hit-
ting the ZLB. In the course of our survey, we
discussed the effects of long-run inflation on
economic stability and overall welfare. The
general lesson we drew from our model is
that higher trend inflation tends to decrease
average output, unanchor inflation expecta-
tions, increase the volatility of the economy,
worsen policy trade-offs, and reduce welfare.
Hence, a higher inflation target would seem
to be a bad policy prescription.

How can these results be made compat-
ible with the fact that central banks typi-
cally target a positive level of inflation, most
often around 2 percent per year? The litera-
ture has long pointed out some reasons why
policymakers may want to target a higher
rate of inflation. Because of measurement
errors, inflation indexes likely overstate true
inflation by failing to completely adjust for
quality improvements. Also, nominal wages
are arguably downwardly rigid; therefore,
a moderate inflation can facilitate a reduc-
tion in real wages in response to negative
shocks. Schmitt-Grohé and Uribe (2011)
discuss both these reasons for a positive
target rate of inflation—other reasons they
discuss are uncertainty about parameter val-
ues and alternative price-staggering models,
both time- and state-dependent. But none
of these modifications, they argue, generates
more than a very low optimal inflation rate,
typically much lower than 2 percent.

The most prominent argument against
targeting a low rate of inflation is the risk
of hitting the ZLB constraint. As argued
by Summers (1991), stabilizing the econ-
omy may occasionally require real negative
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interest rates, and nominal rates cannot fall
below zero; therefore, a very low average
inflation rate may limit the ability of central
banks to conduct effective stabilization policy.
Summers (1991) and Fischer (1996) suggest
that an inflation target in the 1 to 3 percent
range would accommodate the need for a
negative real rate of interest when a zero lower
bound is binding. Krugman (1998) made a
similar argument and suggested indeed that,
in its then-current economic situation, Japan
needed an inflation target of 4 percent for
several years to generate the needed negative
real rates and curb deflation.

Raising the inflation target, however,
implies increasing the distortions associated
with a positive rate of inflation that we dis-
cussed at length, and the distortions would
remain when the natural real rate ceases to
be negative. Evaluating whether a higher
inflation target is appropriate would then
depend upon the assessment of how likely it
is for the ZLB constraint to be hit. This in
turn depends on the size of the exogenous
shocks that affect the economy and on the
transmission mechanism of these shocks;
hence, the evaluation must be conducted in
the context of a theoretical model.

Schmitt-Grohé and Uribe (2011) analyze
the issue in an estimated medium-scale mac-
roeconomic model with both nominal and
real frictions. Rather than directly impos-
ing the ZLB, they evaluate its relevance by
assessing how often the optimal interest rate
violates the zero bound. For a reasonable cali-
bration of the model’s exogenous shocks, they
find that the optimal inflation rate remains
mildly negative.” They also find that under
optimal policy, the standard deviation of the
interest rate is only 0.9 percentage points at

89The shocks driving the model are a permanent, neu-
tral labor-augmenting technology shock, a permanent
investment-specific technology shock, and a temporary
shock to government spending. The model also features
money demand distortions in the form of a transaction
technology.

an annual rate. With a mean Ramsey optimal
nominal interest rate estimated at 4.4 percent,
that implies that “for the nominal interest
rate to violate the zero bound, it must fall by
more than 4 standard deviations below its
target level” (p. 703). They conclude that the
probability that the Ramsey optimal nominal
rate will hit the ZLB constraint is practically
zero. One important assumption underlying
these results is the value of the subjective dis-
count rate, which is set at 3 percent per year.
Combined with an average growth rate of per
capita output of 1.8 percent, that implies a
real rate of interest in the deterministic steady
state of 4.8 percent. Reducing the discount
rate increases the likelihood of hitting the
ZLB constraint. However, the authors note
that a discount rate of 1 percent per year will
still require the nominal rate to fall by almost
three standard deviations below its mean for
the ZLB to bind. The conclusion that the ZLB
constraint would rarely bind under an optimal
monetary policy regime implies that consider-
ations of the constraint do not essentially alter
the optimal rate of inflation.’

Coibion, Gorodnichenko, and Wieland
(2012) compute the optimal inflation rate in
a setting very similar to our baseline model,
in which steady-state inflation is positive and
monetary policy follows a Taylor rule subject
to the zero bound constraint.” They find that
for plausible calibrations and with costly but
infrequent instances of the ZLB constraint
(defined as eight-quarter episodes), optimal
inflation is above 0 but typically lower than 2
percent. The intuition for this result is straight-
forward: “the unconditional cost of the ZLB is

90This is in line with the conclusion of Adam and Billi
(2006) and Billi (2011), who explicitly impose the zero
bound constraint on the interest rate, although they use a
model without trend inflation.

91They follow the approach of Bodenstein, Erceg, and
Guerrieri (2009) by solving for the duration of the zero
bound endogenously. The duration of the zero bound epi-
sodes as well as their frequency affect the volatility of infla-
tion and output, which are in turn important determinants
of the welfare cost of inflation.
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small even though each individual ZLB event is
quite costly” (p. 1373). The unconditional cost
is low because, in their model, eight-quarter
ZLB events are rare, occurring about once
every twenty years. So while it is true that
raising the inflation target could significantly
reduce the costs associated with a ZLB situa-
tion, the expected long-run gain of such a pol-
icy is rather small.”) Conversely, while the cost
of higher trend inflation is much more modest,
it must be paid every period. That is why the
optimal inflation rate remains below 2 percent
even in the presence of a ZLB concern.

The frequency and cost of ZLB episodes
depend on the structure of the model and
the calibration of its parameters, particularly
those driving the distribution of the shocks.
Results obtained by Coibion, Gorodnichenko,
and Wieland (2012), for example, are sensitive
to the calibration of the risk premium shock
because an increase in the persistence and
volatility of that shock has a large effect on the
frequency and duration of being at the ZLB
and hence raises the benefit of a higher steady-
state inflation. In their baseline calibration,
they choose a combination of parameter values
that closely matches the historical incidence of
the ZLB in the U.S.; they show, however, that
despite “parameter values that double or even
triple the frequency of hitting the ZLB at the
historical average rate of inflation for the U.S.,
the optimal inflation rate rises only to about 3
percent. This suggests that the evidence for
an inflation target in the neighbourhood of 2
percent is robust to a wide range of plausible
calibrations of hitting the ZLB” (p. 1394).

92They calculate that a ZLB situation lasting for eight
quarters at 2 percent trend inflation is equivalent to a 6.2
percent permanent reduction in consumption; but the
unconditional permanent reduction in consumption is only
0.08 percent because the probability of this ZLB event is
very low.

4.2 Incidence of the ZLB Constraint in
More Complex Models

The implications we reviewed so far are
normative and were obtained in the context
of a single framework. The likelihood and
the consequences of hitting the ZLB, how-
ever, have also been examined in alternative
classes of structural and statistical models
and through a variety of policy rules; this lit-
erature is more supportive of the need to set
a higher inflation target in normal times.

Reifschneider and Williams (2000) pro-
vide one of the first estimates of the effects of
the ZLB for macroeconomic stability under
different rates of trend inflation. They use
the FRB/US model, in which monetary pol-
icy follows a standard Taylor rule. Simulating
the model under historical disturbances
(whose variance is estimated from the equa-
tion residuals over the 1966-95 period), they
study how the steady-state distribution of
output, inflation, and interest rate vary as
policymakers change the target rate of infla-
tion. In their simulations, the zero bound
gives rise to a trade-off between the average
rate of inflation and the variability of output
but doesn’t generate any significant trade-
off between the average rate of inflation
and inflation variability. They estimate that
if the inflation target in the standard Taylor
rule were set at 2 percent, the federal funds
rate would be near zero only 5 percent of the
time, and the typical ZLB episode would last
about four quarters. Raising target inflation
to 4 percent would reduce the incidence of
the zero bound to less than 1 percent of the
time and reduce the length of the episode
to two quarters. Overall, their results sug-
gest that “macroeconomic stability would
likely deteriorate somewhat if the target
rate of inflation were to fall below 1 or 2
percent” (p. 956).”] The authors also discuss

93The simulations were conducted under the assump-
tions that fiscal policy is characterized by the historically
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how the negative impact of the ZLB in a
low-inflation environment can be mitigated
by simple modifications of the Taylor rule.
Specifically, Taylor rule that respond to the
cumulative deviations of inflation and output
from their target levels (which is the form
of efficient simple rules in FRB/US) would
lead to a small efficiency loss from the ZLB.™
In other words, policies that are efficient in
the absence of the zero bound implicitly
incorporate the response to past constraints
that provide the best set of policy trade-offs
between output and inflation variability.”
Williams (2009) revisits the constraint
imposed by the ZLB, again using the
FRB/US model. His objective is to estimate
how much the ZLB has limited monetary
policy during the recent recession and to
evaluate the optimal inflation rate in light
of this experience. He comes to two main
conclusions. First, the ZLB has been a sig-
nificant factor in slowing the recovery both
in the U.S. and other economies. The ZLB
constraint, he computes, has imposed a cost
in terms of lost output of about $1.8 trillion.
Second, if current conditions imply a perma-
nently lower equilibrium real rate, then a 2
percent steady-state inflation may indeed be
an inadequate buffer against the ZLB, and
it may be prudent to aim at a moderately
higher rate.” The Williams (2009) analysis

average degree of activism and the equilibrium real rate
of interest is around 2.5 percent. Of course, for this paper,
too, the results depend on the features of the model. In
his comments on Reifschneider and Williams (2000), Sims
(2000) is skeptical about their conclusion because the
FRB/US model lacks a careful treatment of real balances
and of fiscal policy, which may either mitigate or aggravate
the effects of the ZLB constraint.

M Efficient simple rules are those delivering the best
combinations of standard deviations of inflation and the
output gap, known as the policy frontier (see Williams
2009).

95 Price-level targeting rules are a particular case of the
modified Taylor rules considered; hence, they can over-
come the effect of the zero bound, as shown in Wolman
(1998). We discuss this point later.

96 This conclusion is based on a calibration of the equi-
librium real rate at 1 percent, and a distribution of shocks

is expanded by Chung et al. (2012) to assess
whether estimates of the frequency of the
ZLB in the literature are too benign. They
use an array of statistical and structural mod-
els to investigate what we can learn from
recent events about the expected frequency,
duration, and magnitude of ZLB episodes,
and how severe the zero bound constraint
has been in the current crisis. The authors
consider both structural models—FRB/US,
EDO (a medium-size DSGE model devel-
oped at the Federal Reserve Board), and
the Smets and Wouters (2007) model—and
statistical models that impose less tight con-
straints and allow for the possibility of struc-
tural changes.” For each model they conduct
stochastic simulation exercises.

From the standpoint of 2007, the authors
compare the actual course of events with
what each model would have predicted
prior to the crisis (the authors base the fore-
cast distribution on historic shocks, starting
from 1960). They observe that the drop in
output and the federal funds rate as well as
the increase in unemployment were big sur-
prises, while the mild disinflation was not a
surprise. Furthermore, the structural models
deliver only a very low probability of hitting
the ZLB; by contrast, the statistical models
give it a probability of 2 to 9 percent. In the
structural models, the probability of hitting
the ZLB and the probability of being stuck
there for four or more quarters in general
increase when the estimation sample is
extended to 2010 (which gives three more
years of information about the shocks) and
when the simulations account for the uncer-
tainty about model parameters and latent

estimated from data covering the pre-Great Moderation
period only. Both assumptions are arguably quite extreme
(see Woodford 2009a).

97The statistical models considered are a time-varying
parameter VAR; the Laubach and Williams (2003) model,
which allows a unit root in output growth and the equilib-
rium interest rate; and a univariate model with GARCH
error processes.
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variables. These probabilities decrease when
using only the observations for the Great
Moderation period.

The broad message of Chung et al. (2012)
is that uncertainty about model parameters
significantly increases the probability of hit-
ting the zero bound; that parametrizations
based on the Great Moderation period tend
to understate the incidence and severity of
the ZLB; and that the propagation mecha-
nism of typical DSGE models is unable to
generate sustained periods during which
policy is stuck at the ZLB.

The question, however, is whether pin-
ning down the probability of hitting the zero
bound can resolve the issue of whether the
long-run target for inflation should be raised,
or whether one should instead consider
alternative policies that could help respond
to the kind of negative shocks that brought
about the Great Recession. We turn to this
issue next.

4.3 History-Dependent Policy as an
Alternative to a Higher Inflation Target

Interpreting the conclusion of simula-
tions performed under a simple Taylor rule
for monetary policy requires some caution.
As noted by Reifschneider and Williams
(2000) and demonstrated by Eggertsson and
Woodford (2003), such a rule is a poor form of
policy when the zero bound binds because it
is a commitment to a purely forward-looking
policy. That is, the simple Taylor rule takes
into account at each point in time only the
evolution of the economy from that point on;
as soon as the constraint is no longer binding,
policy is again conducted as it would have
been if the constraint had never hit. As we
discussed above, Reifschneider and Williams
(2000) note indeed that the economy would
perform better under a modified Taylor rule
that responds “to the cumulative deviations of
output and inflation from their respective tar-
get levels” (p. 961, emphasis in the original).
Eggertsson and Woodford (2003) address

this issue and show how rules that incorpo-
rate a form of history dependence, as those
indeed do, can approximate optimal policy in
the presence of the zero bound constraint.
They recast the Krugman (1998) analysis in
a simple dynamic general equilibrium model
in which the policymaker’s objective func-
tion trades off inflation and output stabiliza-
tion, and characterize optimal policy subject
to the zero bound constraint. They find
that the zero bound constrains stabilization
policy in a low inflation environment when
a real shock lowers the natural rate of inter-
est. They show, however, that it is possible to
mitigate the effects of the zero bound con-
straint by creating “the right kind of expecta-
tions regarding how monetary policy will be
used after the constraint is no longer bind-
ing, and the central bank again has room to
maneuver” (p. 143).

In the sort of dynamic models that we
discussed, the effectiveness of monetary
policy rests on its ability to affect private
sector expectations about the future path
of the short-term rates because these deter-
mine equilibrium long-term rates, which in
turn affect most spending decisions. Hence
“a commitment to create subsequent infla-
tion involves the commitment to keep inter-
est rates low for some time in the future”
(Eggertsson and Woodford, 2003, p. 144,
emphasis in the original) and this commit-
ment can help stimulate aggregate demand
today even if current nominal rates cannot
be lowered any further.

The commitment to a history-dependent
policy is key to generating expectations of
higher inflation and to exiting the zero lower
bound. This commitment to future policy can
achieve what the advocates of a higher infla-
tion target want to achieve, namely generating
expectations of higher inflation in the future
(when the constraint would no longer bind)
in order to obtain the desired decline in the
current real rate. Rather than permanently
raise the inflation target, policymakers can
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generate these expectations by being explicit
about how they will conduct policy after the
zero bound constraint is no longer binding.

Eggertsson and Woodford (2003) also
show that the optimal commitment takes the
form of price-level targeting: people should
expect inflation to be only temporarily high
following periods in which the price level has
fallen below its target path; the price-level
target implements a sort of history-depen-
dent inflation target.”

The “forward guidance” adopted by the
Federal Reserve in the recent crisis is con-
sistent with the history-dependence feature
of the Eggertsson and Woodford (2003) opti-
mal policy. Indeed, their recommendation of
compensating for the current zero bound
constraint by providing more accommoda-
tion in the future is echoed in the FOMC’s
post-meeting statement language adopted
since September 2012: “. . . the Committee
expects that a highly accommodative stance
of monetary policy will remain appropriate
for a considerable time after the economic
recovery strengthens.” It has also found
expression in a proposal advanced by the
president of the Federal Reserve Bank of
Chicago (Evans 2012). He argued for the
adoption of a state-contingent price-level
targeting regime and illustrated the way it
would work in the specific case of a desired
growth rate of prices of 2 percent per year
(the FOMC’s long-run inflation objective;
see fn. 1). He argued that when the annual

98 A similar argument holds if, instead of targeting the
price level, monetary policy uses the exchange rate as an
instrument (Svensson 2003; McCallum 2000).

9FOMC post-meeting statement, September 13,
2012 (http://www.federalreserve.gov/newsevents/press/
monetary/20120913a.htm.) From October 2012 on, that
sentence of the statement was amended to include a refer-
ence to the purchase program: “. . . the Committee expects
that a highly accommodative stance of monetary policy will
remain appropriate for a considerable time after the pur-
chase program ends and the economic recovery strength-
ens.” This language has further evolved in the FOMC
statement of March 19, 2014.

rate of inflation is below 2 percent (where
it has been on average since the recession
started), the price level will have to grow
at a faster rate afterward in order to close
the gap between the actual and the desired
price paths. The expected path of inflation
would therefore have to be above 2 percent
for some time, even though 2 percent would
continue to be the long-run objective.'"

A similar recommendation has been made
by Coibion, Gorodnichenko, and Wieland
(2012), the contribution we discussed above.
They derive optimal policy rules under com-
mitment and simulate the model under
baseline parameters. They find that when
the central bank can commit to the Ramsey
policy, the cost of the ZLB can be negli-
gible. The reason is that, in the event of a
large shock, the credible commitment to
keep the interest rate low for an extended
period reduces the impact of the shock and
helps in exiting the ZLB sooner. The impact
of a negative shock is therefore smaller and
the ZLB events are shorter despite the fact
that the optimal inflation rate is very close
to zero and the zero bound binds more fre-
quently. Commitment is the key for this
result: the optimal policy under discretion
would entail much higher costs in a ZLB
situation and a higher inflation rate—about
2.7 percent. Evaluating price-level targeting
rules, Coibion, Gorodnichenko, and Wieland
(2012) find that such policies stabilize expec-
tations, substantially reduce the volatility of
output and inflation, and increase welfare.
Under those rules, the zero bound binds
less frequently even at a low steady-state
inflation.'"!

100Price-level targeting has been examined by research-
ers at the Bank of Canada for some time, e.g., Coté (2007),
Ambler (2009), and Crawford, Meh, and Terajima (2009).

101 Analyzing Japan’s “Lost Decade,” Leigh (2010)
shows that simply increasing the inflation target would
have had only limited and short-lived effects on output,
while a price-level targeting rule would have proved to be
a much better stabilization tool.
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Rules that target nominal GDP also con-
tain the history-dependence feature of
price-level targeting rules. Nominal GDP
targeting has therefore been advocated
by some in the academic and business
communities as another promising alterna-
tive to an increase in the long-run inflation
objective for addressing the ZLB constraint
(e.g., Woodford 2012 and Hatzius and Stehn
2011). The discussion of such alternatives is
beyond the scope of this paper.

5. Summary

The literature lacks a comprehensive dis-
cussion of trend inflation and the macroeco-
nomic effects of conducting monetary policy
with a higher inflation target. We help fill this
gap by reviewing key empirical, theoretical,
and policy issues arising from an assump-
tion of positive trend inflation in a workhorse
macroeconomic model for monetary policy.

The theoretical underpinnings of time
variation in trend inflation and its relation
to the policymakers inflation target remain
an active area of research. We show that
accounting for the evolution of trend infla-
tion in empirical models of inflation dynam-
ics allows a better definition of the properties
of the inflation gap, the variable that mat-
ters to policymakers. In our estimate, trend
inflation—which we measure with the GDP
deflator—peaked in the 1970s and then
started a slow decline before stabilizing in
the mid-1990s at around a 2 percent annual
rate.

We also show that the persistence of the
inflation gap is lower when measured as the
deviation of inflation from trend than as
the deviation from a constant mean. As the
deviation from trend, the persistence of the
inflation gap has declined significantly since
the mid-1980s, an important consideration
in monetary policy decisions.

Many economists have recently proposed
trend inflation rates higher than current

central bank targets to reduce the incidence
of the zero lower bound constraint on mon-
etary policy. We evaluate the implications
of this proposal through a more general
version of the standard log-linearized New
Keynesian model, which we obtain as an
approximation around positive steady-state
inflation. In this model, even a moderate
rate of trend inflation has important con-
sequences for the evaluation of monetary
policy. It tends to destabilize inflation expec-
tations and thus requires a more aggressive
policy response to inflation deviations from
target. Moreover, because positive trend
inflation increases price dispersion, it flat-
tens the Phillips curve; this in turn reduces
the impact of technology shocks on output
and inflation, amplifies the impact of mon-
etary shocks, and increases the persistence of
the effects of shocks on the macroeconomic
variables. Although our model employs the
Calvo price-setting mechanism, the results
continue to hold under variations in this and
other microeconomic features. Extensions
of our baseline model to environments with
richer specifications are the subject of ongo-
ing research.

Our results imply that raising the long-run
rate of inflation would carry significant costs.
However, these must be weighed against
the costs of hitting the zero bound as well
as against the uncertainties surrounding the
efficacy of alternative monetary policy tools
in such an environment.

The debate on this matter hinges signifi-
cantly on the frequency and severity of zero
bound episodes, whose likelihood is difficult
to evaluate. Research centered on the histori-
cal record may underestimate that likelihood
because it doesn't take full account of the
current situation, in which the zero bound
has been binding for more than twenty quar-
ters. We argue, however, that the literature
provides effective responses to the zero
lower bound problem that do not require a
permanent increase in the long-run inflation
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objective. Specifically, the literature shows
that the commitment to a history-dependent
policy can raise inflation expectations, thus
reducing the current real interest rate and
providing economic stimulus. Although this
result is the same as that sought by advo-
cates of a higher inflation target, it would
be realized via only a temporary increase in
expected inflation. Hence, it would be less
likely to carry the negative implications of a
higher trend rate of inflation.
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