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Abstract

It is often believed that inflation persistence can be attributed to variation
in the Federal Reserve’s long-run inflation target rather than firm’s backward-
looking pricing behavior in the literature. In this regard, this paper investigates
whether there is a need for the role of firm’s backward-looking behavior in ac-
counting for inflation persistence even after trend inflation is taken into account.
To this end, we study the role of past output gaps in determining the inflation
gap, defined as the deviation of inflation from its long-run path. Our findings
are threefold. First, there is a long-lasting effect of the output gap on inflation
gap and the maximum effect of the output gap on inflation gap occurs after
four to seven quarters. Second, most fluctuations in the inflation gap are at-
tributable to past output gaps than current and expected future output gaps.
Finally, firm’s backward-looking behavior is an essential ingredient in accounting
for observed dynamic correlation between the output gap and inflation gap while
the Federal Reserve’s long run inflation target as a source of inflation persistence
is not. Moreover, moments of key macroeconomic variables are best explained
when both forward- and backward-looking behavior are equally important in de-
termining the inflation gap. These results disagree with the forward-looking New
Keynesian Phillips Curve (NKPC).
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1 Introduction

A large body of literature has employed the hybrid NKPC to study monetary policy and busi-
ness cycles. However, there is still disagreement on the issue of intrinsic inflation persistence
introduced by Fuhrer and Moore (1995). This issue matters because the presence of inflation
persistence alters the welfare loss function that the central bank aims to minimize (Woodford,
2003). The survey papers written by Schorfheide (2008) and Mavroeidis, Plagborg-Mgller,
and Stock (2014) discover that the estimate of the degree of inflation persistence is sub-
stantially different across papers. In particular, Mavroeidis et al. (2014) re-estimate various
specifications of the hybrid NKPC based on a wide range of estimation techniques considered
in the literature. They presented Figure 1 which shows point estimates of the slope of the
hybrid NKPC (y-axis) and the coefficient on inflation expectations (x-axis). The figure does
not conclude whether inflation persistence matters in explaining inflation dynamics owing to
the fact that the estimates of the coefficient on inflation expectations are distributed very

widely between minus one and plus two rather than being centered around a particular point.

Figure 1: Point Estimates of the Hybrid NKPC
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Source: Mavroeidis et al. (2014). Note: The y-axis represents the slope of the Phillips curve and the x-axis
is the coefficient on inflation expectations. The output gap is considered as the driving force of inflation in
the figure.

In recent literature, the hypothesis that inflation persistence is a consequence of variation
in the Fed’s long run inflation target (equivalently, trend inflation) has gained attention.
However, there is still no consensus on the estimation of the hybrid NKPC even after the
trend inflation component is eliminated from inflation. Ireland (2007) estimates a dynamic
stochastic general equilibrium (DSGE) model incorporating the Federal Reserve’s long-run
inflation target and finds that the lagged inflation term of the hybrid NKPC does not play any
role in explaining inflation dynamics. Cogley and Sbordone (2008) also document evidence
that there is no need for the lagged inflation term once the low frequency component is
eliminated from the inflation rate. Their results imply that the level of inflation is persistent,
but the inflation gap is not. In contrast to these works, Barnes, Gumbau-Brisa, Lie, and

Olivei (2011) report that the empirical results of Cogley and Sbordone (2008) is sensitive to



model specifications. In addition, their Monte Carlo exercises reveal that estimates of the
hybrid NKPC can be biased toward the forward-looking component.

This article aims to evaluate if firm’s backward-looking behavior is an essential feature
in accounting for inflation gap dynamics. Since estimation results of the hybrid NKPC is
highly controversial, this article does not aim to estimate the hybrid NKPC. Instead, we
assess the importance of backward-looking behavior with respect to how long the output
gap, defined as the deviation of output from its trend, impacts the inflation gap. The NKPC
suggests that the inflation gap depends on current and expected future output gaps while
the hybrid NKPC implies that past output gaps also play an important role in determining
inflation gap dynamics due to firm’s backward-looking behavior. This distinction permits
us to gauge the empirical relevance of firm’s backward-looking behavior without relying on
direct estimation of the hybrid NKPC. In our model framework, the degree of inflation gap
persistence is proportional to the length of time that the output gap impacts the inflation gap.
We demonstrate that the duration is closely associated with the degree of firm’s backward-
looking behavior.

This article undertakes reduced form analysis to determine whether the output gap has
a long-lasting effect on the inflation gap. We also provide structural analysis that helps us
to assess the contribution of firm’s backward-looking behavior to inflation gap dynamics. A
model’s ability to match the second moments of key macroeconomic variables is often consid-
ered as a crucial criterion of empirical success in the literature. Thus, we investigate whether
the (hybrid) NKPC is able to match standard deviations of key macroeconomic variables
using a DSGE model framework. The (hybrid) NKPC is designed to provide a description of
the dynamic relationship between the output gap and the inflation gap. Therefore, we also
explore whether it does a reasonable job of describing the joint behavior of the two variables.
A desirable Phillips curve is expected to perform well in matching basic macroeconomic
moments and the dynamic correlation between the output gap and inflation gap.

Our findings are threefold. First, the output gap has a long-lasting effect on the inflation
gap. It takes around three years for the inflationary impact of the output gap to die out
completely. The maximum effect of the output gap on the inflation gap occurs after four to
seven quarters. These empirical results cannot be reconciled by the NKPC which implies an
immediate maximum impact of economic shocks on the inflation gap.

Second, a weighted average of current and past output gaps delivers a very good ap-
proximation of inflation gap dynamics. The evidence is in contrast to the prediction of the
NKPC that current and future output gaps play a dominant role in enhancing likelihood.
Our findings show that most fluctuations in the inflation gap are attributable to past output
gaps rather than expected future output gaps.

Finally, firm’s backward-looking behavior is an essential feature in accounting for observed

dynamic correlation between the output gap and the inflation gap. The data show that



current output gap is positively related to future inflation gap and negatively to lagged
inflation gap. The reverse dynamic correlation between the two variables is observed even
after the low frequency component is eliminated from the inflation rate. The correlation
structure cannot be replicated by the forward-looking NKPC and the poor performance of
the NKPC can be ascribed to the inability of the model to generate the slow and delayed
impact of the output gap on the inflation gap. Our counterfactual analyses reveal that the
(hybrid) NKPC in which forward-looking behavior plays a dominant role in determining
the inflation gap leads to an unrealistically high contemporaneous correlation between the
output gap and the inflation gap even though the estimated contemporaneous correlation is
very close to zero. We also document evidence that that the moments of key macroeconomic
variables are best explained by the hybrid NKPC in which both backward- and forward-
looking behaviors are equally important in determining inflation gap dynamics.

The remainder of the paper is organized as follows. Section II explores how the inflation
gap evolves within a DSGE model economy with agents forming expectations in a model-
consistent fashion. In particular, we study the role of past output gap as a determinant of the
inflation gap using a DSGE framework. Section III illustrates trend inflation estimates used to
measure the inflation gap in this article. Section IV implements new tests for the importance
of intrinsic inflation persistence using a variety of output and inflation gap measures. Section
V investigates how the backward-looking component helps explain observed moments of key
macroeconomic variables and dynamic correlation between the output gap and the inflation
gap. Section VI conducts subsample analysis to investigate whether there is a structural

change in inflation gap persistence. The last section concludes.

2 DSGE Model and Inflation Persistence

This section illustrates that the fundamental difference between the forward-looking
NKPC and the hybrid NKPC is associated with whether past output gaps play a crucial
role in determining current inflation gap. In order to deliver the intuition behind the distinc-
tion that helps assess the importance of intrinsic inflation persistence, as in Woodford (2008),
we consider a simple DSGE model economy with trend inflation, which can be described as

follows

T — 7 = 0B (M1 — 7)) + (1= 0) (1 — 7)) + v (1)
1.

Ye = By — E(Zt - Et7rt+l) (2)

i =m + ar (T — 7)) + ayy, (3)



where 1, denotes the output gap, i; represents the short-term interest rate, and m; represent
the inflation rate. We assume that the long-run path of inflation 7} is set by the Federal
Reserve and the inflation gap m — 7} is defined as the deviation of inflation from its trend.

We consider the forward-looking IS curve, (2), that links the current output gap y; to the
expected future output gap and real interest rates. It is also assumed that policymakers set
interest rates only in response to changes in the inflation gap and output gap as shown in
(3). Interest rate smoothing is not considered in the monetary policy rule for simplicity. We
will use the DSGE model outlined above as a benchmark. Fuhrer (2009, page 42) demon-
strates that adding a lagged output gap term to the forward-looking IS curve has a negligible
contribution to inflation persistence and that interest rate smoothing in the policy rule even
lowers inflation persistence. Later in the paper, we will attach a lag of the output gap to
the IS curve and interest rate smoothing to the monetary policy rule for structural analysis.
Autocorrelated cost-push shocks in the hybrid NKPC will be also taken into account later.
Since adding additional model features mentioned above to the model does not change our
results, we will first focus on the benchmark DSGE model to deliver intuition behind our
proposed test for intrinsic inflation persistence based on the difference between the NKPC
and the hybrid NKPC.

The forward-looking NKPC is a special case of the hybrid NKPC (1). When 6 = 1, (1)

can be written as

T — 7 = E(T1 — T) + Ve (4)

Equation (4) implies that one period-ahead inflation expectations are formulated as Ey (11—
Ti1) = ¥ 2pe1 Eiyprqr under the assumption of rational and model-consistent inflation ex-
pectations. Using (2), (3), and (4), we can demonstrate that the sum of the expected
future output gaps, >_po; Eiyiik, is determined by the current output and inflation gaps.
Equation (2) suggests that the one-period ahead output gap expectations can be writ-
ten as Ey1 = y + ~(iy — Eymyq). Plugging (3) and (4) into the IS curve and rear-
ranging the equation leads to Ey,.1 = (1 + ﬁ%) Y + (“”T_l) (my — 7f). Similarly, we
can demonstrate that the two-period ahead output gap expectations can be written as
Eyyiio = {(1 + 2‘%)2 — (GWT—l) 7] Yy + (2 + “ﬁ%) (“”T_l) (m — ). Note that the expected
future output gaps are linked to the output and inflation gaps at time ¢t. Once we repeat
this algebra, we can conjecture that the N-periods ahead output gap expectations are also
a function of the output and inflation gaps at time ¢ for all N. Therefore, model-consistent

inflation expectations can be written as

Et(ﬂ-t—‘rl — 7TZ<+1) — ’7 Z Etyt-i-k‘ - ayt + b(ﬂ-t - 7Tt*) (5)
k=1



where a = a(y, o0, ar, a,) and b =0b(y, o0, ar, a,). Plugging (5) into (4) results in

‘ s a+vy
T — Ty :’YZEtytJrk: 1_b3/t- (6)
k=0

The forward-looking NKPC implies that the inflation gap is solely determined by the current
output gap v in the DSGE model economy.*

Now we turn to the hybrid NKPC to see the relationship between the output and inflation
gaps. Under the assumption of model-consistent inflation expectations, the hybrid NKPC

can be expressed as follows

(1—=pL)(m — Z Eyii (7)

0=
where p = 1779 and L is the lag operator. Rearranging the three equations (1) - (3) that
constitute the DSGE model, the expected future output gaps can be written as a linear

function of the current and past inflation gaps as well as the current output gap,

Q:Q

o Z ek = c(mp — )+ d(me1 — my) + ey (8)

where ¢ = ¢(0, v, 0, ar, a,),d=d(0, v, 0, ar, a,), and e = e(f, v, o, ar, a,). Plugging
(8) into (7) gives rise to

T = = p(Te1 = ) + Yy (9)
’%z and 7 = eﬂ/ % If the forward-looking NKPC is the true model for inflation

gap dynamics, in other Words, when § = 1, p = 0 and d = 0. In this case, the parameter

where p =

p turns out to be zero. The highly significant estimates of the parameter p that have been
repeatedly reported in the literature can be interpreted as supporting the empirical relevance
of the backward-looking component. Interestingly, the algebra shows that (9) based on the
hybrid NKPC has the same functional form as the backward-looking Phillips curve. It shows
that, even though the true model for inflation gap dynamics is assumed to be the hybrid
NKPC, the observed inflation dynamics could be derived in the same way as the implication,
under the assumption that expectations are formulated in a DSGE model-consistent way, of

the backward-looking model.

! Adding a lag of the output gap to the IS curve does not change our results. For simplicity, let’s assume
that output gap dynamics are approximated by y; = aFiyi11 + (1 — a)y,—1. A rational expectation solution
(transition equation) of the model suggests that the current output gap y; is solely determined by y;—1. That
is, y; follows an AR(1) process. Then the summation term Y -, Ety4r can be expressed as a function of y;.
Later in section 5, we will take into account the conventional IS curve y; = aEyyir1 + (1 — @)yi—1 — %(zt —

Eymiy1) + €/ to discuss the importance of the backward-looking component.



Iterating the Phillips curve (9) backward leads to the functional form as follows

=T =Y Py (10)
k=0
When we impose a restriction of p = 0 on (10), the model collapses into (6). The past output
gaps play no significant role in predicting the inflation gap when all firms set their prices
in a forward-looking manner. On the other hand, if a significant fraction of firms act in a
backward-looking manner in setting their prices, the inflation gap will be largely accounted
for by the past output gaps.

The difference between the forward-looking NKPC and the hybrid NKPC, as shown in
(6) and (10), permits us to assess the importance of backward-looking pricing behavior with
respect to predictability of the past output gaps for the inflation gap. We estimate (10) to
evaluate the empirical relevance of the past output gaps in accounting for the inflation gap.
Our interest is to see if the parameter p is sufficiently different from zero so that the past

output gaps have a substantial impact on the inflation gap.

3 Inference on Trend Inflation

This article attempts to assess the importance of the backward-looking component in ac-
counting for inflation gap dynamics. A statistical model is used to estimate trend inflation
instead of DSGE models since the estimates vary with Phillips Curve specifications and co-
efficients of Phillips curve are not robustly identified in DSGE models (See Ireland, 2007 and
Schorfheide, 2008).

Two statistical models are often adopted to estimate trend inflation in the literature.
Cogley and Sargent (2005) and Cogley and Sbodone (2008) employ a Bayesian Vector Au-
toregression (VAR) model with drifting coefficients. An alternative model is the Unobserved
Components (UC) model adopted by Stock and Watson (2007) in which they decompose
inflation into a trend component and a serially uncorrelated innovation. However, as Ascari
and Sbordone (2015) point out, this approach is “unsuitable” for the study of inflation gap
persistence because the assumption of the serially uncorrelated innovation imposes no persis-
tence in the inflation gap. In this respect, the Bayesian VAR model with drifting coefficients
has an advantage for the study of the persistence of the inflation gap over the UC model.

Recently Kim, Manopimoken, and Nelson (2014) embedded a cyclical component that
shows some serial correlation to the UC model employed by Stock and Watson (2007). This
model framework, along with the VAR framework, is compatible with existing macroeconomic

models in which inflation is determined by a cyclical component such as output gap (or labor’s



share of income) in addition to the trend inflation component as shown in (6) and (10).
We estimate trend inflation using a UC model with a cyclical component. The unobserved

component model is described by
11 ! 10
Tt GDP _ Ty i €t,GDP (11)
Tt NFB 11 Ct 01 €. NFB
) _ 10 T . 10 €r (12)
Ct 0 kK Ci—1 01 Eg

where 7} denotes a driftless random walk process and c¢; represents a cyclical component

of inflation that follows an AR(1) process with the autoregressive parameter . This paper
uses inflation measures based on the GDP and non-farm business sector (NFB) deflators.
The innovations €; gpp, € NFB, ef*, and € are independent white noise processes. Let ¢, app
(€, nvrp) denote an innovation to the GDP (NFB) inflation rate with mean zero and standard
deviation ogpp (onrp). Let € (€£) denote an innovation to the trend (cyclical) component
with mean zero and standard deviation o« (0.). The data are taken from the Federal
Reserve Bank of St. Louis’ Fred dataset. The innovation € ¢pp (€ nrp) in (11) is likely to
capture both measurement errors and a component specific to GDP (NFB) inflation measure.
We assume that the trend inflation component is common to the inflation measures since
trend inflation can be viewed as being governed by the Fed’s long run inflation target in the
literature (e,g, Ireland, 2007 and Cogley and Sbordone, 2008). We also consider the cyclical
component ¢; as being common to the inflation measures because individual prices for the
NFB deflator constitutes a subset of all the prices for the GDP deflator and the transitory
price movements of the farm sector are less likely to be associated with business cycles. Notice
that the highly transitory effects of individual prices of the farm sector on the GDP deflator
are excluded in the NFB deflator. The fluctuations of GDP inflation associated with the
transitory price movements are likely to be captured by the innovation €, gpp.>

We estimate trend inflation using the method of maximum likelihood. The sample starts
in 1960 and ends in 2003. We focus on the same sample period considered in Cogley and
Sbordone (2008) to see whether empirical results are sensitive to trend inflation estimates
from the UC and time-varying Bayesian VAR models. We utilize Cogley and Sbordone
(2008)’ trend inflation estimate that is obtained from a time-varying Bayesian VAR model as
a benchmark. The variables considered in the time-varying Bayesian VAR model are GDP
inflation, real GDP growth, real unit labor cost, and the Federal Funds rate. As in Cogley
and Sbordone (2008), we use the data from 1954 to 1959 as a training sample.

Table 1 presents the estimates of the UC model parameters. The results show that the

standard deviations of the innovations to the trend and cyclical components are estimated

2 Allowing the cyclical component to vary with each inflation measure does not change our results.



Table 1: Estimation Results of UC Model

parameter K [ Oc oGDP ONFB likelihood

0.795 (0.031)%**  1.273 (0.148)*** 2,054 (0.559)***  0.0001 (0.0049)  0.0001 (0.7168) 405.3

Notes: This table reports the estimates of the parameters for the UC model. The parameter x denotes the AR(1) coefficient
of the cyclical component in the UC model. o+ (0. ) denotes the standard deviation of an innovation to the trend inflation
component (the cyclical component). ogpp is the standard deviation of €, gpp and oy pp is the standard deviation of ¢, NFB.
The superscript * % * denotes significance at the one percent level. The case without the superscript denotes no signicance at
the five percent level.

to be statistically different from zero, indicating the two components matter in accounting
for inflation gap dynamics. The autoregressive parameter x is estimated to be 0.795 and
is highly significant at the one percent level. The estimate is closely related to that of the
autocorrelation of output gap. When the NKPC is adopted for inflation gap dynamics, as
shown in section II, the current inflation gap can be written as a linear function of the
current output gap. In this case, the output gap constitutes the cyclical component of
inflation. When the hybrid NKPC is used to describe inflation gap dynamics, the cyclical
component is expressed by the summation term in (10) that is related to a weighted average
of the current and past output gaps.

Figure 2 shows a graph of trend inflation estimates, inflation, and inflation gap measures.
The top panel of Figure 2 depicts GDP inflation (solid line), NFB inflation (dashed line),
Cogley and Sbordone’s estimate of trend inflation (solid line with circles), its 90 percent
credible sets (dash-dot lines), trend inflation from the UC model (line with crosses), and the
trend component of GDP inflation based on the Hodrick- Prescot (HP) filter (dotted vertical
line). The panel shows that GDP inflation is very tightly related to NFB inflation. The
correlation between the inflation measures is 0.93. Cogley and Sbordone (2008)’s estimate
shows rising trend in the 1960s and 1970s and declining trend in the 1980s. Trend inflation
becomes quite flat in the 1990s and the early 2000s. The 90 percent credible sets of Cogley
and Sbordone (CS)’s trend inflation reveals that trend inflation is measured with substantial
uncertainty.® Therefore, it is natural to consider an alternative trend inflation measure for
robustness check. The figure shows that the trend inflation estimates based on the UC model
and the HP-filter are quite similar. The trend inflation estimates rose from below two percent
to around six percent in the pre-1980 period and fell sharply in the early 1980s. The trend

inflation estimates have become anchored around two percent since the mid-1990s. This

3 Using the combined survey data of Blue Chip and Livingston for ten-year ahead CPI inflation expecta-
tions, we find that the correlation between the UC (CS) trend inflation and the survey inflation expectations
is 0.97 (0.94). The Blue Chip survey for 10-year inflation expectations is available from 1979:4 to 1991:1.
The Livingston survey for the same inflation expectations starts from 1990:2. We combine these two data set
to compare the correlation between the trend inflation estimates and the survey expectations. The sample
period considered here is 1979:4-2003:4.



Figure 2: Trend Inflation and Inflation Gap
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Notes: The upper panel shows GDP inflation (solid line), NFB inflation (dashed line), trend inflation from the UC model (line
with crosses), trend inflation based on the HP-filter (dotted vertical line), Cogley and Sbordone’s estimate of trend inflation
(line with circles), and its 90 percent credible sets (dash-dot lines). The bottom panel depicts the GDP inflation gap (solid line)
and the NFB inflation gap (line with crosses) based on the UC trend inflation. It also plots the GDP inflation gap (dash-dot
line) and the NFB inflation gap (line with circles) based on Cogely and Sbordone’s trend inflation estimates.

pattern is also observed with the CS inflation trend.

The bottom panel of Figure 2 reports the inflation gap measures based on the CS and UC
trend inflation. The CS (UC) inflation gap is defined as the deviation of inflation from the
CS (UC) trend inflation. We assume that the CS trend inflation is also common across the
GDP and NFB inflation rates. The bottom panel depicts the GDP inflation gap (solid line)
and the NFB inflation gap (line with crosses) based on the UC trend inflation. It also plots
the GDP inflation gap (dash-dot line) and the NFB inflation gap (line with circles) based
on Cogely and Sbordone’s trend inflation estimates. These four inflation gap measures are
considered to see whether our empirical results are sensitive.

Once inflation deviates from its trend, it reverts to its trend in the long run. This tendency
is more frequently observed with the UC trend inflation than the CS trend inflation. In
this respect, empirical analysis based on the UC inflation gap measures are less likely to
overemphasize the importance of inflation gap persistence compared to those based on the

CS inflation gap measures.
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Figure 3 displays the output gap measures utilized in this article. We employ various
output gap measures for empirical analysis in response to a concern that it may be subject
to substantial measurement errors. The solid line depicts the Congressional Budget Office’s
(CBO’s) estimate of the output gap. We also measure the output gap using the HP-filter and
a quadratic time trend. In this article, HP denotes the HP-filtered output gap (dotted line)
and Q represents the quadratically detrended log real GDP (line with crosses). As the figure

shows, the output gap measures show very similar patterns even though its level is different.

Figure 3: Output Gap Measures
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Notes: This figure displays output gap measures. The solid line depicts the CBO output gap and the dotted line plots the
output gap measure based on the HP-filter. The line with crosses depicts the quadratically detrended output.

4 Empirical Results for Inflation Gap Persistence

4.1 Estimation Results

This section studies the importance of firm’s backward-looking behavior with respect to the
presence of the persistent inflationary effect of the output gap on the inflation gap. To
investigate the issues, we do employ (13) which is obtained from iterating (9) backward K

times.

K
T — T =7 Z Pk + PK+1(7Tt7(K+1) - 7r;fk—(KJrl)) + € (13)
k=0

We attach the residual term €] to (10). As in Smets and Wouters (2007), we assume it follows
an ARMA(1,1) process, €] = dar€el |+ 14 — Opravy—1, where v, is independent and identically
distributed (i.i.d.) with mean zero and standard deviation o™.

We consider (13) instead of (10) to deal with the infinite number of the terms for past
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output gaps and K is set to be 12 since the estimated correlation between y;_(x1) and m, — 7}
is close to zero around K = 12.* We estimate (13) using the method of Maximum Likelihood
Estimation (MLE) to see whether the parameter p is statistically different from zero. Table
2 summarizes estimation results. Panel A (B) report the results based on the GDP (NFB)
inflation gaps. We also consider the cases in which trend inflation is fixed at zero (that is
7 =0 ) and report estimation results in both panels.

The estimates of p are always significantly different from zero across the output and
inflation gap measures at the one percent significance level. The estimates range from 0.805
to 0.892 for the GDP inflation gap and from 0.751 to 0.877 for the NFB inflation gap. It
suggests that the impact of the output gap on the inflation gap vanishes after around three
years. The persistent inflationary impact reveals that a large fraction of the variation of
inflation gap is explained by past output gaps.’

Interestingly, we find that imposing 77 = 0 on (13) does not change our results. Notice
that the estimates of p are between 0.835 and 0.879. The estimates of p are not sensitive to
detrending the low frequency component from the inflation rate. The findings indicate that
observed inflation persistence is ascribed to firm’s backward-looking behavior.

The parameter d4p is estimated to be higher once we impose the restriction 7; = 0 on
(13). The estimates of d4p are distributed between 0.950 and 1.003 under the restriction of
7; = 0 while it ranges from 0.534 to 0.934 without the restriction. These results reveal that
the low frequency component of inflation is captured by the AR(1) process of the residual
term rather than the cyclical component.

It is worth mentioning that the high and statistically significant estimates of p should not
be interpreted as evidence that backward-looking pricing behavior plays a dominant role in
determining the inflation gap. For simplicity, suppose that the economy is described by both
(1= pL)(m — 7)) =7 > 020 Eryerr and v = @1 + €. Then, inflation gap dynamics can be
written as m —m; = p(m—1—m_1) + ﬁyt where p = 10%9. When the estimate of p is around
0.8 as shown in Table 2, the parameter ¢ is computed to be 0.56. The result indicates that
the forward- and backward-looking components play an equally important role in accounting
for inflation gap dynamics. The equations also suggest that if forward-looking behavior plays
a dominant role, the degree of inflation persistence will be estimated to be very low. Notice
that 8 = 0.8 results in p = 0.25.

4The parameter p is estimated to be around 0.75 - 0.89 as shown in Table 2. The second term on the
right hand side of (13) plays a negligible role in determining the inflation gap because the value of pE=12 is
quite close to zero.

5We further investigate this issue in a subsequent section.
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Table 2: Estimation Results: 1960-2003
A. Inflation (Gap) Measures Based on the GDP Deflator

T — T Yt o ot Ora OAR o™ likelihood

CBO | 0.854 (0.031)  0.075 (0.035) 0.435 (0.077)  0.934 (0.042) 1.120 (0.101) -238.2

CS inflation gap | HP | 0.892 (0.019)  0.149 (0.029)  0.538 (0.080)  0.909 (0.047) 1.050 (0.097)  -232.7
Q 0.848 (0.033)  0.069 (0.035) 0.433 (0.084)  0.924 (0.048)  1.111 (0.099) -237.5

CBO | 0.815 (0.049) 0.036 (0.020)*  0.401 (0.126)  0.772 (0.093)  0.849 (0.069)  -235.5

UC inflation gap HP 0.880 (0.020)  0.111 (0.016)  0.290 (0.205)*  0.534 (0.187) 0.774 (0.068) -227.2
Q 0.805 (0.057)  0.032 (0.017)* 0.366 (0.127)  0.732 (0.093)  0.841 (0.068) -234.6

CBO | 0.857 (0.028)  0.086 (0.028) 0.468 (0.061)  0.968 (0.022) 1.093 (0.096) -258.4

inflation (7} = 0) HP 0.879 (0.021)  0.143 (0.027) 0.551 (0.059)  0.968 (0.020) 1.056 (0.094) -255.3
Q 0.852 (0.029)  0.082 (0.027) 0.480 (0.061)  0.967 (0.024) 1.080 (0.093) -257.4

B. Inflation (Gap) Measures Based on the NFB Deflator

T — T Yt p 07 Orra OAR o™ likelihood

CBO | 0.826 (0.059)  0.117 (0.050)  0.437 (0.073)  0.933 (0.038) 2.076 (0.164) -287.9

CS inflation gap HP 0.877 (0.027)  0.217 (0.040)  0.498 (0.095) 0.889 (0.057) 1.916 (0.164) -281.1
Q | 0.811 (0.074)  0.103 (0.052)  0.428 (0.079) 0.922 (0.045) 2.074 (0.161)  -287.7

CBO | 0.780 (0.117) 0.075 (0.053)*  0.345 (0.110)  0.835 (0.071)  1.424 (0.096) -281.2

UC inflation gap | HP | 0.853 (0.035)  0.176 (0.036)  0.372 (0.139) 0.763 (0.092) 1.297 (0.092)  -272.8
Q 0.751 (0.178)  0.056 (0.050)*  0.319 (0.113)  0.811 (0.070) 1.434 (0.094) -281.8

CBO | 0.844 (0.043)  0.132 (0.040)  0.439 (0.068) 0.960 (0.026) 2.012 (0.155)  -312.1

inflation (7} = 0) HP 0.876 (0.027)  0.220 (0.037)  0.503 (0.077)  0.950 (0.032) 1.904 (0.151) -307.0
Q 0.835 (0.046)  0.133 (0.035)  0.463 (0.059) 1.003 (0.014) 2.033 (0.157) -324.7

Notes: The sample period is 1960Q1-2003Q4. Asymptotic Newey-West standard errors are reported in parentheses. The
superscript * denotes significance at the ten percent level. The superscript letter a denotes no signicance at the ten percent
level. The case without * or a denotes statistical significance at the one or five percent level.

4.2 Firm’s Backward-looking Behavior and Path of Inflation Gap

This subsection investigates how well the weighted average of current and past output gaps
(fi = 55" pFy;_x ) tracks the path of inflation gap. In particular, we study how f;’s ability
to track the path of the inflation gap varies with the degree of inflation gap persistence.
Figure 4 plots the GDP inflation gap (dashed line) and the NFB inflation gap (solid line)
computed using the CS trend inflation along with f; (line with crosses). The HP output gap
is used as a measure of the output gap, y;, to compute f;. We consider three different values
for the parameter p. The parameter p is set to be 0, 0.5, and 0.9 in the top, middle, and
bottom panel. Since the scale of f; depends on the value of p, each series is standardized to
have a standard deviation of one and a mean of zero.

The figures show the tightness of linkage between the inflation gap measures and f;
depends on the value of p. A higher value of p is better able to account for inflation gap

dynamics compared to a lower value. The f; does a poor job of tracking the inflation gap
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measures when the parameter p is 0.0. We obtained very similar result for p = 0.50. In
contrast to these results, the f; based on p = 0.90 works much better in tracking the ups and
downs of the inflation gap measures, indicating that the persistent impact of output gap on

inflation gap is necessary to describe the path of inflation gap.

Figure 4: Degree of Inflation Persistence (p)and Inflation Gap Dynamics

CS NFB inflation gap — — — CS GDP inflation gap
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_ —K=12

Notes: This figure shows inflation gap measures and f; = Zk:o p"ys_1 computed using the HP output gap. The solid line
represents the CS NFB inflation gap and the dashed line is the CS GDP inflation gap. The line with crosses depicts the f;. The
parameter p is assumed to be 0.0, 0.5, and 0.9 to compute f; in each panel. Each series is normalized to have a one standard
deviation and mean zero.

Figure 5 presents the four inflation gap measures along with the f; based on the output
gap measures (CBO, HP, and Q) for the output gap y; and the estimates of p reported from
Table 2. In each panel, the dotted vertical line (blue line with dots) depicts the f; based
on the Q (HP) output gap. The dashed line plots the f; based on the CBO output gap.
The values of f; computed using the Q and HP output gap measures provide a satisfactory
description of inflation gap even though a lagged inflation gap is absent from the Phillips
curve. The f; based on the CBO output gap also moves in tandem with the inflation gap
measures. However, there is still a considerable distance between the f; and the inflation gap
measures in the 1970s. This result emerges from the fact that the CBO output gap has the

most severe downward trend in the 1970s among the output gap series as shown in Figure 3
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while the inflation gap measures do not show such a pattern.® Overall, we find that the f,
emphasizing the persistent inflationary impact of the output gap does a reasonably good job
of describing inflation gap dynamics and this result is consistently observed across various

output and inflation gap measures.

Figure 5: Inflation Gap and a Weighted Average of Current and Past Output Gaps (f;)

T T T
CS NFB inflation gap
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CS GDP inflation gap
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Notes: The figure presents inflation gap measures and f; = Zi{::om pPys_ 1 computed using various output gap measures (CBO,

HP, and Q). The estimate of p is plugged in f: to see whether f; works well in capturing the path of inflation gap.

One might be interested in the extent to which past output gaps have additional infor-
mation not included in current output gap in predicting current inflation gap. A convenient
way to investigate additional information content of past output gaps is to compare the
correlation between m; — m;and y; to the one between m; — 7} and f;.

The estimates of the correlation coefficients are reported in Table 3. It shows that the
correlation between m, — ;7 and f; is much higher than that between m, — myand y,. The
contemporaneous correlation between 7, — 7and ¥, is estimated to be slightly above zero.
For the HP and Q output gaps, the correlation is between 0.05 and 0.14. When the weighted
average f;, instead of current output gap, is considered, the estimated correlation coefficient
rises substantially by 0.33-0.40. As a consequence, the correlation ranges from 0.42 to 0.54.
The contemporaneous correlation between the CBO output gap and inflation gap is often
estimated to be negative. However, the observed negative correlation coefficients turn out to

be positive once the current CBO output gap is replaced with f;.” As the table shows, the

60nce we further eliminate the time trend component from the CBO output gap measure and use it to
compute f;, we find that the f; performs much better in tracking the inflation gap measures.

"Figure 3 shows that the CBO output gap has a downward trend in the 1970s and an upward trend in the
1980s and 1990s. When the trend component is further eliminated from the CBO output gap measure using
the regression equation, y; = constant + Z?:o a;t' where t denotes time, the contemporaneous correlation
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past output gaps also work to increase the correlation by 0.17-0.20.

These noticeable changes that are consistently observed across various inflation and out-
put gap measures indicate past output gaps have an important contribution to inflation
dynamics. In addition, the fact that the observed contemporaneous correlation between
and m; — 7/ is very close to zero cannot be reconciled with the forward-looking NKPC. Later
in section 5, we show that the contemporaneous correlation between y, and m — 7} should
be greater than at least 0.50 once firm’s forward-looking price-setting behavior plays a dom-
inant role in explaining inflation gap dynamics. The result can also be conjectured from (6)

in which the current output gap is a main driver of the inflation gap.

Table 3: Correlation between Inflation Gap and f;

CS GDP inflation gap UC GDP inflaton gap
correlation CBO HP Q CBO HP Q
corr(my —mf, y¢) -0.12  0.12 0.09 0.05 0.14 0.15
corr(my — ), ft)  0.05  0.46 0.43 0.25 0.54 0.48
CS NFB inflation gap UC NFB inflaton gap
correlation CBO HP Q CBO HP Q
corr(my — 7}, yt) -0.13  0.11 0.05 0.00 0.14 0.05
corr(my — ), ft) 0.05 0.47 0.42 0.18 0.52 0.45

Notes: This table reports the correlation coefficient between y; and m; — 7f, and the one between m; — 7} and ft based on the
estimate of p from Table 2.

4.3 Predictive Content of Current and Lagged Output Gaps for

Inflation Gap Dynamics

This subsection investigates whether our empirical results for inflation gap persistence is
robust to an alternative specification for the IS curve. Kim, Manopimoken, and Nelson

(2014) consider the following model economy:
T — 7 = Ey(Te — ) 0 (14)

Yo = D1Ye—1 + oo + €/ (15)

Once the economy is described by the above equations, the NKPC can be written as

[e.e]
T =7 =YE Y Yk = Toy + Ty (16)
k=0

where 70 = f(¢1, ¢2) and 71 = g(¢1, ¢2). The inflation gap can be predicted by the current

and one-period lagged output gaps, y; and y;_1, respectively when the output gap evolves

between the CBO output gap and inflation gap becomes positive. The correlation of f; with inflation gap
becomes comparable to the cases associated with the other output gap measures. We find that the estimates
of o for all integers i € [1, 5] are statistically different from zero at the five percent level.
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over time according to an AR(2) process. Therefore, we can test the importance of the past
output gap y,_, for integer £k > 2. To this end, we consider an alternative test equation,

which is given by

K=12

T — T, =7 |ToYe + T1Ye—1 + Z Pkyt—k + pK+1(7Tt—(K+1) — Wf_(KH)) + € (17)
k=2

where 79 = 7p/7 and 7, = 7T1/4. Since (17) nests the forward-looking Phillips curve (16),
as a special case, we can assess the relevance of firm’s backward-looking behavior in deter-
mining the inflation gap. If firms are purely forward-looking as shown in (16), the inflation
gap is mostly determined by the current and lagged output gaps, y; and y;_1, respectively.
Otherwise, the inflation gap will be also influenced by the past output gap y;_x for integer
k> 2.

Table 4.A reports estimation results of (17) with no restrictions on 75 and 7. Interestingly,
the results reveal that the coefficients on ¥, and y;_; are not statistically different from zero.
There is a negligible contribution of y; and y;_; to the inflation gap while the past output
gap y;_ for integer k > 2 has a statistically important impact on the inflation gap. The
parameter p is significantly different from zero at the five percent level, except for the case
associated with the UC NFB inflation gap among twelve cases. The estimates of p are
between 0.753 and 0.872 for the CS inflation gaps and between 0.585 and 0.858 for the UC
inflation gaps. The degree of inflation gap persistence is estimated to be a bit higher with
the CS inflation gaps than the UC inflation gaps. This result is conjectured from the fact
that inflation reverts more often to the UC trend inflation than the CS trend inflation, as
shown in Figure 2.

For robustness check, we reestimate (17) under some restrictions on 75 and 73 and report
estimation results in Table 4.B. The restrictions that are imposed on (17) are as follows: 1)
n=1and 7, = p,2) 7o =0 and 7y = 0. The first case assumes that the most recent
output gaps such as y; and y;,_; have large impacts on the inflation gap while the second
case assumes the current and past output gaps (y; and y—1) do not contribute to inflation
gap at all. These two contrasting cases deliver interesting results. The second case always
delivers a higher likelihood than the first across various inflation and output gap measures
even though the estimate of p is not sensitive to the restrictions. We also find that the slope
of the Phillips curve that measures the magnitude of the impact of the output gap on the
inflation gap is estimated to be higher with the restrictions of 7y = 0 and 7, = 0 compared
to the other restrictions.

It might be natural to ask how much the past output gap, y;_, has predictive content for

the inflation gap. To address this issue, we consider a simple regression equation in which

17



‘ToAs] Juediad 9AL 10 U0 9YY) e 9OURdYIUSIS [BIIISIJR)S SOJ0USP D IO * JNOYIIM 9SBD 9l ], '[oAS] juediad Uy o) Je 90UedIUIIS OU S9j0Uap D 19939] jdLIosiodns
oy T, 'TeA9[ Jueorad ue) oY) e 90uROYIUIIS sojouep * jduostodns oy, "sesoyjuared ul peliodold oIe SIOLID pIRpPUR)S 1SN\ -AomoN 01103dWASY FOL003-TOO9I6T ST portod ojdures oy, :$910N

£08¢" »(016°0) 182°0  «(2¥€0) G650 8°18%" »(080°0) 9500 (8LT°0) 1620 (o} des
8 1LE- (€200) L1€°0  (290°0) €8L°0 8°2LG" (9€0°0) 9LT°0  (G€0°0) €58°0 dH uonyegur gAN
Q6LE- »(P1€°0) €260 (€62°0) 839°0 z'18¢- »(€50°0) G200 (LTT°0) 08L°0 0g0 on
9°L1C" (990°0) 980°0  (82T°0) 9720 9V€s- «(L100) 2200 (LS0°0) S08°0 (o} des
a'80¢- (gz00) 02170 (620°0) 9¥8°0 T’ LT (9100) TIT°0  (020°0) 088°0 dH uonegul JAD
1'81¢- (2¢%0°0) 1800  (6L0°0) €820 oldera +(020°0) 9500 (670°0) T80 fol:1e} on
z'e8e- «(EP1°0) €250 (STT°0) THLO L°L8T- (ze00) €010 (¥L0°0) T18°0 (o} de3
062" (090°0) T7€°0  (8€0°0) 0€8°0 1'T8g- (0%0°0) L1200  (L20°0) LL8°0 dd uorjeyul
0°G88" (960°0) 0920 (¥80°0) 6LL°0 6°L8G" (050°0) 2110 (650°0) 928°0 odgn AN SO
qvee- (050°0) 9¥1°0  (8¥0°0) TI8°0 C'LET- (¢€00) 6900  (€€0°0) 8¥8°0 o) des
L1635 (L£0°0) 9120 (L80°0) 658°0 L85 (620°0) 6¥1°0  (610°0) 268°0 dH uoryeguL
0°¢ee- (ev0°0) 8¥1T°0  (880°0) 2€8°0 ¢'88" (¢€0°0) 600 (1€0°0) ¥48°0 ogn aan s
POOYI[aI] L d PooYI[aI L d " des
0=Tr =0 d=1Lpue =0 TL pue 0L UO UOIPOLI)SOI
L pue 0L O SUOIIILISOY (g [oued
1'6L5" (160°0) €661 (980°0) 66L°0  (631°0) 9960  »(€9T°T) LG¥'0  »(8TF'T) T19°0-  »(295°0) 2680  »(LGE°0) 80 (o) des
¢'0Lg" (L80°0) 62T (00T0) 660  (6¥1°0) 680  »(8€L°0) 88L0  o(g¥S0) €80°0-  ($S0°0) 2820 (9%0°0) 828°0 | JH | uwoneyul giN
9°8.%" (760°0) €8¢°'T  (GL0°0) 628°0  (8TT°0) ¥8¢°0  »(0TE€'T) 9290  »(SETT) G99°0-  »(STE0) LgE0  (£22°0) L990 | OdD on
Al (690°0) 008°0  (€9T°0) 6950  »(39T°0) 8220  »(989°0) STE'0  »(880°T) 6LL°0- »(122°0) 6120  (T6T°0) 0790 (o} des
0°€2s" (990°0) 86L°0  »(082°0) T92°0  »(182°0) 6000  »(T150) ¥eF'0  »(015°0) 680°0-  (T300) ¥ST'0  (520°0) 858°0 | dH | uomegur 4ao
L1€g- (1200) ¥18°0  (g€T°0) 2290  (0ST°0) 08€°0  »(LP6°0) 8060  »(6ET'T) TIET- »(6L00) PTT'0  (STT°0) €FL0 | OdD on
9°€8%- (9v1°0) 226’1 (T70°0) 0£6'0  (060°0) 8870  »(LL0'T) COO'T  »(€€0°T) L60°T-  «(2€T'0) Lgg'0  (8TT'0) €540 (o} des
€ LLT- (2s1°0) 928°'T  (190°0) L06'0  (TOT'0) 6¥S°0  »(8L9°0) 8860  »(015°0) 81€°0-  (TS0°0) 825°0  (£€0°0) L§8°0 | dJH uoryeguL
985" (0s1°0) 696'T  (££0°0) 2¥6'0  (980°0) 0050  »(986°0) 6S0°T  »(216°0) 920°T-  (980°0) ¢Iz'0  (080°0) €6L°0 | OAD AN SD
vege- (860°0) L60°'T  (gv0°0) 1€6'0  (P80°0) 1870  »(2€L0) 6990  »(882°0) L0 T-  (G90°0) ¢¥T'0  (5950°0) G080 (o} des
065" (¥60°0) T00'T  (I¥0°0) ¥66'0  (980°0) GLS°0  »(cL¥0) 916°0  »(96%°0) 050°0-  (¥£0°0) 8610  (¥20°0) 2280 | dH uolyegul
Cvee- (101°0) 990°'T  (¥£0°0) €760  (080°0) 98%°0  »(¥2L°0) €890  »(GLL0) G86°0-  (5P0°0) OFPT'0  (£%0°0) 6280 | OdD dan sp
pooyIaI] e Vo VIng T2 0L Lk d i des

L pue 0L O SUOIIDLIYSIY ON 'V [PuRrd
JOTARYQY SUINOO[-PIeMIPDRY JO 90UISAIJ JO 1S9, :F 9[qR],

18



the inflation gap m — 7} depends solely on y;_j as follows
m — m, = constant + Opy_k + uy (18)

where uf is a residual. The integer value of £ is from zero to twelve.

Figure 6 graphs R? at each value of k. The left (right) figures are for the GDP (NFB)
inflation gaps. The three output gap measures are considered for y; ;. in the regression. Not
surprisingly, the goodness-of-fit is very low when the value of k is close to zero. A rise in the
value of k results in an increase in R? for the first five values of k. The highest predictive
power of y,_, for the inflation gap, m — 7/, is found at & = 4 - 7. This evidence is not
coherent with the predictions of the NKPC and reveals why the restrictions of o = 71 = 0
in (17) do not deteriorate the ability of the model to explain the dynamics of the inflation
gap. In the next section, we will provide structural analysis showing why the current and
most recent past output gaps have a very limited contribution to the inflation gap based on

a conventional DSGE model framework.

Figure 6: Explanatory Power of Current and Past Output Gap for Inflation Gap
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Notes: This figure shows R? at each integer value of k. The regression equation is m; — 7w} = c+ 0kYi—k +u]. The u] denotes
a residual. The left (right) panel reports R? based on the GDP (NFB) inflation gaps. Three output gap measures (CBO, HP,

and Q) are considered for y;_j in the regression.



5 Backward-looking Firms, Trend Inflation, and Joint

Dynamic Behavior between Output and Inflation Gaps

The survey papers by Schorfheide (2008) and Mavroeidis et al. (2014) show that estimation
results of the hybrid NKPC are not conclusive about the importance of firm’s backward-
looking behavior. Hence, instead of re-estimating the hybrid NKPC, we attempt to evaluate
the performance of the (hybrid) NKPC with respect to its ability to explain the standard
deviations of key macroeconomic variables and the observed dynamic correlation between the
output gap y; and the inflation gap w44 — 7, , where k is an integer. These two criteria are
as important as model fitting in evaluating the performance of the (hybrid) NKPC. Needless
to say, a successful Phillips curve model is expected to help match the standard deviations of
key macroeconomic variables. It is also quite natural to evaluate Phillips curve specifications
with respect to the ability to explain the observed dynamic correlation between the output
gap and inflation gap since it is designed to explain the dynamic relationship of the variables.

Gali and Gertler (1999) point out that the current output gap is positively linked to
future inflation while it is negatively associated with past inflation. The hybrid NKPC is
able to account for the reverse dynamic correlation between the output gap and inflation
(Smets and Wouters, 2007). On the other hand, as shown in Chauvet, Hur, and Kim (2015),
the NKPC cannot replicate the reverse dynamic correlation. It produces an abnormally
high contemporaneous correlation between the two variables even though its estimate is very
close to zero. Their results indicate the backward-looking component is an essential element
in accounting for the observed low contemporaneous correlation and the reverse dynamic
correlation between the output gap and inflation.

In this section, we further explore this issue. In particular, we are interested in whether
the reverse dynamic correlation between the output gap and inflation is still observed even
after the low frequency component is eliminated from inflation. Our work here responds to
the previous studies that inflation persistence is mainly driven by the Fed’s long run inflation

target rather than firm’s backward-looking price-setting behavior.

5.1 Firm’s Backward-looking Behavior and Moments of Macroe-

conomic Variables

The DSGE model presented in section II is extended to incorporate interest rate smoothing

in the monetary policy rule and a lagged output gap term in the IS curve. The model is

given by
T =7 = OB (M — ) + (1= 0) (M1 — 7)) + vy + € (19)
1,
Ye = aByy 1 + (1 - 04)%—1 - g(lt - Et7Tt+1) + E? (20>
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it = Piit—l + (1 — pz)[W: + aﬂ—(ﬂ't — 71—:) + ayyt] + Ei (21)
T = 00RT_q € (22)

We assume that the cost shock €] follows an ARMA(1,1) process as in Smets and Wouters
(2007). The inflation target shock €* is assumed to be a white noise process and the demand
and monetary shocks (ef and €. ) follow an AR(1) process. The autoregressive parameters
of the cost, demand, monetary, and inflation target shocks are 0%, , 6%p, 04p , and 0%%,
respectively. The moving average parameter for the cost shock is 0,,4. We fix the parameter
T at 0.999 to make inflation target follow a near random walk process. We also choose
the value to make the rational expectations solution of the DSGE model stationary as in
Ireland (2015).% The innovations to the target, cost, demand, and monetary shocks are
independent and identically distributed with mean zero and standard deviation o, o, 0y,
and o;, respectively.

We estimate the DSGE model parameters, holding the parameter 6 fixed at a value which
belongs to the set [0.1, 0.2,...,0.9, 1.0]. We have this strategy since the estimate of 6 is not
identified well as discussed before. To estimate the DSGE model, we use NFB inflation,
HP output gap, the effective Federal Funds rate, estimated trend inflation by Cogely and
Sbordone (2008).°

Panel A of Table 5 reports the prior distributions of the model parameters and their
posterior modes. The bottom panel summarizes the observed second moments of the key
variables (second column) and the DSGE model-implied moments (third to twelfth column).
When 6§ < 0.50, the autoregressive parameter 0%, for the cost shock is estimated to be
low around 0.04-0.29. The weak serial correlation implies that the cost shock has a limited
contribution to inflation gap persistence. Regarding the IS curve, the estimate of « is around
0.85-0.86 and the autoregressive parameter 0%, for the demand shock is estimated to be
around 0.91-0.93. The dominant role of expected future output gap in the IS curve makes
the current output gap, v, less persistent while the highly correlated demand shock operates
in the opposite way. When 6 > 0.50, drastic changes occur in the parameters discussed
above. The parameter 07 is estimated to be much higher around 0.95. The result shows
that the role of the backward-looking component in matching inflation gap persistence is
substituted by the highly serially autocorrelated cost-push shock. The estimates of o and
0% are around 0.05 and 0.38, respectively, which are much lower compared to the cases
where 6 < 0.50. These results show that the parameter estimates regarding the IS curve and
the cost shock are highly sensitive to the value of # while the parameters regarding monetary

policy are robustly estimated regardless of Phillips curve specifications.

8If we set the parameter %% to be one, the model cannot match the standard deviation of inflation at all
since inflation becomes a nonstationary process.

90ur results are not sensitive to trend inflation estimates. Once we use the trend inflation estimate from
the UC model, instead of CS trend inflation, we obtained very similar results.
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The highest likelihood is observed when the parameter 6 is set to one. Likelihood density
favors the purely forward-looking NKPC as in Ireland (2007). However model fit comes
at a cost of rising volatility of the key macroeconomic variables such as interest rates and
the output gap as shown in panel B. When the forward-looking component of the hybrid
NKPC plays a dominant role in explaining the inflation gap (including the case of § = 1),
the DSGE model fails to explain the observed volatility of the output gap. In particular,
when the purely forward-looking NKPC is employed for inflation gap dynamics, the model-
implied output gap volatility is four times greater than an observed standard deviation of
1.56. In turn, the heightened output gap volatility makes interest rates more volatile than
the observed one. Our simulation exercise shows that the hybrid NKPC in which forward-
and backward-looking components are equally important delivers the best performance in
matching the standard deviations of the output gap, and interest rates among the cases
considered in this article.

In contrast to interest rates and the output gap, the second moments of inflation, trend
inflation, and the inflation gap are less sensitive to the value of . The NKPC corresponding
to the case of # = 1.0 performs well in accounting for the second moments of inflation and
inflation gap. The standard deviation of inflation is best matched when # = 0.2 and the

standard deviation of inflation gap is best matched when 6 = 0.5.

5.2 Joint Dynamic Behavior of Output Gap and Inflation Gap

This section attempts to evaluate the ability of the (hybrid) NKPC to account for the ob-
served dynamic correlation between y; and 7, — 7y, for integer & € [—-15, 15]. The
dynamic correlation is computed using the four inflation gap measures and the three output
gap measures (CBO, HP, and Q) and it is reported in panel A of Figure 7. The panel shows
that current output gap is positively linked to future inflation gap, implying that output gap
affects inflation gap with a substantial delay. It also exhibits that past inflation gap is nega-
tively associated with current output gap. This negative correlation is likely to be associated
with cost shocks since demand-side shocks cause the variables to move in the same direction.
This reverse dynamic correlation is robustly observed across a variety of inflation and output
gap measures even after the trend inflation component is eliminated from inflation.*°

Our interest is in investigating whether the DSGE model allowing for trend inflation is
able to replicate the observed dynamic correlation without relying on firm’s backward-looking

behavior. Therefore we presents the model-implied dynamic correlation between the output

gap ¥y, and the inflation gap m, — 77, in panel B of Figure 7. We picked the following five

10 Although we do not report here, the reverse dynamic correlation is also observed when we adopt the
inflation gap measure by Kim et al. (2014). The inflation gap measure was kindly provided by Manopimoken.
We really appreciate for providing their trend inflation estimate.
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Figure 7: Dynamic Correlation between y, and m 4 — 7/,
A. Observed Dynamic Correlation from Data
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Notes: Panel A reports the observed dynamic correlation between the output gap y: and the inflation gap w1, — , Where

i

k € [—15, 15]. We consider four inflation gap measures and three output gap measures as denoted by CBO, HP, ang Q. The
left hand side of panel B displays the model-implied dynamic correlations based on the estimates of the DSGE model with the
parameter 6 fixed at 0.10, 0.40, 0.50, 0.60, and 0.90. The right hand side of panel B displays the results from a counterfactual
exercise based on the estimated DSGE model parameters with 6 fixed at 0.50. For this exercise, we simulate the DSGE model
with the model parameters fixed at its estimate but replacing the estimate of 8 with a counterfactual value such as 6 = 0.10,

0.40, 0.60, and 0.90.

values: # = 0.10, 0.40, 0.50, 0.60, and 0.90 for the hybrid NKPC. The values are chosen to
keep approximately equal distance between the lines in panel B.

The left figure of panel B depicts the joint dynamic correlation which is generated based
on the estimates of the DSGE model parameters presented in panel A of Table 5. The
figure shows that the hybrid NKPC specifications with 6 greater than or equal to 0.6 are

not able to replicate the observed reverse dynamic correlation. In addition, the model-
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implied contemporaneous correlation is abnormally higher than the data. The same results
are obtained for 8 = 0.70, 0.80, and 1.00 although we do not report here. The hybrid NKPC
specifications with € less than 0.5 perform remarkably well in matching the observed dynamic
correlation between output gap and inflation gap. The backward-looking component causes
the inflation gap to respond slowly in the face of demand and monetary shocks while the
forward-looking component does not. The delayed response of the inflation gap to changes
in the output gap associated with demand and monetary shocks causes the current output
gap to be positively correlated to future inflation gap. The slow response of inflation gap
leads to a low contemporaneous correlation between the output gap and inflation gap. Panel
A shows that the peaks in the correlation between y, and m, ) — 7}, are observed when k is
between four and seven. This pattern is consistent with the hybrid NKPC emphasizing the
role of firm’s backward-looking behavior.

The right figure of panel B displays the results from counterfactual exercises based on the
DSGE model parameters estimated with 6 fixed at 0.50. For these exercises, we simulate the
estimated DSGE model with the parameter 6 fixed at a counterfactual value such as 8 = 0.10,
0.40, 0.60, and 0.90. This counterfactual experiment is conducted to identify the pure contri-
bution of firm’s forward-looking behavior to the dynamic correlation between the output gap
and the inflation gap. The panel shows that a drastic decline in the parameter 6 from 0.90 to
0.10 significantly lowers the contemporaneous correlation between the two variables. Inter-
estingly, the sign flips from a positive to a negative value when backward-looking behavior
plays a dominant role in accounting for inflation gap dynamics. As the parameter 6 declines,
cost shocks become more influential in determining the contemporaneous correlation. When
the parameter 6 is close to zero, the inflation gap responds to changes in the output gap with
a substantial delay in the face of demand shocks. On the other hand, the impact of cost (or
supply) shocks on both the inflation and output gaps is immediate and substantial. Thus,
the hybrid NKPC with a low value of 6 generates a counterfactual negative contemporaneous
correlation in response to both demand and supply shocks. By contrast, a high value of ¢
leads to a positive and unrealistically high contemporaneous correlation since demand shocks
dominate supply shocks in determining the correlation.!!

Taken together, our simulation exercises clarify that both backward- and forward-looking
behaviors play an important role in determining the correlation between the output gap
and the inflation gap. Our findings makes it evident that incorporating trend inflation into
the DSGE model does not help produce the observed dynamic relationship between the

output gap and the inflation gap if firm’s forward-looking behavior plays a dominant role in

UWhen 6 = 1, the impact of changes in the output gap associated with demand shocks on the inflation
gap is immediate and substantial becasue the inflation gap is determined by not only current output gap but
also the stream of expected future output gaps as shown in (6). Thus, if demand shocks dominate supply
shocks in business cycles, the DSGE model yields a high contemporaneous correlation between the output
gap and the inflation gap
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determining inflation.

6 Structural Change in Inflation Persistence

We now turn to sensitivity analysis. This section studies whether inflation gap persistence is
sensitive to subsamples. The first sample starts from 1960 and ends in 1980 and the second
sample period starts from 1981 and ends in 2003. Kim et al. (2014) document evidence
on a structural change in the U.S. inflation dynamics in 1981. For a robustness check, we
also consider a subsample that begins from 1984. We re-estimate (13) and report subsample
estimates in Table 6. Panel A is for the CS GDP inflation gap and panel B is for the CS NFB
inflation gap. The three output gap measures (CBO, HP, and Q) are used for subsample
analysis.

The estimate of p indicating the degree of inflation gap persistence is found between 0.782
and 0.911 in the first sample period and between 0.783 and 0.922 in the subsequent period.
The estimates are statistically different from zero at the one percent level and the degree
of the persistence is not sensitive to the output and inflation gap measures. These results
indicate the speed that the impact of the output gap on the inflation gap dies out does not
change across the subsamples. The slope of the Phillips curve is estimated to be lower in
the post-1980 period as often reported in the literature (Coibion and Gorodnichenko, 2015).
With a concern about the sensitivity of our results to the alternative inflation gap measures,
we re-estimate (13) using the UC GDP/NFB inflation gap and report estimation results in
Table 7. It shows that our results do not change with the alternative inflation gap measures.

Inflation persistence is often measured by the autoregressive coefficient under the assump-
tion that inflation gap dynamics can be described by a first-order autoregressive (AR(1))
process. Cogley and Sbordone (2008) point out that there is no substantial changes in in-
flation persistence measured by the autoregressive coefficient before the Volcker disinflation
and afterward while inflation gap becomes less persistent in the post-1980 period. In this
regard, we investigate why the autoregressive coefficient is often estimated to be low in the
post-1980 period. In particular, we are interested in whether a slight change in the AR(1)
model specification for inflation gap dynamics leads to different results. A model specification

considered here is given by

Ty — 7 = par(Ti—1 — Ti_q) + € — Onacl 4 (23)

We consider the moving average process for the residual. The model is estimated by the
method of maximum likelihood. For comparison, we also estimate (23) with a restriction of
Orpa = 0. Our goal is to investigate whether the estimate of the autoregressive parameter

par is affected by appending the moving average term to the AR(1) model.
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Table 6: Subsample Analysis: CS Inflation Gap
A. GDP Inflation Gap

period Yt ) o Orra OAR o™ likelihood

CBO | 0.810 (0.117)  0.048 (0.098)®  0.337 (0.166)  0.924 (0.112)  1.912 (0.323)  -120.9

1960-1980 HP 0.911 (0.027)  0.184 (0.050)  0.604 (0.163) 0.896 (0.112) 1.741 (0.302) -117.3
Q 0.832 (0.081)  0.070 (0.084)*  0.355 (0.170)  0.905 (0.112)  1.884 (0.316) -120.3

CBO | 0.905 (0.020)  0.083 (0.018)  0.561 (0.089) 0.986 (0.015) 0.543 (0.098) -103.6

1981-2003 HP 0.922 (0.016)  0.128 (0.023)  0.591 (0.109) 0.928 (0.044) 0.519 (0.092) -100.8
Q 0.898 (0.022)  0.072 (0.017)  0.572 (0.095) 0.991 (0.018) 0.535 (0.099) -103.1

CBO | 0.873 (0.034) 0.028 (0.015)* 0.621 (0.160) 0.862 (0.104)  0.426 (0.081) -79.6

1984-2003 HP 0.872 (0.032)  0.057 (0.027)  0.590 (0.174) 0.823 (0.128) 0.424 (0.078) -79.3
Q 0.848 (0.043)  0.012 (0.013)*  0.590 (0.163) 0.859 (0.106) 0.432 (0.077) -80.1

B. NFB Inflation Gap
period Yt p o7 Orra OAR o™ likelihood

CBO | 0.782 (0.218)  0.091 (0.134)*  0.365 (0.170)  0.905 (0.108)  3.448 (0.513) -141.1

1960-1980 HP 0.879 (0.050)  0.257 (0.080)  0.471 (0.209) 0.855 (0.129)  3.096 (0.509) -137.2
Q | 0.801 (0.162) 0.120 (0.117)@  0.374 (0.174)  0.884 (0.104)  3.364 (0.513)  -140.2

CBO | 0.873 (0.037)  0.126 (0.029)  0.513 (0.091) 0.989 (0.014) 1.003 (0.183) -132.0

1981-2003 | HP | 0.887 (0.030)  0.187 (0.033)  0.556 (0.104)  0.960 (0.027) 0.966 (0.179)  -129.6
Q 0.863 (0.041)  0.112 (0.028)  0.517 (0.096) 0.992 (0.016) 0.994 (0.174) -131.8

CBO | 0.842 (0.059) 0.041 (0.030)  0.669 (0.183) 0.892 (0.115)  0.683 (0.123) -98.4

1984-2003 HP 0.845 (0.061)  0.093 (0.042)  0.624 (0.222) 0.825 (0.161) 0.662 (0.123) -97.1
Q 0.783 (0.141)  0.008 (0.024)*  0.579 (0.199) 0.846 (0.131) 0.702 (0.121) -99.5

Notes: Asymptotic Newey-West standard errors are reported in parentheses. The superscript * denotes significance at the ten
percent level. The superscript letter a denotes no signicance at the ten percent level. The case without * or a denotes statistical
significance at the one or five percent level.

Estimation results based on the CS/UC inflation gap measures are reported in Table 8.
Imposing 074 = 0 on (23) yields lower estimates of pag than when the parameter 0y, is
not restricted to be zero. For the whole sample, the estimate of psr ranges from 0.511 to
0.788 under the restriction. Eliminating the restriction leads to higher estimates which are
between 0.743 and 0.908.

The most drastic drop in inflation gap persistence is observed for the 1984-2003 period.
When the restriction of 65,4 = 0 is imposed on (23), the estimates of inflation gap persistence
are between 0.260 and 0.393.
component to the AR(1) model raises the estimate pag from 0.354 to 0.844 for the CS GDP
inflation gap, from 0.343 to 0.821 for the CS NFB inflation gap, from 0.393 to 0.690 for
the UC NFB inflation gap. These results suggest that there might be no structural changes

Interestingly, we find that embedding the moving average

in inflation gap persistence. For the UC GDP inflation gap, the estimates of psr and €y
turn out to be statistically insignificant and the signs of the parameters are the opposite to
conventional estimates. These results may emerge from a misspecification problem so that we
also consider an alternative specification to investigate the degree of inflation gap persistence.

The misspecification problem of (23) may involve either a missing variable such as the
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Table 7: Subsample Analysis: UC Inflation Gap
A. GDP Inflation Gap

period Yt o ol Orra SAR o™ likelihood

CBO | 0.735 (0.293)  0.019 (0.049)  0.288 (0.196)¢  0.733 (0.150) 1.317 (0.180)  -130.9

1960Q3-1980Q4 HP 0.881 (0.034)  0.135 (0.024)  -0.187 (0.491)* 0.078 (0.485) 1.151 (0.166) -125.1
Q 0.774 (0.156)  0.036 (0.041) 0.262 (0.205)*  0.678 (0.163)  1.290 (0.172) -130.0

CBO | 0.903 (0.020)  0.052 (0.013) 0.720 (0.106) 0.954 (0.041)  0.428 (0.077) -91.9

1981Q1-2003Q4 HP 0.916 (0.012)  0.088 (0.013) 0.648 (0.302) 0.764 (0.253)  0.389 (0.068) -87.1
Q 0.890 (0.024)  0.044 (0.013) 0.707 (0.109) 0.974 (0.035)  0.435 (0.080) -92.9

CBO | 0.874 (0.028)  0.030 (0.009) 0.676 (0.237) 0.821 (0.185)  0.357 (0.069) -72.4

1984Q1-2003Q4 HP 0.886 (0.026)  0.060 (0.019) 0.647 (0.226) 0.803 (0.180)  0.363 (0.068) -73.1
Q 0.844 (0.043)  0.015 (0.009)* 0.642 (0.195) 0.837 (0.142)  0.369 (0.067) -73.7

B. NFB Inflation Gap
period Yt p o7 Orra OAR o™ likelihood

CBO | 0.726 (0.486)*  0.066 (0.178)  0.262 (0.200)*  0.812 (0.172)  1.870 (0.208) -145.8

1960Q3-1980Q4 HP 0.833 (0.078) 0.206 (0.100)  0.322 (0.213)*  0.753 (0.160)  1.695 (0.186) -141.5
Q 0.726 (0.472)  0.071 (0.151)@  0.258 (0.191)%  0.793 (0.145) 1.844 (0.212)  -145.2

CBO | 0.882 (0.039) 0.095 (0.024) 0.554 (0.110)  0.971 (0.027)  0.936 (0.143) -132.0

1981Q1-2003Q4 | HP | 0.899 (0.024)  0.143 (0.025)  0.467 (0.233)  0.794 (0.126)  0.868 (0.126)  -129.6
Q 0.874 (0.041) 0.079 (0.025) 0.537 (0.123)  0.981 (0.027)  0.950 (0.143) -131.8

CBO | 0.848 (0.057)  0.039 (0.024)®  0.432 (0.264)®  0.752 (0.200) ~ 0.713 (0.107)  -100.1

1984Q1-2003Q4 HP 0.859 (0.055) 0.100 (0.040)  0.420 (0.300)*  0.710 (0.239)  0.687 (0.104) -98.6
Q 0.834 (0.072)  0.008 (0.015)*  0.409 (0.242)*  0.756 (0.176) 0.742 (0.114) -101.7

Notes: Asymptotic Newey-West standard errors are reported in parentheses. The superscript * denotes significance at the ten
percent level. The superscript letter a denotes no signicance at the ten percent level. The case without * or a denotes statistical
significance at the one or five percent level.

Table 8: Persistence of Inflation Gap and MA Component

GDP inflation gap NFB inflation gap
restriction on (23) Opra=0 no restriction on Op7 4 Opra =0 no restriction on Oy 4
parameter PAR PAR Ona PAR PAR Orra
1960-2003 0.788 (0.058) 0.908 (0.056) 0.352 (0.159) 0.731 (0.066) | 0.892 (0.073) 0.359 (0.234)*
1960-1980 0.829 (0.098) 0.943 (0.079) 0.161 (0.126)@ 0.744 (0.075) | 0.893 (0.106)  0.335 (0.264)*
s 1981-2003 0.659 (0.038) 0.789 (0.025) 0.544 (0.092) 0.664 (0.047) | 0.809 (0.054) 0.615 (0.160)
1984-2003 0.354 (0.114) | 0.844 (0.110)  0.589 (0.159) | 0.343 (0.122) | 0.821 (0.126)  0.547 (0.158)
1960-2003 0.511 (0.095) 0.743 (0.119) 0.324 (0.225)“ 0.535 (0.099) | 0.775 (0.109)  0.332 (0.264)*
1960-1980 0.552 (0.149) | 0.736 (0.154)  0.277 (0.261)% | 0.544 (0.126) | 0.767 (0.134)  0.307 (0.323)@
ve 1981-2003 0.433 (0.056) | 0.654 (0.054)  0.409 (0.076) | 0.494 (0.068) | 0.773 (0.109)  0.515 (0.211)
1984-2003 0.260 (0.115) -0.320 (0.262)*  -0.545 (0.217)* | 0.393 (0.115) | 0.690 (0.109) 0.354 (0.167)

Notes: Asymptotic Newey-West standard errors are reported in parentheses. The superscript * denotes significance at the ten
percent level. The superscript letter a denotes no signicance at the ten percent level. The case without * or a denotes statistical
significance at the one or five percent level.

output gap or the autoregressive component in residual.

alternative model specification given by
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In this regard, we consider an



e — 7 = par(m—1 — ) + VY + € (24)

where the residual term €] is assumed to follow an ARMA(1,1) process, €] = darey | + v —
Orravi—i. We use the HP output gap for 3,.'2 The model is estimated by the maximum
likelihood method. The autoregressive component for the residual is taken into account as a
competing source of inflation gap persistence to the lagged inflation gap term.

We estimate (24) with/without the restriction of d4z = 0. Table 9 summarizes estima-
tion results. The parameter par is estimated to be even higher compared to the previous
specification (23). In particular, the estimate of psr ranges from 0.753 to 0.950 over the
1984-2003 period, indicating there are no changes in inflation gap persistence. Our findings

also indicate that inflation gap persistence is not sensitive to the restriction on d4z = 0.

Table 9: Persistence of Inflation Gap and ARMA Component

restriction on (24) dar =0 no restriction on dar

inflation gap period PAR Ona PAR Orra
1960-2003 0.971 (0.015)  0.625 (0.058) | 0.982 (0.015) 0.793 (0.079)
1960-1980 1.008 (0.017)  0.762 (0.073) | 1.014 (0.017)  0.857 (0.097)
@5 GDP 1981-2003 0.837 (0.026)  0.605 (0.098) | 0.835 (0.026)  0.571 (0.157)
1984-2003 0.911 (0.065)  0.688 (0.127) | 0.904 (0.070)  0.656 (0.186)
1960-2003 0.950 (0.022)  0.558 (0.061) | 0.937 (0.022)  0.333 (0.108)
8 NFB 1960-1980 0.965 (0.037)  0.550 (0.117) | 0.951 (0.036) 0.217 (0.251)%
1981-2003 0.859 (0.033)  0.717 (0.070) | 0.850 (0.039)  0.586 (0.137)
1984-2003 0.825 (0.099) 0.688 (0.127) | 0.753 (0.110)  0.324 (0.247)°
1960-2003 0.936 (0.028) 0.831 (0.056) | 0.955 (0.031) 1.074 (0.054)
UC GDP 1960-1980 0.973 (0.039) 0.867 (0.080) | 0.983 (0.041) 1.078 (0.085)
1981-2003 0.660 (0.068)  0.463 (0.116) | 0.657 (0.067)  0.398 (0.217)*
1984-2003 0.950 (0.034)  0.600 (0.152) | 0.944 (0.038)  0.976 (0.074)
1960-2003 0.871 (0.041)  0.451 (0.090) | 0.860 (0.038)  0.275 (0.140)*
1960-1980 0.908 (0.056)  0.437 (0.137) | 0.902 (0.052)  0.155 (0.241)°
UC NFB 1981-2003 0.821 (0.068)  0.531 (0.112) | 0.800 (0.072) 0.328 (0.208)*
1984-2003 0.829 (0.097)  0.457 (0.158) | 0.773 (0.104)  0.058 (0.306)%

Notes: Asymptotic Newey-West standard errors are reported in parentheses. The superscript * denotes significance at the ten
percent level. The superscript letter a denotes no signicance at the ten percent level. The case without * or a denotes statistical
significance at the one or five percent level.

4. Conclusion

In recent years, the view that inflation persistence results from the Federal Reserve’s long-run
inflation target has gained attention in the NKPC literature since the hybrid NKPC is not

treated as structural, and the backward-looking mechanism is not likely to be invariant to

12We obtained very similar estimates of the parameter psr for the alternative output gap measures we
consider in this article even though we do not report here.
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changes in monetary policy. In this perspective, the hypothesis that inflation persistence
can be ascribed to drifts in the Federal Reserve’s long-run inflation target was raised in
the literature. However, our findings show that the backward-looking component is still
of great importance even after the low frequency component is eliminated from inflation.
In particular, we show that our empirical results are inconsistent with the purely forward-
looking NKPC in that inflation gap is mostly driven by past output gaps. In addition,
the second moments of the key macroeconomic variables and observed dynamic correlation
between output gap and inflation gap can be best explained only when the backward-looking
component matters a great deal. Taken together, our findings point out the presence of

intrinsic inflation persistence.
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