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Abstract

A vast literature has documented that US inflation persistence has fallen in recent
decades. However, this empirical finding is difficult to explain in monetary models. Us-
ing survey data on inflation expectations, I document a positive co-movement between
ex-ante average forecast errors and forecast revisions (suggesting forecast sluggishness)
from 1968 to 1984, but no co-movement afterwards. I extend the New Keynesian (NK)
setting with noisy and dispersed information about the aggregate state, and show that
inflation is more persistent in periods of greater forecast sluggishness. My results show
that the change in firm forecasting behavior, documented in survey data, explains
around 90% of the fall in inflation persistence since the mid 1980s. I also find that the
changes in the dynamics of the Phillips curve in recent decades can be explained by
the change in information frictions. Contrary to the literature which has emphasized
a flattening of the NK Phillips curve in recent data, I do not find any evidence of the
change in the slope of the Phillips curve once I control for the change in information
frictions, but an increase in forward-lookingness. Finally, I find evidence of forecast
underrevision in the post-COVID period, which explains the increase in the persistence

of current inflation.
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1 Introduction

Since long, expectations have played a central role in macroeconomics. However, most of
work considers a limited theory of expectation formation, in which agents are perfectly and
homogeneously aware of the state of nature and others’ actions. In this paper, I consider a
theory of expectation formation that incorporates significant heterogeneity and sluggishness
in agents’ forecasts, thus relaxing the standard full information rational expectations (FIRE)
benchmark.! T include such expectation formation features into an otherwise standard New
Keynesian (NK) model by introducing noisy and dispersed information, rationally processed
separately by each agent, and match the information-specific parameters to the observed
sluggishness in forecasts. I use this framework to interpret two empirical challenges in the
literature: the fall in inflation persistence and the change in the dynamics of the Phillips
curve.

As for the first empirical challenge, evidence suggests that the dynamic properties of
US inflation have not been constant over time. In particular, inflation in the post-war
period exhibits a high degree of persistence up until the mid 1980s, falling significantly since
then. This fall in inflation persistence is not easily understood through the lens of monetary
models, which has resulted in the “inflation persistence puzzle” (Fuhrer 2010).? This break
coincides with a change in the US Federal Reserve’s communication policy, which became
more transparent and informative after the mid 1980s. Using survey data on US firms’
forecasts, I document a significant sluggishness in responses to new information until the
mid 1980s, but no evidence of sluggishness afterwards. The theoretical framework I build is
consistent with this evidence. I argue that the change in the Fed communication improves
firms’ information and I use my model to show that the reduced stickiness in firms’ inflation
forecasts explains the fall in inflation persistence.

The second empirical challenge documents that the dynamics of the Phillips curve have
changed in recent decades. The literature has mainly focused on the output gap coefficient,
arguing for a flatter curve in recent decades (del Negro et al. 2020; Ascari and Fosso 2021).
This finding indirectly implies that central bank actions, understood as nominal interest
rate changes, are less effective in affecting inflation. I argue from the perspective of my

model that the change in the dynamics of the Phillips curve can be explained by a lack of

1. I define sluggishness as the stickiness of current expectations on past expectations. I measure sluggish-
ness as a positive co-movement between ex-ante average forecast errors and forecast revisions.

2. Persistence is an important property of a dynamic process since it determines both the memory of any
past shock on today’s outcome and its volatility. See Fuhrer (2010) for a handbook literature review.



backward-lookingness and an increase in forward-lookingness after the mid 1980s. I show
that there is no evidence of a flattening in the Phillips curve once I control for the decline
in information frictions.

I extend the textbook NK framework in Gali (2015) and Woodford (2003b) to noisy
information following Lucas (1972), Woodford (2003a), Nimark (2008), Lorenzoni (2009),
Huo and Takayama (2018), and Angeletos and Huo (2021). I assume that firms do not
have complete and perfect information about the aggregate economic conditions. Instead,
firms can observe their own granular conditions, the output they produce given their price,
but they do not have perfect information about aggregate variables like inflation, output or
interest rates. In place, they observe a noisy signal that provides information on the state of
the economy, in this case the monetary policy shock. With this piece of information, firms
form expectations on inflation, aggregate output and interest rates. This setting leads to
a dynamic beauty contest in which firms need to form beliefs on what other firms believe
about the economy. Morris and Shin (2002) and Woodford (2003a) are the first to study the
economy as a static beauty contest, and Allen et al. (2006), Bacchetta and Van Wincoop
(2006), Morris et al. (2006), and Nimark (2008) extend the economy to a dynamic beauty
contest. More recently, Angeletos and Huo (2021) show that noisy information attenuates
the general equilibrium effects associated with the Keynesian multiplier and the inflation-
spending feedback, causing the economy to respond to news about the future as if agents
were myopic. [ extend the framework in Angeletos and Huo (2021) by merging the two
blocks, the Dynamic IS and NK Philips curves, while still obtaining closed-form equilibrium
dynamics that facilitate the interpretation of our results.?

In terms of the details of my model, I explain the fall in inflation persistence through a
decrease in the degree of information frictions that firms face on central bank actions. Since
the late 1960s, there has been a gradual improvement in the US Federal Reserve’s public
disclosure and transparency, sending clearer signals of their actions and future intentions to

the market.* This has most notably occurred after 1985.% I show that in this framework,

3. Angeletos and Huo (2021) assume that firms observe the history of past price levels but do not extract
any information from it, thus simplifying the framework. I assume that firms do not observe the price level.

4. See Lindsey (2003) for a comprehensive historical review.

5. Before 1967 the Federal Open Market Committee (FOMC), the US Fed decision unit, only announced
policy decisions once a year in its Annual Report. In 1967, the FOMC decided to release the directive in
the Policy Report (PR), 90 days after the decision. In 1976, the PR was enlarged and its delay was reduced
to 45 days. Between 1976 and 1993 the information contained in the PR increased, without any further
changes in the announcement delay. In 1977, the Federal Reserve Reform Act officially entitled the Fed with
3 objectives: maximum employment, stable prices and moderate long-term interest rates. In 1979, the first
macroeconomic forecasts on real GNP and GNP inflation from FOMC members were made available. The



inflation is more persistent in periods of greater forecast sluggishness. Noisy information
generates an underreaction to new information because individuals shrink their forecasts
towards prior beliefs when the signals they observe are noisy. This endogenous anchoring
in forecasts causes firms to set prices to their existing prior, thus slowing the speed of
price changes. Using micro-data on inflation expectations from the Survey of Professional
Forecasters (SPF) and the Livingston Survey on Firms, I document that firms’ forecasts
used to react sluggishly before the mid 1980s. However, there appears to be a break, and
there is no evidence of sluggishness in recent decades. My results suggest that agents became
more informed about inflation after the change in the Federal Reserve disclosure policy in
the mid 1980s. Because inflation depends on the expectations of future inflation, the change
in expectation formation feeds into inflation dynamics, which endogenously reduces inflation
persistence. I find that this change in firms’ forecasting behavior explains around 90% of the
fall in inflation persistence since the mid 1980s.

I also study the dynamics of the Phillips curve over time through the lens of my model.
The literature has mainly focused on the output gap coefficient, arguing for a flatter curve in
recent decades, implying a fall in the sensitivity of inflation and the real side of the economy
(“inflation disconnect” puzzle, see e.g., del Negro et al. 2020; Ascari and Fosso 2021). In
the standard model, inflation dynamics are reduced to the NK Phillips curve, which relates
current inflation to the current output gap and expected future inflation. Inflation is only
related to the real side of the economy through the Phillips curve slope, and the only possible
explanation for the lack of dependence of inflation on output in recent decades is a fall in
the slope.

The literature has extensively focused on this slope, in the hope of documenting that
this relation has weakened and that the inflation process is therefore largely independent
of any change from the demand side of the economy, including changes in the policy rate
or central bank actions. Armed with the noisy information framework, I find that the
changes in the dynamics of the Phillips curve can be explained by the change in information

frictions. First, I show that the NK Phillips curve is enlarged with a backward-looking

“tilt” (the likelihood regarding possible future action) was introduced in the PR in 1983. Between 1985
and 1991, the Fed introduced the “ranking of policy factors”, which after each meeting ranked aggregate
macro variables in importance, signaling priorities with regard to possible future adjustments. The minutes,
a revised transcript of the discussions during the meeting, started being released together with the PR in
1993, 45 days after the meeting. In 1994 the FOMC introduced the immediate release of the PR after a
meeting if there had been a change, coupled with an immediate release of the “tilt” (likelihood regarding
possible future action) since 1999. Since January 2000 there has been an immediate announcement and press
conference after each meeting, regardless of the decision.



term on lagged inflation and myopia towards expected future inflation. Once I correct for
the misspecification in the NK Phillips curve, there is no evidence of a fall in its slope,
but evidence of a reshuffle from a backward-looking curve to a more forward-looking curve.
Second, I show that under a general information structure, the Phillips curve is modified such
that current inflation is related to current and future output through two different channels:
the output gap coefficient and firms’ expectation formation process. I show that there is
no empirical evidence of any change in the slope once I control for a decline in information
frictions, using SPF forecasts. In summary, contrary to the literature which has emphasised
a flattening of the NK Phillips curve in recent data, I do not find any evidence of the change

in the structural slope once I control for imperfect expectations.

Roadmap The paper proceeds as follows. Section 2 documents the two empirical chal-
lenges and the decrease in forecast sluggishness and information frictions in recent decades.
In Section 3, I describe the theoretical framework, and I derive the main results in section
4. Section 5 concludes the paper.

In Appendix D I revisit different theories that produce a structural relation between
inflation and other forces in the economy, and I show that they cannot explain the fall in
inflation persistence. In the benchmark NK model, inflation inherits its properties of the
exogenous driving forces. Hence, in order to explain the fall in inflation persistence docu-
mented in the data, a fall in the persistence of these exogenous shocks is required. I find that
the persistence of exogenous monetary policy, total factor productivity and other shocks has
been remarkably stable in the post-war period. Acknowledging the fact that purely forward-
looking models cannot generate intrinsic persistences, I extend the benchmark and explore
backward-looking frameworks. I find that they generate little endogenous persistence, insuf-

ficient to generate the significant fall in inflation persistence that I observe in the data.’

2 Empirical Challenges and Information Frictions

In this section, I discuss the two empirical challenges and the change in inflation forecast
underrevision. First, I provide empirical evidence on the fall in the persistence of inflation
in recent decades. Second, I show that the change in the persistence coincides with a decline
in forecast underreaction in the recent decades. Third, I argue that the documented changes

6. I extend the setting to price indexation, trend inflation and optimal monetary policy under discretion
and commitment. I show that these frameworks cannot explain the large fall in inflation persistence.



1968:Q4-2020:Q1  1968:QQ4-1984:Q4  1985:(Q1-2020:Q1

Mean 3.362 6.160 2.117
Volatility 2.400 2.234 1.016
First-Order Autocorrelation 0.880 0.754 0.505

Table I: Summary statistics over time.

in the persistence of inflation and forecast underreaction can explain the changes in the

dynamics of the Phillips curve over time.

2.1 The First Puzzle: Inflation Persistence

A vast literature has documented that US inflation persistence has fallen in recent decades.
Fuhrer and Moore (1995), Cogley and Sbordone (2008), Fuhrer (2010), Cogley et al. (2010),
and Goldstein and Gorodnichenko (2019) find evidence of a structural break in the first-order
autocorrelation of inflation in the 1980-1985 window, with persistence falling from around
0.75-0.8 to 0.5.” In this section I revisit this empirical challenge and document a fall in
inflation persistence since the mid 1980s.® T use the (annualized) quarterly growth in the
GDP Deflator as a proxy for aggregate inflation.”

The inflation time series is reported in Figure 1. I follow Fuhrer (2010) and divide the
sample into two sub-periods, pre- and post-1985:Q1 until 2020:Q1. I report the mean and 2
standard deviation bands by each subperiod. Inflation started its upward trend in the 1960s,
continuing in the next decade with two local peaks in the mid 1970s and in the early 1980s.
Then, inflation started its downward trend lasting until the early 1990s, and has roughly
remained at 2% afterwards. Differentiating between the two subperiods, one can see from
the previous figure that the level of inflation has fallen from 6% to 2%, and that inflation
has become less volatile.'®

7. In a cross-country analysis, Benati and Surico (2008) find that countries with central banks that follow
an inflation targeting policy experience lower persistence.

8. Inflation data is available at a quarterly frequency since 1947:Q1. However, I will stick to the 1968:Q4-
2020:Q2 sample since I seek to link the results presented in this section to surveys on expectations, which
are available since 1968:Q4.

9. I define the inflation rate at time t, m;, as the (annualized) log growth in the index, 400 x (log X; —
log X;—1), where X; is the GDP deflator at time ¢.

10. T omit the fall in average inflation and volatility from the analysis, since both can be easily explained
in a trend-inflation NK setup through a decrease in the inflation target of the central bank, and an increase

in the aggressiveness of the monetary authority towards the inflation gap, for which Clarida et al. (2000)
provide empirical evidence.
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Figure 1: Time series of inflation, with subsample mean and standard deviation.

In the monetary literature, inflation is generally assumed to follow an independent au-
toregressive stochastic process. In such a case, the stationary mean depends both on the
intercept and the lagged inflation coefficients. On the other hand, the stationary volatil-
ity depends both on the innovation volatility and the lagged inflation coefficients. Table |
reports summary statistics on the mean, volatility and first-order autocorrelation by each
subsample. In the following, I seek to investigate if these differences across subsamples are
statistically significant.

Let us assume that inflation follows a simple AR(1) process with a drift. Recall that the
change in the average level of inflation, documented in Figure 1, can be explained by two
parameters, the intercept and the persistence coefficient. Once more, I follow Fuhrer (2010)
and assume that the break date is 1985:Q1." T test for a (potential) structural break on the

intercept and persistence coefficients by estimating (2.1). Formally, I consider the regression
Tt = O + Qs Lgsey + a1 + Prsl sy Teo1 + € (2.1)

where 1>y is an indicator variable equal to 1 if the period is within the post-1985 era,
and e; is the error term. The advantage of relying on a specification like (2.1) instead of
a cross-sample analysis as in Table I is that the former allows us to verify if the structural
change in the coefficients is statistically significant. I report my findings in Table II. First, I
find that both the intercept and the persistence are highly significant when I consider the full

sample with no structural break (column 1). Second, I find strong evidence of a structural

11. To confirm the break date, I additionally test for the null of no structural break in inflation dynamics
around 1985:Q1. T reject the null of no break (p-value = 0.000). If T instead am agnostic about the break
date(s), the test suggests that the break occurred in 1991:Q1, with the lower and upper 95% confidence
bands 1986:Q1 and 1996:Q1.



Inflation (p.p.)

Previous Inflation (p.p.)

Linear Fit: 1969-1984
Linear Fit: 1985-2020

* 1969-1984
® 1985-2020

Figure 2: Scatter plot contemporaneous inflation (vertical axis) and one-quarter lagged
inflation (horizontal axis). Red dots correspond to 1968-1984 observations, and blue dots

correspond to observations after 1984.

(1) (2)
Full Sample Structural Break

M1 0.880*** 0.785***
(0.0466) (0.0755)
-1 X Loy -0.287
(0.144)
Constant 0.400** 1.320***
(0.166) (0.471)
COHStant X :H-{tzt*} —0263
(0.543)

Observations 206 206

HAC robust standard errors in parentheses
*p<0.10, ** p < 0.05, *** p < 0.01

Table II: Estimates of regression (2.1)



break in persistence, falling from 0.79 in the pre-1985 period to 0.5 afterwards (column 2).
On the other hand, I do not find any evidence of a structural break in the intercept. This
structural break is also easily visualized in the scatter plot in Figure 2. Considering these
findings, and the robustness checks discussed in Appendix B.1, I conclude that (i) inflation
persistence has fallen since 1985, and that (i) the fall in the level of inflation documented

in Figure 1 is explained through a change in the persistence of inflation.!?

2.2 Evidence on Information Frictions

As discussed in the introduction, the actions of the Fed have become more transparent over
time. The delay between the Fed’s action and the announcement to the public has been
shortened from around a year to a few minutes, and the amount of information contained in
the Policy Report and other documents released to the public has increased substantially.!?
In this section, I document a contemporaneous change in beliefs and expectation formation
around the same date in which inflation persistence is reported to break. Using survey data
on US firms’ forecasts, I document a significant sluggishness in responses to new information
until the mid 1980s, but no evidence of sluggishness afterwards. Using expectations data
from the Survey of Professional Forecasters (SPF), I study whether there is a significant
change in different measures of information frictions around 1985:Q1.%4

The problem that the econometrician faces when trying to quantify or estimate the degree
of information frictions is that she does not know what each agent, or the average agent, has
observed at any given point in time. The literature has approached this regression design
problem by measuring the change in actions after an inflow of information. Consider, for
example, the average forecast of annual inflation at time ¢, Etwt+37t, where 7,13, is the GDP
deflator growth between periods t+3 and t—1. One can think of this object as the action that
the average forecaster makes. Let us now consider the average forecast of 4-quarters-ahead
inflation at time ¢ — 1, Et_lﬂt+37t. The difference between these two objects, the average

forecast revision, revision, = E;my3; — E;_1m13,, provides us with information about the

12. T explore alternative analyses, obtaining similar results, in Appendix B.1. I consider (i) two alternative
measures of inflation, price inflation (CPI) and producer inflation (PCE), (i) rolling-sample and time-varying
estimates, and (4i7) a subsample unit root analysis.

13. I provide a more detailed historical analysis of the Fed‘s gradual increase in transparency in Appendix
E.

14. The American Statistical Association and the National Bureau of Economic Research started the survey
in 1968:Q4, which has been conducted by the Federal Reserve Bank of Philadelphia since 1990:Q1. Every
three months, professional forecasters are surveyed on their forecasts on economic variables like output,
inflation or interest rates. These forecasters work at Wall Street financial firms, commercial banks, consulting
firms, university research centers and other private sector companies.
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Figure 3: Time series of ex-ante average forecast errors and forecast revisions.

average agent action after the inflow of information between periods ¢t and ¢ — 1. 1 plot
the raw series in Figure 3. Recent research (Coibion and Gorodnichenko 2012, 2015a) has
documented a positive co-movement between ex-ante average forecast errors, denoted by
forecast error, = m 43, —Eﬁt+37t, and average forecast revisions.'® Formally, their regression

design is
forecast error; = ey + Brev revision; + uy, (2.2)

where a positive co-movement (Brev > 0) suggests that positive revisions predict positive
forecast errors.!® That is, after a positive revision of annual inflation forecasts, agents con-
sistently under-predict inflation. Although I only focus on firms in the main text, this form
of forecast stickiness or sluggishness is consistent across different agent types (see Coibion

and Gorodnichenko 2012, 2015a for evidence on consumers, firms, central bankers, etc.)

15. T use the first-release value of annual inflation, since forecasters do not have access to future revisions
of the data when they provide their forecast.

16. Under the FIRE assumption, f3.., should be zero. Each agent’s individual forecast is identical to each
other agent’s forecast. As a result, the average expectation operator in (2.2) could be interpreted as a
representative agent forecast, and one would be effectively regressing the forecast error of the representative
agent on its forecast revision. Under RE, the forecast revision should not consistently predict the forecast
error. Otherwise, the agent would incorporate this information in his information set. Therefore, a positive
estimate of [, in the above regression suggests that the FIRE assumption is violated. In this model, I
maintain the RE assumption, and assume that agents face information frictions, thus generating heterogenous
beliefs (information sets) across households. Bordalo et al. (2018) and Broer and Kohlhas (2019) find
evidence of a violation of the rational expectations assumption by regressing (2.2) at the individual level,
finding evidence of agent over-confidence when forecasting inflation. Notice that even if I assume information
frictions, the above regression at the individual level should report a S, estimate of zero, because at the
individual level the forecast revision should not consistently predict the forecast error. I do not assume a
departure from rational expectations because, as shown in Angeletos et al. (2020), over-confidence would
have no effect on aggregate dynamics and would therefore not affect the inflation persistence.

10



The results, reported in the first column in Table III, suggest a strong violation of the
FIRE assumption: the measure of information frictions, B, is significantly different from
zero. Agents underrevise their forecasts: a positive (.., coefficient suggests that positive
revisions predict positive (and larger) forecast errors. In particular, a 1 percentage point
revision predicts a 1.23 percentage point forecast error. The average forecast is thus smaller
than the realized outcome, which suggests that the forecast revision was too small, or that
forecasts react sluggishly.

Following the previous analyses on inflation persistence, I assume that the break date is
1985:Q1.17 Following a similar structural break analysis as in Section 2.1, I study if there
is a change in expectation formation around the same break date. Formally, I test for a
structural break in belief formation around 1985:Q1 by estimating the following structural-

break version of (2.2),
forecast error; = ey + Brevrevision; + Brevs L) revision, + uy (2.3)

A significant estimate of [..v+ suggests a break in the information frictions. The results in
the fourth and fifth columns in Table III suggest that there is a structural break around
1985:Q1. The estimate Brev* < 0 suggests that firms’ forecasts underreact less since 1985 (in
fact, I do not find any evidence of forecast stickiness.) This structural break finding is also
easily visualized in the scatter plot in Figure 4.

In the lens of a noisy and dispersed information framework, this implies that agents
became more more informed about inflation, with individual forecasts relying less on priors
and more on news.'® These structural break findings are consistent with alternative measures

of information frictions, as discussed in Appendix B.4.1°

17. I test for the null of no structural break in inflation dynamics around 1985:Q1. I reject the null of no
break (p-value = 0.01). If T am instead agnostic about the break date(s), the test suggests that the break
occurred in 1980:Q1.

18. The forecast underreaction behavior is consistent with many different FIRE extensions of the benchmark
setting. In Appendix B.4, I show that alternative moments in survey data are only consistent with noisy
and dispersed information. I find that ex-ante inflation forecasts errors react to monetary shocks before 1985
and not after, and that the cross-sectional volatility of inflation forecasts does not react to monetary shocks
throughout the sample.

19. T conduct robustness checks studying the impulse response of ex-ante inflation forecast errors to ex-
ante monetary policy shocks, the cross-sectional volatility of inflation forecasts over time, or using alternative
datasets like the Livingston Survey.

11



Forecast Error (p.p.)
1

Forecast Revision (p.p.)

Linear Fit: 1968:Q4-1984:Q4
Linear Fit: 1985:Q1-2020:Q1

* 1968:Q4-1984:Q4
® 1985:Q1-2020:Q1

Figure 4: Scatter plot of ex-ante average forecast error (vertical axis) and average forecast
revisions (horizontal axis). Red dots correspond to 1968-1984 observations, and blue dots
correspond to observations after 1984.

Full Sample 1968:Q4-1984:Q4 1985:Q1-2020:Q1  Structural Break

(1) (2) (3) (4) (5)
Revision 1.230*** 1.414* 0.169 1.501**  1.414***
(0.250) (0.283) (0.193) (0.317) (0.281)
Revision X 1>y 1111 -1.245%
(0.379) (0.341)

Constant -0.0875 0.271 -0.317*** -0.135* 0.271
(0.0696) (0.185) (0.0478) (0.0690)  (0.184)
Constant x 1> -0.587***
(0.190)

Observations 197 58 139 197 197

Robust standard errors in parentheses
*p<0.10, ** p < 0.05, *** p < 0.01

Table III: Estimates of regression (2.3)
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2.3 The Second Puzzle: The Phillips Curve

Unemployment has fluctuated between historically large and low levels since 1985. During
the Great Recession, unemployment increased to a level comparable to that of the Vol-
cker disinflation. Shortly after that, unemployment decreased to unprecedented low levels.
Throughout this period, inflation seemed to be unaffected and disconnected from the changes
in the real side of the economy, with no disinflation during the Great Recession and no large
inflation afterwards (Hall 2011; Ball and Mazumder 2011; Coibion and Gorodnichenko 2015b;
del Negro et al. 2012; Lindé and Trabandt 2019). This contrasts with the Volcker disinflation
experience, which caused a large increase in unemployment and gave rise to the concept of
the sacrifice ratio.?’

Taking a model-oriented view, this second empirical challenge implies that the Phillips
curve has flattened in recent decades, implying that inflation is no longer affected by other
real variables (del Negro et al. 2020; Ascari and Fosso 2021; Atkeson and Ohanian 2001;
Stock and Watson 2019).2! The most well-known (structural) inflation equation is the NK
Phillips curve,

T = K + BEm (2.4)

which relates current inflation m; to the current output gap 7; and expected future inflation
E;m;11. Notice that, in this framework, inflation is only related to output through the
Phillips curve slope . In such framework, the most prominent explanation for the lack of
dependence of inflation on output is the fall in x.22 The literature has extensively focused
on this coefficient, in the hope of showing that this relation has somehow flattened and that
inflation is less dependent on any other variable. The available empirical evidence is mixed,
with most recent evidence arguing for a (small and) constant slope over time (McLeay and
Tenreyro 2020; Hazell et al. 2020).

In section 4.2, I argue that an extension to the benchmark model, in which the assumption
of complete and full information is relaxed, enlarges the Phillips curve (2.4) with anchoring
and myopia. I argue that the finding that the slope of the Phillips curve has fallen in recent
decades is simply the result of a misspecified Phillips curve equation (2.4). In particular, I

20. The sacrifice ratio measures the change in output per each 1% change in inflation.

21. This finding indirectly implies that central bank actions, understood as nominal interest rate changes,
are less effective in affecting inflation.

22. Another explanation put forward by McLeay and Tenreyro (2020) is that a monetary authority conduct-

ing optimal monetary policy under discretion could explain the disconnect without resorting to x. Although
appealing, I find that this change cannot explain the contemporaneous fall in persistence.

13



argue from the perspective of my model that the change in the dynamics of the Phillips curve
can be explained by a lack of backward-lookingness and an increase in forward-lookingness
after the mid 1980s, which is supported by the data. Once these additional terms have
been controlled for, and I estimate a Phillips curve closer to the hybrid version implied by

price-indexation settings, I do not find any evidence of a change in k.

3 Noisy Information

In this section, I consider a theory of expectation formation that incorporates significant het-
erogeneity and sluggishness in agents’ forecasts, thus relaxing the standard full information
rational expectations (FIRE) benchmark. I include such expectation formation features into
an otherwise standard New Keynesian (NK) model by introducing noisy and dispersed in-
formation, rationally processed separately by each agent, and match the information-specific
parameters to the observed sluggishness in forecasts. I will argue that the change in the
Fed communication improved firms’ information, and I use my model to show that the re-
duced underreaction in firms’ inflation forecasts will translate into reduced persistence in
inflation.?*?* 1 show that in this framework, inflation is more persistent in periods of greater
forecast sluggishness. Noisy information generates an underreaction to new information be-
cause individuals shrink their forecasts towards prior beliefs when the signals they observe
are noisy. This endogenous anchoring in forecasts causes firms to set prices to their existing
prior, thus slowing the speed of price changes. Because inflation depends on the expecta-
tions of future inflation, the change in expectation formation feeds into inflation dynamics,
which endogenously reduces inflation persistence. I find that this change in firm forecasting
behavior explains around 90% of the fall in inflation persistence since the mid 1980s.

I discuss a variety of New Keynesian models in Appendix D, and show that none of
them can produce a significant fall in inflation persistence. The intuition behind that result
is that, in purely forward frameworks, inflation is proportional to the exogenous shocks,

23. The delay between the Federal Reserve action and the announcement to the public has been shortened
from around a year to a few minutes and there has been a substantial increase in the amount of information
contained in the PR and other documents released to the public has substantially increased. I provide a
more detailed historical analysis of the Fed’s gradual increase in transparency in Appendix E.

24. A criticism to the gradual information disclosure argument is that, although actions themselves could
not be known with any certainty until after a year, market participants could observe the changes in interest
rates and monetary aggregates induced by the action and could thus infer the action, in the spirit of the
Grossman and Stiglitz (1980) paradox. To alleviate this concern, I measure information frictions using data
from professional forecasters. The underlying assumption here is that professional forecasters are among the

most informed agents in the economy since their job is to make predictions for private companies. Obtaining
evidence on significant information frictions would therefore invalidate the previous criticism.
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and only extrinsically persistent. I show that the persistence of these exogenous shocks has
not changed over time. Then, I explore several extensions that produce backward-looking
dynamics, such as optimal monetary policy under commitment, price indexation or positive
trend inflation. I argue that these extensions generate mild anchoring and cannot explain

the documented change in inflation persistence.

3.1 Noisy Information New Keynesian Model

In order to relate the previous empirical findings on inflation persistence to information
frictions, I build a noisy information New Keynesian model based on the island setting by
Lucas (1972), Woodford (2001), Nimark (2008), Lorenzoni (2009), and Angeletos and Huo
(2021).% Firms observe the economic conditions in their island, but they do not have full
information about the economic conditions in the archipielago. In particular, firms can
observe their own granular conditions, such as their production given their price, but they
do not have perfect information about aggregate macro variables like inflation, output or
interest rates. They observe a noisy signal that provides information on the state of the
economy, in this case the monetary policy shock. With this piece of information, firms form
expectations on inflation, aggregate output and interest rates. For simplicity, I assume that
households and the monetary authority have access to full information.2%

Apart from this information friction, which I describe formally below, firms are subject to
the standard Calvo-lottery price friction, which allows us to write the price-setting problem
as a forward-looking one, and compete in a monopolistic economy. There is a continuum
of firms indexed by j € Z; = [0,1], each being a monopolist producing a differentiated
intermediate-good variety with CES e, producing output Y}; and setting price Pj;. Technol-

ogy is represented by the production function
Y}t = let_a (31)
where 1 — « is the labor share.

Aggregate Price Dynamics As in the benchmark NK model, price rigidities take the
form of a Calvo-lottery. In every period, each firm can reset its price with probability (1—6),

independent of the time of the last price change. That is, only a measure (1 — ) of firms

25. The derivation of the model is relegated to Online Appendix F.
26. I relax the FIRE assumption on households in Appendix C.
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is able to reset their prices in a given period, and the average duration of a price is given
by 1/(1 — 0). Let p, = log P, denote the (log) aggregate price level and p; = log P;" the
(log) aggregate price set by firms which are able to act. Such an environment implies that

aggregate price dynamics are given (in log-linear terms) by
pe=010-0p; +6p1, pi= / Pt dj (3.2)
Ly

That is, the (log) aggregate price level at time ¢ is a weighted average of the average price

set by resetters and the average price set by non-resetters, p;_1.

Optimal Price Setting A firm re-optimizing in period ¢ will choose the price P that
maximizes the current market value of the profits generated while the price remains effective.

Formally,

PuYjin — Wik Nj itk }

o0
* k
P, = arg max E 0" {At,t+k 2
Pt 1o t+k

—0
where Ay = 8F <th—+t’“> is the stochastic discount factor and Ej;(-) denotes firm j’s

expectation conditional on its information set at time ¢, and subject to the sequence of

demand schedules Y41 = ( Ifj f:k>_ Cyyr and their production technology (3.1). I assume

that prices are set before wages. Log-linearizing the resulting first-order condition around

the zero inflation steady-state, I obtain the familiar price-setting rule

o0

Py = (1= B0)> (BO)*Eji (prrr + OME;41) (3.3)
k=0

where mc¢; = mc, —mc is the deviation between real marginal costs and steady-state marginal

l—«
l—a+tae’

the one in the benchmark, the only difference comes from the expectation operator. In the

costs and © =

Comparing the price-setting rule (3.3) arising in this framework with
benchmark case, information sets are homogeneous and all firms (allowed to act) set the
same price. Instead, in this framework, each firm will set a different price based on its own

belief structure.

Equilibrium Market clearing in the goods and labor market implies that ¢, = y, = (1 —

a)n,. Using the equilibrium aggregate labor supply condition, one can write marginal costs
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in terms of output, mc; = wy — p; = (0 + %) Y, where o is the elasticity of intertemporal
substitution and ¢ is the inverse Frisch elasticity. Rewriting output in terms of its gap with

respect to the flexible-prices equilibrium,

[e.e]

Py = (1—B60) > (BO)*E,, {pm +0 <a + “f ki Z) gjﬁk] (3.4)

k=0 -

which one can rewrite recursively as

K0 . .
pi=(1— BO)Ejip; + mEjtyt + BOE;ip; 114 (3.5)

w@ (o + ££2). Condition (3.5) is actually quite intuitive: when a firm

7 sets its price, it considers how competitive will its price be compared to the average price

where k =

in the economy (playing a game of strategic complementarities with other firms), which will
be the aggregate demand in the economy, and the future conditions since its price will be

effective for an unknown number of periods.

Demand side The demand side behaves as in the standard framework. Output gap
dynamics are described by the standard DIS curve (3.6), where current output gap depends
negatively on the expected real interest rate and positively on future aggregate demand; and
nominal interest rates are set by the central bank following a Taylor rule (3.7), in which the
central bank reacts to excessive inflation and output by reducing the nominal interest rates,

and releases a monetary policy shock (3.8) that has an AR(1) structure:

. 1. .

Y = e (1 — Eympr) + Eeyn (3.6)
it = QrTy + Oy + V4 (3.7)
U = pu_1 + 0./, ey ~N(0,1) (3.8)

The monetary policy shock v; will be a key object in this economy. It is the only aggregate
state variable, and I will assume that firms will have imperfect information on the central

bank’s action v;, consistent with the evidence on the transparency policy change by the Fed.
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Aggregate Phillips curve In order to derive the aggregate Phillips curve, one can ag-

gregate condition (3.4) across firms.?” The aggregate Phillips curve can then be written

as
o o0 _f
T = Kb Z(/B@) tyt+k: +(1-10) Z 50) ]E Tk + (Etpt—l — pt—1> (3.9)
= k=0
where m = p; — p;_1 is the inflation rate and E = fz -) dj is the average firm

expectation operator. Compared to the standard frarnework, there is an additional term
on the right-hand side, the result of firms not perfectly observing the previous price index.
Angeletos and Huo (2021) eliminate this term by assuming that firms know the aggregate
price level at time ¢ — 1, but do not extract any information from it.?® In order to maintain
internal consistence in the theoretical framework, I do not make any such assumption.

At this point, it is important to stress that in order to derive condition (3.5) I have
not yet specified an information structure. Therefore, the price-setting condition (3.5) and
the aggregate Phillips curve (3.9) should be interpreted as a general individual price-setting

condition and a general aggregate Phillips curve.?

Information Structure In order to generate heterogeneous beliefs and sticky forecasts, I
assume that the information is incomplete and dispersed. Each firm j observes a noisy signal
xj; that contains information on the monetary shock v;, and takes the standard functional

form of “outcome plus noise”. Formally, signal z;; is described as
Tj = vy + oyuy,  with wj ~ N(0,1) (3.10)

where signals are agent-specific. This implies that each agent’s information set is different,
and therefore generates heterogeneous information sets across the population of firms.
An equilibrium must therefore satisfy the individual-level optimal pricing policy functions

(3.5), the aggregate DIS curve (3.6), the Taylor rule (3.7), and rational expectation formation

27. We subtract p;_1 on both sides, and iE{pt_l on the right-hand side.

28. Vives and Yang (2016) motivate this through bounded rationality and inattention, while Angeletos and
Huo (2021) argue that inflation contains little statistical information about real variables. Huo and Pedroni
(2021) allow for endogenous information, but such a choice complicates the dynamics and the concept of
persistence becomes less clear.

29. In the FIRE NK model, agents perfectly observe inflation and output, and face a symmetric Nash
equilibrium game, and thus every firm acts as a representative agent firm. In such a case, the individual
price-setting curve (3.5) can be aggregated to the well-known New Keynesian Phillips curve (2.4).
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should be consistent with the exogenous monetary shock process (3.8) and the signal process
(3.10).

Solution Algorithm Here I outline the solution algorithm, and the interested reader
is referred to the Proof of Proposition 1 in Appendix A. I first guess that the dynamics
of the output gap are endogenous to the aggregate price index and the monetary shock:
Uy = aypr—1 + bypr—a + c,vp for some unknown coefficients (a,, by, ¢,). This allows me to write
the individual price-setting condition (3.5) as a beauty contest in which each firm’s decision
will depend on its own expectation of the fundamental and others’ actions. I then compute
the expectations. For example, using the Kalman filter, one can write the expectation process
4530

EwZ,=AE;, 1Z, 1 + Kz,
=(I— AL)*IK:cjt

= ]\(L)ifjt, Z, = [Ut Dt ﬂt} (3-11)

where I have made use of the lag operator L, and A(z) = (I — AL)'K is a polynomial
matrix that depends on the guessed dynamics and the information noise o,. I then insert
these objects into firm j’s price policy function (3.5), and obtain aggregate price dynamics.
Finally, I verify the initial guess by introducing the implied price dynamics into the DIS
curve (3.6).

Notice that extending the benchmark framework to noisy and dispersed information
generates anchoring through expectations, which now follow an autorregressive process. This
additional anchoring will result in inflation being more persistent in the noisy information
framework, compared to the benchmark setting.

The following proposition outlines inflation and output gap dynamics.

Proposition 1. Under noisy information the output gap and price level dynamics are given

by

Ut = QyPr—1 + bype—o + cyvr (3.12)
pe = (V1 +V2)pi1 — 01092 — Yr X (U1, V2) 0y (3.13)

30. In the case of the Kalman filter, we also need to guess the dynamics of the price level.
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where a,(V1,72), by(¥1,02) and c,(V1,92), and where 91 and ¥y are the reciprocal of the two

outside roots of the quartic polynomial

P(z) = =(B0 — 2)(1 = 02)(z — p) (1 — pz)
— 72| (80 — 2)(1 — 02) + 2(1 — 0)(1 — BO)

Uilo(1 = 32) + ¢ J(h + 2 — 1 — ) + (1 — Ua)(¢r — Vo) (0 + &)
[0(1 = V1) + ¢yllo(1 — a) + ¢,
Vida[o(1 = U1)(1 = ¥2) — (V1 + 02 — 1 — ¢x )]
[0(1 = V1) + ¢yllo(1 —02) + &,

+ 2%k0

+ 2%k0

and X 1s a scalar endogenous to information frictions, with T = o2 /02,
Proof. See Appendix A m

First differencing the price level dynamics (3.13), one can obtain the implied inflation

dynamics as
T = (U +09) Ty — 10ami—g — Yrxa(V1, ¥a) Avy (3.14)

In the noisy information framework, inflation is intrinsically persistent and its persistence is
governed by the new information-related parameters 1; and 5, as opposed to the benchmark
framework in which it is only extrinsically persistent. The intuition for this result is simple:
inflation is partially determined by expectations (see condition (3.9) under noisy information,
or (2.4) under complete information). Under noisy information, expectations are anchored
and follow an autoregressive process (see (3.11)), which creates the additional source of
anchoring in inflation dynamics, measured by the information-related parameters 1, and ¥s.

In the next section I relate the theoretical findings on inflation dynamics to empirical

evidence on information frictions, and their fall in the recent decades.

3.2 Calibrating Information Frictions

In the theoretical framework I rationalize the average forecast underreaction through an-
choring to priors. A positive [, will therefore generate intrinsic persistence in inflation
dynamics. Yet, this is not enough to explain the change in inflation persistence over time. I
documented a structural break in belief formation in Section 2.2. This break coincides with

a change in the US Federal Reserve’s communication policy, which became more transparent
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and informative after the mid 1980s. Using survey data on US firms’ forecasts, I document a
significant sluggishness in responses to new information until the mid 1980s, but no evidence
of sluggishness afterwards. In this section, I calibrate the information friction parameter o,
to match the observed sluggishness in forecasts across time. As argued before, the signal
noise became more precise in the dispersed-information model lens. In the next proposition, I

relate the previous empirical findings on expectations to model-implied inflation persistence.
Proposition 2. The theoretical counterpart of the coefficient B, in (2.2) is given by

C (forecast error,, revision;)

Preo = V (revision,)

N9 =) [ T =& 12 G LWk — &)
= A ) {Anizlu_ﬁk) P (1—wk><x—ﬁk>} (3.19)

k=1

where X\ is the inside root of the quadratic polynomial Qi(z) = (1 — pz)(z — p) + g—gz,
and (&1,&2,&3,&4) are the reciprocals of the roots of the quartic polynomial Qs(2) = ¢¢ +

O1z + 622 + 692 + 04zt where o = —exe, O = (1=1) 00, 62 = L, 6y =

(pf)\)d)o[)\371917192+)\191192} and (b o 7)\3+)\4192+/\41917191192[/\7(17)\4)p]
Np(1—2)(1-Ad2) 7’ 4= N2 p(1—X01)(1—MD2) :

Proof. See Appendix A. n

The empirical results reported in section 2.2 support a fall in information frictions in re-
cent decades. Proposition 2 maps the theoretical information friction, o,, with the Coibion
and Gorodnichenko (2015a) estimate. It introduces the model-implied e, coefficient, which
depends on the monetary policy shock persistence p and on the information-related pa-
rameters ¥, ¥ and A, where )\, in turn, depends on the persistence parameter and the
signal-to-noise ratio. In the noisy information framework, .., is strictly positive and in-
creases with the degree of information frictions. I show this graphically in Figure 5. In
the model lens, this underrevision is the consequence of individual anchoring to priors, and
generates forecast underreaction at the aggregate level.

As a last remark, notice that the dynamics generated by the noisy information model
(3.14) resemble those generated by the ad-hoc backward-looking models presented in Ap-
pendix D.3. However, differently from those ad-hoc frameworks, in the noisy information
framework, intrinsic persistence is the result of the micro-founded anchoring in expectations.
Extending the model to accommodate noisy information introduces anchoring through ex-

pectations, for which I have provided empirical evidence, rather than the more ad-hoc con-
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Figure 5: B and information frictions 77'. In red, estimated underrevision coefficient

(with 95% confidence interval, dashed line) before 1985. In blue, estimated underrevision
coefficient (with 95% confidence interval, dashed line) after 1985.

sumption external habits or price indexation assumptions, for which there is little or no

evidence.3!

4 Results

4.1 Inflation Persistence

In the noisy information framework, inflation persistence is governed by ¥, and 9. To prove

this formally, one can write the inflation first-order autocorrelation as

(14 p) (01 +J2) + (1 — p) (102 — 1)
1 —|—p’£91792 ’

p1 =

which is increasing in both ¥; and 9. Since the ultimate goal is to understand the break
in inflation persistence documented in Section 2.1, the following proposition exposes the

determinants of ¥/; and 15, and provides analytical comparative statics.

Proposition 3. The persistence parameters are

(i) V1 € (0,p)
(i1) 91 is increasing in o,

31. Havranek et al. (2017) present a meta-analysis of the different estimates of habits in the macro literature
and the available micro-estimates. In general, macro models take an index of habits of 0.75, whereas micro-
estimates suggest a value around 0.4. On the other hand, the price-indexation model suggests that every
price is changed in every period, which is inconsistent with the micro-data estimates provided by Nakamura
and Steinsson (2008).
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(iii) V5 € (0,1)
(iv) 9y is decreasing in o,
Proof. See Appendix A. m

Inflation persistence and information frictions are related through ¥, and 5. The above
proposition is key to understanding the time-varying properties of inflation persistence. First,
part (i) establishes that ¥, is bounded by 0 and p. Part (ii) states that ¥, is increasing in
the degree of information frictions, formalized via the noise of the signal innovation o,.
A decrease in information frictions reduces inflation first-order autocorrelation through a
de-anchoring of individual inflation expectations, which would in turn de-anchor inflation
dynamics. Figure 6a plots the level of intrinsic persistence ¢; for different degrees of infor-
mation frictions, measured by 77'. Part (iii) establishes that 95 is bounded by 6 and 1.
Part (iv) states that vy is decreasing in the degree of information frictions. A decrease in
information frictions increases inflation first-order autocorrelation through an anchoring of
individual inflation expectations, which would in turn anchor inflation dynamics. Figure 6b
plots the level of intrinsic persistence 15 for different degrees of information frictions. In the
limit of no information frictions o, — 0, ¥; — 0 and ¥, — 1.

Information frictions do, therefore, have opposing effects on persistence. On the one
hand, information frictions lead to an additional persistence through an increase in ;, the
standard mechanism in Angeletos and Huo (2021). On the other hand, there is an additional
component ¥, that is decreasing in information frictions. This element arises from the fact
that I am solving the NK model in prices, instead of inflation as in Angeletos and Huo
(2021) or as in the benchmark setting in Gali (2015) in which prices follow a unit root. Since
price dynamics follow (3.2), when firm j forecasts the aggregate price level p;, she needs to
forecast the average action by other firms p;, but also backcast the aggregate price level in
the past p;_1. Information frictions relax the forward-lookingness of the model equations,
as formalized by Gabaix (2020) and Angeletos and Huo (2021), resulting in price dynamics
no longer following a unit root. In the frictionless limit, prices follow a unit root, formalized
by 95 — 1. However, as shown in Figure 6c¢, the net result of an increase in information
frictions is an increase in the first-order autocorrelation. These key results, coupled with the
next result introduced in Proposition 2, will explain the overall fall in inflation persistence.

The key finding is that (.., and p;, the theoretical counterparts of Coibion and Gorod-
nichenko (2015a) underreaction estimate (.., and inflation persistence, are closely related as

I show in Figure 6d. The fall in the first-order autocorrelation can be explained by a fall
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in information frictions. For this quantitative analysis, I use a standard parameterization in
the literature, with the only exception of § = 0.872, which is calibrated to match a Phillips
curve slope k = 0.06, and ¢, = 0.5 which guarantees the existence of a unique equilibrium
as 0, — 0. Finally, I calibrate 7 = 0.069 in the pre-1985 sample to match the empirical
evidence on fe, in Table I11.32

Propositions 1-2 establish a direct relation between the first-order autocorrelation of infla-
tion p; and ey, our empirical measure of information frictions. Figure 6d shows graphically
the monotonically increasing relation between inflation persistence and S.,. In the initial
pre-1985 period, with £, = 1.501 from table III, the model-implied inflation first-order
autocorrelation is p; = 0.716. In the post-1985 period, with no information frictions, the
first-order autocorrelation falls to p; = p, which is the persistence of the monetary policy
shock in the benchmark framework (see Gali 2015). Comparing our model results to the
empirical analysis in Tables I and II, I find that the noisy information framework produces
persistence dynamics that lie within the 95% confidence interval, and can explain around 90%
of the fall in the point estimate. Noisy information produces such fall in a micro-consistent

manner, compared to the more ad-hoc NK models studied in Appendix D.

Role of Calvo Friction In this framework, the first-order autocorrelation of inflation
depends on the degree of information frictions, summarized by the two roots ¥; and 9J,. A
key parameter affecting the transmission of information frictions to the economy is the Calvo
innaction probability 6, since it regulates the degree of strategic complementarities on firms’
actions. To see this, insert the aggregate price dynamics (3.2) into firm j’s best response
(3.5),

o0

Py = (1—p0)(1—0)) 6"Eup;  +

k=0

K0

1 — eEjtgt + ﬁeEjtp;t_A,_l- (41)

An increase in the Calvo innaction probability has opposing effects on the degree of strategic
complementarities within firms. On the one hand, an increase in # reduces the impact of
expected past aggregate actions through a smaller coefficient (1 — 560)(1 — 6). On the other
hand, it increases the memory of past expectations on today’s actions, Y .-, Gk]Eﬁp;‘_k. It
seems natural, however, that this second effect dominates when we look at inflation per-
sistence. Formally, we showed in proposition 3 that 5 is bounded from below by 6 and

that it is decreasing in the degree of information frictions o,. Therefore, a high 6 limits the

32. All parameters are set to the values reported in Table OA.1.
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sensitivity of the root ¥, to changes in o,, and helps in generating the desired increase in
the first-order autocorrelation after an increase in o, given that p; is increasing in ¥Js.

The calibration of the Calvo pricing friction implies a mean price duration of 7.8 quarters.
This estimate is in the upper range in the micro literature, although well aligned with the
macro literature. Bils and Klenow (2004), Klenow and Kryvtsov (2008), Nakamura and
Steinsson (2008), and Goldberg and Hellerstein (2009) find a median price duration of 4.5-
11 months in US micro data. Gali (2015) sets # = 0.75 to match an implied duration of 1 year.
Christiano et al. (2011) set # = 0.85. Auclert et al. (2020) and Afsar et al. (2021) estimate
6 between 0.88 and 0.93 from macro data, implying a price duration of 12-14 quarters.

In Figure 7, I plot the implied first-order autocorrelation for different values of the Calvo
price friction in the range of the literature. Depending on this parameter, the noisy infor-
mation framework explains between 40% and 100% of the fall in the point estimate in the

first-order autocorrelation.

4.2 The Phillips Curve

In this section I argue that the mainstream finding that the slope of the Phillips curve
has fallen in the recent period is simply the result of a misspecified Phillips curve equation
(2.4). The derivation of the Phillips curve relies on the FIRE assumption (and implicitly on
the Law of Iterated Expectations), for which I find a strong rejection in the data. I then
conduct two main exercises. First, in a more theoretical exercise, I use the noisy information
framework to rewrite its inflation dynamics as an as if FIRE setting with wedges (Angeletos
and Huo 2021). According to my theory, the Phillips curve (2.4) needs to be extended
with a backward-looking inflation term and significant myopia towards future inflation in

the pre-1985 sample period. Once these additional terms are controlled for, and I estimate
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a Phillips curve closer to the hybrid version implied by price-indexation settings, I do not
find any evidence of a change in k. Second, by relaxing the FIRE assumption but without
any belief structure restriction, the Phillips curve is instead given by (3.9). Instead of
replacing expectations of future inflation by its realization, as the literature generally does
when estimating condition (2.4), T use the survey forecasts to estimate (3.9) and I do not

find any evidence of a change in the slope.

The Wedge Phillips Curve Next, I argue that once I consider a micro-founded Phillips
curve that takes into account noisy information, there is no evidence of a change in the slope
of the Phillips curve.

Let us first recall inflation dynamics in the standard model. In the benchmark NK
model, the Phillips curve is given by (2.4), the DIS curve is given by (3.6), the Taylor rule
is given by (3.7) and the monetary policy shock process is given by (3.8). Inserting the
Taylor rule (3.7) into the DIS curve (3.6), one can write the model as a system of two first-
order stochastic difference equations with reduced-form dynamics x; = d[E;x; 1 + pv;, where

x; = [ ™ pi) is a3 x 1 vector containing output, inflation and prices, and

1 o 1-Bo, 0 ' -
5:m OK ff‘i_ﬁ(o-l—i_qby) (1) ’ Sozm "

Angeletos and Huo (2021) show that, using the noisy information dynamics (3.12)-(3.14),
one can reverse engineer an as if system dynamics that mimics the dynamics of the noisy

information model, such that the following ad-hoc system of equations
T, = wWpTi—1 + wrdExi 1 + puy (4.2)

satisfies the model dynamics for some pair of 3 X 3 matrices (wj, wy). The next proposition
states that, under a certain pair (wp,wy), the ad-hoc economy produces the same dynamics

of the noisy information framework.

Proposition 4. The ad-hoc hybrid dynamics (4.2) produces identical dynamics to the noisy

information model if (wy, wy) satisfy

B — ¢ =w;6(AB + pB)
Wy = (13 — wféA)A
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where

0 by ay + by — Py Xy (U1, 02)
A=10 s —(1=0)(1=D2)|, B=|-Yxr(V1,72)
0 192 U1+ s — V10, — Y Xa (U1, 02)
o = Vilo( = 92) + @01 + V2 — 1 — 6r) + (1 = 0a)(¢r — ¥a)(0 + &)
! [0(1 = 01) + ¢y][o(1 = U2) + ¢,]
b, = Didsfo(1 — 1) (1 = ) — (V1 + U2 — 1 — ¢r)y]

[o(1=01) + ¢yllo(1 = D2) + ¢y

In particular, the “as if 7 FIRE Phillips curve dynamics are described by
Ty = WrTy—1 + WpPr—1 + Vyhle + 0yBelri1 + 07 fEs 11 (4.4)

where (Wr, Wy, Yy, 0y, 0r) depend on the (wy,wy) pair.
Proof. See Appendix A. m

The FIRE wedge Phillips curve (4.4), together with a wedge IS curve derived in Appendix
A, produces identical dynamics to the noisy information setup derived in section 3. Notice
that, in order to derive similar dynamics in a FIRE setup, the Phillips curve needs to be
extended with anchoring towards past inflation and myopia towards future, on top of two
additional terms on lagged prices and expected output gap. Since all new terms depend on
the degree of information frictions o,, the model predicts that changes in beliefs will affect
the dynamics of the Phillips curve. In particular, the model predicts that as information
frictions vanish, i.e., in the benchmark NK model with no information frictions, we have
Whil = Wpiz = Whot = Whoo = Wriz = Wro1 = 0 and wyi; = wyoe = 1. As a result,
Wr = wp =0y =0, 7 =1, 4 =1 and the Phillips curve is reduced to the only-forward-
looking (2.4).

I now test this theoretical prediction in the data by estimating the wedge Phillips curve
(4.4), allowing for a structural break in all coefficients after 1985. Following the literature
on Phillips curves estimation, I replace expectations of future inflation by realized future
inflation and estimate the equation using the generalized method of moments (GMM). In
table IV column 1, I report the estimated coefficients for the full sample exercise. 1 find
that the slope of the Phillips curve is small and not significant. In fact, I find that only
inflation-related coefficients are significant, suggesting support for backward-lookingness and

significant myopia (coefficient well below 0.99). I report the structural break results in
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columns 2 and 3. In column 2 I only allow for a structural break on the contemporaneous
output gap coefficient. I find no evidence of a structural break in the slope (i.e., no evidence
of flattening in the Phillips curve). In column 3 I explore if there has been any other
structural break in the dynamics of the Phillips curve. I find a structural break in lagged
and forward inflation: in recent decades the Phillips curve has become more forward-looking
and less backward-looking. This last result aligns well with the documented drop in inflation
persistence and information frictions, and with the mechanism dynamics proposed by the
noisy information framework.

Notice that condition (4.3) does not uniquely determine the set of weights wy that is
consistent with the noisy information dynamics. Different weights in wy are consistent with
noisy information dynamics, although the dynamics are unique.®® I explore which set of
wedges (wyp, wy) is consistent with the documented dynamics and with the findings in table
IV. Since I do not find any evidence of the relevance of the lagged price level and forward
output gap, I choose wedges such that they produce the well-known hybrid Phillips curve.
The following corollary provides us with the hybrid wedge Phillips curve.

Corollary 1. The hybrid Phillips curve
T = WrTi—1 + K + 07 BBy 1 + XUt (4.5)

produces identical dynamics to the "as if 7 FIRE Phillips curve (4.4), where (wy, 0., X) depend

on the (wy,wy) pair. As information frictions vanish, w, = x =0 and 6, = 1.
Proof. See Appendix A. n

First, notice that the as if model produces anchoring, which lines up with the strong
inflation persistence during that period, and myopia towards future inflation. As before, the
noisy information model suggests that anchoring and myopia in the hybrid Phillips curve
(4.5) should vanish in the post-1985 sample. Estimating the micro-founded hybrid NK
Phillips curve (4.5), reported in table IV (columns 4 and 5), I find that one cannot reject
the null that, since the structural break in 1985:Q1, (7) anchoring has gone to zero and (i)
myopia has disappeared. In the light of these noisy estimates, I take the “Phillips curve

flattening puzzle” as a result of misspecification in the standard Phillips curve.

33. Intuitively, agents’ actions can be anchored/myopic with respect to aggregate output or inflation.
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Controlling for Imperfect Expectations In order to obtain the results on inflation
persistence, I have assumed a particular belief structure, rational expectations but noisy and
dispersed information. In this section I take a step back and instead take an agnostic stance
on expectation formation. Let us start from the aggregate Phillips curve (3.9), derived under
mild assumptions on beliefs.>* Inflation is now related to current and future output through
two different channels: the slope of the Phillips curve, x, and firms’ expectation formation
process. In order to test for a potential structural break in the slope controlling for non-
standard expectations, I regress the general Phillips curve (3.9) (truncated at k = 4), for
which I do not assume a particular information structure, using real GDP and GDP Deflator
growth forecast data from the SPF. I set 8 and 6 to their quarterly values 0.99 and 0.872,

and regress
T = a1 + Qa¥y + asm + 1 (4.6)

where 7, = (E{pt_l—pt_1> + truncation error, yi = QZiZO(BQ)kE{ng and 7y =

Zizo(ﬁﬁ)kﬁf T+ denote the truncated sums of expected real GDP and inflation. I use
standard GMM methods by instrumenting for expectations with 4-quarter lagged annual
inflation and real GDP growth expectations. The results are reported in table V. In column
1, I report the full sample coefficients. I find that « is small, consistent with the choice of
x and similar to the value found by Hazell et al. (2020). In column 2, I regress its (output)
structural break version. This is the only specification that suggests a structural break on
the slope. However, when I also consider a potential structural break in inflation, I find
an estimate of x that aligns well with the model assumption, and I find no evidence of a

structural break in the Phillips curve slope.®

Summary To sum up, I find that once I control for imperfect expectations and a potential
change in their dynamics, I do not find any evidence of a structural break in the slope
of the Phillips curve. First, I showed that the noisy information model can explain the
change in the dynamics of the Phillips curve as a reshuffle between backward-lookingness and
forward-lookingness via changes in belief formation. Second, I documented empirically that
controlling for non-standard expectations, proxied by the forecasts submitted by professional
forecasters, I do not find any evidence of a change in the slope of the Phillips curve.

34. T have only assumed that the law of iterated expectations holds at the individual level.
35. I repeat the analysis using the Livingston Survey on Appendix B, and find similar results.
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(1) (2)

(3)

Full Sample Break Output Break All

Uy —0.00692 0.132** 0.0909*
(0.0177) (0.0515) (0.0531)

Uy X Lgyspey —0.103*** 0.0112
(0.0356) (0.0649)
iy 0.262*** 0.214*** 0.237*
(0.0121) (0.0223) (0.0240)
7 X Ly —0.0932**
(0.0402)

Observations 199 199 199

HAC robust standard errors in parentheses (1 lag)

Instrument set: four lags of forecasts of annual real GDP growth
and annual GDP Deflator growth

*p <0.10, ** p < 0.05, *** p < 0.01

Table V: Estimates of regression (4.6)

5 Conclusion

In this paper I explain the fall in inflation persistence since the mid 1980s through changes
in beliefs. State-of-the-art monetary models face significant challenges in explaining this fall
in inflation persistence. I show that, by relaxing the FIRE assumption in the benchmark NK
framework, the model is able to generate the documented fall in persistence. Using micro-
data on inflation expectations from the Survey of Professional Forecasters (SPF), I argue
that agents became more informed about inflation after the change in the Federal Reserve
disclosure policy, which endogenously lowers the intrinsic persistence in inflation dynamics.

I revisit different theories that produce a structural relation between inflation and other
forces in the economy. I show that a variety of NK models cannot explain the fall in in-
flation persistence. Since the benchmark model is purely forward-looking, inflation exhibits
no intrinsic persistence, and its dynamic properties are now inherited from monetary policy
shocks. However, I document that the persistence of monetary policy shocks has not changed
over time. Acknowledging that purely forward-looking models cannot generate anchoring
or intrinsic persistence, I extend the benchmark model to incorporate a backward-looking
dimension. I show that the change in the monetary stance now affects inflation intrinsic per-

sistence. The effect is small, however. Then, I show that the noisy and dispersed information
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extension is consistent with the micro-data evidence on belief formation, and generates an-
choring or intrinsic inflation persistence. Using SPF data, I document that a structural
break in expectation formation, resulting in agents being more informed about inflation, is
contemporaneous to the fall in inflation persistence. The model can therefore explain the
fall in inflation persistence in a micro-consistent manner.

I discuss the consequences of noisy and dispersed information on the dynamics of the
Phillips curve, and the lack of flattening. In the noisy information model, the Phillips
curve is enlarged with anchoring and myopia. Consistent with the theory, I find that both
anchoring and myopia vanish after the reduction of information frictions in the mid 1980s.
Finally, taking an agnostic stance on expectations, I show that there is any evidence of a

change in the Phillips curve slope once I control for imperfect expectations.

Will the 2020-2022 inflation be persistent? In this paper I have only considered data
up until 2020:Q1. The evidence provided points towards a lessening in the underrevision
behavior of agents and a fall in inflation persistence since the mid-1980s. Taking these
results together would make the reader conclude that current inflation will only be temporary
(or, at least, less persistent than before the mid-1980s). However, having a look at the
2020:Q1-2022:Q2 data, one could argue that the underrevision behavior (see figure 8a) and
inflation persistence (see figure 8b) are stricking back.® Although admittedly speculative,
these findings suggest that central banks should focus on their communication in the coming
quarters if they want to reduce the current inflation persistence. This theory is imperfect,
however, since it abstains from cost-push shocks and the bottlenecks arising from input-
output network of the economy. This suggests avenues for follow-up research, in which belief

formation frictions interact with the input-output structure of the economy.
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Appendix
A Proofs of Propositions in Main Text

Proof of Proposition 1. Under noisy information in the firm side, the individual price
policy functions are given by (3.5). Let us guess that the equilibrium output gap dynamics

will take the form of
Yt = aype—1 + bypr—2 + ¢y (A.1)

Making use of the guess I can rewrite the price-setting condition as

. kbc k6. KkBa .
Dit = 1—_21[‘-‘:#% + I—_ygEitpt—Q + 1—_Z;]Eitpt—1 + (1 = BO)Eip: + BOEwp; ;4 (A.2)

We now turn to solving the expectation terms in (A.2). We can write the fundamental
representation of the signal process as a system containing (3.8) and (3.10), which admits

the following state-space representation

Zi=FZ;, |+ Psy (A.3)
Xiy=HZ, +Vs;
€Y

Uy

W]‘ghF:p)@: |:0-(5 O],Zt:Ut, Sit = [ ],H:l,‘I’: [O O'ui| and X;; = ;. It is

convenient to rewrite the uncertainty parameters in terms of precision: define 7. = —5 and
€

Ty = % The signal system can be written as

O¢

Xi:
! 1—pL

—1/2 e?

o = |0g ] [ t ] - M(L)si,  se~NOD) (A4)
Uit

The Wold theorem states that there exists another representation of the signal process (A.4),

Xz't = B(L)’wlt

such that B(z) is invertible and w;; ~ (0,V') is white noise. Hence, we can write the

following equivalence

X, = M(L)sy = B(L)wy (A.5)
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In the Wold representation of X, observing {X;} is equivalent to observing {w;}, and
{X!} and {w!} contain the same information. Furthermore, note that the Wold represen-
tation has the property that, using the equivalence (A.5), both processes share the autoco-

variance generating function
poo(2) = M(2)M'(:7") = B(z)VB'(:)

Given the state-space representation of the signal process (A.26), optimal expectations

of the exogenous fundamental take the form of a Kalman filter
Eijv, = (I = KH)FEy vy + Ky = AEj 10,1 + Ky
where K is given by

K =PH'V"! (A.6)
P =F[P - PH'V 'HP|F + &' (A7)

We still need to find the unknowns B(z) and V. Propositions 13.1-13.4 in Hamilton (1994)
provide us with these objects. Unknowns B(z) and V satisfy

B(z)=1+H(I - F2)'FK
V=HPH + 9%

I can write (A.7) as
P>+ P[(1—-p*o2—0%]—0%02=0 (A.8)

from which we can infer that P is a scalar. Denote k = P! and rewrite (A.8) as

2
0202k = (L= p)ot — ok +1 — k= 1—p2—ﬂi\/f—“—<1—p2>] +4
TE

I also need to find K. Now that we have found P in terms of model primitives, we can
obtain K using condition (A.6)

B 1
1+ ko?
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We can finally write A\ as

1|1 1 2
A= (- KH)F = — = —+p+ﬂli¢<—+p+ﬂa —4 (A.9)
w2 PTe p PTe

One can show that one of the roots \; 2 lies inside the unit circle and the other lies outside
as long as p € (0,1), which guarantees that the Kalman expectation process is stationary
and unique. We set A to the root that lies inside the unit circle (the one with the ‘—’ sign).

Notice that I can also write V' in terms of A\

V=klto2="L"
tou ATy

where I have used the identity & = A7 /(, — ). Finally, I can obtain B(z)

pz 1=

B(z) =1+ (1—p2)(1+ko?) 1—pz

and therefore one can verify that

B(:)VB'(zY)=M)M'(z)
p (1=X2)(z—\) T 2

Ma(=p2)e—p) O=pa)lz—p)

Let us now move to the forecast of endogenous variables. Consider a variable f; =
A(L)s;. Applying the Wiener-Hopf prediction filter, we can obtain the forecast as

Eufi = [Az)M'(z")B(z"")'], V'B(2) 'y

+
where [-], denotes the annihilator operator.3

Recall from condition (A.2) that we are interested in obtaining E;vy, Ejym and Ejym;pqq.
Just as we did in the example above, we need to find the A(z) polynomial for each of the
forecasted variables. Let us start from the exogenous fundamental v, to verify that the

Kalman and Wiener-Hopf filters result in the same forecast. I can write the fundamental as

v = [T;/Q 0} Sit = Ay(L)sy

1—pL

37. See Online Appendix H for more details on the Wiener-Hopf prediction filter and the annihilator
operator.
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Let us now move to the endogenous variables. In this case we need to guess (and verify)

that each agent i’s policy function takes the following form3®
pie = h(L)wy

Aggregate price level can then be expressed as

7'_1/2
(=D —00)"

po= (1= 0) [ bLyadi+ Op = (1= O)b(1)
Using the guesses, I have

—1 k
Pi—kr = [(1 —0)7e h% 0] sit = Api(L) sy
h(L _1 _1
Dit+1 = %M(L)Sit = [7'5 /2% Tu ﬁ@ si = Ai(L)sy

We are now armed with the necessary objects in order to obtain the three different

forecasts,

Eive = [Ay(z)M'(z7")B(z7")~ ]+V 'B(z) 'y

_ _[7;1/2 0] =, Al —pz
| L Pl z= A p 1z
+
| e(1=p2)(z—=N) ], p 1=z *
[ du(2)] ATul—pz
=|—| — Tit
2—AlL p 1=Az
_ Po(2) — u(A )ATul_pZ
z—A p 1—)\2

AT, 1
— u = . Al
pre(1 —pA) 1 — )\zx” Gh(2)zin (A-10)

Eupi—r = [Ap(z) M'(z")B(z"") 7. VT'B(2) 'y

+
—1/2
_ —1/  h(z)zF Z:% FP /\Tu 1- pZ
[(1 0) (1—p2)(1—62) 0] [Tull;Z] z — )\] P 1-— )\Z
+

38. In this framework agents only observe signals. As a result, the policy function can only depend on
current and past signals.
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_ [ h(z)zk+1 } (1—-0)A7, 1 — Pz
(I=p2)z=N1=02)], 7p 1-=2Xz *
_ {qbﬂ(z)} (1—0)A1, 1 — pzxit
z—=A Tep 1— Az
62(2) = 620 (L= 0\ 1 = p=

z—A PTe 1—x"
ATy h(z)zk+1 B kil 1 —pz 1 = o2
= G)pfe [ 1 —gs M (1-@)(1-%)1 (1=X2)(z—\) i = Gal2)i
(A.11)
Eipitr1 = [Az‘(Z)]W/(Z_I)B(Z_l)_1}Jr VIB(2) oy
i
_ [7,1/2 he) () rlip] Z—P] Ayl —pz
G . ? TJI/Q Z—/\Jr p 1—Xz *
[t e,
T.(1=pz)(z=A)  Tz(z—=A) ], p 1=z *
B h(z) h(z)(z — p) ﬂl—pzx‘
{rrel [ »L} ST
i1(2) i2(2) ATyl —pz
S ] s
_ {¢l 1(2) - (ﬁi,l()‘) + ¢2 2(2 ¢l 2( ) ¢z 2( ¢12 })\_ pzz‘
Z— A Az —\) p 1=xz""
A h(2) Tu Z—p h(\) Tu A — ph(0)] 1—pz
T lz—A {Ts(l—pz)jL z } D) {Tg(l—p)\)—{— A } Az }1—)\,2:%
= G3(2)xy (A.12)
where
N S e I TG RN 16
L e e M (s M

Rearranging terms, we obtain (A.13)-(A.15). We can show that expectations satisfy

E;v, = (1 — %) | —1)\L$it (A.13)
Eupry = (1—6) (1 - %) {h(z)Z’;*_l(elZ— pA) h(A)Al’“il(glA— pZ)} - As(z —

(A.14)

Eupiia = {Zh(_z))\ {(1 - %) 1 :Zi\ + )\(Zp; p)} - h(ZO>} 1 :ii (A.15)
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Recall the best response for firm i, condition (A.2). In order to be consistent with firm
optimization, the policy function h(z) must satisfy (A.2) at all times and signals. Plugging

the obtained expressions and rearranging by h(z), we can write

C(2)h(2)xy = d[z; h(N), h(0)]zy
where

C(z) = (z— BO)(1 — 02)(z — M) (1 — \2)
— 2%kl ((1 —6)1L = 56) + za, + szy) (1 - %) (1—pA)

K0
= )\{(50 —2)(1=02)(z = p) (2 - %)
SRR (UL }

= \C(2)
d[z: h()\), h(0)] = l“g_cye (1 - %) 2z — M\)(1 - 62)
~h(A)s _AQA (1 _ %) 0 ((1 - Q)K(; =59 4 ray + A?by) (1= p2)(1 — 62)
— h(0)B0(1 — pz)(= — A)(1 — 62)

where I have used the following identity from the Kalman filter

1 1 7
At —=p+—+— = (p— N1 —p\) =27
=D = (=M=

Notice that we can write polynomial C(z) in terms of its roots as

O(z) = oA (1 - pb) (2~ )z — G) (= — 07 (= — 05")

where (1, (» are the inside roots of C'(z), and ¢J; and ¥J, are the reciprocals of the outside roots.

In order to have a causal h(z) polynomial, we need to eliminate the inside roots in its denom-
inator, AC(z). I choose h(0) and h(A) so that d[Ci;h(0), h(A)] = 0 and d[(a; h(0), h(A)] = 0.
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As a result, I can write

KOATC,
(1 =0)p(1 = pCi)(1 — pC2)

d[z; h(0), h(N)] = (z=C)(z = ) (1 = 0z)

and hence the policy function is

KCy 79199 1—-06z

h(z) = A.16
) = 1200 ) (1 p)(— G) (1= )1~ 027) (4.16)
Hence, aggregate price dynamics follow
=1-0)—————=(1-0)———v = ke v
pe= g = O T g = N i (L= &) (1= ) (1= nD)(1 — 0D

We can therefore write inflation dynamics as

(1 L) 7"191’(92 1
m=(1— = KC v
t TG =) (U= p0) (1= 0G) (1= L)1 = 0aL)
= (191 + 192)71}_1 - 19119271'15_2 + CpAUt (Al?)

= ke T2
Y (p—7rby)(1—pl1)(1—pC2)
Inserting inflation dynamics into the DIS equation (3.6) I can obtain output gap dynamics

where ¢,

5 1 N

Ut = —(—Oupt + Orpr—1 + oEsGis1 + Eipra1 — pe — vy)

B (Uay+19—¢,,)(1+19)+¢,r+aby—19p (cay, + VU — ¢r)0
¢

-1 — DPt—2

Q

o o
~1—p(ep —ocy) — (oay, +9 — ¢r)cp
o

Uy (A.18)

In order to be consistent with our earlier guess (A.1), it must be that

Vi[o(1 —02) + ¢ [(V1 + V2 — 1 — ¢r) + (1 — 02)(¢r — ¥2)(0 + ¢)
[o(1 =) + be] [o(1 —2) + Qby]

~ Vidafo(1 =) —dy) — (D + U2 — 1 — ¢x)9]

B [o(1 =) + ¢yllo(1 —VJ2) + ¢,]

ay:

by

and two additional coefficients (c,, ¢,) irrelevant for persistence.

Finally, we can rewrite the C'(z) polynomial as
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C(z) = %{(2—59)(1 —02)(z = p)(1 — pz) — (L — 0)(1 — BO)(L — p)?

o

+m{ﬂ—9@@—5@—zﬂ—@XLﬁ%%+E:ﬁkﬁfﬂ}

O(z) = %{ (86— 2)(1— 62)(z — p) (1 — p2)

- Tz [(69 —2)(1—=6z)+2(1 —0)(1 — p0)

Vilo(1 = s) + ¢ ](V1 + 02 — 1 = ) + (1 = o) (¢r — V2)(0 + ¢,)
[o(1 =) + Qby][g(l — ) + Qby]
Vida[o(1 —91)(1 —¥2) — (V1 + 02 — 1 — )]
[0(1 = V1) + ¢yllo(1 —J2) + &,

+ 2%k0

+ 2%k0

]

C(forecast error;,revisiony) Us

Proof of Proposition 2. We are interested in obtaining (., = V(revisions)

ing the results from the proof of Proposition 1 that we can write the forecast error as

T3t — E{WH&t = Pt+3 — Pt—1 — E{ (pt+3 - Pt—1)

ot D1z + 92 4 h32P 4 Pyt

T ) —012)(1 — Uaz) R

_ ¢0(1 —&i2)(1 = &2)(1 - §2)(1 - §4Z)€v
(1—=X2)(1— 1912)(1 — ¥92) b3

PN =) (N — &) ) )
B (O)E 1911)\ 1922 Z)\k Ervg—r — (& + &a)ef o g + &38aE 1]

k=0
Y ) (v
- ¢(()E\ : 19161 = Z Oletsan — (€ + Ea)etia s + Ea€actya il
B0 (92 — &) (9 —5 v v
+ ((]§\ 5 Uy 1191 o] Zﬁk etvar — (€3 + Ea)elioy + Ealasiin ]
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o . 1 1 o (pf)\)cp _ (p=N)ep[A3 =1 =+ M1 9] _
where ¢y = ¢p, ¢1 = (;—-) Cp, P2 = 2, o ¢3 = N2p(1-N01)(1-\J2) ¢1 =

—)\3+/\4’l92+)\4’l91—191’l92[ (1 A
N2 p(1201)(1-_A02)

nomial ¢0 + gblz + ¢222 + ¢3Z + ¢4Z .
The average forecast revision is given by

I and (&1,&9,&3,&4) are the reciprocals of the roots of the poly-

= = =f =/
E; mipse — Ky miqs = Ey (pt+3 - pt71> - ]Et—l(thrS - ptfl)

cp(p = A)(1 — A v
pA3(1 — 9N (1 — 9N (1 — Az)

op(p — N1 =AY k
= Ae
p)\?’(l —’191 (1 —192 Z

and we can finally write (,., as

C(forecast errory, revision,)

Prev = V(revision,)
_ Xp(1— 91 A)(1 — o)) { AA=&) A =&)X= &)(A — &)
(1=2)(p =) (A= d1)(A =)
L) {191(?91 — &) (01 — &)V — &) (01 — &) n Vo (P2 — &) (V2 — &) (U2 — &) (2 — 54)] }
(L= ML) (N — 01) (0 — ) (1= M) (N — Ua) (U — )

— (1

O

Proof of Proposition 3. Let us first show that the polynomial described by C(z) has two
inside roots and two outside roots. To do so, I evaluate C'(2) at z = {0, \, 1, p~1}

C(0) = BOA > 0

oo (1M 1o [ Q=0 —50) A
C(A) = —0rA (1 p)<1 ﬂ”l o oA =00 + by)lo(1— U2) + )

X [o(1=01)(1 = 92) (br = V2 = D1(1 = M) + ¢y (V1 (1 = M2) (91 + J2 =1 = ¢x) + (1 = U2) (9 — 192))}] <0

(A.19)

KOT(L —J1)(1 — o) [V1(0(1 — Fa) + &y) — (¢ — V2)(0 + &y)] }

[o(1— 01) + yllo (1 — 02) + 6] =0

ca>2{umaﬂmapf+
(A.20)

ONT K

Clp~)=- P5 {(1_ p)p(L = ppB) + [o(1 = 31) + ¢yllo(1 —V2) + ¢y

x [o(1 =91)(1 = 92)[01(V2 — p) + p(¢r — V2)] + ¢y [01(F2 — p)(1 + ¢r — F1 — D2) + p(1 — V2)(Pr — V2)]] } <0
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Notice that all conditions are trivially satisfied except for the second (A.19) and third
(A.20) conditions, which depend on the model parameterization. Combining both conditions,

we obtain the restriction

T(1 = 91) (1 = 92)[(¢r — V2)(0 + &) — Vi(0(1 = F2) + &) - (1-0)(1—p0) -
(1= p)2o(1 =101) + ¢]lo(1 = V2) + ¢ Ok
Mo (1= 90)(1 = 03) (6 — 05— D1(1 — AD)) + by (D1(1 — Do) (W1 + Vs — 1 — 65) + (1 — D) (s — U
[0(1 =) + ¢yllo(1 —J2) + ¢,]

It turns out that a standard calibration satisfies both conditions except for the limit case
0. = 0. Hence, I can conclude that the polynomial has two roots inside the unit circle and
two roots outside, and all of them are real.

Let us now show that ¥; < p. First, it is important to note that A is the inside root of

the polynomial

C(z)222—<l+p+z)z+1
p p

which has one inside root and one outside root if p < 1 and 7 > 0. Furthermore

Cc0)=1>0
am:—%<o

and, hence, A < p. We have shown that C(p~!) < 0, and we have C(9;") = 0. I also know
that the function C(z) is always positive for values larger than ¥;', and hence I can infer

p~t <97t and 91 < p. In order to show that A > 1, I obtain

CQ]):_%;{u—mS—ﬂm

_|_

o(1=01)(1 —92)[01 (02 — A) + XMdx — U2)] + ¢y [01 (P2 — AN)(1 + ¢ — V1 — V2) + A(1 — V2)(Pr — V2)] <0
No(1—91) + Qby] [o(1 —d2) + ¢y]

Following the same argument, knowing that A < 1 and that the function C'(2) is negative
for values of 97 > z > ¥, I can write A™' < 97 and A\ > ¥J;. Hence I have proved the

relation ¥y < A < p.
Let us now show that § < ¥, < 1. We already proved that ¥, > 1, which implies that

20



9 < 1. We have that

cY) =

kA [ (1= 60)(1— 36)0
- :

n o(1=01)(1 = 2)[01(92 — 0) + 0(dr — V2)] + Oy [01 (V2 — 0)(1 + ¢ — V1 — D2) + 0(1 — V2) (D — V2)] <0
[0(1 = 1) + ¢y]lo(1 = J2) + ¢y]

Notice that C(671) < 0, given that § < 1, implies that =1 > ;' and delivers the result
Y9 < 6. To sum up, the following relation holds: 0 < ¥y < A < p <l <y < 1.

Finally, I show that ¢, is increasing in ,. First, let us obtain the effect of an increase in
7 and o around C(J71),

oCc(Wih) ON(1 — V) B el — 8 B

or - pﬁil%[o_(l — 191) + ¢y] [191(1 191><1 + B) (wa 791) (by(l 5191” >0
oC (3" ON(1 — 1)

or  p03o(l—0a) + &y [92(1 = Ua2) (1 + B)o — K(¢r — 02) — ¢y(1 — B2)] > 0
oc(wih) OrTA(Dy — V)

o, poilo(1 —9) + Gy [o(1 —V3) + ¢,]
X [[o(1 =) + ¢yllo(1 = F2) + ¢ ](1 — D7) + ¢y[(0 + ¢y) (P — V1 — Vo) + 0thU2]] > 0
oC (951) OKTA(Dy — 11)
99, pO[o(1— 1) + ¢ )[0(1 — U2) + o,
X [[o(1 =11) + ¢yl[o(1 — D2) + ¢y |(1 — Do) + ¢y[(0 + @) (pr — V1 — Vo) + 0011s]] <O

Using the Implicit Function Theorem I can infer that ¥} (7) < 0 and ¥,(7) > 0, and so 0,

1¥9) is increasing (decreasing) in o,,. O
( g g

Proof of Proposition 4. In the benchmark NK model the Phillips curve is given by (2.4),
the DIS curve is given by (3.6), the Taylor rule is given by (3.7) and the monetary policy
shock process is given by (3.8). Inserting the Taylor rule (3.7) into the DIS curve (3.6), one

can write the model as a system of two first-order stochastic difference equations
A:I:t = BEtmt+1 + C’Ut (A21)

where &; = [, m p) is a 3 x 1 vector containing output, inflation and prices, Aisa3d3x3
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coefficient matrix, B is a 3 x 3 coefficient matrix and C is a 3 x 1 vector satisfying

o+ ¢y ¢x O o 1 0 -1
A= —K 1 0|, B=1]0 B 0|, and C=10
0 0 1 0 -1 1

Premultiplying the system by A~! we obtain z; = 0E;xi 1 + vy, where

§=A"'B, o=A"'C

In the dispersed information framework, structural-form dynamics are given by A,x; =
B,x;_1 + C,v; where

10 0 0 b, a,+b, ¢
As=10 1 —-1|, Bs=1]0 0 -1 |, and Cy= |0
00 1 0 —b, ap+b, 6

Premultiplying by A;! we obtain the reduced-form dynamics ¢; = Az; | + Bv;, where
A=A'B,, B=A;'B,

Using the Method for Undetermined Coefficients, the ad-hoc behavioral dynamics and

the noisy information dynamics are observationally equivalent if

Az + Bvy = vy + wpdE@i 11 + wpiq
= v + wOE,(Ax; + Buiyr) + wpi—s
= vy + wid(Ax, + BEvi) + wpi—y
= v + wrd(Ax, + Bpuy) + wpi_y
= v + wrd[A(Ax_1 + Bvy) + Bpu] + wpxi—4
=[p+wid(A+p)Blv+ w0 AA + wp| 244

They are thus equivalent if

B — ¢ =w;6(AB + pB)

(A.22)
Wy = (Ig - QJf(SA)A
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for certain matrices wy, and wy

Wp11 Whi12 Wh 13 Wr11 Wyri12 Wri3
Wh = |Wp21 Wh22 Wp23 and w; = Wra1 Wra2 Wy a3
Wh31 Wh32 Wh33 Wg31 Wyr3za2 Wr33

The system of restrictions (A.22) implies that wy, 11 = w21 = wp31 = 0. I need to multiply
the system by A to back out the structural dynamics. In particular, we can write inflation

dynamics as

T = W11 + wopi—1 + kY + w31 + wallymepr + wsEypr

w1 Wo + Ws Ko
= 1 P11+ Y +
1-— Ws 1-— W 1-— Ws

w N wy +w
> Eii1 + & >
Ws 1

1— Etﬂ't+1 <A23>

O

Proof of Corollary 1. We can write (4.4) as

Ty = WeTy—1 + KYp + 07 fE 11

+ wppi—1 + (v — D)EGe + 0yEefira
Using the model dynamics (3.12)-(3.13), we can write the second part as

WpPt—1 + (7y — 1)Ky + 5yEtgt+1 = [Wp + (Vy - 1)"5% + 5yay(191 + 192) + 5yby]pt—1
+ [(’Yy - 1)“by - 5yay191292]pt—2 + [(Vy - 1)’“@/ + dyayXx + 5yPXy]Ut

and we can use the two degrees of freedom to set

wp + (v — Dkay + oya, (91 + 92) 4+ d,b, =0
(vy — 1)kby — 0ya,0192 =0
where (v, — 1)kc, + dya,xx + 00Xy = X- O

Proof of Proposition 5. Recall the policy functions

™ ~ 1 + ™
Cit = %Eitpt—l + (1 — B — %) Euy: — ME#M + g]Eitpt—H — §Eitvt + BEicir41

(A.24)
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K0

pi = (1 — BO)E;p, + -9

]Ejtgt + B@Ejtp;tﬂ <A25)

We now turn to solving the expectation terms. We can write the fundamental representation
of the signal process as a system containing (3.8) and (3.10), which admits the following

state-space representation

Zi=FZ;,_ |+ Psy

(A.26)
Xy=HZ, +¥s;

with F = p, ® = [0, 0|, Z0 = vy, 5100 = [5'5 CH=1,%, = [0 0,,] and Xy = a1ye

Uigt
It is convenient to rewrite the uncertainty parameters in terms of precision: define 7. = U%

€

and 7, = U% The signal system can be written as
qu

O¢ v s _1 €f
Xigt = ——¢; + oguit = [ e 5 /2} [ ! ] = M,(L)sg, Sigt ~ N(0,1) (A.27)

1=pL Ulgt
The Wold theorem states that there exists another representation of the signal process (A.27),
Xigt = By(L)wig

such that By(z) is invertible and w;y, ~ (0,V,) is white noise. Hence, we can write the
following equivalence
Xlgt = Mg(L)Slgt = Bg(-L)wlgt (A28)

In the Wold representation of X, observing { X, } is equivalent to observing {w;, }, and
{X/,} and {wy,} contain the same information. Furthermore, note that the Wold rep-
resentation has the property that, using the equivalence (A.5), both processes share the

autocovariance generating function
pla(2) = My(2)My(=") = By(2)V,By(27)

Given the state-space representation of the signal process (A.26), optimal expectations

of the exogenous fundamental take the form of a Kalman filter
Eygvy = (I — KgH)FE; 10,1 + Kg10 = AEj 10,1 + K24
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where K, is given by

K,=PH'V ' (A.29)
P,=F|P,— PH'V,'HP,F + %' (A.30)

We still need to find the unknowns By(z) and V,. Propositions 13.1-13.4 in Hamilton (1994)
provide us with these objects. Unknowns B,(z) and V satisfy

B,(z) =1+ H(I - F2)"'FK,
V,= HP,H' + ¥, ¥
I can write (A.30) as
P} + P)[(1—p*)o;, — 0] —oZo., =0 (A.31)

qu e~ gu

from which we can infer that P, is a scalar. Denote k, = Pg*1 and rewrite (A.31) as

2
ol 02k =[(1-p*o?, — ok, +1 = kg:E l—pQ—Qi\/lE—(l—pQ)} 147

gureyg g 2 Te Te T.

I also need to find K,. Now that we have found P, in terms of model primitives, we can

obtain K, using condition (A.29)

B 1
I 1+ ko2,

We can finally write A\, as

keolp 1|1 T 1 7 \°
N=(I-KHF=—"%"_—_|-4/p)+ 2+ <——|—p+—g) —4 A.32
g = oH) L+ kyo?, 2 |p pT- P PTe ( )

One can show that one of the roots Ay 1 9 lies inside the unit circle and the other lies outside
as long as p € (0,1), which guarantees that the Kalman expectation process is stationary

and unique. We set A\, to the root that lies inside the unit circle (the one with the ‘-’ sign).
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Notice that I can also write Vj in terms of A,

_r
T AgTy
where I have used the identity k, = *79/(o— A,). Finally, I can obtain B,(z)

pz 1 — Az
B.(z) =1 —
o(2) =1+ (I—p2)(1+ko2) 1—pz

and therefore one can verify that

By(2)V,By(=™") = My(2)My(=™")

p (L=Ag2)(z = Ay) _ TeZ +r
A7y (L=p2)(z—p)  ([A=p2)(z—p) 7

Let us now move to the forecast of endogenous variables. Consider a variable f; =
A(L)s;. Applying the Wiener-Hopf prediction filter, we can obtain the forecast as

Eufi = [Az)M'(z")B(z"")'], V'B(2) 'y

i
where [-], denotes the annihilator operator.’

Recall from conditions (A.24)-(A.25) that we are interested in obtaining E;,vi, Eigpi—i
and B9, k = {—1,0,1}. Just as we did in the example above, we need to find the A(z)
polynomial for each of the forecasted variables. Let us start from the exogenous fundamental
v; to verify that the Kalman and Wiener-Hopf filters result in the same forecast. I can write

the fundamental as

v = [TE_W 0} Sit = Ay(L)sy

1—pL

Let us now move to the endogenous variables. Let us start from the household side. We

need to guess (and verify) that each firm j’s policy function takes the following form?

Cit = hl(L)-l"ut

39. See Online Appendix H for more details on the Wiener-Hopf prediction filter and the annihilator
operator.

40. In this framework agents only observe signals. As a result, the policy function can only depend on
current and past signals.
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Aggregate output can then be expressed as

_1/2

iy = / hy(L)zpy, dj = hy(L) 1Ti e
Using the guesses, I have
Utk = [hl(L)Lk I{ZZ O} sie = Ayi(L) sy
Gt = #Ml(L)Sm = [M(L)L(Tfj:m P sy = A (L)sng

Let us now move to firms. In this case we need to guess (and verify) that each firm j’s

policy function takes the following form

P;t = ha(L)x
Aggregate price level can then be expressed as

_1/2
3

0= pL)—0L)"

o= (1-0) / ho (D)0 dj + Opy_1 = (1 — 0)ha(L)
Using the guesses, I have

DPi—k = [(1 - 9)7';1/2M O] Si2t = Apk(L)SZQt

(1—pL)(1-6L)
i} ho(L _ _
Pji+1 = —21(-/ >M2(L)312t = [Ta " L?EEI,;)L) Ty 1/2%] Size = Aia(L) 812

We are now armed with the necessary objects in order to obtain the three different

forecasts,

Ergeve = [Ao(2) M} (=) By(z")™"], V' By(2) iy

+
,1/2
—1/2 e | z— AT, 1 — pz
= |:_71—E—p2 O:| [TZ__{;Q] Z_)\p] gpg 1 _;zxit
g 9 n g
2 } ATy 1—pz
L(T=p2)(z = Ag) |, prc 1= Ny2 !

[ Pu(z) ] ATy L—pz
2= Agl pTe 1= Ag2 "
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Eigeyi—r =

Elgtpt—k =

_ Pu(2) — Pu(Ag) ATy 1 — p2
= Tt
Z—Ag pTe 1 — Ag2

AgTq 1
0 =G ; A.33
pr-(1 — pAg) 1 — )\gzxt 19(2) i ( )

[Ayr(2) M (=) By (27 ) 7] V' By(2) ™ aige

+ g

arl zZ—p ATy 1 — pz
Yz i ()2 } = | 22 979 1~
[Tg e 0 [Tg—1/2] z— )\g]+ p 1— Agz$l9t
hy(z)2*+! ] ATy 1= pz
(T=p2)(z=Ag) ], Tep 1= A2
[ ¢y(2) } AgTyg 1 —pz

x
(2= Agl Tep 1= A2 ot

[Api(2) M (2~) By(271) ]

1—pz 1
T 1 —=pAg| (1= Xg2)(2— A

) Ligt = G2gk<z)xlgt

(A.34)

n Vg_lBg(Z)_lxlgt

_1/2

(=p2)(1-02) 28 P p 1— A2

g

. 2l o p| A, 1—
(1= gy it [] : p] mlpe,
+

-1
Tg

L~ )‘9
Gn(2) — Pu(Ng) (1 — O)N,7, 1 — pz

ha(z)2" 1 (1—=0)\,7, 1 —pz .
(T—p2)(z=2)A—02)],  7p 1—rgz ™
[ 9x(2) } (L= 0)Ag7y 1= p2

Tigt

+

Tep 1 — Mgz

Z—=Ag PTe 1— /\glegt
ATy [ha(z)2FH1 1—pz 1
=(1-=9 9’9 — ho(\ )\k—H
-0 [ O o ey

(A.35)

Bagtaigr1 = [Aig(Z)M,(Z_l)Bg(Z_I)_I} V, ' By(2) g

g + 9

o8

Ligt = GSgk(Z)xlgt



2751/2
,1/2 hg(z 71/2 hg(z)] s Z—p )\ng 1= p )
2(1— PZ) Tg z P 1 — )\gZ lgt
+

hg(z hg Z)(Z — p) )\ng 1— pz
Te l—PZ)( )\g) TgZ(Z—)\g) . P ]__A Z

LE : _Zgz 2 Aﬂ] ! [zi(z?z(z_lﬁ)} +} ApTg 11— /\p iy

gl
&
{
{{%mz)} i [t )>L} M1 p
3

A z(z — p 1—2X2
_ [ Piga z) Gig1(Ng) | Pig2l2) = Gig2(Ng) _ dig2(2) = $ig2(0) | Ag7y 1 —p2
— Ay (2 — Ag) Ay2 p 1—Agz
A hg(z) LEme] hg(Ag) Ty N Ag—p]|  phe(0) | 1—pz .
lgt
p — Ay | 7(1— pz) z 2 — Ay [ Te(1 = pAy) Ag Nz ) 1=z
= G4g(z)$lgt <A36)
where E11ta11,t+1 = Eitcz‘,t-i-la EthGIQ,t+1 = ]Ejtp;,t+17 and
B P B h2(2)2k+1 B hl(z)zkﬂ
bul2) = 1—pz’ éx(2) = (1—p2)(1—6z)’ bul2) = 1—pz
__h(2) _ he(2)(z=p)
ig1(2) = (= p2) ig2(2) = -
Rearranging terms, we obtain (A.37)-(A.41). We can show that expectations satisfy
Ag 1
Elgtvt = — ? 1 )\gle‘qt == Glg(2>xlgt <A37)
A\ [B(2)22(1 = pAy)  he(A)A2(1L — p2) I
]E —_1 = 1 _— 1 - —g g — g = G
lgt,t—1 ( ek) ( P ) 1 — 0]4;25 1 — ek)\g (1 _ )\gZ)<Z — )\g)xlgt Qk(z>$l9t
(A.38)
_ A\ [he2)2(1 = o) A (1 = p2) I )
Eygear: = (1 — 0y) (1 ;) T 10 L= o, A= 2,)( = )\g)ngt = Gsi(2)Tig
(A.39)
) A T = pA) D)1= p2) | B
Eygrage+1 = (1 — 0k) (1 ?> 1— 0,2 1= Ou), 1= 2)(z — /\g)xlgt = Gak(2)Tigt
(A.40)
hy(2) A\ L—pA,  A(z—p) he(0) 1—pz
Eigtaigi+1 = {Z g_ y {(1 — ?g) - ng + - e — gz =2 Tigr = Grg(2)Tige
(A.41)
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Recall the best response for household i and firm j, conditions (A.24)-(A.25). In order to
be consistent with agent optimization, the policy functions hy(z) must satisfy (A.24)-(A.25)

at all times and signals. Plugging the obtained expressions, we can write

2 2
Qlgt = SnglgtrUt + BgElgtalg,t—l—l + § ,unglgtaj,t—l + E ’ngElgtafj,t + E anglgtaj,t+1
j=1 j=1 Jj=1

2 2 2
hy(2)a1gt = £Gg(2) gt + ByGisg(2)1gt + > 1gjGaj (2)1g + > Vg G (2)mige + Y 00g;Gaj(2)1ge

j=1 j=1 j=1

2 2 2
ho(2) = 0gG1g(2) + ByGg(2) + > 11giGai(2) + Y 14iGaj(2) + D tgiGuj(2)
=1 j=1 =1

= ¢, 1_ﬁ #_‘_Bg hg(_z) 1_@ 1_p>‘9+>‘g(2_P) _hg(O) 1 —pz
p)1—=XNz 2= Ag p) 1—pz pz z 1— XAz

2 2 2
)22 (1= pAg)  hi(Ag)Ag(1 = pz) 1
‘|‘;ng(1 (1 ) { 1 -0,z 1 =052, (1= 2g2)(2 = Ag)
2
hj(2)2(1 = pAg)  hi(Ag)Ag(1 — p2) 1
(19 (1-29 J 7\ Ag)Ag
+;793< ( ) { 10,2 T VI ey
2
hi(2)(1 = pAg)  hi(Ag) (1 — p2) 1
4 all_.<__9>{J i\ Ag
; ai p 1—10;z 1 -0\, (1= Xg2)(2—Ay)
where
B
901——;
w2 =10
Br=p
0 Ba = 0
Hi1 =
po1 =0
Bor
iz = o2 = 0
¢y> HQ
=1- 1+ =
Y11 6( Y21 1_0
12:_5<1+¢”) Yoz =1 — 36
o
e — 042120
11 =
ﬂ 0522:0
0412_; 92:9
01:()
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Multiplying both sides by z(z — Ag)(1 — Ag2)(1 — 612)(1 — 622) we obtain
hy(2)z(2 — Ag)(1 — Ag2)(1 — 012)(1 — O22) =
/\g ]. — 912 1-— 922)

o) ste-
+5g{hg {(1 ) (1—pA z—i-;\( —p)(1 = pz) —hg(O)(z—)\g)(l—pz)}(1—912)(1—0275)

hi(A)N22(1 — p2)(1 — 6,2)(1 — 052
e S R I R

n
+ 31 -0) (1-2) (a1 = pr)(1 - 0y0) - P =00 = 0]

MY [ oot (1 gy T2 = p2)(1 = 012)(1 = 52)
# Y a0 (1 22) {12201 = A1 - 05) L }
Rearranging the LHS by hy(2),

hg(z){z(z M) (1= Ag2)(1 = 0,2)(1 — 62)

= |(1-22) W= 22— 1= po)| (- 01 - 62)

Zug] 6 (1-22) 20 pr)1 = 02002

Ao L2 2 hi(z

—;m(l—@) (1—;) 201 pA)(1 — Oy 2)hy(2)
2 /\g

~San(i-6) (1 _ ;) 21— pA)(L = 62 ()

and the RHS can be rewritten as

() = (1= 22 ) 5o = AL = 013)(1 = 002) = 0z = A)(1 = p2)(1 = 602)(1 — )

N { (1 N %) Z : (90;\ [ng)‘z + VgiAg + ag;lhi(Ag )} 2(1 = pz)(1 = 612)(1 — 6>2)

Jj=1
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We can write the system in matrix form as

C(z) =

Cu(s) Cu()] [hl(z)]’ a() = [dl(z)]
021(2) 022(2) hQ(Z) dg(Z)

Cog(2) = (2 = By)(z = Ag)(1 = Ag2)(1 = 012)(1 — 6,2)

A
—(1—6,) (1 - f) (1= pAg)(1 = Qﬁgz)z(,uggzj + Vg% T Qgg)

Con(2) = =(1= ) (1= 22} (1= pA)(1 = 0,2) 0 + 32 + )
() = [0 (1= 22) e = A0) = By0)By e = AL = 92) = Fye(1 = )] (1= )1 622

Cancelling out parameters equal to zero to simplify the expressions, we can write

O = [ = ) = M = x2) = (1= 2] (= phnz| (- 002

A1 2
Cia(z) = —(1 — 6y) (1 — ?> (1 — pA1)z(p122" + Y122 + q2)
Cor(2) = — (1 - %) (1 — pA2)(1 — 0y2) 79122
Cy(z) = (2= B2)(z = M) (1 — Aaz)(1 — O32) — (1 — 65) (1 — %) (1 — pAg)yar2?
di(z) = {gpl (1 — %) 2(2 = M) — Ry (0)B1(z — M) (1 — pz) — hyz(1 — pz)] (1 —06y2)

da(2) = | ~hy(0)Ba(z = Xa)(1 = p2) = haz(1 = p2)] (1 = 022)

and the solution to the policy functions is given by

h(z) = C(z)d(z) = 29 CE)

= Gt o)

Note that the degree of C(z) is 8, given that ¢; = 0. Denote the inside roots of det C(z)

as {C1,¢2,...,Cn, } and the outside roots as {0;*, 95", ..,U,1}. Because agents cannot use

future signals, the inside roots have to be removed. Note that the number of free constants
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in d is 4: {hy(0), Bg}?;:l' For a unique solution, it must be the case that the number of

outside roots is ny = 4. Also note that by Cramer’s rule, hy(2) is given by

dl(Z) 012(2) det 011<Z) dl(Z)]

det [
dQ(Z) CQQ(Z) 021<Z) dz(Z)
M(z) = det C(2) ’ 2(2) = det C(2)

The degree of the numerator is 7, as the highest degree of dy(z) is 1 degree less than Cyy(2).

By choosing the constants {h,(0), ilg}?;:la the 4 inside roots will be removed. Therefore, the
41

4 constants are solutions to the following system of linear equations

= 07 fOI' {Cn}i:1

det [dl(Cn) C12(¢n)
dQ(Cn) 022(<n)

where ny = 4. After removing the inside roots in the denominator, the degree of the numer-
ator is 3 and the degree of the denominator is 4. As a result, the solution to h,(z) takes the

form

h (Z) o ng + 2ZQQZ + Jg3z2 + {59423

Given the model conditions, we have that ¥, = 6. We can write

1291 + "lZgQZ + &9322 + 1;_,1423
(1 —12)(1 — J2)(1 — I32)(1 — 02)
a2 = M) (2 = 1g2) (= = 150)
(1= 912)(1 = ¥92)(1 — ¥52)(1 — 02)
. _12947]9177927793(1 - 77;112)(1 - 77;212>(1 - 77;312)
(1 —12)(1 —22)(1 — ¥32)(1 — 62)
g (1 — £12) (1 — £pz) (1 — §32)
B (1 —=012)(1 —Y22)(1 —V32)(1 — 02)

he(z) =

where (7,1, 12, 7g3) are the roots of {bvgl + {/;gzz + {/;9322 + 229423. We also have that &3 =
&99 = &3 = 0. Hence, we can write
Ut = h1(Z)Ut

41. The set of constants that solve the system of equations for hy(z) also solves it for ha(2), since {¢,}2_;
are roots of det C(z), leaving vectors in C((,) being linearly dependent.
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_ —%4771177127713(1 —&nz)(1 - 512z)v
T (1= 0h2) (1= az) (1 —Vsz)
(1 =&n2)(1 = &122) y

(1 —012)(1 — 9p2)(1 — V32) '

= ¢

Uy 1 Uy 1 W 1
- -4 -2 -4
2/111( p> 1—?912Ut+¢12( p) 1_1922Ut+¢13< p) 1_193271

= ¢1151t + ¢1252t + 1/)13531:
1
. —1/124772177227723(1 - 9)(1 - leZ)U
T (A =012)(1 —p2)(1 — ¥32) "
— ¢ 1—&a2 v
T (L= 0402) (1 — U92) (1 — U32)

Vg

th 1 D) 1 th 1
— R 1-2) - 1A
¢21( p>1—ﬁlzvt+w22( p)l_%z@t‘i‘wz:&( p)l—ﬁgzv

= ?/1211’5T 1+ ¢221§2t + ¢2353t

Using 7, = (1 — L)p;, we can write

1—=2
B 1—0z"
_ —Uaammaanes(1 — 0)(1 — €n2)(1 — Z)v
(1 —012)(1 — 992)(1 — VU32) t
(1—&nz)(1—2) .
(1 —912)(1 — 0a2)(1 — Ds2)

7 = (1 — 0)h(2)

:¢2

t

t

7,91 1 192 1 191 1
= -2 1- 2 -2
@/)31( p) 1_1912%‘1'1?32( p) 1_192zvt+¢33( p> 1_2932%

= %1511: + 20325275 + ¢331§3t

We can finally write
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Y Y2 Ui Uy
= |V Y22 o3 Vo
P31 P3a sz U3y

Notice that we can write

~ 3 -~ . 9
Upe(1 — L) = (1 - f) v = U = D1 + (1 — f) Vg

which we can write as a system as

T’gt = Agt—l + FUt

where
9 0 0 -4
A=1]0 9, 0|, TI=]1-%2
0 0 1— %
p
Hence, we can write
at:Qgt

= Q(Aat—1 +T&)

= QA0 + QI'g

= QAQ a1 + QL&
= Aa;_1 + B¢

(A.42)

]

B Robustness on Inflation Persistence and Information Frictions

B.1 Inflation Persistence

We begin our robustness analysis by considering alternative inflation measures. Figure A.1
presents the CPI and PCE series (together with the GDP Deflator growth). All inflation

measures are closely correlated. I report the correlation matrix across different sub-sample

periods in Table A.i. The three main inflation measures exhibit a high and positive corre-
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Inflation

El
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Date

Figure A.1: Time Series of GDP Deflator, CPI and PCE.

1969-2020

Variable GDP Deflator CPI PCE

GDP Deflator 1.00

CPI 0.86 1.00

PCE 0.91 0.96 1.00
1969-1985

GDP Deflator 1.00

CPI 0.83 1.00

PCE 0.88 0.92 1.00
1985-2020

GDP Deflator 1.00

CPI 0.66 1.00

PCE 0.73 0.96 1.00

Table A.i: Correlation matrix

lation in the pre-1985 period. In the post-1985 period, there is a detachment between the
GDP deflator and the two other price measures, CPI and PCE, which still exhibit a high
degree of correlation.

We repeat the structural break analysis discussed in the main body for CPI and PCE
inflation, and we find similar results in Table A.ii, with the structural change in dynamics

being less evident in the core series.

Autocorrelation Function Let us start from the most agnostic analysis of inflation per-
sistence. Figure A.2 plots the autocorrelation function for the three main inflation measures
across subsamples. Focusing on the second and third columns, I find a significant fall in the
first-order autocorrelation for the three measures. For instance, the first-order autocorrela-
tion for all inflation measures in the pre-1985 sample is around 0.75, while the same statistic

for the second period ranges from 0.5 to 0.3 depending on the measure.
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Figure A.2: Autocorrelation function of GDP Deflator (first row), CPI (second row) and

PCE (last row)
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(1) (2)

CPI PCE
M1 0.793***  (0.837***
(0.0827)  (0.0672)
i1 X Lysn -0.497**  -0.434***
(0.143) (0.117)
Constant 1.396** 0.990**

(0.542)  (0.431)

ConstantxLgsp; 0370 0.283
(0.607)  (0.477)

Observations 206 206

Standard errors in parentheses
* p<0.10, ** p < 0.05, *** p < 0.01

Table A.ii: Regression table

Rolling Sample I compute rolling-sample estimates of an independent AR(1) process
using a 14-year window for the different inflation measures. Figure A.3 plots the time-
varying persistence parameter p; with 95% confidence bands. The results suggest that there

is significant time variation in inflation persistence.

Time-Varying Parameter Autorregression We assume that the persistence coefficient
in the AR(1) process follows a Random Walk: p;y1 = py + ug, ug ~ N(0,3,), where the
model is estimated using Bayesian methods. The model is estimated using Bayesian methods.

Our prior selection is standard, following Nakajima (2011), using the invert Wishart and

(a) GDP Deflator (b) CPI (c) PCE

Figure A.3: First-order autocorrelation of GDP Deflator, CPI and PCE, rolling sample (14y
window)
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Figure A.4: Time-varying persistence.

invert Gamma distributions
p1 ~N(0,10x I), 0.~ 7G(2,0.02), X, ~ZIW(4,40 x I)

I plot the estimated p; with 95% confidence bands in Figure A.4. The fall in persistence is

delayed until the mid 2000s, but the overall fall is consistent with our previous findings.

Unit Root Tests Inspecting Figure A.3, one could imagine that inflation is characterized
by a unit root process in the pre-1985 sample and not afterwards. In order to investigate
this, I proceed via a cross-sample unit root analysis using both the Augmented Dickie-Fuller
and the Phillips-Perron tests. I report our results in Table A.iii, including the p-values of
both unit root tests under the null of unit root. Focusing on the last two rows I find that,
consistent with our previous evidence on the first-order autocorrelation, the null hypothesis of
a unit root series cannot be rejected by any of the unit root tests conducted in the different
inflation measures in the pre-1985 period. On the other hand, when I repeat the similar
analysis in the post-1985 period, I find a strong rejection of the null hypothesis, suggesting
that inflation can no longer be described as a unit root process. Having understood the
close relation between the roots of the inflation dynamic process and its persistence, I can

conclude that inflation persistence fell in the post-1985 period.
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p-values, null = series has unit root
1969-2020
Variable ADF Phillips-Perron
GDP Deflator 0.23 0.02
CPI 0.11 0.00
PCE 0.16 0.00
1969-1985
Variable ADF Phillips-Perron
GDP Deflator 0.15 0.07
CPI 0.17 0.09
PCE 0.055 0.09
1985-2020
Variable ADF Phillips-Perron
GDP Deflator 0.07 0.00
CPI 0.00 0.00
PCE 0.01 0.00

Table A.iii: Unit Root Tests for Inflation Measures.

Dominant Root A further procedure of studying persistence that relies on the roots of

the dynamic process of inflation is the dominant root analysis. Consider the AR(p) process
T = P1Te—1 + PaTie—o + ... + ppT—p + €7

with companion matrix R(p). The root of the characteristic polynomial of R(p) with the
largest magnitude is the dominant root of interest. Notice that in the case of an AR(p)
where p > 1, the dominant root will depend not only on the first lag coefficient but in all of
them. An AR(p) is considered to be stable if all the roots of the characteristic polynomial of
matrix R(p) have an absolute value lower than 1. One can therefore proceed as in the unit
root case, and study the dominant root of the underlying inflation process over the different
subsamples. We find that the dominant root in the 1968:Q4-1984:Q4 period is 0.870 and
0.841 in the 1985:Q1-2020:Q1 period, suggesting a moderate fall in persistence.

B.2 Monetary Policy Shock Process

B.2.1 Persistence

Rolling Sample AR(1) Estimate of Persistence In order to test for changes in mon-
etary shocks’ persistence, I check nominal interest rates’ autocorrelation. I plot in Figure
A.ba the rolling (14 years) first-order autocorrelation of the nominal Fed Funds rate. I find
no evidence for a fall in the first-order autocorrelation over time.

As a robustness check, I estimate (D.3) and plot the rolling estimate p, over time. Notice
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Figure A.5: First-order autocorrelation of Nominal interest rates

that the NK model implies that the error term & in (D.3) is serially correlated. In fact, the
NK model suggests that & follows an ARMA(1,1), or equivalently an MA (o0),

& = pobi—1 + 1] + ag]_4

= ¢1g} + d1(p + ¢2) Z ﬂggflfj
=0

where ¢1 = 1 — p,(Prtr + ¢y10y) and ¢ = —f"’jﬂ;ﬁ:igzﬁzg However, a standard pa-
rameterization of the model suggests that such serial correlation is small, in the sense that
¢1(p+ @) < 0.1. To be on the safe side, I estimate (D.3) using GMM with Bartlett-Newey-
West robust standard errors, using as instruments four lags of the Effective Fed Funds rate,
GDP Deflator, CBO Output Gap, Commodity Price Inflation, Real M2 Growth and the
spread between the long-term bond rate and the three-month Treasury Bill rate, following
Clarida et al. (2000). Overall, I find no evidence of a fall in persistence p in the recent

decades.

Dominant Root Estimate of Persistence [ confirm this result by obtaining the domi-
nant root of the nominal interest rate over time. As I showed in section 2.2, another procedure
to measure persistence is to compute the dominant root of an AR(p) process. I estimate an
AR(20) process on nominal interest rates, and obtain the dominant root at each sub-sample
period. Our results are reported in Table A.iv. I find no evidence for a change in nominal

rates persistence. If anything, I find evidence for a moderate increase in the nominal interest
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Variable 1954-2020 | 1969-2020 | 1954-1985 | 1969-1985 | 1985-2020
Fed Funds rate | 0.97 0.97 0.95 0.90 0.95

Table A.iv: Dominant root of an AR(20) for nominal interest rate.

rate dominant root over time.

B.3 Change in the Monetary Stance

The fall in inflation persistence coincides with a structural change in the Fed policy stance
around 1985:1, documented in Clarida et al. (2000). Economists generally model the change
in the Fed stance around 1985:1 as a structural break in the reaction function of Central
Banks. In particular, the break is modelled as if the elasticity of nominal rates with respect
to inflation, ¢,, went from a previous value of 1 to a value closer to 2. That is, as if the
Federal Reserve had become more hawkish in the recent decades. To test this, I estimate
a standard Taylor rule in which nominal rates are elastic to current inflation and output
gap, as the benchmark framework suggests. I test for a structural break in 1985:1, and our

findings align with those in the literature,*?

i = Q; + QT + Gr T Lp>eey + Gyl + Oy Ui Lipseey + vy (B.1)

using Bartlett-Newey-West standard errors that take into consideration serially correlated
residuals, which the theoretical framework suggests. I report our results in table A.v. Indeed,
our results show that prior to 1985 the elasticity with respect to inflation was around 1.32, and
increased to 2.28 in the Great Moderation, close to the findings by Clarida et al. (2000). In
the following subsection I link this structural change with the dynamics of inflation produced
in the NK model. As I will show, the increase in ¢, will effectively reduce inflation volatility

but will have no effect on persistence.

B.4 Empirical Evidence on Information Frictions

Rolling Sample Regression [ obtain a rolling-sample estimate version of (2.2). Figure

A6 plots the rolling estimate B¢ over time. The figure suggests that information frictions

42. To estimate the Taylor rule I rely on GMM methods, using four lags of the Effective Fed Funds rate,
GDP Deflator, CBO Output Gap, Commodity Price Inflation, Real M2 Growth and the spread between
the long-term bond rate and the three-month Treasury Bill rate as instruments. The standard NK model
incorporates inertia in the Taylor rule via the AR(1) component v; instead of including lags of the nominal
interest rate on the right-hand side of (B.1), which allows us to obtain a closed-form solution of the model.
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(1) (2)

Taylor Rule Break
s 1.154%** 1.323***
(0.112) (0.140)
Uy 0.353*** 0.309**
(0.121) (0.128)
Ty X ]l{tzt*} 0958***
(0.284)
Constant 1.518*** —0.517
(0.442) (0.844)
Observations 204 204

Standard errors in parentheses
*p <0.10, ** p < 0.05, *** p < 0.01

Table A.v: Regression table

were reduced after the 1980s, with a smaller local peak in the late 2000s, which coincides

with the local peak in inflation persistence in Figure A.3.

Time-Varying Parameter Autorregression [ use the following representation of the

time-varying parameter regression model
Teras — Bymigsy = Boge(Bemipsy — Be_1migsy) + 1wy,  ue ~ N(0,02)
1+3,t t 443t CG i\ I Ti43¢ t—1T 43, ts t y Oy
where the time-varying persistence coefficient is assumed to follow a random walk
Begu+1 = Beay + €&, € ~N(0,%)

The model is estimated using Bayesian methods. Our prior selection is standard, following

Nakajima (2011), using the invert Wishart and invert Gamma distributions
Begi ~N(0,10 x I), o, ~TZG(2,0.02), ¥, ~IW(4,40 x I)

I plot the estimated Bog: with 95% confidence bands in Figure A.7. After the break
in the mid-1980s the estimated values are not statistically significant, unable to reject the

FIRE assumption.
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Figure A.6: Time-varying Sce: in the CG regression (2.2) using a 14y window.
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Figure A.7: Time-varying Coibion and Gorodnichenko (2015a) regression.
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Forecast Error response to Monetary Policy Shocks Under FIRE, ex-post forecast
errors should be unpredictable by ex-ante available information. Therefore, the IRF of
forecast errors to monetary policy shocks should be insignificant. Coibion and Gorodnichenko
(2012) show that forecast errors react to several exogenous shocks to the economy. In order
to study if the sensitivity of ex-post forecast errors has changed after the 1985:QQ1 structural
break, we produce the local projection of Romer and Romer (2004) monetary policy shocks

on the average forecast error,
v v
erroriyn, = Bre] + Bl X Lispe + 7 Xy + 1wy

where h denotes the horizon and X; includes four lags of Romer and Romer (2004) shocks
and four lags of forecast errors. We report the implied impulse responses in Figure A.8. We
find that the IRF is positive in the pre-1985 period, suggesting that forecasts react less to
monetary shocks than the forecasted variable (see Figure A.8a). After 1985, forecast errors
do not react to monetary shocks, suggesting that information frictions lessened (see Figure
A.8b). I show in Figure A.8c that the difference between the IRFs under the two regimes is

significant.

Disagreement I define a measure of “disagreement” as the cross-sectional standard devi-

ation of forecasts at each time,

disagreement; = o;(Fimii34)

Under the assumption of common complete information, disagreement should be zero
since all agents would have observed the same past, their information set would therefore
be the same, and their expectation around a future variable should coincide, provided that
agents are ex-ante identical. As we observe in Figure A.9, disagreement was large around the
1980s, coinciding with the beginning of the Volcker activism and the lack of public disclosure
of the Federal Reserve decisions, and fell dramatically until the 1990s, stabilizing at that level
after the 1990s.

The previous figure dynamics are reminiscent of the inflation dynamics in Figure 1. One
could thus argue that, if forecast disagreement depends on the level of inflation, the fall in
disagreement would be entirely explained by the fall in inflation. We now show that forecast

do not depend on the current level of inflation. First, assuming that inflation follows an
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Figure A.8: Impulse response function of average forecasts to monetary policy shocks.

Disagreement

0
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure A.9: Cross-sectional volatility of (annual) inflation forecasts at each period.
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Individual forecasts Average forecast Error Error

AR(1) AR(2) AR(3) AR(1) AR(2) AR(3)
Fimyio 1.284** 1.435% 1.417* 1.356** 1.870** 1.749*
(0.0162) (0.0476) (0.0482) (0.0190) (0.0707) (0.0739)
Femia —0.232" —0.0992 —0.775"* —0.390"**
(0.0652) (0.0874) (0.102) (0.139)
Fym —0.214*** —0.414"
(0.0697) (0.097)
revision 1.220***
(0.248)
errory_1 0.881***
(0.0592)
Ti—14-5 0.00705 0.0119 0.0137* —0.0299** —0.0182 —0.0169 0.00819 —0.0163
(000909) (000859) (0400819) (040124) (U.0115) (00108) (0.0340) (040131)
Observations 7,751 7,750 7,750 205 205 205 197 203
HAC robust standard errors in parentheses

*p<0.10, ** p < 0.05, *** p < 0.01

Table A.vi: Regression table

AR(p) (up to p = 3), we regress the individual (average) forecast of the AR(p) process, and

we add realized inflation

Fiumiys = pilFumipa + polFaumeps + palFime + yme—1 -5 + ue (B.2)
Ft7T1t+3 = plFﬂTt—&-Q + ,02Ft7Tt+1 + 03Ft7ﬂt + Y15 + Uy (B.3)

We report our results in Table A.vi. We find in columns 1-3 (columns 4-6) that the lagged
inflation coefficient is insignificant in most cases. We then regress the average forecast error
on the average forecast revision (column 7) or on the lagged forecast error (column 8),
controlling for lagged inflation. We find that realized inflation is insignificant in both cases.
We can therefore argue that the fall in cross-sectional forecast volatility fell after the 1985

period as a result of lessened information frictions.

Livingston Survey Using the Livingston survey on firms, I test for a structural break in
belief formation around 1985:1. Since the survey is conducted semiannually, I estimate the

following structural-break variant of (2.3)

Tipos — BTy = aca + (BCG + 5CG*H{t2t*}) (Eymisor — Eiomigoy) + (B.4)

Our results, reported in the first column in Table A.vii, suggest a strong violation of the
FIRE assumption: the measure of information frictions, Scq, is significantly different from

zero. Secondly, a significant estimate of Sog. would suggest a break in the information
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frictions faced by agents. Our results in the second column in Table III suggest that there
is a structural break around the period in which the Fed changed the monetary stance. Our
result Bca. < 0 suggests that agents became more more informed about inflation, with
individual forecasts relying less on priors and more on news. A t-test under the null that
Bea+ Bea« = 0 has an associated p-value of 0.254. I can therefore conclude that information

frictions on the CPI vanish, consistent with our findings on CPI persistence in Figure A.3b.

(1) (2)

CG Regression  Structural Break

Revision 0.380* 0.412**
(0.202) (0.204)
Revision X 1L yz> 4+ —0.880**
(0.414)
Constant —0.183* —0.105
(0.102) (0.119)
Observations 146 146

Standard errors in parentheses

* p < 0.10, ** p < 0.05, *** p < 0.01

Table A.vii: Regression table

As a second exercise, I estimate the following structural-break variant of (4.6)

o o0
=f - =
Mt—2 = (041 + al,*ﬂ{tzt*}) Z(ﬁ0>kEt Yitkt+k—2 T (062 + 062,*]1{t2t*}) Z(ﬂ@)kEt Ttk t+k—2
k=0 k=0

Since the survey is only conducted semiannually and only asks for 6m and 12m ahead fore-
casts we only consider the cases k = 2 and k£ = 4. Our results suggest no evidence of a

structural break in x once we control for non-standard expectations.
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(1) (2)

(3)

NKPC Break Output Break
E! oo 1.014** 1.402* 1.079*
(0.262) (0.438) (0.418)
E; Jr1a10 —0.0717 —0.680 —0.354
(0.335) (0.553) (0.533)
B mriay —0.0552 —0.0352 —0.264*+*
(0.0652) (0.0602) (0.0836)
E! mipaeso —0.0375 —0.123 0.237
(0.151) (0.147) (0.180)
B Girpaex Lpse —0.892" —0.598
(0.526) (0.509)
E friaiiox Lyse 0.882 0.555
(0.662) (0.641)
E{ﬂ-t-i-ltx l{tzt*} 0.303***
(0.0955)
E{Wt+4,t+2x ]]‘{tzt*} —0.486**
(0.191)
Constant —0.115 0.388 0.479
(0.250) (0.398) (0.460)
Observations 99 99 99

Standard errors in parentheses
* p<0.10, ** p < 0.05, *** p < 0.01

Table A.viii: Regression table
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C Extending Information Frictions to Households

In this section we relax the FIRE assumption on households. We show in Online Appendix

F' that in such case, the individual household policy function is given by
Cit = _gEitrt + (1 — B)Eug; + PEicipr1, with g = /Cit di (C.1)

We still maintain the FIRE assumption on the monetary authority, which is not subject

to information frictions. In this case, the model equations are (C.1), (3.5), (3.7) and (3.8).

Information Structure In order to generate heterogeneous beliefs and sticky forecasts,
I assume that the information is incomplete and dispersed. Each agent [ in group g €
{household, firm} observes a noisy signal z;, that contains information on the monetary
shock vy, and takes the standard functional form of “outcome plus noise”. Formally, signal

T4 is described as
Tigt = V¢ + OguUigt, with Ugt ~ N(Oa 1) (C2>

where signals are agent-specific. This implies that each agent’s information set is different,
and therefore generates heterogeneous information sets across the population of households
and firms. Notice that we allow for heterogeneity in the variance that each of the groups
(households and firms) face.

An equilibrium must therefore satisfy the individual-level optimal pricing policy func-
tions (3.5), the individual DIS curve (C.1), the Taylor rule (3.7), and rational expectation
formation should be consistent with the exogenous monetary shock process (3.8) and the
signal process (C.2).

The following proposition outlines inflation and output gap dynamics.

Proposition 5. Under noisy information the output gap, price level and inflation dynamics
are given by
a; = A(ﬁl,ﬁg,ﬂg)at_l —|—B(’L91,192,193)’Ut (CB)

!/
where a; = [gjt Dy ’/Tt] is a vector containing output, price level and inflation, A(91, s, 03)

is a 3 x 3 matriz and B(¥1,799,03) is a 3 x 1 vector, where (¥1,02,73) are three scalars that

are given by the reciprocal of three of the four outside roots of the characteristic polynomial

80



of the following matriz*

Cll (Z) 012(2)

C(Z>: 021(2) CQQ(Z)

where

Ci(z) = [(z —B)(z =)L = N\i2) — (1 — %) (1—p\) (1 -3 (1 + %)) 22] (1 —6,2)
Cuae) =~(1-0) (1= 1) (1= pangs (Pm2 - FLEE), 4 0

o o

Co(2) = — (1 — %) (1 —=pr)(1 — 92)1'%_0922

Cop(2) = (2= P0)(z — Xo)(1 — Aa2)(1 — 02) — (1 — 0) (1 - %) (1 — pA2)(1 — B0)2*

with Ay, g € {1,2} being the inside root of the following polynomial

1 2
D(z)EzQ—(—+p+ U;)z+1
P pagu

Proof. See Appendix A n

In the noisy information framework, inflation is intrinsically persistent and its persis-
tence is governed by the new information-related parameters 1, o and v3, as opposed to
the benchmark framework in which it is only extrinsically persistent, A(0,0,0) = 0. The
intuition for this result is simple: inflation is partially determined by expectations (see con-
dition (3.9) under noisy information, or (2.4) under complete information). Under noisy
information, expectations are anchored and follow an autoregressive process (see (3.11)),

which creates the additional source of anchoring in inflation dynamics, measured by ¥, 95

and 9.

Empirical Evidence on Household’s Information Frictions There are now two dif-
ferent information parameters to calibrate, since we allow for heterogeneity in information
precision by group. In order to calibrate the additional one, we use the Michigan Survey of
Consumers’ annual forecasts of inflation.** Consider the average forecast of annual inflation

at time t, ngﬂrg,t, where 7,13, is the inflation between periods ¢t + 3 and ¢t — 1. We can

43. The other outside root is always equal to 8 and is cancelled out.
44. Each quarter, the University of Michigan surveys 500-1,500 households and asks them about their
expectation of price changes over the course of the next year.
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think of this object as the action that the average consumer makes. A drawback of this
source of expectations data is that it is are only available at a forecasting horizon of one year
and therefore revisions in forecasts over identical horizons are not available. Thus, I follow
Coibion and Gorodnichenko (2015a) and replace the forecast revision with the change in the
year-aheadforecast, yielding the following quasi-revision: revision; = Efmrg,t - nglmrg,t_l.
The average forecast revision provides information about the average agent annual fore-
cast after the inflow of information between periods t and ¢ — 1. Recent research (Coibion
and Gorodnichenko 2012, 2015a) has documented a positive co-movement between ex-ante

average forecast errors and average forecast revisions.*> Formally, the regression design is
forecast error; = Quey + Brey rEVision; + uy (C.4)

The error term now consists of the rational expectations forecast error and ﬁrev(Efflwt,l —
Eprrg) because forecasts horizons do not overlap. We therefore rely on an IV estimator,
using as an instrument the (log) change in the oil price.*6

Notice that a positive co-movement (Brev > 0) suggests that positive revisions predict
positive forecast errors. That is, after a positive revision of annual inflation forecasts, con-
sumers consistently under-predict inflation. The results, reported in the first column in
Table A.ix, suggest a strong violation of the FIRE assumption: the measure of informa-
tion frictions, By, is significantly different from zero. Agents underrevise their forecasts: a
positive [, coefficient suggests that positive revisions predict positive (and larger) forecast
errors. In particular, a 1 percentage point revision predicts a 1.012 percentage point forecast
error. The average forecast is thus smaller than the realized outcome, which suggests that
the forecast revision was too small, or that forecasts react sluggishly.

Following the previous analyses on inflation persistence, I assume that the break date is
1985:Q1. I test for the null of no structural break in inflation dynamics around 1985:Q1.47
We cannot the null of no break (p-value = 0.60). Following a similar structural break analysis
as in Section 2.1, I study if there is a change in expectation formation (stickiness) around the
same break date. Formally, I test for a structural break in belief formation around 1985:Q1

45. We used the first-release value of annual inflation, since forecasters did not have access to future revisions
of the data.

46. Coibion and Gorodnichenko (2015a) argue that oil prices have significant effects on CPI inflation, and
therefore are statistically significant predictors of contemporaneous changes in inflation forecasts and can

account for an importantshare of their volatility.
47. If we instead are agnostic about the break date(s), the test suggests that there is no such break.
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(1) (2)

All Sample  Structural Break

Revision 1.012%** 1.706*
(0.299) (1.018)
Revision X1 ;>4 —1.083
(1.066)
Constant —0.571*** —0.571***
(0.181) (0.180)
Observations 182 182

Standard errors in parentheses
*p<0.10, ** p < 0.05, *** p < 0.01

Table A.ix: Regression table

by estimating the following structural-break version of (C.4),
forecast error; = ey + (ﬂrev + 5rev*1{t2t*}) revision; + u, (C.5)

A significant estimate of (e« suggests a break in the information frictions. The results in

the second column in Table A.ix suggest that there is no structural break around 1985:Q1.

Results I calibrate the two information volatilities oy, and o5, to match jointly the em-
pirical evidence on forecast sluggishness in Tables I1I and A.ix. This results in oy, = 13.919
and o9, = 12.432 in the pre-1985 sample, and oy, = 16.566 and o9, = 0.015. In the pre-1985
period, the model-implied inflation first-order autocorrelation is p,; = 0.796. In the post-
1985 period, inflation persistence falls to 0.686. The fall is smaller because the output gap,
which is still intrinsically persistent because of households’ information frictions, reduces the
overall effect of the fall in firm information frictions. Comparing our model results to the
empirical analysis in Tables [ and II, I find that the noisy information framework can explain

around 50% of the point estimate fall.

D Persistence in NK Models

In this section I study the determinants of inflation persistence in a structural macro frame-
work. I show that the empirical findings documented in the previous section present a puzzle

in the NK model. I cover a wide range of NK frameworks and show that they cannot explain
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the fall in inflation persistence in an empirically consistent manner. Regarding volatility, I
show that its fall can be explained via a change in the monetary stance in the post-Volcker
era.

In the benchmark NK model, in which agents form rational expectations using complete
information, the demand (output gap) and supply side (inflation) dynamics are modeled as
two forward-looking stochastic equations, commonly referred to as the Dynamic IS (DIS) and
New Keynesian Phillips (NKPC) curves.*® Nominal interest rates are set by the Central Bank
following a reaction function that takes the form of a standard Taylor rule. The Central Bank
reacts to excess inflation and output gap and controls an exogenous component, v;, which
follows an independent AR(1) process which innovations are treated as serially uncorrelated
monetary policy shocks.

Inserting the Taylor rule (3.7)-(3.8) into the DIS curve (3.6), one can write the model as
a system of two first-order stochastic difference equations that can be solved analytically. In

particular, inflation dynamics satisfy

T = =YV = pmi_1 — Yro.E; (D-l)
where 1), satisfies,
K
(1= pB)o(1 = p) + &y + K(¢x — p)
and output gap dynamics are given by y, = —,v; = p—1 — Yy0.€;. Notice that inflation is

proportional to the exogenous shock. As a result inflation will inherit its dynamic properties
from the exogenous driving force.*® A final implication is that inflation is only eztrinsically
persistent: its persistence is determined by the v; AR(1) process’ persistence.

In order to explain the fall in inflation persistence and volatility I discuss each causal
explanation separately. First, I explore whether there has been a change in the structural
shocks affecting the economy. 1 show that these exogenous forces’” dynamics have been
remarkably stable since the beginning of the sample. Second, I investigate if a change in the
monetary stance around 1985:QQ1, for which Clarida et al. (2000) and Lubik and Schorfheide

(2004) provide empirical evidence, could have affected inflation dynamics. I show that the

48. The model derivation is relegated to Online Appendix F.

49. One can also notice that the benchmark model predicts that output gap and inflation are equally
persistent, and their dynamics will only differ due to the differential monetary policy shock impact effect,
captured by 1, and 1r. Another implication is that the Pearson correlation coefficient between output gap
and inflation is equal to 1, an aspect rejected in the data.
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change in the monetary stance can indeed explain the fall in volatility but has null or modest
effects on persistence. Finally, I explore if changes in intrinsic persistence, generated via
backward-looking assumptions on the firm side, have a sizeable effect on persistence. As in

the previous case, I show that these have only marginal effects.

D.1 Structural Shocks

I documented in Section 2.1 that inflation persistence and volatility fell in the recent decades.
The NK model suggests that such fall is inherited from a fall in the persistence of the
monetary policy shock process. I now seek to find evidence on the time-varying properties

of such persistence.

Persistence The challenge that the econometrician faces is that she does not have an

empirical proxy for v;. The monetary policy shocks estimated by the literature are not

serially correlated, and are therefore a better picture of the monetary policy shock g?.50:%1

However, one can use the model properties and rewrite the Taylor rule (3.7) using the AR(1)

properties of (3.8), as

iy = pig—1 + (Gr7e + OyYe) — p (Pt + OyYi—1) + 0cgf (D.3)

where the error term is the monetary policy shock.?? Hence, an estimate of the first-order

autoregressive coefficient in (D.3) identifies the monetary policy shock process persistence.”

I present here the structural break analysis and leave for Appendix B.2.1 the robustness
analysis. I test for a potential tructural break in the persistence of the nominal interest rate
process, described by (D.3), around 1985:Q1. I do this in two different ways. First, I use an

unrestricted GMM and estimate

b = + Qi Lgysey + piti—1 + pisti—1 Lz + v Xy +uy

50. In fact, the process v; is a model device engineered to produce inertia yet still allowing us to obtain a
closed-form solution. If inertia is directly introduced in the nominal interest rate equation, I would not be
able to obtain the closed-form solution (D.1) since the system would also feature a backward-looking term
whose coeflicients would depend on the roots of a quadratic polynomial.

51. For example, Romer and Romer (2004) use the cumulative sum of their estimated monetary policy
shocks to derive the IRFs.

52. Using the lag operator, I can write the monetary policy shock process (3.8) as vy = (1 — pL)~te?.
Introducing this last expression into (3.7), multiplying by (1 — pL) and rearranging terms, I obtain (D.3).

53. Our measure of the nominal rate will be the effective Fed Funds rate (EFFR), calculated as a volume-
weighted median of overnight federal funds transactions, and is available at daily frequency. I use the
quarterly frequency series.
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Panel A (1) (2)
Unrestricted GMM  Restricted GMM

Ti_1 0.939*** 0.931***
(0.0448) (0.0365)
ie—1 X L) —0.00261 —0.0537
(0.0591) (0.0632)
Constant 0.305 0.851**
(0.473) (0.373)
Constant X 1>+ —0.123 —0.813
(0.436) (0.559)
Observations 203 203
Panel B Romer & Romer
Pre 1985 Post 1985
Standard deviation 0.286 0.0923

HAC robust standard errors in parentheses
*p<0.10, ¥ p < 0.05, *** p < 0.01

Table A.x: Regression table

where X, is a set of control variables that includes current and lagged output gap and
inflation.®® I report our results in the first two columns of Table A.x Panel A. There is
no evidence for a decrease in nominal interest rate persistence (and thus, monetary shock
process persistence) over time. Notice however that monetary shock persistence plays a dual
role in (D.3), since it also affects lagged output and inflation. As a robustness check, I
estimate the structural break version of (D.3) using a restricted-coefficient GMM, reported
in the last two columns in Table A.x Panel A. Our findings are similar.

This set of results is inconsistent with the NK model, since the model suggests that the
empirically documented fall in inflation persistence can only be explained by an identical fall

in nominal interest rates persistence.

Additional Structural shocks In the model studied above I only considered monetary
policy shocks, but it could be the case that other relevant shocks have lost persistence in
recent decades and could thus explain the fall in inflation persistence. I additionally consider

54. The instrument set includes four lags of the Effective Fed Funds rate, GDP Deflator, CBO Output

Gap, labor share, Commodity Price Inflation, Real M2 Growth and the spread between the long-term bond
rate and the three-month Treasury Bill rate.
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Panel A: Model Model

Persistence Pre 1985 Post 1985
Monetary 0.50 0.50
Add technology & cost-push 0.80 0.80

Panel B: Data

First-Order Autocorrelation Pre 1985 Post 1985
Technology Shocks 0.934 0.980
Cost-push Shocks 0.933 0.913

Table A.xi: Summary

demand (technology) and supply (cost-push) shocks. In this case inflation dynamics follow

Ty = 7~/}7r'u'Ut + l/Jwaat + ¢7ruut (D4)

where a; is the technology shock, u; is the cost-push shock, 1, for € {v,a,u} are scalars
that depend on model parameters, defined in Online Appendix G, and shock processes follow
respective AR(1) processes x; = p,x;_1 + 7. Using different measures of technology shocks
from Fernald (2014), Francis et al. (2014), and Justiniano et al. (2011) and cost-push shocks
from Nekarda and Ramey (2010), I show in Online Appendix G that there is no empirical
evidence for a fall in their persistence. Additionally, I find that an increase in ¢, from 1 to
2, as the one documented by Clarida et al. (2000), can only generate a fall of 0.003% in the

first-order autocorrelation. Therefore, I can rule out this explanation.

D.2 Monetary Stance

We now consider exogenous changes in the reaction function of the monetary authority. Let
us first consider the benchmark framework, with inflation dynamics described by (D.1). I
already argued that changes in the policy rule do not affect inflation persistence. Let us
now consider extensions of the benchmark model that could explain the fall in inflation
persistence. I begin by considering a hypothetical change in monetary policy, conducted via
the Taylor rule (3.7)-(3.8). The previous literature has considered the possibility of the Fed
conducting a passive monetary policy before 1985, which in the lens of the theory would
lead to multiplicity of equilibria. For example, Clarida et al. (2000) document that the
inflation coefficient in the Taylor rule was well below one, not satisfying the Taylor principle.
Lubik and Schorfheide (2004) estimate a NK model under determinacy and indeterminacy,

and argue that monetary policy after 1982 is consistent with determinacy, whereas the pre-
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Volcker policy is not. I study if this change in the monetary stance could have affected
inflation persistence. I find that inflation dynamics are more persistent in the indeterminacy
region, with an autocorrelation of 0.643, falling to 0.5 in the determinacy region after the mid
1980s. This could explain more than 50% of the overall fall in inflation persistence. Another
interesting result is that, even in the case of multiple equilibria arising from non-fundamental
sunspot shocks, the first-order autocorrelation coefficient is unique.

The second extension that I inspect is optimal monetary policy under discretion. I show
that an increase in ¢, can be micro-founded through a change in the monetary stance in
which the central bank follows a Taylor rule in the pre-1985 period, while it follows optimal
monetary policy under discretion in the post-1985 period. In such case, inflation dynamics
follow (D.4) in the pre-1985 period, and m = p,m_1 + Y} in the post-1985 period, where
g is a positive scalar that depends on deep parameters and inflation persistence is inherited
from the cost-push shock. Compared to the pre-1985 dynamics, described by (D.4), there is
no significant change in inflation persistence: in the pre-period, model persistence is around
0.80,% while in the post-period persistence is around 0.80.%% Therefore, such change in the
policy stance would have generated an increase in inflation persistence, which rules out this
explanation.

Consider the benchmark NK model with optimal monetary policy under commitment.
Under commitment, the monetary authority can credibly control households’ and firms’
expectations. In this framework, inflation dynamics are given by m, = p.m;_1 + . Auy, where
pe and 1), are positive scalars that depend on deep parameters, Au; = u; — u;_q is the
exogenous cost-push shock process, with p. governing inflation intrinsic persistence. Using
a standard parameterization I find that p. = 0.310, which suggests that this framework,
although it produces an excessive fall in inflation persistence, could explain its fall. Its main
drawback is that its implied Taylor rule in the post-1985 period would require an increase in
¢, from 1 to 4.5, as I show in Online Appendix G, which is inconsistent with the documented

evidence in table A.x Panel A.

D.3 Intrinsic Persistence

The main reason for the failure in explaining the change in the dynamics in the benchmark
NK model is that the endogenous outcome variables, output gap and inflation, are propor-
55. Measured by the first-order autocorrelation of (D.4).

56. The estimated persistence of cost-push shocks, p,, is constant throughout both periods, as I document
in Table OA 4.
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Model
Persistence Pre 1985 Post 1985

Indeterminacy 0.643 0.5
Discretion 0.799 0.800
Commitment 0.799 0.400

Table A .xii: Summary

tional to the monetary policy shock process and thus inherit its dynamics. This is a result of
having a pure forward-looking model, which direct consequence is that endogenous variables
are not intrinsically persistent, and its persistence is simply inherited from the exogenous
driving force and unaffected by changes in the monetary stance. I therefore enlarge the stan-
dard NK model to accommodate a backward-looking dimension in the following discussed
extensions, including a lagged term in the system of equations.

I consider a backward-looking inflation framework, “micro-founded” through price in-
dexation. In this framework, a restricted firm resets its price (partially) indexed to past
inflation, which generates anchoring in aggregate inflation dynamics. In such framework,
inflation dynamics are given by m = p,m_1 + ¥,v;. In this framework inflation intrinsic
persistence is increasing in the degree of price indexation w, as I show in Online Appendix
G. A fall in the degree of indexation could explain the fall in inflation persistence. However,
the parameterization of such parameter is not a clear one. Price indexation implies that
every price is changed every period, and therefore one could not identify the Calvo restricted
firms in the data and estimate w. As a result, the parameter is usually estimated using ag-
gregate data and trying to match the anchoring of the inflation dynamics, and its estimate
will therefore depend on the additional model equations. Christiano et al. (2005) assume
w = 1. Smets and Wouters (2007) estimate a value of w = 0.21 trying to match aggregate
anchoring in inflation dynamics. It is hard to justify a particular micro estimate for w, since
it is unobservable in the micro data.’” A counterfactual prediction in this framework is that
all prices are changed in every period, in contradiction with the empirical findings in Bils
and Klenow (2004) and Nakamura and Steinsson (2008). As a result, one cannot credibly
claim that w is the causant of the fall in inflation persistence, since it needs to be identified
from the macro aggregate data, which makes unfeasible to identify w and the true inflation
persistence separately. Finally, I find that a change in the monetary policy stance has now

a significant effect on inflation persistence: a change of ¢, from 1 to 2 produces a fall in the

57. One would need to identify the firms that were not hit by the Calvo fairy in a given period, yet they
change their price.
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Model
Persistence Pre 1985 Post 1985
Price indexation 0.90 0.87
Trend inflation 0.91 0.84

Table A .xiii: Summary

first-order autocorrelation of inflation from around 0.895 to 0.865. However, is not enough
to produce the effect that I observe in the data.

Our last extension is to include trend inflation, for which the literature has documented
a fall from 4% in the 1947-1985 period to 2% afterwards (see e.g., Ascari and Sbordone 2014;
Stock and Watson 2007). Differently from the standard environment, I log-linearize the
model equations around a steady state with positive trend inflation, which I assume constant
within eras. Augmenting the model with trend inflation creates intrinsic persistence in the
inflation dynamics through relative price dispersion, which is a backward-looking variable
that has no first-order effects in the benchmark NK model. Inflation dynamics are now given
by m = praimi—1 + pr2Ti—2 + V10 + Yz 20,1, Where persistence is increasing in the level
of trend inflation. I therefore investigate if the documented fall in trend inflation, coupled
with the already discussed change in the monetary stance, can explain the fall in inflation
persistence. Although in the correct direction, I find that the fall in trend inflation and the
increase in the Taylor rule coefficients produce a small decrease in intrinsic persistence, from
0.91 to 0.84.

E History of Fed’s Gradual Transparency

Fed’s actions have become more transparent over time. Before 1967 the FOMC only an-
nounced policy decisions once a year in the Annual Report. The report also included the
Memoranda of Discussion (MOD) containing the minutes of the meeting, released with a
5 year lag since 1935. In 1967, the FOMC decided to release the directive in the PR, 90
days after the decision. The rationale for maintaining a delay was that earlier disclosure
would interfere with central bank best practice due to political pressure, both from the Ad-
ministration and from the Congress. In a letter from Chairman Burns to Senator Proxmire
on August 1972, Burns enumerated six reasons for deferment of availability. Among them,
Burns argued that earlier disclosure could interfere with the execution of policies, permit
speculators to gain unfair profits by trading in securities, foreign exchange, etc., result in

unwarranted disturbances in the asset market, or affect transactions with foreign govern-
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ments or banks. In the same letter Burns hypothesised with reducing the delay shorter than
90 days, although stressing that a few hours/days delay would harm the Fed.

In March 1975 David R. Merril, a student at Georgetown University, requested current
MOD to be disclosed based on the Freedom of Information Act (FOIA). Congressman Pat-
man supported this initiative, and officially asked Chairman Burns for the unedited MOD
from the period 1971-1974. Burns declined to comply with the request.’® At the same time,
the FOMC formed a subcommittee on the matter, which suggested to cut back substantially
on details about the members’ forecasts and to allow each member to edit the minutes, but
discouraged eliminating the MODs. In May 1976, concerned about the chance of premature
disclosure, the FOMC discontinued the MOD arguing that it had not been a useful tool.??:69
The decision increased the ire of several critics of the Fed. In the coming years the Congress
took several actions to protect the premature release of the minutes, in order to convince
the Fed to reinstate the MOD, with no success. Contemporaneously to these events, in May
1976 the PR increased its length (expanded to include short-run and long-run members’
forecasts) and reduced the delay to 45 days, shortly after the next (monthly) meeting.

Merrill’s lawsuit included the request for an immediate release of the directive (the Fed
decision). On November 1977 the Court of Appeals for the District of Columbia ruled in
Merrill’s favor on this regard. In January 1978, Burns asked Senator Proxmire for legislative
relief from the requirement. Finally, in June 1979 the Supreme Court ruled in the FOMC
favor.

Between 1976 and 1993 the information contained in the PR was significantly enlarged,
without further changes in the announcement delay. In November 1977 the Federal Reserve
Reform Act officially entitled the Fed with 3 objectives: maximum employment, stable prices
and moderate long-term interest rates. In July 1979, the first individual macroeconomic
forecasts on (annual) real GNP growth, GNP inflation and unemployment from FOMC
members were made available. During this period, the Fed was widely criticised for the rise
in inflation (see Figure 1). The FOMC stressed in their communication that the increase
in inflation was due to excessive fiscal policy stimulus (see Figure A.10a) and the cost-push
shock on real wages coming from the increased worker unionization (see Figure A.10Db).

From October 1979 to November 1989 the policy instrument changed from the fed funds

58. The letter exchange is available at Lindsey (2003), pp. 11-15.

59. Robert P. Black, former president of the Richmond Fed that served at the FOMC, explained years later
that “I did it for the fear that Congress would request access quite promptly” (see Lindsey (2003), p. 22).

60. Whether meetings were still recorded was unclear to the public, until Chairman Greenspan revealed
their existence in October 1993, causing a stir.
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Figure A.10: Time series.

rate to non-borrowed reserves (M1, until Fall 1982) and borrowed reserves (M2 and M3,
thereafter), respectively. In the early 1980s the Fed had not stablished an inflation target
yet. Instead, the focus was on stabilizing monetary aggregates, M1 growth in particular.
However, frequent and volatile changes in money demand made it particularly challenging for
the Fed to deliver stable monetary aggregates. The aspects of these operational procedures
were not explained to the public during 1982.

The “tilt” (predisposition or likelihood regarding possible future action) was introduced
in the PR in November 1983. Between March 1985 and December 1991 the Fed introduced
the “ranking of policy factors”, which after each meeting ranked aggregate macro variables
in importance, signaling priorities with regard to possible future adjustments. During this
period the FOMC members started discussing internally the possibility of reducing the delay
of announcements. An internal report from November 1982 summarizes the benefits, calling
for democratic public institutions, reducing the criticism due to excessive secrecy, and the
induced misallocation of resources by firms, somehow forced to hire “Fed watchers”. Yet,
the cons, which remained similar as those expressed in 1972. In fact, Chairman Volcker
defended the Fed’s translucent policy in two letters to Representative Fauntroy in August
1984 and Senator Mattingly in July 1985.

Until then, the FOMC had been successful in convincing politicians and the judicial
system that its secrecy was grounded in a purely economic rationale, and was not the result of
an arbitrary decision. The first critique from the academic profession came from Goodfriend
(1986), which argued that opaqueness reduces the power of monetary policy by distorting

agents’ reactions. Cukierman and Meltzer (1986) formalize a theoretical framework in which
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credibility and reputation induce rich dynamics around a low-inflation steady state. Blinder
(2000) and Bernanke et al. (1999) stressed the benefits of a more transparent policy, such as
inflation targeting. Faust and Svensson (2001) build a framework in which the Central Bank
cares about its reputation, and identify a potential conflict between society and the Central
Bank: the general public wants full transparency, while the Central Bank prefers minimal
transparency. Faust and Svensson (2002) extend their results by endogeneizing the choice
of transparency and the degree of control that the Central Bank has.

After the successful disinflation episode in the mid 1980s the Fed gained reputation,
not fearing criticism of further tightening in the policy stance. As a result the FOMC was
subject to little political interference, which together with the criticism coming from the
academic profession led them to increase transparency. The minutes, a revised transcript
of the discussions during the meeting, were reintroduced into the PR in March 1993 under
Chairman Greenspan. In 1994 the FOMC introduced the immediate release of the PR after
a meeting if there had been a decision, coupled with an immediate release of the “tilt” since
1999. Since January 2000 there is an immediate announcement and press conference after

each meeting, regardless of the decision.
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Online Appendix
F Model Derivation

F.1 Derivation of the General New Keynesian Model
F.1.1 Households

There is a continuum of infinitely-lived, ex-ante identical households indexed by i € Z;, =

0, 1] seeking to maximize

Eio Z BU(Cy, Nir) (F.1)
=0

where utility takes a standard CRRA shape U(C,N) = Cl; — ]\17_1::. Notice that I relax
the benchmark framework and assume that households might differ in their beliefs and their

expectation formation. Furthermore, the consumption index Cy; is given by

€

Cit - ( th )
Ly

with C}j; denoting the quantity of good j consumed by household ¢ in period ¢, and e denotes

the elasticity between goods. Here I have assumed that each consumption good is indexed
by j € Zy = [0,1]. Given the different good varieties, the household must decide how to
optimally allocate its limited expenditure on each good j. A cost-minimization problem

yields

P\ °
Oz(?) Cit (F.2)

1

where the aggregate price index is defined as P, = ( fI P1 ‘d ) o Using the above condi-

tions, one can show that
/ Pthijt dj = Ptcit
Iy

I can now state the household-level budget constraint. In real terms, households decide

how much to consume, work and save subject to the following restriction

Cit + Bit = Ri_1Biy—1 + W[/ Ny + Dy (F.3)
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where NV;; denotes employment (or hours worked) by household i, B;; denotes savings (or
bond purchases) by household i, R;_; denotes the gross real return on savings, W, denotes
the real wage at time ¢, and D; denotes dividends received from the profits produced by

firms. The optimality conditions from the household problem satisfy

OZ';J = 5Eit (RtCthiJ
CalNg = Ea Wy

Let us now focus on the budget constraint. Define A;; = R;_1B; ;1 as consumer ¢’s initial

asset position in period ¢t. Rewrite (F.3) at ¢ + 1
City1 + Bipp1 = ByBiy + W/ Ny + Dy (F.4)
Combining (F.3) and (F.4) I can write
Cit + (Cit1 + By )Ryt = Ay + W Ny + Dy + (W[ 1 Nii1 + Dyt )Ry

Doing this until ¢ — oo I obtain

DI ST RIS ) | et

k=0 j= k=0 j=1

t+szt+k: + Dt+k)

Rt+y 1 Rt+] 1

Log-linearizing the above condition around a zero inflation steady-state I obtain
ZﬁkCin = ay + Z 5k(w:+k + nitJrk) + (1 - Qz) Zﬁkdt+k (F5>
k=0 k=0 k=0

where a lower case letter denotes the log deviation from steady state, i.e., x; = log X; —log X,
except for the initial asset position, defined as a;; = A;;/C;; and ©; denotes the labor income
share for household 1.

The optimal intratemporal labor supply condition can be log-linearized to

Eqw; = ociy + pni (F.6)
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and the intertemporal Euler condition can be log-linearized to
1
Cit = —EEitTt + EitCit1 (F.7)

where I define the ex-post real interest rate as r; = 4, — 7.
I want to obtain the optimal expenditure of household 7 in period ¢ as a function of the
current a future expected wages, dividends and real interest rates. Using (F.6) and taking

expectations, I can rearrange (F.5) as
ok ok Lt . o ok
Z B EitCit1r = air + §2; Z BEit | ——wy i — —Citrr | + (1 =) Z B Eirdyt i,
k=0 k=0 v ¥y k=0

o N Gl+y) | (1-e
= oot +) B*Ea [ﬁwt—kk + <<,0—|——O'S;dt+k (F.8)

Let us now focus on the left-hand side. Taking individual expectations, I can rewrite it

as y g B*Eiscis k. Keeping this aside, I can rearrange (F.7) as
Eitcitr1 = cip + —Eyry
o
Iterating (F.7) one period forward, I can similarly write
1
Eitcit1o = ci + ;Eit(rt +7reg1)

and, for a general k,

1 E
EitCitrr = it + p E Eitrey;

§=0
That is, I can write
iﬂkE Cit+k = iﬂkc» +l§:zk:ﬁk]E~r ;
2 it Cit+ 2 it R itTt+j

_ L BN g,
- 1—50Zt+ 0_(1 _5) kzzoﬁ Eztrt-i-k
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Inserting this last condition into (F.8), I can write

> i(1 1— 1—Q)e(1 —
Cit = —§ > B Eiri + 7 azt + Z B*Ey { +f)<9 ﬁ)w:—i-k + ( - j_SDU(Q b dt+k:|

Aggregating, using the fact that assets are in zero net supply, fIh a;e di = ay = 0,

_3)_ — Dol —B8)—
ZB’“E meﬂ’“[ A B ute + S Bl (k)

where E?() =

7 E;:(+) di is the average household expectation operator in period t.

F.1.2 Firms

As in the household sector, I assume a continuum of firms indexed by j € Z; = [0, 1]. Each
firm is a monopolist producing a differentiated intermediate-good variety, producing output
Y;: and setting nominal price Pj; and making real profit Dj;. Technology is represented by

the production function
}/}'t - Athltia (FlO)

where A; is the level of technology, common to all firms, which evolves according to
ay = pPaai—1 + € (F.11)

where ¢ ~ N(0, 02).

Aggregate Price Dynamics As in the benchmark NK model, price rigidities take the
form of Calvo-lottery friction. At every period, each firm is able to reset their price with
probability (1 —6), independent of the time of the last price change. That is, only a measure
(1 — 0) of firms is able to reset their prices in a given period, and the average duration of
a price is given by 1/(1 — ). Such environment implies that aggregate price dynamics are

given (in log-linear terms) by

T = /I T dj = (1 —10) [/I P dj —Pt1] =(1-0)(p; —pi—1) (F.12)
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Optimal Price Setting A firm re-optimizing in period ¢ will choose the price P}, that
maximizes the current market value of the profits generated while the price remains effective.

Formally,

* - ]'
Pjt = arg H}D?;X kzg ekEjt {At,tJrkm [Pjth,tJrklt - Ct+k(Yj,t+jlt>} }

subject to the sequence of demand schedules

where Ay p = S* (th—“:’“)i is the stochastic discount factor, C;(-) is the (nominal) cost

function, and Y} 4, denotes output in period ¢ + £ for a firm j that last reset its price in
period t. The First-Order Condition is

°© 1
Z QkEjt |:At,t+kY‘,t+ktP_ (Pj*t - M‘Iljvt‘f'kﬁ) =0
om0 t+k

€
e—1°

Log-linearizing around the zero inflation steady-state, I obtain the familiar price-setting rule

where W, i pe = Cp 1 (Yje4j1¢) denotes the (nominal) marginal cost for firm j, and M =

p;t = (1-p6) i(ﬁ&)kEﬁ (¢j,t+k|t + M) (F.13)

k=0

where ;e = log ;4 and p = log M.

F.1.3 Equilibrium

Market clearing in the goods market implies that Y;, = C}; = fIh Cije di for each j good/firm.
Aggregating across firms, I obtain the aggregate market clearing condition: since assets are
in zero net supply and there is no capital, investment, government consumption nor net

exports, production equals consumption:

Zy Iy J Iy

Aggregate employment is given by the sum of employment across firms, and must meet
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aggregate labor supply

Nt:/ Nztd’l:/ thdj

Using the production function (F.10) and (F.2) together with goods market clearing

1 1 €
B () ()
Ne=| (2}  a=(=t kL d
t,L(At 7= \4, 5 \ P J

Log-linearizing the above expression yields to

1
11—«

ny =

(yr — ar) (F.14)

The (log) marginal cost for firm j at time ¢ + k|t is

?/Jj,t+k|t = Wi — MPNj 4kt

= Witk — (G — Ny pypp +1og(1 — )]

where mpn;;; and n; k, denote (log) marginal product of labor and (log) employment
in period t + k for a firm that last reset its price at time ¢, respectively.

Let ¢y = fIf Y denote the (log) average marginal cost. I can then write
Uy = wy — [ay — any + log(1 — a)]
Thus, the following relation holds

Vjiaklt = Yok + (Njegrle — ey

= Yipr + (yjt+k|t — Yiik)

11—«
ove

= Yerr = 7 (D5 — Pre) (F.15)

Introducing (F.15) into (F.13), I can rewrite the firm price-setting condition as

e}

Py = (1 —50) Z(ﬁe)kEjt (Pe+k — Ofterk)

k=0

where i = pu; — p is the deviation between the average and desired markups, where p;, =
—(tr — pr), and © = ===

l—a+ae”
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Individual and Aggregate Phillips curve Suppose that firms observe the aggregate

prices up to period t — 1, p'~!, then I can restate the above condition as
o0 oo
Pj — 1 = —(1—p0)© Z "Eirilein + Z(ﬁe)kEtht-i-k
k=0 =

Define the firm-specific inflation rate as 7;; = (1 —0)(pj, — ps—1). Then I can write the above

expression as

T = —(1—0)(1 — o) @Z "Ejifiesr, + (1 —0) Z Ejimeqk
k=0

M8 H

= (1= 0)Eu[m — (1 — 50)Ofu] + SOE;, {(1 0) > (B0 [masn — (1 - 59)9ﬂt+1+k]}

k=0

Mg

= (1 = 0)Ej[m — (1 — 80)Ofu] + BOE; {(1 0) > (BOEjeialmprsn — (1 - 59)@ﬂt+1+k]}

B
Il

0
—(1 — 9)(1 — 60>@E]t,&t + (1 — G)Ejtﬂt + 59Ejt7rj,t+1 (F16)

where m; = fI it dj.

Note that I can write the deviation between average and desired markups as

—
=Pt — wp+wp — Py
= —(w; — py) + wy — [wy — ap + ang — log(1 — )]
—(oy, + ony) + [ay — ang + log(1 — «)]

+ 1+
——(o+2 Ys + (’Oat+log(1—a)
l—-a 11—«

As in the benchmark model, under flexible prices (§ = 0) the average markup is constant
and equal to the desired p. Consider the natural level of output, y;' as the equilibrium
level under flexible prices and full-information rational expectations. Rewriting the above

condition under the natural equilibrium,

+ « 1
M:_(O+S0 )y?-f-

+
T 1_Ziat%—log(l—oz)
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which I can write as

yf = 77ZJyaat + %

where ¢y, = (,(1,1;% and ¢, = 1= 08[“ a)lig@(iaa)] Therefore, I can write

R +a)
Mt:—(U‘i‘f )yt
-«

where g, = y; — y;' is defined as the output gap. Finally, I can write the individual Phillips

curve as
Y+ -
7Tjt = (1 — 9)(1 — 69)@ (0' + E) Ejtyt + (1 — Q)Ejtﬂ't + 69Ejt7ri,t+l
= K@Ejtgt + (1 — G)E]‘tﬂt -+ BeEjtﬂ-i,t—&—l (Fl?)
where Kk = MG (0 + ‘p+°‘) and the aggregate Phillips curve can be written as
7@:w§]m)t%%+1— ) > (86)" E mp (F.18)
k=0

Individual and Aggregate DIS curve In order to derive the DIS curve, let us first
log-linearize the profit of the monopolist. The profit D, of monopolist j at time ¢ is

1

Djt - Pt (P Y Wtht)
P.
- ?jttyjt W{ Nji

Log-linearizing around a zero-inflation steady state

r

P

P
Djdjy = =LY (pjr + yje — pr) —

R Nj(wy + nj)

Aggregating the above expression across firms

W'N, D
Y = % (U)t + nt) -+ ?dt
— Q) + 1) + (1 - Q)d, (F.19)
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Aggregating the labor supply condition (F.6) across households, and using the goods market

clearing condition
wy = oy + pny

Inserting the above condition in (F.19), I can write

Q1 +90)wr+ (1- Q)wd

- 0+Qo ' p+Qo !

Introducing this last expression into the aggregate consumption function (F.9), using again

the goods market clearing condition

Z BEE; Tk + (1 — Z BYEL vy sk (F.20)

Let us now derive the DIS curve. Substracting the natural level of output from (F.20), I

obtain
~ 6 > k=h n i k=h ~
o= =S B e — 1)+ (1= )Y Pl (F21)
k=0 k=0

I now need to derive an expression for the natural real interest rate. Recall that in a natural

equilibrium with no price nor information frictions, the natural real interest rate is given by

n

T = UEtA?J?H
=0 @DyaEtAatﬂ
= U%a(ﬂa - 1)at (F22)

Finally, the aggregate DIS curve is given by

—g Z ﬁkE?(lt+k — Toqht1) + (1= B) Z ﬁkE?gt-Hc — Yya(l = pa) Z 5’“@?@,5%,
k=0 k=0 k=0
(F.23)

Notice that in this case there is no direct individual DIS curve. However, one can show
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that the following consumption function
Cit = _gEitrt + (1 = B)Eice + BEyci i1 — Yya(1 — pa)Eipar,  with ¢, = /Cit di (F.24)

is equivalent to (F.23) provided that limp_, BT]Eitci,HT, which is broadly assumed in the

literature given 8 < 1.

Monetary Authority The model is closed through a Central Bank reaction function.
Following Taylor (1993, 1999) I model the reaction function in terms of elasticities. The
Central Bank reacts to excess inflation and output gap through a set of parameters {¢,, ¢, }.
On top of that, the monetary authority controls an exogenous component, v;, which I model
in reduced-form as an AR(1) process to account for interest rate inertia and depends on
monetary shocks e/ ~ N(0,02) that are serially uncorrelated. Formally, T can write the
Taylor rule as (3.7)-(3.8).

F.1.4 Discussion on Model Derivation and FIRE

Notice that throughout the model derivation I have not discussed how are beliefs and expec-
tations formed. Therefore, the model derived above, consisting of equations (F.23), (F.18),
(3.7), (3.8) and (F.11), should be interpreted as a general framework.

Under the assumption that expectations satisfy the Law of Iterated expectations,
Ei[Eiix(-)] = Ei(+) for k > 0, and that they are common across agents, Ef() = E{() =E(),

I can write the model in its usual form

1

Yy = —;(it — Etﬂt+1) + EYry1 + ¢ya(pa - l)at

T = K + SEym
together with (3.7), (3.8) and (F.11).
F.2 The (FIRE) Trend-Inflation New Keynesian Model

F.2.1 Households

There is a continuum of infinitely-lived, ex-ante identical households indexed by ¢ € Z;, =

0, 1] seeking to maximize
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Eq Zﬁt (F.25)

where utility takes a standard CRRA shape U(C,N) = Cl:: — %. Furthermore, the

consumption index Cj is given by

€

Cit = (/ Oz]t dj)
Ly

with C}j; denoting the quantity of good j consumed by household ¢ in period ¢, and e denotes
the elasticity between goods. Here I have assumed that each consumption good is indexed
by j € Zy = [0,1]. Given the different good varieties, the household must decide how to
optimally allocate its limited expenditure on each good j. A cost-minimization problem

yields

P\
t

1

where the aggregate price index is defined as P, = ( fI P1 ‘d ) T Using the above condi-

tions, one can show that

/ Pthijt dj = PtCit
Iy

I can now state the household-level budget constraint. In real terms, households decide

how much to consume, work and save subject to the following restriction

I
@+m_ﬁwwﬁ%wﬁat (F.27)
t

where N;; denotes employment (or hours worked) by household i, B;; denotes savings (or bond
purchases) by household i, I;_; denotes the gross nominal return on savings, I, = P,/P,_,
denotes gross inflation rate at time ¢, W/, denotes the realwage received by household ¢ at
time ¢, and D;; denotes dividends received by household 7 from the profits produced by firms.
In order to avoid a potential Grossman-Stiglitz paradox, I follow the literature and noise up
individual wages and dividends, so that agents cannot infer aggregate wages and output from
their individual measure. Formally, I assume that wages and dividends have an aggregate
and an iid idiosyncratic component, such that X;; = X;(;;. The optimality conditions from

the household problem satisfy
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_ Ry )
.’ =pE, | —C 72

1t ﬁ t (Ht+1 Z,t“rl
N7 =w,C;°

Aggregating across households and log-linearizing the above conditions around a steady state
with trend inflation I find

1 .
vy = Ky — ;(Zt - ]Etﬂ'tJrl)

wi = pn + oy (F.28)
where x; = log X; — log X.

F.2.2 Firms

As in the household sector, I assume a continuum of firms indexed by j € Z; = [0, 1]. Each
firm is a monopolist producing a differentiated intermediate-good variety, producing output
Yj+ and setting nominal price P;; and making real profit Dj;. Technology is represented by

the production function
Vi = ANj (F.29)

where A; is the level of technology, common to all firms, which evolves according to
ay = paai_1 + ¢ (F.30)

where ¢ ~ N (0, 02).

Aggregate Price Dynamics As in the benchmark NK model, price rigidities take the
form of Calvo-lottery friction. At every period, each firm is able to reset their price with
probability (1 — 6), independent of the time of the last price change. However, a firm that is

unable to re-optimize gets to reset its price to a partial indexation on past inflation. Formally,

- w
Bje = Pyl
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where w is the elasticity of prices with respect to past inflation. As a result, a firm that last

reset its price in period ¢ will face a nominal price in period ¢ + k of P} x¢ 4%, where

Xtttk = 1 g Nb/RR I PR | NN i
" 1 it k=0

Such environment implies that aggregate price dynamics are given by

1
1—e

P = [ P (- 0)(P) ]
Dividing by P, and rearranging terms, I can write

1
1—e

P | 1— om0
P, 1—96

Log-linearizing the above expression around a steady-state with trend inflation I obtain

Qﬁ(efl)(lfw)

p;t — Pt = 1 N eﬁ_(g_l)(l_w) (ﬂ—t - Wﬂ-t—l) (Fv?)l)

Optimal Price Setting A firm re-optimizing in period ¢ will choose the price P}, that
maximizes the current market value of the profits generated while the price remains effective.

Formally,

* . 1
-Pjt = arg HlljaX g QkEjt {At,t+k—P [Ptht,tJrij,tJrk\t - Ct+k(Yj,t+j\tﬂ }
it o t+k
subject to the sequence of demand schedules

PiiXeork )
Vs = (2255) gy

where Ayp = " (Cé—f“)_ is the stochastic discount factor, Ci(-) is the (nominal) cost

function where

Ct+lc - Wt+kNj,t+k|t
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1
Yjitre ) T
Apvk
and Y,y denotes output in period ¢ + k for a firm j that last reset its price in period ¢.
The First-Order Condition is

o0
Z O E {At,t-i-k

k=0

Py, Pip \ Apyr Py

where W, e = Cp 1 (Yt4j¢) denotes the (nominal) marginal cost for firm j,

1—a 1 a
‘:‘[}j,t—l—k\t = 1— At+k Wt-l—kY; t+k[t

The FOC can be rewritten as

1 €
() Wi Yjiprpe | 1o S 1-a
e 1 BET M () ()
(‘Plt) 1o - M 1 — o 1—e¢
Ei> re o0 Ak (X;t’:;k> Ytk
€ o : 1_1(126(! 1_E+ﬁ 1—e ﬁ
where M = —5. Diving the above expression by P, =P, =P P,
1 €
—ateon A Y;, Ta ( -l “1-a
(p;) igtee B 1 E Zk 0 OF A, -k Vlzt:: (%) ' <Xt,t+k Ht)
¢ Er > o0 At ik <Xt7t+°7€ Ht) Y ikt
M U,
= — F.32
1l—a CI’t ( )
where the auxiliary variables are defined, recursively, as
) 1— a(la a) _ Wt+k _ T
= 2(59) Jittklt At+llc P— ( tt+k Ht)
o t+k
Wt 1 1— U(l—a) 1
AT e R, [HM xpm] (F.33)
1-w 1—e¢
¢, = Z(B@)kyjltﬁgu (Xt t+k Ht)
ji
o w(l—e
=V + BOIL IR, [T 0] (F.34)
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epsilon Log-linearizing (F.32), (F.33) and around a steady state with trend inflation yields,

respectively
l-—a+tea,

Ur — dp = ﬁ(pjt —pt) (F.35)

_e(=p) , 1 l-—0(l—-«

wt:[l_eﬁw l—a] wh — ar + ( )yt
l -« 1l -«

e(l—w) € we

-+ (9577’ - Etthrl + Etﬂ-tJrl — Tt (F36)
-« -«

qbt = [1 — 9&7_7'(671)(17(”)} (1 - O')yt + 857_1'(671)(17&)) [W(l — 6)7'('15 + Et¢t+1 + (6 - 1)Et7Tt+1]
(F.37)

F.2.3 Equilibrium

Market clearing in the goods market implies that Y;;, = C}; = fIh Cij;i di for each j good/firm.
Aggregating across firms, I obtain the aggregate market clearing condition: since assets are
in zero net supply and there is no capital, investment, government consumption nor net

exports, production equals consumption:

Aggregate employment is given by the sum of employment across firms, and must meet

sy Is

Using the production function (F.29) and (F.26) together with goods market clearing

aggregate labor supply

N
_(E) s, (F.38)

where S; is a measure of price dispersion and is bounded below one (see Schmitt-Grohe and
Uribe (2005)). Price dispersion can be understood as the resource costs coming from price

dispersion: the smaller S;, the larger labor amount is necessary to achieve a particular level
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of production. In the benchmark model with no trend inflation, I =7 =1 and S; does not
affect real variables up to the first order. Schmitt-Grohe and Uribe (2005) show that relative

price dispersion can be written as

P* e _ew e
Sy =(1-0) (FJ;) + 011, o117 S (F.39)
Log-linearizing (}.38) and (F.39) around a steady state with trend inflation I can write,
respectively
1
ng = S + m(yt — at) (F40)
€ c-w)\ , _e-w) ew €
S = —1 — (1 — 7 1= ) (p]t _pt) + 07 1o (—1 — Oé?'('tfl + 1_ aﬂ't -+ Stl) (F41)

Aggregate DIS and Phillips Curves Combining the intratemporal labor supply condi-

tion (F.28) and the production function (F.40), I can write real wages as

ptol—a) ¢
l-a " 1-4a

w, = ps; + ay (F.42)

Combining the optimal price setting rule (F.35) and the aggregate price dynamics con-

dition (F.31), denoting A, = m, — wm_1, I can write ¢, in terms of A,

l—a+er OrleD0-w
l—a 1—0rlDl-w)

O = b — Ay (F.43)

Combining the price dispersion dynamics (F.41) and the aggregate price dynamics condi-
tion (F.31), I can write current price dispersion as a backward-looking equation in inflation
and price dispersion. This equation, which does not affect real variables in the benchmark

model, will be key in order to generate anchoring,

€ _el—w) G (e-D-w) ell—w) €
St = — (1 — O 1 > 1_ 07?(6_1)(1_“]) At + Or 1=a <1 At -+ St—l)

11—« ~
€ c1=w) eﬁ(e_l)(l_w) e(1-w) e(l—w)
- 1-a {(1 B 6%ﬁ> 1 — Orle—DA-w) Om 1= } Ap+ 07 =275
€ 0—x
= Ay + s
T _al_y oo
e(l—w)

where §(7) = 07 == , x(7) = gD,
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Inserting the real wage equation (F.42) into the net present value of marginal costs (F.36)

_e1-p) 1+ _el-w) €
Py = [1 — 0BT 1=a ] |:§05t + —90<Z/t — at)] +0p7 1=a (Etthrl + 1 EtAtJrl)

-« —a
1

= (1 - j39) {Sﬁst + ﬂ(yt - at)} + 36 (Et¢t+1 + 1

€

l—«

EtAt+1>

—

Finally, introducing (F.43) into (F.37), I can write the New Keynesian Phillips curve,

Ay = @1 ;X¢t —0(1-o0) L=~ BX)yt —08(1 = X)Eitbi1 — [B(e = 1)B(1 = x) — Bx] E:Aia
where O = 1f;fm.

Monetary Authority The model is closed through a Central Bank reaction function.
Following Taylor (1993, 1999) I model the reaction function in terms of elasticities. The
Central Bank reacts to excess inflation and output gap through a set of parameters {¢., ¢, }.
On top of that, the monetary authority controls an exogenous component, the monetary

policy shock ¥ ~ N(0,02) that are serially uncorrelated. Formally, I can write the Taylor
rule as

ir = piie—1 + (1 — pi)(onTe + dyye) + €/ (F.44)

Steady State In steady-state the model exhibits trend inflation. The model consists of 5

equations and 5 variables, which can be written in steady-state as

S . T w
v _ (e—1)(1— a)/ﬁ%ﬁ etotall=o) [e-1D(1-a) FForati=e)
B €S¥ - €Sy
II=x
™
l4+i=~—
B
v SPATTEY 1h SeY h Sy e

1—08r T  1-6pr e 1P
. 1—-0 {1 _ gﬁ(e—l)(l—w)] Eoiw  1_g (1 _ X) (Ge=)

1—0 1—0\1-4
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hence, I can write
1— —1)(1 -
= a log (- -a) — s
po+o+a(l—o) €

m=logm

Y

1=logm —logf =m—1logp

14
wzl—@yﬂos—log(l—w)
—
1—-6 € 1—x
=1 1
ST S T S )i —a) P10

G Extensions to the Benchmark New Keynesian Model
G.1 Forward-Looking Models

G.1.1 Benchmark New Keynesian Model

Inserting the Taylor rule (3.7) into the DIS curve (3.6), one can write the model as a system

of two first-order stochastic difference equations,

Ty = dEth_l + Ut (Gl)

where x = [y, m) is a 2 X 1 vector containing output and inflation, d is a 2 x 2 coefficient

matrix and ¢ is a 2 X 1 vector satisfying

1 g 1_6¢7r
0+ ¢y + kor ok K+ B(o+ ¢y)

B 1 1
’ (P_U+q5y+fi¢7r K

The system of first-order stochastic difference equations (G.1) can be solved analytically,
which is of help for our purpose. In particular, the solution to the above system of equations
satisfies &, = Wv,, where U = [, .| with ¢, defined in (D.2) and

1 _pvﬁ
(1= puB)o(1 = p) + ¢y] + K(dr — p)

¢y:_

Model Parameters Model parameters are set to their standard values in the NK litera-
ture, reported in Table OA.1.
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Parameter Description Value Source/Target

o IES 1 Gali (2015)
g Discount factor 0.99 Gali (2015)
¥ Inverse Frisch elasticity 5 Gali (2015)
l—a Labor share 1/4 Gali (2015)
€ CES between varieties 9 Gali (2015)
0 Calvo lottery 0.872 Kk = 0.06

p Monetary shock persistence 0.5 Gali (2015)
O Inflation coefficient Taylor rule 1.5 Gali (2015)
by Output gap coefficient Taylor rule 0.5 Stability

o Volatility monetary shock 1 Gali (2015)

Table OA.1: Model parameters.

G.1.2 Accommodating Technology and Cost-push Shocks

In this section I extend the general model to accommodate cost-push shocks. The demand
side is still described by (F.23), which under the FIRE assumption collapses to

- 1 -
Y = —;(Zt —Eymp) — (1 - pa)wyaat + Eig11 (G.2)

In order to accommodate cost-push shocks in a micro-consistent manner, I allow the elas-
ticity of substitution among goof varieties, €, to vary over time according to some stationary
process {¢;}. Assuming constant returns to scale in the production function (F.10) (o = 0)

for simplicity, the Phillips curve becomes

7 = BEm1 — Mg + My
= 5Etﬂ't+1 + l‘igt + Uy (GS)

€t
er—1

where pp = log is the time-varying desired markup and [ = pf — p. I assume that
the exogenous process u; = Ajij follows an AR(1) process with autorregressive coefficient p,,.
Combining (G.2), (G.3), (3.7) and the respective shock processes, I can write the equilibrium

conditions as a system of stochastic difference equations
flwt = BEtmt+1 + C~"wt (G4)

where @; = [y ™) is a 2 X 1 vector containing output and inflation, w; = [v; a; uy

is a 3 x 1 vector containing the monetary, technology and cost-push shocks, A is a 2 x 2
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coefficient matrix, B is a 2 x 2 coefficient matrix and C is a 2 x 3 matrix satisfying

. . | - [-1 —e1 -
A= o+ ¢y gbﬂ 7 B = o 7 and C = 0( pa)wya 0
—K 1 0 g 0 0 1
Premultiplying the system by A~! I obtain
Ty = (5Eta:t+1 + PW; (G5)

where § = A~'B and ¢ = A~'C. Notice that w, follows a VAR(1) process with autorregres-
sive coefficient matrix R = diag(py, pa, pu). Using the method for undetermined coefficients,

the solution to (G.5) is conjectured to be of the form

Uy = (I)y’wty where (I)y = [‘byv Qbya ¢yu]
ﬁ-t - (I)wwta where (I)7r - [¢m) Qbmz ¢7ru]

Imposing the conjectured relations into (G.5) allows one to solve for the undetermined coef-

ficients ¢y, Oya; Oyus Prv, Ore and ¢r,,, which satisfy the following condition
d=90PR+ ¢

where & = [, &,.]' is a 2 x 3 vector containing all the unknown parameters. The solution

to the above system of unknown parameters satisfied

¢ _ 1- ,OUB

. (1 - pvﬁ)[d(l - pv) + ¢y] + ’{(Qbﬁ - pv)
Gre = — Yya(l = pa) (1 — puf)

. (1= paB)o(1 = pa) + &y] + K(dx — pa)
(b - _ ¢7r — Pu

. (1= puB)[o(1 = pu) + ¢y] + £(dx — pu)
S N 2 RS R e
bro = — KoWya(l — pa)

™ (1 - paﬁ)[o—(l - pa) + ¢y] + K’(¢ pa)
G = 0<1 - Pu) + ¢y

(1 - puﬁ)[a(l - pu) + sty] + li(gbw - pu)
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Parameter Description Value Source/Target

Pa Technology shock persistence 0.9 Gali (2015)
Pu Cost-push shock persistence 0.8 Gali (2015)
Oca Technology innovation pre-1985 1 Gali (2015)
Ocu Cost-push innovation 1 Gali (2015)

Table OA.2: Estimated parameters

and therefore equilibrium dynamics are given by

?jt = ¢yvvt + ¢yaat + ¢yuut (GG)
Ty = ¢Trvvt + ¢7raat + ¢7ruut (G7)

In this framework with multiple shocks, I study inflation persistence as the first-order

autocorrelation coefficient p; as

2
p’U ¢£rvp€v + pa ¢7ra sa _|_ pu ¢7ru su

p1 =

¢7F’U E’U ¢7\'(l ECL ¢wuosu
1—p32 - 5 —p2

Notice that the Taylor rule coefficient ¢, is now relevant for the first-order autocorrelation
of the inflation process. As a result, a fall in inflation persistence could be explained by a
contemporaneous fall in the monetary stance ¢,. Having shown in Section D.1 that there
is no evidence for a change in monetary policy shock persistence, I investigate below if the
data suggests a structural break in technology and /or cost-push shock persistence. As I show
below, I find no evidence of a fall in productivity or cost-push shocks’ persistence over time.
Using a textbook parameterization, reported in Table OA.1 (first six rows) and Table OA.2,
I find the NK model extended with technology and cost-push shocks predicts that aggregate
persistence should have decreased only moderately after an increase in ¢r: pipre = 0.80
vS. p1post = 0.80. I therefore conclude that the standard model cannot explain the fall in

inflation persistence after 1985.

Technology Shocks In this section I rely on the vast literature on technology shocks,
dating back to Solow (1957) and Kydland and Prescott (1982). Early work in the literature
generally assumed that a regression on the (log) production function reports residuals that
can be interpreted as (log) TFP neutral shocks, as the one discussed in this section. Due to

endogeneity concerns between capital and TFP, the literature moved forward and estimated
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(b) Technology shocks from Francis et al. (2014)

(a) (Log) TFP process from Fernald (2014) and Justiniano et al. (2011)

Figure OA.1: TFP dynamics

TFP shocks through different assumptions and methods. In this new wave, Gali (1999)
used long-run restrictions to identify neutral technology shocks by assuming that technology
shocks are the only that can have permanent effects on labor productivity. Following this
idea, Francis et al. (2014) identify technology shocks as the shock that maximizes the fore-
cast error variance share of labor productivity at some horizon. Basu et al. (2006) instead
estimate TFP by adjusting the annual Solow residual for utilization (using hours per worker
as a proxy), and Fernald (2014) extended the series to quarterly frequency. Finally, Justini-
ano et al. (2011) obtain technology shocks by estimating a NK model, incorporating other
technology-related shocks such as investment-specific technology and marginal efficiency of
investment shocks. Ramey (2016) compares the shocks, and shows that the IRFs of stan-
dard aggregate variables after the each shock series are similar. In particular, Francis et
al. (2014) and Justiniano et al. (2011) produce remarkably similar IRFs of real GDP, hours
and consumption.

I plot the different series in Figure OA.1. Notice the difference between the left and right
panels: while Fernald (2014) estimates directly (log) technology a;, Francis et al. (2014) and
Justiniano et al. (2011) estimate the technology shock €f. I overcome the difficulty with the
estimation of technology persistence by estimating persistence in the natural real interest
rate process. In the standard NK model, the natural real rate is given by (F.22), which can

be rewritten using the AR(1) properties of the technology process as

7’? = Par?fl - Uwya(l - pa)af (G'S)
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(1)

2 ®3)

(4)
SB

(5)

Technology SB Natural rate Natural rate SB
(Log) TFP,_; 0.998"** 0.990**
(0.00454) (0.00860)
(Log) TFP;_; change 0.00323
(0.00339)
Natural rate;_, 0.951% 0.945% 0.963** 0.957**
(0.0317) (0.0327) (0.0367) (0.0404)
Technology shock in Francis et al. (2014) 0.0511* 0.0514**
(0.0234) (0.0237)
Natural rate;_; change —0.0106 —0.00863
(0.0129) (0.0141)
Technology shock in Justiniano et al. (2011) 0.0191 0.0195
(0.0278) (0.0280)
Constant 0.00360 0.00743* 0.128 0.162 0.0878 0.123
(0.00327) (0.00445) (0.0968) (0.109) (0.114) (0.140)
Observations 186 186 163 163 160 160

Robust standard errors in parentheses
*p<0.10, ** p < 0.05, *** p < 0.01

Table OA.3: Regression table

I use the Federal Reserve estimate of the natural interest rate series, produced by Holston
et al. (2017), as our proxy for r}*. Table OA.3 reports our results. The first two columns
report the (direct) estimate of the technology process (F.11) persistence and its structural
break around 1985:1, while columns three to six report the estimate of the natural real rate
process (G.8) using the technology series constructed by Francis et al. (2014) and Justiniano
et al. (2011), respectively. Our results suggest that there is no evidence for a fall in technology

persistence over time.

Cost-push Shocks

firms, cost-push shocks are interpreted as the deviation from the desired time-varying price-

In the benchmark NK model with monopolistic competition among

cost markup, which depends on the elasticity of substitution among good varieties. Nekarda
and Ramey (2010) estimate the structural time-varying price-cost markup under a richer
framework than the benchmark NK model. In particular, they consider both labor and
capital as inputs in the production function. They argue that measured wages are a better
indicator for marginal costs than labor compensation, and provide a range of markup mea-
sures depending on the elasticity of substitution between capital and labor. As a result, they
obtain markup estimates either from labor side or the capital side. Since our model does
not include capital, I will rely on the labor-side estimates.

Figure OA.2 plots two different measures of the cost-push shock. In the first, the authors

rely on a Cobb-Douglas production function in order to estimate the markup, while in
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Figure OA.2: Markup series

(1) (2) (3) (4)

Cobb-Douglas SB CES SB
Markup;_4 0.945*** 0.938*** 0.963*** 0.947***
(0.0246) (0.0305) (0.0234) (0.0252)
Markup,—1 X Lyzse) 0.00187 0.00472
(0.00436) (0.00419)
Constant 0.0280** 0.0307** 0.0189 0.0252**
(0.0125) (0.0146) (0.0117) (0.0120)
Observations 195 195 195 195

Standard errors in parentheses
* p<0.10, ** p < 0.05, *** p < 0.01

Table OA.4: Regression table

the second the authors rely on a CES production function, estimating labor-augmented
technology using long-run restrictions as in Gali (1999). I therefore estimate the first-order
autocorrelation using these two measures. Our results are reported in Table OA.4. Columns
one and two report the estimates based on the Cobb-Douglas production function, while
columns three to four report the estimates based on the (labor-side) CES production function.

I find no evidence of a change in cost-push persistence over time
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G.1.3 Optimal Monetary Policy under Discretion

Following Gali (2015), the welfare losses experienced by a representative consumer, up to a

second-order approximation, are proportional to
- K
E t (7T2 + —x2> G.9
0 % B! (i + —ai (G-9)

where z; = y; — y§ is the welfare-relevant output gap, with yi = 1,,a; denoting the (log)
efficient level of output. Notice that k/e regulates the (optimal) relative weight that the
social planner (or the monetary authority) assigns to the welfare-relevant output gap. In

this case, the DIS can be written as

1
Ty = —;(Zt — ]Et’/TtJrl) — (1 — pa)wyaat + Etict+1 (GlO)
I can also rewrite the Phillips curve as
Ty = /BEtT‘—tJrl + KT + Uy (Gll)

where u; = k(yf — y*). Again, I assume that the cost-push shock follows an AR(1) process
with autorregressive coefficient p,.

Under discretion, the central bank does not control future output gap or inflation, but
just the current measures. Therefore, the monetary authority minimizes w2 + f:pf subject to
the constraint m, = kx; + &, where § = PE;m41 + u, is treated as a non-policy shock (one

can show that E;m 1 is a function of future output gaps). The optimality condition is
Ty = —€m (G.12)

In case of inflationary pressures, the Central bank will reduce output below its potential,
“leaning against the wind”. In this case, the welfare-relevant output gap and inflation follow
. 1 — puf + 2¢k
Y = — P Ut (G.13)
K(1 = puf + €r)
1

1—pufB+ er

(G.14)

Tt =

Using the DIS curve (3.6) and the optimality conditions (G.13) and (G.14), I can reverse-
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engineer the following Taylor rule, which replicates the optimal allocation under discretion

= —(1I- a a
" 1 — Bpy + €K ue = Pa)yatt

= Wu — (1 — pa)yatu (G.15)

Unfortunately, such a rule yields multiple equilibria since it does not satisfy the Taylor

Principle. However, adding a component ¢, <7rt — mua =0, I can write

- co(1— pu) = (¢ — pu)
i = QT + 1= Bpow+en uy — (1 = pa)Vyaty
- ¢7r7Tt + ®iut - (]- - pa)l/}yaat (G].6)

Inserting condition (G.14) to eliminate the cost-push shock yields

Z't - d)wﬂ-t + [€U<1 - pu) - (¢7r - pu)]ﬂ-t - (1 - pa)¢yaat
- gbﬂﬂ-t + ¢w,1{t2198511}77t - (1 - pa)wyaat (G17)

As a result, one could understand the documented increase in the Taylor rule as a version

of optimal discretionary policy. In our benchmark specification I find ¢r 1,595, = 0.95,

which aligns well with the data. I already discussed that an increase in ¢, does not affect

inflation persistence. What if the change in the monetary stance was not a mere increase

in the elasticity of nominal rates with respect to inflation, but an additional response to

cost-push shocks in the Taylor rule? Recall that, under discretion, inflation dynamics are
given by (G.14), which I can write as

1

Tt = PuTi—1 + mef (G.18)

Compared to the pre-1985 dynamics, described by (G.7) and disregarding technology shocks

for simplicity, inflation persistence would be even larger if p, > p,, which I have documented

in Tables A.x Panel A and OA.4. That is, optimal discretionary policy would not explain the

fall in inflation persistence, provided that cost-push persistence has been stable throughout

the decades, and that cost-push shocks are more persistent than monetary policy shocks,

which would have generated an increase in inflation persistence.%!

61. Including technology shocks in the comparison of (G.7) and (G.18) would alter the results, provided
that p, > py > p,. However, since p,, is in between the two other highly persistent parameters and none of
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G.1.4 Indeterminacy

The previous literature has considered the possibility of the Fed conducting a passive mone-
tary policy before 1985, which in the lens of the NK framework would lead to multiplicity of
equilibria. For example, Clarida et al. (2000) document that the inflation coefficient in the
Taylor rule was well below one, not satisfying the Taylor principle. Lubik and Schorfheide
(2004) estimate a NK model under determinacy and indeterminacy, and argue that monetary
policy after 1982 is consistent with determinacy, whereas the pre-Volcker policy is not. We
study here if this change in the monetary stance could have affected inflation persistence.
Consider the standard framework in (G.1). We have explored inflation dynamics under
determinacy. In this section we uncover the (multiple) stable solutions under indeterminacy,
where ¢, < 1 — %gby Following Lubik and Schortheide (2003), we rewrite the model as

F'o& = T'h&oq + Pey + I,

where & = [/ & v, e = [n! nF] and we denote the conditional forecast £ = Exyqq

and the forecast error nf =z, — &, with

111 1+% ¢ g 0 14+ % oo
Ty=10p8 0|, Ti=| -« 1 0/, W¥=|0o], HO=| -k 1
00 1 0 0 p 1 0 0

Premultiplying the system by I';' we obtain the reduced-form dynamics
& =T76 0+ V'ey + 1T,
Using the Jordan decomposition of T = JAJ !, and denoting w; = J~'&;, we can write
wy = Awy_q + J*Y + T Ty,

Let the w;; denote ith element of wy, [J~'W¥*]; denote the ith row of J~1¥* and [J~'II*];
denote the ith row of J~'II*. Since A is a diagonal matrix, the dynamic process can be

decomposed in 3 uncoupled AR(1) processes. Define Z, denote the set of unstable AR(1)

them have changed over time, the difference (if any) in reduced-form persistence in (G.7) and (G.18) would
be small, and would not explain the documented large fall.
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processes, and let ¥/ and II7 be the matrices composed of the row vectors [J~'¥*]; and
[J7T*); such that ¢ € Z,. Finally, we proceed with a singular value decomposition of the

matrix I17,

Dy O
0 O

‘/1/

' — [Ul UJ o
2

= UlDll‘/l,

Lubik and Schorfheide (2003) prove that if there exists a solution in the indeterminacy

region, it is of the form
& =Ti& 1+ [V = VD UpW]ey + T Vo (Me} + McG)

Two aspects deserve a discussion. First, matrices M and M¢ do not depend on model param-
eters, which yields the multiplicity of equilibria. Following Lubik and Schorfheide (2003), we
select the equilibrium that produces the same dynamics as the determinate framework on
impact.5? Second, the model features i.i.d sunspot shocks ¢; that affect equilibrium dynamics.

In order to obtain the model dynamics, we set parameters to the values reported in
Table OA.1, with the exception of ¢,. For the indeterminate case we set ¢rina = 0.83, the
estimate reported by Clarida et al. (2000). I find that a first-order autocorrelation coefficient
of 0.643. Interestingly, the first-order autocorrelation coefficient is robust to changes in the

non-fundamental response of the economy to sunspot shocks.

G.2 Backward-looking New Keynesian Models

The main reason for the failure in explaining the change in the dynamics in the benchmark
NK model is that endogenous outcome variables, output gap and inflation, are proportional
to the monetary policy shock process and thus inherit its dynamics. This is a result of having
a pure forward-looking model. A direct consequence is that endogenous outcome variables
are not intrinsically persistent, and therefore its persistence is simply inherited from the
exogenous driving force. In this section I enlarge the standard NK model to accommodate a
backward-looking dimension, including a lagged term @;_; in the system of equations (G.1).

I do so in two different ways: in the first extension, discussed in section G.2.1, I explore
a change in the monetary stance from a passive Taylor rule towards optimal policy under

commitment. In the second extension, discussed in section G.2.2; I include price-indexing

62. We set M such that —VlDl_llU{\I/i + VoM = —r, and M¢ such that V5 2(o = ¥x€§.

121



firms, which introduces anchoring in the supply side. In the third extension I introduce log-
linearize the standard model around a steady state with trend inflation, which endogenously

creates anchoring in the demand and supply sides.

G.2.1 Optimal Monetary Policy under Commitment

Our first backward-looking framework is the benchmark NK model with optimal monetary
policy under commitment. Under commitment, the monetary authority can credibly control
household’s and firm’s expectations. As a result, the Central bank program is to minimize
(G.9) subject to the sequence of constraints (G.11). The optimality conditions from this

program yield the following conditions relating the welfare-relevant output gap and inflation

To = —€m (G.19)
Ty = Ty_q — €My (G.20)

fort > 1. Notice that these two conditions can be jointly represented as an implicit price-level

target
Ty = —Eﬁt (G21)

where p; = p, — p_1 is the (log) deviation of the price level from an initial target. Combining
the Phillips curve (G.11) and the optimal price level target (G.21) I obtain a second-order

stochastic difference equation

Dr = YD1 + VOEPr 1 + yuy

where 7 = (1 + 8 + ex)~!. The stationary solution to the above condition satisfies

J

_ 22
= Fap, (G.22)

Pr = 0Pr—1 +

where § = V1407 ”217;4/872 € (0,1) is the inside root of the following lag polynomial

P(x) =yB2* —x 4+~
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Inserting the price level target (G.21) into (G.22), I can write the welfare-relevant output

gap in terms of the cost-push shock

€d
T = —muo
Ty = 0xy_1 — 1_€—§Bpuut (G.23)
Notice that (G.25) can be written in terms of the lag polynomial as
€d 1
AT = T B T =L
which I can insert back into (G.19)-(G.20) to obtain inflation dynamics
)
o = 1_—56[)uu0
T = 0m_1 + %gﬁpuAut (G.24)
Rewriting the output gap dynamics
G = gy — f@;p‘u 5 + %ut_l (G.25)

Just as in the case under discretion, the monetary authority can engineer a Taylor rule
that produces the optimal dynamics. Inserting (G.21), (G.22) and (G.25) into the DIS curve
(G.10) T can specify the following Taylor rule,

it = (1 — (5)(0’6 — 1)]515 — O_wya(l — pa)at
= Gr + & (G.26)

which produces the same allocation than the optimal policy. Inserting (G.24) in the Taylor

rule, I can write

. . o
1 = (1 — (5)(0'6 — 1)pt — O'wy(l(l — pa)a/t + (257; <7Tt — (S7Tt,1 — mAut)
. 0
= ¢7T7Tt + (]. — 6)(0’6 — 1)pt — d)ﬂé’ﬂ't_l — ﬁmAut — U¢ya<1 — pa)at
. 0
= (,bﬂ—ﬂ't + (1 — 5)(0’6 — 1)(7Tt +pt71) — <;§7r(57rt,1 — ]__ng@Aut — O-wya(l — pa)at
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(1) (2) (3) (4)

Taylor rule SB Optimal MP (CD) Optimal MP (CES)
e 1.389** 1.247 1.173** 1.169**
(0.0659) (0.0730) (0.0724) (0.0727)
Ty X Lpsge) 0.553*** 2.065** 2.018**
(0.152) (0.944) (0.986)
T—1 X ]-{tzt*} 0.581 0.598
(0.763) (0.752)
P X Ligsimy —0.00252*** —0.00243***
(0.000794) (0.000830)
(0.629) (0.688)
Observations 203 203 192 192

Standard errors in parentheses
*p<0.10, ** p < 0.05, *** p < 0.01

Table OA.5: Regression table

R Grd

= OxTt + 1 ymrossry Tt T Pml s rossry Pt—1 — Or0T1 — WAW — 0ya(l — pa)a
R Ord

= Qpm; + ¢7r,]1{t2198511}ﬂ-t + Qbm]l{tzlgsw}pt—l — Or0T_1 — WAW +&

where & is an AR(1) process. Our standard parameterization, reported in Table OA.1,
SUBEESES P15 1055,y = 5-00, which is excessive considering our previous empirical findings.
To confirm this, I estimate the above Taylor rule.

Table OA.5 reports our results. Columns one and two repeat our previous exercise but
assuming no response to output gap deviations. Columns three to four report the estimates
of the optimal Taylor rule under commitment, using Nekarda and Ramey (2010) estimates
of markups. Our results support the notion that the Fed included the price level and the
cost-push shock in its Taylor rule. However, the results are inconsistent with the theory,
since the increase in the inflation coefficient and the increase in the price level coefficients
are of opposite sign. Additionally, the change in the inflation coefficient is still far from the

model-implied change that supports a commitment-rule.
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Parameter Description Value Source/Target
w Price indexation 0.75  Range literature

Table OA.6: Model Parameters

G.2.2 Price Indexation
Consider a backward-looking version of the Phillips curve, microfounded through price in-
dexation at the firm level and governed by w

w K -
+ Y +

Ty = mﬂ't,1 1+ ﬁw ]Etﬂ-tJrl <G27)

5
1+ fw
The rest of the model equations are the same as in the benchmark model, (3.6), (3.7) and
(3.8). The model derivation is relegated to Online Appendix F.2, and the parameterization is
identical to that of Table OA.1, with the model enlarged by the price-indexation parameter
w. The parameterization of such parameter is not a clear one. As I show below, price
indexation implies that every price is changed every period, and therefore one could not
identify the Calvo restricted firms in the data and estimate w. As a result, the parameter
is usually estimated using aggregate data and trying to match the anchoring of the inflation
dynamics, and its estimate will therefore depend on the additional model equations. I set
w = 0.75, which is in the range of the literature (0.21 in Smets and Wouters (2007), 1 in
Christiano et al. (2005)).

The model can be collapsed to a system of three second-order stochastic difference equa-

tions
x; = Lyxiy + TpEii + Ay
where x; = [y, m]’. The solution of the above system satisfies
x, = Az, + Yy (G.28)

where both matrices A(¢,, ®) and ¥(¢,, ) depend now on ¢, and the rest of the model
parameters . Notice that a key difference between the benchmark model and this backward-
looking version is that a change in ¢, will have an effect on inflation persistence, and could
therefore explain the fall in inflation persistence.

In Figure OA.3a I show that a change in the monetary policy stance has now a significant

effect on inflation persistence: a change of ¢, from 1 to 2, as [ have documented in Table
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Figure OA.3: Inflation first-order autocorrelation in the backward-looking NK model

A .x Panel A, produces a fall in the first-order autocorrelation of inflation from around 0.895
to 0.865. However, is not enough to produce the effect that I observe in the data. The
target now is to find a candidate parameter that can explain the observed loss in inflation
persistence. The ideal candidate is w, since this term produces anchoring in the Phillips
curve (G.27). As I show in Figure OA.3b, as w decreases so does inflation persistence.

I can see in Figure OA.3b that the decrease in w from 1 (full indexation) to 0 (no
indexation) produces a factual fall in inflation persistence, and I would be back to the
standard model with no indexation. The model is indeed successful in reducing persistence.
The natural question is then: what is w? Does a fall from 1 to 0 makes sense? In the
backward-looking NK model, a firm i that is unable to reset (log) prices gets to reset its
price to

Dit = Pit—1 + W1 (G.29)

The presence of the term wm; 1 is what gives anchoring. What is the value of w in the
literature? Christiano et al. (2005) assume w = 1. Smets and Wouters (2007) estimate a value
of w = 0.21 trying to match aggregate anchoring in inflation dynamics. The main problem
here is that it is hard to justify a particular micro estimate for w, since it is unobservable in
the micro data. One would need to identify the firms that were not hit by the Calvo fairy in a
given period and then regress (G.29). However, the price indexation suggests that all prices
are changed in every period, which makes unfeasible to identify the Calvo-restricted firms.
Another aspect in which w > 0 is inconsistent with the micro-data is that it implies that

all prices change every period, in contradiction with Bils and Klenow (2004) and Nakamura
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and Steinsson (2008). As a result, one cannot claim that w is the causant of the fall in
inflation persistence, since it needs to be identified from the macro aggregate data, which
makes unfeasible to separately identify w and the true inflation persistence.

I therefore conclude that extending the benchmark framework to price indexation does not
have the quantitative bite to explain the fall in inflation persistence, although the estimates

move in the correct direction.

G.2.3 Trend Inflation

Although it is well known that Central Banks’ objective is to have a stable inflation rate
around 2%, most New Keynesian models are log-linearized around a zero inflation steady
state since the optimal steady state level of inflation is 0%. Ascari and Sbordone (2014)
extend the benchmark model to account for trend inflation. The non-linear model is identical
to the one presented in the previous section. Differently from the standard environment, they
log-linearize the model around a steady with a certain level of trend inflation 7, which is
constant over time. Price dispersion, a backward-looking variable that has no first-order
effects in the benchmark NK model, is now relevant for the trend NK model. Augmenting
the model with trend inflation creates intrinsic persistence in the inflation dynamics through
relative price dispersion. The model, similar to the one in Ascari and Sbordone (2014),
is derived in Online Appendix F.2. The model can now be summarized as a system of
six equations, including (3.6), (3.7) and (3.8), with the additional inclusion of the price
dispersion dynamics (G.30)

€ 0—X we 0 — X

St:l—al—xwt

I —al_ X7Tt_1 + (5515_1 (GBO)

and the Phillips curve, which is now given by the system

T = KnTi—1 + KypWr + Kyl + BuEethipr + BrEemi

(G.31)
b = (1 — B6)ps; + 1+—“0(1 — By, — —2E ¢

e(l—w)

where © = Pt 0(T) = 7 and x(1) = 0N, = sy
. 1—x o 1—0)(1—x)(1—Bx 1—x

Fy = Falee-Dai—0 A v = TIeeeDau—0-al D¢ = T Tl niio—pd A4

B = — Ole—1)BU—x)—Px The parameterization is identical to that of Tables OA.1 and

1-w[®(e-1)B(1—x)—Bx]"
OA.7, extended to trend inflation between 0%-6%, except for the value of ¢, = 0 which is

bounded from above by the determinacy conditions. The model can be collapsed to a system
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Parameter Description Value Source/Target
7 Trend inflation  1.02/% — 1.04/%  Ascari and Sbordone (2014)

Table OA.7: Model Parameters

of four second-order stochastic difference equations
=Ty + T eEime ) + Avy
where ¢, = [y, m 1y s;)’. The solution of the above system satisfies
x, = Az, + Yy (G.32)

where both matrices A(¢,, 7, P) and V(¢,, 7, P) depend now on ¢,, trend inflation 7, and
the rest of the model parameters .

In this framework, I define s; as (log) price dispersion at time ¢, and 1, as the present
discounted value of future marginal costs. Notice that I have extended an otherwise stan-
dard trend-inflation NK model with price indexation (governed by w) as in (G.29). Even
in the zero-indexation case, there will be anchoring coming from the price dispersion equa-
tion, which is the only backward-looking equation in the system. To see this, under zero-

indexation, inflation dynamics are given by

T = AsSy—1 + by

e 0—
= (asmﬁ + (5> T—1 + bﬁ(vt - 51)15,1)

In the price-indexation case, inflation dynamics are given by

Ty = QpTy—1 + AsSt—1 + brvy

€ 0— we 0 —
=la,+d+a, X m—1 — | az0 + a, =X Ti—2 + b (Vy — 0vp_1)
l—al—x l—al—-x

Most importantly, one can see that the parameter that governs anchoring (and persistence)
in the system, 0 in (G.30), is increasing in the level of trend inflation 7. This framework,
therefore, has the potential of explaining the fall in inflation persistence if trend inflation had
fallen. Stock and Watson (2007) and Ascari and Sbordone (2014) provide evidence of a fall
of trend inflation from 4% in the 1969-1985 period to 2% afterwards. They estimate trend
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Figure OA.4: Inflation, Trend Inflation and Mean Inflation, Figure 3 in Ascari and Sbordone
(2014).

inflation using a Bayesian VAR with time-varying coefficients, which I reproduce here in
Figure OA.4. Importantly, they find that their estimated trend inflation is correlated (0.96)
with the 10-year inflation expectations reported in the Survey of Professional Forecasters
(after 1981).

As T argued before, a fall in the trend inflation @ would decrease 6(7) and thus reduce
aggregate anchoring in the system. I therefore investigate if such fall, together with the
already discussed change in ¢,, can explain the documented fall in inflation persistence.

I compute the first-order autocorrelation of inflation for values of (¢.,7) € [1.2,2] x
[0%,6%] in the trend inflation model with price indexation. I plot our results in Figure
OA.5. As I previewed above, the decrease in trend inflation documented by Ascari and
Sbordone (2014) can explain (part of) the fall in persistence. In particular, a fall in trend
inflation from 6% to 2% (holding ¢, = 1.5 constant) produces a fall in inflation persistence
from 0.887 to 0.851. Similarly, an increase in the aggressiveness towards inflation from 1 to 2
(Clarida et al. 2000), holding ™ = 2% constant, produces a fall in inflation persistence from
0.879 to 0.845. Jointly, they produce a fall from 0.912 to 0.845. Although in the correct
direction, the trend inflation model lacks the enough quantitative bite to produce the large
fall documented in Table ??. I therefore conclude that extending the benchmark framework
to trend inflation and price indexation does not explain the fall in inflation persistence,

although the estimates move in the correct direction.
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Figure OA.5: First-order autocorrelation for values (¢,,7) € [1.2,2] x [0%, 6%]

H Useful Mathematical Concepts
H.1 Wiener-Hopf Filter

Consider the non-causal prediction of f; = A(L)s;; given the whole stream of signals

E(fil2°) = pya(L) Py (L)
= pym(L)B(Lil)ilvilB(Lle?it

where py.(2) = A(z)M'(271) and p,.(z) = B(2)V B’(2!). Notice that we are using future

values of w;;. However, if the agent only observes events or signals up to time ¢, the best
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prediction is

H.2 Annihilator Operator

The annihilator operator [-], eliminates the negative powers of the lag polynomial:

[A(2)]+ = [ Z T = Zakzk

k=—o00

Suppose that we are interested in obtaining [A(z)]y, where A(z) takes this particular

form, A(z) = KZA) with |A| < 1, and ¢(2) only contains positive powers of z. We can rewrite

A(z) as -

Let us first have a look at the second term, We can write

o) oM 1
z—A A 1-)\lz
= —@(1+A12+A2z2+ )

which is not converging. Alternatively, we can write it as a converging series as

_ 1
=N T

=Nz A+ Azt X2

(N
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Notice that all the power terms are on the negative side of z. As a result,

2] -

Let us now move to the first term. We can write

NEDI RPN
=0 | [ (= — &)

where {€*} are the roots of this difference polynomial. Since we know that X is a root of the

LHS, we can set £&¥ = X and write

o)~ o) =entz =N 1= -6 = — O T g

- A
k=2
which only contains positive powers of z. Hence, we have that
{cb(Z) } _ ¢(z) —o(})
z—=A, o z—A
Consider now instead the case A(z) = % Making use of partial fractions, we can
write
¢(2) 1 [ ¢(z) _ 0(2) }
(z=MN(z=8) A=Blz=A z2-0
_ 1 [(b(Z) —0(N) _9(x) = 6(B) | oV _ 9(8)
D z—A z—0 22—\ z—p0

Following the same steps as in the previous case, we can solve

{ ¢(2) } _ () =0V _9(x) —6(B)
(z=NE=-0)1, (A=8E-2 K(=0B)(E=-7)
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