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Abstract

We construct a noisy information model of central bank communication on future inflation
rates and highlight an informational friction that plays a key role in explaining several empirical
properties of firms’ inflation expectations. Using a survey of Japanese firms’ inflation
expectations, we document new empirical facts related to the size of firms and their inflation
expectations. We observe a persistent deviation of expectations from the central bank’s
inflation target and find that the deviation is monotonically increasing in firm size, while the
degree of the forecasting imprecision, responsiveness to actual inflation, and the heterogeneity
in firms’ expectations are monotonically decreasing in firm size. To reconcile these empirical
regularities, we construct a dynamic model of inflation expectation formation by Bayesian
firms where the central bank’s inflation forecast serves as a noisy public signal of future
inflation rates and propose an informational friction in the communication about future
inflation: the central bank’s prior about the future inflation rate, which is unknown to firms. In
this setup, the sluggishness of the adjustment of inflation expectations is amplified by the
central bank’s communication. Moreover, this friction drastically changes the role and the
effect of central bank communication on firms’ expectations formation. Firms utilize the
inflation forecast as a signal not of the level but of changes in future inflation rates.
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1 Introduction

Among the central issues of interest to central banks is how to manage inflation expectations
through communication about future inflation rates that are consistent with their informa-
tion regarding medium-to-long term economic fundamentals that reflects their policy intent,
such as a target inflation ratel] Managing firms’ inflation expectations is important since
firms’ inflation expectations could directly affect their price setting behavior, which in turn
determines the inflation rate. The ability to manage expectations may rely on the credibility
of the central bank’s communication regarding the future conduct of monetary policy, which
has been emphasized in the literature of the time-inconsistency problem in central bank’s
commitment policies (Kydland and Prescott 1977; Barro and Gordon 1983a, 1983b; Backus
and Driffill 1985; Nakata 2015; Haberis, Harrison, and Waldron 2017). Moreover, the diffi-
culty of managing expectations has recently been debated in a different context. As policy
interest rates approach the effective lower bound in advanced economies, the liquidity trap
could undermine the ability of the central bank to stabilize the inflation rate at the target
level by manipulating interest rates, and this could harm the credibility of central bank
communication (Eggertsson 2006; Adam and Billi 2007; Nakov 2008; Nakata and Schmidt
2016; Hills, Nakata, and Schmidt 2019).

Despite the importance of managing inflation expectations, as Coibion, Gorodnichenko,
Kumar, and Pedemonte (2020) point out, little is known about how inflation expectations
are formed by private agents, in particular by firms, and how central banks can effectively
influence expectations through communication about its medium-to-long-term perspective of
future inflation. We document several new stylized facts about firms’ inflation expectations
using a survey of Japanese firms that are potentially related to the effectiveness of central
bank communication about future inflation rates and the use of information by firms in
expectations formation. We find that the deviation of firms’ inflation expectations from
the central bank’s inflation target is monotonically increasing in firm size. In addition,

the imprecision, magnitude of responsiveness to the actual inflation rate, and degree of

IThe future inflation rate in this context, represents a medium-to-long-term perspective of the inflation
rate in the future. Communication about the future inflation rate is considered to be consistent with
the central bank’s intended inflation rate, while also reflecting the central bank’s view on macroeconomic
fluctuations. In Japan, these inflation rates are stated in ”Understanding of Medium-to-Long-term Price
Stability” (April 2009-), " The Price Stability Goal” (February 2012-), and ”The Price Stability Target”
(January 2013-).



heterogeneity in expectations are monotonically decreasing in firm size.E|

To analyze the mechanism of firms’ inflation expectations formation, we develop a dy-
namic model of inflation expectation formation by Bayesian firms| The model is a pure
communication model between firms and a central bank. Firms attempt to form precise
expectations of the future inflation rate and the central bank sends its inflation forecast
to firms as a public signal of the future inflation environment. Firms form their inflation
expectations based on the public signal, their own private signals on future inflation rates,
and another public signal, i.e. the actual inflation rate. The precision of the private signal
received by firms affects their reliance on public signals, such as the actual inflation rate and
the central bank’s inflation forecast, and generates the differences in the formation process
of inflation expectations across firms. On top of these signals, we introduce an informa-
tional friction in communication where the central bank’s prior about the future inflation
rate is unknown to firms. We then analyze the formation process and the properties of firms’
inflation expectations.

The interpretation of the central bank’s prior about the future inflation rate is that it
reflects the central bank’s view on the unobservable fundamentals of the inflation rate that
shapes its inflation forecast. The view could deviate from the actual fundamentals because
the central bank does not necessarily have perfect knowledge of the economic structure. For
example, there is an ongoing debate about the formation of inflation expectations and the
underlying drivers behind the changing trend of inflation dynamics (Coibion, Gorodnichenko,
Kumar, and Pedemonte 2020; Candia, Coibion, and Gorodnichenko 2020). The discrepancy
could also emerge as a result of the bank’s strategic communication. For example, seminal
papers on central bank communication by Morris and Shin (2002) and Angeletos and Pavan
(2007) discuss the case where noisier public information from the central bank could improve

social Welfareﬁ If a central bank sends noisy signals and the noise is persistent, then the

2The responsiveness to past macroeconomic information has been investigated in the literature (see
Gurkaynak et al, 2005, 2007; Gurkaynak, Levin, and Swanson 2010; Fuhrer 2012, 2017). Heterogeneity
of inflation expectations is often called disagreement in the literature (Mankiw, Reis, and Wolfers 2004;
Dovern, Fritshce, and Slacalek 2012; Armantier et al. 2013). For the implications of heterogeneity, see
Morris and Shin (2006) and Angeletos and Lian (2019).

3Coibion and Gorodnichenko (2012, 2015), Coibion, Gorodnichenko, and Kamdar (2018), and Andrade,
Crump, Eusepi, and Moench (2016) present evidence that imperfect information models exhibit a better fit
of survey data than full-information rational expectations models.

4Fujiwara and Waki (2015, 2019) analyze the case where a central bank can improve social welfare by
not disclosing its private information about future economic conditions under a standard New Keynesian
setup. The literature on information design implies that it could be optimal for the central bank to commit
to disclose imperfect information to private agents (Kamenica and Gentzkow 2011; Bergemann and Morris



persistent noise is regarded as the central bank’s view by private agents. In both cases,
private agents do not naively use the central bank’s inflation forecast as a signal of the
fundamentals of the inflation rate. To incorporate the central bank’s view as an obstacle
for communication while maintaining the simplicity of the model, we introduce the central
bank’s (uninformative) prior[]

Under the model’s setting, we show that the friction in the central bank’s unknown prior
is useful for noisy information models in reconciling these empirical patterns and it poses a
drastic change in the role of central bank communication in firms’ expectations formation.
With this friction, firms attempt to learn the persistent component of the noise in the central
bank’s prior from the track record of the central bank’s inflation forecasts. Through this
learning process, firms utilize the signals obtained from actual inflation rates and their own
private signals. Their reliance on these signals depends on the firm’s capacity to process
information, which eventually generates the monotonic patterns. Importantly for us, even
if the persistent component of the noise, i.e. the central bank’s prior, is zero, these results
hold as long as the bank’s prior is unknown to firms.

More importantly, the role of central bank communication changes completely under this
friction. With the friction of an unknown prior, firms utilize the central bank’s inflation
forecast as a signal not of the level, but of the changes in future inflation rates. Namely,
if the values of the signals are the same between two periods, firms’ interpretation of the
signals is that the situation will not change. The dependency of expectations formation on
past information is thus amplified and expectations can deviate from the target inflation rate
even more persistently. This is in contrast to the case in which firms fully believe the central
bank’s inflation forecasts and the case in which they are merely unaware of its inflation

forecasts.

Related literature. In the literature, the role of central bank communication in firms’
inflation expectations has been actively studied, but many questions have remained open
both empirically and theoretically. From an empirical point of view, in recent studies Ku-

mar, Afrouzi, Coibion and Gorodnichenko (2015) and Coibion, Gorodnichenko, and Kumar

2013, 2019; Tamura 2016, 2018; Ui 2020).

SWhile this study does not explicitly analyze the central bank’s strategic information transmission process,
modeling it as cheap-talk (Crawford and Sobel 1982) or a persuasion game (Milgrom 1981 and Milgrom
and Roberts 1986) could potentially provide us with intriguing results. Extending our model to a general
equilibrium model would also generate more complex interactions between central bank communication and
economic outcomes. We leave these extensions as future research topics.



(2018) conducted surveys of firms in New Zealand regarding their inflation expectations and
confirmed a number of empirical regularities. They reported that firms’ inflation expecta-
tions could persistently deviate from the target inflation rate, were responsive to the actual
inflation rate, and slowly adjusted to the target inflation rate whereas the bank had not only
adopted an inflation target, but also improved the transparency of its inflation forecasts in
order to guide inflation expectations toward the inflation targetﬁ These regularities were
studied in light of informational frictions where firms are subject to noisy signals of eco-
nomic variables. Their models were based on a rational inattention framework, where firms
rationally choose not to fully acquire information about developments in the state of the
aggregate economy[] However, these studies have been available to only a limited number
of countries. As Coibion et al. (2020) points out, in most of the countries where the central
bank adopts inflation targeting, country-wide empirical surveys on firms’ inflation expecta-
tions are hardly available. One prominent exception is the Short-term Economic Survey of
Enterprises in Japan (Tankan survey). As part of the Tankan survey, the Bank of Japan
asks firms about both their future individual price inflation as well as future country-level
aggregate price inflation, starting in April 2014. Based on the survey, we document that
the imprecision of firms’ inflation expectations, the magnitude of the responsiveness of their
expectations to the actual inflation rate, and the degree of heterogeneity in expectations
across firms are monotonically decreasing in firm size, while the deviation from the central
bank’s target inflation rate is monotonically increasing in firm size. This finding regarding
monotonicity is novel and as we will see later, the monotonic pattern of heterogeneity is not
straightforward for canonical imperfect information models where agents update their expec-
tations following Bayes’ law. We propose a plausible informational friction that is consistent
with Bayesian updating and show that the friction is useful for noisy information models in
reconciling these patterns.

Theoretically, many models have been proposed and explored in the literature.lﬂ Regard-
ing expectations formation with an inflation target under imperfect information environ-

ments, Orphanides and Williams (2005), for example, proposed a model where agents hold

6Many of the empirical findings based on surveys of economists and households have pointed out similar
empirical regularities (Fuhrer 2012, 2017; Ehrmann 2015; Lyziak and Palovitta 2017; Dovern and Kenny
2017; Corsello, Neri, and Tagliabracci 2019).

"With a slightly different theoretical framework, the responsiveness and slow adjustment were also rec-
onciled by Eusepi, Moench, Preston, and Carvalho (2019), where firms have imperfect knowledge about the
inflation target and adaptively learn about the target inflation rate.

8Eusepi and Preston (2018) provide an excellent review of this literature.



only imperfect knowledge of the central bank’s target inflation rate and learn about it by
evaluating observed economic shocks. They showed that inflation expectations become less
stable if uncertainty about the target is higher. Kozicki and Tinsley (2005) analyzed the
effects of permanent and transitory shocks in a model where private agents could perceive
the target inflation rate differently from the true target. Demertzis and Viegi (2008, 2009)
studied the stabilization effect on inflation expectations of having an explicit inflation tar-
get. Eusepi and Preston (2010) analyzed the effect of central bank communication about
its targeting principles, including policy rules and a numerical target rate of inflation, on
expectations stabilization. Hommes and Lustenhouwer (2019) investigated the effect of in-
flation targeting when credibility depends on the historical performance of achieving goals
using a New Keynesian model with heterogeneous and bounded-rational expectations. Eu-
sepi, Moench, Preston, and Carvalho (2019) proposed a structural model that generated
persistent deviation of inflation expectations from the target inflation rate by temporarily
shifting inflation expectations toward the actual inflation rate. Our paper is in the same vein
but has a distinct feature, namely our model does not simply assume a lack of knowledge,
but considers firms’ fully rational information processing in a Bayesian manner when they
attempt to learn about and eliminate the persistent component of the noise in the central
bank’s signals. To the authors’ knowledge, this paper is the first attempt to investigate the
consequences of using central bank communication to guide agents’ inflation expectations
toward the inflation target with a noisy information model when the central bank’s prior is
unknown to firms, which results in a different role for central bank communication in expec-
tations formation. It turns out that this friction is useful in reconciling the aforementioned
empirical facts.

This paper is organized as follows. Section 2 documents empirical facts using the Tankan
survey. Section 3 lays out the model and shows expectations under a known prior. Section
4 explores the implications of the unknown prior for firms’ expectations formation. Section

5 reconciles the empirical patterns. Section 6 concludes.

2 Stylized Empirical Facts

In this section, we present empirical facts regarding firms’ expectations formation in relation
to firm size that are observed in the Tankan survey of Japan. The Tankan survey is conducted

by the Bank of Japan on a quarterly basis and contains around 10,000 sample firms that



are chosen to represent the country-wide firm-size and industry distributions. Starting from
April 2014, firms are asked about their forecasts of the inflation rates of their own business
as well as the economy-wide inflation rate at an aggregate levelﬂ The survey results are

aggregated and presented both by firm size and by industry.

2.1 Deviation of Expectations from the Target Inflation rate

We first observe the deviations of firms’ inflation expectations from the central bank’s target
inflation rate, i.e. a positive two percent change in the price level on a year-on-year basis.
Panels (a), (b), and (c) of figure 1 show the average of Japanese firms’ one-year, three-years
and five-years ahead inflation expectations, respectively.

The panels indicate that firms’ inflation expectations have persistently deviated from the
inflation target, of two percent. In addition, they also reveal that the deviation of inflation
expectations of larger firms have been larger and more persistent than those of smaller firms.
This could be somewhat unpleasant for central bankers. Given that large firms have a higher
ability to process information and larger exposure to macroeconomic variables, canonical
rational inattention models (Sims 2003 and Mackowiak and Wiederholt 2009) imply that
large firms’ inflation expectations should be closer to the central bank’s inflation forecasts
than small firms’ inflation expectations if the inflation forecasts are sufficiently credible[”)
On the contrary, our data suggest that larger firms’ inflation expectations exhibit a more

persistent gap with the central bank’s inflation forecastsﬂ

9The questions regarding inflation rate of firms’ own businesses and economy-wide inflation are as follows:
(1) Outlook for Output Prices: Relative to the current level, what is your enterprise’s expectations for the rate
of change in the selling price of your main domestic products or services for one year ahead, three years ahead,
and five years ahead, respectively? Please select the range nearest to your own expectation from the options
below. (2) Outlook for General Prices: What is your enterprise’s expectations of year-on-year rate of change
in general prices (as measured by the Consumer Price Index) for one year ahead, three years ahead, and five
years ahead, respectively? Please select the range nearest to your own expectation from the options below. The
full questionnaire and the data are publicly available here: https://www.boj.or.jp/en/statistics/tk/index.htm

10This is because larger firms with larger exposure to aggregate variables than to idiosyncratic variables
should allocate more resources to process information regarding aggregate variables, such as economy-wide
inflation rates, and fewer resources to process information regarding idiosyncratic variables. In Appendix
[A] we formally show that smaller firms would be less attentive to macroeconomic variables using a rational
inattention framework.

1 The persistent deviation could be related to the so-called inflation bias in the context of time-
inconsistency and incredibility of commitment policies (Kydland and Prescott 1977; Barro and Gordon
1983a, 1983b; Cukierman and Meltzer 1986; Backus and Driffill 1985; Blinder 2000; Fauset and Svensson
2001). In addition, more recent studies discuss the deflationary bias caused by the effective lower bound
of policy interest rates (Eggertsson 2006; Adam and Billi 2007; Nakov 2008; Nakata and Schmidt 2016;
Hills, Nakata, and Schmidt 2019). Our study highlights a distinct mechanism arising from central bank
communication, which can coexist with these hypotheses.



Figure 1: Firms’ inflation expectations in Japan
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2.2 Imprecision, Responsiveness, and Heterogeneity

Next, we observe patterns in the imprecision of inflation expectations measured by their
forecasting errors, the responsiveness to the actual inflation rate, and the heterogeneity
across firms.

Panels (a),(b), and (c) of figure 2 show the imprecision (averages of forecast errors) of
firms’ one-, three-, and five-year ahead inflation expectations across large, medium-size, and
small firms. The forecast errors are defined as the Root Mean Squared Errors and the
sample periods for the RMSEs of the one-, three-, and five-year ahead inflation expectations
are 2014/1Q-2018/4Q, 2014/1Q-2016/4Q, and 2014/1Q-2014/4Q), respectively. They suggest
that the forecast errors are monotonically decreasing in firm size.

Panel (a) of figure 3 illustrates the developments in the economy-wide averages of firms’
one-, three-, and five-year ahead inflation expectations during a period of declining inflation
due to the plummetting of oil prices after 2014. During the period, average expectations
adaptively declined along with actual inflation rates (i.e. Headline Consumer Price Indexes).
Panels (b), (c) and (d) depict the cumulative changes in firms’ one-, three-, and five-year
ahead average inflation expectations across large, medium-sized, and small firms from June
2014 (the peak) to September 2016 (the trough). During this period, the decline in the
inflation rate affected the inflation expectations of smaller firms more.

These monotonic patterns are consistent with the findings of existing empirical studies
suggesting that agents who (are considered to) have less interest in macroeconomic variables
exhibit less precise and adaptive expectations. Kumar, Afrouzi, Coibion, and Gorodnichenko
(2015) argue that firms with more competitors tend to have more precise expectations. Using
an experimental survey, Cavallo, Cruces, and Perez-Truglia (2017) show that people in high
inflation countries seem to be more concerned and have harder priors about inflation than
those in low inflation countries. Even within a low inflation country such as Japan, Tanaka et
al. (2020) showed that larger firms make more accurate forecasts about aggregate variables
based on the ” Annual Survey of Corporate Behavior,” conducted by the Cabinet Office of
Japan.

The relationship between imprecision and the responsiveness of firms’ inflation expec-
tations by firm size is consistent with canonical imperfect information models. However,
canonical imperfect information models are inconsistent with our findings regarding het-

erogeneity. Panels (a), (b), and (c) of figure 4 show heterogeneity of firms’ one-, three-,



Figure 2: Imprecision of firms’ aggregate inflation expectations
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Figure 3: Responsiveness of firms’ aggregate inflation expectations
(@) Dynamics of firms’ average expectations (b) Cumulative changes in firms’ average
expectations from June 2014 to Sep. 2016
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Figure 4: Heterogeneity of firms’ aggregate inflation expectations
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and five-year ahead inflation expectations across large, medium-sized, and small firms as
the averages of all waves (2014/1Q-2019/4Q).The panels document that the heterogeneity
is smaller across larger firms than smaller ﬁrms.m

This monotonicity in heterogeneity with respect to firm size is in line with Kumar,
Afrouzi, Coibion, and Gorodnichenko (2015) and Coibion, Gorodnichenko, and Kamdar
(2018), which find that firms with smaller information processing capacity exhibit more
heterogeneous inflation expectations.ﬁ However, this requires further theoretical consider-
ations. If a Bayesian firm has less precise private signals regarding aggregate variables, it
should be more reliant on public signals such as the central bank’s target inflation rate in its
expectation formation. More reliance on public information should reduce the heterogeneity

among smaller firms[]

3 Inflation Expectations and Central Bank Communi-
cation

To study the expectations formation mechanism behind the stylized facts, we develop a
dynamic model of inflation expectations of firms where firms form expectations following
Bayes’ law and the central bank’s inflation forecast serves as a noisy public signal about the
future inflation rate[”

The outline of our two-period communication model is as follows. An economy is popu-
lated by a continuum of firms and a central bank. The inflation rate depends on economy-

wide long-run inflation expectations, the output gap and temporary shocks (e.g., cost-push

12 Angeletos and Lian (2018) shows that heterogeneity in agents’ expectations significantly reduces the
effectiveness of central bank communication.

13These monotonic patterns are basically maintained within each industry if industry-level disaggregated
data are used (see Appendix .

14The empirical patterns could be theoretically explained if the central bank’s inflation target is a much
noisier signal than other signals available to larger firms. In particular, large firms could virtually ignore
the central bank’s inflation target in making optimal decisions. However, this contradicts empirical studies,
such as Romer and Romer (2000), that proved the usefulness of central bank information in predicting
the inflation rate relative to private information obtained by the private sector. In the Japanese context,
Fujiwara (2005) and Hattori, Kong, Packer, and Sekine (2016) suggest the influence of central bank forecasts
on private agents’ forecasts. In addition, a number of recent empirical studies discuss the information effect
of forward guidance by central banks where private agents exploit the central bank’s private information
from the conduct of its monetary policy (Nakamura and Steinsson 2018 and Melosi 2017). These studies
suggest the usefulness of signals sent by the central bank.

15This corresponds to a situation where the central bank operates a flexible inflation target under an
environment where exogenous shocks and/or structural changes can occur. In such a situation, the long-
term inflation rate is stochastic and time-varying.

12



shocks). Thus, the actual inflation rate (another type of public signal) endogenously gen-
erates information about the future inflation rate. In each period, firms observe the past
inflation rate and receive private signals of their own and public signals sent by the central
bank that are relevant for the fundamentals (in what follows, we refer to the signals as CB
signals). Using the observation of past inflation rates, their own private signals, and the
central bank’s public signals, they form their expectations about the future inflation rate.

Next, we add one communication friction to the model. The central bank’s prior about
the future inflation rate (i.e. the persistent component of the noise in the CB signal) is
unknown to firms.

With this friction, which is consistent with the information processing observed by Cav-
allo, Cruces, and Perez-Truglia (2016), firms attempt to identify the persistent component
of the noise using their own information set, aiming to eliminate the persistent component of
the noise from the central bank’s signal. We model this communication friction by applying
a technique employed by Sethi and Yildiz (2016, 2019) that analyzes information diffusion

among people with mutually unknown priorsE

3.1 Set-up

Environment. An economy is populated by a central bank and various types of firms
with different exposures to aggregate shocks (e.g., large firms, medium-sized firms, and small
firms), indexed by j € [0, 1]. Within each type, there exist a continuum of firms, indexed by
the unit interval ¢ € [0,1]. There are two periods, period 0 and period 1, and each period
is indexed by t € {0,1}. The fundamentals related to future inflation rates in period 0 are

randomly drawn and denoted as 0o € R, and the environment in period 1 is determined as
Ooclt = Ocojo + €1,

where ; ~ N (0,(?) is the persistent stochastic shock in period t. &; can be affected by
various factors, including monetary policy and exogenous shifts in economic structuresm In
what follows, for the sake of notational simplicity, we denote f; as 0.

Given 6,, firms form inflation expectations about #;. We define

E[6,L,()] = /[ EILG )

16They name the prior ” perspectives.”
170ur focus here is on a communication problem, namely the transmission of information about )¢ after
it has already been drawn.
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as the average of inflation expectations based on the information set of firm ¢ of type j in

period t. Define the economy-wide inflation expectation as,
wi= [ B
7€[0,1]

The inflation rate is then determined following an expectations-augmented Phillips curveﬂ
=T + Ky + &,

where y; € R is the output gap, x is the slope of the Phillips curve and & € R is a cost-
push shock following the distribution & ~ N (0,32>. Importantly, because 6, is linearly
mapped into 7, firms can obtain information about 6, based on their observation of WtE

For example, the mapping can be expressed as,
77'2i = Qt + Tty

where T, is the noise in economy-wide average expectation. None of the firms knows the value
of T but all of them know that Y; follows T; ~ N (0, w?) because information structures are
assumed common knowledge to all firms. For the sake of analytical simplicity, we suppose
that firms have no knowledge of &. Firms are then able to extract information about 6, as
follows.

m=0+Y+& e m~N(0,6),

where 62 = 42 + w?. In what follows, we focus on firms of a particular type and define

E[6,|I,] = E[6,|L(5)].

Information structures and frictions in communication. In addition to m;, two types
of signals are assumed to exist in each period. One is the private signal held by firms for

t € {0,1}, and is denoted by
:ct(z) = et + nt(l),
where 7;(7) ~ N (0, 72). 7 is assumed to be different across firm type. It could be interpreted

as the parameter describing firms’ lack of incentive to collect information about aggregate

variables. In particular, a larger 7 indicates less attention to 6.

8By viewing inflation expectations as trend inflation, we can also interpret this setting as one type of
unobserved component model which is more micro-founded (Stock and Watson 2007, Cogley and Sbordone
2008 and Mertens 2010). We can also interpret this as a New Keynesian Phillips curve.

19This mechanism follows Amador and Weill (2010, 2012) and Gorodnichenko (2010).
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The other signal is provided by the central bank. The central bank has a prior about 6,,
denoted by 0; ~cp N (1, v?) for t € {0,1}, and the current prior depends, more or less, on
the past value of the prior. For tractability, we assume that the prior follows the following

random-walk process:
p ~ N1, %), (1)
where firms hold no knowledge of 1y € R in period 0, but they know the stochastic process

of the central bank’s prior |

The bank also observes its private signal,
Yr = 0 + €,

where ¢; ~ N (0,0?) and then reveals (the mean of) its posterior belief to firms as

v? o?
0; = 2
t U2+O'2yt+ Uz_l_o_glutv ( )

for ¢ € {0,1}. Here, we assume that firms cannot directly observe {y:, p;}, but can only
observe 6. Therefore, firms attempt to extract useful information y; from 6; by speculating
about p,. It should be noted that we do not explicitly analyze the central bank’s strategic

communication policy.

Definitions. In what follows, for the sake of notational simplicity, we use the following
definition of the information set: Iy(7), I}(i) and I; (i) are three types of information sets of

firm ¢ about 6, that is,

HO@) = {:I:‘O(Z),@S},]Ill(l) = {x()(i)?ﬂ-()?e;ve;}’ﬂl(i) = {xo(i%ml(i)?ﬂ-o’es’e;}'

We also measure the degree of persistence of the deviation of inflation expectations from
the target inflation rate as the dependency of inflation expectations in period one, E[6|L; (7)],
on the private signals in the previous period, z((i), and the past inflation rate, my. This
measure increases as inflation expectations become less responsive to the central bank’s
signals (6§, 07) and the newly arrived private signal in the current period z1(:). We denote
the measure in the case of a known prior by (5 and that in the case of an unknown prior by
0.

200ur qualitative results remain intact as long as p; depends on u;_1 to some extent.
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3.2 Benchmark Case: Known Prior

As a benchmark, we derive firms’ inflation expectations when they know the central bank’s
prior, i.e. firms directly observe y, for ¢ € {0,1}. In such a case, firms update their expec-
tations based on the information set {x1(4), 1, 7o, 2o(7), Yo} and they form inflation expec-

tations as follows.

Proposition 1 The inflation expectations of firm i in period 1 are given as follows:

E[91|$1(i)> Y1, To, l’o@'), yo] =My + VoY + 73951@ + 54&30(@) + Y570,

where,
~ o2
"= — ’
(W_‘_CQ) 472 4 g2
1 271 L
Ny, = (o +0) o
2 = — § - .
(W‘FQ?) +r 24027 2+0 24072
—2
5 T
T3 = — ’
(W + CQ) + 724052
-1
Y = (W—i—@) 2
4 = — _ - .
(oo +¢) + 7240272 +02+072
-1
Y. = (m‘i‘cz) 52
Y5 = — _ _ _
(oo +¢) + 7240 2T 2+ 02 +07?

Proof: See Appendix [C.1] O

The expectations of firm i are composed of the weighted average of the five signals: the
firm ¢’s own signal x(4), the inflation rate 7y, and the central bank’s private information y,
in period 0, as well as the firm i’s own signal x1 (i) and the central bank’s private information
11 in period 1. Note that the case in which firms completely ignore the CB signals is just

an extreme case of this form as ¢ — 0.

3.3 Unknown Prior

Next, we explore the expectations formation under an unknown prior. Absent knowledge
about the central bank’s prior beliefs p;, firms learn about p; in order to extract useful

information y; from the CB signal 0; ]

21Because po € R is completely unknown in period 0, firms cannot extract any information from CB
signals in period 0.
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Learning and information extraction process. The formation process of the central
bank’s expectations about the future inflation environment is given by equation ({2)), and

thus the following equality holds:

M0:90+;(98—Z/0)- (3)
While 6 is publicly observable, y, is not. Taking expectations with respect to information
set I} (7), is transformed into
/(- * U2 * /-
Elpoll1(4)] = 66 + — (65 — Elyo[L(2)]) (4)
Because y is an unbiased signal of 6, and each firm is assumed to have no knowledge of 1,

the following equality holds:
Elyolly (4)] = E[6o] L (4)]. ()

By plugging (5)) into (4]), we obtain
! (. * U2 * ! (.
Elpoll1(0)] = b + —5 (65 — E[60[T, (2)])

In this way, firms estimate the persistent component of noise in the prior in each period by
comparing CB signal 6} with the firm’s best guess of it (E[0y|I}(4)]).
The imprecision of E[u4 |1} ()] is calculated as follows. Regarding the variance of yg, we

have:

ViyolT; (i)] = Vo] T; (4)] + 0. (6)

The imprecision of firms’ expectations of the central bank’s information (V([yo|I}(7)]) is the
sum of the imprecision of firms’ expectations of the inflation environment (V[f,|I}(7)]) and
the imprecision of the central bank’s expectations of it (02). Accordingly, using @, we

obtain,
2 2

Vit ] = (5 ) Vil = (5 ) VoIt o)+ %),
Finally, from (1)), E[u|I}(¢)] and V] |T}(¢)] are obtained as follows:
Elm[l(@)] = Eluoll (2)],
VL) = ViuoL ()] + ¢

Given the above learning process and equation , firms’ information extraction process

based on the CB signal is given by
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2

Efy L, (0)] = 6; + 5 (67 — ElmlL(0)

Note that equation indicates that
2
* 9 *
Y :91"‘@(91—#1)7
and the imprecision of E[y; |I{(7)] is thus given by
2

Vi) = (%) Vialko.

Combining all the equations above, we have

Bl ()] = 6+ 7 (6 — Eju[L()])

= 01+ (07— Bl ()
= ov 2 (-0 - mam )

_ # (07 — 07) + E[6o|L, (i), (7)

and

where E[6y[I1 (i)] = —Fa=0(i) + —2amsmo.

Expectations formation process. Besides the information based on the central bank’s
private signal y; described by equations and , there exist two additional types of
information. One is the information formed based on E[f|l}(7)] and 6; ~ N (6y,(?), and
the other is the private signal x1(i) ~ N (61,7?) obtained by the firm. By combining these

three types of information optimally, firms’ expectations E[0;|1;(7)] are given as follows.
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Proposition 2 The inflation expectations of firm i in period 1 are given as follows:

E[01]11(4)] = 7107 4 7205 + v321(7) + va20(i) + Y570,

where,

-1

I
=

N

-1

1
72462 +

Proof: See Appendix[C.2] O
As is the case with the known prior, the expectations are the weighted averages of the five
signals. However, the following key differences exist between the expectations in proposition

and those in proposition [2]

Corollary 1 (i) v3+ 74+ 75 = 1 holds.
(ii) Suppose ( — 0 (01 =6y). Then v; — 0 and v2 — 0 hold.

(iii) Suppose ¢ — oo (01 is independent of 0y). Then v5 = —_>0.

6=
6—2427

First, the sum of the weights for the private signals (x1(7), zo(7)) and inflation rate 7 is
one (y3 + 74 + 795 = 1) with the unknown prior, indicating that CB signals do not crowd
out other signals. This is in contrast with the case with a known prior in which CB signals
crowd out other signals, i.e., 3+, +7 =1 —7; — 72 < L.

Second, the CB signals (07,6;) become completely uninformative if the fundamentals
related to the future inflation rate is invariant (¢ — 0).

Third, even when the fundamentals are perfectly random ({ — oo) and do not depend
on the fundamentals in the previous period, the actual inflation rate my, i.e. the signal about

the fundamentals in the past, is incorporated into firms’ inflation expectations E[6;|I;(7)].
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4 Anchoring Inflation Expectations under Unknown
Prior

In this section, we show the two main implications of an unknown prior for central bank
communication for the future inflation rate and firms’ inflation expectations. One is the
amplification effect on the sluggishness of inflation expectations. The other is the distinct

role of central bank communication in firms’ expectations formation.

4.1 Sluggish Adjustment of Inflation Expectations

One important implication of an unknown prior is the amplification effect regarding the
dependency of expectations on the past information about fundamentals, including the actual
inflation rate and firms’ private signals observed in the past. With this friction, central
bank communication about the future inflation environment increases the reliance of firms’
expectations on past information, making the adjustment of firms’ inflation expectations
more sluggish than in the case in which the prior is perfectly known. In fact, this mechanism
is distinct from the case in which firms receive only noisy public signals from the central
bank, where CB signals to some extent anchor firms’ inflation expectations, or the case in
which firms simply ignore or are unaware of CB signals, where the signals do not affect firms’
inflation expectations at all.

We define the reliance of firms’ inflation expectations on past information under known
and unknown priors as ¢ = 7, + s and ¢ = 4 + 75, respectively. We obtain the following

analytical result.

Proposition 3 (i) Suppose ¢ — 0 and ¢ — 0. Then ¢ > ¢ holds. (i1) Suppose 0 — o0
and denote the dependencies (¢,$} in this case as @,@_ﬁ) Then, ¢ > ¢ = é > 9. (111) ¢ is

decreasing in o. (iv) ¢ is decreasing in .

Proof: See Appendix [C.3] O

(i) of proposition [3|states that if the central bank’s signal is perfectly informative (o — 0)
and the bank’s unknown prior is constant (¢ — 0), then inflation expectations with unknown
prior adjust more sluggishly than those with a known prior. (ii) shows that, if the central
bank’s signal is informative, then the dependency is reduced under a known prior (é > 923)
By contrast, under an unknown prior, the dependency is amplified (¢ > ¢). Note that if

the central bank’s signal is completely uninformative, ¢ = é holds, which corresponds to
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the case in which firms simply ignore the signal. The key result is (iii): ¢ decreases as the
noise of the signal o increases. Therefore, together with (ii), we conclude that CB signals
could amplify the sluggish adjustment of inflation expectations under an unknown prior.
Importantly, the amplification is more pronounced as the precision of the bank’s signal,
namely the bank’s ability to acquire information, increases. (vi) claims that a more stable
unknown prior amplifies the persistent deviation of firms’ inflation expectations from the CB
signal.

Figure 5 illustrates the relationship between ¢ and gzg for a wide range of o and . The
benchmark parametrization is ( = 1,7 = 1,v = 1,0 = 0.5, and ¢ = 1. Panel (a) shows
the relationship between (¢, ngS) and o € [0,2]. Importantly, ¢ is decreasing in ¢ while b
is increasing in o. Panel (b) shows the relationship between (¢ , ¢) and ¢ € [0,5]. In
this case, ¢ is decreasing in 1 while 1[1 is invariant to 1. The figure illustrates that if the
central bank’s private signals are informative and the prior is stable, then firms’ inflation

expectations depend more on past fundamentals.

4.2 Persistent Deviation from the Target Inflation Rate

The second important implication regards the weaker anchoring effect of central bank com-
munication in pining down the level of inflation expectations. Under an unknown prior, the
role of central bank communication in firms’ formation of future inflation expectations is
completely different from that under a known prior. Under an unknown prior, the expecta-
tion formation process coincides with the case in which firms utilize CB signals as signals
not of the level, but of changes in future inflation rates.

To see this, we reinterpret the information structures by focusing on the value of CB
signals. Under an unknown prior, firms cannot extract information about ¢, from the CB
signals (05, 67) themselves because

2 2 2 2

0 gt 2 L (B0 + o) + ——

= = ———— € —_— s

0T 2P g T 2 T T el
2 2 2 2
v o v o

9* = = — 0 +€)+ ————

! a2t T2t U2+02< 1+a) 02+ o2
U2 2

g
T 2102 (0o + (61 — o) + 1) + m(ﬂo + (11— o)),

and p is a diffuse prior. However, by comparing 6} and 67, firms obtain information useful
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Figure 5: Firms’ inflation expectations (Simulation)
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for predicting 6; as follows,

. . ,U2 0.2
0 —0, = m(91—90+61—60)+m(ﬂl—uo)
e o2
& b —b = 2 (91—90)—(61—60)+§(H1—M0)
v?+o0? | . o2\ ?
A 02 (07 —05) ~ N <91 — 0o, 20° + (ﬁ) 902> ) (9)

2
where 202 + (Z—z) ©? > o2

Under an unknown prior, the CB signals provide information not about the level of fun-

damentals but about changes in fundamentals. Therefore, the information “2;;"2 (07 —65)
regarding 61 — 6y becomes informative only if it is combined with firms’ inflation expectations
in the previous period 6y. This interpretation provides us with the intuition behind corollary
[ Because 6; — 6y and 6y are independent of each other, information obtained from CB
stgnals does not crowd out other information ((i) of corollary [I]).

Moreover, if ( — 0 (61 = 6p), then firms can accurately map their expectations of
into those of ¢;. In this way, information obtained from CB signals does not provide any
additional information and thus y; — 0 and 75 — 0 hold ((ii) of corollary [1)).

Finally, even if ( — oo, namely 6, is independent of 6, firms’ expectations of 6y become
useful for inferring ¢, because information extracted from the CB signals provide information
about changes in the future inflation environment (6; — 6p), and thus firms can map the
information on 6y into the information on 6; by using the extracted information ((iii) of
corollary .

The following proposition confirms that this interpretation of the information structure
provides the same results about firms’ expectations as proposition [2, Interestingly, this
mechanism is amplified as firms view the CB signals as more informative (i.e. private

information of the bank is more precise and its prior is more stable).

Proposition 4 Firmi’s inflation expectations in period 1 formed with signals about 6y(xo(7), 7o),

01 — 0o (522 (07 — 07)), and 01 (x1(i)) are equal to the expectations in proposition @

v

Proof: See Appendix[C.4l O

22Note that, under a known prior,
Yo = 0o + €0, y1 = bh + €1,

and thus the signals provide useful information about the levels of fundamentals (6, 61).
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In what follows, we explain the mechanism behind (iii) of proposition [3|in more detail.
As signal @D shows, under an unknown prior, CB signals provide information about 6; — 6.
Because we have 6, = 0y+ (01 —b,), and 6y and (0; — b)) are independent variables, E[0; |I] ()]
and V[0, |I}(:)] are formed as

E0uL(0)] = E[6o|1 ()] + E[6r — 66| T, (@),
V[T (5)] = V[8o|T;(i)] + V(61 — bo] T, ().

Moreover, the inflation expectations of firm i in period 1 (E[6;|I;(7)]) are formed as

follows:

E[6:|1(i)] = W:\’H[zl(lf)’l] (_i)]; BT+ 91|I[’1(Z)_]—1 S—_
VL6 y
= VB 5 2 olh)]
Vi1 )]
VoL [T (D))~ + 772

7_—2

Yo

The key observation here is that the weight on the expectations of fundamentals in the

E[0; — 0|1} (7)]

previous period (E[0,|I}(¢)]) are positively affected by the precision of signal (9). This oc-
curs because firms can accurately map their inflation expectations in the previous period
(E[6p|I}(7)]) into fundamentals in the current period (E[¢|I}(i)]) by exploiting the informa-
tion about the changes in fundamentals (6; — 6y).

To summarize, under an unknown prior, CB signals facilitate firms’ use of past signals
in their formation process of inflation expectations. Because firms do not know the value of
the persistent noise component in CB signals, the signal provides no information about the
level of future inflation. On the other hand, by observing a sequence of CB signals, firms
can extract useful information about changes in future inflation. This is the mechanism that
allows for the persistent deviation of firms’ inflation expectations from the target inflation
rate. For example, if the values of CB signals in the first period are announced, firms cannot
exploit any information since the level of the signal may be affected by the prior. However,
if the signal in the second period is announced and it is close to the previous period’s signal,
then firms presume that the central bank’s own private signals would indicate a similar
value. This mechanism works even more strongly if firms view the central bank’s private

information as more informative.
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5 Reconciling the Stylized Empirical Facts

In this section, we show that the model with an unknown prior can reconcile the empirical
findings with a wider range of parameters than in the case without the friction. The learning
process is the key to reconcile the stylized facts that as the firm’s information processing
capacity increases (i.e., the firm becomes larger) and their expectations become more precise,
the responsiveness of inflation expectations to the actual inflation rate, and the heterogeneity
of inflation expectations across firms become smaller. This is because larger firms tend to
have larger resources to process information and rely less on the central bank’s information,
while firms need to extract the useful information from the central bank’s signal by estimating
and subtracting the persistent component of the noise in the bank’s prior using their own
dataset.

We define the following measures regarding the responsiveness and the heterogeneity of

firms’ inflation expectations.

Indicators. We set two measures: (1) the degree of responsiveness to the actual inflation

rate

0mo om

and (2) the heterogeneity of inflation expectations across firms

/ie[o,l} (E[Gllﬂl(i)] - /ie[o’u E[Gllﬂl(z’)]d@'ydi,

5.1 Benchmark Case: Known Prior

0 (ﬁe[o,”E[Hllﬂl(i)]di) <: aE[elrlh(z')]) |

We first analyze the benchmark case where the central bank’s prior is known to firms. We
denote the responsiveness in the case in which the central bank’s prior is known to firms
and unknown to, firms by & and «, respectively. We also denote the heterogeneity in the
case in which the central bank’s prior is known to firms and unknown to firms by B and [,
respectively.

According to proposition , the weight on 7y determines the responsiveness (& = 75) and
the weights on 21 (i) and zo () affect the heterogeneity of expectations (3 = [(73)2 + (54)2] 7).
We have the following results regarding the responsiveness of and heterogeneity in inflation

expectations.

25



Proposition 5 (i) Suppose ( — oo. Then the following relationships hold:

1906
=
or ’

and
05 >0 fort <o

3 =0 forTr=0 .
T <0 fort>o0

(ii) Suppose ¢ — 0. Then the following relationships hold:

(oo

— >0
or ’

— 252
and for T = 0/ 5755 < 0,

85 >0f0r7<f
5 =0 fortr=7 .
T <0 fort>7

(iii) Suppose ¢ € (0,00), then the following relationships hold:

and for T > o,

Proof: See Appendix [C.5 O

As firms’ private signals become less precise (7 1), firms’ expectations formation pro-
cess depends less on their own private signals and more on actual inflation rates and CB
signals. Therefore, the responsiveness of expectations (&), i.e. the dependency of inflation
expectations on actual inflation, modestly increases along with 7 unless the signals of future
inflation rates received in the previous period are completely uninformative (( — o).

As for the degree of heterogeneity (B), there exist two competing forces that affect the
formation of expectations. One is the direct effect of the increase in heterogeneity of firms’
private signals (7 1). If the weight on the private signal remains unchanged, then hetero-
geneity increases together with the heterogeneity of private signals. The other is the effect

of changes in 7 on the weight of the private signal. As the private signal becomes more

imprecise (7 1), the informativeness of the signal about future inflation ¢; and the weight of
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6 in the formation of expectations decreases. The key is that if 7 = ¢ holds, then the latter
effect always dominates the former effect. Namely, as long as the central bank’s private
signal is more precise than firms’ private signals, heterogeneity monotonically decreases with

7, which is inconsistent with our empirical observation.

5.2 Unknown Prior

Next, we explore the case where the persistent component of noise in the central bank’s

signal is unknown to firms. We obtain the following proposition.

Proposition 6 Suppose (i) ( — oo or (ii) ( — 0. Then the following relationships hold:

oo

— >0
or ’

and for 6 — oo and p — o0,
ap

— >0
or

holds in a range of T € (0, 00).

Proof: See Appendix [C.0 O

This proposition states that, under an unknown prior, the responsiveness («) and the
heterogeneity () are monotonically increasing in 7 in a range of 7 € (0,00), consistent
with observed empirical patterns. In this economy, empirically consistent patterns in the
responsiveness and heterogeneity hold if the central bank does not disclose CB signals under
a known prior. A similar information structure emerges under a known prior if the central
bank announces CB signals and CB signals are sufficiently imprecise. However, if the central
bank’s private information is precise, then CB signals are precise as well and to the same
extent. In such a case, the model predicts decreasing heterogeneity with respect to 7. By
contrast, under an unknown prior, the information extracted from the CB signals can be
sufficiently imprecise through the information extraction process even if a central bank’s
private information is precise. This endogenous amplification mechanism of the imprecision

of CB signals plays a crucial role in generating the results in proposition [6]

5.3 Numerical Illustration

Finally, in this section we provide a numerical illustration to show our argument visually. In
this exercise, we set the parameters for both panels to ( = 1 and § = 2, and the imprecision

of the central bank’s prior is set to v = 1.
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Figure 6: Responsiveness and heterogeneity of firms’ inflation expectations (Simulation)
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Figure 6 shows how the responsiveness («, &) and the heterogeneity (S, B) change along
with the imprecision of firms’ private signal 7 when the central bank’s prior is known and
unknown, respectively. We examine the cases of c = ¢ =0, 0 = ¢ = 0.5, and 0 = p = 1.
In panel (a), cases (1), (2), and (3) indicate the relationship between the imprecision of
firms’ private signals (1) and the responsiveness of firms’ inflation expectations. If the
central bank’s private signal is noisy (¢ > 0), then there is a monotonically upward-sloping
relationship between 7 and («, &), which is consistent with our empirical finding. However, if
the central bank’s signal is perfectly informative (¢ = 0), then the model with a known prior
fails to replicate the relationship in that & is zero and invariant to 7. Therefore, the model
with an unknown prior can generate empirically consistent theoretical predictions about the
relationship between the imprecision and the responsiveness of inflation expectations with
a wider range of parameters. In panel (b), cases (1), (2), and (3) indicate the relationship
between the imprecision of firms’ private signals (7) and the responsiveness of firms’ inflation
expectations. The model with a known prior cannot generate a monotonically upward-sloping
relationship between the imprecision of private signals (7) and the heterogeneity (f, B) in
all cases while the model with an unknown prior can. The model with an unknown prior
can explain our empirical observations about the relationship between the imprecision and
the heterogeneity with a boarder range of parameters. These results support the existence

of an unknown prior.

6 Concluding Remarks

In this paper, we construct a noisy information model of central bank communication on
future inflation rates and highlight an informational friction that plays a key role in explaining
empirical properties of firms’ inflation expectations.

We document several empirical findings about firms’ inflation expectations observed in
Japan. The deviation from the central bank’s target inflation rate is monotonically increasing
in firm size, while the imprecision, the magnitude of the responsiveness of expectations to
the actual inflation rate, and the heterogeneity of firms’ expectations are monotonically
decreasing in firm size.

To reconcile these empirical regularities, we construct a dynamic model of firms that
form inflation expectations following Bayes’ law where the firms gather information regard-

ing future inflation both by themselves and from the central bank. We add an informational
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friction to central bank communication about the future inflation rate. Namely, the central
bank’s prior is unknown to firms. With this friction, central bank communication about
the future inflation rate can amplify the dependency of inflation expectations on past infor-
mation, make the heterogeneity of expectations monotonically increasing in the imprecision
of the private signal, and hinder the anchoring effect of the communication, allowing for
persistent deviations from the target level. We show that this mechanism is distinct from
the cases in which firms are inattentive to the central bank’s communication.

Our model can be extended in multiple directions. One extension is to develop a general
equilibrium model with an unknown prior to explore the implications for macroeconomic
fluctuations and social welfare. Another extension could be to endogenize the informa-
tion structures following models of dynamic rational inattention (Mackowiak, Matejka, and
Widerholt 2017) or information acquisition choice (Hellwig and Veldkamp 2009 and Myatt
and Wallace 2012). Further, to examine the interplay between monetary policy and com-
munication with an unknown prior is insightful as well. Such extensions may provide more

helpful insights into the central bank’s communication problem.
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A Firm Size and Rational Inattention

This appendix develops the simplified and extended versions of Mackowiak and Wiederholt
(2009). Suppose that there is a firm that produces and sells N number of differentiated
goods i € {1,2,..., N}. We suppose that the firm’s best response in the market for good i is

symmetric and is given as follows:

where 0, is the macroeconomic variable and 6; is the (sector-specific or) idiosyncratic vari-
able. ¢ is a parameter that determines the relative importance of the idiosyncratic variable
to the macroeconomic variable.

Next, we assume the following information structure.

S1; — em -+ €14y em ~ N <O7U1271) S U N (070-31) ’
Soi = O; + €9, 0; ~ /\/’(0,03), €2i ™~ N(O’U€22)'

Given the best response and the information structure, the rational inattention problem

of the firm is given as follows.
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and the inequality binds,

holds.

38



The loss function is given by,

2
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and thus the first-order condition with respect to 3§m|q is derived as,
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where o7, /5% o > L

Therefore, the attention allocation to the macroeconomic variable (1/ 83:;‘61) is increasing
in the size of the firm, denoted by N. This occurs because information about the macroe-
conomic factor can be used for pricing in all of the markets while information about each

idiosyncratic variable can be used for pricing in only one specific market.
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B Industry-level Evidence

In this appendix we confirm the empirical patterns observed in Section 2 by investigating the
industry-level evidence of 28 industries. The definitions of the imprecision, responsiveness,
and heterogeneity of firms’ inflation expectations are equivalent to those in figures 2, 3, and
4, respectively.

To begin with, panels (a), (b), and (c) of figure 7 show the imprecision of firms’ one-, three-
, and five-year ahead inflation expectations in each industry and show that smaller firms’
inflation expectations tend to be more imprecise than larger firms’ inflation expectations, as
is observed in the aggregate evidence of figure 2.

Next, panels (a), (b), and (c) of figure 8 show the degree of responsiveness of firms’
one-, three-, and five-year ahead inflation expectations in each industry and indicate that
the dynamics of smaller firms’ inflation expectations, indicated by the triangles, are more
responsive than larger firms’ inflation expectations, shown by the crosses and circles. This
is consistent with the aggregate evidence of figure 3.

Finally, panels (a), (b), and (c) of figure 9 plot the degree of heterogeneity in firms’ one-,
three-, and five-year ahead inflation expectations in each industry. The panels indicate that
smaller firms’ inflation expectations, indicated by the triangles, are more heterogeneous than
larger firms’ inflation expectations, shown by the crosses and circles. This also matches the
observations from the aggregate data of figure 4.

In conclusion, industry-level disaggregated data provide observations that are consistent
with those in the aggregate data: smaller firms’ inflation expectations are more imprecise,

responsive, and heterogeneous.
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Figure 7: Imprecision of firms’ industry-level inflation expectations
(a) One-year ahead inflation expectations
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Note: The sample periods for the RMSEs of one-, three-, and five-year ahead inflation expectations

are 2014/1Q-2018/4Q, 2014/1Q-2016/4Q, and 2014/1Q-2014/4Q, respectively.

Source: Bank of Japan
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Figure 8: Responsiveness of firms’ industry-level inflation expectations, cumulative changes
from June 2014 to Sep. 2016

(a) One-year ahead inflation expectations
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Note: CPI is adjusted for changes in the consumption tax rate and education fee system in public
schools.
Source: Bank of Japan, Ministry of Internal Affairs and Communications
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Figure 9: Heterogeneity of firms’ industry-level inflation expectations

(a) One-year ahead inflation expectations
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Note: The numbers are simple averages between 2014/1Q-2019/4Q).

Source: Bank of Japan
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C Proofs

C.1 Proof of Proposition

First, expectations of firm 7 about 6, are calculated as,

2 . 52 o2
T2 4072 4 O'_on(z) + T 24024 G210 +
1
T245 2402

E[90|$0(i)7707y0]

V[00|x0(i),7r0,y0]

Moreover, the following equations hold:
T2 62 o ?
) + +
7240724 J—QIO(l) T 24024 o202 +02+0

1 2
T*2+5*2+0*2+C'

E[91|x0(i),7r0,y0]

—5 Yo,

V[91|$0<i)77foyyo]

Therefore, using E[0;|zo(7), 7o, Yo], expectations of firm ¢ about 6; are calculated as fol-

lows.

E[61]y1, 21(2), yo, 2o(2), mo]

V{6 o), 7o, o] |
- El6
Vil (i), mo, go] * + 72 o2 101170(0): To, 4ol
7—_2 0__2

V(0:1|z0(7), 0, yo] L + 772 + 0__2.1'1(2) V(01 |zo(i), mo, 40] L+ 7240

—1
(et SR
T (et ) tr o2 it 0ot

72462402
-1
(= + &) 52

(i +C) AT 2o 2T 200
-1
(W +¢?) .

(o= + () 20T P o

) U1

+

o

+

—9 Yo

T2 o2

+ -1 1 (i) + —
(rrme= +¢) 477407 (e + 7)) +7 2407

U1,

L O
01]x0(2), Mo, yo] L + 1772+ 072

V101 |y1, 21(2), yo, zo(2), o] = V]
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C.2 Proof of Proposition

First, we consider E[0;|I}()]. By optimally combining the information about y;, given by

and (8), and the prior formed from E[f,|I}(i)] and 6; ~ N (6o, ¢?) as,

-2 _9
. 1 )
mxo(l)+mﬂo+ONN(el,m+g ) ,

E[6,|I}(7)] is calculated as

91:00+81<:>

I (s U2 + 0-2 * * T_2 . 7'_2
E[@lml(l)] = w |: 2 (91 - 90) + mxo(l) + 7__2—4_6_271'0‘|
T2 ) T2
+(1-w) L_Q—W%(Z) + L + 01
72 . T2 vi4o?,
= T_Q—on(z) + gt W (01— 00) + (1-w)0,

where

V(61 |T (i)] = (7—2;+5—2>2 + w? <02 + (Z—i)Z ¢2> +(1-w)’ ¢

The optimal w is determined as

—av[e(;fll(l)] = 2w ((72 + (Z—j) <P2> —2(1—-w)¢*=0

& W=

Finally, E[0;|1;(7)] is obtained as
VoW, ()]~ T’
G0 ()]t + 7

L AGIEE

C.3 Proof of Proposition

~

First, ¢ = 74 + 75 is given by

(st + ¢

¢E = 1
(o= t¢Y) +7 24072
and ¢ =4+ 75 = K 18

—1

. R

<*2+(202+(g—2) soZ)
(b = 1
7*2—1&-5’2 + : + T2

@)

45



Proof of (i). Suppose ¢ — 0 and o — 0. Then

b — 0,0 —

Proof of (ii). Suppose 0 — co. Then

T2 4572

a2z

(= +¢) 7

[S->

e

We can transform é and ¢ as follows:

—2_%_572 + C2)71 + 772

. 1
P(=¢0) = )
_( _) 1+ _2+52+7— 2C2
. 1
L4 = + (T2 40 ) ¢
Then, é > é because
R R 724072 _9 9\ 2 T2 2.9
o > ¢¢>772+572+072+(7’ +07%)¢ >—7_72+572—|-T ¢
724072 9 .9 T2
& >
2102102 ° ¢ T2 4 52

where 072¢? > 0 holds by definition and

T4 holds for 672 > 0.

Next, we can transform ¢ as follows:

¢ =

T 2457240

72_|_(5 2

1

-2

_|_ T

-2
T
1 + T_2+5_2

We can then prove ¢ > ¢ as follows:

7_—2

—2 2
o > Q@—T72+572+7 ¢ >

1

EEEE

7_—2 7_—2

T2 402

s >

2+ (2024 (%) v

2 -1
where (2 (202 +(z) g02) > 0 holds.

o2\ 2 -1
— <14+ (20 +(U2) @2) > 1,
)
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N
Proof of (iii) and (vi). (202 + <g—§> <p2> is decreasing in ¢ and ¢ and

-1

2
— Is increasing in (202 + (i—;) @2)

-1

1
T248572 +

1
@)

Finally, ¢ is increasing in | — L+ = O
2452 C724-(202_"_(572)2('02) T

C.4 Proof of Proposition
From

v? o?

07 —0, = m(91—90+61—€0)+m(m—uo)
vi+o?, o?
& =0y =—5— (01— 05) — (&1 — o) + — (1 — ho)

we have

v

v +0? . o2\ 2
—2(61 —90) NN (91 —80,20'2+ (ﬁ) (,02> .

Expectations with respect to I} (i) are given as follows:

E[0:|T,(i)] = E[6o|I}(:)] + E[6; — 60| T7(2)]
9 -1
2 fod 2
_ Ll‘ (Z) + 572 T + (20 i <U2> v ) UQ +02(9* _9*>
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. 772 2 52 2
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Therefore, expectations with respect to I; (i) are given by

E[01|L(i)] = KE[01[I ()] + (1 — )21 (i)
772 , 572
KT_Q—W.T()(Z)‘i‘HT_Z—W

9 -1
(202—1— (Z—;) 902> 9 9
T 0t
“+ (2004 (%) ¢

o

+K

where
10
VoL ()]~ 4+ 772

C.5 Proof of Proposition

Proof of (i). Suppose ¢ — co. Then, from proposition [I] we have

—2 -2

mﬁz =0,73=

~ g

M= —,7% = 0,7 =0.

T 240

Therefore, & = 75 = 0, and thus 9&/d1 = 0. Next, B is given by,

B = —7—2 2 2= —T_2
—\r2152 - (7—2—|—0‘2)27

and thus,
5’3 o2 _ 2 8B <0OforT<o
52 = (7*2—1—0*2)2@87*2: =0fort=0.
>0form>0
>0forT <o
& %: =0fort=0.
oT?

<0Qfor7>0

Proof of (ii). Suppose ¢ — 0. Then, from proposition , we have,

- o2 - o

mo= 02427242072’ "= 02427724202
~ 772 ~ 772

= 02427724202’ "= 024277242072’
- 52

Y5 =

0 2+277 24202

Q is given as

. 02

G=VB T 52 + 2772420727
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which is decreasing in 772 and thus da/d7 > 0.

B is given as

B=2 T e
= T
02427724202 ’

and thus the condition that 93/87 > 0 is

I 0242072 972
é2 _ 9 + 20 T <0
or (0-2 + 272 1 20-2)
2 2 , 262 2

< = <
T 072+ 202 g 02 + 262

Proof of (iii). Suppose ¢ € (0,00). The responsiveness & is given by,

—1
Ao oA (= +6%) 2
- 1 N p 24272402402
(= + ) +77% 40
572

T 240240 2+ (14+ (72402 +02)) (72 +072)

which is decreasing in 772 and thus increasing in 72.

Heterogeneity 3 for ¢ € (0, 00) is given as
b= @)
T (L (T2 +67 +07%)C)" + 1]
(R G R R O B G Y [ o )
The first term has the property that

Oz
(7.—2+0.—2)2
“or2 0

if o7 > 774 and thus 7 > 0.
Next, the second term is monotonically increasing in 72, Fix (77240 2+0"2) /(7 ?+07?)
and define
[(1+ (72 + 072 +07°)(%) +1] X?+1
(I+ (1240240 2)2)+ (1724024072 /(772+072)2  X2+2XY +Y?
Then, the following inequality holds:

o X241

%>OH2(XY—1)(X+Y)>0.

Here X > 1 and Y > 1, and thus XY > 1 holds. Therefore, the second terms is increasing
in X even for fixed Y. In addition, Y is decreasing in X. Thus, the second term is increasing
in X (i.e. 772). Together with all the inequalities above, we obtain the conclusion that B is

increasing in 772 and thus decreasing in 7 for 7 > . O
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C.6 Proof of Proposition [6]

Proof of (i). If ( — 0, then

-2 52
E[elmll(z)] = 24§62 Io(l) -2 §-2 To,
VB =
and thus,
7_—2 5—2
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T2 52 72
T o202+ T*2$O(i) + T24+624 720 + T24+624+ 7_72ZE1(Z').
Therefore,
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0
<0 -2 >0,

Oa ) 52
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The heterogeneity is,
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and thus, from

2> 9 2> 2
0 "7 &1 207,
we have

3 =0forT=¢ .
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Thus, for § — oo, 98/0T > 0.

Proof of (ii). If ( — oo, then
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T2 46720 T 2y 52
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Therefore,
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where

The responsiveness is

da 0 o
Or—2 OT™2 | ;2 4 52 4 [1 + (772 4+072) <202 + (Z_;)Q SOQ)] T
Oa
< 0& 5 > 0.

The heterogeneity is

where

R = .
U [t (200 () 07) ] 2

For § — 0o and ¢ — 00, kK — 0 and thus 8 — 72, which is monotonically increasing in 7.[]
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