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Abstract

This dissertation provides an empirical investigation on the implementation and ef-

fects of monetary policy. Chapter 2 examines how interest rate policy is determined

at the European Central Bank. I provide empirical evidence against the notion that

monetary policy at the European Central Bank favors the national interests of the

largest member states. Instead, policy can best be described by a simple voting model

where the median interest rate prevails. By mandate member countries are required

to consider economic conditions in the broader Euro area when setting interest rate

policy and, as I show, there is little empirical evidence suggesting that this is not the

case. Because larger countries make up a larger fraction of these economic conditions,

policy will favor their economic interests more often than not.

The remainder of this dissertation uses data from the Survey of Professional Fore-

casters to examine the effects of monetary policy on the term structure of inflation

expectations in the United States. In Chapter 3 I use the unobserved components

model to estimate the term structure of inflation expectations from 1992–2018. I

show how the model can be extended to allow for two departures from rational ex-

pectations and find that both channels are statistically significant. Contractionary

monetary policy lowers inflation expectations after a lag of several years, an effect
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which is driven by the response of long-run inflation expectations which remain per-

manently lower after the policy move. Because interest rates and long-run inflation

expectations are cointegrated, contractionary monetary policy additionally lowers fu-

ture interest rates.

In Chapter 4 I propose a method to calculate the impulse response of the term

structure using local projections. The method uses the law of iterated expectations

to derive a set of linear cross-equation restrictions which substantially reduce the

number of parameters to estimate. I apply the term structure local projections to

estimate the response of the term structures of inflation expectations and interest

rates after a monetary policy shock. My results confirm the findings in Chapter 3:

higher interest rates today cause both inflation expectations and interest rates to

decline in the future.
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Chapter 1

Introduction

In this dissertation I study the implementation and effects of monetary policy. In

Chapter 2, I analyze country influence of euro-area member states over the interest-

rate decisions of the European Central Bank (ECB). Because voting records are un-

available, unobserved monetary policy preferences are based on hypothetical interest

rate paths generated from monetary policy rules estimated in the pre-euro era. Com-

parisons of actual ECB interest rates to these counterfactual interest rates demon-

strate that, while larger countries tend to display greater policy influence, they do

not appear to favor national over federal interests—consistent with the mandate of

the organization.

This contradicts several recent studies which find that policy disproportionately

favors the national objectives of larger member states. Two methodological differences

account for this discrepancy. First, I use a structural vector autoregression to model

member states as small open economies so that monetary policy is influenced by

fluctuations in the exchange rate as well as policy and economic conditions in other

countries. Prior to the formation of the Euro area, member states committed to

keeping their exchange rates within a pre-determined range. Monetary policy during
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this time therefore depended heavily on exchange rates, even if these are fixed with

the adoption of the Euro. Second, I account for the fact that Germany acted as

the monetary policy leader during the estimation period and present an equilibrium

condition to remove this influence from the counterfactual estimates. My results

suggest that ECB monetary policy is not likely to change in a meaningful way should

new members continue to join the monetary union.

In Chapter 3, I estimate how inflation expectations in the United States (taken

from the Survey of Professional Forecasters) respond to monetary policy shocks from

1992 to 2018 while accounting for the presence of information frictions. Inflation

expectations hold an important role in macroeconomics, influencing the real inter-

est rate, actual inflation, as well as the transmission of monetary policy. While the

vast majority of theoretical macroeconomic models assume that individuals form ex-

pectations rationally—expectations that are consistent with the underlying economic

model—a large and growing body of empirical evidence contradicts this assump-

tion. Given the ubiquity of rational expectations there is hence a growing interest in

models that can explain departures from rational expectations by introducing infor-

mation frictions as well as understanding the behavior of expectations to changes in

the macroeconomy.

I use the unobserved components model, which decomposes expected inflation at

any forecast horizon into expected inflation in the short and long run, to estimate the

term structure of inflation expectations. I show how the model can be modified to ac-

count for two sources of information frictions to characterize departures from rational

expectations: sticky information and anchoring. In the sticky information model new

information disperses slowly so that, in any given period some fraction of individuals
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will produce expectations based on outdated information, which may explain why

forecasts appear slow to adjust to new information. I add to this model an anchor-

ing channel, where forecasters additionally place too much weight on their long-run

expectations, even while forecasting at short-run horizons, which can explain why

forecasts are less responsive to policy changes than actual data even many periods

after a policy is implemented. I find that sticky information accounts for approxi-

mately 19% of inflation forecasts and 21% of the remainder is anchored to long-run

expectations. While these two information frictions are important on average, I also

show that they play an especially large role during recessionary periods.

I then show that long-run inflation expectations decline after a monetary policy

contraction, and the effect is permanent. In addition, because the interest rate in this

model is cointegrated with long-run inflation expectations, this finding additionally

implies that higher interest rates today result in lower future interest rates through

an inflation expectations channel. I also show that monetary policy actions taken

throughout the recession beginning in 2008 effectively propped up long-run inflation

expectations from 2009 to 2014. Because conventional monetary policy was con-

strained during this time, these policy actions can be attributed to unconventional

monetary policy such as forward guidance and asset purchase programs. I show that

these policies effectively contributed approximately 50 basis points of upward pres-

sure on long-run inflation expectations which would have helped to lower long-run

real interest rates, providing additional monetary stimulus during that time.

In Chapter 4, I propose a new method to calculate impulse responses of the

term structure using local projections. These restrictions use the law of iterated

expectations to derive a set of linear cross-equation restrictions to estimate consistent
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impulse responses of the term structure. Because the restrictions are always linear,

estimation is straightforward. In addition, no assumption about the underlying term

structure model is required so that results are not conditional on any such model.

The restrictions themselves are testable and these tests often have a direct economic

interpretation which may itself be of interest.

I then consider two applications for these new term structure local projections:

inflation expectations and interest rates. The first application relates directly to the

research question in Chapter 3 and my findings generally support my earlier conclu-

sions. I find that contractionary monetary policy lowers inflation expectations, but

only after a lag of several years. Moreover, the term structure local projections sug-

gest that this effect remains even five years after the policy adjustment, supporting

the finding in Chapter 3 that monetary policy permanently lowers inflation expec-

tations. In this case a test of the cross-equation restrictions can be interpreted as a

test of rational expectations, which is strongly rejected by the data. This rejection

is driven by a large discrepancy in the response of actual and expected inflation to

a monetary policy shock, some but not all of which can be explained by the two

information frictions considered in Chapter 3.

In the second application of the term structure local projections I estimate the

response of the term structure of interest rates to a monetary policy shock. This

provides insight into the results of Chapter 3, as well as whether monetary policy in-

fluences long-run interest rates through expectations of future short-run interest rates

or the term premium. In this case the cross-equation restrictions can be interpreted

as imposing the restriction that the term premium does not respond after a monetary

policy change and I find no significant evidence against this restriction. In addition, I
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also find that after a monetary policy contraction interest rates first rise but, after a

lag of several years, they decline. I show that this effect is significant even ten years

after the policy change. This confirms an implication of the findings in Chapter 3

which is that temporarily higher interest rates lower future interest rates by lowering

long-run inflation expectations.
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Chapter 2

Modeling interest rate setting at the European

Central Bank with counterfactuals

2.1 Introduction

Monetary policy at the European Central Bank (ECB) is conducted by the Govern-

ing Council, which is composed of the six members of the Executive Board as well

as the Governors of each member’s national central bank. Since 2007, seven new

countries have joined the European Monetary Union, potentially increasing tension

under the single monetary policy as the economic composition of its members be-

comes more diverse. A larger, more varied group of decision makers also increases the

chances of dissent. As membership continues to evolve then, an understanding of the

policy-making process of the European Central Bank is important to anticipate future

behavior. Formally, interest-rate decisions are to be made with consideration for the

entire euro area, a federal agenda. Yet, that each country sends a voting representa-

tive and strives to control seats on the Executive Board may suggest that national

interests do play some role. This chapter tests the hypothesis that some member
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countries enjoy disproportionate influence over ECB interest rate setting by compar-

ing the actual interest rate with country-specific counterfactuals, while distinguishing

between national and federal agenda-setting.

Verification that monetary policy favors certain member countries has been elu-

sive because, until recently, meetings of the Governing Council were conducted behind

closed doors; voting records and policy deliberations were not available to shed greater

light on the decision-making process. While the ECB has begun releasing summaries

of council meetings, these do not contain sufficient information to infer member pref-

erences, and voting records remain unavailable, in part because decisions are often

officially reached by consensus.

Given these obstacles to directly studying decisions, I simulate hypothetical interest-

rate paths for each country in the euro area based on monetary policy rules estimated

in the pre-euro era with structural vector autoregressions. Using this method I dis-

tinguish between the optimal national and federal interest rates from each country’s

perspective by simulating the rule on either national or euro-area economic data. The

latter case corresponds with the situation where the member state picks an interest

rate as if its borders encompassed the entire euro region. These hypothetical interest

rates are then compared with actual ECB policy rates to determine country influence

under several different voting schemes.

Contrary to previous studies, I do not find that ECB interest rates are best de-

scribed by competing national interests. In most simulations, federal models—where

countries base decisions on euro aggregate conditions—match the actual interest rate

more closely than do national models. Countries whose national or federal counter-

factuals have the highest correlation with the true interest rate are clustered around a
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core group of European countries comprised of the largest member states—Germany,

France, and Italy—and neighbors with similar economic conditions—Austria, Bel-

gium, and Luxembourg. The counterfactuals of this same group of countries are also

highly correlated with each other, suggesting that a natural voting block could swing

policy towards their preferred direction more often than not. Beyond making up a

larger fraction of euro-aggregate conditions I cannot conclude that the largest member

states benefit disproportionately from interest-rate decisions made by the ECB.

2.2 Research context

The literature on ECB policy influence dates back nearly to the inception of the euro.

Early studies vary in their conclusions: von Hagen and Brückner (2003) find that

the beginning stages of ECB policy placed higher weights on economic conditions

in Germany and France than on those in other member states, while Berger and

De Haan (2002) find the opposite—small member states exhibit too much influence

over monetary policy. More recent research supports the hypothesis of large-member

bias: Crowley and Lee (2009) find that the interest rate favors the largest euro member

states with the most similar economic conditions—Austria, Belgium, France, and

Germany—a result confirmed by Cancelo et al. (2011).

Because no voting records are available, these studies construct monetary policy

preferences by first estimating a single ECB policy rule based on data for the whole

euro area since the inception of the common currency. National data for each country

is then applied to this rule to generate hypothetical interest rates for each member. By

construction this method assumes that all member states have the same underlying

monetary policy decision rules, which may not be the case. Some countries may
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prefer a stronger response to increases in inflation, for example, than other member

states. Because the single rule is estimated using aggregate data for the euro area,

this approach is also unable to test for the possibility that members do in fact vote

with federal intentions, which is significant given that this is the very mandate they

are required to follow.

A natural solution is to estimate historical monetary policy rules in the pre-euro

period and take the simulations from these rules in the euro era as national interest-

rate counterfactuals. This is the method proposed by Hayo and Méon (2013), who

construct counterfactual interest rates for each euro member based on univariate Tay-

lor rules. Their study presents evidence that ECB policy is best described by compet-

ing national interests—equal-weighted and GDP-weighted national preferences per-

form the best of their simulations, while federal constructions perform surprisingly

poorly given the mandate behind ECB policy.

However, most of their national Taylor rules consistently call for higher rates

than what the ECB actually set. Over the period 2003–2006, for example, nearly

all national Taylor rules favored higher interest rates than the policy rate the ECB

actually followed—the exceptions being Finland, the Netherlands, and Portugal. It

is hard to imagine a scenario where parties bargain over national interests only to

decide on a rate that is significantly lower than what the majority of them want. This

may suggest that the estimated Taylor rules do not adequately reflect how monetary

policy was actually conducted by the national central banks.

A potential explanation is that the estimation does not include all factors influ-

encing monetary policy in the pre-euro era. Existing studies, for example, do not take

into account that monetary policy during this period was not entirely independent.
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Beginning in 1979, most countries that would go on to adopt the euro belonged to the

European Monetary System, a currency peg regime aimed at keeping exchange rates

stable in the region. Work by Baum and Barkoulas (2006) has shown that Germany

acted as the European monetary policy leader during the European Monetary System

era, heavily influencing other countries in the region. Reade and Volz (2011) suggest

that this influence was so strong that Germany was actually the only country to lose

monetary policy independence with the formation of the euro—all other countries

gained a seat at the table.

An implication of this history is that monetary policy rules for many European

countries estimated during this time will reflect the reality of this environment. Es-

timates of policy functions and counterfactual interest rates need to take outside in-

fluence into account, otherwise the interest rate counterfactuals will not characterize

the monetary policy a national central bank would actually like to pursue.

In this chapter I propose a multivariate model to identify the monetary policy

reaction functions of euro-area countries based on the policies they followed before

adopting the euro. Since Sims (1980) the structural vector autoregression (SVAR)

has become a workhorse of empirical monetary policy analysis. In this framework

the interest rate, the main instrument at the central banker’s disposal, is determined

simultaneously with a small set of macroeconomic variables, including measures of

inflation and output. Jarociński (2010) uses a VAR to compare the effects of monetary

policy in central-eastern and western European countries. His results suggest that

central-eastern states have steeper Phillips curves, consistent with their recent history

of higher inflation rates, a structural difference which could translate into different

monetary policy preferences.
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While it is not surprising that different countries might have unique monetary

policy rules, even while belonging to the same monetary union, evidence that these

preferences are incorporated into ECB interest-rate decisions would have important

implications for the future of ECB policy, especially if membership in the currency

union were to change. Despite the formal mandate that countries must consider only

federal conditions when voting for ECB policy, it is often suggested that national

interests play a significant role in general, with policy favoring the largest countries

in particular. Speculation that some countries enjoy a disproportionate amount of

influence increased when the ECB switched to a rotational voting system favoring its

five largest members in January 2015, a shift from the principle of “one member, one

vote”. Heinemann and Huefner (2004) argue that such vote favoring would not be

necessary if countries did not allow their national biases to influence their votes, an

assumption implicit in the estimation technique employed by Cancelo et al. (2011).

But this view implies that all member states have the same monetary policy

reaction functions so that any voting at all reveals a bias towards national concerns.

In reality, countries could conceivably disagree over the optimal policy for the union as

a whole, even when considering the same federal conditions. The question is whether

competing interests represent differing views about what the optimal federal policy

looks like, or bargaining over policies to optimize national conditions. Estimating

each member’s unique monetary policy rule allows for competing views of the optimal

federal interest rate, even when the same euro-area data is used in these rules.
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2.3 Data sources and variable definitions

Data for the euro-area countries are from the European Commission’s eurostat and

the International Monetary Fund’s International Financial Statistics (IFS) databases.

Data for the United States interest rate and the oil price are from the Federal Re-

serve (FRED). Variables consist of s: exchange rate against the European Currency

Unit (IFS); y: industrial production index (IFS); p: consumer price index (IFS); r:

three-month domestic interbank lending rate (eurostat); rus: US federal funds rate

(FRED); and oil: the spot crude oil price of West Texas Intermediate (FRED). All

variables are expressed as month-over-month differences of natural logs, except for

interest rates which are converted to decimal percentages before being differenced to

achieve stationarity. Euro-area aggregate consumer price index and industrial pro-

duction data are taken from eurostat. Finally, data for real Gross Domestic Product

(gdp), imports (im), and exports (ex) are annual and taken from the Organisation

for Economic Co-operation and Development (OECD). I seasonally adjust the indus-

trial production and consumer price indexes using the X-13 ARIMA method before

log-differencing. Table 2.1 summarizes all data sources and variable definitions.

I use the three-month interbank lending rate to match the interest rate used by

Hayo and Méon (2013). Although this does not correspond exactly with the policy

rate of the ECB, it should be highly correlated with monetary policy decisions and

serves as a common measure of monetary policy during the estimation period, which

is essential in order to combine hypothetical interest rates in the simulation period.

The pre-euro estimation period runs from March 1979, the start of the European

Monetary System, until December 1998, the final period before each country adopted

the euro. The one exception is Austria where the estimation begins in January 1980
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because of missing data. Hypothetical interest rate paths are then simulated for

each country throughout the euro period, from 1999 to 2013. I consider in this

study only the original 11 euro member countries—Austria, Belgium, Finland, France,

Germany, Ireland, Italy, Luxembourg, the Netherlands, Portugal, and Spain. Over

the simulation period six new members did join the euro, the earliest being Greece

in 2001. I do not include these countries because of data availability. Given that my

main conclusion is that monetary policy does not favor the preferences of the largest

member states I do not believe that including these countries would substantially

change my results.

Table 2.1: Variable sources and definitions

Variable Definition Source

s Exchange rate against the european currency unit eurostat
y Industrial production index IFS
p Consumer price index IFS
r Three-month interbank lending rate eurostat
rUS United States federal funds rate FRED
oil Spot crude oil price, WTI FRED
gdp Real Gross domestic product OECD
ex Exports OECD
im Imports OECD

Note: The eurostat database is available from the European Commission. IFS refers to the
International Monetary Fund’s International Financial Statistics database. FRED refers to the
Federal Reserve Economic Data database and OECD data are collected from the Organisation
for Economic Co-operation and Development.

During the estimation period, Luxembourgish francs were tied to the value of

Belgian francs. Because monetary policy was effectively constrained to a fixed ex-

change rate regime, then, the framework outlined below cannot identify monetary

policy preferences for Luxembourg. Instead I combine Belgium and Luxembourg into

a single unit for the estimation and simulation periods. To do this I combine data for
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each of the two countries based on their relative GDP in each year.

2.4 Method

Following Hayo and Méon (2013) I approach the question of country influence over

ECB policy in two stages. In the first stage I estimate a monetary policy rule for

each member country based on its policy decisions in the pre-euro era. In the second

stage I use the counterfactual interest rates generated from these policy rules to test

several hypotheses of ECB monetary policy decision making. These procedures are

described in greater detail below.

2.4.1 Stage I: Monetary policy rules

Traditionally, the vector autoregression approach includes all model variables in the

system and imposes no restrictions on lags. In the current context this approach

is infeasible; because of the large number of countries in this study I would quickly

encounter the curse of dimensionality. Instead I estimate a monetary policy rule

for each country separately within a multivariate framework. Consider the following

structural VAR for country k:

Akxk,t = Bkxk,t−1 +Dkwk,t + uk,t, (2.1)

where xk,t is a vector of endogenous variables, wk,t is a vector of exogenous variables

making up a foreign sector, and uk,t a vector of error terms. The foreign sector

captures spillovers from other European countries, as well as larger global trends.

The consensus view of monetary policy during the European Monetary System

era, backed by evidence from Zhou (2003) and Frömmel and Kruse (2015), is that the
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German Bundesbank acted as the effective European monetary policy leader, heavily

influencing the policy decisions of the other member countries. In order to uncover

the monetary policy preferences, then, the influence of the German interest rate must

be accounted for.

While Germany acted as the effective leader of the European Monetary System,

it also enjoyed significant autonomy from the policy decisions of the other European

countries. To account for this, the structural VAR is constructed differently for Ger-

many compared to the other member countries. In the German model xk,t consists

only of domestic variables. This is in keeping with the evidence that German mone-

tary policy was not influenced by other members of the European Monetary System,

but allows for some outside influence through the foreign sector. For all other coun-

tries in the sample, xk,t will contain both domestic variables as well as the German

interest rate, to account for the prominent role of German monetary policy in deter-

mining domestic interest rates. Specifically, letting rg,t denote the German interest

rate, for a given country k, the vector of endogenous variables is given by:

xk,t =

 [sk,t, rk,t, pk,t, yk,t]
′ , for Germany,

[sk,t, rk,t, pk,t, yk,t, rg,t]
′ , otherwise.

(2.2)

To uncover the underlying monetary policy preferences requires identification of

the structural model with restrictions on the matrix of contemporaneous coefficients,

Ak. I assume this matrix is upper triangular so that the slow-moving variables pk,t and

yk,t do not respond contemporaneously to the domestic interest rate, the interest rate

does not respond to contemporaneous values of the exchange rate, and the exchange

rate responds to all variables in the system. This is similar to the identification
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approach outlined in Christiano et al. (1999) which divides the VAR into slow-moving

variables which do not respond contemporaneously to changes in monetary policy,

the policy variable, and fast-moving variables that respond to all variables. Here the

latter set consists only of the exchange rate. In Section 2.9 I consider an alternative

identification strategy that relaxes the restriction that the interest rate does not

respond contemporaneously to the exchange rate and show it does not substantially

alter my findings.

The foreign sector is constructed differently for each country to account for spillovers

from neighboring countries within the euro area as well as larger global fluctuations.

To account for the latter I include the current value of the US interest rate and the

price of oil and one lag of the US interest rate, the price of oil, US industrial pro-

duction, and US consumer price index inflation. To account for the former I include

one lag of trade-weighted prices and industrial production from all other euro area

countries in the sample. To be precise, let imi,j denote imports to country i from

country j and exi,j denote exports from country i to country j. I define trade weights

between the two countries as:

ωi,j =
exi,j + imi,j∑N

j=1(exi,j + imi,j)
, (2.3)

where N is the number of euro member states. Then foreign prices and industrial
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production for country k are:

pk,for,t =
N∑
j=1

ωk,jpj,t, (2.4)

yk,for,t =
N∑
j=1

ωk,jyj,t, (2.5)

and the vector wk,t is:

wk,t = [rus,t, oilt, rus,t−1, oilt−1, pus,t−1, yus,t−1, pk,for,t−1, yk,for,t−1] (2.6)

which accounts for both spillovers from other euro area countries as well as larger

global trends.

2.4.2 Stage II: Counterfactuals and voting models

Estimation of the structural VARs yields a monetary policy rule for each country—

the second equation from the system (2.1). Because of the role Germany played as

monetary policy leader in the pre-euro era this rule takes a somewhat different form

for Germany than the rest of the European countries. First, define ak,i,j as the row i

column j element of matrix Ak from the VAR estimated for country k. The German

monetary policy rule is then:

rg,t = [0 1 0 0]
(
B̂gxg,t−1 + D̂gwg,t

)
− âg,2,3pg,t − âg,2,4yg,t, (2.7)

where the selection vector [0 1 0 0] chooses the row of the VAR associated with

the interest rate and, as above, rg,t denotes the German interest rate. The monetary

policy rules for the remaining countries are slightly different because of the presence
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of the German interest rate:

rk,t = [0 1 0 0 0]
(
B̂kxk,t−1 + D̂kwk,t

)
− âk,2,3pk,t − âk,2,4yk,t − âk,2,5rg,t. (2.8)

In this section I show how these rules can be used to construct interest rate

counterfactuals. For Germany this can be done simply by simulating equation (2.7)

through the euro era:

r̃nat,g,t = [0 1 0 0]
(
B̂gxg,t−1 + D̂gwg,t

)
− âg,2,3pg,t − âg,2,4yg,t, (2.9)

which corresponds to the interest rate German policymakers would choose based on

current economic conditions, according to their monetary policy preferences in the

pre-euro era. In other words, this counterfactual takes no consideration for conditions

in the rest of the monetary union except to the extent that they influence domestic

conditions in Germany through the foreign sector. For that reason I call these the

country’s national counterfactuals, and denote them with the subscript nat.

By mandate, however, countries within the euro are supposed to base decisions

only on euro-aggregate conditions, eschewing national concerns. To simulate counter-

factuals that are consistent with this mandate, I apply the country’s unique monetary

policy rule to euro-area, rather than national, variables. For Germany this results in

the following hypothetical interest rates:

r̃fed,g,t = [0 1 0 0]
(
B̂gxeuro,t−1 + D̂gweuro,t

)
− âg,2,3peuro,t − âg,2,4yeuro,t, (2.10)

where the vectors xeuro,t and weuro,t substitute euro aggregates for the corresponding
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prices and industrial production of Germany and the European foreign sector. I call

these federal counterfactuals and denote them with the subscript fed. The federal

counterfactuals use the coefficients from a country’s estimated monetary policy rule

along with euro aggregate data to represent the hypothetical situation where the

country sets the interest rate for the euro area as if the same conditions held in their

own country.

Constructing the counterfactual interest rates for the remaining countries belong-

ing to the euro area is slightly more complicated because of the presence of the

contemporaneous German interest rate in their monetary policy rules. As discussed

above, Germany played the role of monetary policy leader in the pre-euro era, strongly

influencing the interest rates of the other European countries which motivated includ-

ing the German interest rate in the structural VARs of all other member countries.

We must also take this influence into account in order to uncover the country’s un-

derlying monetary policy preferences, as I now demonstrate.

Formally, let r∗k,t denote the preferred interest rate for country k. Then the actual

interest rate policy can be expressed as a weighted average of the preferred interest

rate and the German interest rate:

rk,t = αkrg,t + (1− αk)r∗t,k. (2.11)

At one extreme the country is not influenced at all by German monetary policy

so that αk = 0 and the policy rate is equal to the preferred interest rate. At the

other extreme the country has no independent monetary policy so that αk = 1 and

the German interest rate completely determines domestic interest rate policy. The

objective is to strip out the influence of the German interest rate from equation (2.8)
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and uncover only the preferred interest rate. Equating the left-hand side variables of

(2.8) and (2.11) and matching coefficients implies that αk = −ak,2,5 and:

(1− αk)r∗k,t = [0 1 0 0 0]
(
B̂kxk,t−1 + D̂kwk,t

)
− âk,2,3pk,t − âk,2,4yk,t. (2.12)

This says that the preferred interest rate change for country k is equal to the part of

the estimated interest rate rule that is not due to influence from the contemporaneous

German interest rate, weighted by the relative degree of independence from German

monetary policy. Making the substitution αk = −ak,2,5 and dividing both sides of

(2.12) by (1+ âk,2,5), national counterfactuals for all the other euro member countries

can then be constructed as:

r̃nat,k,t =
[0 1 0 0 0]

(
B̂kxk,t−1 + D̂kwk,t

)
− âk,2,3pk,t − âk,2,4yk,t

1 + âk,2,5
. (2.13)

Federal counterfactuals are again constructed by simulating this same rule with

euro-area variables in place of national variables:

r̃fed,k,t =
[0 1 0 0 0]

(
B̂kxeuro,t−1 + D̂kweuro,t

)
− âk,2,3peuro,t − âk,2,4yeuro,t

1 + âk,2,5
, (2.14)

with xeuro,t and weuro,t defined as before. An alternative interpretation of the method

used to extract the monetary policy counterfactuals for all the non-German countries

in the sample is that the country understands that, when it is bargaining over which

interest rate is to hold for the euro area it is effectively choosing both its domestic

interest rate and the German interest rate. In other words, once the country has

adopted the euro, interest rates across the area will be the same so that rk,t = rg,t
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in equation (2.8). Imposing that condition and rearranging terms gives the same

expression as equation (2.13) where the denominator, 1+âk,2,5, comes from restricting

the country to choose the same interest rate for itself and Germany.

This same equilibrium condition, which restricts countries to choose the same

interest rate for themselves and Germany, is used by Hayo (2007) in the context of

appropriateness of ECB policy for its member states. In this sense, countries do not

pursue what would be considered an optimal domestic policy in a vacuum. They

understand that they are also choosing the interest rate for their neighbors and that

the effects of the policy on other states will in turn feedback into their own economy.

The simplifying assumption that only Germany can influence other countries permits

tractability and is consistent with the notion that Germany acted as the European

monetary policy leader during the estimation period.

Controlling for the influence of the European Monetary System and applying the

equilibrium condition transforms the interest-rate paths of euro member states into

monetary policy counterfactuals. National polices are generated by simulating each

country’s monetary policy rule using domestic variables whereas federal policies use

euro-area aggregates in the monetary policy rules. This allows for the possibility that

nations disagree over what optimal policy looks like but still accord with the mandate

of decision making without a national bias.

Based on these counterfactuals I consider several different voting structures to

estimate individual country influence over interest-rate policy. The first two are

weighted bargaining procedures. In the simplest case each member is given an equal

bargaining share so that the agreed-upon interest rate is the average of all members’
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counterfactual interest rates:

r̃eqi,t =
1

N

N∑
k=1

r̃i,k,t, for i = nat, fed. (2.15)

According to the mandate of the ECB, the best fitting model should be an equal-

weight federal model.

In the second case, members are given a weight equal to their share of euro-area

GDP in that year, zk,t:

r̃gdpi,t =
N∑
k=1

zk,t r̃i,k,t, for i = nat, fed. (2.16)

This allows for larger countries to exhibit more influence over the interest rate, which

is commonly assumed to be the case, and is the best fitting model in Hayo and Méon

(2013).

In a third case I consider a more formal voting structure, r̃votenat,t and r̃votefed,t, where

each member first votes on whether the ECB should increase or decrease the interest

rate. In the event of a tie, no change is made and the interest rate stays the same.

If a change in either direction has majority support, the magnitude of the change

is determined by sequential voting until further increases or decreases cannot be

supported by a majority of voting countries. This structure amounts to the median

vote prevailing as the policy rate.

Finally, I also take the predicted values from a regression of the true interest rate

on the counterfactuals of all countries:

reuro,t = ci +
N∑
k=1

bi,kr̃i,k,t + vi,t, for i = nat, fed. (2.17)
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The fitted values from equation (2.17), denoted r̃olsnat,t and r̃olsfed,t, serve as a benchmark

to compare the performance of the three voting structures.

2.5 Performance of the different voting models

I consider two different concepts of model fit, measured as how close the predicted

interest rates from the voting models are to the actual interest rate set by the ECB

over the T̃ months in the simulation period: the root mean squared error (RMSE),

RMSEj
i =

 1

T̃

t1−1+T̃∑
t=t1

(reuro,t − r̃ji,t)2

1/2

for i = nat, fed and j = eq, gdp, vote, ols,

(2.18)

and the mean absolute error (MAE),

MAEj
i =

1

T̃

t1−1+T̃∑
t=t1

|reuro,t − r̃ji,t| for i = nat, fed and j = eq, gdp, vote, ols, (2.19)

with the latter being less susceptible to outliers. Note that comparison of the voting

models amounts to a joint test of the voting model and type of counterfactuals—for

any given voting model either all countries vote using their national counterfactuals or

all countries vote using their federal counterfactuals. Of course, in reality a mixture

of countries could be voting with federal counterfactuals while the rest use their

national counterfactuals, but allowing for all of these possible combinations would be

infeasible.

Table 2.2 compares the fit of the four different models—the equal- and GDP-

weighted bargaining models, the majority voting structure, and the regression model
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given by equation (2.17)—for both national and federal policy counterfactuals. The

regression model minimizes the sum of squared residuals so it offers a benchmark for

the other three models. Comparison of the two regressions indicates that the federal

model provides a better fit than the national model. This is true over the full-sample,

from 1999–2013, and holds in sub-sample periods and by either measure of model

fit, MAE or RMSE. This indicates that a better fit to the actual interest rate can

be achieved with only federal counterfactuals than only national counterfactuals, not

the results we should expect if the countries are voting with national intentions.

Table 2.2: Comparison of voting models

National Federal
RMSE MAE RMSE MAE

1999–2008 Equal weights bargaining 0.1757 0.1248 0.1753 0.1247
GDP weights bargaining 0.1713 0.1194 0.1720 0.1215
Majority voting 0.1674 0.1149 0.1669 0.1205
Regression 0.1314 0.0954 0.1279 0.0865

2009–2013 Equal weights bargaining 0.1284 0.1007 0.1364 0.1068
GDP weights bargaining 0.1470 0.1151 0.1381 0.1105
Majority voting 0.1339 0.1039 0.1326 0.1058
Regression 0.0830 0.0683 0.0629 0.0440

1999–2013 Equal weights bargaining 0.1614 0.1168 0.1633 0.1187
GDP weights bargaining 0.1636 0.1180 0.1614 0.1178
Majority voting 0.1570 0.1112 0.1563 0.1156
Regression 0.1224 0.0874 0.1160 0.0764

Note: Comparison of model fit against the interest rate set by the European Central Bank by
root mean squared error (RMSE) and mean absolute error (MAE). The hypothetical interest rates
making up the equal and GDP weights models are generated with equations (2.15) and (2.16), the
regression model take the fitted values from equations (2.17), and the majority voting model takes
the median interest rate.

The relative performance of the federal to national counterfactuals is more mixed

in the context of the three voting models, depending on the measure of model fit.

Over the full sample period the majority voting model performs best but the federal

counterfactuals have the lowest RMSE whereas the national counterfactuals have
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the lowest MAE. The same is true in the sub-sample 1999–2008. This emphasizes

that there is little to distinguish the national and federal majority voting models.

The majority voting model remains the best of the federal models in the later sub-

sample, 2009–2013, but the best overall fit is now the equal-weights national model.

Overall there is little support in favor of the notion that monetary policy favors

the national preferences of the largest member states. The national GDP-weights

bargaining model performs worst overall by RMSE, second worst overall by MAE,

and does especially poorly between 2009–2013.

This contrasts with Cancelo et al. (2011) and Hayo and Méon (2013) who find

that policy favors the national preferences of the largest members of the monetary

union. In particular, the fit of the regression model is always better under the federal

rather than national models and the national GDP-weights model performs poorly

overall. The best fitting model overall is the majority voting model but there is little

to distinguish between the federal and national versions of this model. As I will

show later, this is because of the high correlation between the national and federal

counterfactuals of most euro members.

Figure 2.1 shows how the performance of the three different voting models varies

over the sample period for both the federal and national counterfactuals. The figure

plots the one-year rolling root mean squared error for each model, calculated as:

RMSEj
i,t =

(
1

12

11∑
l=0

(reuro,t−l − r̃ji,t−l)
2

)1/2

for i = nat, fed and j = eq, gdp, vote.

(2.20)

The fit of all models is best around 2004–2005 but performance deteriorates from

2006 to 2009. No single model dominates over the entire sample period, confirming



2.5. PERFORMANCE OF THE DIFFERENT VOTING MODELS 26

Figure 2.1: Rolling root mean squared error
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Note: Rolling root mean squared error for each of the six competing models calculated over a 12-month window
by equation (2.20). Equal weight counterfactuals are calculated by equation (2.15), GDP weight counterfactuals are
calculated by equation (2.16), and the Majority counterfactuals are the median counterfactual at each period.

the results of Table 2.2, but the GDP-weights model almost never performs best,

particularly since 2006. We also see that the strong performance of the equal-weights

national model seems to be driven primarily from results around late 2009 as interest

rates were falling rapidly in response to deteriorating global economic conditions.

The relatively poor performance of the equal-weights federal model, which per-

forms worst over the full sample among the three federal models by either measure

of fit, is somewhat surprising. This is the model that coincides with how ECB policy

should actually be set and accords with the fact that, in most cases, the hypothesis

that a country’s regression coefficient is equal to their equal-weight value is rejected.

This is confirmed in Figure 2.2 which shows point estimates and 90% confidence

intervals for the coefficients in equation (2.17) using either the federal or national

counterfactuals. The vertical line at 0.1 gives the equal-weight value and the short
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vertical lines the average GDP weight between 1999 and 2013.

Figure 2.2: Comparison of confidence intervals and various bargaining weights
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Note: The dotted vertical line at 0.1 gives the equal value bargaining weight and the short vertical lines the average
GDP weight between 1999 and 2013. GDP weights are calculated as the percentage share of euro area GDP
belonging to each country at that particular date. The horizontal lines show the 90% confidence intervals from a
regression of the European Central Bank policy rate on the counterfactual interest rates of all countries. Confidence
intervals are calculated using the bootstrap, as described in the text, from 399 bootstrap samples.

Because the counterfactuals are generated regressors I use the wild bootstrap to

calculate confidence intervals. For each bootstrap replication I first re-estimate all

vector autoregressions to generate new simulated counterfactual interest rates for each

member country. I use these new counterfactuals to generate the bootstrap samples

for equation (2.17) and finally reestimate equation (2.17) to get bootstrap regression
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coefficients. I generate 399 bootstrap samples in this way and calculate confidence

intervals as the 5th and 95th percentiles of resulting distributions of coefficients.

In the federal model there are four countries for whom the equal-weights hypoth-

esis is rejected—Austria, Belgium & Luxembourg, Finland, and Portugal. Of these

only Austria rejects in the upper tail of the distribution, indicating a significantly

larger coefficient than the equal-weight value as well as its share of euro-area GDP.

No other country rejects the hypothesis that its regression coefficient is equal to its

GDP weight and only one other country—Spain—rejects the hypothesis that its coef-

ficient is equal to zero. I emphasize here that the regression coefficients from (2.17) do

not have a causal interpretation. A significantly positive parameter estimate would

simply indicate that the country’s counterfactual and the true interest rate move

together, not that the country is causing the interest rate to move in its preferred

direction.

Moving to the coefficients in the national regression model we see that again only

Austria has a regression coefficient larger than its GDP weight and only Austria and

Germany have regression coefficients larger than the equal weights value. The most

notable differences between the federal and national regression models are (i) the

confidence intervals are substantially narrower in the national regression and (ii) the

coefficient for Spain decreases substantially while the coefficient for Germany sub-

stantially increases, moving from federal to national regressions. It is tempting to

take the first of these results as evidence in favor of the national model but that con-

tradicts the earlier finding that the federal model fits best overall. More likely is that

federal counterfactuals of the member countries are more correlated with each other

than the national counterfactuals and the wider confidence intervals are a symptom
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of the greater multicollinearity. Section 2.6 offers support for this interpretation.

One explanation for the large regression coefficient on Austria’s counterfactual

interest rates is that the country’s counterfactuals are generally close to the median

counterfactual, which we have seen is the best performing model overall. Table 2.3

shows correlations between each country’s counterfactuals and the median counter-

factual interest rate. Bootstrap standard errors, calculated using the same procedure

described above, are shown in parentheses. The table shows that Austria’s national

and federal counterfactuals both correlate highly with the median counterfactual;

only the three big economics of France, Germany, and Italy have higher correlation

coefficients. The correlation coefficient for Spain’s federal counterfactual is consid-

erably higher than its national counterfactual, although within one standard error,

matching the pattern of Spain’s regression coefficients in the two panels of Figure 2.2.

Finland and Ireland have the lowest correlations with the median counterfactual

overall, and the former is the only country with negative coefficients. Also of note is

the substantial decline in the correlations of the Netherlands in the period 2009–2013

compared with 1999–2008. Finland, Ireland, and the Netherlands make up the three

members of the sample that belong to the New Hanseatic league, a group of northern

member states formed in recent years to act as a common voice against some proposed

reforms to the euro area. From the results of Table 2.3 this is unsurprising as the

three countries have become among the largest monetary policy dissenters.
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Table 2.3: Correlations between counterfactuals and median counterfactual

National counterfactuals

Austria Belgium &
Luxembourg

Finland France Germany Ireland Italy Netherlands Portugal Spain

1999–2008 0.70 0.70 -0.02 0.84 0.87 0.35 0.67 0.76 0.51 0.55
(0.164) (0.159) (0.294) (0.194) (0.123) (0.261) (0.172) (0.294) (0.225) (0.309)

2009–2013 0.83 0.63 -0.55 0.74 0.83 0.39 0.74 0.16 0.68 0.09
(0.126) (0.136) (0.227) (0.230) (0.128) (0.254) (0.144) (0.334) (0.261) (0.332)

1999–2013 0.75 0.67 -0.22 0.80 0.86 0.38 0.70 0.58 0.56 0.42
(0.140) (0.139) (0.268) (0.191) (0.117) (0.238) (0.155) (0.300) (0.227) (0.310)

Federal counterfactuals

Austria Belgium &
Luxembourg

Finland France Germany Ireland Italy Netherlands Portugal Spain

1999–2008 0.76 0.70 -0.03 0.90 0.91 0.38 0.73 0.81 0.46 0.62
(0.171) (0.205) (0.316) (0.179) (0.144) (0.319) (0.165) (0.299) (0.249) (0.327)

2009–2013 0.74 0.70 -0.47 0.85 0.82 0.23 0.82 0.40 0.64 0.31
(0.168) (0.157) (0.268) (0.245) (0.163) (0.381) (0.139) (0.352) (0.265) (0.363)

1999–2013 0.75 0.68 -0.17 0.88 0.89 0.35 0.76 0.70 0.50 0.55
(0.160) (0.173) (0.297) (0.185) (0.139) (0.328) (0.151) (0.307) (0.246) (0.330)

Note: Correlations between each country’s national or federal counterfactuals and the median counterfactual. Bootstrap standard errors in parentheses, calculated as
described in the text from 399 bootstrap samples.
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2.6 Correlations between the counterfactuals

Of additional interest are the correlations of the counterfactuals between pairs of the

euro member countries, and correlations between the counterfactuals and the actual

interest rate. Large correlations between counterfactual interest rates of member

countries would indicate cohesion whereas large correlations with the actual interest

rate would indicate that monetary policy decisions generally go in the member’s favor.

Table 2.4 shows the correlation between each country’s national counterfactual—

given by equation (2.9) for Germany and equation (2.13) for the remaining countries—

and the true interest rate. The correlations are largest for a core group of countries—

Austria, Belgium & Luxembourg, France, Germany, and Italy. These core countries

also have relatively large correlations with one another, suggesting that they might

have a relatively easy time agreeing on a common interest rate to suit their national

concerns. By comparison, for a peripheral group of countries consisting of Finland,

Ireland, Portugal, and Spain, the counterfactual interest rates are not only much less

correlated with the true interest rate, they are also less correlated with those of other

member states.

Finland is the only country whose counterfactual interest rate is negatively corre-

lated with the actual interest rate, indicating that more often than not the interest

rate moves in the opposite direction of Finland’s counterfactuals. In fact, Finland’s

counterfactuals are negatively correlated with those of all other member countries

except the Netherlands. This is true when comparing both national counterfactuals

and federal counterfactuals, shown in Table 2.5, which indicates this dissent is driven

by differences in monetary policy preferences rather than economic conditions.
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Table 2.4: Correlation between national counterfactuals and actual interest rate changes

r(euro) Austria Belgium & Luxembourg Finland France Germany Ireland Italy Netherlands Portugal Spain

r(euro) 1.00 0.55 0.40 -0.27 0.42 0.55 0.35 0.41 0.20 0.14 0.32
– (0.141) (0.159) (0.206) (0.207) (0.160) (0.169) (0.195) (0.231) (0.207) (0.227)

Austria 0.55 1.00 0.65 -0.18 0.61 0.54 0.31 0.47 0.21 0.47 0.10
(0.141) – (0.152) (0.241) (0.223) (0.204) (0.222) (0.196) (0.299) (0.241) (0.277)

Belgium & Luxembourg 0.40 0.65 1.00 -0.36 0.46 0.52 0.09 0.52 0.21 0.67 0.07
(0.159) (0.152) – (0.231) (0.259) (0.186) (0.260) (0.203) (0.276) (0.206) (0.274)

Finland -0.27 -0.18 -0.36 1.00 -0.06 -0.34 -0.33 -0.59 0.28 -0.33 -0.15
(0.206) (0.241) ( 0.231) – (0.261) (0.241) (0.239) (0.275) (0.299) (0.342) (0.293)

France 0.42 0.61 0.46 -0.06 1.00 0.71 0.30 0.53 0.48 0.46 0.30
(0.207) (0.223) (0.259) (0.261) – (0.250) (0.244) (0.262) (0.306) (0.255) (0.318)

Germany 0.55 0.54 0.52 -0.34 0.71 1.00 0.25 0.66 0.58 0.49 0.64
(0.160) (0.204) (0.186) (0.241) (0.250) – (0.273) (0.195) (0.319) (0.249) (0.291)

Ireland 0.35 0.31 0.09 -0.33 0.30 0.25 1.00 0.56 -0.05 -0.07 0.02
(0.169) (0.222) (0.260) (0.239) (0.244) (0.273) – (0.202) (0.297) (0.291) (0.276)

Italy 0.41 0.47 0.52 -0.59 0.53 0.66 0.56 1.00 0.30 0.38 0.25
(0.195) (0.196) (0.203) (0.275) (0.262) (0.195) (0.202) – (0.363) (0.296) (0.351)

Netherlands 0.20 0.21 0.21 0.28 0.48 0.58 -0.05 0.30 1.00 0.26 0.50
(0.231) (0.299) (0.276) (0.299) (0.306) (0.319) (0.297) (0.363) – (0.289) (0.274)

Portugal 0.14 0.47 0.67 -0.33 0.46 0.49 -0.07 0.38 0.26 1.00 0.16
(0.207) (0.241) (0.206) (0.342) (0.255) (0.249) (0.291) (0.296) (0.289) – (0.285)

Spain 0.32 0.10 0.07 -0.15 0.30 0.64 0.02 0.25 0.50 0.16 1.00
(0.227) (0.277) (0.274) (0.293) (0.318) (0.291) (0.276) (0.351) (0.274) (0.285) –

Note: Correlations between national counterfactual interest rate changes, generated with equation (2.9) for Germany and equation (2.13) for the remaining
countries, and the actual interest rate change undertaken by the European Central bank from 1999 until 2013. Bootstrap standard errors in parentheses,
calculated as described in the text.



2
.6

.
C

O
R

R
E

L
A

T
IO

N
S

B
E

T
W

E
E

N
T

H
E

C
O

U
N

T
E

R
F
A

C
T

U
A

L
S

3
3

Table 2.5: Correlation between federal counterfactuals and actual interest rate changes

r(euro) Austria Belgium & Luxembourg Finland France Germany Ireland Italy Netherlands Portugal Spain

r(euro) 1.00 0.60 0.42 -0.25 0.50 0.55 0.16 0.39 0.27 0.13 0.48
– (0.198) (0.253) (0.259) (0.255) (0.271) (0.299) (0.277) (0.268) (0.279) (0.219)

Austria 0.60 1.00 0.72 -0.12 0.79 0.56 0.23 0.50 0.33 0.41 0.21
(0.198) – (0.196) (0.277) (0.235) (0.238) (0.326) (0.213) (0.334) (0.271) (0.310)

Belgium & Luxembourg 0.42 0.72 1.00 -0.39 0.51 0.55 -0.06 0.56 0.29 0.74 0.25
(0.253) (0.196) – (0.269) (0.288) (0.233) (0.370) (0.231) (0.308) (0.239) (0.324)

Finland -0.25 -0.12 -0.39 1.00 -0.01 -0.30 -0.27 -0.55 0.32 -0.32 -0.13
(0.259) (0.277) (0.269) – (0.299) (0.277) (0.339) (0.299) (0.325) (0.368) (0.330)

France 0.50 0.79 0.51 -0.01 1.00 0.79 0.41 0.58 0.62 0.43 0.43
(0.255) (0.235) (0.288) (0.299) – (0.272) (0.345) (0.280) (0.333) (0.290) (0.367)

Germany 0.55 0.56 0.55 -0.30 0.79 1.00 0.31 0.73 0.69 0.40 0.79
(0.271) (0.238) (0.233) (0.277) (0.272) – (0.381) (0.201) (0.335) (0.285) (0.317)

Ireland 0.16 0.23 -0.06 -0.27 0.41 0.31 1.00 0.63 0.02 -0.24 -0.07
(0.299) (0.326) (0.370) (0.339) (0.345) (0.381) – (0.280) (0.390) (0.391) (0.381)

Italy 0.39 0.50 0.56 -0.55 0.58 0.73 0.63 1.00 0.41 0.36 0.32
(0.277) (0.213) (0.231) (0.299) (0.280) (0.201) (0.280) – (0.384) (0.310) (0.377)

Netherlands 0.27 0.33 0.29 0.32 0.62 0.69 0.02 0.41 1.00 0.27 0.62
(0.268) (0.334) (0.308) (0.325) (0.333) (0.335) (0.390) (0.384) – (0.315) (0.315)

Portugal 0.13 0.41 0.74 -0.32 0.43 0.40 -0.24 0.36 0.27 1.00 0.11
(0.279) (0.271) (0.239) (0.368) (0.290) (0.285) (0.391) (0.310) (0.315) – (0.317)

Spain 0.48 0.21 0.25 -0.13 0.43 0.79 -0.07 0.32 0.62 0.11 1.00
(0.219) (0.310) (0.324) (0.330) (0.367) (0.317) (0.381) (0.377) (0.315) (0.317) –

Note: Correlations between federal counterfactual interest rates, generated with equation (2.10) for Germany and equation (2.14) for the remaining
countries, and the actual interest rate change undertaken by the European Central bank from 1999 until 2013. Bootstrap standard errors in parentheses,
calculated as described in the text from 399 bootstrap samples.
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Table 2.6: Difference between national and federal counterfactual correlations

r(euro) Austria Belgium & Luxembourg Finland France Germany Ireland Italy Netherlands Portugal Spain

r(euro) 0.00 -0.05 -0.02 -0.02 -0.08 0.00 0.19 0.01 -0.07 0.01 -0.16
– (0.199) (0.222) (0.207) (0.216) (0.234) (0.242) (0.254) (0.214) (0.242) (0.190)

Austria -0.05 0.00 -0.06 -0.06 -0.18 -0.03 0.08 -0.03 -0.13 0.06 -0.10
(0.199) – (0.060) (0.063) (0.069) (0.059) (0.135) (0.039) (0.097) (0.060) (0.070)

Belgium & Luxembourg -0.02 -0.06 0.00 0.04 -0.05 -0.03 0.15 -0.05 -0.08 -0.06 -0.18
(0.222) (0.060) – (0.061) (0.063) (0.058) (0.135) (0.049) (0.094) (0.052) (0.092)

Finland -0.02 -0.06 0.04 0.00 -0.05 -0.04 -0.05 -0.04 -0.04 -0.01 -0.01
(0.207) (0.063) (0.061) – (0.079) (0.057) (0.155) (0.059) (0.074) (0.045) (0.079)

France -0.08 -0.18 -0.05 -0.05 0.00 -0.08 -0.11 -0.05 -0.14 0.03 -0.13
(0.216) (0.069) (0.063) (0.079) – (0.068) (0.141) (0.060) (0.092) (0.068) (0.098)

Germany 0.00 -0.03 -0.03 -0.04 -0.08 0.00 -0.06 -0.06 -0.11 0.09 -0.15
(0.234) (0.059) (0.058) (0.057) (0.068) – (0.138) (0.038) (0.087) (0.062) (0.078)

Ireland 0.19 0.08 0.15 -0.05 -0.11 -0.06 0.00 -0.07 -0.07 0.17 0.09
(0.242) (0.135) (0.135) (0.155) (0.141) (0.138) – (0.109) (0.139) (0.145) (0.161)

Italy 0.01 -0.03 -0.05 -0.04 -0.05 -0.06 -0.07 0.00 -0.10 0.02 -0.07
(0.254) (0.039) (0.049) (0.059) (0.060) (0.038) (0.109) – (0.079) (0.036) (0.061)

Netherlands -0.07 -0.13 -0.08 -0.04 -0.14 -0.11 -0.07 -0.10 0.00 -0.01 -0.12
(0.214) (0.097) (0.094) (0.074) (0.092) (0.087) (0.139) (0.079) – (0.070) (0.087)

Portugal 0.01 0.06 -0.06 -0.01 0.03 0.09 0.17 0.02 -0.01 0.00 0.04
(0.242) (0.060) (0.052) (0.045) (0.068) (0.062) (0.145) (0.036) (0.070) – (0.073)

Spain -0.16 -0.10 -0.18 -0.01 -0.13 -0.15 0.09 -0.07 -0.12 0.04 0.00
(0.190) (0.070) (0.092) (0.079) (0.098) (0.078) (0.161) (0.061) (0.087) (0.073) –

Note: Difference between national counterfactual correlations, given in Table 2.4, and federal counterfactual correlations, given in Table 2.5. Bootstrap
standard errors in parentheses, calculated as described in the text from 399 bootstrap samples.
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Table 2.6 shows the difference between the National correlations in Table 2.4 and

the Federal correlations in Table 2.5. The prevalence of negative point estimates

indicates that for the most part correlations increase when moving from national

to federal preferences—not the result one would expect if countries considered only

their narrow national interests. The correlation between the true interest rate and

the country counterfactuals falls for three countries: Ireland, Italy, and Portugal,

and remains the same for Germany. For the most part, however, the changes are

small and never statistically significant at conventional levels. Table 2.6 gives an

indication of how much of the difference between the true interest rate and a given

country’s counterfactuals can be explained by economic conditions. In some cases

this difference can be large, for example, the correlation of Spain’s counterfactuals

increases from 0.32 to 0.48 when moving from national to federal counterfactuals.

Since the coefficients of the monetary policy rule are held fixed this indicates that

much of the discrepancy between the preferred interest rate for Spain and the actual

interest rate is explained by differences in economic conditions, rather than different

views about how monetary policy ought to be conducted.

The higher correlation coefficient is true not only for the correlation between

federal counterfactuals and the true interest rate but also between the federal coun-

terfactuals themselves. Correlations of federal counterfactuals between each pair of

countries in the core block are greater than their respective national counterfactuals.

This is not true of the other member countries, whose correlations with the interest

rate counterfactuals of other countries appear as likely to increase as decrease when

moving from national to federal counterfactuals. This indicates that, for the non-core

group of countries, not only economic conditions but also disagreement about the
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appropriate response of monetary policy to those conditions explains the differences

in the counterfactuals.

Finally, Table 2.7 shows the correlation between each country’s national and fed-

eral counterfactuals. Since the two counterfactuals are generated from the same set

of coefficients for a given country, discrepancies can only be explained by differences

in domestic and euro-area economic conditions. This conveniently demonstrates how

differences in economic conditions transmit to differences in interest rate preferences.

Ireland and Spain have the two lowest correlations, indicating that these coun-

tries would have the most to gain by voting with national rather than federal prefer-

ences. Unsurprisingly, the largest correlations belong to the three largest economies—

France, Germany, and Italy—who benefit from making up a large fraction of the

euro-wide economic conditions. The correlations are large overall, which indicates

that most countries would choose a similar interest rate regardless of which economic

conditions—national or euro aggregate—are used in their decision rules.
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Table 2.7: Correlations between national and federal counterfactual interest rates

Austria Belgium &
Luxembourg

Finland France Germany Ireland Italy Netherlands Portugal Spain

1999–2008 0.85 0.81 0.89 0.94 0.92 0.72 0.96 0.94 0.86 0.82
(0.073) (0.069) (0.074) (0.071) (0.059) (0.140) (0.032) (0.095) (0.072) (0.081)

2009–2013 0.91 0.92 0.89 0.78 0.84 0.63 0.96 0.90 0.85 0.65
(0.079) (0.043) (0.088) (0.138) (0.067) (0.150) (0.037) (0.109) (0.069) (0.119)

1999–2013 0.87 0.86 0.89 0.91 0.90 0.66 0.96 0.93 0.85 0.78
(0.070) (0.053) (0.073) (0.089) (0.059) (0.128) (0.032) (0.096) (0.069) (0.087)

Note: Correlation between each country’s national and federal counterfactual interest rate changes. National counterfactuals are calculated with equation (2.9)
for Germany and equation (2.13) for the remaining countries. Federal counterfactuals are calculated with equation (2.10) for Germany and equation (2.14) for the
remaining countries. Bootstrap standard errors in parentheses, calculated as described in the text from 399 bootstrap samples.
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2.7 Properties of the counterfactuals

I now present some properties of the counterfactual interest rate changes to lend

support to the notion they can be interpreted as the interest rate preferences of the

euro member countries. Table 2.8 shows summary statistics for the national and

federal counterfactuals. Recalling that interest rates are expressed in differences,

these indicate the mean, standard deviation, minimum, and maximum interest rate

change, expressed in percentage points. Finland, France, Portugal, and Spain have

negative counterfactuals on average indicating that they would have preferred lower

interest rates on average. This is especially the case for Portugal, which on average

would have preferred a rate cut of more than 25 basis points. Among the remaining

countries, who on average would have preferred a higher interest rate, Belgium &

Luxembourg and Ireland stand out as the largest dissenters. For the most part,

however, average interest rate changes are small and less than one standard deviation

away from zero. That no country appears to be consistently bargaining for large

interest rate changes indicates that none is typically very far from their preferred

interest rate in the euro era.
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Table 2.8: Counterfactual interest rates summary statistics

1999–2008 1999–2013
National Mean Std. dev. Min. Max. Mean Std. dev. Min. Max.

r(euro) 0.001 0.184 -0.950 0.650 -0.016 0.175 -0.950 0.650

Austria 0.066 0.194 -0.815 0.598 0.057 0.207 -1.142 0.598
Belgium & Luxembourg 0.200 0.376 -0.881 1.343 0.175 0.418 -1.383 1.343
Finland -0.081 0.294 -1.195 0.554 -0.053 0.314 -1.195 1.357
France -0.147 0.263 -1.386 0.292 -0.144 0.239 -1.386 0.292
Germany 0.029 0.172 -1.056 0.328 0.028 0.164 -1.056 0.328
Ireland 0.271 0.423 -1.155 1.238 0.151 0.472 -1.229 1.238
Italy 0.066 0.260 -1.142 0.710 0.038 0.258 -1.142 0.710
Netherlands 0.091 0.325 -1.565 0.588 0.088 0.310 -1.565 0.975
Portugal -0.266 0.307 -1.369 0.427 -0.268 0.297 -1.369 0.427
Spain -0.081 0.141 -0.759 0.180 -0.085 0.133 -0.759 0.180

1999–2008 1999–2013
Federal Mean Std. dev. Min. Max. Mean Std. dev. Min. Max.

Austria 0.076 0.174 -0.864 0.546 0.062 0.180 -0.914 0.546
Belgium & Luxembourg 0.186 0.288 -0.965 0.814 0.153 0.342 -1.484 0.814
Finland -0.065 0.291 -0.865 0.776 -0.044 0.301 -0.865 1.197
France -0.121 0.262 -1.467 0.224 -0.121 0.233 -1.467 0.233
Germany 0.029 0.148 -0.846 0.353 0.023 0.136 -0.846 0.353
Ireland 0.127 0.327 -0.532 0.999 0.116 0.311 -0.532 0.999
Italy 0.058 0.269 -1.180 0.719 0.031 0.263 -1.180 0.719
Netherlands 0.092 0.338 -1.615 0.762 0.085 0.315 -1.615 0.842
Portugal -0.280 0.299 -1.369 0.457 -0.271 0.292 -1.369 0.457
Spain -0.053 0.131 -0.700 0.309 -0.057 0.120 -0.700 0.309

Note: Summary statistics for national and federal counterfactuals given by equations (2.9) and (2.10) for Germany and equations
(2.13) and (2.14) for all other countries.
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As alluded to previously, if the counterfactuals are to be interpreted seriously as

the preferred interest rate changes of the euro member states then they should bound

the actual change in the interest rate. It is hard to imagine, for example, the member

countries agreeing to an increase in the interest rate that is higher or lower than any

of the members would actually want.

The black and red lines in Figure 2.3 show, for a given period in time, the max-

imum and minimum interest rate change of the euro member countries. Solid lines

correspond with the set of federal counterfactuals and dashed lines the set of national

counterfactuals. The blue lines give the change in the interest rate that actually

occurred in that period. The figure demonstrates that in the vast majority of cases

the actual interest rate change falls within the span of the counterfactuals, which is a

desirable property for the counterfactuals to have. Were this not the case, that would

imply that when euro member countries meet to decide on a policy change they agree

on a more extreme policy move than desired by any of the member countries—an in-

dication that the counterfactuals are incorrect. Of the 179 months in the simulation

period—February 1999 to December 2013—the actual interest rate falls out of the

range of the national counterfactuals on 12 occasions and outside of the range of the

federal counterfactuals on 14 occasions.

Because it represents the range of policy preferences, Figure 2.3 also gives an indi-

cation of how the cross-sectional distribution of counterfactuals has evolved over time.

The greater is the disagreement between the members the greater is the chance that

the agreed upon policy will be unsuitable for some countries. Unsurprisingly, there

is generally greater disagreement among the national than federal counterfactuals,

but the difference is not sizable. The difference between the minimum and maximum
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Figure 2.3: Maximum, minimum, and actual change in interest rate
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Note: The solid blue line is that actual change in the euro area interest rates. The solid (dashed) red line shows the
smallest change among the federal (national) counterfactuals. The solid (dashed) black line shows the largest change
among the federal (national) counterfactuals.

policy change is relatively constant until 2008 where there is a large increase as the

global economy entered a recession. Since 2010 the range of policy preferences has

returned to pre-crisis levels, and if anything is somewhat narrower than in previous

periods, indicating greater policy cohesion.

Another way to demonstrate the evolution of the distribution of the interest rate

counterfactuals is to see how the cross-sectional standard deviation of the counterfac-

tuals, stdt(r̃i,k,t) has varied over time. Let

γi,j,t =
1

12

11∑
l=0

stdt−l(r̃i,k,t−l) for i = nat, fed, (2.21)

be the rolling mean of the cross-sectional variation in either the national or fed-

eral counterfactuals. Again this demonstrates periods when disagreement among the

member countries is especially small or large. Figure 2.4 shows this statistic over
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the euro era. Overall the standard deviation is actually quite low in economic terms,

typically varying between twenty and thirty basis points. The standard deviation of

the national counterfactuals is greater than that of the federal counterfactuals over

the entire sample, which again is unsurprising. The standard deviation increases sub-

stantially between 2008 and 2010 but then quickly returns to lower pre-crisis values.

Between mid-2012 and the end of the sample disagreement among member countries

appears as low as it has ever been, both for the national and federal counterfactuals.

Figure 2.4: Rolling average cross-sectional standard deviation of counterfactuals
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Note: Rolling average cross-sectional standard deviation of the national and federal counterfactuals, calculated by
equation (2.21) for the national and federal counterfactuals.

The identification strategy adopted in this chapter hinges on the assumption that

the monetary policy preferences of the euro countries have remained stable since the

adoption of the euro. Were this not the case then the estimated monetary policy rules

would no longer accurately represent the preferences of the member states. While this

is not generally testable because the preferences are themselves unobservable I can
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provide some support for this assumption. First, were there some underlying struc-

ture change in the underlying monetary policy preferences, we would expect to see

deterioration of model fit over the sample period. However, the rolling RMSE shown

in Figure 2.1 does not indicate that this appears to be the case. I provide additional

evidence in support of this assumption by estimating the following regressions:

reuro,t = ci+
N∑
k=1

bi,kr̃
(k)
i,t +

m∑
l=1

βlpeuro,t−l+
m∑
l=1

δlyeuro,t−l+ut, for i = nat, fed. (2.22)

If the monetary policy preferences are unstable and no longer represent the pref-

erences of the member states then we should expect lagged euro-area inflation and

industrial production to enter significantly. On the other hand, if the monetary policy

preferences of the members are stable then they should already take this information

into account and hence these variables should not help to predict the actual interest

rate.

Table 2.9 shows p-values for the joint F -test of the joint hypothesis βl = δl = 0 ∀ l

for two sample periods and a selection of lags. The p-values in the top panel cor-

respond with the usual F -statistic, which assumes the error terms are homoskedas-

tic. The p-values in the bottom panel correspond with heteroskedasticity-robust

F -statistics derived using the HC3 covariance matrix proposed by MacKinnon and

White (1985). There is no evidence that euro area industrial production or prices pro-

vide additional useful information to explain the interest rate beyond what is already

contained in the counterfactuals from 1999–2008. This is true for both the national

and federal counterfactuals. At least through the first ten years of the euro era,

then, the assumption that monetary policy preferences have remained stable seems

reasonable.
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As the sample is extended to include the recession beginning around 2009 there

is now some evidence that there could have been a change in monetary policy prefer-

ences, particularly for the homoskedastic F -statistics. Of course this could represent

a temporary change in preferences in an extraordinary period of economic turbulence.

As demonstrated in Figure 2.1, although performance of all voting patterns decreased

around the financial crisis they have since returned to normal.

Table 2.9: Tests for significance of βl and δl

National Federal
lags 1999–2008 1999–2013 1999–2008 1999–2013
Homoskedastic F tests

1 0.6067 0.3321 0.7293 0.6822
2 0.4542 0.1678 0.1842 0.08342
3 0.2806 0.03366 0.2279 0.04174
6 0.4014 0.02539 0.2750 0.03338
12 0.2914 0.05184 0.2882 0.09178

Heteroskedastic F tests
1 0.6940 0.2345 0.7190 0.8060
2 0.6643 0.2058 0.5084 0.4180
3 0.3975 0.0533 0.6373 0.5225
6 0.5534 0.0889 0.8319 0.6289
12 0.7895 0.3698 0.8399 0.9341

Note: p-values for the joint significance of peuro,t−l and yeuro,t−l in equa-
tion (2.22). The top panel shows p-values for the usual F -statistic under the
assumption of homoskedasticity. The bottom panel shows p-values for the
heteroskedasticity-robust F -statistic derived using the HC3 covariance matrix
proposed by MacKinnon and White (1985).

2.8 Interest rate counterfactuals in levels

Because interest rates were differenced in the vector autoregressions the counterfactu-

als have the interpretation as the preferred change to the current level of the interest



2.8. INTEREST RATE COUNTERFACTUALS IN LEVELS 45

rate. Of course, the implied level counterfactuals are also of interest. Figure 2.5 com-

pares three models—GDP- and equal-weights bargaining, and majority voting—for

both national and federal counterfactuals, shown in their level values, for example:

R̃i
eq,t = r̃ieq,t + Reuro,t−1, where i = nat, fed and Reuro,t−1 is the actual level of the

interest rate in the euro area, so that reuro,t = Reuro,t − Reuro,t−1. Visually there is

little to distinguish the different models which again contradicts the notion that the

largest member states have greater influence over monetary policy decisions than the

other members.

The level counterfactual interest rate simulations for all countries are shown

in Figure 2.6. Again these are expressed as levels so that the German national

counterfactual, for example, is calculated as: R̃i
g,t = r̃ig,t + Reuro,t−1, where, again,

i = nat, fed. Broadly speaking, the desired interest rates—as indicated by the na-

tional counterfactuals—are quite similar to both the optimal federal polices as well

as the actual interest rate. Two notable exceptions are Ireland and Portugal. Irish

national preferences demonstrate the most volatility around the actual interest rate

decisions of the ECB. Irish federal preferences demonstrate less volatility—suggesting

that much of the noise is a result of the volatility in domestic economic conditions.

This is not the case for Portugal which has highly correlated national and federal

counterfactuals. Both Portugal’s national and federal counterfactuals are generally

below the actual interest rate. This indicates that, on average, Portugal would have

preferred a lower interest rate than actually prevailed and that this dissent results

from monetary policy preferences, rather than differences in economic conditions.

Overall, however, the graphs in Figure 2.6 show that the counterfactual interest

rates closely match the true interest rate. In particular the interest rates do not
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Figure 2.5: Hypothetical interest rates of different models
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Note: Comparison of equal weights, GDP weights, and majority voting models to European Central Bank policy
rate. The hypothetical interest rates making up the equal and GDP weights models are generated with equations
(2.15) and (2.16), and the majority voting model takes the median interest rate. National counterfactuals are
calculated with equation (2.9) for Germany and equation (2.13) for the remaining countries. Federal counterfactuals
are calculated with equation (2.10) for Germany and equation (2.14) for the remaining countries.
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consistently fall above the true interest rate, as they do in Hayo and Méon (2013).

The figures also demonstrate the overall high degree of correlation between each

country’s national and federal preferences, as seen in Table 2.7.

2.9 Robustness to alternative specifications

In this section I explore the robustness of the main results of this chapter to changes

to the vector autoregressions (2.1) used to estimate the monetary policy rules in the

pre-euro era. I consider four alternative specifications. First, I increase the lag length

to include three lags of all variables in the VAR. Second, I choose the lag length for

each country to minimize the Akaike Information Criterion (AIC) of the interest rate

equation of the reduced-form VAR. To do this I estimate by OLS a regression of a

country’s interest rate on all right-hand-side variables in (2.1) from one to a maximum

of six lags and choose the lag length which minimizes the AIC. An alternative would

be to choose the AIC to minimize the AIC of (2.1) directly. I think my approach is

more appropriate in this context because I am interested in proper specification of

the interest rate rule rather than the whole system of variables in the VAR. A third

specification includes interest rates as levels rather than differences.

Finally, I consider an alternative identification approach for the matrix Ak in

(2.1). I follow Cushman and Zha (1997) and restrict the coefficients based on the

timing of when information is available to policymakers. Specifically, when interest

rate decisions are made, current data on the price level or industrial production is

not available, so that ak,2,3 = ak,2,4 = 0. However, current data on the exchange rate

is available so policymakers are able to respond to contemporaneous fluctuations in

the exchange rate, a channel not allowed in the Cholesky decomposition. Exchange
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Figure 2.6: National and federal counterfactuals
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Figure 2.6: National and federal counterfactuals
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Figure 2.6: National and federal counterfactuals
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Note: Comparison of counterfactual interest rates with the European Central Bank policy rate. National
counterfactuals are calculated with equation (2.9) for Germany and equation (2.13) for the remaining countries.
Federal counterfactuals are calculated with equation (2.10) for Germany and equation (2.14) for the remaining
countries. To convert the counterfactuals from differences to levels I add to these the ECB interest rate from the
previous period, Reuro,t−1.

rates are determined in an information sector and allowed to respond to all variables

in the system. The remaining rows of Ak maintain the same zero restrictions imposed

under the Cholesky decomposition used in the benchmark specification.

This changes the German monetary policy rule from equation (2.7) to:

rg,t = [0 1 0 0]
(
B̂gxg,t−1 + D̂gwg,t

)
− âg,2,1sg,t, (2.23)
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and likewise, for the remaining countries:

rk,t = [0 1 0 0 0]
(
B̂kxk,t−1 + D̂kwk,t

)
− âk,2,1sk,t. (2.24)

Of course, during the euro era exchange rates between the member countries are

fixed so that the exchange rate terms—which are expressed as differences—will drop

out, but this accounts for potentially important exchange rate pressure during the

estimation period.

Table 2.10 computes the RMSE and MAE for the same voting and regression

models considered in Section 2.5 over the sample 1999–2013. The top four panels show

the results under one of the alternative specifications and the bottom panel shows the

results for the benchmark model, for comparison. The first result is that none of the

regression models from the alternative specifications achieves a lower RMSE or MAE

than the benchmark model. This is true for both national and federal counterfactuals

and implies that, overall, the benchmark counterfactuals can be combined to give the

closest fit to the true interest rate.
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Table 2.10: Comparison of voting models: alternative specifications

National Federal
RMSE MAE RMSE MAE

m = 3 lags Equal weights bargaining 0.2146 0.1683 0.2100 0.1587
GDP weights bargaining 0.2115 0.1610 0.2059 0.1569
Majority voting 0.2000 0.1519 0.1963 0.1509
Regression 0.1287 0.0913 0.1410 0.1030

lag selection Equal weights bargaining 0.2496 0.1973 0.2366 0.1840
GDP weights bargaining 0.2488 0.1937 0.2425 0.1892
Majority voting 0.2245 0.1687 0.2305 0.1811
Regression 0.1411 0.0983 0.1478 0.1046

levels Equal weights bargaining 2.2599 2.0432 2.2543 2.0456
GDP weights bargaining 2.0268 1.8378 2.0386 1.8521
Majority voting 1.2451 1.1268 1.2481 1.1409
Regression 0.1457 0.1070 0.1318 0.0936

timing restrictions Equal weights bargaining 0.1589 0.1098 0.1579 0.1085
GDP weights bargaining 0.1819 0.1360 0.1765 0.1348
Majority voting 0.1586 0.1013 0.1589 0.1018
Regression 0.1462 0.1039 0.1203 0.0774

benchmark Equal weights bargaining 0.1614 0.1168 0.1633 0.1187
GDP weights bargaining 0.1636 0.1180 0.1614 0.1178
Majority voting 0.1570 0.1112 0.1563 0.1156
Regression 0.1224 0.0874 0.1160 0.0764

Note: Comparison of model fit against the interest rate set by the European Central Bank by root mean
squared error (RMSE) and mean absolute error (MAE). The hypothetical interest rates making up the equal
and GDP weights models are generated with equations (2.15) and (2.16), the regression model take the fitted
values from equations (2.17), and the majority voting model takes the median interest rate. RMSE and MAE
are calculated over the period 1999–2013.

When the lag length is increased—top two panels—the national counterfactuals

now have a closer fit than the federal counterfactuals by the regression models. How-

ever, this does not extend consistently to the voting models. With m = 3 lags the

federal models all do best, and the case is the same in two of the three voting models

when lags are selected by AIC. It is also the case that the majority voting model

continues to perform best overall and the GDP-weighted model never performs best.

Model fit deteriorates considerably when interest rates are expressed in levels
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rather than differences, at least for the voting models. We now see that federal

models fit better than national models when the weights are calculated by regression.

The majority voting model still fits best of the voting models but the national model

fits better than the federal model, although the difference is very small relative to the

size of the errors. Again the performance of the model with GDP weights is never

best. The timing restrictions come to the identical conclusion.

Overall, the results of these alternative specifications support the conclusions of

the benchmark model. There is little evidence to support the notion that countries

favor their national economic conditions over the conditions of the entire euro area

and no evidence suggesting that monetary policy favors the preferences of the largest

countries.

2.10 Conclusion

Contrary to the results of several previous studies, this chapter does not find evidence

that ECB monetary policy favors the national preferences of member countries. In-

stead, the results show that in almost all of the models considered federal preferences

produce a closer fit to the true interest rate than national ones. There is some evi-

dence that changes in the interest rate are more correlated with the counterfactuals

of a block of core European countries, but little to suggest that this is driven by

national, rather than federal, preferences. In fact, the correlation between federal

counterfactuals and the true interest rate is greater than the respective national cor-

relation for most countries. The discrepancy between this result and that of earlier

work can be explained by the more flexible specification of the structural VAR, which

better describes interest-rate decisions within the European Monetary System.
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To the extent that larger countries benefit disproportionately from membership

in the euro this appears to be because they constitute such a large fraction of euro

area economic conditions that what is optimal for the euro area tends to be favorable

for them as well. This is confirmed by the high degree of correlation between their

national and federal policy counterfactuals, a result missed in studies that do not

distinguish between national and federal preferences. Comparison of the national

preferences of euro member states and the true interest rate suggests that, in most

cases, the cost of forfeiting independent monetary policy in favor of the euro is quite

small. This is particularly true for the core block of countries, including the large

economies of Germany and Italy. Countries on the periphery, including Ireland, Spain,

and especially Finland have a higher cost.
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Chapter 3

Monetary policy and the term structure of

inflation expectations with information frictions

3.1 Introduction

Expectations play a foundational role in modern macroeconomics. Agents are for-

ward looking in virtually all models so that their actions, and hence model equilibria,

depend on their expectations of future events. Among expectations perhaps none has

received greater interest than inflation expectations, which play a role in determining

the real interest rate, through the Fisher equation, as well as actual inflation, through

the New Keynesian Phillips curve, two key variables for central bankers. The ability

of the monetary authority to influence inflation expectations is especially important

when interest rates are at their effective lower bound to avoid falling into a liquid-

ity trap. In such a situation the monetary authority may be able to put downward

pressure on real interest rates if it is able to increase inflation expectations through

unconventional monetary policy operations such as forward guidance and asset pur-

chase programs. An understanding of how inflation expectations respond to changes

in monetary policy is hence an important question.
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In models with rational expectations, expected inflation responds to monetary

policy in a manner consistent with actual inflation. In this scenario knowledge of

how actual inflation responds to monetary policy implies knowledge of how expected

inflation will respond to the same policy. But many recent papers have documented

that observable expectations have properties inconsistent with full-information ratio-

nal expectations and consistent with models with information frictions. How these

information frictions affect the response of inflation expectations after changes to

monetary policy is less well understood.

In this chapter I estimate the impact of monetary policy on US inflation expec-

tations, taken from the Survey of Professional Forecasters (from 1992–2018) while

allowing for the presence of information frictions in the underlying survey data. The

exercise sheds light on the transmission of monetary policy through inflation expec-

tations, the quantitative importance of information frictions, and the interaction of

the two. To do this I estimate a term structure model of inflation expectations us-

ing the unobserved components model, which provides a mapping from latent model

variables to inflation forecasts at any horizon. This allows the common information

in survey forecasts at all horizons to be incorporated in my analysis in a consistent

manner.

Two key features differentiate my model from earlier work. First, I consider the

full term structure of inflation expectations while distinguishing between expected

inflation as represented by the unobserved components model—which is consistent

across forecast horizons and on average matches actual inflation—and inflation fore-

casts actually observable in survey data—which may be biased and contain outdated
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information because of information frictions. Second, I introduce additional macro-

economic variables and show how the instrumental variable approach to identification

of vector autoregressions can be applied in the state space framework to identify the

impact of monetary policy on the term structure of inflation expectations. This al-

lows me to estimate the changes in the short- and long-run components of inflation

expectations, each of which is of independent interest.

To account for information frictions, I show how the unobserved components

model can be used to estimate the term structure of inflation expectations when ex-

pectations are slow to adjust to new information, as in the sticky information model

proposed by Mankiw and Reis (2002), and anchored to long-run expectations, as in

the expectations proposed by Patton and Timmermann (2010). This allows me to es-

timate the role of both anchoring and outdated information in inflation expectations.

I find that outdated information accounts for 19% of inflation forecasts and that 21%

of the remainder is weighted towards forecasters’ long-run expectations. The quan-

titative importance of information frictions also appears to vary over the business

cycle, even though the model coefficients are not time-varying. Inflation expectations

uncovered from models with and without information frictions demonstrate especially

large differences during recessionary periods compared with non-recessionary periods.

To estimate the response of the entire term structure of inflation expectations

after a monetary policy shock I use SVAR-IV methods proposed by Stock and Wat-

son (2012) and Mertens and Ravn (2013). Following Gertler and Karadi (2015) and

Miranda-Agrippino and Ricco (2017) I use the change in three-month federal funds fu-

tures contracts after monetary policy announcements as an instrument for exogenous
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interest rate fluctuations. I find that contractionary monetary policy decreases infla-

tion expectations with a lag of several years. There is some evidence that short-run

inflation expectations increase after a contractionary monetary policy shock, consis-

tent with the signaling channel of monetary policy and findings by Romer and Romer

(2000), although the effect is not statistically significant. Long-run inflation expec-

tations fall after the same shock, consistent with the empirical evidence that actual

inflation falls after contractionary monetary policy shocks but with a lag of several

years, and the effect is permanent. Historical decompositions show that the overall

contribution of monetary policy shocks to changes in inflation expectations is small

for short-run expectations but large for long-run expectations. In particular, I show

that monetary policy shocks accounted for a substantial amount of the variation in

long-run inflation expectations from 2009 to 2014, a period when the Federal Reserve

was constrained at the zero lower bound of nominal interest rates.

3.2 Research context

Empirical evidence about the behavior of expectations is important because models

which allow for departures from full-information rational expectations make differ-

ent predictions about the effects of monetary policy. In this chapter I consider the

effects of two sources of information frictions: sticky information and anchoring. In

the sticky information model, proposed by Mankiw and Reis (2002), aggregate ex-

pectations are slow to adjust to new information, which leads to a delayed response

of actual inflation, consistent with the results of much of the empirical monetary pol-

icy literature. Aggregate expectations are also slow to adjust to new information in

the noisy information model proposed by Woodford (2003). While the source of the
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information frictions differs in the sticky and noisy information models, they share

the common feature that outdated information plays a role in aggregate expectations.

For simplicity I interpret the presence of outdated information as arising because of

sticky information but acknowledge that alternative interpretations, such as the noisy

information model, are possible. I emphasize, however, that the focus of this research

is not the source of the information frictions but rather their size and implications.

Patton and Timmermann (2010) extend the noisy information model to include an

anchoring friction so that forecasters additionally place some weight on their long-run

expectations, regardless of the forecast horizon. This friction was also considered by

Lahiri and Sheng (2008, 2010), who motivate anchoring as a consequence of Bayesian

updating.

From an empirical perspective, evidence against rational expectations has primar-

ily focused on the forecasting properties of survey forecasts. Mehra (2002), Adam and

Padula (2011), and Patton and Timmermann (2012) show that survey forecasts are

biased, inefficient, and have serially correlated forecast errors, behavior that is in-

consistent with rational expectations. Coibion and Gorodnichenko (2012, 2015) show

that these properties are consistent with models featuring information frictions and

can be large, even for professional forecasters. Coibion (2010) and Pfajfar and Roberts

(2018) estimate versions of the Phillips curve while allowing for information frictions

and also find departures from full-information rational expectations.

In this chapter I estimate a term structure model of inflation expectations based

on the unobserved components model, while accounting for information frictions. The

model provides a snapshot of expected inflation over any given forecast horizon at

any point in time as a function of dynamic short- and long-run latent components.
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Analyzing the responses of these factors after a monetary policy shock allows for a

greater understanding of the responses of short- and long-run inflation expectations.

Since the model can be matched to inflation expectations between any two forecast

horizons it can accommodate both fixed-horizon and fixed-window forecasts following

the approach used by Aruoba (2019). Once in its state space representation the

model parameters, including the information friction parameters, can be estimated

by maximum likelihood using numerical methods.

The unobserved components model is a natural candidate to estimate the term

structure of inflation expectations because it is known to match the properties of

actual inflation quite well. Stock and Watson (2007) show that the unobserved com-

ponents model can be used to decompose inflation into a permanent random-walk

component and a transitory mean-reverting component. Cogley et al. (2010) use a

version of this model to measure changes in the persistence of the inflation gap—the

difference between inflation and its long run trend—and Cogley and Sargent (2015)

document changes in uncertainty of the permanent and transitory components of

inflation over a long time series.

Kozicki and Tinsley (2012) apply the unobserved components model to estimate

the term structure of inflation expectations, reasoning that, since the model fits ac-

tual inflation quite well, it should also fit inflation expectations quite well. Crump

et al. (2018) extend this model to estimate jointly the term structure of expectations

of inflation, output, and interest rates and Maruyama and Suganuma (2019) estimate

a similar model for expectations in Japan. Mertens (2016) uses the unobserved com-

ponents model to measure the trend component of inflation expectations and Nason

and Smith (2014) extend the model to account for sticky information in the survey
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forecasts.

Other term structure models have also been fit to expected inflation. Mehrotra

and Yetman (2014) estimate a term structure model where expectations converge from

the current level of inflation to long-run expectations. Aruoba (2019) and Kapetanios

et al. (2016) have instead applied the Nelson and Siegel (1987) model to inflation

expectations. The Nelson–Siegel model is a prominent model for the term structure

of bond yields, popularized by Diebold and Li (2006) and Diebold et al. (2006).

One drawback is that the model is not consistent across time, as shown by Björk

and Christensen (1999) and Filipović (1999), and hence the expectations uncovered

from the model cannot coincide with full-information rational expectations. This is

an issue when trying to estimate the size of information frictions which requires a

model to stand in for full-information rational expectations, as I show in detail in

Section 3.3. Krippner (2006) shows how the Nelson-Siegel model can be modified to

achieve consistency with restrictions on the dynamics of the latent factors but it is not

clear how this can be extended to allow the factors to jointly evolve with observable

macroeconomic variables, a necessary component to estimate the impact of monetary

policy on inflation expectations.

Once estimated, I use the model to analyze the impact of monetary policy on

inflation expectations. Because the model uses data at all available forecast horizons

this provides a complete analysis of the response of inflation expectations generally.

The conventional view of monetary policy is that higher interest rates lower inflation

with a lag of several years. The results of Romer and Romer (2004) and Gertler and

Karadi (2015), for example, support this view. If expectations are consistent with

actual inflation, as they are in the vast majority of theoretical models, they should
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respond in the same manner. Further, if the central bank has a credible inflation

target then long-run expectations should be stable at that target and not respond to

short-run policy moves. This provides a set of testable predictions about the response

of expectations after a monetary policy shock in both the short and long run.

I also consider two contrarian views which propose the opposite: higher interest

rates increase inflation expectations. The first is the signaling channel of monetary

policy, where surprise monetary policy tightenings reveal to forecasters that there is

greater inflationary pressure in the economy than previously thought and hence they

revise their short-run forecasts upwards. Romer and Romer (2000) show that forecasts

from the Federal Reserve’s Greenbook outperform those of private forecasters and

provide some evidence that forecasters infer this information from policy moves to

update their forecasts. Nakamura and Steinsson (2018) find that forecasts of output

respond contemporaneously and positively to contractionary monetary policy shocks.

This finding motivates their model in which policy changes are informative about the

true state of the economy through an information channel. The second is the neo-

Fisherian view, outlined by Williamson (2019), which argues that the Fisher equation

is causal, with higher interest rates increasing inflation expectations in both the short

and long run.

Empirical evidence on the effect of monetary policy on inflation expectations is

somewhat mixed and papers tend to focus on either short- or long-run expectations.

Many studies of long-run expectations use inflation compensation, measured as the

difference between nominal and real bond yields, as a proxy for inflation expectations.

Both Hanson and Stein (2015) and Nakamura and Steinsson (2018) find that long-run

inflation compensation falls after a monetary policy contraction, but the effect is only
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significant in the latter study.

Gürkaynak et al. (2005a) find that long-run inflation compensation for the United

States is responsive to news about a variety of macroeconomic variables as well as

monetary policy. Gürkaynak et al. (2010) and Gürkaynak et al. (2007) show that this

effect does not extend to countries with formal inflation targets which they interpret

as evidence that inflation targets are effective in stabilizing long-run inflation expec-

tations. Beechey and Wright (2009) also find that long-run inflation compensation

declines after a monetary policy tightening but argue that this could instead represent

a change to the inflation risk premium rather than inflation expectations.

Distinguishing between the response of expected inflation and inflation risk is a

general problem with relying on inflation compensation derived from bond yields as

a proxy for inflation expectations, which I avoid by instead using survey data. An

additional advantage is that survey data is typically more informative about short-

run expectations so that I can estimate the response of the entire term structure of

inflation expectations. Several studies estimate the responsiveness of survey data to

changes in the macroeconomy but these typically focus on either short- or long-run

expectations. Leduc et al. (2007) and Melosi (2016) show that short-run inflation

expectations decline after a monetary tightening without the long delay typically

seen from actual inflation. Davis (2014) shows that short-run expectations are less

responsive to changes in actual inflation or the price of oil in countries with formal

inflation targets but do not consider monetary policy shocks. Finally, Bauer (2015)

shows that long-run expectations from surveys do respond to macroeconomic news

but do not consider the effects of monetary policy. To my knowledge the research

in this chapter is the first to estimate the response of the entire term structure of
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inflation expectations to a monetary policy shock.

3.3 The unobserved components model

To estimate the effects of monetary policy on inflation expectations at all horizons

I estimate a term structure model of inflation expectations based on the unobserved

components model, which allows me to combine information across the term structure

of inflation expectations in a parsimonious way.

First proposed by Stock and Watson (2007), the unobserved components model is

based on the Beveridge and Nelson (1981) decomposition of inflation into permanent

and transitory components. The model has been extended variously by Cogley et al.

(2010) and Cogley and Sargent (2015) and applied to inflation expectations by Kozicki

and Tinsley (2012), Crump et al. (2018), Nason and Smith (2014), Mertens (2016),

and Mertens and Nason (2018).

When applied to expected inflation, the unobserved components model can be

used to represent the term structure of inflation expectations at any given point in

time as a function of dynamic latent factors, the parameters determining the dynamics

of these factors, and the forecast horizon. The model first decomposes actual inflation

into a slowly evolving long-run trend component, τt; short-run deviations from that

trend, π̃t; and measurement error, v1,t:

πt = τt + π̃t + v1,t. (3.1)
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The two latent components, τt and π̃t evolve as:

τt = τt−1 + uτ,t, (3.2)

π̃t = aπ̃t−1 + bx′t−1 + uπ̃,t, (3.3)

where xt is a vector of observable macroeconomic variables to be described in greater

detail below. Neither τt nor π̃t depend on lags of the other variable but the error

terms uτ,t and uπ̃,t may be correlated. I follow Mertens and Nason (2018) and include

a measurement error term for inflation in equation (3.1) so that τt and π̃t can be

interpreted as components common to both actual and expected inflation. As I show

below, once the dynamics of these variables are known the unobserved components

model can be matched with inflation forecasts at any horizon.

The restrictions that τt follow a random walk and neither τt nor π̃t have an in-

tercept term follows from the interpretation of τt as long-run inflation expectations.

Specifically, I interpret this component as:

Etπ∞ = τt. (3.4)

This interpretation implies that changes in τt are not forecastable. Were this not the

case then forecasters would simply incorporate these adjustments into their current

expectations of long-run inflation and hence τt would not be consistent with long-run

expected inflation. For the same reason neither τt nor π̃t have an intercept term.

Suppose not and equations (3.2) and (3.3) included intercept terms µτ and µπ̃. This
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would imply that long-run expectations are:

Etπ∞ = τt + µτ + µπ̃, (3.5)

which is inconsistent with equation (3.4) and the interpretation of τt as long-run

inflation expectations unless µτ = µπ̃ = 0.

While the short-run component of expectations, π̃t, does not depend on lags of

τt, it may depend on its own lag as well as lags of a set of control variables, xt.

Specifically, xt includes St, the leading indicator series produced by the Philadelphia

Federal Reserve; Ftgdpt+4, forecasts of GDP four quarters ahead from the Survey of

Professional Forecasters ; gt, the growth rate of real government expenditure; and it,

the interest rate on one-year Treasury bills. The real-activity variable, forecasts of

GDP, and government expenditure do not depend on long-run inflation, which can be

thought of as imposing the condition that money is super-neutral in the long run, at

least in the context of the relatively low-inflation environment over the sample period

of 1992–2018. However, because these variables evolve jointly with π̃t, I impose no

restrictions on the response of real activity variables to short-run inflation dynamics.

This long-run neutrality restriction would not be sensible if applied to the nominal

interest rate. It would be hard to imagine, for example, the Federal Reserve allowing

an increase in long-run inflation expectations to go unchecked. Furthermore, the

linearized Fisher equation states that the nominal interest rate is equal to the sum of

the real interest rate, rt, and expected inflation over the period of the bond:

it = rt +
1

4

4∑
j=1

Etπt+j. (3.6)
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According to the unobserved components model, expected inflation is the sum of

expected future values of τt and π̃t:

it = rt + τt +
1

4

4∑
j=1

Etπ̃t+j, (3.7)

which implies that the nominal interest rate and long-run inflation expectations are

cointegrated. In order to ensure stability of the system given the unit root in τt, I

impose this cointegrating relationship between the interest rate and long-run inflation

expectations and include instead the latent stationary variable ĩt = it−τt in the vector

of state variables. I additionally de-mean these four state variables so that the vector

of macroeconomic variables xt can be written as:

xt =



St − µS

gt − µg

Ftgdpt+4 − µFgdp

ĩt − µi


. (3.8)

Now define the vector of state variables as αt = [τt, π̃t, xt] with dynamics given by

the vector autoregressive process:

αt = Bαt−1 + ut, (3.9)

and with restrictions on B as described above to ensure stationarity of the system.

With the dynamics of the system known, forecasts of future inflation rates can be

constructed by iterating on equation (3.9). Let ι = [1 1 0 ... 0] be a selection vector

which selects and sums the first two elements of any conformable vector. Expected
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inflation at horizon s can be constructed as:

Etπt+s = Etτt+s + Etπ̃t+s, (3.10)

= ιBsαt. (3.11)

Since optimal forecasts of inflation at any horizon s can be constructed from

the dynamics of αt, this will be used to link the forecasting data across horizons

and uncover the latent factors, τt and π̃t, from the common information in the panel

structure of the forecasts and actual inflation. Given B, forecasts of inflation between

any two horizons can be included as a measurement equation in a state space model

without any additional parameters needing to be estimated. This not only offers

considerable dimensionality reduction but also allows for analysis of the entire term

structure of expected inflation. The first measurement equation links the unobserved

components model with actual inflation. This was already presented as equation (3.1)

but I repeat it here for completeness and introduce the notation y to generally label

measurement equations:

y1,t ≡ πt = τt + π̃t + v1,t. (3.12)

The remaining measurement equations making up the state space model relate in-

flation forecasts with the unobserved components model. Before I write these out

explicitly I first introduce the forecasting data itself.
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3.3.1 Forecast data

The inflation concept in this chapter is seasonally-adjusted Consumer Price Index

(CPI) inflation. Although Personal Consumption Expenditure (PCE) inflation is

the Federal Reserve’s preferred inflation concept, survey measures of expected PCE

inflation are available only since 2007. However, the correlation between the two

series is quite high at 0.92. Forecasts of CPI inflation are available at a quarterly

frequency from the Survey of Professional Forecasters and I use the median forecast

as the measure of inflation expectations over the period 1992–2018. Forecasts at

a fixed forecast horizon are available for the current and next four quarters ahead.

Forecasts at further horizons are also available but they forecast a different infla-

tion concept—average inflation over a given year or period of years, rather than the

quarterly inflation rate—and fix the forecast event rather than the forecast horizon.

The state space model can accommodate both types of forecasts but the fixed-event

forecasts will require special treatment, as I show in detail below.

The next step is to link the unobserved components model with the survey fore-

casts, which will make up most of the measurement equations in the state space model.

Before proceeding directly to this step I first show how to account for information

frictions in the data.

3.3.2 Incorporating information frictions

The unobserved components model provides a framework to describe model-consistent

forecasts of expected inflation. One issue with applying the model directly to the

survey data, however, is that survey forecasts do not correspond with full-information

rational expectations. In particular, forecasters are slow to adjust to new information
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because of information frictions, so that outdated information or prior beliefs about

the unconditional average of inflation play a significant role in expectations. Coibion

and Gorodnichenko (2012) show that when expectations are slow to adjust to new

information expected inflation will be less responsive than actual inflation to monetary

policy shocks. Mankiw and Reis (2002) propose a model where information is sticky

so that only a fraction of agents receive new information in a given period. Those who

receive new information use it to make forecasts while those who do not receive new

information continue to forecast with out-of-date information. Prior beliefs have been

included in models of expectations formation by Patton and Timmermann (2010) and

Lahiri and Sheng (2008, 2010).

I now demonstrate how the unobserved components model can be fit to the sur-

vey forecasts while accounting for these information frictions. First, let Ftπt+s1→t+s2

denote forecasts of average inflation between periods t + s1 and t + s2. The law of

motion for forecasts of average inflation between t and t + s under anchoring and

sticky information is then:

Ftπt→t+s = (1− ω)((1− ρ)Etπt→t+s + ρEtπ∞) + ωFt−1πt→t+s, (3.13)

where ω is the weight placed on outdated information, ρ is the weight placed on long-

run expectations, and Et+hπ∞ is the expected long-run mean of inflation. Forecasts

are comprised of two components under this specification: the full-information com-

ponent, (1 − ρ)Et+hπt+h+s + ρEt+hπ∞, which is itself composed of model-consistent

expectations and long-run expectations, and the outdated information component,

Ft+h−1πt+h+s. I interpret outdated information playing a role because of sticky in-

formation and long-run forecasts playing a role because of anchoring. Notice that,
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when ω = ρ = 0 the effects of both frictions drop out and the forecasts are model

consistent.

Now, if the unobserved components model is a good characterization of full-

information inflation expectations, then the model can be used to replace bothEtπt→t+s,

which can be replaced by the model predictions at horizon s, and Etπ∞, which is just

the long-run component, τt. Making these substitutions gives:

Ftπt→t+s = (1− ω)

(
(1− ρ)

1

s

s∑
j=1

ιBjαt + ρτt

)
+ ωFt−1πt→t+s + vt(s), (3.14)

where vt(s) is an expectational error term. In the next subsection I show in detail how

each of the forecasts I observe in the survey data can be mapped to the unobserved

components model when information frictions are present using equation (3.14).

3.3.3 Fixed-horizon and fixed-event forecasts

One challenge when working with forecasts from the Survey of Professional Forecast-

ers is how to combine information across the term structure given the discrepancy be-

tween short- and long-run forecasts. Specifically, while short-run forecasts correspond

with a fixed forecast horizon—one-, two-, three-, or four-quarters ahead—longer-run

forecasts are fixed-event forecasts where the forecasting period is a fixed window,

typically one or more calendar years. For example, forecasts for average inflation in

the next year refer to the next calendar year, not necessarily average inflation over

the next four quarters. As a result, the forecast window rotates only once per year

so that the forecast horizon depends on the quarter in which the forecast is made.

Aruoba (2019) shows how the state space framework can be used to circumvent

this problem by splitting up each of the long-run forecasts into four variables, each
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of which is observed only once per year but now with a common forecast horizon.

This essentially exchanges the rotating forecast horizon problem for a missing data

problem which can be handled using the Kalman filter. In this section I show in

detail how survey forecasts of both types can be made consistent with the unobserved

components model to form a set of measurement equations in the state space model.

I begin with the fixed horizon forecasts, denoted SPF-1, SPF-2, SPF-3, SPF-4,

SPF-5, and SPF-6, which correspond with the one-quarter backcast, the nowcast, and

the one-, two-, three-, and four-quarter ahead forecasts of the annualized quarterly

inflation rate. I follow the naming convention of the actual survey data here. Since

the unobserved components model corresponds with the underlying full-information

rational expectations, correcting for the presence of outdated information in the sur-

veys requires two forecasts of inflation over the same period taken at different dates,

as in equation (3.13). I do not use the backcast or nowcast because some of inflation

would actually be observed when the forecast is made but the nowcast will be useful

later. The first of the quarterly forecasts is expected inflation in the next quarter

which, recalling the law of motion for inflation expectations is:

Ftπt+1 = (1− ω)((1− ρ)Etπt+1 + ρEtπ∞) + ωFt−1πt+1. (3.15)

As in the previous subsection, let ι = [1 1 0 ... 0] be a selection matrix which selects

and sums forecasts of the two unobserved components of expected inflation. One-

quarter-ahead inflation expectations from the unobserved components model are then

ιBαt and long-run expected inflation is by definition τt. Relating this to the surveys
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gives:

y2,t ≡ SPF-3t = (1− ω)((1− ρ)ιBαt + ρτt) + ωSPF-4t−1 + v2,t, (3.16)

which defines the survey as a function of state variables, model parameters, prede-

termined variables, and measurement error. Equation (3.16) is the first measurement

equation for the survey forecasts. Proceeding in the same manner for the remaining

forecasts will yield a set of measurement equations which, combined with the vector

autoregression for the state variables, will form the state space model.

The next survey, SPF-4, is the forecast of inflation two quarters into the future

which, after substituting forecasts from the unobserved components model for the

expectations, gives:

SPF-4t = (1− ω)((1− ρ)Etπt+1→t+2 + ρEtπ∞) + ωSPF-5t−1 + v3,t, (3.17)

y3,t ≡ SPF-4t = (1− ω)(((1− ρ)ιB2αt + ρτt) + ωSPF-5t−1 + v3,t. (3.18)

The same logic implies:

y4,t ≡ SPF-5t = (1− ω)(((1− ρ)(ιB3αt + ρτt) + ωSPF-6t−1 + v4,t, (3.19)

which maps the four quarterly forecasts to points along the expected inflation curve.

More distant forecasts from the Survey of Professional Forecasters do not corre-

spond with inflation at a single quarter, but rather the average annualized quarterly

inflation rate over a fixed forecast window. The first set of these are forecasts of an-

nual inflation in the current year, next year, and year after next, denoted as SPF-A,
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SPF-B, and SPF-C. I emphasize that these forecasts are with respect to calendar

years, not necessarily the next year starting in quarter t+ 1. For example, both SPF-

B2004:4 and SPF-B2004:3 are forecasts of the average annualized quarterly inflation rate

in 2005, although the forecasts are made in two different periods. As a result, the

forecasting concept of the annual forecasts is distinct depending on the quarter in

which the forecast is made. Consistent with the notation above, forecasts of annual

inflation over the next calendar year made in the fourth quarter are Ftπt→t+4 whereas

forecasts of annual inflation over the next calendar year made in the third quarter

are Ftπt+1→t+5.

Because of this peculiarity, I follow Aruoba (2019) and split these variables up

so that the forecasts made in each quarter are treated as different variables, each

observed only once per year. Denote these SPF-A-Q1, SPF-A-Q2, SPF-A-Q3, SPF-

A-Q4, and similarly for SPF-B and SPF-C. Mapping these to the unobserved compo-

nents model as before gives three measurement equations for the next-year forecasts:

y5,t ≡ SPF-B-Q4t = (1− ω)

(
(1− ρ)

1

4

4∑
j=1

ιBjαt + ρτt

)
+ ωSPF-B-Q3t−1 + v5,t,

(3.20)

y6,t ≡ SPF-B-Q3t = (1− ω)

(
(1− ρ)

1

4

5∑
j=2

ιBjαt + ρτt

)
+ ωSPF-B-Q2t−1 + v6,t,

(3.21)

y7,t ≡ SPF-B-Q2t = (1− ω)

(
(1− ρ)

1

4

6∑
j=3

ιBjαt + ρτt

)
+ ωSPF-B-Q1t−1 + v7,t.

(3.22)

In the same way, the year-after-next forecasts map to the unobserved components
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model with the following three measurement equations:

y8,t ≡ SPF-C-Q4t = (1− ω)

(
(1− ρ)

1

4

8∑
j=5

ιBjαt + ρτt

)
+ ωSPF-C-Q3t−1 + v8,t,

(3.23)

y9,t ≡ SPF-C-Q3t = (1− ω)

(
(1− ρ)

1

4

9∑
j=6

ιBjαt + ρτt

)
+ ωSPF-C-Q2t−1 + v9,t,

(3.24)

y10,t ≡ SPF-C-Q2t = (1− ω)

(
(1− ρ)

1

4

10∑
j=7

ιBjαt + ρτt

)
+ ωSPF-C-Q1t−1 + v10,t.

(3.25)

The next-year and year-after-next forecasts can also be combined to yield an addi-

tional measurement equation:

SPF-B-Q1t = (1− ω)((1− ρ)Etπt+3→t+7 + ρEtπ∞) + ωSPF-C-Q4t−1, (3.26)

y11,t ≡ SPF-B-Q1t = (1− ω)

(
(1− ρ)

1

4

7∑
j=4

ιBjαt + ρτt

)
+ ωSPF-C-Q4t−1 + v11,t.

(3.27)

And finally, the first quarter current-year forecasts can be combined with the next-

year forecasts. In this case, however, part of the forecast relates to inflation in the

current period:

SPF-A-Q1t = (1− ω)
1

4
((1− ρ)Etπt−1→t + ρτt + 3(1− ρ)Etπt→t+3 + 3ρτt) (3.28)

+ ωSPF-B-Q4t−1,
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where the first full-information expectation is of inflation in the current period. Since

the Survey of Professional Forecasters is due in the middle of the quarter the actual

inflation rate in that quarter will be partially observed—inflation in the first month

of the quarter would be known. Hence this is not a pure forecast. To account for this

I make use of the nowcast which, in the presence of information frictions takes the

following form:

SPF-2t = (1− ω)((1− ρ)Etπt−1→t + ρτt) + ωFt−1πt. (3.29)

Substituting SPF-3t−1 for Ft−1πt and rearranging fives:

(1− ω)((1− ρ)Etπt−1→t + ρτt) = SPF-2t − ωSPF-3t−1. (3.30)

Substituting (3.30) into equation (3.28) for the nowcast gives:

SPF-A-Q1t =
1

4
(SPF-2t − ωSPF-3t−1) +

3

4
(1− ω)(1− ρ)Etπt→t+3 (3.31)

+
3

4
(1− ω)ρτt + ωSPF-B-Q4t−1,

y12,t ≡ SPF-A-Q1t =
1

4
(1− ω)

(
(1− ρ)

3∑
j=1

ιBjαt + 3ρτt

)
+ ωSPF-B-Q4t−1 (3.32)

+
1

4
(1− ω)(1− ρ)(SPF-2t − ωSPF-3t−1) + v12,t.

Long term five- and ten-year ahead inflation forecasts are also calendar based, with

the reference point being the fourth quarter of the previous year. Hence, the five-

year-ahead forecasts made in the first quarter will include the nowcast of the current

inflation rate, the second quarter forecasts will include the nowcast and backcast of
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the previous quarter’s inflation rate, and so on. An implication of this feature is that

at the time the forecasts are made in the second, third, and fourth quarters, some part

of the forecasting object is observable. To account for this I substitute real-time CPI

inflation and the nowcast of inflation from the Survey of Professional Forecasters

for these parts of the forecasts, in the same manner as the previous measurement

equation for expected inflation in the current year. Let SPF-5-Q1 and SPF-10-Q1

denote the five- and ten-year ahead inflation forecasts made in the first quarter, with

the names of forecasts made in the remaining quarters following the same structure.

Then:

y13,t ≡ SPF-5-Q2t = (1− ω)
1

20

(
πt−1 + (1− ρ)

18∑
j=1

ιBjαt + 18ρτt

)

+ ωSPF-5-Q1t−1 +
1

20
(SPF-2t − ωSPF-3t−1) + v13,t, (3.33)

y14,t ≡ SPF-5-Q3t = (1− ω)
1

20

(
πt−2 + πt−1 + (1− ρ)

17∑
j=1

ιBjαt + 17ρτt

)

+ ωSPF-5-Q2t−1 +
1

20
(SPF-2t − ωSPF-3t−1) + v14,t, (3.34)

y15,t ≡ SPF-5-Q4t = (1− ω)
1

20

(
πt−3 + πt−2 + πt−1 + (1− ρ)

16∑
j=1

ιBjαt + 16ρτt

)

+ ωSPF-5-Q3t−1 +
1

20
(SPF-2t − ωSPF-3t−1) + v15,t, (3.35)

y16,t ≡ SPF-10-Q2t = (1− ω)
1

40

(
πt−1 + (1− ρ)

38∑
j=1

ιBjαt + 38ρτt

)

+ ωSPF-10-Q1t−1 +
1

40
(SPF-2t − ωSPF-3t−1) + v16,t, (3.36)

y17,t ≡ SPF-10-Q3t = (1− ω)
1

40

(
πt−2 + πt−1 + (1− ρ)

37∑
j=1

ιBjαt + 37ρτt

)

+ ωSPF-10-Q2t−1 +
1

40
(SPF-2t − ωSPF-3t−1) + v17,t, (3.37)
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y18,t ≡ SPF-10-Q4t = (1− ω)
1

40

(
πt−3 + πt−2 + πt−1 + (1− ρ)

36∑
j=1

ιBjαt + 36ρτt

)

+ ωSPF-10-Q3t−1 +
1

40
(SPF-2t − ωSPF-3t−1) + v18,t. (3.38)

3.3.4 State space model

The remaining measurement equations correspond with the observable macroeco-

nomic data included in the state vector αt: the index of real economic activity,

forecasts of Gross Domestic Product four quarters ahead, the growth rate of fed-

eral government expenditures, and the interest rate on one-year treasury bills. These

enter as deviations from their long-run means, taking the form:

y19,t ≡ St = µS + S̃t, (3.39)

y20,t ≡ Ftgdpt+4 = µFgdp + F̃tgdpt+4, (3.40)

y21,t ≡ gt = µg + g̃t, (3.41)

y22,t ≡ it = µi + τt + ĩt, (3.42)

where˜denotes a de-meaned variable.

Let yt = [y1,t, ..., y22,t]
′ be an N -dimensional vector of observables outlined above

and wt a vector of predetermined variables consisting of lags of real-time inflation and

the forecasts. The state space model is:

yt = µ+ Λ(B,ω, ρ)αt + Φ(ω)wt + vt, vt ∼ N(0,Σv) (3.43)

αt = Bαt−1 + ut, ut ∼ N(0,Σu), (3.44)
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where (3.43) are the measurement equations, derived in the previous subsection, and

(3.44) governs the dynamics of the state variables. The structure of Λ is determined

entirely by B, ρ, ω, and the forecast horizon of expected inflation in the corresponding

row of yt. The structure of Φ is determined entirely by ω since lagged forecasts

will only enter the law of motion for expectations when information is sticky. Joint

estimation of the unobserved components and model parameters is feasible by making

use of the model’s state space representation. In the next section I describe this

estimation procedure.

3.3.5 Estimation procedure

With the measurement equations specified above I can write the unobserved compo-

nents model in its state space representation, given by equations (3.43) and (3.44),

and estimate by maximum likelihood. I follow common practice and assume that the

errors in the measurement equations are independent across equations. To reduce

the number of parameters to estimate, I also assume the errors in the measurement

equations of the inflation forecasts all have the same variance, σ2
F . Hence Σv is a diag-

onal matrix, Σv = diag(σ2
π, σ

2
F , ..., σ

2
F , 0, 0, 0, 0). The state variables follow a VAR(1)

process and the covariance matrix Σu is unrestricted, allowing for correlation in the

error terms across the state variables.

The state space model is non-linear in the parameters, arising from both the

information frictions as well as the consistency restrictions. However, for a given set

of parameters, the model is linear in the state variables so that the likelihood function

can be evaluated with the Kalman filter via the prediction error decomposition. As

demonstrated by Aruoba et al. (2009), the Kalman filter easily deals with the many
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missing observations, which arise in the measurement equations of the calendar-year

forecasts in the Survey of Professional Forecasters, described above. If all variables

were observed in a given period then the Kalman filter could proceed as follows. Let

Ωt denote the information set at period t and at|t = E[αt|Ωt], at|t−1 = E[αt|Ωt−1],

Pt|t = V ar(αt|Ωt), and Pt|t−1 = V ar(αt|Ωt−1). Then,

at|t = at|t−1 + Pt|t−1Λ′Σ−1
t vt, (3.45)

Pt|t = Pt|t−1 − Pt|t−1Λ′Σ−1
t ΛP ′t|t−1, (3.46)

Σt = ΛPt|t−1Λ′ + ΦΣwΦ′ + Σv, (3.47)

vt = yt − µ− Λat|t−1 − Φwt, (3.48)

at+1|t = Bat|t, (3.49)

Pt+1|t = BPt|tB
′ + Σu, (3.50)

where Σw is the covariance matrix for the variables in wt.

When some observations are missing in a particular period, define N∗t < N as the

number of observations that are not missing in period t and Wt an N∗t ×N selection

matrix with rows equal to the corresponding row of the identity matrix IN if the

element of yt is observed. Hence, the rank of Wt is N∗t , the number of observed

elements of yt in period t. Also define,

Λ∗ = WtΛ, (3.51)

v∗t = Wtvt, (3.52)

Σ∗v = WtΣvW
′
t , (3.53)

y∗t = Wtyt, (3.54)
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and the Kalman filter can proceed as before, with these starred variables and param-

eter matrices in place of their counterparts. The forecast errors from the Kalman

filter can then be used to evaluate the log-likelihood function via the prediction error

decomposition:

Lt = −1

2

(
N∗t log 2π + log |Σ∗t |+ v∗

′

t Σ∗−1
t v∗t

)
. (3.55)

The Kalman filter uses information up to period t to evaluate the likelihood and

produce estimates of the latent state variables. When we are interested in the latent

unobserved components themselves, however, I use the Kalman smoother as described

by Durbin and Koopman (2001) to produce estimates of the factors based on all

sample data. Specifically, let:

Kt = BPt|t−1Λ′Σ−1
t , (3.56)

Rt = B −KtΛ, (3.57)

dt−1 = ΛΣ−1
t vt +R′tdt, (3.58)

Mt−1 = Λ′Σ−1
t Λ +R′tMtRt, (3.59)

at|T = at|t−1 + Pt|t−1dt−1, (3.60)

Pt|T = Pt|t−1 − Pt|t−1Mt−1Pt|t−1, (3.61)

and initial values dT = 0 and MT = 0. Iterating on these equations backwards from

T − 1 gives optimal estimates of the state variables based on all sample data, which I

will use when analyzing the unobserved components of expected inflation themselves.

Note that because the likelihood function is based on the forecasts produced by the
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Kalman filter, use of the Kalman smoother has no impact on the estimated model

parameters.

I maximize the log-likelihood function, the sum over all t of equation (3.55), using

non-linear optimization methods and numerical derivatives, which I compute as the

change in the likelihood induced by a small change in parameter values. Specifically,

let θ denote the k-dimensional column vector of model parameters. The score is then

a k × T matrix calculated via two-sided numerical derivatives such that the row i

column t element is:

Si,t =
Lt(θ + q)− Lt(θ − q)

2qi
, where qj =

 Ξ, for i = j

0, otherwise
(3.62)

and Ξ is the square root of machine precision. For a given parameter vector, θ(l), I

calculate the parameter vector at the (l + 1)th iteration with Newton’s method:

θ(l+1) = θ(l) − κ(l)H(l)f (l), (3.63)

where κ(l) is the step size, H(l) is an approximation of the Hessian and f (l) is the

negative of the gradient vector, which has typical element f
(l)
i = −

∑T
t=1 S

(l)
i,t . I use the

Broyden-Fletcher-Goldfarb-Shanno (BFGS) procedure to approximate the Hessian

matrix of second derivatives. Let ∆θ(l+1) = θ(l+1) − θ(l) and ∆f (l+1) = f (l+1) − f (l).

Then the approximate Hessian at the next iteration is updated as:

H(l+1) = H(l) − H(l)∆θ(l+1)∆θ(l+1)′H(l)

∆θ(l+1)′H(l)∆θ(l+1)
+

∆f (l+1)∆f (l+1)′

∆f (l+1)′∆θ(l+1)
. (3.64)

I initialize by setting H(0) = 104Ik, so that equation (3.63) begins with a steepest
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descent step. As the number of iterations increases, more curvature information is

incorporated into the approximate Hessian which speeds up convergence.

The BFGS updating formula is valid only when the condition ∆θ(l+1)′∆f (l+1) > 0

holds. When this condition is violated—which occurs only rarely—I instead update

with a damped BFGS formula proposed by Powell (1978) which takes as the change

in the gradient:

∆f (l+1)∗ = δ∆f (l+1) + (1− δ)H(l)∆θ(l+1), (3.65)

δ = 0.8
∆θ(l+1)′H(l)∆θ(l+1)

∆θ(l+1)′H(l)∆θ(l+1) −∆θ(l+1)′∆f (l+1)
, (3.66)

with ∆f (l+1)∗ taking the place of ∆f (l+1) in equation (3.64).

To choose the step size, κ(l), I begin with an initial value of unity and then

proceed with a line search by bisection, taking the first candidate to satisfy the Wolfe

conditions using the algorithm proposed by Nocedal and Wright (2006). In order to

ensure that the covariance matrices are always positive semi-definite, I reparameterize

them by first taking their Cholesky decomposition and then setting the main diagonal

equal to its natural logarithm before stacking in θ. Derivatives are then taken with

respect to these new reparameterized variables. Of course, when evaluating the log-

likelihood function this procedure is done in reverse so that there is no effect on the

log-likelihood function itself, but this ensures that the optimization algorithm will

never take a step resulting in a negative variance estimate.
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3.4 Results

3.4.1 Estimation results and model evaluation

The model provides evidence of information frictions: I estimate ω̂ = 0.1942 with

a standard error, calculated as the diagonal element of the inverse Hessian matrix,

of 0.0338. Under the interpretation of the sticky information model, this indicates

that approximately 19% of professional forecasters are operating with outdated in-

formation sets and that forecasters update their information sets every 1
1−ω̂ = 1.24

quarters, on average. This is lower than Mertens and Nason (2018) who estimate a

value of approximately 0.3 over a longer sample period, likely because of differences in

sample period as well as forecast horizon. I include a larger panel of forecasts in the

state space model—inflation forecasts from the one-quarter horizon to the ten-year

horizon—whereas Mertens and Nason (2018) use only short-run inflation forecasts—

one to four quarters ahead. I estimate ρ̂ to be 0.2068 with a standard error of 0.1179,

indicating that full-information forecasters deviate from the model-consistent forecast

by over-weighting their expectations of long-run inflation.

Figure 3.1 shows the estimates of ω and ρ along with their 90% confidence intervals

and confidence ellipse. The ellipse is relatively flat, indicating that the estimates are

not highly correlated. The confidence ellipse does not approach the lower bound of 0

for ω but there is a small area that crosses that threshold for ρ because the parameter

is estimated with greater uncertainty. Traditional confidence intervals, though, shown

as the straight solid lines, show that the hypotheses that either ω or ρ is zero would

be rejected at the 90% confidence level. The figure also shows the point estimates

of these two parameters in restricted models where the other parameter is fixed at

zero. The sticky information parameter, ω, is relatively constant whether anchoring
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Figure 3.1: Confidence ellipse for ω and ρ
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Note: 90% confidence intervals and ellipse for ω, and ρ for
the unobserved components model presented in Section
3.3. The center dot shows the point estimates of ω and ρ
in the benchmark model allowing for both frictions. The
remaining two dots show the estimates of ω and ρ when
the other parameter is excluded from the model.

is included in the model or not. When sticky information is excluded from the model

the estimated degree of anchoring rises from 0.2068 to 0.2654, but remains well within

the limits of the confidence interval. This suggests that both anchoring and sticky

information play a significant role in the model, and their estimates are not sensitive

to the exclusion of the other parameter.

Table 3.1 shows test statistics, with p-values in parentheses, for likelihood ratio

tests comparing the restricted and unrestricted models. The test statistic is:

LR(θ̄, ᾱt) = 2(L(θ̂, α̂t)− L(θ̄, ᾱt)) ∼ χ2(n), (3.67)

where L(θ̂, α̂t) =
∑T

t=1 Lt(θ̂, α̂t) is the likelihood function evaluated at the parameter
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estimates θ̂ and state variables α̂t, n the number of restrictions, and θ̄ denotes the

restricted estimates. Both frictions are significant over the entire sample jointly but

much of this appears to be driven by sticky information which is also significant

individually.

Table 3.1: Likelihood ratio tests

No sticky No anchoring No frictions
Test statistic 29.3003 0.5253 31.9154
Degrees of freedom 1 1 2
p-value < 0.001 0.469 < 0.001

Note: Likelihood ratio test statistics and p-values for each of the restricted models.
The first column shows the test for the model with no sticky information (ω = 0), the
second column shows the test for the model with no anchoring (ρ = 0), and the final
column shows the test for the model with neither friction (ω = ρ = 0).

Table 3.2 shows parameter estimates for the matrix B in equations (3.44), which

determines the dynamics of the state variables. Standard errors, in parentheses, are

calculated as the diagonal elements of the inverse Hessian matrix. The elements

of B associated with τt are excluded since τt neither depends upon or influences

the other variables. Short-run inflation expectations respond significantly to lags

of forecasted GDP growth and the interest rate. The leading indicator series and

government spending do not enter significantly in that equation but do have important

explanatory power for other variables and hence play an important role in governing

the dynamics of the system, and in particular identifying monetary policy shocks

which will be important in the analysis of the following sections.
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Table 3.2: Parameter estimates

π̃t−1 S̃t−1
˜Ft−1gdpt+3 g̃t−1 ĩt−1

π̃t 0.5162 −0.0461 −0.1504 −0.0091 0.0577
(0.0710) (0.0532) (0.0256) (0.0493) (0.0105)

S̃t −0.1825 0.9427 −0.0831 0.0899 −0.0155
(0.0292) (0.0368) (0.0279) (0.0363) (0.0115)

F̃tgdpt+4 −0.1094 0.0410 0.8586 0.0413 0.0337
(0.0266) (0.0285) (0.0267) (0.0205) (0.0105)

g̃t −0.4169 −0.9324 0.3032 −0.2810 0.1484
(0.1211) (0.1413) (0.1823) (0.1605) (0.0429)

ĩt 0.0266 0.2476 −0.0973 0.0506 0.9504
(0.0332) (0.0368) (0.0352) (0.0206) (0.0151)

Note: Parameter estimates for the matrix B in the state equations (3.44). Rows correspond
with the dependent variable and columns explanatory variables. Standard errors in parentheses
are the diagonal elements of the inverse Hessian matrix. Excluded are the first row and first
column of B since τt follows a random walk and is restricted so that its lags affect no other
state variables.

The black solid lines in Figure 3.2 show estimates of the two unobserved com-

ponents, extracted with the Kalman smoother, using the benchmark model which

includes both anchoring and sticky information. The shaded areas are the corre-

sponding 68% and 90% confidence intervals, calculated using Monte Carlo methods

as proposed by Hamilton (1986). For comparison, the dashed lines show the un-

observed components estimated from the model without sticky information, that is

restricting ω = 0, and the red lines show the unobserved components estimated from

the model without anchoring, restricting ρ = 0. The red dashed lines correspond with

the unobserved components in the model without anchoring or sticky information,

ω = ρ = 0.

The benchmark long-run component, τt, has a mean of 2.72%, somewhat larger

than the average inflation rate between 1992 to 2018 (2.25%). The discrepancy can

be explained by two effects. First, from 1992 to 2000 long-run inflation expectations
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Figure 3.2: Estimated unobserved components of the state space model
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Note: Estimates of the unobserved long- and short-run components from the state space model. The black solid line
shows the estimated unobserved components from the model allowing for both anchoring and sticky information.
The dark and light shaded areas are the associated 68% and 90% asymptotic confidence intervals. For comparison,
the dashed lines show the unobserved components for models with no sticky information (ω = 0) and the red lines
show the unobserved components for models with no anchoring (ρ = 0). The red dashed line shows the unobserved
components with no information rigidities (ω = ρ = 0). I estimate the factors with the Kalman smoother and
construct the confidence intervals by Monte Carlo simulation as proposed by Hamilton (1986) based on 2000 draws
of the model parameters.

were slowly adjusting downward from the higher inflation period in the 1980s. Second,

inflation remained well below long-run expectations during the recovery from the

financial crisis and ensuing recession in 2008. Between these two episodes, from 2000

to 2009, the level factor has a mean of 2.58% comparable with 2.54% for actual

inflation. The level factor remains fairly stable around its long-run mean from about

2000 to the end of the sample, but does demonstrate non-trivial variation including

some turbulence around 2008 and 2009. This coincides with the recession and we see

expected inflation at first declining in response, as expected. Following this, long-run
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expected inflation increases sharply in early 2009 just as the Federal Reserve was

engaging in the first round of quantitative easing. In the remainder of the sample,

from 2010 to 2018, long-run inflation expectations show a hump-shaped pattern, first

rising then falling to a level not far above the minimum for the entire sample.

The short-run component of expected inflation, π̃t, is much more variable than

the long-run component and is typically below zero which indicates that, recalling

that Etπt = τt + π̃t, short-run inflation expectations fell below long-run inflation ex-

pectations over the sample period. This is especially true between 2009 and 2011

when the economy fell into recession but also extends through the recovery period

until 2016 as inflation remained surprisingly low during the economic recovery. Fig-

ure 3.2 indicates that this low inflationary period was interpreted as temporary by

forecasters. Hence the short-run component is negative while long-run expectations

fluctuate around their long-run mean, although there is some indication that long-

run inflation expectations are beginning to adjust downwards to a new lower-inflation

environment.

The dashed and red lines in Figure 3.2 are the unobserved components from re-

stricted models where one or both of anchoring or sticky information is not accounted

for, by setting either or both of ω or ρ to zero. Comparing these estimates with the

solid lines gives an indication of when and by how much these information frictions

matter. In most cases the restricted estimates fall within the confidence intervals

of the estimated unrestricted components, indicating that information frictions are

primarily influencing the model through differences in B rather than τt and π̃t. How-

ever, there are some periods where the latent factors are further apart than others.

The long-run component, for example, shows that sticky information plays a larger
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role in the second half of the sample. The effect is only marginally significant at the

68% level but holds for the final eight years of the sample, which at least appears to

suggest that information frictions have not become less important over time.

When anchoring is removed from the model there is virtually no change in long-

run inflation expectations. Intuitively, although τt is common to expected inflation

at all horizons, it is primarily pinned down by the long-run forecasts. Since these are

almost entirely composed of τt, whether or not anchoring is accounted for is irrelevant.

Anchoring simply says that the surveys place some weight on the long-run expecta-

tions so, when fitting the long-run forecasts themselves to the unobserved components

model the anchoring will effectively cancel out. It is the short-run component that

will adjust since under anchoring the forecasts which they are primarily extracted

from will contain a larger component of long-run expectations. When this is not

accounted for that component is assumed to belong to the short-run component, so

that we should expect to see larger departures with and without anchoring in this

component. That does appear to be true, but as before the restricted estimates usu-

ally fall within the confidence intervals of the unrestricted estimates. The exception

for the short-run factor is primarily restricted to the period around 2008–2009 as the

economy was entering a period of high volatility.

Figure 3.3 shows the term structure of inflation expectations from the unobserved

components model at two dates, with and without information frictions. In the sec-

ond quarter of 2005, a period of relative economic calm, expected inflation from

the restricted and unrestricted models looks very similar. The economy is relatively

stable so that new information does not significantly alter existing forecasts. How-

ever, as the economy is entering a severe recession in the fourth quarter of 2008 the
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four models provide very different estimates of expected inflation over the following

year. The benchmark unrestricted model with both sticky information and anchoring

shows expected inflation is below average in the short run and a full two percentage

points below the model with no frictions. Sticky information explains the bulk of

this discrepancy but the difference between the model with anchoring but no sticky

information and the model with neither friction is roughly half a percentage point, a

sizable difference.

Figure 3.3: Expected inflation at two dates
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Note: Expected inflation from the unobserved components model at two dates. The black solid line shows expected
inflation under the unobserved components model estimated from the model allowing for both anchoring and sticky
information. For comparison, the dashed lines show expected inflation from the models with no sticky information
(ω = 0) and the red lines show expected inflation from the models with no anchoring (ρ = 0). The red dashed line
shows expected inflation from the model with no information rigidities (ω = ρ = 0). Information frictions do not
play an important role in relatively calm economic periods, in the sense that expected inflation with and without
information frictions are close to each other However, in periods of instability the two expectations can depart from
one another in economically significant ways.

The figure demonstrates that, when economic conditions are very volatile, old
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information can be very different from new information and forecasts based on the

two information sets can be quite different. To further demonstrate this point, define:

ζs,t = |ιB̂sα̂t − ιB̄sᾱt|, (3.68)

as the absolute difference between the predictions of the unrestricted model and one of

the restricted models. If this difference is on average large that says that the frictions

matter not just statistically but economically. I estimate the following regressions:

ζs,t = as + bsxt + errors,t, (3.69)

where xt is a dummy variable taking the value of one in a recession, according to

the NBER recession dates, and zero otherwise. Then, as has the interpretation as

the average difference between expected inflation at horizon s uncovered from the

restricted and unrestricted models in normal times and as + bs the average difference

between the two models in recessionary periods.

Table 3.3 shows the estimated coefficients from equation (3.69) for s = 0, 1, ..., 4.

The first two columns show estimates for the restricted model with no sticky informa-

tion (ω = 0), the next two columns show estimates for the model with no anchoring

(ρ = 0), and the final two columns the model with neither friction (ω = ρ = 0).
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Table 3.3: Estimates from regression:
ζs,t = as + bsxt + errors,t

No sticky No anchoring No frictions
horizon as bs as bs as bs
s = 0 0.1525∗∗∗ 0.3571∗∗∗ 0.1651∗∗∗ 0.1801∗∗∗ 0.2427∗∗∗ 0.5459∗∗∗

(0.019) (0.060) (0.017) (0.053) (0.031) (0.098)
s = 1 0.0827∗∗∗ 0.0857∗∗∗ 0.1167∗∗∗ 0.0882∗∗∗ 0.1419∗∗∗ 0.2099∗∗∗

(0.007) (0.022) (0.010) (0.030) (0.014) (0.044)
s = 2 0.0555∗∗∗ 0.0262∗ 0.0976∗∗∗ 0.0383∗ 0.1093∗∗∗ 0.0908∗∗∗

(0.005) (0.015) (0.007) (0.023) (0.009) (0.029)
s = 3 0.0428∗∗∗ 0.0121 0.0854∗∗∗ 0.0189 0.0957∗∗∗ 0.0450∗∗

(0.003) (0.011) (0.006) (0.019) (0.007) (0.023)
s = 4 0.0350∗∗∗ 0.0111 0.0765∗∗∗ 0.0103 0.0877∗∗∗ 0.0311

(0.003) (0.009) (0.005) (0.017) (0.007) (0.020)

Note: Estimated coefficients from regression (3.69), where xt is and indicator variable equal to one in an
NBER recession period and zero otherwise. In the first two columns the restricted model is the model with
anchoring but no sticky information (ω = 0), followed by the model with sticky information but no anchoring
(ω = 0), and finally the model with neither friction (ω = ρ = 0). OLS standard errors in parentheses. ∗

indicates significance at the 10% level, ∗∗ significance at the 5% level and ∗∗∗ significance at the 1% level.

The first row of the fifth column indicates that, in non-recessionary periods, the

restricted and unrestricted models of the contemporaneous inflation rate differ by

approximately 25 basis points, on average. The remaining elements of the fifth column

show that, as the forecast horizon increases the importance of the frictions declines,

indicating that the largest effects occur at the short end of the term structure. The

final column shows that the difference between the restricted and unrestricted models

is larger in recessionary periods. Again the largest effects occur at the short end of the

term structure. Taken together, the first row of Table 3.3 says that there is a difference

of approximately 80 basis points between the models with and without information

frictions in recessionary periods for expectations of inflation in the current period, a

sizable value given that average inflation over the sample period is 2.25%. The first

four columns show that both frictions are important.
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Figure 3.4: Estimates from regression: ζs,t = as + bsxt + errors,t
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Note: Estimated coefficients from regression (3.69), where xt is and indicator variable equal to one in an NBER
recession period and zero otherwise and ζs,t is the absolute difference between the predictions of the unrestricted
model and the restricted model with no information frictions (ie. ω = ρ = 0). Solid lines indicate the estimated
coefficient is significant at the 10% level and dashed lines otherwise.

Figure 3.4 shows estimates of as and bs in equation (3.69) for s = 0, ..., 40 where

ζs,t is the absolute difference between the predictions of the unrestricted model and

the restricted model with no information frictions (ie. ω = ρ = 0). The estimates

for s = 0, ..., 4 correspond with the final two columns of Table 3.3. The remaining

estimates confirm the notion that information frictions have the largest impact at the

short-end of the term structure. After approximately three years the average effect

of information frictions in non-recessionary periods is only about five basis points.

Although this estimate remains statistically significant it is small in economic terms.

Similarly, the premium effect of information frictions in recessionary periods declines

to zero after the first few quarters.
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Table 3.4 shows summary statistics for the measurement errors in equations (3.43),

to give an indication of how well the unobserved components model matches the term

structure of expected inflation with and without information frictions. The first three

columns give the mean error, the mean absolute error, and standard deviation of the

error terms for the model with anchoring and sticky information and the remaining

columns give the same three statistics for the restricted models. In economic terms,

the average errors are all very low, indicating that the model does a good job of match-

ing both expected and actual inflation. Surprisingly, the sticky-anchored model has

a higher average error for actual inflation compared with the other models. However,

this appears to be driven by a large negative error for the restricted models around

the financial crisis which compensates for a string of positive forecast errors in the

run-up to the crisis. This is corroborated by the the mean absolute errors which are

all very similar. The standard deviations of the measurement errors for the forecasts

equations in the state space model are also all very similar, providing support for this

assumption.
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Table 3.4: Measurement errors summary statistics

Sticky-anchored No sticky No anchoring No frictions
Mean Abs. mean Std. Dev. Mean Abs. mean Std. Dev. Mean Abs. mean Std. Dev. Mean Abs. mean Std. Dev.

π 0.2351 1.1319 1.5867 0.2382 1.2151 1.7321 0.1088 1.1097 1.5835 0.0743 1.2064 1.7671
SPF-3 −0.0002 0.0551 0.0768 0.0036 0.0696 0.0947 0.0015 0.0540 0.0760 0.0047 0.0696 0.0946
SPF-4 −0.0120 0.0812 0.1085 −0.0059 0.0621 0.0853 −0.0120 0.0815 0.1090 −0.0060 0.0620 0.0851
SPF-5 0.0017 0.0816 0.1082 0.0053 0.0631 0.0850 0.0016 0.0824 0.1087 0.0050 0.0632 0.0850
SPF-B-Q4 −0.0072 0.0453 0.0562 −0.0059 0.0262 0.0339 −0.0075 0.0450 0.0555 −0.0060 0.0261 0.0337
SPF-B-Q3 −0.0224 0.0757 0.0940 −0.0244 0.0677 0.0794 −0.0225 0.0762 0.0945 −0.0243 0.0676 0.0794
SPF-B-Q2 0.0135 0.0769 0.0969 −0.0056 0.0608 0.0847 0.0144 0.0765 0.0964 −0.0053 0.0610 0.0849
SPF-C-Q4 −0.0028 0.0523 0.0693 0.0057 0.0456 0.0571 −0.0022 0.0531 0.0711 0.0058 0.0457 0.0572
SPF-C-Q3 −0.0178 0.0555 0.0621 −0.0014 0.0469 0.0630 −0.0184 0.0558 0.0644 −0.0007 0.0465 0.0628
SPF-C-Q2 0.0444 0.0620 0.0751 0.0416 0.0657 0.0794 0.0447 0.0621 0.0729 0.0420 0.0660 0.0791
SPF-B-Q1 −0.0199 0.0607 0.0835 −0.0163 0.0569 0.0807 −0.0185 0.0601 0.0808 −0.0165 0.0564 0.0802
SPF-A-Q1 −0.0733 0.1010 0.1002 −0.0644 0.0819 0.0793 −0.0726 0.1011 0.1010 −0.0641 0.0816 0.0791
SPF-5-Q2 0.0126 0.0742 0.1063 0.0208 0.0882 0.1305 0.0134 0.0752 0.1093 0.0210 0.0880 0.1303
SPF-5-Q3 −0.0382 0.0787 0.0966 −0.0230 0.0929 0.1222 −0.0382 0.0794 0.0990 −0.0224 0.0927 0.1222
SPF-5-Q4 0.0200 0.0716 0.0970 0.0190 0.0659 0.0920 0.0207 0.0719 0.0974 0.0194 0.0659 0.0917
SPF-10-Q2 0.0266 0.0794 0.1071 0.0200 0.0806 0.1107 0.0262 0.0806 0.1090 0.0184 0.0806 0.1106
SPF-10-Q3 −0.0086 0.0957 0.1254 −0.0066 0.1017 0.1371 −0.0096 0.0972 0.1266 −0.0078 0.1024 0.1374
SPF-10-Q4 0.0073 0.0740 0.0885 0.0076 0.0795 0.0960 0.0063 0.0733 0.0881 0.0064 0.0797 0.0961

Note: Summary statistics for the error terms, vt, in the measurement equations (3.43). The first three columns are the mean error, mean absolute error, and standard
deviation of the errors for the model with both anchoring and sticky information. The remaining columns give the same three statistics for the model with anchoring but
no sticky information (ω = 0), the model with sticky information but no anchoring (ρ = 0), and the model with no anchoring or sticky information (ω = ρ = 0).
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I conclude this section by noting that overall the unobserved components model

fits well both actual inflation and inflation expectations at all observable horizons.

Accounting for anchoring and sticky information gives a better model fit overall, as

indicated by likelihood ratio tests, and the two frictions have especially large effects

on expectations during periods of economic volatility, such as the recession beginning

in 2008. In the following sections I turn to understanding how inflation expectations

respond to changes in monetary policy.

3.4.2 Impulse response functions

Identification of the effects of monetary policy is a challenging problem because mone-

tary policy both influences and actively responds to current and anticipated economic

conditions. For this reason contemporaneous adjustments to the nominal interest rate

are endogenous with respect the the remaining variables in αt and standard OLS es-

timates are not reliable.

Consider, however, a variable εt,i which represented the exogenous component of

changes to the interest rate, a monetary policy shock. Were εt,i observed then the

effects of monetary policy shocks on αt could be estimated consistently and dynamic

effects traced out using the estimate of B already obtained. Unfortunately, εt,i is

not directly observable. However, we do know that these shocks are related to the

error terms ut in the state equations (3.44) which, although they have no economic

interpretation beyond forecast errors, contain all unpredictable variation in the state

equations. Some of this variation will be due to the monetary policy shocks so that

we can express the forecast errors as

ut = Θiεt,i + et, (3.70)
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where Θi gives the contemporaneous effect of the monetary policy shocks on each

variable in the system and et is an error term which is a linear combination of the

remaining shocks driving the system, εt,j for j 6= i. The impulse response function of

the state variables h quarters after a monetary policy shock can then be written as:

Ψh =
∂αt+h
∂ε′t,i

= JBhJ ′Θi, (3.71)

where J = [Im 0m×m · · · 0m×m] is a selection matrix, and m the number of state

variables.

Although εt,i is itself unobservable, Mertens and Ravn (2013) and Stock and Wat-

son (2012) show that the effect of this shock can be identified given a suitable instru-

ment zt satisfying the following relevance and exclusion conditions:

E[ztεt,i] 6= 0, (3.72)

E[ztεt,j] = 0 for j 6= i. (3.73)

If these conditions are satisfied then we can get consistent estimates of Θi from the

regression

ût = Θiût,i + νt, (3.74)

by instrumenting for ût,i with zt.

Following Kuttner (2001) I construct an instrument from the daily change in

federal funds futures rates after a monetary policy change, using an updated set of

the monetary policy dates from Gürkaynak et al. (2005b). To get the final instrument,

I follow Miranda-Agrippino and Ricco (2017) and use the residuals from a regression

of changes in the futures contracts on four of their own lags, and forecasts and forecast
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revisions from the Federal Reserve’s Greenbook. I include the nowcast, backcast, and

forecasts of CPI inflation and real GDP in the next three quarters, the nowcast of

the unemployment rate and revisions of the nowcast, backcast, and forecasts of CPI

inflation, real GDP, and the unemployment rate in the next two quarters. This is

to control for information frictions as well as differences in the information sets of

policymakers and financial market participants. I also follow the common practice of

excluding the meeting following the terrorist attacks on September 11, 2001.

I calculate asymptotic standard errors for the impulse response functions via the

delta method. Let β = vec(B) and assume that:

√
T

 β̂ − β

Θ̂i −Θi

 d−→ N


 0

0

 ,
 Σβ 0

0 ΣΘi


 . (3.75)

The delta method says that for a vector of parameters b satisfying:

√
T (b̂− b) d−→ N(0,Σb), (3.76)

and a continuous differentiable function g(·), the transformation of the variables fol-

lows the distribution:

√
T (g(b̂)− g(b))

d−→ N

(
0,
∂g

∂b′
Σb
∂g

∂b

′)
. (3.77)

Using this result, the impulse response functions follow the asymptotic distribution:

√
T (Ψ̂h − Ψh)

d−→ N(0, AhΣβA
′
h + ĀhΣΘrĀ

′
h), (3.78)
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where,

Ah =

 0 for h = 0,

(Θ′i ⊗ Im)
(∑h−1

j=0 J(B′)h−1−j ⊗ JBjJ ′
)

for h ≥ 1,
(3.79)

and

Āh = JBhJ ′ ∀ h. (3.80)

This result follows from Lütkepohl (1990) but the calculations differ slightly since

I am only interested in the single impulse response vector, Θi. I show them here

for completeness. First, notice that the additive nature of the covariance matrix in

equation (3.78) follows from the block diagonal structure of equation (3.75). Then,

to derive the matrices Ah and Āh is just a matter of matrix differentiation.

First, notice that when h = 0, Ψ0 = JJ ′Θi, so that:

A0 =
∂Ψ0

∂β′
= 0. (3.81)

For h > 1:

∂Ψh
∂β′

=
∂(JBhJ ′Θi)

∂β′
, (3.82)

=
∂vec(JBhJ ′Θi)

∂β′
, (3.83)

= (Θ′iJ ⊗ J)
∂vec(Bh)

∂β′
, (3.84)

= (Θ′i ⊗ Im)

(
h−1∑
j=0

J(B′)h−1−j ⊗ JBjJ ′

)
, (3.85)

where I omit the steps between the final two lines because these are standard and
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follow directly from Lütkepohl (1990). Now, for Āh:

∂Ψh
∂Θ′i

=
∂(JBhJ ′Θi)

∂Θ′i
, (3.86)

= JBhJ ′, (3.87)

which gives the result. I estimate the covariance matrix of autoregressive coefficients,

Σβ from the inverse of the Hessian matrix evaluated at the solution parameters. I

use a sandwich estimator for the covariance matrix ΣΘi
. Let Pz = z′(zz′)−1z be the

matrix projecting onto the space spanned by z, the instrumental variable. Then, the

IV estimator for equation (3.74) can be written:

Θ̂i = (ûiPzûi ⊗ Im)−1(ûiPz ⊗ Im)vec(û). (3.88)

The sandwich covariance matrix estimator, which allows for correlation across the

error terms in the equations (3.74), is:

ΣΘi
= (ûiPzûi ⊗ Im)−1(ûiPz ⊗ Im)(IT ⊗ Σν)(Pzûi ⊗ Im)(ûiPzûi ⊗ Im)−1, (3.89)

where Σ̂ν = 1
T
ν̂ν̂ ′ and ν̂ = û− Θ̂iPzûi.

The solid black lines in Figure 3.5 show impulse response functions of the short-

and long-run components from the benchmark model with anchoring and sticky in-

formation after a monetary policy shock normalized to raise the detrended one-year

treasury bill rate by 100 basis points. The light and dark shaded areas are the asso-

ciated 68% and 90% asymptotic confidence intervals calculated as described above.

For comparison, the dashed lines show the response of the restricted models with no
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sticky information, ω = 0, the red lines show the responses of the restricted models

with no anchoring, ρ = 0, and the red dashed line the responses from the model with

neither friction, ω = ρ = 0.

Figure 3.5: Response of unobserved components to a monetary policy shock
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Note: Estimated impulse response functions of the short- and long-run components of the unobserved components
model after a monetary policy shock normalized to raise the detrended one-year treasury bill rate by 100 basis
points. The black solid line is the response under the model allowing for information rigidities, where ω was
estimated to be 0.1942 and ρ estimated to be 0.2068. The dark and light shaded areas are the associated 68% and
90% asymptotic confidence intervals. For comparison, the dashed lines show the response of the unobserved
components in the models with no sticky information (ω = 0) and the red lines show the response of the unobserved
components with no anchoring (ρ = 0). The red dashed line shows the response of the unobserved components with
no information frictions (ω = ρ = 0). Detailed calculations of the impulse response functions and confidence
intervals are outlined in Section 3.4.2.

Long-run inflation expectations decrease significantly upon impact after a con-

tractionary monetary policy shock and, because the process follows a random walk,

the effect is permanent. This is a somewhat surprising result. If the monetary author-

ity has a credible long-run inflation target, then we would expect long-run inflation

expectations to be stable at this target and hence not respond to a temporary policy
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change. This runs counter to both the conventional view of monetary policy, which

suggests that long-run expectations should not respond at all, as well as the neo-

Fisherian view of monetary policy which anticipates a positive impact on long-run

expectations after an interest rate increase.

By contrast, the short-run component of expected inflation responds positively to

a monetary policy tightening. The response of expected inflation itself is equal to

the sum of the short- and long-run components. In the short-run the first of these

dominates, so that expectations go up after a monetary policy tightening, although

the positive effect is not statistically significant. But, since the long-run effect is per-

manent it will dominate in the long-run and expectations eventually go down. This

is consistent with the information channel of monetary policy, documented by Romer

and Romer (2000) and Nakamura and Steinsson (2018), whereby policy changes com-

municate the Federal Reserve’s superior information to forecasters so that expecta-

tions adjust in the opposite direction of the intended policy in the short-run. For

example, after a monetary policy tightening, forecasters should expect inflation to

decline, consistent with most empirical evidence on the effects of monetary policy

and matching the response of long-run expectations. Instead, forecasters see the pol-

icy move as an indication that their expectations of inflation were too low and hence

revise them upwards over the short term.

The top panel of Figure 3.6 shows the response of expected inflation after a mon-

etary policy shock. Because of the additive structure of the unobserved components

model this is just the sum of the responses of the two unobserved components, τt and

π̃t. I extend the maximum impulse response horizon to 40 quarters, which matches

the longest forecast horizon of the surveys and emphasizes the permanence of the



3.4. RESULTS 104

long-run effect. In the short-run, expectations increase after a monetary tightening,

but the effect is not statistically significant. Expectations show no significant response

until several years after the monetary policy shock at which point they turn negative.

Figure 3.6: Response of expected inflation and the interest rate
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Note: Estimated impulse response functions of expected inflation and the interest rate from the unobserved
components model after a monetary policy shock normalized to raise the detrended one-year treasury bill rate by
100 basis points. The black solid line is the response under the model allowing for information rigidities, where ω
was estimated to be 0.1942 and ρ estimated to be 0.2068. The dark and light shaded areas are the associated 68%
and 90% asymptotic confidence intervals. For comparison, the dashed lines show the response of the unobserved
components in the models with no sticky information (ω = 0) and the red lines show the response of the unobserved
components with no anchoring (ρ = 0). The red dashed line shows the response of the unobserved components with
no information frictions (ω = ρ = 0). Detailed calculations of the impulse response functions and confidence
intervals are outlined in Section 3.4.2.

Overall the information frictions do not play a large role when calculating the

impulse response functions. There are some cases where the responses of the short-

run factor without anchoring fall outside the 68% confidence interval of the model

with both frictions but the differences are very small in economic terms.
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An implication of the finding that long-run inflation expectations decline per-

manently after a monetary policy shock is that future interest rates will eventually

decline by the same amount. In other words, higher interest rates today cause lower

interest rates in the future through an inflation expectations channel. This follows

directly from the cointegrating relationship between interest rates and long-run infla-

tion expectations. The bottom panel of Figure 3.6 shows the response of the interest

rate after a monetary policy shock. Interest rates remain positive several years after

the contractionary monetary policy shock but eventually the response turns negative

and converges to the response of long-run inflation expectations. In Chapter 4 I show

that this finding is robust to an alternative modeling approach which does not impose

the restriction that interest rates and long-run inflation expectations are cointegrated.

3.4.3 Historical and variance decompositions

Given the underlying monetary policy shocks, εt,i, I can calculate the historical contri-

bution of specific exogenous monetary policy changes to fluctuations of the two com-

ponents of expected inflation. These give an indication of periods where the influence

of monetary policy on expectations was particularly big or small. As demonstrated

by Stock and Watson (2018), the monetary policy shocks can be uncovered as:

εt,i =
Θ′iΣu

Θ′iΣuΘi

ut. (3.90)

Given the monetary policy shocks, the historical contribution of a specific monetary

policy shock occurring h periods in the past to a change in the state variables is given

by:

∆αit,h = JBhJ ′Θiεt−h,i. (3.91)
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Figure 3.7 shows the cumulative change in the unobserved components of the bench-

mark model due to the current and previous 20 monetary policy shocks,
∑20

h=0 ∆αit,h,

along with the total cumulative change (red line) in the factors over the same period,∑20
h=0 ∆αt−h, for comparison. The dotted line shows the monetary policy shocks over

this period, corresponding with the scale on the right axis.

Figure 3.7: Historical decomposition of unobserved components
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Note: The solid line shows the estimated cumulative impact of the current and previous 20 monetary policy shocks
on the unobserved components in the model with both sticky information and anchoring. For comparison, the
dashed line shows the actual cumulative change in the unobserved components over the same 21 quarters. The
dotted line (right axis) shows the underlying monetary policy shocks over the same period. The shaded regions
correspond with the Federal Reserve’s asset purchase programs. The first of these (QE1) runs from the fourth
quarter of 2008 until the first quarter of 2010. The second (QE2) runs from the fourth quarter of 2010 until the
second quarter of 2011. The third of these (QE3) runs from the third quarter of 2012 until the fourth quarter of 2013.

The cumulative change in long-run inflation expectations begins well below zero

as forecasters are continuing to adjust to the reality of lower inflation, consistent with

Figure 3.2. The cumulative historical decomposition indicates that approximately
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one third of this adjustment was due to monetary policy actions taken at that time.

The two series begin to comove much more closely from 2003 through 2014, however,

indicating that monetary policy shocks were an important driver of long-run inflation

expectations during that time. This is especially true during the years immediately

preceding the financial crisis, where monetary policy accounted for essentially all

of the change in long-run inflation expectations, but also throughout the recession

and recovery periods where monetary policy actions put sustained upward pressure

on long-run expectations. By comparison, monetary policy has accounted for rela-

tively little of the change in short-run expectations, which suggests that the signaling

channel of monetary policy is not central to explaining the dynamics of inflation

expectations.

Some of the largest monetary policy shocks occur near the beginning of the fi-

nancial crisis. First, there are three consecutive easings in the final quarter of 2007

and first two quarters of 2008. Following that, monetary policy was largely con-

tractionary during the first asset purchase program (QE1) which likely reflects that

markets anticipated a more aggressive program than what the Federal Reserve ulti-

mately implemented.

In the fourth quarter of 2008 the Federal Reserve set the target range for the fed-

eral funds rate to between 0 and 1/4 percent, effectively hitting the zero lower bound,

where it remained until December 2015. Hence, monetary policy shocks throughout

this period can be attributed to either forward guidance or asset purchase programs

undertaken by the Federal Reserve. Forward guidance consisted of communicating

information about both future monetary policy decisions—promising to keep interest
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rates low beyond the next meeting date—as well as specifying economic precondi-

tions that would need to be met until the Federal Reserve would consider lifting the

policy rate off its lower bound. Specifically, the Federal Reserve frequently indicated

that interest rates would remain at their “exceptionally low level” while employment

remained below its maximum level—often explicitly stated as an unemployment rate

above 6.5%—medium-term inflation was projected to be no greater than 2.5%, and

long-run inflation expectations remained well anchored.

Of the 28 quarters making up the zero lower bound period, 21 have negative

monetary policy shocks, indicating that, despite the constraint on short-term interest

rates, the Federal Reserve was able to influence longer term interest rates through un-

conventional monetary policies. The absolute mean value of monetary policy shocks

over this period is 16.7 basis points compared with 19.2 basis points over the full sam-

ple, indicating that while there may have been some limitations to the effectiveness

of monetary policy when constrained at the zero lower bound overall these limita-

tions were small. Figure 3.7 shows that by the end of 2014 the cumulative effect of

monetary policy actions over the previous five years contributed 50 basis points to

long-run expectations. Again, because short-run policy rates were constrained at the

zero lower bound during this period, this effect can be attributed to unconventional

monetary policy operations. This is consistent with Boneva et al. (2016) who find

that unconventional monetary policy actions taken by the Bank of England had a

significant effect on inflation expectations of firms in the United Kingdom.

Following the termination of the final asset purchase program there has been

downward pressure on long-run inflation expectations. Between 2015 and 2017 mone-

tary policy was essentially neutral—monetary policy shocks are all very close to zero
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during this time—and the contribution of earlier expansionary policy on expecta-

tions begins to level out. Finally, in late 2017 and 2018 there are several consecutive

contractionary monetary policy shocks as the Federal Reserve looked to normalize in-

terest rates, which appear to have contributed to the trend of lower long-run inflation

expectations.

Figure 3.8: Forecast error variance decomposition
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Note: Percentage of variation in the forecast errors of the unobserved components from the state space model due to
monetary policy shocks. Results are for the benchmark model with both anchoring and sticky information.

Figure 3.8 shows the forecast error variance decomposition for the unobserved

components of the benchmark model, which indicates the fraction of the variance of

the forecast errors at horizon h, α̂t+h−B̂hα̂t, that can be explained by monetary policy

shocks in period t. This gives an indication of how important monetary policy shocks

are to explain the dynamics of expected inflation overall. As much as 50% of the

variation in long-run expectations can be explained by monetary policy shocks, with

the largest impact occurring in the periods immediately following the shock. Less of

the variation in the short-run component can be explained by monetary policy shocks,

closer to 6%, and this occurs only after a substantial lag. These results accord with

Figure 3.7 which showed that relatively little of the variation of short-run expectations

appeared attributable to monetary policy changes.
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3.5 Conclusion

This chapter estimates the impact of monetary policy on the term structure of in-

flation expectations. To do this I use the unobserved components model to esti-

mate the term structure of inflation expectations, but extend the model in two ways.

First, I show how to account for two information frictions—sticky information and

anchoring—by including lagged forecasts and placing additional weight on the compo-

nent representing long-run expectations. Second, I include additional macroeconomic

variables and apply SVAR-IV methods to identify the effects of monetary policy on

expectations.

I find significant evidence of information frictions. Specifically, 19% of inflation

expectations consist of outdated information and 21% of the remainder is anchored

to long-run expectations. By estimating restricted models where either or both of

anchoring or sticky information are not accounted for I demonstrate when and by

how much information frictions matter. I find that both frictions matter more during

recessions, especially around the recession beginning in 2008, and at short forecast

horizons.

I then show that the long-run component of inflation expectations declines after a

monetary policy tightening and that, because this component follows a random walk,

the effect is permanent. The short-run component moves in the opposite direction and

dominates the negative long-run effect in the first few years after a monetary policy

shock so that after a monetary policy contraction inflation expectations first go up

and then go down. This can be reconciled with the signaling channel of monetary

policy where forecasters react to surprise policy moves by modifying their forecasts

of inflation in the short-term in the same direction as the policy move, although the
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effect is not statistically significant at conventional levels. Eventually the short-run

effect dies out and expectations turn negative. Because the interest rate and long-run

inflation expectations are cointegrated this finding additionally implies that future

interest rates will also be permanently lower; higher interest rates today cause lower

interest rates in the future through an inflation expectations channel.

I also find that a much larger share of the variation in long-run expectations can

be explained by monetary policy actions than for short-run expectations. Specifically,

monetary policy accounted for essentially all of the variation in long-run expectations

between 2005 and 2008 and contributed sustained upward pressure on long-run ex-

pectations from 2009 to 2014, helping to prop up inflation expectations through the

financial crisis and economic recovery. Since then long-run expectations have demon-

strated a downward trajectory, some of which can be attributed to increases in the

policy rate in 2018.
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Chapter 4

Term structure local projections

4.1 Introduction

Macroeconomists are often interested in the response of many highly correlated vari-

ables to a policy change. For example, in Chapter 3 I analyzed the response of the

term structure of inflation expectations—expected inflation at any forecast horizon—

after a monetary policy change. Diebold et al. (2006) estimate the response of the

term structure of interest rates after shocks to the macroeconomy. One challenge

researchers face in this context is that, when there is a large number of these highly

correlated variables—forecasts of inflation at different horizons or interest rates at

different maturities, for example—estimates based on vector autoregressions quickly

encounter issues of multicollinearity and the curse of dimensionality.

One approach to solving this problem is to first summarize the dynamics of these

variables using a term structure model, which achieves dimensionality reduction by

relating the cross-section of observables to a few common latent components, and

then estimate the responsiveness of these latent components to a policy change. The

response of the variables of interest can then be reconstructed from the response of
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the latent components and the structure of the underlying term structure model.

This is the approach I take in Chapter 3 as well as the approach taken by Diebold

et al. (2006). A drawback to this approach is that results are then contingent on the

particular term structure model employed. Furthermore, estimation of these models

by maximum likelihood methods is often challenging and estimates can be sensitive

to the choice of optimization algorithm and starting values.

In this chapter I propose a solution to these issues by estimation of impulse re-

sponse functions using term structure local projections. Proposed by Jordà (2005),

local projections are a method to calculate impulse response functions by directly

projecting future values of the response variables onto current values of the causal

variable, akin to the method of direct multi-step forecasting. I use the law of iterated

expectations to derive a set of linear cross-equation restrictions for these regressions.

These restricted estimates then provide impulse responses of the entire term struc-

ture. The method can be seen as an extension of the local projection framework

proposed by Jordà (2005), using a set of restrictions to link together estimates across

the term structure without making any assumptions about the shape of the term

structure itself.

The restrictions are similar to those proposed by Sargent (1979). However, because

the restrictions I derive here are always linear, estimation is far simpler. In addition,

these estimates retain the traditional benefits of local projections: estimation errors

do not amplify through the impulse responses and no assumptions about invertibility

are required. They also offer some benefits over the standard local projection method.

As noted by Barnichon and Brownlees (2019), local projections typically require es-

timates of many parameters and as a result, precision can sometimes be low leading
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to large confidence intervals. They propose a method to smooth local projections by

approximation with B-splines which results in narrower confidence bands at the price

of biased coefficients. Because the restrictions I propose in this chapter substantially

reduce the number of parameters to estimate they may also result in narrower con-

fidence intervals, but they do not introduce any bias under the null hypothesis that

the restrictions are correct.

In this chapter I introduce these restrictions by way of two applications. In Section

4.2 I apply these restrictions to estimate the response of the term structure of inflation

expectations after a monetary policy shock, the main research question of Chapter

3 of this dissertation. The local projections are broadly consistent with the results

of Chapter 3, showing that expected inflation falls in response to a contractionary

monetary policy shock, with a lag of approximately three years. The restrictions

are effective in combining information across forecast horizons but there is a large

discrepancy in the magnitude of the response of actual and expected inflation after

a monetary policy shock. I show that a potential explanation for this discrepancy is

departures from rational expectations because of information frictions and then show

how the restrictions can be modified to account for information frictions with a simple

data transformation. The transformation increases the magnitude of the responses

of expectations but there remains a significant difference between the responses of

expected and actual inflation which cannot be explained by information frictions.

In Section 4.3 I apply these restrictions to estimate the response of the term struc-

ture of interest rates after a monetary policy shock. In general, a long-term interest

rate can be decomposed into the sum of expected future short-run interest rates and

the term premium. The expectations hypothesis states that the term premium is
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constant, which implies that the response of long-term interest rates after a policy

adjustment should equal the sum of the response of expected future short-term in-

terest rates. Many empirical papers reject the expectations hypothesis (See Backus

et al. (2001) and Sarno et al. (2007), for example). A common interpretation of this

finding is that the term premium is time-varying and hence may respond to changes

in monetary policy. I show that the term structure local projections I propose in

this chapter can be interpreted as imposing the testable restriction that there is no

response of the term premium after monetary policy adjustments and that this re-

striction is not rejected by the data; I find no evidence that variations in the term

premium can be explained by monetary policy actions.

4.2 The term structure of inflation expectations

In this section I revisit the main research question I considered in Chapter 3: how do

monetary policy shocks impact the term structure of inflation expectations? To do

this I propose a new method, term structure local projections, which extend the local

projection method proposed by Jordà (2005) to estimate the response of the entire

term structure to a monetary policy shock. An advantage of calculating impulse

response functions via the standard local projection method over the term structure

model approach used in Chapter 3 is that estimation or misspecification errors do not

compound over the impulse response horizon. This is an attractive property because

my interest here is restricted to inflation and inflation expectations, rather than the

behavior of an entire system of variables. This is especially true because the effects

of monetary policy are typically observed only after a significant lag so the presence

of compounded misspecification error could present misleading results precisely when
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we expect to see the largest effects.

However, the standard local projection framework disregards any relationship be-

tween actual and expected inflation, when in fact these are closely related. Under

rational expectations, for example, the responses of actual and expected inflation to

a monetary policy shock should coincide whenever the impulse response horizon over-

laps with the forecast horizon. I show this in detail below and use that result to derive

a set of testable consistency restrictions that impose this condition on the local pro-

jections. A second advantage to the local projection framework in the current context

is that the impulse response functions from local projections are always linear, unlike

those from a vector autoregression which are nonlinear at horizons greater than one.

This significantly reduces the complexity of the consistency conditions, which would

otherwise result in a set of non-linear cross-equation restrictions.

Let Ftπt+s denote the forecasted inflation rate s quarters into the future, it the

interest rate on one-year treasury bills, and Xt a vector of controls. Impulse response

functions measuring the change of forecasted inflation after a monetary policy shock

normalized to raise the interest rate by 100 basis points can be calculated with the

following local projections:

Ft+hπt+h+s = βs,hX
′
t−1 + γs,hit + et,s,h, s = 1, ..., 4, h = 0, ..., hmax, (4.1)

as the vector [γs,0, γs,1, ..., γs,hmax ] for expected inflation at forecast horizon s. Equation

(4.1) is a standard application of the local projections proposed by Jordà (2005), which

projects future values of the forecasts on the current value of the policy variable and a

set of control variables. Equivalently, letting MX = Ik −X(X ′X)−1X ′ be the matrix

projection off the space spanned by X and v⊥ = MXv for any conformable matrix v,
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the γ coefficients can be estimated from the regression:

F⊥t+hπt+h+s = γs,hi
⊥
t + e⊥t,s,h, s = 1, ..., 4, h = 0, ..., hmax. (4.2)

Separately, we might also be interested in the response of actual inflation to monetary

policy, which motivates another local projection:

π⊥t+h = γ0,hi
⊥
t + e⊥t,π,h, h = 0, ..., hmax. (4.3)

As discussed in Chapter 3, because monetary policy both actively responds to and

influences inflation expectations, OLS estimates of γ0,h and γs,h from equations (4.2)

and (4.3) suffer from simultaneous equations bias. Instead I rely on two-stage least

squares estimates where the first stage regression is:

it = βiX
′
t−1 + αzt + ut, (4.4)

where zt is the same instrumental variable used in Chapter 3. To construct zt I first

take daily changes in three-month ahead federal funds futures contracts on monetary

policy announcement days. I then regress these futures contracts on four of their own

lags, and forecasts and forecast revisions from the Federal Reserve’s Greenbook. I

include the nowcast, backcast, and forecasts of CPI inflation and real GDP in the next

three quarters, the nowcast of the unemployment rate and revisions of the nowcast,

backcast, and forecasts of CPI inflation, real GDP, and the unemployment rate in

the next two years. This is intended to remove from the instrument serial correlation

and differences between the information sets of policymakers and financial market
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participants. I use the residuals from this final regression as the instrumental variable.

I choose as a base set of controls one lag each of the leading index of real activity

produced by the Philadelphia Federal Reserve, inflation, the growth rate of govern-

ment spending, forecasts of GDP four quarter ahead, the one-year treasury bill rate,

and one lag of each of the survey forecasts of inflation. To match as closely as possible

the information sets of the forecasters I use real-time inflation data and convert the

leading indicator series to a quarterly frequency by taking the first monthly observa-

tion. Similarly, I calculate the one-year treasury bill rate as the average daily rate

between the due dates of the Survey of Professional Forecasters and the monetary

policy shocks as the sum of all unexpected policy changes between the due dates,

after the prewhitening procedure described above. The leading index is an attractive

choice for a real activity variable because it includes variables that lead the state of

the economy, and hence should be valuable to explain the dynamics of inflation fore-

casts. The sample period is from 1992 to 2013. The reason for ending the sample in

2013 is that Greenbook forecasts, used to construct the monetary policy instrument,

are released to the public only after a lag of five years. The F -statistic for the test

α = 0 in equation (4.4) in 8.47.

4.2.1 Combining information across the term structure

The surveys making up the left-hand-side variables in equations (4.2) are often fore-

casting actual inflation at the same date because of the overlap in forecast horizon,

s, and impulse response horizon, h. Furthermore, the left-hand side variables contain

information only up to period t, the period of the monetary policy shock. If the sur-

veys are consistent, then, we should expect the response of these forecasts after this



4.2. THE TERM STRUCTURE OF INFLATION EXPECTATIONS 119

monetary policy shock to be the same. In words: the response of one-quarter-ahead

inflation expectations two periods after a monetary policy shock should be the same

as the response of two-quarter-ahead inflation expectations one period after a mon-

etary policy shock, and so on. To demonstrate, first recall that Ft+hπt+h+s denotes

the survey expectations made in period t+ h of inflation s periods into the future. If

these forecasts are model consistent, then we can replace the expectation operator F

with the usual model-consistent operator E:

Ft+hπt+h+s = Et+hπt+h+s. (4.5)

Taking expectations conditional on period t information and applying the law of

iterated projections gives:

Et [Et+hπt+h+s|it, Xt−1] = Et [πt+h+s|it, Xt−1] . (4.6)

This implies a set of restrictions across the local projections whenever there is overlap

across the forecast horizons s and impulse response horizons h—that is s+ h = q for

any integer q ≤ hmax. Specifically, I estimate the restricted local projections:

F⊥t+hπt+h+s = γs+hi
⊥
t + e⊥t,s,h, s = 1, ..., 4, h = 0, ..., hmax, (4.7)

where as before ⊥ denotes the projection off of the space spanned by Xt. Comparing

equations (4.7) with equations (4.2), the restricted model imposes the condition:

γs,h = γs+h, ∀ s+ h = q, (4.8)
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for any integer q so that, whenever there is overlap across the impulse response and

forecast horizons, the estimated coefficients γ̃s+h will be common across equations. I

refer to these as the model-consistent restrictions because they restrict the responses

of the survey forecasts to be internally consistent. Notice that these estimates differ

from the unrestricted estimates of equations (4.2) because many of the coefficients

are now common across equations, as indicated by the subscripts.

In addition to imposing consistency upon the forecasts these restrictions poten-

tially achieve more precise estimates of the impulse response functions by combining

the common information across forecast horizons and substantially reducing the num-

ber of coefficients to estimate. In the estimation below, s will take four different values

so that the unrestricted local projections require estimation of 4× (hmax + 1) param-

eters and the total number of parameters to estimate will grow in proportion to the

number of forecast horizons s. In the restricted model, only hmax + 1 estimates are

required, regardless of how many forecast horizons are added to the method.

The restrictions just derived make use of the fact that, because the local projec-

tions are often forecasting inflation at the same date, we may be able to get more

precise estimates by pooling across equations. If, in addition, the forecasts correspond

with rational expectations then we can also pool the surveys with actual inflation to

get more precise estimates of the responses of both expected and actual inflation. I

impose this further condition by including the local projection for actual inflation,

given by equation (4.3), among the restricted regressions. This amounts to adding

the following equations for actual inflation to the set of local projections:

π⊥t+h = γhi
⊥
t + et,π,h, h = 0, ..., hmax, (4.9)
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so that the estimates γ̃h from equations (4.9) correspond with those from equations

(4.7) giving what I will refer to as full-information rational expectations restrictions.

Notice that the estimates from (4.9) differ from the unrestricted inflation local pro-

jections (4.3) because they are restricted to match the responses of expected inflation

after a monetary policy shock. This gives a set of hmax + 1 term structure local pro-

jections which, by imposing consistency and rational expectations restrictions, use

the information in the surveys to achieve more precise estimates of the impact of

monetary policy on inflation expectations.

I test the validity of these restrictions by comparing the sum of squared residuals

of the restricted and unrestricted models using an F -test. Intuitively, when the

combined estimator and the unrestricted estimator for expected inflation are not

very different then we can rely on the more precise combined estimator. However, if

the estimates are very different then the combined estimator may be biased and the

unrestricted estimates should be preferred. We can conduct this test by comparing the

unrestricted local projections of actual inflation or expected inflation at a particular

forecast horizon, s, against the restricted estimates. Alternatively, we can conduct

a joint test comparing the unrestricted local projections of expected inflation at all

forecast horizons with the restricted estimates.

Notice that it is entirely possible that the model-consistency conditions hold while

the additional rational-expectations restrictions fail because the consistency condi-

tions by themselves do not require the forecasts to be sensible predictions of actual

inflation. A simple example would arise if the survey forecasts of inflation were an

arbitrary constant for all forecast horizons, which would maintain consistency but

violate rational expectations.
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Figure 4.1 shows the impact of a monetary policy shock normalized to increase

the one-year treasury bill rate by 100 basis points from the estimated local projec-

tions. The top panel shows the response of inflation expectations under the model-

consistency restrictions, given by equations (4.7). The solid line in the bottom panel

additionally imposes the rational-expectations restrictions, so that the response of

expected and actual inflation are restricted to be the same. For comparison, the

dashed line shows the unrestricted response of actual inflation. The light and dark

shaded areas are the 90% confidence intervals. To calculate confidence intervals for

the restricted impulse response functions I use Driscoll and Kraay (1998) standard

errors with h + 1 lags because of the panel structure of the regressions. Specifically,

let

gt(γ, h) =
N∑
s=1

i⊥t et,s,h, (4.10)

and

Ωj,h =
T∑

t=j+1

gt(γ, h)gt−j(γ, h). (4.11)

The Driscoll and Kraay (1998) standard errors are calculated as the diagonal elements

of the covariance matrix:

Sh = Ω0,h +
h+1∑
j=1

(
1− j

h+ 2

)
(Ωj,h + Ω′j,h), (4.12)

Confidence intervals for the response of unrestricted inflation are calculated with

Newey-West HAC standard errors using h+ 1 lags.

The top panel shows that, after a contractionary monetary policy shock, inflation

expectations decline after a lag of approximately three years. This is consistent with

the conventional view of monetary policy which predicts that actual inflation falls in
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Figure 4.1: Impulse response functions of inflation and expected inflation, full infor-
mation
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Note: Impulse response functions of inflation and expected inflation after a 100 basis point monetary policy shock
calculated by term structure local projections. The top panel shows the response of expected inflation with the
model-consistency restrictions given by equations (4.7) and their 90% confidence intervals. The bottom panel shows
the response of the full-information rational expectations restrictions—which restrict the responses of expected and
actual inflation to be the same—as the solid line. For comparison the dashed line shows the unrestricted response of
actual inflation, given by equation (4.3). I calculate confidence intervals for both restricted models with Driscoll and
Kraay (1998) standard errors and h+ 1 lags because of the panel structure. The confidence intervals for unrestricted
inflation are calculated with Newey-West HAC standard errors and h+ 1 lags. I use the daily change in three-month-
ahead federal funds futures on monetary policy announcement days as an external instrument for the one-year treasury
bill rate. Control variables are the same in all regressions: one lag each of the one-year treasury bill rate, inflation,
the Philadelphia Federal Reserve’s leading indicator series, the growth rate of government spending, forecasted GDP
four quarters ahead, and one lag of each of the surveys.

response to tighter monetary policy with a lag of several years as well as the results of

Chapter 3. The figure also demonstrates a significant response of expected inflation

even five years after the monetary policy adjustment, consistent with the permanent

effect of monetary policy on the long-run component of expected inflation found in

Chapter 3 using the unobserved components model. There is no evidence of the

signaling channel or neo-Fisherian view of monetary policy—there is no significant
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response of expectations in the short run and the point estimates are never positive.

Also apparent from the figure is the greater precision achieved from the consistency

restrictions. The confidence intervals become narrower over the first four impulse

response horizons. This is because at each of these horizons more data is incorporated

into the estimation of the model coefficients. At each additional horizon up to three

periods after the monetary policy shock another consistency restriction is included in

the model—that is, survey data at another forecast horizon is included in estimation.

This effectively increases the sample size, because there is now more data estimating

the same number of parameters, which is effective in increasing the precision of the

estimates, narrowing the confidence intervals.

The solid line in the bottom panel of Figure 4.1 shows the response of expected

inflation with the additional full-information rational expectations restrictions. Recall

that under these restrictions the responses of expected inflation must be not only

internally consistent but also match the response of actual inflation, after adjusting

for forecast horizon. As before, expected inflation declines after a monetary policy

tightening and the restrictions are effective in achieving narrower confidence intervals.

However, there is also a large discrepancy in the response of expected inflation and the

unrestricted response of actual inflation, shown as the dashed line. The magnitude

of the response of actual inflation is in many cases several times that of expected

inflation, which is clear by comparing the different scales on the vertical axes of the

two panels. In many periods the unrestricted point estimate of the response of actual

inflation falls outside the 90% confidence interval of response of rational expectations.

This discrepancy casts some doubt on the validity of the rational expectations

restrictions. Table 4.1 shows F -statistics for tests of the cross-equation restrictions.
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The top five rows show test statistics for only one of actual inflation or expected

inflation at a given forecast horizon individually against the relevant restricted model.

That is, testing the restrictions in (4.8) for either a single forecast horizon s or actual

inflation. The sixth row tests the restrictions for either all of the surveys jointly, under

the model consistency restrictions, or all surveys and inflation, under the rational

expectations restrictions. This is a single test of all restrictions in (4.8). The final

row shows the heteroskedasticity-robust Wald statistic for the same joint test using

a Newey-West HAC with h+ 1 lags.

The second column shows that the tests provide strong evidence against the ra-

tional expectations restrictions. The joint test and individual tests for the surveys at

all forecast horizons reject the restrictions at a significance level of 1%. This indicates

that the restricted and unrestricted estimates are significantly different for all of the

survey forecasts but not actual inflation. However, the first column, which tests the

restrictions for the model with only forecasts and no actual inflation, does not pro-

vide such strong evidence against the restrictions at conventional significance levels.

Only the Wald statistic for the joint test of all restrictions rejects at the 5% level.

This indicates that there appears to be substantial common information across the

forecasts, which can effectively be combined to yield more precise estimates, but also

a large discrepancy between the response of the forecasts and actual inflation. This is

consistent with Figure 4.1, which shows that the magnitude of the response of actual

inflation is much larger than that of the forecasts.
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Table 4.1: Tests of cross-equation restrictions

Model consistent Full-information
rational

expectations
Inflation 1.2390 (20, 1510)
One-quarter ahead 0.7784 (20, 1510) 3.3746∗∗∗ (20, 1510)
Two-quarters ahead 0.5178 (20, 1510) 8.5425∗∗∗ (19, 1425)
Three-quarters ahead 0.7319 (19, 1425) 7.9925∗∗∗ (18, 1341)
Four-quarters ahead 0.8076 (18, 1341) 7.5431∗∗∗ (17, 1258)
Joint test 0.8489 (57, 5786) 1.6824∗∗∗ (74, 7044)
Joint robust Wald test 99.4484∗∗ (77) 885.1496∗∗∗ (94)

Note: Test statistics to test the cross-equation restrictions imposed by the term structure
local projections. Degrees of freedom for the numerator and denominator are shown in
parentheses. The first column tests the model-consistent restrictions given by equations (4.7).
The second column tests the full-information rational expectations restrictions. The top five
rows report F -statistics to test the validity of the restrictions individually for either actual
inflation or one of the survey forecast horizons. The bottom two rows test the restrictions for
all surveys and actual inflation jointly, first by an F -test and then a heteroskedasticy robust
Wald statistic calculated using a Newey-West HAC with h+ 1 lags. ∗∗∗ denotes significance
at the 1% level.

4.2.2 Incorporating information frictions

One explanation for the departure of the forecasts from rational expectations is that

forecasters are slow to adjust to new information because of information frictions, so

that outdated information or prior beliefs about the unconditional average of inflation

play a significant role in expectations. Coibion and Gorodnichenko (2012) show that

when expectations are slow to adjust to new information expected inflation will be less

responsive than actual inflation to monetary policy shocks. In this case the forecasts

may not be consistent when forecast and impulse response horizons overlap because

of differences in information sets.

To capture both of these effects I assume that forecasts follow the same law of

motion considered in Chapter 3, which accounted for both sticky information and
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anchoring:

Ft+hπt+h+s = (1− ω)((1− ρ)Et+hπt+h+s + ρEt+hπ∞) + ωFt+h−1πt+h+s, (4.13)

where ω is the weight place on outdated information, ρ is the weight place on long-run

expectations, and Et+hπ∞ is the expected long-run mean of inflation.

The following simple analytical example demonstrates (i) how both anchoring and

sticky information can result in impulse response functions of expected inflation that

are less responsive than actual inflation and (ii) why sticky information alone is not

enough to explain departures from rational expectations many periods after a shock.

Consider a variable y which follows a first-order autoregressive process:

yt = βyt−1 + et, (4.14)

and denote survey expectations of this variable Ftyt+1. Now consider impulse response

functions of the expectations after a shock to yt. This is slightly different than the

specification above, where I consider the response of inflation after a monetary policy

shock, but the own-shock case is simpler and the intuition remains the same. Under

rational expectations,

Ftyt+1 = βyt. (4.15)
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Impulse response functions for the expectations are then:

∂Ft+hyt+h+1

∂et
= β

∂yt+h
∂et

, (4.16)

= βh+1. (4.17)

Notice that this is the same as the response of yt, led forward by one period. Suppose

instead that expectations are sticky-anchored and follow the process:

Ftyt+1 = (1− ω)((1− ρ)Etyt+1 + ρEty∞) + ωFt−1yt+1, (4.18)

= (1− ω)(1− ρ)
∞∑
j=0

ωjEt−jyt+1, (4.19)

where the second line follows because Ety∞ = 0 and substitutes recursively for

Ft−1yt+1. In this case, impulse response functions for the expectations are:

∂Ft+hyt+h+1

∂et
= (1− ω)(1− ρ)

h∑
j=0

ωjβh+1, (4.20)

which reduces to the full-information case when ω = ρ = 0.

Figure 4.2 shows the impulse response functions for four different cases of expec-

tations when β = 0.9. The solid black line shows the response of full-information

rational expectations (ω = ρ = 0), the solid red line shows the response of anchored

expectations with no sticky information (ω = 0, ρ = 0.5), the dashed black line shows

the response of sticky information expectations with no anchoring (ω = 0.33, ρ = 0),

and the red dashed line shows the response of sticky-anchored expectations (ω =

0.33, ρ = 0.5). Sticky information alone can explain departures from full-information

rational expectations at short horizons but after approximately four quarters nearly
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everyone is fully informed so there is no distinction between the two expectations.

This is the case for any ω < 1. There is also a distinct hump-shaped response in the

periods immediately following the shock, a pattern not shared by the full-information

expectations. When expectations are anchored, but not sticky, the response of expec-

tations after a shock mirrors the response of full-information rational expectations

but there is a wedge between the impulse response horizons that does not die out

as the horizon gets large. So, sticky information can explain why the response of

expectations does not mirror that of actual inflation, especially at short horizons, as

well as the smaller response of expectations compared with actual data in the peri-

ods immediately following the shock. Anchoring explains the dampened response of

expectations at horizons even many periods after the shock. The two frictions thus

explain different features of the forecasts and can each be identified from responses

in the data.

Figure 4.2: Impulse response functions of expectations with information frictions
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Note: Analytical impulse response functions of expectations of the process yt = βyt−1 + et with and without
information frictions. Impulse response functions of expectations are given by
∂Ft+hyt+1+h

∂et
= (1− ω)(1− ρ)

∑h
i=0 ω

iβh+1, where ω is the fraction of uninformed agents under sticky information

and ρ is the degree of anchoring. The solid black line shows the response of expected inflation under full-information
rational expectations (ω = ρ = 0). The dashed lines show the response of expected inflation under sticky
information, with ω = 0.33 of agents operating with outdated information. The red lines show the response of
expected inflation when expectations are anchored, with a weight of ρ = 0.5 placed on long-run expectations. The
red-dashed lines shows the response of expectations when both anchoring and sticky information are present. I set
β = 0.9.
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I now show how the local projections can incorporate stickiness and anchoring in

the forecasts with a simple data transformation. Rearranging equation (4.13) so that

the forecast terms are all on the left-hand size and taking the conditional expectation

gives:

Et

[
Ft+hπt+h+s − (1− ω)ρEt+hπ∞ − ωFt+h−1πt+h+s

(1− ρ)(1− ω)
|it, Xt−1

]
= Et [Et+hπt+h+s|it, Xt−1] ,

(4.21)

= Et [πt+h+s|it, Xt−1] ,

(4.22)

where the first equality makes a substitution from the identity (4.13) and the second

equality applies the law of iterated expectations. This shows that the full-information

component of expected inflation can be uncovered from the survey forecasts after

applying a suitable transformation. As in the model-consistent case above, this will

imply a set of cross-equation restrictions when the forecast and impulse response

horizons of the now transformed surveys overlap. Let G denote the sticky-anchored-

adjusted forecasts:

Gt+hπt+h+s ≡
Ft+hπt+h+s − (1− ω)ρEt+hπ∞ − ωFt+h−1πt+h+s

(1− ρ)(1− ω)
. (4.23)

Then I calculate unrestricted local projections for the sticky-anchored-adjusted fore-

casts as:

G⊥t+hπt+h+s = γs,hi
⊥
t + e⊥t,s,h, s = 1, ..., 3, h = 0, ..., hmax, (4.24)

and the corresponding restricted sticky-information model-consistent local projections
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are:

G⊥t+hπt+h+s = γs+hi
⊥
t + e⊥t,s,h, s = 1, ..., 3, h = 0, ..., hmax. (4.25)

The maximum forecast horizon falls from four- to three-quarters ahead because of the

lagged forecast in the sticky-anchored transformation (4.23). The sticky-anchored-

adjusted forecasts may be additionally restricted to correspond with actual inflation

giving what I will refer to as sticky-anchored rational expectations restrictions.

The left-hand side variables in equations (4.25) are simply transformations of the

forecasts conditional on long-run expectations, Etπ∞, the sticky-information param-

eter, ω, and the anchoring parameter, ρ. Since Etπ∞ is unobserved, I approximate

this quantity by combining long-run forecasts, adjusted to account for sticky informa-

tion. Survey data horizons greater than one year take the form of average expected

inflation. Specifically, the forecast of the average inflation rate between t and t+ s is

denoted by Ftπt→t+s and given by:∗

Ftπt→t+s = (1− ω)((1− ρ)Etπt→t+s + ρEtπ∞) + ωFt−1πt→t+s, (4.26)

= (1− ω)(1− ρ)
1

s

s∑
j=1

Etπt+j + (1− ω)ρEtπ∞ + ωFt−1πt→t+s. (4.27)

Rearranging gives:

Ftπt→t+s − ωFt−1πt→t+s
1− ω

= (1− ρ)
1

s

s∑
j=1

Etπt+j + ρEtπ∞. (4.28)

∗Technically, these are fixed-event forecasts and correspond with average inflation over a fixed
window beginning in the fourth quarter of the previous year so that the actual expressions are
somewhat different. Since I remove the short-run component by differencing long- and short-run
average inflation forecasts I abstract from this for now.
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Expression (4.28) contains expected inflation over the short- and long-term. To ex-

tract as closely as possible the part of the forecasts corresponding with long-run

expectations I difference long- and short-run forecasts after first transforming these

series to account for sticky information, conditional on ω. Following the naming

conventions from the Survey of Professional Forecasters, define SPF-A, SPF-B, and

SPF-10 as forecasts of the average inflation rate over the current year, the next year,

and the next ten years. Conditional on ω, the outdated information component of

these forecasts can be removed with the transformations:

SPF-10t ≡
SPF-10t − ωSPF-10t−1

(1− ω)
=
Ftπt→t+40 − ωFt−1πt→t+40

1− ω
, (4.29)

SPF-At ≡
SPF-At − ωSPF-At−1

(1− ω)
=
Ftπt→t+4 − ωFt−1πt→t+4

1− ω
, (4.30)

SPF-Bt ≡
SPF-Bt − ωSPF-Bt−1

(1− ω)
=
Ftπt+5→t+8 − ωFt−1πt+5→t+8

1− ω
. (4.31)

These new series can then be combined remove the short-run component of the 10-

year forecasts:

40

32
(SPF-10t −

1

10
SPF-At −

1

10
SPF-Bt) = (1− ρ)

1

32

40∑
j=9

Etπt+j + ρEtπ∞, (4.32)

≈ Etπ∞, (4.33)

where the final line makes the assumption that:

1

32

40∑
j=9

Etπt+j ≈ Etπ∞. (4.34)

I use the adjusted data given by (4.32) as the long-run expected inflation component
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in equation (4.23) and parameterize ω and ρ by using the values estimated in Chapter

3, ω = 0.194 and ρ = 0.207.

Figure 4.3 shows the impulse response functions of the forecasts with sticky-

anchored expectations. The top panel shows the forecasts with only the consistency

restrictions, transformed according to equation (4.23), along with 90% confidence in-

tervals calculated with Driscoll and Kraay (1998) standard errors. Compared with

the top panel of Figure 4.1, expected inflation still declines after a lag of several years,

consistent with the conventional view of monetary policy. However, there is now some

evidence that expectations increase in the periods after a monetary policy shock, con-

sistent with the signaling channel of monetary policy, although it is not significant at

the 10% level. This effect was not apparent in the data when information frictions

were not accounted for and comparing the two impulse response functions shows that

information frictions can change not only the magnitude but also the direction of

the response of expectations. The response of expectations does not appear to sup-

port the neo-Fisherian view of monetary policy. While expectations do increase in

the short run the effect is not significant and they continue to decrease in the long-

run. The magnitude of the response is also much larger after the sticky-anchored

transformation, and closer to the responses of actual inflation.

The bottom panel shows the response of inflation expectations, after the sticky-

anchored transformation, with both the consistency and rational expectations restric-

tions. There is still a discrepancy between the magnitude of the responses of expected

and actual inflation. The final column of Table 4.2 confirms that the data reject the

rational expectations restrictions, even after the data are transformed to account for
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Figure 4.3: Response of inflation and expected inflation, sticky-anchored
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Note: Impulse response functions of expected and actual inflation after a 100 basis point monetary policy shock
calculated by local projections. The survey forecasts are first adjusted to account for sticky information and
anchoring under the parameterization ω = 0.194 and ρ = 0.207, as described in the text. The top panel shows the
response of expected inflation with the model-consistency restrictions given by equations (4.7) and their 90%
confidence intervals. The bottom panel shows the response of the full-information rational expectations
restrictions—which restrict the responses of expected and actual inflation to be the same—as the solid line. For
comparison the dashed line shows the unrestricted response of actual inflation, given by equation (4.3). I calculate
confidence intervals for both restricted models with Driscoll and Kraay (1998) standard errors and h+ 1 lags
because of the panel structure. The confidence intervals for unrestricted inflation are calculated with Newey-West
HAC standard errors and h+ 1 lags. I use the daily change in three-month-ahead federal funds futures on monetary
policy announcement days as an external instrument for the one-year treasury bill rate. Control variables are the
same in all regressions: one lag each of the one-year treasury bill rate, inflation, the Philadelphia Federal Reserve’s
leading indicator series, the growth rate of government spending, forecasted GDP four quarters ahead, and one lag
of each of the surveys.

sticky information and anchoring. Compared with the full-information rational ex-

pectations restrictions all of the individual tests have a lower test statistic, suggesting

that the data transformation is effective in pushing the response of the expectations

closer to that of actual inflation.
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Table 4.2: Test of cross-equation restrictions

Sticky-anchored
model consistent

Sticky-anchored
rational

expectations
Inflation 1.1351 (20, 1510)
One-quarter ahead 0.7957 (20, 1510) 2.1798 (20, 1510)
Two-quarters ahead 0.6047 (20, 1510) 6.1808∗∗∗ (19, 1425)
Three-quarters ahead 1.3593 (19, 1425) 6.7214∗∗∗ (18, 1341)
Joint test 1.3031∗ (39, 4445) 1.8963∗∗∗ (57, 5786)
Joint robust Wald test 80.2717∗∗ (59) 483.6979∗∗∗ (77)

Note: Test statistics to test the cross-equation restrictions imposed by the term structure local
projections. Degrees of freedom for the numerator and denominator are shown in parentheses.
The first column tests the consistency restrictions under the sticky-anchored transformation,
given by equations (4.25), conditional on ω = 0.194 and ρ = 0.207. The second column tests
the sticky-anchored rational expectations restrictions. The top four rows report F -statistics
to test the validity of the restrictions individually for either actual inflation or one of the
survey forecast horizons. The bottom two rows test the restrictions for all surveys and actual
inflation jointly, first by an F -test and then a heteroskedasticy robust Wald statistic calculated
using a Newey-West HAC with h+ 1 lags. ∗ denotes significance at the 10% level, ∗∗ denotes
significance at the 5% level, and ∗∗∗ denotes significance at the 1% level.

It may be the case that there are some values of ω and ρ for which the expectations

appear as responsive as actual inflation. However, the first column of Table 4.2 shows

that, after the data transformation, both joint tests of the model consistency restric-

tions are now also rejected, at the 10% and 5% level, indicating that the restricted

model matches neither inflation nor expectations. Larger values of ω and ρ increase

the variability of expectations. This has the effect of increasing the magnitude of the

response of expected inflation to a monetary policy shock, so that it is now closer to

that of actual inflation, but the greater variability also drives apart the responses of

the expectations themselves, so that the model consistency restrictions reject. Hence,

it is unlikely this is a problem that can be solved by increasing either ρ or ω.
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4.2.3 Discussion

The results of this section provide several useful insights. First, inflation expectations

decline after a monetary policy shock with a lag of several years. While the timing

and direction of this pattern match the response of actual inflation, there is a large

discrepancy in the magnitude of the responses of actual and expected inflation. To

demonstrate this I have proposed a set of testable restrictions which impose consis-

tency on the expectations while also achieving greater precision. I fail to reject the

hypothesis that expectations are consistent, indicating that the restrictions are useful

to combine the common information across forecast horizons but reject the hypothesis

that the impulse response functions of actual and expected inflation are the same.

One potential explanation for the discrepancy in the magnitude of the responses

of actual and expected inflation is the presence of information frictions. I show with

a simple analytical example that, when forecasts are sticky or anchored they will be

less responsive to structural shocks than full-information rational expectations. I also

show that, conditional on frictional parameters, the forecast data can be transformed

to extract only the component representing rational expectations. After applying

this transformation to the data, the impulse response function for expected inflation

continues to respond negatively several years after a monetary policy tightening.

But there is now some indication that they also increase in the periods following

a tightening which can be taken as evidence of the signaling channel of monetary

policy. This second effect is only apparent in the data after the information frictions

are accounted for, however it is not statistically significant at the 90% level.

Information frictions on their own do not appear to be enough to reconcile the

discrepancy between the responses of actual and expected inflation, which remain
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quantitatively large. I show that even after adjusting for information frictions I still

reject equality of the impulse response coefficients of actual and expected inflation.

Further, the consistency restrictions are now also rejected. Accounting for information

frictions increases the variability of the expectations. The magnitude of the impulse

responses becomes larger, and closer to that of actual inflation, but the greater vari-

ability also drives apart the unrestricted impulse responses of expected inflation. As

a result, both consistency and rational expectations are rejected when accounting for

information frictions.

These results might be extended in several ways. First, the sticky information

parameter, ω, the anchoring parameter, ρ, and long-run expectations Etπ∞, were

all parameterized. In this section the frictional parameters are primarily introduced

to show that even relatively large values of ω and ρ cannot explain the discrepancy

in the magnitude of the response of actual and expected inflation. But it would of

course be desirable to have more precise estimates of these values to better understand

the quantitative importance of information frictions, and whether there is evidence

of the signaling channel of monetary policy for those estimates. Additionally of

interest is whether there are periods where departures from rational expectations

because of information frictions are particularly severe, which the local projections

could not indicate even were ρ and ω estimated. Finally, the local projections make

use of expected inflation only over the next year. Hence, the results are silent about

the response of long-run inflation expectations to monetary policy shocks. This is

unfortunately unavoidable because long-run forecasts in the Survey of Professional

Forecasters are fixed-event forecasts, unlike the short-run forecasts which have a fixed

forecast horizon. As a result there is no simple way to combine these in the local
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projection framework used here.

In Chapter 3 I proposed a state space model which avoids these limitations.

Specifically, I used the unobserved components model to estimate the term struc-

ture of inflation expectations. I first adapted the model to account for anchoring

and sticky information as well as including additional macroeconomic variables. The

latter feature allowed me to estimate the impact of monetary policy on inflation ex-

pectations. Of course, as discussed above, there are several disadvantages to this

approach: results are conditional on the underlying term structure model, estimation

by maximum likelihood is notoriously challenging, and model specification errors will

propagate through impulse response functions. It is encouraging, then, that the two

approaches deliver similar findings: after a lag of several years inflation expectations

decline after a monetary policy tightening.

4.3 The term structure of interest rates

In this section I present a second application of the term structure local projections:

the term structure of interest rates. While central banks generally conduct monetary

policy by adjusting short-run nominal interest rates, borrowing and lending typically

occur at longer time horizons and hence it is through the response of long-term interest

rates that monetary policy is likely to affect the real economy. This motivates the

desire for a better understanding of the links between short- and long-run interest

rates.

In addition, when short-run interest rates are constrained at their effective lower

bound, monetary policy may turn to focus on how to lower long-term interest rates.
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Long-term interest rates may be decomposed into the sum of expected future short-

term interest rates and the term premium, which implies that monetary policy may

influence long-term interest rates by changing expectations of future short-run interest

rates or adjusting the term premium. For example, forward guidance is designed

to influence long-term interest rates by changing expectations of future short-run

interest rates. However, the efficacy of these policies depends on the response of the

term premium, which may amplify or mitigate the response of long-run interest rates

depending on the sign of response. Hence, an understanding of how the components

of long-term interest rates respond to monetary policy adjustments is an important

question.

As Gertler and Karadi (2015) note, standard macroeconomic theory predicts that

the response of long-term interest rates occurs through adjustments to expected future

short-term interest rates with the term premium remaining constant. Boivin et al.

(2010) provide an extensive review of the literature including neo-classical models,

models with financial frictions, and a New Keynsian DSGE model, all of which share

the common feature that the term premium is not responsive to monetary policy.

As I demonstrate below, this prediction is testable with the term structure local

projections I propose in this chapter. I show that the restrictions imposed by the

term structure local projections can be interpreted as imposing the null hypothesis

that the term premium does not respond after a monetary policy adjustment and

that the data do not provide any evidence against this hypothesis.

This finding stands in contrast to Gertler and Karadi (2015) who show a substan-

tial reaction of the term premium after a monetary policy shock. As those authors

note, however, this could be because they calculate the response of the term premium
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indirectly using impulse responses of short-run interest rates from their vector au-

toregression, which may not accurately reflect the change in expected interest rates

of financial market participants. The term structure local projections make no such

assumption and hence provide a direct test of the constant term premium hypothesis.

I also use the term structure local projections to verify an implication of the

main result from Chapter 3. In that chapter I showed that temporary adjustments to

the short-run nominal interest rate permanently lower long-run inflation expectations.

Because the nominal interest rate and long-run inflation expectations are cointegrated

in the state space model this implies that higher interest rates today will result in lower

interest rates in the future. Because the local projections make no such assumption

about the relationship between nominal interest rates and expected inflation they

offer a framework to test this implication outside of the state space model. I show

below that there is evidence that, after a monetary policy contraction, interest rates

first rise but then fall, consistent with the predicted effect from the state space model.

4.3.1 Combining information across the term structure

Let it denote the policy interest rate, εt,i a series of exogenous monetary policy shocks,

i3,t the interest rate on a three-month treasury bill, and Xt a vector of control vari-

ables. The monetary policy shocks are unobserved but we do observe an instrumental

variable, zt, which is correlated with the monetary policy shocks, uncorrelated with

all other shocks driving the interest rate, and uncorrelated with both itself and other

shocks at all leads and lags, as outlined by Stock and Watson (2018). Then the re-

sponse of the three-month treasury bill h months after a 100 basis point increase to
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the policy interest rate, defined as

Et[i3,t+h|Xt−1, εt,i = 1]− Et[i3,t+h|Xt−1, εt,i = 0] = γ3,h, (4.35)

can be estimated from the local projections:

i3,t+h = β3,hX
′
t−1 + γ3,hit + u3,h,t, (4.36)

by instrumenting for it with zt.

In addition, we also observe many yields on long-term bonds, each of which ma-

tures at some multiple n of the three-month bond. Local projections estimating the

response of these yields after the same monetary policy shock can be written as:

in×3,t+h = βn×3,hX
′
t−1 + γn×3,hit + un×3,h,t, (4.37)

where again instrumenting for it with zt yields consistent estimates of the coefficients

γn×3,h.

Equations (4.36) and (4.37) can be estimated independently, which would yield

consistent estimates of γ3,h and γn×3,h. However, the responses of interest rates of

different maturities after a monetary policy adjustment should be highly correlated,

which suggests that more efficient estimates may be achieved.

Following Kozicki and Tinsley (2005), the yield on a bond maturing n×3 months

into the future can be expressed as the sum of expected future values of the short
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yield and a term premium, φn,t+h,

in×3,t+h =
1

n

n−1∑
j=0

Et+h[i3,t+j+h] + φn,t+h. (4.38)

Taking conditional expectations of (4.38) and applying the law of iterated expecta-

tions gives:

Et[in×3,t+h|Xt−1, εt,i] =
1

n

n−1∑
j=0

Et[i3,t+j+h|Xt−1, εt,i] + Et[φn,t+h|Xt−1, εt,i]. (4.39)

Differencing this conditional expectation in the same manner as the impulse response

function defined in equation (4.35) gives:

Et[in×3,t+h|Xt−1, εt,i = 1]− Et[in×3,t+h|Xt−1, εt,i = 0] = (4.40)

1

n

n−1∑
j=0

(Et[i3,t+j+h|Xt−1, εt,i = 1]− Et[i3,t+j+h|Xt−1, εt,i = 0]) +

Et[φn,t+h|Xt−1, εt,i = 1]− Et[φn,t+h|Xt−1, εt,i = 0],

which says that the response of the long-term bond yield after a monetary policy

shock equals the sum of the anticipated response of the short-term bond yields plus

the response of the term premium. Imposing the restriction that the term pre-

mium does not respond to a monetary policy adjustment, Et[φn,t+h|Xt−1, εt,i = 1] =

Et[φn,t+h|Xt−1, εt,i = 0], yields the following set of linear cross-equation restrictions:

γ3×n,h =
1

n

n−1∑
j=0

γ3,h+j. (4.41)
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These restrictions are testable and rejection can be interpreted as a test of the hy-

pothesis that the term premium does not respond to monetary policy shocks.

In benchmark estimates I use the following panel of annualized constant-maturity

treasury bill rates, taken from the Federal Reserve’s H.15 report, to make up the left-

hand-side variables of equations (4.36) and (4.37): three-month, six-month, one-year,

two-year, and five-year. When impulse horizons greater than five years are considered

I also include the seven- and ten-year yields. As control variables I include a constant

and one lag each of the growth rate of industrial production, inflation (calculated

as the growth rate of the consumer price index), the Gilchrist and Zakraǰsek (2012)

excess bond premium, and the first principal component of all interest rates included

as left-hand-side variables. I use the first principal component, rather than including

one lag of all yields, because of the high degree of multicollinearity in the set of yields.

To follow Gertler and Karadi (2015) as closely as possible the policy rate is the

one-year treasury bill rate and the instrumental variable is the change in three-month

ahead federal funds futures in a thirty minute window around a monetary policy

announcement, which has a first-stage F -statistic of 47.35†. This means that the

policy rate it corresponds with a point along the yield curve, i12,t (that is, n = 4 in

the notation of equation (4.37)). The restrictions given by (4.41) will then impose

the condition that all other interest rates follow the response of the policy variable.

The sample period is 1990–2016 and data is at a monthly frequency.

Figure 4.4 shows the response of the term structure of interest rates after a con-

tractionary monetary policy shock normalized to increase the unrestricted response

†When the maximum impulse response horizon is increased to ten years the sample size falls
accordingly and the F -statistic falls to 38.65.
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of the one-year treasury bill rate by 100 basis points. The term structure local pro-

jections use all interest rates described above, along with the restrictions given by

equations (4.41), to estimate the response of the entire term structure after a mone-

tary policy shock. The top panel shows estimates for the benchmark local projections,

which have a maximum impulse response horizon of five years. The bottom panel

shows estimates where the maximum impulse response horizon is extended to 10 years

which allows for the seven- and ten-year bond yields to be included as left-hand-side

variables, as discussed in the previous paragraph. Both panels show that interest

rates show a humped shaped response over the first few years, continuing an upward

trajectory over the first year before eventually declining and finally returning to zero

around 30 months after the policy move. However, rather than reverting to the mean,

interest rates continue to decline and the response is consistently negative until the

maximum impulse response horizon. This is consistent with the state space model in

Chapter 3 which implied that temporarily higher interest rates would result in per-

manently lower future interest rates through an inflation expectations channel. The

bottom panel demonstrates that this result holds even when the maximum impulse

response horizon is extended to 10 years ahead.

It is worth emphasizing that the confidence intervals shown in Figure 4.4 corre-

spond with the point estimate at a given impulse response horizon. Of interest in

this case, however, is the test that once the response of interest rates turns negative

it remains so. The F -statistics shown on the figure are for just such a joint test,

comparing the sum of squared residuals from the models shown in the figure to a

restricted model where γ3,h = 0 for all h ≥ 30 for the top panel and h ≥ 29 for the

bottom panel. These restrictions are imposed jointly with (4.41) on all equations in
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Figure 4.4: Response of interest rates to a monetary policy shock
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Note: Response of interest rates to a monetary policy shock normalized to increase the one-year treasury yield by 100
basis points upon impact calculated by imposing the restrictions (4.41) to equations (4.36) and (4.37). The top panel
has a maximum impulse response horizon of five years whereas the bottom panel has a maximum impulse response
horizon of ten years; otherwise the specifications are identical. The left-hand-side variables include the three-month,
six-month, one-year, two-year, and five-year treasury bill rates. Control variables include a constant and one lag each
of the growth rate of industrial production, inflation (calculated as the growth rate of the consumer price index), the
Gilchrist and Zakraǰsek (2012) excess bond premium, and the first principal component of all interest rates included
as left-hand-side variables. The instrumental variable is the change in three-month ahead federal funds futures in a
thirty minute window around a monetary policy announcement which has a first-stage F -statistic of 47.35. The dark
and light shaded areas are the 68% and 90% confidence intervals, calculated with Newey-West standard errors with
h+ 1 lags. The F -statistics shown in the figure test the restriction that the impulse responses are jointly insignificant
from the first negative coefficient until the maximum impulse horizon. That is γ3,h = 0 for all h ≥ 32 for the top
panel (28 restrictions total) and h ≥ 29 for the bottom panel (91 restrictions total).

(4.36) and (4.37). The unrestricted model in the F -statistic maintains only the term

structure restrictions (4.41). P-values for these tests are shown in parentheses. In

both cases the restricted model is strongly rejected, providing significant evidence that

temporarily higher interest rates result in permanently lower interest rates, consistent

with the state space model in Chapter 3.
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Finally, as mentioned above, the term structure local projections can be inter-

preted as imposing the restriction that the term premia do not respond after a mone-

tary policy shock. This is testable by comparing the sum of squared residuals from the

term structure local projections with the sum of squared residuals from unrestricted

local projections. The resulting F -statistic for the null hypothesis of no response of

the term premium in the benchmark local projections is only 0.1922, with a p-value

of essentially one. This indicates very little evidence against the standard theory

that the response of long-term interest rates is primarily composed of the response

of expected future short-term interest rates. When the maximum impulse horizon is

increased to ten years the F -statistic is 0.3380 which again has a p-value very close to

one. This stands in contrast to the finding of Gertler and Karadi (2015) who do find

that monetary policy influences long-term interest rates through the term premia.

4.3.2 Incorporating information frictions

A common interpretation of the empirical evidence against the expectations hypoth-

esis is that the term premium is time-varying. An alternative interpretation is that

expectations of future interest rates are not rational. Throughout this thesis I have

considered a sticky-anchored expectations process that can explain departures from

rational expectations. Under this process the decomposition of long-term interest

rates would be:

in×3,t+h =
1

n

n−1∑
k=0

Ft+hi3,t+k+h + φn,t+h, (4.42)

where forecasts of future short-run yields, Ft+hi3,t+k+h, follow the law of motion:

Ft+hi3,t+k+h = (1− ω)((1− ρ)Et+hi3,t+k+h + ρEt+hi3,∞) + ωFt+h−1i3,t+k+h, (4.43)
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and Et+hi3,∞ is the expected long-run level of the short-run yield. Under this repre-

sentation the restrictions derived in the previous section would be incorrect because

the forecasts of future interest rates in equation (4.42) are not model consistent ex-

pectations. The findings of the previous subsection failed to reject the restrictions

given by the term structure local projections, which could be taken as either a lack

of evidence against rational expectations or a lack of power to reject the rational ex-

pectations hypothesis. In this section I show how the term structure local projections

can be modified to accommodate the sticky-anchored expectations in the context of

the term structure of interest rates and examine the sensitivity of these findings to

this assumption.

First, notice that continual substitution for the lagged forecasts in equation (4.43)

gives:

Ft+hi3,t+k+h = (1− ω)
∞∑
j=0

ωj((1− ρ)Et+h−ji3,t+k+h + ρEt+h−ji3,∞). (4.44)

Substituting this expression into (4.42) gives:

in×3,t+h =
1

n
i3,t+h +

1

n

n−1∑
k=1

(1− ω)
h∑
j=0

ωj((1− ρ)Et+h−ji3,t+k+h + ρEt+h−ji3,∞)+

1

n

n−1∑
k=1

(1− ω)
∞∑

j=h+1

ωj((1− ρ)Et+h−ji3,t+k+h + ρEt+h−ji3,∞) + φn,t+h. (4.45)

Taking conditional expectations of this expression and applying the law of iterated
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expectations gives:

Et[in×3,t+h|Xt−1, εt,i] =
1

n
Et[i3,t+h|Xt−1, εt,i] (4.46)

+
1

n

n−1∑
k=1

(1− ω)
h∑
j=0

ωj((1− ρ)Et[i3,t+k+h|Xt−1, εt,i] + ρEt[i3,∞|Xt−1, εt,i])

+
1

n

n−1∑
k=1

(1− ω)
∞∑

j=h+1

ωj((1− ρ)Et[Et+h−j[i3,t+k+h]|Xt−1, εt,i] + ρEt[Et+h−j[i3,∞]|Xt−1, εt,i])

+ Et[φn,t+h|Xt−1, εt,i].

The third line of (4.46) contains conditional expectations of past expected interest

rates. These represent forecasters who have not updated their information sets since

at least period t − 1. Because the monetary policy shock occurs in period t it will

not belong to the information sets of those agents, and hence these expectations

will not respond to the monetary policy shock. After differencing the conditional

expectations in the manner of (4.35) these expectations will cancel out. Imposing

also the restriction that the term premium does not respond to monetary policy, this

gives a modified set of restrictions:

γ3×n,h =
1

n
γ3,h +

1

n

n−1∑
k=1

γ3,h+k(1− ω)(1− ρ)
h∑
j=0

ωj (4.47)

+
1

n

n−1∑
k=1

γ∞,h+k(1− ω)ρ
h∑
j=0

ωj.

Notice that when ω = ρ = 0 this expression reduces to the set of restrictions in (4.41).

The effect of sticky information is to dampen the response of long-term bond yields

relative to the short-term yield as a result of the information frictions. The effect of
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the anchoring channel is to push the response of long-term bond yields towards the

long-run response of the short-run yield, γ∞,h+k. Because expectations of short-run

interest rates at an infinite horizon are not observable I proxy for these by differencing

yields on seven- and ten-year treasury bonds:

Eti3,∞ ≈
1

3
(10i120,t − 7i84,t). (4.48)

Local projections for the response of these far-ahead interest rate expectations are

calculated as:

Et+hi3,∞ = β∞,hX
′
t−1 + γ∞,hit + u∞,h,t, (4.49)

instrumenting for it with zt as before. The term structure local projections are now

given by the joint estimation of equations (4.36), (4.37), and (4.49) under the restric-

tions (4.47). Once again accounting for these information frictions requires values for

ω and ρ.

In the previous application I use the values estimated in Chapter 3 but those

estimates were based on data for professional forecasts of inflation at a quarterly fre-

quency and may not be relevant for financial market participants’ forecasts of interest

rates at a monthly frequency. Instead I take the values of ω and ρ that minimize the

F -statistic corresponding with the restrictions (4.47). For each parameter I search

over a two-dimensional grid of values from 0 to 0.99 with a step size of 0.01.

Figure 4.5 shows the response of the term structure of interest rates after a mon-

etary policy shock normalized to increase the unrestricted response of the one-year

treasury bill rate by 100 basis points. Once again the top panel shows the response

up to a maximum impulse horizon of 60 months and the bottom extends this to 120
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Figure 4.5: Response of interest rates with sticky-anchored expectations
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Note: Response of interest rates to a monetary policy shock normalized to increase the one-year treasury yield by
100 basis points upon impact calculated by imposing the restrictions (4.47) on equations (4.36), (4.37), and (4.49). I
choose ω and ρ by grid search as described in the text. In the top panel I find ω = 0.85 and ρ = 0; in the bottom
panel I find ω = 0.95 and ρ = 0. The top panel has a maximum impulse response horizon of five years whereas
the bottom panel has a maximum impulse response horizon of ten years; otherwise the specifications are identical.
The left-hand-side variables include the three-month, six-month, one-year, two-year, and five-year treasury bill rates.
Control variables include a constant and one lag each of the growth rate of industrial production, inflation (calculated
as the growth rate of the consumer price index), the Gilchrist and Zakraǰsek (2012) excess bond premium, and the
first principal component of all interest rates included as left-hand-side variables. The instrumental variable is the
change in three-month ahead federal funds futures in a thirty minute window around a monetary policy announcement
which has a first-stage F -statistic of 47.35. The dark and light shaded areas are the 68% and 90% confidence intervals,
calculated with Newey-West standard errors. The F -statistics shown in the figure test the restriction that the impulse
responses are jointly insignificant from the first negative coefficient until the maximum impulse horizon. That is
γ3,h = 0 for all h ≥ 32 for the top panel (28 restrictions total) and h ≥ 29 for the bottom panel (91 restrictions total).

months. The grid search chooses relatively large values for the sticky information

coefficient—ω = 0.85 in the top panel and ω = 0.95 in the bottom panel—but no role

for anchoring—ρ = 0 in both cases. Even for these large values of ω, the responses are

nearly identical to those shown in Figure 4.4. One small difference is that the peak

response of interest rates appears to be somewhat larger after the sticky-anchored

adjustment, but the discrepancy is not statistically significant at conventional levels.
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Figure 4.6: F -statistics for all values of ω and ρ
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Note: Shows the F -statistics for all values of ω and ρ between 0 and 0.99,
with a grid spacing of 0.01.

I emphasize that the profiles of F -statistics from the grid search are all relatively

flat, indicating that ω does not appear to be well identified and this estimate should

be interpreted with caution. This is clear from Figure 4.6 which shows the profile of

the grid of F -statistics for all values of ρ and ω. Conditional on the value of ρ the

profile is very flat, which indicates that ω is not well identified. However, the apparent

lack of sensitivity of the main findings of the previous subsection to even large values

of ω indicates that these findings are robust to accounting for sticky information in

the forecasts of financial market participants.

As before the F -statistic testing the validity of the cross-equation restrictions—

now given by (4.47) conditional on ω and ρ—has a p-value of essentially one, so
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there is no evidence against the restriction that the term premium does not respond

to monetary policy shocks. The F -statistics testing the hypothesis that the long-

run response of interest rates are negative, shown in the figure, is large and highly

significant. Once again, this supports the notion that contractionary monetary policy

shocks first cause higher interest rates but eventually cause lower interest rates.

It may seem desirable to combine the results of Sections 4.2 and 4.3 to analyze

the response of real interest rates after a monetary policy shock. Unfortunately there

are several obstacles to studying the response of real interest rates directly. First, as

previously discussed, because long-run forecasts in the Survey of Professional Fore-

casters are calendar-based, the local projections in Section 4.2 were restricted to

the use of short-run inflation forecasts. This would require substantially reducing

the yields included in this section to only those with a maturity of at most twelve

months. Second, whereas the inflation forecasts are available at only the quarterly

frequency, the data in this section is monthly, which substantially increases the num-

ber of observations over the sample period. Finally, there appears to be at least

some evidence that information frictions are different for professional forecasters and

financial market participants—the estimates of both ρ and ω from this subsection fall

outside the confidence intervals for the estimates from Chapter 3—so that accounting

for the information frictions in real interest rates may be much more challenging.

4.4 Conclusion

In this chapter I propose a set of linear cross-equation restrictions that can be used to

calculate impulse responses of the term structure using local projections. In addition
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to the usual advantages of local projections, the term structure local projections re-

quire no underlying model of the term structure. Estimation of term structure models

via maximum likelihood methods is a notoriously challenging exercise and estimates

are often sensitive to choice of starting values and optimization algorithms. In ad-

dition, impulse response functions are conditional on the underlying term structure

model and may be sensitive to estimation and misspecification errors. By contrast,

the restrictions implied by the term structure local projections are always linear and

hence estimation is straightforward.

I then consider two applications for the restrictions: the responses of the term

structure of inflation expectations and the term structure of interest rates after a

monetary policy shock. In the first application I apply the term structure local

projections to the main research question of Chapter 3 of this dissertation, estimation

of the response of the term structure of inflation expectations after a monetary policy

shock. My results generally confirm the findings of that chapter: contractionary

monetary policy decreases inflation expectations after a lag of several years. I also

show that the significant response remains even five years after the policy change,

consistent with the finding in Chapter 3 that monetary policy adjustments have a

permanent effect on the level of inflation expectations. However, I also document

a large discrepancy between the magnitude of the response of actual and expected

inflation. I show that some, though not all, of this discrepancy can be explained by

information frictions and provide further evidence against the rational expectations

hypothesis.

In the second application I estimate the response of the term structure of interest

rates after a monetary policy shock. In this case the restrictions implied by the term
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structure local projections can be interpreted as imposing the testable restriction that

term premia do not respond to monetary policy. I show that there is no evidence

against this restriction, suggesting that monetary policy affects long-term interest

rates through expectations of future short-term interest rates rather than term premia.

I also show that contractionary monetary policy increases interest rates for the first

two years but then causes interest rates to fall. Even ten years after the policy change

the response of interest rates remains significantly negative. This is consistent with

the findings in Chapter 3 where I found that temporary monetary policy actions

permanently affect future interest rates by lowering long-run inflation expectations.

Finally, I show how these restrictions can be modified to account for two information

frictions—sticky information and anchoring—the effects of which can be estimated

by grid search. I find no evidence of anchoring and that the main findings of this

section are robust to even large values of the sticky information coefficient, although

I also caution that these estimates are not well identified from the data.
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Chapter 5

Summary and Conclusions

This dissertation studies two aspects of monetary policy: the implementation of mon-

etary policy at the European Central Bank and the effects of monetary policy in the

United States. In Chapter 2 I examine country influence over interest-rate decisions

at the European Central Bank. To do this I first estimate monetary policy rules

for each country in the period before they joined the euro area and then use these

rules to construct hypothetical interest rate decisions for each country throughout the

euro era. I also distinguish between national counterfactuals, where countries make

decisions with respect to their own economic conditions, and federal counterfactuals,

where countries make decisions with respect to economic conditions in the entire euro

area. I show that a simple voting model where the interest rate is determined by

the median vote from the set of counterfactuals best fits the data, contradicting the

notion that monetary policy decisions favor the policy preferences of the largest euro

member states. In addition, federal counterfactuals provide a better overall match to

actual interest rate decisions than national counterfactuals, contradicting the notion

that euro member states prioritize their national economic conditions over those of

the entire euro area.
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In Chapter 3 I estimate the responsiveness of the term structure of inflation ex-

pectations to monetary policy actions taken by the Federal Reserve between 1992

and 2018. To do this I first estimate the term structure of inflation expectations

using the unobserved components model, which decomposes inflation expectations at

any forecast horizon as the sum of short- and long-run components and measurement

error, while accounting for two sources of information frictions. I find both frictions,

sticky information and anchoring, are significant over the sample period and in ad-

dition I demonstrate that the consequences of information frictions are varying over

the business cycle with especially large effects occurring in recessionary periods.

I then apply instrumental variable methods within this framework to identify the

effects of monetary policy. I show that an exogenous increase in the interest rate

decreases inflation expectations after a lag of several years, and that this is driven by

the response of the long-run component of expectations. Furthermore, because this

component follows a random walk the effect is permanent, indicating that long-run

inflation expectations are not stable at the Federal Reserve’s target inflation rate

but rather respond to changes in the macroeconomy, and in particular temporary

monetary policy actions. This is especially the case between 2009 and 2014, a period

where the Federal Reserve was constrained at the zero lower bound of short-run

nominal interest rates, indicating that unconventional monetary policy undertaken

during this time was effective in propping up long-run inflation expectations.

In Chapter 4 I propose a new method to calculate impulse response functions of

the term structure using local projections and consider two applications for this new

method, both of which relate to the findings in Chapter 3. The method uses the law of

iterated expectations to derive a set of testable restrictions which substantially reduces



157

the number of parameters to estimate compared with standard local projections. In

additional, the null hypothesis that the restrictions are correct can often be given

an economic interpretation. In the applications here for example, the tests provide

evidence against rational expectations on the part of professional forecasters and in

favor of the standard prediction that monetary policy influences long-term interest

rates primarily through adjusting expectations of future short-run interest rates.
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