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Introduction

This dissertation contains three chapters on macroeconomics and monetary economics with a
particular focus on how subjective beliefs and behavioral biases matter for the conduct of monetary
policy.

In the first chapter, which is joint work with Fabian Seyrich, we develop a new framework
for business-cycle and policy analysis. The model features a New Keynesian core and we allow
for household heterogeneity and incomplete markets as well as bounded rationality in the form
of cognitive discounting. Under cognitive discounting, households’ expectations underreact to
macroeconomic news, consistent with what we find in the data. The model accounts for recent
empirical findings on the transmission mechanisms of monetary policy. In particular, monetary
policy affects household consumption to a large extent through indirect effects which tends to
amplify the effects of conventional monetary policy on consumption as the incomes of house-
holds that exhibit higher marginal propensities to consume are more exposed to aggregate income
fluctuations induced by monetary policy. Announcements of future monetary policy changes, in
contrast, have relatively weak effects on current economic activity, and the economy remains stable
at the effective lower bound. In contrast to existing models, we account for these facts simulta-
neously without having to rely on a specific monetary or fiscal policy. When abstracting from
either household heterogeneity or bounded rationality the model fails to do so. Accounting for
these facts simultaneously has important implications for monetary and fiscal policy. We uncover
a novel amplification of negative productivity shocks through household heterogeneity, cognitive
discounting and the interaction of the two, such that inflation increases substantially more than
in existing models. Thus, to stabilize inflation after such a shock, the monetary authority needs
to respond more aggressively which fuels inequality and leads to a large increase in government
debt.

In the second chapter, which is joint work with Klaus Adam and Timo Reinelt, we document
several deviations of U.S. households’ housing price expectations from rational expectations. In
particular, expectations are updated on average too sluggishly; following housing price changes,
expectations initially underreact but subsequently overreact; and households are overly optimistic
about capital gains when the price-to-rent ratio is high. We show that weak forms of capital gain
extrapolation allow to simultaneously replicate the behavior of housing prices and the deviations

from rational expectations as an equilibrium outcome. We embed capital gain extrapolation into



a sticky price model featuring a lower-bound constraint on nominal interest rates and show that
subjective beliefs about housing prices lead to a misallocation of resources. If households become
optimistic about future housing prices they invest an inefficiently high amount into the housing
sector rather than into non-durable consumption. This misallocation affects the natural rate of
interest and we show that lower levels of natural rates increase the volatility of housing prices and
thereby the volatility of the natural rate of interest. This channel exacerbates the relevance of the
lower bound constraint and causes the optimal inflation target to increase strongly as the natural
rate falls.

In the third chapter, I propose a new approach to quantify attention to inflation in the data.
The approach is based on a model of optimal attention choice subject to information acquisition
costs. The result is a law of motion for inflation expectations in which attention governs how
strongly agents update their expectations following an inflation surprise. Using micro survey
data of professional forecasters and consumers in the U.S., I then use this approach to estimate
attention to inflation in the data and show that attention was very low after the 1980s. In the
1970s and 1980s, on the other hand, attention to inflation was substantially higher. Consistent
with the underlying model, times of higher inflation volatility and persistence are characterized
by higher attention to inflation. This decline in attention has important implications for optimal
monetary policy. On the one hand, lower attention helps to stabilize inflation expectations and
actual inflation. On the other hand, lower attention renders managing inflation expectations more
difficult which can lead to prolonged periods of a binding lower bound and low inflation due
to slowly-adjusting inflation expectations. To mitigate this loss of control, the optimal inflation
target substantially increases as attention falls. Allowing for permanently higher inflation rates,
however, is costly in terms of welfare. Thus, welfare decreases as attention declines whereas it

would increase when abstracting from the lower bound constraint.



Chapter 1

A Behavioral Heterogeneous Agent New

Keynesian Model

Joint with Fabian Seyrich

1.1 Introduction

Recent empirical evidence has led to a rethinking of how monetary policy is transmitted to the
economy: (i) monetary policy affects household consumption to a large extent through changing
people’s incomes rather than directly through changes in the real interest rate. These indirect
effects tend to amplify the effects of conventional monetary policy on consumption as (ii) the
incomes of households that exhibit higher marginal propensities to consume are found to be
more exposed to aggregate income fluctuations induced by monetary policy; (iii) announcements
of future monetary policy changes, in contrast, have relatively weak effects on current economic
activity; and (iv) advanced economies have not experienced large instabilities in times the nominal
interest rate has effectively been pegged to the lower bound.!

In this paper, we propose a new framework that accounts for these four facts simultaneously:
the behavioral Heterogeneous Agent New Keynesian model—or behavioral HANK model, for short.
The model features a standard New Keynesian core, but we allow for household heterogeneity
and bounded rationality in the form of cognitive discounting. The presence of both—household
heterogeneity and bounded rationality—is key to account for the four facts jointly. In contrast
to existing models, our model accounts for the four facts without having to rely on a specific

monetary or fiscal policy.

See, e.g., Ampudia et al. (2018), Slacalek et al. (2020) and Holm et al. (2021) for the empirical relevance of
indirect channels in the transmission of monetary policy, Auclert (2019), Patterson (2022) and Slacalek et al. (2020)
for evidence on households’ income exposure and their marginal propensities to consume, and see, for example,
Del Negro et al. (2012), D’Acunto et al. (2022), and Roth et al. (2023) for empirical evidence on the (in-)effectiveness
of monetary policy announcements about its future actions, and Debortoli et al. (2020) and Cochrane (2018) on
the stability at the lower bound.



We first focus on a limited-heterogeneity setup which enables us to derive all results in closed
form. The model is kept deliberately stylized and illustrates how cognitive discounting interacts
with household heterogeneity. Households that exhibit higher marginal propensities to consume
are more exposed to monetary policy which is crucial to account for the fact that monetary policy
is amplified through indirect general equilibrium effects. Under cognitive discounting, households’
expectations underreact to aggregate news which dampens the effects of announced future mone-
tary policy changes and ensures that the model remains determinate under an interest-rate peg.
We then replace the limited-heterogeneity setup with a standard quantitative incomplete markets
setup with full heterogeneity and show that our results carry over to this more quantitative model.

Our model suggests that accounting for these four facts simultaneously has important implica-
tions for policy. We find a strong trade-off for monetary policy between price stability on the one
side and fiscal and distributional consequences on the other side after an inflationary supply shock.
To fully stabilize inflation, monetary policy needs to increase interest rates by more than under
rational expectations, which pushes up the government debt level and inequality more strongly.
In contrast, when monetary policy follows a standard Taylor rule it mitigates the fiscal conse-
quences and decreases inequality. But now inflation increases more strongly than in the rational
model through a novel amplification channel induced by cognitive discounting, the underlying
heterogeneity and the interaction of the two.

To arrive at the tractable version of our model, we consider a setup with two groups of house-
holds. One group is “unconstrained”, in the sense that they participate in financial markets and are
on their Euler equation. The other group consists of “hand-to-mouth” households who consume
all their disposable income. They exhibit high marginal propensities to consume (MPCs) and are
more exposed to monetary policy in line with the data. To introduce a precautionary-savings
motive, households face an idiosyncratic risk of switching type.

Households anchor their expectations about future macroeconomic variables to the steady state
and cognitively discount expected future deviations as in Gabaix (2020). As a result, expectations
then underreact to aggregate news, as we show to be the case empirically across all income groups
and consistent with findings in D’Acunto et al. (2022) or Roth et al. (2023).2

Like the textbook Representative Agent New Keynesian (RANK) model, our tractable model
can be represented in just three equations. The key novelty arising from bounded rationality and
household heterogeneity is a new aggregate IS equation. In contrast to the textbook model, our IS
equation features a lower sensitivity of current output to changes in expected future output due

to households’ cognitive discounting and a stronger sensitivity of current output to changes in the

2We show how to microfound cognitive discounting as a noisy-signal extraction problem of otherwise rational
agents. Angeletos and Lian (2023) show how other forms of bounded rationality or lack of common knowledge
can be observationally equivalent. For further evidence on underreaction of expectations or general patterns of
inattention, see, e.g., Coibion and Gorodnichenko (2015a), Coibion et al. (2022a) or Angeletos et al. (2021). Born
et al. (2022) and Kucinskas and Peters (2022) show that even when agents overreact to micro news, they underreact
to macro news, which is what we focus on in this paper.



real interest rate as households with higher MPCs are more exposed to monetary policy.

As a result of the lower sensitivity of current output to future expected output, announced
policies that increase future output, such as announced future interest rate cuts, are less effective
in stimulating current output. After such an announced future interest rate cut, unconstrained
households want to consume more already today as they want to smooth their consumption in-
tertemporally. Additionally, their precautionary savings motive decreases as they would be better
off in case they become hand-to-mouth in the future because hand-to-mouth households bene-
fit more from the future boom. Cognitive discounting weakens both of these channels and thus,
explains the lower sensitivity of current output to future expected output. The farther away in
the future the announced interest rate cut takes place, the smaller its effect on today’s output.
Hence, the model does not suffer from the forward guidance puzzle, which describes the paradox-
ical finding in many models that announced future interest-rate changes are at least as effective
in stimulating current output as contemporaneous interest-rate changes (Del Negro et al. (2012),
McKay et al. (2016)). In addition, our model remains determinate under an interest-rate peg and
remains stable at the effective lower bound (ELB).

The second deviation from the textbook IS equation—the stronger sensitivity of current output
to changes in the real interest rate—arises because households with higher MPCs are more exposed
to monetary policy. An expansionary monetary policy shock increases the income of the hand-
to-mouth households more than one-for-one. As these households consume all their disposable
income, this leads to a stronger response of aggregate consumption than if all households would
be exposed equally to monetary policy. Thus, the model features amplification of conventional
monetary policy shocks due to indirect general equilibrium effects. A decomposition into direct
and indirect effects shows that indeed the major share of the monetary policy transmission works
through indirect effects.

That our model simultaneously generates amplification of conventional monetary policy through
indirect effects and rules out the forward-guidance puzzle is in stark contrast to rational mod-
els. Rational HANK models that generate amplification through indirect effects exacerbate the
forward-guidance puzzle. Rational models that resolve the forward-guidance puzzle, on the other
hand, cannot simultaneously generate amplification of monetary policy through indirect effects
(see Werning (2015), Acharya and Dogra (2020), and Bilbiie (2021)).

We extend our tractable framework along several dimensions to show the model’s compatibility
with additional empirical patterns. We first analytically derive the intertemporal MPCs (iMPCs)
and show they match empirical estimates—a key statistic in HANK models (Auclert et al. (2018),
Kaplan and Violante (2022)). Second, we consider sticky wages and show how the model gen-
erates hump-shaped responses of macroeconomic variables in response to aggregate shocks, and
expectations that initially underreact followed by a delayed overshooting (both consistent with
the data, Auclert et al. (2020), Angeletos et al. (2021) and Adam et al. (2022)). Both findings are

not present when abstracting from heterogeneity, bounded rationality or both.



We then replace the limited-heterogeneity assumptions and build on a standard incomplete-
markets setup. We relax many of the strong assumptions we imposed in the tractable framework.
In particular, we now consider ex-ante identical households that face uninsurable idiosyncratic
productivity risk, incomplete markets and borrowing constraints that are endogenously binding.
We further allow for heterogeneity in the degree of cognitive discounting.> We show numerically
that the full model also accounts for facts (i)-(iv) simultaneously.

We use the model to revisit the monetary and fiscal policy implications of inflationary supply
shocks. Many advanced economies have recently experienced a dramatic surge in inflation which
is partly attributed to disruptions in production (see di Giovanni et al. (2022)). We analyze these
supply disruptions by considering a negative productivity shock.

We first consider a monetary policy that fully stabilizes inflation and find that this policy
closes the output gap independent of the presence of cognitive discounting. The required interest-
rate response to fully stabilize inflation, however, needs to be much stronger when accounting
for cognitive discounting. The reason is that households expect interest rates to remain elevated
for some time due to the persistence of the shock and the higher expected interest rates help to
stabilize current inflation. This expectation channel is dampened under cognitive discounting.
Hence, the monetary authority needs to increase interest rates more forcefully.

These stronger interest-rate hikes create side effects. In particular, they have strong fiscal impli-
cations as they increase the cost of government debt, which leads to a larger increase in government
debt. Furthermore, consumption inequality increases more strongly as wealthy households benefit
more from higher interest rates than asset-poor households.

We then assume that monetary policy follows a standard Taylor rule and show that in this case,
inflation and the output gap increase considerably due to a novel amplification channel. Both—
the underlying heterogeneity and bounded rationality—amplify the inflationary pressure from the
supply shock and the two mutually reinforce each other: the positive output gap especially benefits
households with higher MPCs increasing the output gap further and, thus, calls for higher interest
rates in each period. As households cognitively discount these higher (future) interest rates,
this further increases the output gap amplifying the redistribution to high MPCs households and
therefore the increase in the output gap until the economy ends up in an equilibrium with a higher
output gap and higher inflation. Yet, consumption inequality now decreases as poorer households
tend to benefit more from the higher output gap.

We also consider cost-push shocks as an alternative explanation for high inflationary pressure
and find similar implications for monetary and fiscal policy. In sum, our model predicts that it
is more difficult for monetary policy to stabilize the economy after an inflationary supply side
shock and that monetary policy faces a severe trade-off between aggregate stabilization and price

stability on the one hand, and fiscal and distributional consequences on the other hand.

3 As in the tractable model, households cognitively discount expected deviations from the stationary equilibrium
after an aggregate shock but are fully rational with respect to their idiosyncratic risk.



Related literature. The literature treats the facts (i)-(iv) mostly independent from each other.
The heterogeneous-household literature has highlighted the transmission of monetary policy through
indirect, general equilibrium effects (Kaplan et al. (2018), Auclert (2019), Auclert et al. (2020),
Bilbiie (2020), Luetticke (2021)), and proposed potential resolutions of the forward guidance puz-
zle (McKay et al. (2016, 2017), Hagedorn et al. (2019), McKay and Wieland (2022)). Werning
(2015) and Bilbiie (2021) combine the themes of policy amplification and forward guidance puzzle
in HANK and establish a trade-off inherent in models with household heterogeneity: if HANK
models amplify contemporaneous monetary (and fiscal) policy through redistribution towards high
MPC households, they dampen precautionary savings desires after a forward guidance shock which
aggravates the forward guidance puzzle.

Few resolutions of this trade-off—what Bilbiie (2021) calls the Catch-22—have been put for-
ward. In contrast to our model, they all rely on a specific design for either monetary or fiscal
policy. Bilbiie (2021) shows that if monetary policy follows a Wicksellian price level targeting rule
or fiscal policy follows a nominal bond rule, his tractable HANK model can simultaneously account
for facts (i)-(iv).* Hagedorn et al. (2019) shows how introducing nominal government bonds and
coupling it with a particular nominal bond supply rule can resolve the forward guidance puzzle in
a quantitative HANK model (following the theoretical arguments in Hagedorn et al. (2021) and
Hagedorn (2018)). In contrast, we account for the four facts even in the case in which monetary
policy follows a standard Taylor rule and absent any nominal bonds or specific fiscal rules.

Farhi and Werning (2019) also combine household heterogeneity with some form of bounded
rationality, but focus entirely on resolving the forward-guidance puzzle. Our model generates a
number of additional desirable features, such as amplification of monetary policy through indirect
effects in a setting with unequal exposure of households to monetary policy. We also consider a
different form of bounded rationality, cognitive discounting, while Farhi and Werning (2019) focus
on level-k thinking. Our setup is consistent with the empirical findings in Roth et al. (2023) who
show that households adjust their interest-rate expectations only by about half of what the Fed
announces, even when being told the Fed’s intended interest-rate path.> Furthermore, we are the
first ones to consider supply shocks and show that the interaction of household heterogeneity and
bounded rationality has very different implications for supply shocks than for forward guidance
shocks.

Few other papers share the combination of nominal rigidities, household heterogeneity and
some deviation from full information rational expectations (FIRE). Laibson et al. (2021) introduces
present bias in a model of household heterogeneity but the model is set in partial equilibrium and

they do not consider how the power of forward guidance or the stability at the lower bound are

4Bilbiie (2021) proposes an additional resolution: a pure risk channel which can, in theory, break the co-
movement of income risk and inequality. However, it requires a calibration which is at odds with the data.

°In an extension, we consider the case in which some households (financial markets, for example) fully incor-
porate the announced interest-rate paths into their expectations (see Section 1.4.2 where we discuss heterogeneous
degrees of cognitive discounting) and show that our results remain robust in that scenario.



affected by the presence of the two frictions. Auclert et al. (2020) incorporate sticky information
into a HANK model to generate hump-shaped responses of macroeconomic variables to aggregate
shocks while simultaneously matching iMPCs. We obtain similar results in our extension of the
tractable model with sticky wages. Their paper, however, does not discuss the implications of the

deviation from FIRE and heterogeneity for forward guidance or stability at the lower bound.5

Outline. The rest of the paper is structured as follows. We present our tractable behavioral
HANK model in Section 1.2 and our analytical results in Section 1.3. In Section 1.4, we develop
the quantitative behavioral HANK model, show how it can account for the facts simultaneously
and discuss the role of heterogeneity in the behavioral bias. We use the quantitative model to
study the policy implications of an inflationary supply-side shock in Section 1.5. We discuss three

extensions of the tractable model in Section 1.6 and Section 1.7 concludes.

1.2 A Tractable Behavioral HANK Model

In this section, we present our tractable New Keynesian model featuring household heterogeneity
and bounded rationality before we then turn to the full-blown incomplete-markets setup later

on. To ensure closed-form solutions, we make a number of assumptions that are typical in the
analytical HANK literature (e.g., McKay et al. (2017), Bilbiie (2021)).

1.2.1 Structure of the Model

Households. Time is discrete and denoted by ¢ = 0,1,2,... The economy is populated by a
unit mass of households, indexed by ¢ € [0,1]. Households obtain utility from (non-durable)
consumption, C?, and dis-utility from working N;. Households discount future utility at rate
B € 10,1]. We assume a standard CRRA utility function

(ChHt—r  (WhHite ify £1,

Y

UCILNYy= T e (1.1)
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where ¢ denotes the inverse Frisch elasticity and ~ the relative risk aversion.

Households can save in government bonds B}, paying nominal interest i;, and face an ex-
ogenous borrowing constraint which we set to zero. Households participate in financial markets
infrequently. When they do participate, they can freely trade bonds. Otherwise, they simply
receive the payoff from their previously acquired bonds. For now, asset-market participation is
exogenous and can be interpreted, for example, as a shock to the household’s taste or patience.

We denote households participating in financial markets by U as, in equilibrium, they will be

SWiederholt (2015), Angeletos and Lian (2018), Andrade et al. (2006.12019), Gabaix (2020) consider deviations
from FIRE and Michaillat and Saez (2021) introduce wealth in the utility function (all in non-HANK setups) and
show how to resolve the forward guidance puzzle.



Unconstrained in the sense that they are on their Euler equation. We denote the non-participants
by H as they neither save nor borrow and are thus, Hand-to-mouth. An unconstrained household
remains unconstrained with probability s and becomes hand-to-mouth with probability 1 — s.
Hand-to-mouth households remain hand-to-mouth with probability h and switch to being un-

constrained with probability 1 — A. In what follows, we focus on stationary equilibria where

A= Q:fh denotes the constant share of hand-to-mouth households. Unconstrained households
receive a share 1 — p? of the intermediate firm profits, D, and hand-to-mouth households the
remaining share p?.

Households belong to a family whose intertemporal welfare is maximized by its utilitarian
family head. The head can only provide insurance within types but not across types, i.e., the
head pools all the resources within types. Thus, in equilibrium every U household will consume
and work the same amount and every H household will consume and work the same amount
but the H households’ consumption and labor supply is not necessarily the same as that of U
households. When households switch from being unconstrained to being hand-to-mouth, they
keep their government bonds.

We allow for the possibility that the family head is boundedly rational in the way we describe

in the following.” The program of the family head is

V(B/) = max (L=MNU(C/,N) + XU(CH,NT) | + BEPRV (BYL)

{7 .Cff Bl N N}

subject to the flow budget constraints of unconstrained households
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and the hand-to-mouth households

T4i, 11—\

D
M
C{—I:WthI+—Dt+(1—S)1+7Tt N

as well as the borrowing constraint BtUJrl > 0, where W; is the real wage. The budget constraints
reflect our assumptions that only U households can save in government bonds, but that households
keep their acquired government bonds when switching their type as well as the assumption of full-
insurance within type, as the bonds are equally shared within types.

The optimality conditions are given by the Euler equation of unconstrained households

(€YY > BEEE [Rt (3 (CU) 7+ (1—s) (cgl)”)] , (1.4)

“We show in Appendix A.1.9 how the family head’s expectation can be understood as an average expectation
over all households’ expectations within the family where each household receives a noisy signal about the future
state.
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types are given by:

where R; denotes the real interest rate, and the respective labor-leisure equations of both

(V)7 =wi(c)

Importantly, the Euler equation of the unconstrained households features a self-insurance motive
as unconstrained households demand bonds to self-insure their idiosyncratic risk of becoming
hand-to-mouth.

We focus on the zero liquidity equilibrium (i.e., bond supply B is equal to zero for all ¢) to
keep our model tractable (as in Krusell et al. (2011), McKay et al. (2017), Ravn and Sterk (2017),
and Bilbiie (2021)).

Bounded rationality. We follow Gabaix (2020) and model bounded rationality in the form of
cognitive discounting.® Let X; be a random variable (or vector of variables) and let us define X
as some default value the agent may have in mind and let Xt+1 = X — Xtd denote the deviation

from this default value.” The behavioral agent’s expectation about X, is then defined as
EPR (X, ] = EPF [Xtd n f(m} = X7 + mE, [Xm] , (1.5)

where E, [-] is the rational expectations operator and m € [0, 1] is the behavioral parameter cap-
turing the degree of rationality. A higher m denotes a smaller deviation from rational expectations
and rational expectations are captured by m = 1. Intuitively, the behavioral agent anchors her
expectations to the default value and cognitively discounts expected future deviations from this
default value. We focus on the steady state as the default value but we discuss an alternative
assumption in Section 1.6.3. Note, that absent aggregate shocks the agents are fully rational as
they know their idiosyncratic risk.

While we present a way how to microfound cognitive discounting as a noisy-signal extrac-
tion problem in Appendix A.1.9, note, that the exact microfoundation or underlying behavioral
friction is not crucial for the rest of our analysis. Angeletos and Lian (2023) show how other
forms of bounded rationality or lack of common knowledge can lead to observationally-equivalent
expectations.

Log-linearizing equation (1.5) around the steady state yields

EFF [Eia] = (1 — m)T] + mE; [Tep] (1.6)

8While Gabaix (2020) embeds bounded rationality in a NK model the basic idea of behavioral inattention (or
sparsity) has been proposed by Gabaix earlier already (see Gabaix (2014, 2016)) and a handbook treatment of
behavioral inattention is given in Gabaix (2019). Benchimol and Bounader (2019) and Bonciani and Oh (2022)
study optimal monetary policy in a RANK and TANK model, respectively, with this kind of behavioral frictions.

9Gabaix (2020) focuses on the case in which X; denotes the state of the economy. He shows (Lemma 1 in
Gabaix (2020)) that this form of cognitive discounting also applies to all other variables. Appendix A.1.8 derives
our results following the approach in Gabaix (2020). The results remain exactly the same.
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and when X is the steady state value, we obtain EP® [7,,1] = mE; [Ty11]. Given m < 1, ex-
pectations underreact to aggregate news about the future, consistent with findings in D’Acunto
et al. (2022) or Roth et al. (2023). In Appendix A.2, we estimate m for different household groups
based on their income and we find that households of all income groups underreact to macroeco-
nomic news. We also discuss other empirical evidence on m and how we can map recent evidence
in Coibion and Gorodnichenko (2015a) and Angeletos et al. (2021) to m. As a benchmark, we
follow Gabaix (2020) and set m to 0.85, which is a rather conservative deviation from rational

expectations, given that the empirical evidence points towards a m between 0.6 and 0.85.

Firms. We assume a standard New Keynesian firm side with sticky prices. All households

e—1

consume the same aggregate basket of individual goods, j € [0,1], C;, = ( fol Ci(5) = dj)sj,

where € > 1 is the elasticity of substitution between the individual goods. Each firm faces demand

Ci(j) = (PtT(tj))i Cy, where P;(j)/P; denotes the individual price relative to the aggregate price

index, P}™¢ = folPt(j)lfedj, and produces with the linear technology Y;(j) = Ni(j). The real
marginal cost is given by W,. We assume that the government pays a constant subsidy 7° on
revenues to induce marginal cost pricing in the steady state. The subsidy is financed by a lump-
sum tax on firms T/". Hence, the profit function is D;(j) = (1+7°)[P(5)/ P]Y:(j) — Wi N:(5) = TE.
Total profits are then D; = Y; — W, N, and are zero in steady state. Zero steady-state profits imply
full insurance in steady state, as households only differ in their profit income, i.e., in the steady
state we have C% = CY = C. In the log-linear dynamics around this steady state, profits vary
inversely with the real wage, c?t = —w;, where variables with a hat on top denote log-deviations
from steady state. We allow for steady state inequality in Appendix A.4 and show that our results
are not driven by this assumption and are in fact barely affected even by substantial inequality in

the steady state.

Government. Fiscal policy induces the optimal steady state subsidy financed by lump-sum
taxation of firms. We introduce taxes and government bonds in our quantitative model in Section
1.4.
In most of the analysis, we assume that monetary policy follows a standard (log-linearized)
Taylor rule
iy = ¢m + T, (1.7)

with €M being a monetary policy shock (Appendix A.1 discusses more general Taylor rules). For

now, monetary policy shocks are the only source of aggregate uncertainty:.

Market clearing. Market clearing requires that the goods market clears YV; = C; = A\CH + (1 —
A)CY and the labor market clears N, = AN/ + (1 — M) N/. Bond market clearing implies B, =0
at all ¢.

11



1.2.2 Log-Linearized Dynamics

We now focus on the log-linearized dynamics around the full-insurance, zero-liquidity steady state.

First, we can write consumption of the hand-to-mouth households as

GHENT (1.8)
with uD

measuring the cyclicality of the H household’s consumption (see appendix A.1.1). Patterson
(2022) documents that households with higher MPCs tend to be more exposed to aggregate income
fluctuations induced by monetary policy or other demand shocks—fact (ii) in the introduction. We
can account for fact (ii) by setting x > 1. Similarly, Auclert (2019) finds that poorer households
tend to exhibit higher MPCs. Together with the finding in Coibion et al. (2017) and Hintermaier
and Koeniger (2019) that poorer households’ income is on average more exposed to monetary
policy shocks, this also implies x¥ > 1. For given ¢, this requires u? < .

Why does u” < X imply that the consumption of hand-to-mouth households moves more
than one-to-one with aggregate output after a monetary policy shock? Consider an expansionary
monetary policy shock, i.e., an unexpected decrease in the nominal interest rate. Unconstrained
households want to consume more and save less, leading to an increase in demand. Firms then
increase their labor demand, leading to an increase in wages. Due to the assumption of sticky
prices and flexible wages, profits in the New Keynesian model decrease. In the representative
agent model, the representative agent both incurs the increase in wages and the decrease in profits
coming from firms. With household heterogeneity, this is not necessarily the case. If the hand-
to-mouth households receive less of the profits than their share in the population (u” < \) the
increase in the real wage is fully transmitted to their income whereas the decrease in profits is
not. Thus, the income of H households increases more than aggregate output increases. The
unconstrained households whose profit share is disproportionally large, on the other hand, work
more to make up for the income loss due to lower profit income. It is thus mainly the unconstrained
households who produce the additional output.

Combining equation (1.8) with the goods market clearing condition yields

1—Ax .
& =1 (1.10)
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which implies that consumption inequality is given by:!°

1—
v G (1.11)

Thus, if x > 1, inequality is countercyclical as it varies negatively with total output, i.e., inequal-
ity increases in recessions and decreases in booms. In line with the empirical evidence on the
covariance between MPCs and income exposure the data also points towards x > 1 when looking
at the cyclicality of inequality, conditional on monetary policy: Coibion et al. (2017), Mumtaz
and Theophilopoulou (2017), Ampudia et al. (2018) and Samarina and Nguyen (2023) all provide
evidence of countercyclical inequality conditional on monetary policy shocks.

The second key equilibrium equation is the log-linearized bond Euler equation of U households:

= SBR[+ (1= 9EPR ] - - (5~ B ) (112)
For the case without type-switching, i.e., for s = 1, equation (1.12) boils down to a standard Euler
equation. For s € [0, 1), however, the agent takes into account that she might switch her type and
self-insures against becoming hand-to-mouth next period. How strongly this precautionary-saving
motive affects the household’s consumption away from the stationary equilibrium will depend
on the household’s degree of bounded rationality. We will, following the assumption in Gabaix
(2020), often focus on the case in which households are rational with respect to the real rate, i.e.,
we replace EBfimr,  with E;m, 1 in equation (1.12). We show in Appendix A.4 that our results go

through with boundedly-rational real-rate expectations.

Supply side. For simplicity and to get a clear understanding of the mechanisms driving our

results, we focus on a static Phillips curve for now:
Ty = K)@\t, (113)

where £ > 0 captures the slope of the Phillips curve. Such a static Phillips curve arises if we
assume that firms are either completely myopic or if they face Rotemberg-style price adjustment
costs relative to yesterday’s market average price index, instead of their own price (see Bilbiie
(2021)). In Appendix A.4 we show that a forward-looking Phillips Curve (rational or behavioral)

does not qualitatively affect our results.

Discussion of assumptions. Throughout this section, we have imposed several assumptions
that allow us in the following section to analytically characterize our results as well as to generate

analytical insights into how household heterogeneity and bounded rationality interact. In particu-

10We denote the case in which unconstrained households consume relatively more than hand-to-mouth house-
holds as higher inequality, even though they consume the same amount in steady state. As we move away from the
tractable model in Sections 1.4 and 1.5, households’ consumption levels will differ in the stationary equilibrium.
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lar, we assume full insurance within types, exogenous type switching, a zero-liquidity equilibrium,
no inequality in the steady state, a static Phillips Curve and homogeneous degrees of bounded
rationality. We relax all these assumptions in Section 1.4 and show that our results presented in

the following do not depend on these assumptions.

1.3 Results

In this section, we derive the three-equation representation of the tractable behavioral HANK
model and show that the model is consistent with facts (i)-(iv). We also show that the model
nests a wide spectrum of existing models—none of which can account for all the empirical facts

simultaneously.

1.3.1 The Three-Equation Representation

The behavioral HANK model can be summarized by three equations: a Phillips curve, representing
the aggregate supply side captured by equation (1.13), a rule for monetary policy (equation (1.7)),
which together with the aggregate IS equation determines aggregate demand. To obtain the
aggregate IS equation, we combine the hand-to-mouth households’ consumption (1.8) with the
consumption of unconstrained households (1.10) and their consumption Euler equation (1.12) (see

appendix A.1 for all the derivations).

Proposition 1. The aggregate IS equation is given by

. ~ 1/~
Yo = VrEyen — lbca (Zt - ]Etﬂ't—i-l) 5 (1.14)
where
l—s 1—A
=mé=m|l —1 d .= .
srzmi=m |14 (- 1) ] and b=

Compared to RANK, two new coefficients show up: v, and 1y. 1. governs the sensitivity of
today’s output with respect to the contemporaneous real interest rate. 1. is shaped by household
heterogeneity, in particular by the share of H households A and their income exposure x. As the
H households’ incomes are more exposed to the aggregate income (y > 1), ¢, > 1 which makes
current output more sensitive to changes in the contemporaneous real interest rate due to general
equilibrium forces, as we show later.

The second new coefficient in the behavioral HANK IS equation (1.14), s, captures the sen-
sitivity of today’s output with respect to changes in expected future output. s is shaped by
household heterogeneity and the behavioral friction as it depends on the precautionary-savings
motive, captured by d, and the degree of bounded rationality of households as well as the inter-

action of these two. Given that xy > 1, unconstrained households take into account that they will
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be more exposed to aggregate income fluctuations in case they become hand-to-mouth. Thus,
income risk is countercyclical, which manifests itself in ¢ > 1. Countercyclical risk induces com-
pounding in the Euler equation and, thus, competes with the empirically observed underreaction
of aggregate expectations (m < 1) which induces discounting in the Euler equation. We see in
the following sections that even for a small degree of bounded rationality—much smaller than
the empirics suggest—the discounting through bounded rationality dominates the compounding
through countercyclical income risk. Hence, in the behavioral HANK model it holds that ¢y <1
which makes the economy less sensitive to expectations and news about the future which is key to
resolve the forward guidance puzzle as well as to obtain a determinate, locally unique equilibrium.

Equation (1.14) nests a wide range of existing IS equations: the IS equation in the standard
rational-expectations RANK model by setting 1y = 1. = 1, RANK models deviating from FIRE
by 6 = 1. = 1, Two-Agent NK (TANK) models by setting m = 1y = 1, and rational HANK
models by m = 1.

Calibration. We set the share of H agents to one third, A = 0.33, and p? such that v, = 1.2,
consistent with the empirical findings in Patterson (2022). This implies x = 1.35 and thus, implies
that high-MPC households’ incomes are relatively more sensitive to aggregate fluctuations induced
by monetary policy, in line with the findings in Coibion et al. (2017) and Auclert (2019). We set
the probability of a U household to become hand-to-mouth next period to 5.4%, i.e., s = 0.946
(this corresponds to s = 0.8 in annual terms). We focus on log utility, v = 1, set 5 = 0.99, and
the slope of the Phillips Curve to k = 0.02, as in Bilbiie et al. (2022). The cognitive discounting
parameter, m is set to 0.85, as explained in Section 1.2. Details on the calibration and a discussion
of the robustness of our findings for different calibrations are presented in Appendix A.2. Note,

that even when we vary certain parameters, we keep A < xy L.

1.3.2 Monetary Policy

We now show how the behavioral HANK model generates amplification of contemporaneous mon-
etary policy through indirect effects while resolving the forward guidance puzzle at the same time.
Additionally, we discuss determinacy conditions and show that the model remains stable at the
effective lower bound.

To derive these results, it is sometimes convenient to combine the IS equation (1.14) with the
static Phillips Curve (1.13) and the Taylor rule (1.7) so that we can represent the model in a single

first-order difference equation:

K 1
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General equilibrium amplification and forward guidance. We start by showing how the

behavioral HANK model generates amplification of current monetary policy through indirect gen-

15



eral equilibrium effects while simultaneously ruling out the forward guidance puzzle. The forward
guidance puzzle states that announcements about future changes in the interest rate affect output
today as strong (or even stronger) than contemporaneous changes in the interest rate.!' Such
strong effects of future interest rate changes, however, seem puzzling and are not supported by
the data (Del Negro et al. (2012), Roth et al. (2023)).

Let us consider two different monetary policy experiments: (i) a contemporaneous monetary
policy shock, i.e., a surprise decrease in the interest rate today, and (ii) a forward guidance shock,
i.e., a news shock today about a decrease in the interest rate k periods in the future. In both

cases, we focus on i.i.d. shocks and ¢ = 0.2

Proposition 2. In the behavioral HANK model, there is amplification of contemporaneous mon-

etary policy relative to RANK if and only if
Ye>1& x> 1, (1.16)

and the forward guidance puzzle is ruled out if
K
¢f+;¢c <1 (1.17)

The behavioral HANK model generates amplification of contemporaneous monetary policy
with respect to RANK whenever y > 1, that is, when high-MPC households’ consumption is
relatively more sensitive to aggregate income fluctuations. As discussed in Section 1.2.2; this is
the case empirically.

After a decrease in the interest rate, wages increase and profits decline. As H agents receive
a relatively smaller share of profits but fully benefit from the increase in wages, their income
increases more than one-to-one with aggregate income. As they consume their income immediately,
the initial effect on total output increases. The unconstrained households, on the other hand,
experience a smaller increase in their income due to the fall in their profit income. To make up
for this, they supply more labor and hence, produce the extra output. As a result, ¢). > 1 and the
increase in output is amplified through general equilibrium effects. To see the importance of GE

or indirect effects, the following Lemma disentangles the direct and indirect effects.

Lemma 1. The consumption function in the behavioral HANK model is given by

& =[1— 81— )7 @A T Bmé(1 — A)Es@s. (118)

HDetailed analyses of the forward guidance puzzle in RANK are provided by McKay et al. (2016) and Del Negro
et al. (2012).

121f we instead impose ¢ > 0, contemporaneous amplification in the following proposition is not affected but the
condition to rule out the forward guidance puzzle is further relaxed. Similarly, assuming completely fixed prices
(k = 0), as for example in Farhi and Werning (2019), or modelling forward guidance as changes in the real interest
rate, as for example in McKay et al. (2016), would also leave the amplification condition unaltered but relaxes the
condition to rule out the forward guidance puzzle.
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Let p denote the exogenous persistence and define the indirect effects as the change in total con-
sumption due to the change in total income but for fized real rates. The share of indirect effects,

=CF  out of the total effect is then given by

—GE _ 1—5(1-Xx)
T 1—=pmép(1—Ax)

Given our calibration and assuming an AR(1) monetary policy shock with a persistence of 0.6,
indirect effects account for about 63%, consistent with larger quantitative models as for example
in Kaplan et al. (2018) and thus, the model accounts for fact (i). Holm et al. (2021) state that
the overall importance of indirect effects they find in the data is comparable to those in Kaplan
et al. (2018), with the difference that these effects unfold after some time, whereas direct effects
are more important on impact. Because in our stylized model the response to a monetary policy
shock peaks on impact indirect effects are important right away. Slacalek et al. (2020) provide
further evidence that indirect effects are strong drivers of aggregate consumption in response to
monetary policy shocks.

For comparison, the representative agent model generates an indirect share of

EGE: 1_6
1—pmp’

which, given our calibration, amounts to about 2%.

Note, that in the case of an i.i.d. shock the behavioral friction leaves the relative importance
of direct vs. indirect effects—i.e., amplification of contemporaneous monetary policy—unaltered,
as amplification of a contemporaneous i.i.d. shock is solely determined by the static redistribution
towards the high MPC households. It is through these indirect general equilibrium effects that
monetary policy gets amplified as the H households do not directly respond to interest rate changes
because they do not participate in asset markets.

Turning to forward guidance, note, that the forward guidance puzzle is ruled out if the term
% in front of E;¥;41 in the first-order difference equation (1.15) is smaller than 1. Given that
we consider ¢ = 0, this boils down to the condition stated in Proposition 2.

What determines whether condition (1.17) holds or not? First, note that as in the discussion
of contemporaneous monetary policy, with x > 1 the income of H agents moves more than one
for one with aggregate income. In this case, unconstrained households who self-insure against
becoming hand-to-mouth in the future want less insurance when they expect a decrease in the
interest rate since if they become hand-to-mouth they would benefit more from the increase in
aggregate income. Hence, after a forward guidance shock, unconstrained households decrease
their precautionary savings which compounds the increase in output today (6 > 1). Yet, as
households are boundedly rational, they cognitively discount these effects taking place in the

future. Importantly, unconstrained households cognitively discount both the usual consumption-
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smoothing response due to the future increase in consumption as well as the general equilibrium
implications for their precautionary savings, thereby decreasing the effects of the forward guidance
shock on today’s consumption. Thus, the model not only accounts for facts (i) and (ii) but
simultaneously accounts for fact (iii).

This last part clearly illustrates the main interaction of bounded rationality and household
heterogeneity that enables the behavioral HANK model to resolve the forward guidance puzzle
while simultaneously generating amplification through indirect effects. Households fully under-
stand their idiosyncratic risk of switching their type as well as the implications of switching type
in case there are no aggregate shocks, i.e., in the steady state. If the monetary authority makes an
unexpected announcement about its future policy, however, behavioral households do not fully in-
corporate the effects of this policy on their own income risk and thus, their precautionary savings.
Already a small underreaction of the behavioral households is enough to resolve the forward guid-
ance puzzle. Given our calibration there is no forward guidance puzzle in the behavioral HANK
model as long as m < 0.94 which is above the upper bounds for empirical estimates (see Section
1.2).13 Figure A.1 in Appendix A.2 shows that the solution of the forward guidance in our model
is very robust with respect to changes in the heterogeneity parameters.

We now compare the behavioral HANK model to its rational counterpart to show how the
behavioral HANK model overcomes a shortcoming inherent in the rational HANK model — the
Catch-22 (Bilbiie (2021); see also Werning (2015)). The Catch-22 describes the tension that the
rational HANK model can either generate amplification of contemporaneous monetary policy or
solve the forward guidance puzzle. To see this, note that with m = 1 the forward guidance puzzle

is resolved when
1 1—-X

Y1 =Xy

which requires y < 1, as otherwise § > 1. Assuming xy < 1, however, leads to dampening of

0+ k<1

contemporaneous monetary policy instead of amplification. We graphically illustrate the Catch-
22 of the rational model and its resolution in the behavioral HANK model in Appendix A.3. Note
that also rational TANK models (thus, turning off type switching) or the behavioral RANK model
would not deliver amplification and resolve the forward guidance puzzle simultaneously. TANK
models would face the same issues as the rational RANK model in the sense that they cannot
solve the forward guidance puzzle while bounded rationality in a RANK model does not deliver

initial amplification.

I3A related paradox in the rational model is that as the persistence of the shock increases, the effects become
unboundedly large and as the persistence approaches unity, an exogenous increase in the nominal interest rate
becomes expansionary. The behavioral HANK model, on the other hand, does not suffer from this. We elaborate
these points in more detail in Appendix A.4.3.
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Stability at the Effective Lower Bound

In this section, we revisit the determinacy conditions in the behavioral HANK model and discuss
the implications for the stability at the effective lower bound constraint on nominal interest rates.

According to the Taylor principle, monetary policy needs to respond sufficiently strongly to
inflation in order to guarantee a determinate equilibrium. In the rational RANK model the Taylor
principle is given by ¢ > 1, where ¢ is the inflation-response coefficient in the Taylor rule (1.7). We
now derive a similar determinacy condition in the behavioral HANK model and show that both
household heterogeneity and bounded rationality affect this condition. The following proposition

provides the behavioral HANK Taylor principle.'4

Proposition 3. The behavioral HANK model has a determinate, locally unique equilibrium if and

only if: S
6> =1+ 02 (1.19)

7 1-Xx

We obtain Proposition 3 directly from the difference equation (1.15). For determinacy, we
need that the coefficient in front of E,y;, is smaller than 1 (the eigenvalues associated with any
exogenous variables are assumed to be p < 1, and are thus stable). Solving this condition for ¢
yields Propositon 3. Appendix A.1.4 outlines the details and extends the result to more general
Taylor rules.

To understand the condition in Proposition 3, consider first m = 1 and, thus, focus solely on
the role of household heterogeneity. With y > 1, it follows that ¢* > 1 and, hence, the threshold
is higher than the RANK Taylor principle states. This insufficiency of the Taylor principle in
the rational HANK model has been shown by Bilbiie (2021) and in a similar way by Ravn and
Sterk (2021) and Acharya and Dogra (2020). As a future aggregate sunspot increases the income
of households in state H disproportionately, unconstrained households cut back on precautionary
savings today which further increases output today. This calls for a stronger response of the
central bank to not let the sunspot become self-fulfilling.

On the other hand, bounded rationality m < 1 relaxes the condition as unconstrained house-
holds now cognitively discount both the future aggregate sunspot as well as its implications for
their idiosyncratic risk. A smaller response of the central bank is needed in order to prevent the
sunspot to become self-fulfilling. Given our calibration the cutoff value for m to restore the RANK
Taylor principle in the behavioral HANK model is 0.966. What is more, given our baseline choice
of m = 0.85, we obtain ¢* = —4. Thus, in the behavioral HANK model it is not necessary that
monetary policy responds to inflation at all as the economy features a stable unique equilibrium

even under an interest rate peg.

Stability at the effective lower bound. Related to the indeterminacy issues under a peg the

traditional New Keynesian model struggles to explain how the economy can remain stable when

4\We focus on local determinacy and bounded equilibria.
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the effective lower bound (ELB) on nominal interest rates is binding for an extended period of time,
as observed in many advanced economies over recent decades (see, e.g., Debortoli et al. (2020) and
Cochrane (2018)). If the ELB binds for a sufficiently long time, RANK predicts unreasonably large
recessions and, in the limit case in which the ELB binds forever, even indeterminacy.!® Similar to
the forward guidance puzzle, this is even more severe in rational HANK models.

We now show that the behavioral HANK model resolves these issues and thus accounts for

fact (iv). To this end, let us add a natural rate shock (i.e., a demand shock) 77 to the IS equation:
gt = wat/y\t—l-l — e (/Z\t — Ky — ﬁ?) .

We assume that in period t the natural rate decreases to a value 7" that is sufficiently negative
such that the natural rate in levels is below the ELB. The natural rate stays at 7™ for k£ > 0 periods
and after k periods the economy returns immediately back to steady state. Agents correctly
anticipate the length of the binding ELB. Iterating the IS equation forward, it follows that output

in period ¢ is given by
k

U = _lwc (/Z'\ELB — 77”) Z (@/)f + E?/)c)j (1.20)
SRS ot ’

>0

where the term </Z\E LB — ?") > 0 captures the shortfall of the policy response due to the binding
ELB. Under rational expectations, we have that ¢y > 1, meaning that output implodes as & — oc.
The same is true in the rational RANK model which is captured by 1y = 1. = 1. In the behavioral
HANK model, however, this is not the case. As long as ¢y + gwc < 1 the output response in ¢
is bounded even as k — oo. It follows that m < 0.94 is enough to rule out unboundedly-severe
recessions at the ELB even if the ELB is expected to persist forever. We graphically illustrate in
Appendix A.3 that the behavioral HANK model remains stable also for long spells of the ELB in

which output in the rational models collapses.

Fiscal multipliers. In Appendix A.4, we derive analytically the fiscal multiplier in the behav-
ioral HANK model and show that it generates consumption responses that are consistent with
empirical evidence (Dupor et al. (2022)). As for monetary policy, the exposure of high-MPC
households to aggregate income changes leads to positive fiscal multipliers in the benchmark case
of constant real rates and cognitive discounting ensures that the multiplier remains finite, even for

highly-persistent government spending shocks.

5A forever binding ELB basically implies that the Taylor coefficient is equal to zero and, thus, the nominal
rate is pegged at the lower bound, thereby violating the Taylor principle. Note, that this statement also extends
to models featuring more elaborate monetary policy rules including Taylor rules responding to output or also the
Wicksellian price-level targeting rule, as they all collapse to a constant nominal rate in a world of an ever-binding
ELB.
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Nesting existing models. The behavioral HANK model nests three classes of models in the
literature: the representative-agent rational expectations (RANK) model for A = 0 and m =1
(see Gali (2015), Woodford (2003)), representative agent models without FIRE for A = 0 and
m € [0,1) as, for example, in Gabaix (2019), Angeletos and Lian (2018), and Woodford (2019);
and TANK and tractable HANK models as e.g. in Bilbiie (2008), Bilbiie (2021), McKay et al.
(2017), or Debortoli and Gali (2018) for m = 1. In contrast to these classes of models, the
behavioral HANK model combines the indirect general equilibrium amplification of monetary
policy with a resolution of the forward guidance puzzle and stability at the ELB. In representative
agent models monetary policy mainly works through direct intertemporal substitution channels
and these models do not feature 1. # 1, rational HANK models on the other hand do not feature
1y < 1 and 9. > 1 simultaneously as discussed in Section 1.3.2. Hence, if we abstract from either
bounded rationality or household heterogeneity (or both), the models fails in accounting for the

four facts about the transmission mechanisms and effectiveness of monetary policy.

1.4 The Full Behavioral HANK Model

In this section, we move from the limited-heterogeneity setup described in Section 1.2 to an incom-
plete markets setup as in Bewley (1986), Huggett (1993), and Aiyagari (1994) which is standard
in the quantitative HANK literature. There is a continuum of ex-ante identical households all sub-
ject to idiosyncratic productivity risk, incomplete markets, and exogenous borrowing constraints.
Households self-insure against their idiosyncratic risk by accumulating government bonds. Bonds
are now in positive net supply as the fiscal authority issues real government debt, BY. To finance
its interest payments, the fiscal authority collects tax payments from households. Given these
assumptions, households differ ex-post in their productivity level, e, and their wealth B. The
households’ utility function is the same as in the tractable model (equation (1.1)).

Household 7 faces the budget constraint

Cit + Bi];:l = B, + Wie; 1 Niy + Did(eir) — 7i(eir)
and the borrowing constraint B; ;1 > B, where B denotes an exogenous borrowing limit. House-
holds receive a share of the dividends, D,d(e;), conditional on their productivity, and pay taxes
also conditional on their productivity, 7;(e;;). Note that this way, taxes are non-distortionary in
the sense that they do not show up in the household’s first-order conditions. In line with McKay
et al. (2016), we assume that only the households with the highest productivity pay taxes.

We introduce bounded rationality in the same way as in our tractable model. Households are
fully rational with respect to their idiosyncratic risk, but they cognitively discount the effects of
aggregate shocks. Let Cf’w = C(eit, Biy, Z ) denote consumption of household 7 in period ¢ with

idiosyncratic productivity e;; and asset holdings B;; when all aggregate variables are in steady
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state, indicated by Z. Here, Z potentially denotes a whole matrix of aggregate variables, including,
for example, news shocks (i.e., forward guidance shocks). In other words, C;; denotes consumption
of household i with productivity e;, and asset holdings B;; in the stationary equilibrium. In case
of an aggregate shock, Z, # Z, consumption is denoted by Cir = C(eir, Bit, Z;). Assuming as
in the tractable model that the household anchors her expectations to the stationary equilibrium

implies the following Euler equation

Cid = BREM [CL]
= BRE]" [C 00+ (Cifa — Ci)]
= BRE, [C +m (Cily — Cia)] (1.21)

where the rational expectations operator E;[-] denotes the expectations that a fully rational house-
hold would have in the behavioral economy. Equation (1.21) illustrates that when households form
expectations about their marginal utility in the next period, their expectations about the marginal
utilities associated with each possible individual state are anchored to the marginal utilities as-
sociated with these states in stationary equilibrium.'® As usual, the Euler equation holds with
equality for non-constrained households while it holds with strict inequality for households whose
borrowing constraint binds. The labor-leisure condition is identical to the one in the tractable
model and holds for every household. With rational expectations (m = 1), the model collapses to
a standard rational one-asset HANK model, similar to McKay et al. (2016) or Debortoli and Gali
(2018).

Calibration. Most of the calibration is standard in the literature. As in the tractable model,
we set the cognitive discounting parameter to m = 0.85. We set the dividend shares in order to
match the fact that households with higher MPCs (which is highly correlated with lower produc-
tivity states) tend to be more exposed to aggregate income changes induced by monetary policy
(Patterson (2022)). Consistent with the data and the tractable model, this results in a calibra-
tion in which households with higher productivity receive a larger share of the dividends than
households with a lower productivity. Our calibration implies a correlation between the individual
MPC and the change in gross incomes after a monetary policy shock of 0.36. We set the amount
of government debt to match the aggregate MPC of 0.16 out of an income windfall of 5008, as
in Kaplan et al. (2018). This results in a government debt-to-annual-GDP level of 50%. Further
details and the rest of the calibration are relegated to Appendix A.5.

16Note, that this assumption about the anchor value has the desirable property that to first order the individual
endogenous state variable, B; ;, is not cognitively discounted, reflecting the fact that the household knows her asset
holdings.
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1.4.1 Monetary Policy

We now consider two monetary policy experiments. First, a one-time conventional expansionary
monetary policy shock and second, a forward guidance shock that is announced today to take
place k periods in the future. In particular, we assume that the monetary authority announces in
period 0 to decrease the nominal interest rate by 10 basis points in period k and keeps the nominal
rate at its steady state value in all other periods. Following Farhi and Werning (2019), we focus
on the case with fully rigid prices such that the change in the nominal rate translates one for one
to changes in the real rate and is thus also consistent with the exercise in McKay et al. (2016). In
addition, we also follow Farhi and Werning (2019) and McKay et al. (2016) in assuming that the

government debt level remains constant, BY = B¢.

Figure 1.1: Monetary Policy and Forward Guidance
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Note: This figure shows the response of total output in period 0 to anticipated one-time monetary policy shocks
occurring at different horizons k, relative to the response in the representative agent model under rational expecta-
tions (normalized to 1). The blue-dashed line shows the results for the behavioral HANK model, the orange-dotted
line for the rational HANK model with countercyclical inequality and the black-dashed-dotted line for the rational
HANK model with procyclical inequality.

Figure 1.1 shows on the vertical axis the response of output in period 0, dYj, to an announced
real rate change implemented in period %k (horizontal axis). The white horizontal line represents
the response in the rational RANK model (normalized to 1). The constant response in RANK is
a consequence of the assumption that forward guidance is implemented through changes in the
real rate.

The blue-dashed line shows the results for the behavioral HANK model. We see that contem-
poraneous monetary policy has stronger effects than in RANK. As estimated by Patterson (2022),
we obtain an amplification of 20% compared to the case in which all households are equally ex-
posed. The intuition is the same as in the tractable model: as households with higher MPCs tend

to be more exposed to aggregate income changes, monetary policy is amplified through indirect
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general equilibrium effects. Turning again to an AR(1)-process with a persistence of 0.6, we find
that indirect effects account for 53% of the total effect in the quantitative behavioral HANK con-
sistent with our tractable model. At the same time, the behavioral HANK model does not suffer
from the forward guidance puzzle, as shown by the decline in the blue-dashed line. Interest rate
changes announced to take place in the future have relatively weaker effects on contemporaneous
output and the effects decrease with the horizon.!”

In contrast, the orange-dotted and the black-dashed-dotted lines highlight the tension in ra-
tional HANK models. When households with high MPCs tend to be more exposed to aggregate
income fluctuations—which corresponds to y > 1 in the tractable model and which we refer to
as the countercyclical HANK model—contemporaneous monetary policy is as strong as in the
behavioral model. But with rational expectations the amplification through indirect effects ex-
tends intertemporally and results in an aggravation of the forward guidance puzzle. Indeed, we see
from the orange-dotted line that the farther away the announced interest rate change takes place,
the stronger the response of output today. A change that is announced to take place in twenty
quarters leads to a response of today’s output that is about 50% stronger than a contemporaneous
monetary policy shock.

When, in contrast to the data, households with higher MPCs tend to be less exposed to aggre-
gate income fluctuations—y < 1 in the tractable model and which we refer to as the procyclical
HANK model—the rational HANK model resolves the forward guidance puzzle (see McKay et al.
(2016)). But the procyclical HANK model is unable to generate amplification of contemporaneous
monetary policy (see black-dashed-dotted line) and will have quite different policy implications,

as we will see in Section 1.5.

Sticky wages. So far, we have assumed that prices are sticky and wages are fully flexible. We
show in Appendix A.5.1 that our results remain robust if instead we allow prices to be fully flexible

but wages to be sticky.

Stronger amplification. In our baseline calibration, contemporaneous monetary policy shocks
are 20% more effective compared to the representative agent model. In Appendix A.5.2, we show
that cognitive discounting still resolves the forward guidance puzzle even when doubling the initial
amplification to 40%. While the forward guidance puzzle gets substantially exacerbated in the
rational model, the behavioral HANK model still resolves the puzzle and thus, our results remain

robust.

Stability at the effective lower bound. To test the stability of the model at the effective
lower bound—fact (iv)—we consider a shock to the discount factor that pushes the economy to

the ELB for twelve periods, in the behavioral and the rational model. After that the shock jumps

1"We find that for our baseline calibration the behavioral HANK model resolves the forward guidance puzzle as
long as m < 0.96.
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back to its steady state value. Consistent with the tractable model, the recession in the rational
model is substantially more severe. While output drops on impact by 5% in the behavioral model,

it drops by 10% in the rational model (see Appendix A.5 for details).

Fiscal multipliers. We furthermore show that the quantitative behavioral HANK model gener-
ates positive consumption responses to a fiscal spending shock under a constant real rate. To this
end, we consider a temporary increase in government consumption financed by lump-sum trans-
fers. To such a fiscal policy shock private consumption increases independently of the persistence
of the fiscal shock (see Appendix A.5 for details).

Overall, we conclude that our main insights of the tractable behavioral HANK model carry over
to the quantitative behavioral HANK model and that also the quantitative model simultaneously

accounts for the facts (i)-(iv) outlined in the introduction.

1.4.2 Heterogeneous Cognitive Discounting

So far, we have assumed that all households exhibit the same degree of rationality. In reality,
however, there might be heterogeneity with respect to the degree of cognitive discounting. Indeed,
as we show in Appendix A.2.1, while underreaction is found across all income groups, the data
suggests that higher income households deviate somewhat less from rational expectations. To
model this, we assume that a household’s rationality is a function of her productivity level e:
m(e=ey) = 0.8, m(e =ep) = 0.85 and m(e = ey) = 0.9.

This parameterization serves three purposes: first, the lowest-productivity households exhibit
the largest deviation from rational expectations and the degree of rationality increases monotoni-
cally with productivity. Second, the average degree of bounded rationality remains 0.85 such that
we can isolate the effect of heterogeneity in bounded rationality from its overall level. And third,
this is a rather conservative parameterization—both in terms of the degree of heterogeneity and
in the level of rationality—compared to the results in the data which points more towards lower
levels of rationality across all households and less dispersion. We discuss alternative calibrations—
including one in which a subgroup of households is fully rational—in Appendix A.5.

Figure 1.2 compares the model with heterogeneous degrees of bounded rationality (black-
dashed-dotted line) to our baseline quantitative behavioral HANK model (blue-dashed line) for
the same monetary policy experiments as above. The effect of a contemporaneous monetary policy
shock is practically identical across the two scenarios consistent with the insight that amplification
of a contemporaneous monetary policy shock is barely affected by the degree of rationality. At
longer horizons, however, monetary policy is more effective in the economy in which households
differ in their degrees of rationality.

There are two competing effects: first, high productivity households are now more rational such
that they react stronger to announced future changes in the interest rate compared to the baseline

which increases the effectiveness of forward guidance. Second, low productivity households are
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Figure 1.2: Heterogeneous m and Monetary Policy
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Note: This figure shows the response of total output in period 0 to anticipated i.i.d. monetary policy shocks
occurring at different horizons k for the baseline calibration with m = 0.85 for all households (blue-dashed line)
and for the model in which households differ in their levels of cognitive discounting (black-dashed-dotted line).

less rational which tends to dampen the effectiveness of forward guidance. Yet, a large share of
low productivity households are at their borrowing constraint and, thus, do not directly react to
future changes in the interest rate anyway while most of the high productivity households are
unconstrained. Hence, the first effect dominates and forward guidance is more effective compared
to the baseline model. Overall, however, the differences across the two calibrations are rather
small. As we show in Appendix A.2.1, even when the highest productivity households are fully
rational the forward guidance puzzle is resolved and the effects of forward guidance vanish quite

quickly with the horizon.

1.5 Policy Implications: Inflationary Supply Shocks

Having established that the behavioral HANK model is consistent with recent facts about the
transmission and effectiveness of monetary policy, we now use it to revisit the policy implications
of inflationary supply shocks. Many advanced economies have recently experienced a dramatic
surge in inflation and at least part of this is attributed to disruptions in production, such as supply-
chain “bottlenecks” (see, e.g., di Giovanni et al. (2022)). We model these disruptions as a negative
total factor productivity (TFP) shock and analyze how monetary policy has to be implemented
after such a shock in order to stabilize inflation.

Production of intermediate-goods firm j is now given by Y;(j) = A;N,(j), where A; is total
factor productivity following an AR(1)-process, A; = (1 — pa)A + paA;_1 + &, and £ is an i.i.d.
shock, A the steady-state level of TFP and p, the persistence of A, which we set to ps = 0.9.
Each firm can adjust its price with probability 0.15 in a given quarter and we assume that firms

have rational expectations to fully focus on the role of bounded rationality on the household side.
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Government debt is time-varying and total tax payments, T}, follow a standard debt feedback
rule, T, —T = 19%)1/_—3, where we set ¥ = 0.05. We consider two different monetary policy regimes:
in the first one, monetary policy follows a strict inflation-targeting rule and implements a zero
inflation rate in all periods. In the second one, monetary policy follows a standard Taylor rule.

The size of the shock is such that output in the model with fully-flexible prices, complete
markets and rational expectations—what we from now on call potential output—decreases by 1%
in terms of deviations from its steady state. We normalize the leisure parameter in the complete
markets, flexible price model such that it has the same steady state output as our behavioral HANK
model. The output gap is then defined as the difference between actual output and potential output
divided by steady state output.

Figure 1.3 shows the impulse-response functions of output, the output gap, inflation, nominal
interest rates, government debt and the consumption Gini index as a measure of inequality after
the negative supply shock when monetary policy fully stabilizes inflation. The blue-dashed lines
show the responses in the behavioral HANK model and the orange-dotted lines in the rational
HANK model. The output responses are almost indistinguishable across the two models and
practically identical to the fall in potential output such that the output gap is essentially zero.

Yet, the reaction of monetary policy differs significantly across the two models. The nominal
interest rate in the behavioral HANK model increases twice as much on impact as in the rational
HANK model. The reason is that behavioral households cognitively discount the future higher
interest rates that they expect due to the persistence of the shock. Hence, these expected higher
future rates are less effective in stabilizing inflation today. Thus, to induce zero inflation in every
period, monetary policy needs to increase interest rates by more than in the rational HANK model,
in which the expected future interest rate hikes are very powerful. As this line of reasoning applies
in each period, the interest rate in the behavioral HANK model remains above the interest rate
in the rational model.

Raising interest rates increases the cost of debt for the government which it finances in the short
run by issuing additional debt. The bottom-middle panel in Figure 1.3 shows that government debt
in the behavioral model increases by more than twice as much as in the rational model. Thus, the
fiscal implications of monetary policy are larger due to the stronger response of monetary policy.

On top of the stronger increase in government debt and interest rates, consumption inequality
increases more strongly in the behavioral model compared to the rational model. The reason is that
along the wealth distribution, increases in the real interest rate redistribute to wealthier households
and, hence, to households who already have a higher consumption level. As the increases in the
real interest rate are higher in the behavioral HANK model, these redistribution effects are more
pronounced. Because monetary policy fully stabilizes inflation and the output gap, dividends and
wages fall by the same relative amount after the productivity shock, such that each household’s
labor and dividend income falls by the same amount. Hence, the redistribution channels present

in Sections 1.3 and 1.4 after policy shocks are muted here.
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Figure 1.3: Inflationary supply shock:

strict inflation-targeting
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime. Output and the output gap are shown as percentage deviations from
steady state output, the nominal interest rate and inflation as annualized percentage points and the government
debt level as percentage point deviations of the debt-per-annual GDP level. The lower-right figure shows the change
in the consumption Gini index as a percentage deviation from the stationary equilibrium.

In Appendix A.6.6, we show that both the increase in consumption inequality and the impli-
cations for fiscal policy are even more evident when initial debt levels are high, especially in the
behavioral HANK model.

How do these results change when monetary policy follows a standard Taylor rule? Figure 1.4
shows the case when monetary policy follows a simple Taylor rule (1.7) with a feedback coefficient
of 1.5. Inflation and the output gap increase by substantially more in the behavioral HANK than in
its rational counterpart even though the (nominal and real) interest rate increases by more as well.
The reason is a novel amplification channel arising because of household heterogeneity, cognitive
discounting and the interaction of the two: the positive output gap increases wages and decreases

profits relative to the inflation stabilizing regime in the same way as expansionary policy shocks
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Figure 1.4: Inflationary supply shock: Taylor rule
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Note: This figure shows the impulse responses after a productivity shock for the case that monetary policy follows
Output and the output gap are shown as percentage deviations from steady state output, the
nominal interest rate and inflation as annualized percentage points and the government debt level as percentage
point deviations of the debt-per annual-GDP level. The lower-right figure shows the change in the consumption
Gini index as a percentage deviation from the stationary equilibrium.

a Taylor rule.

in Sections 1.3 and 1.4 do. This redistributes on average towards lower income and higher MPC
households which further increases the output gap and inflation. In addition, the higher expected
real interest rates in response to the negative supply shock lead to a negative deviation of expected
consumption from stationary equilibrium. In the behavioral HANK model, households cognitively
discount these negative deviations of expected consumption from stationary equilibrium and hence,
they decrease today’s consumption by less compared to fully rational households. This further
increases the output gap which amplifies the redistribution to high MPCs households which again
amplifies the increase in the output gap until the economy ends up in an equilibrium with a higher

output gap and higher inflation.'®
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Thus, while inflation and the output gap increase substantially when monetary policy follows
a Taylor rule, consumption inequality is now decreasing instead of increasing both in the rational
as well as in the behavioral HANK model and it decreases even more in the behavioral model
(see lower-right panel in Figure 1.4). While higher interest rates still redistribute to relative
consumption-rich households, this effect on consumption inequality is now dominated by the in-
crease in the output gap which redistributes to relatively consumption-poor households. Finally,
the government debt level also increases more than in the rational HANK model, but both increase

by less than when monetary policy fully stabilizes inflation.

Decomposition of the amplification channel. In the behavioral HANK model inflation
increases substantially more than in RANK (inflation in RANK increases by 1 percentage point
on impact, see Appendix A.6.3). How much of the additional inflation increase in the behavioral
HANK model is due to the underlying heterogeneity, cognitive discounting and the interaction
of the two? Figure 1.5 decomposes the amplification channel into these three components. It
shows the additional inflation increase in the behavioral HANK model compared to the inflation
increase in the RANK benchmark, that is ArPHANK = pBHANK _ pRANK = depicted by the
black-solid line. The figure further shows the additional inflation increase in the rational HANK

model AgHANE = pHANK _ 7 RANK (grange-dotted line) and the sum of the additional inflation

increases in the rational HANK model and the behavioral RANK model, AgAANK 4 AgBRANK
with AgBRANK = gBRANK _ RANK " which is depicted by the blue-dashed line.

ArHANE shows how much of the amplification compared to RANK is caused solely by house-

A?TtBRANK (

hold heterogeneity (indicated by the orange area). which corresponds to the blue area)

can be interpreted as the amplification coming from cognitive discounting alone. Correspondingly,
ATHANK 1 AgBRANK captures the amplification that would arise if cognitive discounting and
household heterogeneity are both present, but would not interact with each other. Thus, the dif-

ference between between AxBHANK and AgHANKE 4 AgBRANEK (

the gray area) depicts the extra
amplification coming from the complementarity of heterogeneity and cognitive discounting.
Under our baseline calibration, this complementarity amounts to about 10% on impact of the
inflation response in RANK (the inflation response in RANK is 1 percentage point on impact). As
the additional increase in the behavioral HANK, AxBHANEK “ig about 1.2 percentage points, the
complementarity explains about 8.5% of the additional increase. Under a more extreme calibration,
i.e., a cognitive discounting parameter of 0.6 instead of 0.85 and an unequal exposure of households
that implies an amplification of 30% instead of 20% of conventional monetary policy, implies that
the complementarity amounts to more than 70% of the impact inflation response in RANK (or
about 25% of the additional increase in that case). As we show in Figure A.11 in Appendix

A.6.1, the inflation increase that is due to the interaction becomes even larger than the one due

with persistence of 0.6 increases inflation on impact by 1.44 annualized percentage points in the rational HANK
model, by 1.24 in the behavioral HANK and by 1.03 in RANK.
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to household heterogeneity under this alternative calibration.

Figure 1.5: Decomposition of the Additional Inflation Increase
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Note: This figure shows the additional inflation increase in the rational HANK model compared to the rational
RANK model (orange-dotted line), the sum of the additional increase in the rational HANK and the behavioral
RANK compared to the rational RANK model (blue-dashed line) and the additional increase in behavioral HANK
model compared to the rational RANK model (black-solid line).

Given the larger sensitivity of inflation to supply shocks due to this novel amplification channel,
our model may hence offer a (partial) explanation for why many advanced economies have seen

large inflation increases following the Covid-19 pandemic.

Comparison to the procyclical HANK model. One of the reasons why the behavioral
HANK model amplifies supply shocks is that it is less responsive to expected future interest rates.
A natural question is then: how do its policy implications compare to those derived in rational
HANK models that are calibrated to resolve the forward guidance puzzle? As shown in Section
1.4, when all households receive an equal share of the dividends, the rational model can resolve
the forward guidance puzzle (McKay et al. (2016)). This implies that households with high MPCs
benefit less from income increases induced by monetary policy, thereby violating fact (ii).

Figure A.13 in the appendix shows that this "procyclical" rational HANK model predicts a
much weaker response of inflation to the same supply shock in the case of a standard Taylor rule.
The reason is that now the positive output gap redistributes on average to high-income and low
MPC households which further dampens aggregate demand. In other words, this model features
a dampening channel compared to RANK after supply shocks instead of an amplification channel
as in the behavioral HANK model.?

The two models also differ in terms of their cross-sectional implications: in the procyclical

19 Another take-away is that for a given persistent demand shock, the behavioral HANK model and a recalibrated
version of the procyclical HANK model could be observationally equivalent in terms of the output and inflation
response. Yet, these two models differ drastically after supply shock.
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HANK model, consumption inequality increases strongly whereas it decreases in the behavioral
HANK model.

If monetary policy fully stabilizes inflation, the procyclical HANK model becomes observation-
ally equivalent with the countercyclical HANK model (our baseline rational HANK model that
accounts for fact (ii))—both in terms of aggregates and in the cross-section—but not with the
behavioral HANK model. The reason is that now the output gap is closed which switches off the
channels that weaken the effects of expected future interest rate changes in the forward guidance
experiment. Households still fully incorporate the whole path of future interest rates, inconsistent
with the large empirical evidence on households’ inattention and underreaction to monetary policy
(Coibion and Gorodnichenko (2015a), Coibion et al. (2022a), D’Acunto et al. (2022) or Roth et al.
(2023)). In the behavioral HANK model, however, the resolution of the forward guidance puzzle is
due to a weakening of the expectations channel more generally, even when the output gap is kept
at zero. Thus, the underlying reason for the resolution of the forward guidance puzzle matters

when it comes to the monetary implications of supply shocks.

The role of the tax system. As the monetary authority raises interest rates more strongly in
the behavioral model after inflationary supply shocks, the spillovers to fiscal policy become larger.
Therefore, the tax system or the design of fiscal policy becomes more important. We highlight this
by considering a different tax system, in particular, a less-progressive one. While in the baseline
case only the high productivity households pay taxes, now all households pay taxes proportional
to their productivity (see Appendix A.6.5 for details).

We find that the increase in inequality in the full-inflation-stabilization case is much more
pronounced in the behavioral model when taxes are less progressive. Furthermore, the increase
in inequality is much more persistent. The reason is that more productive households tend to
be less borrowing constrained and thus, adjust their consumption on impact in expectation of
higher future taxes. Households at the borrowing constraint, however, reduce their consumption
once taxes actually increase. As these households tend to consume relatively little, consumption

inequality increases over time as taxes increase. Appendix A.6.5 shows these results graphically.

Heterogeneous m. When we incorporate heterogeneous m along the lines described in Section
1.4.2, we find that the trade-off is slightly weaker compared to our baseline while still signif-
icantly stronger than in the rational HANK model (see Appendix A.6.4). The reason is that
high-productivity households tend to be more likely to directly respond to monetary policy and as
these households are now closer to rational expectations, they respond more strongly to expected
future higher interest rates. Therefore, monetary policy has to react slightly less than in the case
with homogeneous degrees of cognitive discounting. In the case of a Taylor rule, the amplifica-
tion channel is also slightly less strong. Quantitatively, however, the differences are tiny and the

trade-off that arises due to households’ cognitive discounting remains substantial.
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Furthermore, heterogeneity in cognitive discounting affects the role of the fiscal regime. In
particular, as more productive households are less behavioral, the future expected increase in
taxes is almost fully accounted for by them. Less productive households, on the other hand,
cognitively discount these future expected tax increases more strongly and thus, respond less to
them on impact. Under a more progressive tax system, the first channel is more important and
hence, the initial effect on inequality is smaller in the case when monetary policy fully stabilizes
inflation and taxes are progressive. The reason is that more productive households—who tend to
consume more—decrease their consumption more strongly on impact as they expect future higher

taxes.

Behavioral firms. In Appendix A.6.7, we discuss the case in which firms cognitively discount
the future in the same way as households. The increase in inflation when monetary policy follows
a Taylor rule is somewhat muted whereas the increase in the output gap is amplified compared to
the case in which firms are rational. The reason is that firms discount the increase in their future
marginal costs and thus increase their prices not as strongly. According to the Taylor rule this
then leads to a smaller increase in interest rates so that households consume more, leading to an

increase in demand and thus, the output gap.

Cost-push shocks. So far, we have focused on the inflationary pressure coming from negative
TFP shocks. We show in Appendix A.6.8 that if the inflationary pressure comes from a cost-
push shock instead, the monetary and fiscal implications are very similar: the central bank needs
to raise interest rates much more strongly in the behavioral HANK model than in the rational
HANK model to fully stabilize inflation. This pushes up the government debt level, especially
in the behavioral HANK model. If monetary policy instead follows a Taylor rule, again inflation

is much more sensitive to the supply shock in the behavioral HANK model than in the rational

HANK model.

1.6 Model Extensions

We now extend the tractable model along three dimensions to show how the interaction of house-
hold heterogeneity and bounded rationality helps to match further empirical facts. First, we show
that the behavioral HANK model matches the empirical estimates of intertemporal marginal
propensities to consume (iMPCs) and how they depend on bounded rationality, heterogeneity
and the interaction of the two. Second, we allow for sticky wages and show how the interplay of
sticky wages, household heterogeneity and bounded rationality leads to hump-shaped responses of
macroeconomic variables in response to aggregate shocks as well as forecast-error dynamics consis-
tent with recent findings from survey data. Third, we derive an equivalence result between HANK

models with bounded rationality and HANK models with incomplete information and learning.
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1.6.1 Intertemporal MPCs

The HANK literature shows that intertemporal marginal propensities to consume are a key statistic
for conducting policy analysis (see, e.g., Auclert et al. (2018), Auclert et al. (2020), and Kaplan and
Violante (2022)).2° We follow the tractable HANK literature and define the aggregate iMPCs as
the partial derivative of aggregate consumption at time k, ¢, with respect to aggregate disposable
income, ¥y, keeping everything else fixed (see Bilbiie (2021), Cantore and Freund (2021)). The
following Proposition characterizes the iMPCs in the behavioral HANK model (see Appendix A.7

for the derivation).

Proposition 4. The intertemporal MPCs in the behavioral HANK model, i.e., the aggregate con-
sumption response in period k to a one-time change in aggregate disposable income in period 0,

are given by

de 1—\
MPCy =20 1~ — X
d1jo sm
e, 11—\
MPCy, = d—f = X (B =) Y for k>0,
Yo Sm

where the parameters py and o depend on the underlying parameters, including m and x and are

explicitly spelled out in Appendiz A.7.

We calibrate the model annually as most of the empirical evidence on iMPCs is annual (see
Fagereng et al. (2021) and Auclert et al. (2018)). We set s = 0.8 and 5 = 0.95, and keep the rest
of the calibration as in Section 1.3. Figure 1.6 graphically depicts how the interplay of bounded
rationality m and household heterogeneity x determines the size of the aggregate iMPCs. The
left panel depicts the aggregate MPCs within the first year (in period 0) and the right panel the
aggregate MPCs within the second year (in period 1). Darker colors represent higher MPCs. First,
note that with our baseline calibration—y = 1.35 and m = 0.85 as shown by the black dots—the
behavioral HANK model generates iMPCs within the first year of 0.52 and within the second year
of 0.15. These values lie within the estimated bounds for the iMPCs in the data (Auclert et al.
(2018)) which are between 0.42 — 0.6 for the first and 0.14 — 0.16 for the second year (see dashed
lines). Away from our baseline calibration, an increase in y increases the MPCs in the first year
but decreases them in the second year. In contrast, an increase in m increases the aggregate MPC
in the first year and in the second year.

Let us first turn to the role of x for the iMPCs. Recall, the higher y the more sensitive is the
income of the H households to a change in aggregate income. Thus, with higher y, H households
gain weight in relative terms for the aggregate iMPCs while unconstrained households loose weight
in relative terms. This pushes up the aggregate MPC within the first year as the H households

spend all of their income windfall, but pushes down the aggregate MPC within the second year
208ee, e.g., Lian (2023) or Boutros (2022) for MPC analyses in models deviating from FIRE.
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Figure 1.6: Intertemporal MPCs, Bounded Rationality and Household Heterogeneity
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Note: This figure shows the aggregate intertemporal MPCs in our tractable model, i.e., the aggregate consumption
response in year 0 (left) and year 1 (right) to a change in aggregate disposable income in year 0 for different x
(horizontal axis) and /m (vertical axis). The dashed lines show the range of empirically-estimated iMPCs and the
black dot shows the model estimate given our baseline calibration. Darker colors represent higher MPCs (see the
colorbars on the right side of the figures).

as households that were hand-to-mouth in the period of the income windfall have a MPC of 0 in
the second year.

Bounded rationality, captured by m, affects only the MPCs of the initially-unconstrained
households as these are the only households who intertemporarily optimize. Their Euler equation
dictates that the decrease in today’s marginal utility of consumption—due to the increase in
consumption—is equalized by a decrease in tomorrow’s expected marginal utility. For behavioral
households, however, the decrease in tomorrow’s marginal utility needs to be more substantial
as they cognitively discount it. Hence, behavioral households save relatively more out of the
income windfall. This pushes down the aggregate MPCs in t = 0. The same is true for the
aggregate MPC in ¢ = 1, in which there are now two opposing forces at work: on the one hand,
unconstrained households again cognitively discount the expectations about the future decrease
in their marginal utility which depresses their consumption. On the other hand, unconstrained
households have accumulated more wealth from period ¢ = 0 which tends to increase consumption.
Given our calibration, the former dominates in t = 1. Figure A.25 in Appendix A.7 shows that,
beginning in k = 3, the latter effect starts to dominate. For a higher idiosyncratic risk of becoming
hand-to-mouth, i.e., an increase in the transition probability 1 — s, the aggregate MPC is already
higher in ¢ = 1 for lower m. The reason is that a smaller fraction of initially-unconstrained
households remains unconstrained which pushes consumption upwards in & = 1 (see Figure A.26
in Appendix A.7).
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The effects of a change in m are more pronounced at lower levels of x. This follows directly
from our discussion about the role of y and m: the lower x, the higher is the relative importance
of unconstrained households for the aggregate iMPCs and, in turn, the stronger is the effect of m
on the aggregate iMPCs. These interaction effects are quite substantial: at y = 1.35, a decrease
of m from 1 to 0.65 decreases the M PCj by 8% and the M PC; by more than 11%.

1.6.2 Sticky Wages

Recent HANK models have relaxed the assumption of fully-flexible wages and rather assume wages
to be sticky, bringing these models closer to the data (see, e.g., Auclert et al. (2020) or Broer et al.
(2020)). To introduce sticky wages, we follow Colciago (2011) and assume a centralized labor
market in which a labor union allocates the hours of households to firms and makes sure that U
and H households work the same amount. The labor union faces the typical Calvo (1983) friction,
such that it can re-optimize the wage within a given period only with a certain probability, giving
rise to a wage Phillips Curve. We assume that the labor union sets wages based on rational
expectations to focus on the effects of bounded rationality solely on the household side.

The wage Phillips curve is given by
T = PR+ Rl

where 7" denotes wage inflation, &, the slope of the wage Phillips curve and 1}’ is a time-varying
wage markup, given by 11y’ = ¢ + ¢ny — wy. We set k,, = 0.075 as in Bilbiie et al. (2022).

We follow Auclert et al. (2020) and introduce interest-rate smoothing in the Taylor rule: 7, =
pitr_1 + (1 — ps)om: + eMP with p; = 0.89 and ¢ = 1.5 as estimated by Auclert et al. (2020)
and assume the shocks e to be completely transitory. Similar to the wage setters, we assume
price-setting firm managers to be fully rational, giving rise to the standard New Keynesian Phillips
curve

7 = BEm1 + Keincy,

where me; denotes the time-varying price markup. The rest of the model is as above. We relegate

the details and the parameterization to Appendix A.8.

Hump-shaped responses to monetary policy shocks. Figure 1.7 shows the impulse-response
functions of output, real wages and consumption of the two household types to a monetary policy
shock for the behavioral HANK model with sticky wages (blue-dashed lines). Importantly, the
figure shows that the output response to a monetary policy shock is hump-shaped in the behavioral
HANK model but neither in its rational counterpart (orange-dotted lines) nor in its representative-
agent counterpart (black-solid lines show the rational RANK results and the black-dashed-dotted
lines the results for the behavioral RANK model).

Wage rigidity leads to a hump-shaped response in real wages, which is the case in all four
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models. Since wages determine the H households’ income in the rational and the behavioral
HANK, their consumption also follows a hump-shape (see lower right figure). Crucial for the
overall response, however, is not only the response of H households but also the response of

unconstrained households.

Figure 1.7: Monetary Policy Shock with Sticky Wages
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Note: This figure shows the impulse-response functions of output, real wages and consumption of the two household
types to a monetary policy shock in the tractable behavioral HANK model, the rational and the behavioral RANK
model and the rational HANK model with sticky wages. The shock size is normalized such that output in the
rational HANK model increases by 1pp on impact.

Under rational expectations, unconstrained households perfectly understand how the consump-
tion of H agents will respond in the future and what this implies for their idiosyncratic risk induced
by type switching. In particular, they understand already on impact that their self-insurance mo-
tive will be relaxed for some periods. Thus, unconstrained households immediately cut back on
precautionary savings and, thus, their consumption responds strongly on impact. Under bounded
rationality, however, unconstrained households cognitively discount the future and underreact to
the expected increase in wages and, thus, the relaxation of their idiosyncratic risk. Hence, on im-
pact, they do not cut back on precautionary savings as strong as a rational household would. Going
forward, they learn that their self-insurance motive is still (or even more) relaxed. As a conse-
quence, their consumption decreases more slowly inducing a flatter consumption profile compared
to a rational unconstrained household. It is the combination of the flatter consumption profile of
unconstrained households and the hump-shaped consumption profile of the hand-to-mouth that

generates the hump-shaped response of consumption in the aggregate.
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The model with a representative (rational or behavioral) agent does not generate the hump-
shaped response. The reason is that without hand-to-mouth agents, the wage profile does not
translate into hump-shaped consumption of (a sub population of) households to begin with. It
is thus indeed the interaction of household heterogeneity and bounded rationality that produces
these hump-shaped responses.

Auclert et al. (2020) argue that many macroeconomic models fail to generate the micro jumps
and macro humps that we observe in the data, i.e., iMPCs that respond strongly on impact and
hump-shaped responses of macroeconomic variables to aggregate shocks. Our results on iMPCs in
Section 1.6.1 as well as the results presented in Figure 1.7 show how the behavioral HANK model
offers a tractable analogue to the full-blown HANK model presented in Auclert et al. (2020).

Forecast-error dynamics. We now show that the sticky-wage behavioral HANK model gen-
erates dynamic forecast errors as observed in survey data. In particular, households’ expectations
initially underreact followed by delayed overreaction as recently documented empirically in An-
geletos et al. (2021) for unemployment and inflation and in Adam et al. (2022) for housing prices.
Consistent with the empirical exercise in Angeletos et al. (2021), we focus on three-quarter ahead

forecasts. For a variable T, the three-period ahead forecast error is defined as

T —_ — 3 A~
F t+h+3[t+h — Lt+h+3 — T Eth [Ternia] s

such that a positive forecast error means the forecast was lower than the actual outcome.

Figure 1.8 shows the forecast errors of output, the real wage and consumption of the two
household types starting in the first period in which the expectations start to change which in this
case corresponds to the fourth period after the shock. For completeness, the orange-dashed lines
at zero show that under rational expectations, i.e., m = 1, forecast errors are equal to 0. In the
behavioral HANK model, however, this is not the case. In fact, forecast errors are positive in the
first few quarters after the shock, illustrating the underreaction of the agents’ expectations to the
shock.

After about 10-15 quarters, however, forecast errors turn negative. Put differently, the behav-
ioral agents’ expectations show patterns of delayed overreaction. In contrast to Angeletos et al.
(2021) or Adam et al. (2022), the behavioral HANK model with sticky wages generates these
dynamic patterns of forecast errors even though the behavioral agents’ expectations are purely
forward looking.

Where does the delayed overshooting come from? As figure 1.7 shows, output falls below its
steady-state level after some periods in the HANK models. The reason is that with sticky wages,
wages increase very persistently. In HANK, this makes the consumption of the H households
very persistent which, ceteris paribus, makes the increase in aggregate demand more persistent.

Monetary policy reacts to this by increasing the nominal interest rate more strongly and more
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Figure 1.8: Forecast Errors with Sticky Wages in Response to a Monetary Policy Shock

0.3 Forecast Error Output 0.3 Forecast Error Wage
N —Behavioral RANK f \\\
N - - Behavioral HANK .
o 020 N HANK and RANK o 02 T
R \ S S
'5 0.1 s q%‘ 0.1 N
=] N =] S
= 0 porereremsenm T —— = 0 = ==
-0.1 -0.1
10 20 30 10 20 30
0.15 Forecast Error U Consumption 0.6 Forecast Error H Consumption
"
\
\ \
g 01 \\ g 04 \\
e \ e Py
< \ @
= 0.05 \ = 0.2 2
o \ ) Q
T v .
=} \ =] N
=0 Yo — = 0 R
-0.05 -0.2
10 20 30 10 20 30

Note: This figure shows the forecast error dynamics of output, the real wage, consumption of unconstrained
households and of hand-to-mouth households after an expansionary monetary policy shock in the tractable model.

persistently. Due to inertia in the Taylor rule, however, the interest rate stays high even as
aggregate demand returns to its steady state level, generating a mild recession after about 15
quarters (consistent with larger HANK models, see, for example, Auclert et al. (2020)). The
behavioral agents then not only underestimate the boom after the monetary policy shock in the
short-run, but also underestimate the mild recession in the medium-run, which causes the delayed
overshooting in their expectations.

Note that the behavioral RANK model (black-solid lines) does not generate these delayed
overreactions. Only when allowing for both—household heterogeneity and bounded rationality—
the model is able to generate hump-shaped responses of macroeconomic aggregates and forecast

error dynamics that are consistent with recent evidence from household survey expectations.

1.6.3 Bounded Rationality and Incomplete Information with Learning:
An Equivalence Result

In this section, we derive an equivalence result of heterogeneous-household models featuring
bounded rationality and those featuring incomplete information with learning. In particular,
we show how a change in the default value in the behavioral setup leads to an observationally

equivalent IS equation as in models with incomplete information and learning (see Angeletos and

39



Huo (2021) and Gallegos (2023)). To this end, we now assume that behavioral agents anchor
their expectations to their last observation instead of the steady state values which induces a

backward-looking component in the expectations as well as in the IS equation:

Proposition 5. Set the boundedly-rational agents’ default value to the variable’s past value X¢ =

Xi_1. In this case, the boundedly-rational agent’s expectations of X;y1 becomes
EBR (X 1] = (1 —m) X1 +mE, [ X,41] (1.22)

and the behavioral HANK IS equation is then given by
~ . 1 e
Ui = VB — Q/JC; (% — Etﬂtﬂ) +(1 —m)oy_1. (1.23)

Proposition 5 shows that the change in the agents’ default value does not change the existing
behavioral and heterogeneity coefficients ¥y and .. Yet, anchoring to past realizations introduces
an additional backward-looking term in the IS equation, similar to models relying on habit persis-
tence. The IS equation thus features myopia and anchoring as in Angeletos and Huo (2021) and
Gallegos (2023) who derive an IS equation with the same reduced form. Their setup, however, is
based on incomplete-information and learning. We complement their findings by showing how we

can generate the equivalent outcome based on a behavioral relaxation of FIRE.

1.7 Conclusion

In this paper, we develop a new framework for business-cycle and policy analysis: the behavioral
HANK model. To arrive at this framework, we introduce bounded rationality in the form of
cognitive discounting and household heterogeneity into a sticky price model. The model can
account for recent empirical findings on the transmission mechanisms of monetary policy. In
particular, households with higher marginal propensities to consume tend to be more exposed to
changes in aggregate income that are induced by monetary policy, leading to an amplification
of conventional monetary policy through indirect effects. Simultaneously, the model rules out
the forward guidance puzzle and remains stable at the effective lower bound. The model thus
overcomes a tension in existing models with household heterogeneity: when accounting for the
underlying heterogeneity, these models tend to aggravate the forward guidance puzzle and the
instability issues at the lower bound. Both, bounded rationality and household heterogeneity, are
crucial to arrive at our results.

The behavioral HANK model predicts that central banks that want to stabilize inflation after
an inflationary supply shock need to hike the nominal interest rate much more strongly than un-
der rational expectations—even in rational models that do not suffer from the forward guidance

puzzle. Hiking interest rates, however, leads to a more pronounced increase in public debt and

40



inequality, especially when initial debt levels are already high. Finally, we uncover a novel amplifi-
cation channel in response to negative supply shocks: when monetary policy follows a Taylor rule,
household heterogeneity and cognitive discounting both generate a larger increase in inflation and
the output gap and the two mutually reinforce each other.

Given its consistency with empirical facts about the transmission of monetary policy, the
behavioral HANK model provides a natural laboratory for both business-cycle and policy analysis.
Our framework can also easily be extended along many dimensions, some of which we have explored

in the paper, whereas others are left for future work.
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Appendix A

Appendix to Chapter 1

A.1 Model Details and Derivations

A.1.1 Derivation of y
In Section 1.2, we stated that
' = XU, (A1)

where y = 1+ ¢ (1 — ’%) is the crucial statistic coming from the limited heterogeneity setup. We
now show how we arrive at equation (A.1) from the H-households’ budget constraint, optimality
conditions and market clearing.

The labor-leisure condition of the H households is given by
(Ny)? = Wi(C) 7, (A.2)

and similarly for the U households. As we focus on the steady state with no inequality, we have
that in steady state C = C¥ = CV and N = NY = N¥ and market clearing and the production
function imply Y = C' = N, which we normalize to 1.

Log-linearizing the labor-leisure conditions yields

~H _ = ~H
Py = Wy — G

Yy = W — ¢, -
Since both households work for the same wage, we obtain

ony + e = ny + ey (A3)
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Log-linearizing the market clearing conditions yields

ne=Any + (1 - Any
G =X+ (1= Nz,

which can be re-arranged as (using y; = ¢; = 1)

N | N
N?Zﬁ(yt—)‘”t[{)
Eﬁj:m(’y\t—)\é\f).

Replacing n¥ and ¢/ in equation (A.3) then gives
i+ = (9 + )5 (A4)
The budget constraint of H households (accounting for the fact that bond holdings are zero in

equilibrium) is given by
ub

CH =W,NHI + ~ D (A.5)
In log-linearized terms, we get
=, +n + %c@, (A.6)
and using that @, = —d; = onfl + ~vel | we get
D
M = (gl + 4l (1 - MT) + Al (A7)

Using (A.4) to solve for n and plugging it into (A.7) yields

D
. ] O+ Y Y A~
Cf=@H7(1—7)+x( - Z/t—acf)-

Grouping terms, we obtain
& = XU,

with x =1+ ¢ (1 — ’%), as stated above.
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A.1.2 Derivation of Proposition 1.

Combining equations (1.8) and (1.10) with the bounded-rationality setup in equation (1.6) for
7% =0 as X{ is given by the steady state, we have
EFR[&)] =

Cii1 E, [/Cfu] = mxE; [Yi+1]

1—A Y
1_/\XEt [?Jt+1]-

S

o [E?H] = ml, [E?H] =m

Plugging these two equations as well as equation (1.10) into the Euler equation of unconstrained
households (1.12) yields

1—Ax . _1=A N _ N 1/~
1_ ;Cyt = SWT;(Et [Gea] + (1 = s)mxBe [Yr41] — ; (Zt - Etﬂtﬂ) .
Combining the E; [y;41] terms and dividing by 11__’\/\X yields the following coefficient in front of

E: [Z/J\t—i-l]:

_ 1—A
Ve =m S+(1_S)X1—)\x}

- -
=m|l-1+s+(1-s)x )\]

1—Ax
11—y 1—A
—m|1— -
m 1—)\X+S+< S)Xl—)\x}
[ 1=Xx (1—=Xx)s 1—A
= 1— 1—
LS s vl s v S v

I
3

[ 1—s
1—|—(X—1)1_)\X].

Defining . = ﬁ yields the behavioral HANK IS equation in Proposition 1:
~ ~ L~
Y = Uy — @/Jc; (Zt - Et7t+1> .

A.1.3 Derivation of Proposition 2.

The first part comes from the fact that amplification is obtained when

1—A

I/JC:]._/\X

> 1,
which requires x > 1, given that we assume throughout yA < 1.

For the second part, recall how we define the forward guidance experiment (following Bilbiie

(2021)). We assume a Taylor coefficient of 0, i.e., ¢ = 0, such that the nominal interest rate
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is given by i, = eMP  Replacing inflation using the Phillips curve (1.13), i.e., m; = K7, we can

re-write the behavioral HANK IS equation from Proposition 1 as
~ ~ 1 ~
U = By — wc; (5?/”3 - H]Etytﬂ)
1 ~ L mp
=V + =k | Etlry1 — e—gy
Y Y
The forward guidance puzzle is ruled out if and only if
1
('@Df + wC;H) < 1,

which is the same as the condition stated in Proposition 2:

11-A\
nd + — <1
mo + 1= )\Xli
Solving this for m yields
1 — A=2 g
< (1-XAx)
(S Y

which completes Proposition 2.

A.1.4 Derivation of Proposition 3.

Replacing?t by ¢m = ¢ryy and Eympy = KEgp4q in the IS equation (1.14), we get
. ~ 1 ~ N
Yy = ¢fEtyt+1 - 1/}C; (fbﬁyt - K]Etym) )
which can be re-written as
N 1 R 1
ye | 1+ wc;@i = Eiq1 | ¥y + ?ﬁc;fﬁ .

Dividing by (1 + @DC%QS/@) and plugging in for ¢y and v, yields

_ (1-N)k
@\t - m6 i =) t/y\t-i-l
- 1 (1=X) ’

1 + ligb; Ty

To obtain determinacy, the term in front of E;y;,; has to be smaller than 1. Solving this for ¢
yields
¢>¢*:1+m, (A8)
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which is the condition in Proposition 3. This illustrates how bounded rationality raises the like-
lihood that the Taylor principle (¢* = 1) is sufficient for determinacy, as the Taylor principle can
only hold if

mo < 1.

In the rational model, this boils down to § < 1. However, the Taylor principle can be sufficient un-
der bounded rationality, i.e., m < 1, even when ¢ > 1, thus, even when allowing for amplification.

Note that we could also express condition (A.8) as

Yy —1

¢>¢"=1+———.
3 e

Proposition 3 can be extended to allow for Taylor rules of the form

iy = Gumy + Oy

and in which the behavioral agents do not have rational expectations about the real interest rate

but rather perceive the real interest rate to be equal to

ﬂBR =4 — M Eymiga,
where m" can be equal to m or can potentially differ from it (if it equals 1, we are back to the
case in which the behavioral agent is rational with respect to real interest rates).
Combining the static Phillips Curve with the generalized Taylor rule and the behavioral HANK
IS equation, it follows that

_ Yyt SYem”
Y = i . EiYt11- (A.9)
L+ = (kor + )
From equation (A.9), it follows that we need
-1 mo — 1
¢ﬂ>mr—¢y+¢2}—£:ﬁlr—¢y+m (AlO)
cy T-xA 7y

for the model to feature a determinate, locally unique equilibrium. Condition (A.10) shows that
both, m" < 1 and ¢, > 0, weaken the condition in Proposition 3. Put differently, bounded
rationality with respect to the real rate or a Taylor rule that responds to changes in output, both

relax the condition on ¢, to yield determinacy.
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A.1.5 IS Curve with Government Spending
H = 7V = G, household H’s net income is:

(A.11)

Government spending is financed by uniform taxes, T,

D
@Hz@ +”t +Tdt Gt

where g, = log(G,/Y').
We first derive households H consumption as a function of total income ;. The good markets
(A.12)

clearing condition is now

U= + (1= NE + gi.
Plugging this and the labor market clearing condition into (A.3), yields
ey + ¢ = (¢ + 0 — 19 (A.13)
Replacing wages and the dividends in the households’ budget constraint yields
~H H H " H
ol = (gont + ¢, ) (1 — T) + 1 — gr. (A.14)
and using (A.13) yields:
P
e = (en" ++¢7) (1 — T) + 0 —g,. (A.15)
Finally, consumption of H is given by
~H ~ x—1
A.16
G =X |1 : + 1 g (A.16)
which is
. x—1
& =xG—g)+ 7 | 9t (A.17)
L+
The consumption of unconstrained households is then given by (using the market clearing
condition):
1—Ax /\ x — 1
U _
R R e s (A.18)

The IS curve in terms of aggregate consumption is then obtained by plugging the consumption

of the hand-to-mouth and of unconstrained households into the FEuler equation of unconstrained

households and using & = (7; — ¢:)-
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~ -1 1. ~
+(1 - S)EFR XCt+1 + i(—l— 5 | 9t+1| — —E, (i — m41),
©

. N 1 ~ A -1
G = watCt+1 - ;cht(zt - 7Tt+1) + 1+ % 1X_ b\ gt
Ao x—1 X—11-=X|_5r
— 1-— E
81—Axl+g+( >1+g1 A] s
N 1 ~ Ay —1 - B
= YRy — ;%Et(@t — 1) + ¢ 1(X_—>\X)(gt — mEgy1) + (6 — 1)mE;ge 4

with ¢ = ﬁ Replacing the expectations and taking the derivative with respect to g; yields the
@

consumption multiplier.

A.1.6 Derivation of Lemma 1

Let us first state a few auxiliary results that will prove helpful later. First, in log-linearized terms,

the stochastic discount factor is given by
lEtBRﬁgm = Eg - Sm]Etagrl - (1 - S)mEt/C\fil
and for 7 periods ahead:
“EPN = & — s — (1 - s Bl

Furthermore, we have:

1
BRAU _ mBR [U ~U ~H
;Et Qii1t12 = E; [Ct—l—l — 5Cyo — (1— S)Ct+2}

and the stochastic discount factor has the property

BR BR [~U ~U ~U
E; [Qt t+i} =E, [Qt,t+1 T Q142+ Qtﬂel,tﬂ'} .

)
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Using these results, EPF [thUt +J can be written as

1 _
;EtBRatU,tﬂ' = + (1 — s)mE, [&Jﬂ - é\EH]

or put differently
1
;Equt it MES,, =0 + (1 —9)E, » mF (¢, — ) - (A.19)

The (linearized) budget constraint can be written as

% = 7 1
E;" Z B ( Qi+ T Ct+z) =E/F Z g (‘@%H + /y\g»z)

EBRZﬁz ( Qtt+z) +Et2(5_ Covi = EBRZH ( qttﬂ) +Etz(6m)lg’gﬂ
i=0 i=0

Now, focus on the left-hand side and notice that the sum E; > (8m)'¢,, cancels with the
i=0
m'E,cY.; terms in equation (A.19) when summing them up. The left-hand side of the budget

constraint can thus be written as

k=1
1 o 1
- — &+ (- S)EtZﬁz mF (S, — i)
1-p5 :
=0 k=1
1 1—5 =,
“T 1—6Et;<5m> Saa

~ _ U BRAU BRAH
v =0 — B, — (L= s)Ey TG,
BRAU

E; dit115

and similarly,

1 . 1
A e _ BRAU
——m'Eriy; = —E, Qi trit1s
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where 7; is the (linearized) real interest rate.

Combining these results, we see that

= 1 1 1 i
E/" Z 52_@?&@' = _1——5Et Z (BM) T
=0 ) — B i=0
Plugging this into the right-hand side of the budget constraint and multiplying both sides by 1 —f
yields
& = ——BR+ (1= B — (1= s)E Y (Bm) (¢, —2tt)
=1

BB () Tosi + (1= BB Y (B G

i=1 =1

or written recursively
~U L
¢ = —§ﬁrt +(1-— B)yt + 5m5EtCt+1 + pm(1 — S)IEtctJrl

Now, aggregating, i.e., multiplying the expression for ¢ by (1 — )), adding Ac? and using

cl = 7, as well as g7 = 1{_&"@, yields the consumption function

— [1- B - )]G — Py + Bmd(1 = NEi@is1, (A.20)

(1-X)p
Y
as stated in the main text.
To obtain the share of indirect effects, note that the model does not feature any endogenous
state variables and hence, endogenous variables inherit the persistence of the exogenous variables,

p. Thus, E;¢;11 = p&;. Plugging this into the consumption function (A.20), we get

s 1-80-X) o (1-=XA)p -
CT T Bmop(1— a0 (1= Bmop(l— Ax))

The term in front of y; is the share of indirect effects.

A.1.7 Derivation of Proposition 5

To prove Proposition 5, we start from the Euler equation (1.12). Plugging in for ¢/, ¢/, and ¢%,

from equations (1.8) and (1.10), we get

1—A
1—Xy °

Uy = SEFR @tﬂ] +(1—5) EBR [yt-H] e </Z\t - Et'ﬁt—i—l) )
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which can be re-written as
Z/J\t = 5Efm [thﬂ] — e <?t - Etﬂ'tﬂ) .

Now, using the expectations setup from Proposition 5, we get JEPE[3,,1] = (1 — m)og;_1 +

mOE; [Y+1] which proves Proposition 5.

A.1.8 Cognitive Discounting of the State Vector

In Section 1.2, we assume that cognitive discounting applies to all variables, which differs slightly
from the assumption in Gabaix (2020) who assumes that cognitive discounting applies to the state
of the economy (exogenous shocks as well as announced monetary and fiscal policies). He then
proves (Lemma 1 in Gabaix (2020)) how cognitive discounting applies as a result (instead of as an
assumption) to all future variables, including future consumption choices. For completeness, we
show in this section how our results are unaffected when following the approach in Gabaix (2020).

Let X; denote the (de-meaned) state vector which evolves as
Xt+1 = GX (Xt, 5t+1) s (A21)

where G¥ denotes the transition function of X in equilibrium and e are zero-mean innovations.
Linearizing equation (A.21) yields
Xt+1 = FXt + Etatl, <A22)

where €, might have been renormalized. The assumption in Gabaix (2020) is that the behavioral

agent perceives the state vector to follow
Xt+1 = T?LGX (Xt, €t+1), (A23)

or in linearized terms
Xt+1 =m (FXt + €t+1> . <A24)

The expectation of the boundedly-rational agent of X, is thus EF® [X, 1] = mE,; [X; ] = mI'X,.
Iterating forward, it follows that EPR [X, ] = m*E, [X;x] = m*TRX,.

Now, consider any variable z(X;) with 2(0) = 0 (e.g., demeaned consumption of unconstrained
households CY(X})). Linearizing 2(X), we obtain z(X) = b% X for some b% and thus

EfR [2(Xeqr)] = EER (0% Xi1k]
= bicEtBR [Xt+k]
= _mekEt [Xt+k]

= m"E, (0% Xiv]
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= APE, [2(Xir)] -

For example, expected consumption of unconstrained households tomorrow (in linearized terms)
is given by
EFF [ (Xi)] = mE; [(Xipa)] (A.25)

which we denote in the main text as
EPR [&V,] = mE, [&%,,] . (A.26)
Now, take the linearized Euler equation (1.12) of unconstrained households:

1.
& =sEPR [ ]+ (1= s)EPH ] - ;rt, (A.27)

where ’//’\t = it — Etﬁt+1.

Using the notation in Gabaix (2020), we can write the Euler equation as
U (X,) = sEBR [ (X, )] + (1 — )EEE [6% (X,41)] — %?(Xt). (A.28)
Now, applying the results above, we obtain
Y (X,) = sy [ (Xear)] + (1 — 8)mEy [ (Xop)] — %?(Xt), (A.29)

which after writing ¢V (X;), ¢V (X;,1) and ¢ (X;,,) in terms of total output yields exactly the IS

equation in Proposition 1.

A.1.9 Microfounding m

Gabaix (2020) shows how to microfound m from a noisy signal extraction problem in the case of a
representative agent. Following these lines, we show how this signal-extraction problem generates
a setup in which the family head behaves as if she was boundedly rational.

The (linearized) law of motion of the state variable, X;, is given by X, 11 = I'X; 4+ 441 (a
similar reasoning extends to the non-linearized case), where X has been demeaned. Now assume
that every agent j within the family of unconstrained households (the expectations of the hand-

to-mouth agents are irrelevant) receives a noisy signal of X1, Sg 11, given by

o X;y1  with probability p
t+1 —
X{,, with probability 1 —p

where X/, is an i.i.d. draw from the unconditional distribution of X;,, which has an unconditional
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mean of zero. In words, with probability p the agent j receives perfectly precise information and
with probability 1 — p agent j receives a signal realization that is completely uninformative. A
fully-informed rational agent would have p = 1.
The conditional mean of X;,, given the signal Sf 41, is given by
Xe

i1 =E [Xt+1|St+1 = Sg+1} =P S{H'

To see this, note that the joint distribution of (X4, 57, ,) is

f(@ee, S{H) = pg(S{H)(Sng(SﬁtH) +(1 - p)g(Sngl)g(xtJrl)y

where g(Xyy1) denotes the distribution of X;;; and § is the Dirac function. Given that the

unconditional mean of X, is 0, ie., [@19(2441)dziir = 0, it follows that

) ) T " & Vo
E [Xer1|Sly = i) = Sz S t“; 141)dTe11
f f(xt-i-h St+1)d1}t+1

o pg(Sngl)SiJrl + (1 - 29)9(5{“) f$t+1g($t+1)dl’t+1
o J
9(5t+1)

]
= PSiy1-

The intuition is that the signal distribution is such that the agent either receives a perfectly precise
signal or a completely uninformative signal. As the perfectly-precise signal arrives with probability
p and the unconditional mean is zero, it follows that the agent puts a weight p on the signal.

Furthermore, we have
E [Se41]|Xi1] = pXipa + (1 = p)E |:Xt/+1} = pXig1-
So, it follows that the average expectation of X;,; within the family is given by

E [Xfﬂ(stﬂ)‘xtﬂ] =E [p : St+1\Xt+1]
=p-E [St+1|Xt+1]
= P2Xt+1'

Defining m = p? and since X,; = I'X; + &,41, we have that the family head perceives the law of

motion of X to equal

Xt+1 =1m (FXt + 5t+1> 3 (A?)O)

as imposed in equation (A.24). The boundedly-rational expectation of X, is then given by
EP [Xin] = mE; [Xi4a].
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A.2 Calibration

Our baseline calibration is summarized in Table A.1. The values for v and k are directly taken from
Bilbiie (2021, 2020) and are quite standard in the literature. Gabaix (2020), however, sets k = 0.11
and v = 5. Even though these coefficients differ quite substantially from our baseline calibration,
note that our results would barely be affected by this. To see this, note that amplification is only
determined by A and y, both independent of x and 7. The determinacy condition on the other
hand depends on both, x and 7, but what ultimately matters is the fraction % (see Proposition 3).
As k and « are both approximately five times larger in Gabaix (2020) compared to Bilbiie (2021)
and our baseline calibration, the fraction is approximately the same and thus, the determinacy

region under an interest-rate peg remains unchanged.

Table A.1: Tractable Model: Baseline Calibration

Parameter Description Value
v Risk Aversion 1

K Slope of NKPC 0.02
X Business-Cycle Exposure of H 1.35
A Share of H 0.33
S Type-Switching Probability 0.81/4
15} Time Discount Factor 0.99
m Cognitive Discounting Parameter 0.85

The household heterogeneity parameters, y, A and s are also standard in the analytical HANK
literature (see Bilbiie (2020)). The most important assumption for our qualitative results in Section
1.3 is x > 1. With A = 0.33, a x of 1.35 implies an amplification of conventional monetary policy
shocks of 20% compared to RANK] as estimated by Patterson (2022).

For figure 1.6, i.e., to compute the iMPCs we choose a yearly calibration with s = 0.8 and
8 =0.95.

The cognitive discounting parameter m. The cognitive discounting parameter m is set to
0.85, as in Gabaix (2020) and Benchimol and Bounader (2019). Fuhrer and Rudebusch (2004),
for example, estimate an IS equation and find that ¢y ~ 0.65, which together with 6 > 1, would
imply a m much lower than 0.85 and especially our determinacy results would be even stronger
under such a calibration.

Another way to calibrate m (as pointed out in Gabaix (2020)) is to interpret the estimates
in Coibion and Gorodnichenko (2015a) through the “cognitive-discounting lens”. They regress

forecast errors on forecast revisions

CG
Topn — Fixpn = ¢+ 077 (Fuon — Fioitgn) + g,
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where Fyx;,p denotes the forecast at time ¢ of variable x, h periods ahead. Focusing on inflation,
they find that ¢ > 0 in consensus forecasts, pointing to underreaction (similar results are, for
example, found in Angeletos et al. (2021) and Adam et al. (2022) for other variables).

In the model, the law of motion of x is z;1; = ' (x; + £,41) whereas the behavioral agents
perceive it to be z;11 = mI (x; 4+ e441). It follows that Fiay,, = (mf)h x; and thus, forecast

revisions are equal to

Fixyon — Fy1Topn = (mr)h Ty — (mr)hﬂ Ty—1

= (mD)"T(1 — m)weq + (M) &,

The forecast error is given by

h—1
Toon — Fwg =T — "oy +TM(1 — mM)e, + Z Mepin g,
=0
h=1
where > I'Vey,p,_; is the rational expectations forecast error. Gabaix (2020) shows that b9Y is
=0

bounded below b°¢ > lq_ﬂ—’ffh, showing that m < 1 yields b°¢ > 0, as found empirically. When

replacing the weak inequality with an equality, we get

h_ 1
S e

Angeletos et al. (2021) estimate b“ (focusing on a horizon h = 3) to lie between b°“ € [0.74,0.81]
for unemployment forecasts and b““ € [0.3,1.53] for inflation, depending on the considered period
(see their Table 1). These estimates imply m € [0.82,0.83] for unemployment and m € [0.73,0.92]
for inflation, and are thus close to our preferred value of 0.85. Note, however, that these estimates
pertain to professional forecasters and should therefore be seen as upper bounds on m. We now
turn to direct evidence on m for households (of different income groups). We find that households

are less rational than professional forecasters.

A.2.1 Estimating m for different Household Groups

To test for heterogeneity in the degree of cognitive discounting, we follow Coibion and Gorod-

nichenko (2015a) and regress forecast errors on forecast revisions as follows
e,BR e e,CG e,BR e,BR e
Tppg — By g ="+ b (Et T — E7T xt+4) +€f, (A.31)

to estimate b>“Y for different groups of households, indexed by e. As shown above, 6%¢“ > 0 is

consistent with underreaction and the corresponding cognitive discounting parameter is approxi-
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mately given by

1 1/4
e (W) . (A.32)

Ideally, we would use actual data and expectations data about future marginal utilities of
consumption which, however, are not available. Instead, we focus on expectations about future
unemployment. The Survey of Consumers from the University of Michigan provides 1-year ahead
unemployment expectations and we use the unemployment rate from the FRED database as our
measure of actual unemployment. Consistent with the model, we split the households into three
groups based on their income. The bottom and top income groups each contain the 25% households
with the lowest and highest income, respectively, and the remaining 50% are assigned to the middle
income group.

The Michigan Survey asks households whether they expect unemployment to increase, de-
crease or to remain about the same over the next twelve months. We follow Carlson and Parkin
(1975), Mankiw (2000) and Bhandari et al. (2022) to translate these categorical unemployment
expectations into numerical expectations.

e

Focus on group e € {L,M,H} and let ¢; ’D, q; S and qt’U denote the shares within income
group e reported at time ¢ that think unemployment will go down, stay roughly the same, or go
up over the next year, respectively. We assume that these shares are drawn from a cross-sectional
distribution of responses that are normally distributed according to N (1§, (of)?) and a threshold
a such that when a household expects unemployment to remain within the range [—a, a] over the

next year, she responds that unemployment will remaine "about the same". We thus have

S N ()
Oy Oy

which after some rearranging yields

e 2a

B e ()

py =a—o;®"! (1 —Qf’U> :

This leaves us with one degree of freedom, namely a. We make two assumptions. First, a is
independent of the income group. The second assumption is that we set a = 0.5 which means
that if a household expects the change in unemployment to be less than half a percentage point
(in absolute terms), she reports that she expects unemployment to be about the same as it is at
the time of the survey. Setting a = 0.1, for example, barely affects our results.

As the question in the survey is about the expected change in unemployment, we add the actual
unemployment rate at the time of the survey to pf to construct a time-series of unemployment

expectations, as in Bhandari et al. (2022). That said, we will also report the case of expected
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unemployment changes.

Given the so-constructed expectations, we can compute forecast revisions as

M — Mgy

and four-quarter-ahead forecast errors using the actual unemployment rate u; obtained from FRED
as
Uttq4 — M? <A33)

For the case of expected unemployment changes, we replace w14 with (u; 4 — ;) in equation
(A.33).
Following Coibion and Gorodnichenko (2015a), we then regress forecast errors on forecast
revisions
Uppa — iy = ¢+ b2 (g — py_y) + €, (A.34)

to estimate b for each income group e. Note, however, that the expectations in the forecast
revisions are about unemployment at different points in time. To account for this, we instrument

forecast revisions by the main business cycle shock obtained from Angeletos et al. (2020).

Table A.2: Regression Results of Equation (A.31)

IV Regression OLS
Bottom 25% Middle 50% Top 25% Bottom 25% Middle 50% Top 25%
(RS 0.85 0.75 0.63 1.22 1.10 0.90
s.e. (0.471) (0.453)  (0.401) (0.264) (0.282)  (0.247)
F-stat. 24.76 18.74 17.86 - - -
N 152 152 152 157 157 157

Note: This table provides the estimated %G from regression (A.31) for different income groups. The first three
columns show the results when the right-hand side in equation (A.31) is instrumented using the main business
cycle shock from Angeletos et al. (2020) and the last three columns using OLS. Standard errors are robust with
respect to heteroskedasticity and are reported in parentheses. The row “F-stat.” reports the first-stage F-statistic
for the IV regressions.

Table A.2 shows the results. The first three columns report the estimated b>““ from the IV
regressions and the last three columns the same coefficients estimated via OLS. Standard errors
are robust with respect to heteroskedasticity and are reported in parentheses. The row “F-stat.”

reports the first-stage F-statistic for the IV regressions. We see that in all cases peCG

is positive,
suggesting that households of all income groups tend to underreact, consistent with our assumption
of m < 1.

Using equation (A.32) we obtain m® equal to 0.86, 0.87 and 0.88 for the bottom 25%, the
middle 50% and the top 25%, respectively for the estimates from the IV regressions and 0.82,

0.83 and 0.85 for the OLS estimates. When estimating m¢ using expected unemployment changes
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instead of the level, the estimated m® equal 0.57, 0.59 and 0.64 for the IV regressions and 0.77,
0.80 and 0.86 for the OLS regressions.

There are two main take-aways from this empirical exercise: first, it further confirms that
m = 0.85 is a reasonable (but rather conservative) deviation from rational expectations. Second,
the data suggests that there is heterogeneity in the degree of rationality conditional on households
income. In particular, households with higher income tend to exhibit higher degrees of rationality.

If we consider inflation expectations instead of unemployment expectations, we obtain esti-
mated cognitive discounting parameters of 0.70, 0.75 and 0.78 for the bottom 25%, the middle
50% and the top 25%, respectively. Thus, somewhat lower than for unemployment and the differ-
ences across income groups are larger. In particular, higher-income households tend to be more
rational (they discount less) than lower-income households. The differences, however, are overall

rather small.

A.2.2 Robustness of Forward Guidance Puzzle Solution

In our baseline calibration, we set y such that we obtain an amplification of conventional monetary
policy shocks of 20% compared to the case in which all households are equally exposed to monetary
policy (i.e., ¥ = 1.2) for a given share of hand-to-mouth, A. In particular, we set A = 0.33. This
results in y = 1.35. But directly calibrating y is difficult, as it is hard to measure in the data.
Instead, we indirectly calibrate it in order to obtain some desired .. However, 1. depends on x
and A, and both matter for whether the model resolves the forward guidance puzzle or not.

We therefore show in Figure A.1 for different v, (on the horizontal axis) the highest m (on
the vertical axis) that still resolves the forward-guidance puzzle. The blue-dashed line shows this
for A = 0.33 and the orange-dotted line for A = 0.147 which is the share of borrowing-constrained
households in Farhi and Werning (2019).

We see that a m of 0.85 (as indicated by the black-solid line) rules out the forward-guidance
puzzle in almost all cases. Only at the relatively low A of 0.147 and a high ¢, > 1.48, we would
require a m of about 0.84 instead of 0.85 to rule out the forward-guidance puzzle. Given that
the empirical estimates point towards values of m € [0.6,0.85], we conclude the resolution of the
forward guidance puzzle in the behavioral HANK model with countercyclical income risk is quite

robust.

IThis is consistent with other empirical findings on heterogeneous deviations from FIRE. Broer et al. (2021a),
for example, document that wealthier households tend to have more accurate beliefs, as measured by forecast errors.
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Figure A.1: Robustness of FG Puzzle Solution
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Note: This figures show for different 1. (horizontal axis) the required m to resolve the forward-guidance puzzle on
the vertical axis. The blue-dashed line shows this for our benchmark calibration of A = 0.33 and the orange-dotted

line for A = 0.147.
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A.3 Figures to Section 1.3

A.3.1 Resolving the Catch-22

We graphically illustrate the Catch-22 (Bilbiie (2021)) of the rational model and the resolution
of it in the behavioral HANK model in Figure A.2. The figure shows on the vertical axis the
response of contemporaneous output relative to the initial response in the RANK model with
rational expectations for anticipated i.i.d. monetary policy shocks occurring at different times k
on the horizontal axis.?

The orange-dotted line represents the baseline calibration of the rational HANK model. We
see that this model is able to generate contemporaneous amplification of monetary policy shocks,
that is, an output response that is relatively stronger than in RANK. Put differently the GE effects
amplify the effects of monetary policy shocks. Yet, at the same time, it exacerbates the forward
guidance puzzle as shocks occurring in the future have even stronger effects on today’s output
than contemporaneous shocks.

The black-dashed-dotted line shows how the forward guidance puzzle can be resolved by al-
lowing for x < 1. Yet, this comes at the cost that the model is unable to generate amplification
of contemporaneous monetary policy shocks. Recent empirical findings, however, document that

GE effects indeed amplify monetary policy changes (Patterson (2022), Auclert (2019)).

Figure A.2: Resolving the Catch-22
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Note: This figure shows the response of total output in period 0 to anticipated i.i.d. monetary policy shocks
occurring at different horizons k (horizontal axis), relative to the initial response in the RANK model under
rational expectations (equal to 1).

The blue-dashed line shows that the behavioral HANK model, on the other hand, generates

2Under fully-rigid prices (i.e., x = 0) the RANK model would deliver a constant response for all k. The same
is true for two-agent NK models (TANK), i.e., tractable HANK models without type switching. Whether the
constant response would lie above or below its RANK counterpart depends on x < 1 in the same way the initial
response depends on x < 1.

60



Figure A.3: The Effective Lower Bound Problem
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Note: This figure shows the contemporaneous output response for different lengths of a binding ELB % (horizontal
axis) and compares the responses across different models.

both: amplification of contemporaneous monetary policy and a resolution of the forward guidance

puzzle, both consistent with the empirical facts.

A.3.2 Stability at the Effective Lower Bound

We illustrate the stability of the behavioral HANK model at the lower bound graphically in Figure
A.3. The figure shows the output response in RANK, the rational HANK and the behavioral
HANK to different lengths of a binding ELB (depicted on the horizontal axis). The shortcoming
of monetary policy due to the ELB, i.e., the gap (QELB — 'F") > 0, is set to a relatively small
value of 0.25% (1% annually), and we set m = 0.85.% Figure A.3 shows the implosion of output
in the rational RANK (back-solid line) and even more so in the rational HANK model (orange-
dotted line): an ELB that is expected to bind for 40 quarters would decrease today’s output in
the rational RANK by 15% and in the rational HANK model by 45%. On the other hand—and
consistent with recent experiences in advanced economies—output in the behavioral HANK model

remains quite stable and drops by a mere 3%, as illustrated by the blue-dashed line.

3Note, that the size of the gap, (?E LB — ?") > 0, does not matter qualitatively for the results.
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A.4 Further Extensions

A.4.1 Fiscal Policy

We now show that the sufficient statistic for amplification of contemporaneous monetary policy is
also a sufficient statistic to generate positive consumption multipliers of fiscal policy under con-
stant real rates, as estimated empirically. Dupor et al. (2022) and Gali et al. (2007), for example,
provide empirical evidence for positive effects of government spending on private consumption.
Furthermore, Nakamura and Steinsson (2014) and Chodorow-Reich (2019) document fiscal mul-
tipliers above 1, which through the lens of our model is equivalent to saying that consumption
responds positively to government spending.

To characterize fiscal multipliers, we assume government spending g, to follow an AR(1) with
persistence p, > 0, and to be 0 in steady state. The government taxes all agents uniformly to
finance g;.

The behavioral HANK IS equation with government spending is given by:

Ax —1)

1=y (90 = MEgei1) + (U — M)Eigesa |

- R 1/~
Gt = ¢fEtCt+1 - 1/)c§ <Zt - Etﬂ—t—i—l) +¢ [

where ( = (see appendix A.1.5). The static Phillips Curve in this setting is given by

@
()
m = ke + k(gi. The following Proposition characterizes the fiscal multiplier in the behavioral

HANK model.

Proposition 6. The fiscal multiplier in the behavioral HANK model is given by

90 _ 1 ¢ x—1
Ogr  1—vpy 1+ 2tk [1—Ax

(L = mp,) + impy(1 — 5] — ff%wc (6 py)| .

wf“""L%wc
1+%¢c¢"f ’

To make the argument as clear as possible, we assume prices to be fully rigid, x = 0 which,

where v =

given our Taylor rule, implies that the real interest rate is held constant after the government

spending shock. This is a useful benchmark as in this case the consumption response in RANK is
0 (see Bilbiie (2011) and Woodford (2011)).

From Proposition 6, we derive the constant-real-rate multiplier in the behavioral HANK model:
ey 1 x — 1

B = T [Ty A =00 + (1= 9)

As x > 1 the fiscal multiplier is bounded from below by 0 irrespective of the persistence p,. In

other words, the constant-real-rate multiplier in the behavioral HANK model is strictly positive.

4Auclert et al. (2018) also use a constant real interest rate case to show that their HANK model can generate
(output) fiscal multipliers larger than one.
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With x > 1 the high MPC households benefit disproportionately more from the extra income out
of the increase in government spending which increases the fiscal multiplier through a Keynesian
type argument.

Figure A .4 illustrates the effect of bounded rationality on the fiscal multiplier by plotting the
fiscal multiplier in the behavioral HANK model for varying degrees of m (blue-solid line) and
compares it to the multiplier in the rational HANK model and RANK. For this exercise, we set
the persistence parameter to an intermediate value p, = 0.6. It shows that the fiscal multiplier
decreases with decreasing m. Yet, even for the extreme case of m = 0, in which households
fully discount all future increases in government spending the fiscal multiplier is still substantially
above zero even though it is somewhat weaker than under rational expectations. The results are
consistent—although somewhat lower—with recent empirical estimates in Dupor et al. (2022) who

estimate the non-durable consumption response to lie between 0.2 and 0.29.

Figure A.4: Consumption Response to Government Spending
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Note: This figure shows the consumption multipliers (the consumption response to government spending) for
different degrees of bounded rationality (blue-dashed line). The orange-dotted line plots the multiplier in the
rational version of the model and the black-solid line shows the zero-multiplier in the RANK model.

The behavioral HANK model does not rely on a specific financing type to achieve positive
consumption responses to fiscal spending. This is in contrast to the behavioral RANK model
in Gabaix (2020). In the behavioral RANK model, bounded rationality can also increase the
multiplier but only if the government delays taxing the agents to finance the contemporaneous
spending as boundedly-rational agents will then discount the future increases in taxes. In HANK
models, on the other hand, the fiscal multiplier can in principle be larger than one with y < 1 if
the hand-to-mouth households pay relatively less of the fiscal spending’s cost than unconstrained
households (see Bilbiie (2020) or Ferriere and Navarro (2022)). Both of these channels would also
push up the multiplier in the behavioral HANK model, yet it does not depend on any of these two

to achieve fiscal multipliers larger than 0.
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A corollary of Propositon 6 is that with persistent government spending, p, > 0, and with
x > 1, more bounded rationality, i.e., a lower m, leads to a lower fiscal multiplier.”® Bounded
rationality decreases the fiscal multiplier as boundedly-rational agents discount the fact that an
increase in government spending today has a positive effect on future spending as well. In the
case of an i.i.d. spending shock the fiscal multiplier is independent of m. Furthermore, the fiscal
multiplier is bounded from above in the behavioral HANK model as vp, < 1 even for highly
persistent shocks. In the rational model, on the other hand, this is not the case. The fiscal
multiplier approaches infinity as vp, — 1, which can occur because in the rational HANK model
v > 1. As vp, > 1 the multiplier even becomes negative. The behavioral HANK model, on the

other hand, rules out these undesirable model implications.

A.4.2 Allowing for Steady State Inequality

So far, we have assumed that there is no steady state inequality, i.e., C¥ = CV. In the following,

we relax this assumption and denote steady state inequality by Q = g—z Recall the Euler equation

of unconstrained households
(CF) 7 = BREE™ |s (CV) 7+ (1= s) (¢f) 7]

from which we can derive the steady state real rate

1
C B(s+ (1 —8)Q)

Log-linearizing the Euler equation yields
1/~
/C\g = ﬁRm [SE{C\g_l + (1 — S)QWE{C?Z_I] — ; (Zt - Etﬂ-t—‘rl) .

Combining this with the consumption functions and the steady state real rate yields the IS equation

o 11—-X
Yr = mOEyr i1 — 5 1— Ay (Zt - Etﬂtﬂ) ) (A.35)
with . o .
F=14 (1)L

s+ (1—s)1— My
From a qualitative perspective, the whole analysis in Section 1.3 could be carried out with &
instead of . Quantitatively the differences are small as well. For example, if we set 2 = 1.5, we

get & = 1.05 instead of & = 1.034. Thus, we need m < 0.93 instead of m < 0.94 for determinacy

under a peg.

®We focus on the case in which vp, < 1, which holds in the behavioral HANK model even for p, = 1, and we
assume 1 — s — A < 0, which holds under all reasonable parameterizations.
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A.4.3 Persistent Monetary Policy Shocks

In the main text in Section 1.3, we illustrated the resolution of the Catch-22 by considering i.i.d.
monetary policy shocks (following Bilbiie (2021)). The behavioral HANK model delivers initial
amplification of these monetary shocks but the effects decrease with the horizon of the shock, i.e.,
the behavioral HANK model resolves the forward guidance puzzle. Another way to see this is by
considering persistent shocks.

Figure A.5 illustrates this. The figure shows the response of output in period ¢ to a shock
in period ¢ for different degrees of persistence (x-axis). The black-solid line shows the output
response in RANK and the blue-dashed line in the behavioral HANK. The forward guidance
puzzle in RANK manifests itself in the sense that highly persistent shocks have stronger effects in
RANK than in the behavioral HANK. Persistent shocks are basically a form of forward guidance
and thus, with high enough persistence in the shocks, the RANK model predicts stronger effects
than the behavioral HANK model.

Figure A.5: Initial Output Response for Varying Degrees of the Persistence
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Note: This figure shows the initial output response to monetary policy shocks with different degrees of persistence.

As the persistence of the monetary policy shock approaches unity, the rational model leads
to the paradoxical finding that an exogenous increase in the nominal interest rate leads to an

expansion in output. To see this, note that we can write output as

-

c

2|

eMP, (A.36)

G=——
L Lo — (U + 02 ) p

Given our baseline calibration and a Taylor coefficient of ¢ = 1, the rational model would produce
these paradoxical findings for p > 0.967. The behavioral HANK model, on the other hand, does

not suffer from this as the denominator is always positive, even when ¢ = 0 and p = 1.
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A.4.4 Forward-Looking NKPC and Real Interest Rates

In the tractable model, we made the assumption that agents are rational with respect to real
interest rates (as in Gabaix (2020)) and assumed a static Phillips Curve for simplicity. We now
show that the results are barely affected when considering a forward-looking New Keynesian
Phillips Curve (NKPC) and that agents are also boundedly rational with respect to real rates.
Gabaix (2020) derives the NKPC under bounded rationality and shows that it takes the form:

T = 5Mf]Et7Tt+1 + Ky,

with
e

) 1— 56

where 1 — 6 captures the Calvo probability of price adjustment.
Taking everything together (including the bounded rationality with respect to real interest

rates), the model can be summarized by the following three equations:

- . 1~
Yt = ¢f]Etyt+1 - %; (% - mEtWtH)
Ty = ﬁMfEtWtH + KUy

/i\t = om;.
Plugging the Taylor rule into the IS equation, we can write everything in matrix form:

]Etﬂ.tJrl Bﬁ _ﬁ% Tt
Ey: T e ¢p— - ) L (1 Lem ~ |- (A.37)
tYit1 Y5 BMT )y NBMT Yt

/

=A

For determinacy, we need
det(A) > 1;  det(A) —tr(A) > —1; det(A) +tr(A) > —1.

The last condition is always satisfied. The first two conditions are satisfied if and only if

. maX{ﬂcSMfm— Lo ome 1)(1—6Mf)}.

In the case of a static Phillips curve but bounded rationality with respect to the real rate, the
second condition is the crucial one. To capture the static Phillips curve, we can simply set M/ = 0.
We can see that bounded rationality with respect to the real rate relaxes the determinacy condition

whereas a forward-looking NKPC tightens it. But even in the case of a forward-looking NKPC
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(rational or behavioral), cognitive discounting relaxes the determinacy condition and thus, all our
results from the static Phillips curve are qualitatively unchanged. Under our baseline calibration
and € = 0.375 as in Gabaix (2020), the model still features determinacy under a peg, even when

real interest rate expectations are rational (and therefore, also when they are behavioral).
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A.5 Quantitative Behavioral HANK Model

Table A.3 shows how we calibrate the quantitative model introduced in Section 1.4. The calibration
is quite standard in the literature. As in McKay et al. (2016), we assume that high productivity
households pay all the taxes. In Section 1.5, we discuss less-progressive tax systems as well.

Patterson (2022) estimates that the unequal incidence—high-MPC households’ incomes are
more sensitive to aggregate income changes—Ileads to an amplification of 20% compared to the
equal-incidence case. We target this moment by calibrating the dividend distribution accordingly.
This implies that the highest productivity households receive 60% of the dividends, the middle-
productivity households 40% and the low-productivity households 0. The fact that wealthier
households (which tend to be the more productive households) receive a larger share of dividend
income is consistent with the empirical findings in Kuhn et al. (2020).

We set the government debt level to match the quarterly MPCs of 0.16, as in Kaplan et al.
(2018). This results in a debt-to-annual-GDP ratio of 50%. The rest of the calibration is as in
McKay et al. (2016).

Table A.3: Baseline Calibration Of Quantitative HANK Model

Parameter Description Value
R Steady State Real Rate (annualized) 2%

¥ Risk aversion 2

© Inverse of Frisch elasticity 2

W Markup 1.2

0 Calvo Price Stickiness 0.15

Pe Autocorrelation of idiosyncratic risk  0.966
o’ Variance of idiosyncratic risk 0.033
7(e) Tax shares [0, 0, 1]
d(Ge) Dividend shares 0, 32, &5
f—y Government debt 0.5
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A.5.1 Sticky Wages

In our baseline model, we assume that prices are sticky and wages fully flexible. We now show
that our results are robust if we instead introduce sticky wages and keep prices fully flexible.%
Given that prices are fully flexible, we also abstract from monopolistic competition of firms, that
is, prices are set to marginal costs.

Labor hours N;; are determined by union labor demand. Each worker provides N;; hours
of work to a continuum of unions indexed by k. Each union aggregates efficient units of work
into a union-specific task. A competitive labor packer then packages these tasks into aggregate
employment services according to a CES technology and sells these services to final goods firms at
price W;. We assume that there are quadratic utility costs of adjusting the nominal wage Wy,;. A
union sets a common wage Wj, per efficient unit for each of its members. In doing so, the union
trades-off the marginal disutility of working given average hours against the marginal utility of
consumption given average consumption. The union then calls upon its members to supply hours
according to a specific allocation rule: in stationary equilibrium all households’ supply the same
amount of hours. Outside stationary equilibrium, we assume that each households labor supply is

a linear feedback function of changes in aggregate hours according to her productivity:

Ny =n(e)(Ny — N) + N. (A.38)

We assume that n(e;) = 3,n(e2) = 1,1(e3) = 0.5. This implies that the labor supply of households
with lower idiosyncratic productivity are more exposed to the business cycle. Given that dividends
are zero, this also implies fact (ii), namely, that the income of households with higher MPCs are
more exposed to changes in aggregate income induced by monetary policy.

All in all, our setup leads to a wage Philips curve given by:

T = K(’U/(Nt) — (6, — 1) /e, (1 — 7'0%11/(@)) + B, (A.39)

where ¢, = 11 is the elasticity of substitution between differentiated labor supply and x = 0.1 is
the slope of the wage Philips Curve.

Figure A.6 shows our main results in our sticky-wage behavioral HANK model. We see that our
results are robust. The behavioral HANK model rules out the forward guidance puzzle whereas

it is aggravated in the rational HANK model compared to the representative agent model.

6 Auclert et al. (2021) and Broer et al. (2020) argue in favor of using sticky wages rather than sticky prices in
HANK models.
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Time-Zero Output Response

Note: This figure shows the response of total output in period 0 to anticipated i.i.d. monetary policy shocks

Figure A.6: Sticky Wages
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occurring at different horizons k for the case in which prices are flexible and wages are sticky.
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A.5.2 Robustness of Calibration

In our baseline calibration, the unequal dividend shares imply an amplification of contemporaneous
monetary policy shocks of 20% compared to the representative agent model. If, instead, we
assume a dividend distribution that is even more tilted towards high-productivity households
(instead of distributing 40% of dividends to the medium-productivity households and 60% to the
high-productivity households, we now assign 20% to the medium and 80% to high-productivity
households) we obtain an amplification of 40%. Figure A.7 shows that in this case, the forward
guidance puzzle is substantially exacerbated in the rational HANK model while it is still ruled out
in the behavioral HANK model.

Figure A.7: Robustness of Calibration
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Note: This figure shows the response of total output in period 0 to anticipated i.i.d. monetary policy shocks
occurring at different horizons k for the case in which the unequal dividend shares imply an amplification of 40%
compared to the representative agent model.
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A.5.3 Stability at the ELB and Fiscal Multipliers

Figure A.8 shows the output and nominal interest rate response after a shock to the discount
factor in the quantitative behavioral HANK model and in its rational counterpart. In particular,

the discount factor jumps on impact by 0.8% for 12 quarters before it returns to steady state.

Figure A.8: ELB recession in the quantitative behavioral HANK model
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Note: This figure shows the impulse responses of total output and of the nominal interest rate after a discount

factor shock that brings the economy to the ELB for 12 quarters.

We see that while the interest-rate path is quite similar across the two models, the output drop
in the rational model is about twice as deep as in the behavioral HANK model. The intuition is as
in the tractable model (Section 1.3). The binding ELB acts like a contractionary monetary policy
shock because the nominal interest rate cannot keep up with the drop in the natural rate due to
the ELB. Under rational expectations, households fully account for this and thus, cut back their
consumption quite strongly on impact. Thus, the ELB leads to a large recession. Under cognitive
discounting, on the other hand, households discount these future shocks and hence, decrease their

consumption by less, leading to a milder recession.

Fiscal multiplier. To verify that the quantitative behavioral HANK model generates a positive
consumption multiplier under a constant real rate, we redo the experiments from Section A.4.1:
the government exogeneously increases government consumption (which is assumed to be zero
in steady state), which follows an AR(1)-process. The increase in government consumption is
immediately financed by lump-sum taxes and households are taxed uniformly. Figure A.9 shows
the impact multiplier on consumption for various degrees of persistence, ps. It shows that while
the multiplier increases in persistence, it is bounded from below by zero. In other words, also the
quantitative behavioral HANK model generates positive consumption multipliers, as documented

empirically (Dupor et al. (2022)).
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Figure A.9: Consumption multiplier in the quantitative behavioral HANK
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Note: This figure shows the impact consumption multiplier after an exogenous increase in government consumption

which is financed by lump-sum taxes for various degrees of persistence.

A.5.4 Heterogeneous m: Alternative Scenarios

The estimated differences in households’ underreaction across different income groups are rather
small. Nevertheless, one might argue that some agents (financial markets, for example) closely
track what the central bank is doing and that they are usually well informed about its actions.
To mirror this, we assume that the highest-productivity households are fully rational, i.e., their
m is equal to 1. To keep the average m at 0.85, we then assume that the lowest-productivity
households have a m of 0.7 and the middle-productivity households of 0.85.

The black-dashed-dotted line in Figure A.10 shows the time zero output response (vertical
axis) to an announced monetary policy shock taking place at different horizons (horizontal axis).

We see that forward guidance is more powerful than in the baseline calibration as the agents
that tend to be more forward looking because they are not at their borrowing constraint are also
more rational. Overall, however, our results remain robust. Even when the high-productivity
households are fully rational and the other households have a cognitive discounting parameter of
m = 0.85 (such that the average m is above 0.85), the model resolves the forward guidance puzzle
(not shown). Thus, even when a subpopulation of all households is fully rational, the behavioral
HANK model can simultaneously generate amplification of conventional monetary policy through

indirect effects and rule out the forward guidance puzzle.
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Figure A.10: Heterogeneous m and Monetary Policy
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Note: This figure shows the response of total output in period 0 to anticipated i.i.d. monetary policy shocks
occurring at different horizons k for the baseline calibration with m = 0.85 for all households (blue-dashed line),
and for the model in which high productivity households have m = 1, medium-level productivity households have
m = 0.85 and low-productivity households have m = 0.7 (black-dashed-dotted line).
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A.6 Additional Results and Figures to Section 1.5

A.6.1 Decomposition of Amplification Channel: Alternative Calibra-
tion

As shown in Section 1.5, household heterogeneity and cognitive discounting interact in such a way
that productivity shocks get amplified through both features as well as their interaction. Given our
baseline calibration, the interaction accounts for about 10% of the additional increase compared to
RANK. We now consider an alternative calibration. We set the cognitive discounting parameter m
to 0.6 instead of 0.85. Thus, somewhat closer to the lower bound of empirical estimates (see Section
1.2). Furthermore, we set the dividend shares in such a way that conventional, completely transi-
tory, monetary policy shocks are amplified by 30% compared to the equal-incidence case, whereas
our baseline calibration implies an amplification of 20%. This implies a dividend distribution
where the lowest-productivity households do not receive any dividends, the medium-productivity
households receive 30% and the high-productivity households 70% of the dividends. Figure A.11
shows the decomposition of the additional amplification of negative productivity shocks under this
alternative calibration.

Two things stand out. First, the overall additional increase is more than twice as large. Given
our discussion in Section 1.5, this is no surprise. Both—the underlying heterogeneity and cognitive
discounting—induce a larger increase in inflation after a negative productivity shock. Given that
they now both differ more from their counterparts in RANK, amplification becomes stronger.
Second, the interaction becomes more important. In fact, the interaction alone accounts for more
than the underlying heterogeneity itself. It amounts to more than 70% of the impact inflation

response in RANK (1 percentage point) or about 25% of the additional increase.
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Figure A.11: Decomposition of the Additional Inflation Increase: Alternative Calibration
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Note: This figure shows the additional inflation increase in the rational HANK model compared to the rational
RANK model (orange-dotted line), the sum of the additional increase in the rational HANK and the behavioral
RANK compared to the rational RANK model (blue-dashed line) and the additional increase in behavioral HANK
model compared to the rational RANK model (black-solid line).
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A.6.2 Procyclical Inequality

In response to a negative productivity shock, monetary policy has to increase nominal interest rates
much more strongly according to the behavioral HANK model compared to the rational one. The
reason is that future expected interest-rate hikes are less effective. The resolution of the forward
guidance puzzle in the behavioral model illustrated this already in Section 1.4. However, also the
rational HANK model can resolve the forward guidance puzzle when (counterfactually) higher-
MPC households are on average less exposed to changes in aggregate income induced by monetary
policy. The reason is that in expectation of a future nominal rate change, households increase
their precautionary savings because if they would experience a decrease in their idiosyncratic
productivity, they would benefit less from the overall increase in output. So, one might expect
that the policy implications should be quite similar than in the behavioral model. This, however,
is not the case.

Figures A.12 and A.13 illustrate this. The blue-dashed lines show the results from the be-
havioral HANK model (with countercyclical inequality, conditional on monetary policy) and the
orange-dotted lines the results for the rational HANK model with procyclical inequality. From
figure A.12, we see that the cyclicality of inequality barely matters in the rational model when
monetary policy fully stabilizes inflation (compare the orange-dotted lines with the ones in Figure
1.3). The reason is that by stabilizing inflation, the monetary authority closes the output gap and
hence, shuts down the distributional effects explained above.

Furthermore, when monetary policy follows a Taylor rule and the economy overheats after a
negative productivity shock, inequality increases strongly in the model with procyclical inequality
(see Figure A.13). The reason is that the positive output gap redistributes mainly to higher-
productivity households, thus, increasing inequality. Put differently, the monetary authority does
not really face a trade-off in that scenario, as by fully stabilizing inflation (and thus, closing
the output gap) it also keeps inequality relatively low. This illustrates that accounting for the
underlying heterogeneity matters for the policy prescriptions and it matters how we solve the

forward guidance puzzle.
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime for the behavioral HANK model (blue-dashed lines) and for the rational
HANK model with procyclical inequality (orange-dotted lines). Output and the output gap are shown as percentage
deviations from steady state output, the nominal interest rate and inflation as annualized percentage points and
the government debt level as percentage point deviations of the debt-per-annual GDP level. The lower-right figure
shows the change in the consumption Gini index as a percentage deviation from the stationary equilibrium.
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% when
monetary policy follows a Taylor rule for the behavioral HANK model (blue-dashed lines) and for the rational
HANK model with procyclical inequality (orange-dotted lines). Output and the output gap are shown as percentage
deviations from steady state output, the nominal interest rate and inflation as annualized percentage points and
the government debt level as percentage point deviations of the debt-per-annual GDP level. The lower-right figure

Figure A.13: Procyclical inequality, Taylor rule
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shows the change in the consumption Gini index as a percentage deviation from the stationary equilibrium.
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A.6.3 Representative Household Models

In this section, we show the results for the same policy experiments when abstracting from house-
hold heterogeneity. The behavioral RANK model is exactly the same as in Gabaix (2020), but
calibrated to be consistent with the behavioral HANK model. In particular, risk aversion and the
inverse labor elasticity are set to 2, the Calvo probability of a price adjustment is set to 0.15, the
steady state real interest rate is 2% (annualized), the shock persistence is 0.9 and the shock size
is set in order to decrease potential output by 1% on impact.

Figures A.14 and A.15 show the results for the case in which monetary policy fully stabilizes
inflation and in which case it follows a simple Taylor rule, respectively. We see that the policy
implications differ from the behavioral HANK model. First of all, there is no trade-off between
price stability and inequality, as there is no inequality in models with a representative household.
Second, when monetary policy follows the same Taylor rule in these models, the spike in inflation
is less pronounced than in the behavioral HANK model. The reason is that both features in our
model—the underlying heterogeneity and cognitive discounting—amplify the overheating of the
economy following a negative supply shock with a standard Taylor rule. Due to the heterogeneous
exposure of households, higher-MPC households benefit relatively more from the overheating of
the economy, which further reinforces the increase in inflation. Cognitive discounting dampens the

response of the economy to the monetary-policy reaction, further fueling the inflation increase.

Figure A.14: Representative Household, strict inflation targeting
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime for the behavioral RANK model (blue-dashed lines) and for the rational
RANK model (orange-dotted lines). Output and the output gap are shown as percentage deviations from steady
state output, the nominal interest rate and inflation as annualized percentage points.
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Figure A.15: Representative Household, Taylor rule
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% when
monetary policy follows a Taylor rule for the behavioral RANK model (blue-dashed lines) and for the rational
RANK model (orange-dotted lines). Output and the output gap are shown as percentage deviations from steady
state output, the nominal interest rate and inflation as annualized percentage points.
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A.6.4 Heterogeneous m

In the main text, we consider the case of homogeneous cognitive discounting. As discussed in
Section 1.4.2, the data however suggests that richer households tend to exhibit a somewhat smaller
behavioral bias. If we incorporate heterogeneous m along the lines described in Section 1.4.2, we
find that the trade-off between price stability and distributional considerations is slightly weaker.

Figures A.16 and A.17 show this graphically. The black-dashed-dotted lines show the impulse-
response functions for the case with heterogenous m. We see that inequality, at least on impact,
rises less with heterogeneous m in the regime in which monetary policy fully stabilizes inflation
compared to the homogeneous m case.

The reason is that high-productivity households tend to be more likely to be away from the
borrowing constraint and as these households are now closer to rational expectations, they respond
more strongly to expected future higher interest rates. Therefore, monetary policy has to react
slightly less than in the case with homogeneous degrees of cognitive discounting. Overall, however,
the differences are small and the trade-off that arises due to households’ cognitive discounting

remains substantial.

Figure A.16: Heterogeneous m, strict inflation-targeting
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime and heterogeneous m (black-dashed-dotted lines). Output and the
output gap are shown as percentage deviations from steady state output, the nominal interest rate and inflation as
annualized percentage points and the government debt level as percentage point deviations of the debt-per-annual
GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage deviation from
the stationary equilibrium.
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Figure A.17: Heterogeneous m, Taylor rule
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% when
monetary policy follows a Taylor rule and heterogeneous m (black-dashed-dotted lines).. Output and the output gap
are shown as percentage deviations from steady state output, the nominal interest rate and inflation as annualized
percentage points and government debt level as percentage point deviations of the debt-per-annual GDP level. The
lower-right figure shows the change in the consumption Gini index as a percentage deviation from the stationary
equilibrium.
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A.6.5 Different Tax Systems

In the main text, we have assumed that only the most productive households pay taxes. We
now examine how the predictions from Section 1.5 change if, instead, all households pay taxes,
according to their productivity. Recall the budget constraint of a household with idiosyncratic
productivity e:
Bi,t—i—l
Oi,t + = Bi,t + Wtei’tN@t + Dtd(6> — Tt(e).

Ry
In the baseline calibration, we assume that 7(e) = % if e = epign, and 0 otherwise (0.25 denotes
the share of high-productivity households that actually pay taxes). To model less progressive

tazes, we assume that 7(e) = ;2.

Figures A.18 and A.19 show the impulse-response functions in that scenario for the case in
which monetary policy fully stabilizes inflation and in which it follows a simple Taylor rule, respec-
tively. The blue-dashed lines show the results for the behavioral HANK model, the orange-dotted
lines for the rational HANK model and the black-dashed-dotted lines for the behavioral model
with heterogeneous m.

We see that qualitatively the results remain unchanged: there is a strong trade-off in the
behavioral model between price stability and aggregate efficiency on the one hand and fiscal
sustainability and inequality on the other hand. The implications for inequality, however, are
even stronger than in the baseline fiscal regime. As the monetary authority raises interest rates
more strongly in the behavioral model, the spillovers to fiscal policy are larger. Therefore, the tax
system or the design of fiscal policy becomes more important.

Therefore, the increase in inequality in the full-inflation-stabilization case is much more pro-
nounced in the behavioral model when taxes are less progressive. Furthermore, inequality keeps
increasing for quite some time. The reason is that more productive households tend be less bor-
rowing constrained and thus, adjust their consumption on impact in expectation of higher future
taxes. Households at the borrowing constraint, however, reduce their consumption once taxes
actually increase. As these households tend to consume relatively little, consumption inequality
increases over time as taxes increase. With heterogeneous degrees of cognitive discounting, these

effects become even more pronounced.
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Figure A.18: Heterogeneous m, strict inflation-targeting and less progressive taxes
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime with a less-progressive tax system than in the baseline calibration.
Output and the output gap are shown as percentage deviations from steady state output, the nominal interest rate
and inflation as annualized percentage points and the government debt level as percentage point deviations of the
debt-per-annual GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage
deviation from the stationary equilibrium.
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Figure A.19: Heterogeneous m, Taylor rule and less progressive taxes

Output 0.5 Output Gap 3 Inflation
0.4
b 2™y
0.3" AN
\: N
0.2 L el
; 1 N
08l Rational HANK
- - Behavioral HANK 0.1
-1 ----Behavioral HANK, het. m 0 0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Nominal Rate Government Debt 0 Consumption Gini
0.1 ’:_:—,—,—,
.02 '.'”,‘.Av“/’/y,
//’
03" 7
s
i
-0.4 4
-0.5
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% when
monetary policy follows a Taylor rule with a less-progressive tax system than in the baseline calibration. Output
and the output gap are shown as percentage deviations from steady state output, the nominal interest rate and
inflation as annualized percentage points and the government debt level as percentage point deviations of the debt-
per-annual GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage
deviation from the stationary equilibrium.
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A.6.6 Productivity Shock with High Initial Debt Levels

Figure A.20 shows the impulse responses after a negative productivity shock when monetary policy
fully stabilizes inflation when the initial debt level is 90% of annual GDP instead of 50%.

Compared to Figure 1.3, we see that government debt increases more strongly when initial
debt levels are higher. The increase in the real interest rate is more costly for the government
which is financed by an additional increase in debt. Consumption inequality also increases more
than at lower levels of government debt, even tough the differences are rather small.

Overall, higher government debt levels exacerbate the trade-off the monetary authority faces

as the fiscal implications of fighting inflation become more severe at higher debt levels.

Figure A.20: Inflationary productivity shock with high debt: strict inflation targeting
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime when the initial debt level is 90% instead of 50% of annual GDP.
Output and the output gap are shown as percentage deviations from steady state output, the nominal interest rate
and inflation as annualized percentage points and the government debt level as percentage point deviations of the
debt-per-annual GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage

deviation from the stationary equilibrium.
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Note: This figure shows the impulse responses after a TFP shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime when the initial debt level is 90% instead of 50% of annual GDP.
Output and the output gap are shown as percentage deviations from steady state output, the nominal interest rate
and inflation as annualized percentage points and the government debt level as percentage point deviations of the

debt-per-annual GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage

Figure A.21: Inflationary productivity shock with high debt: Taylor rule
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A.6.7 Behavioral Firms

Figure A.22 shows the impulse-response functions after a negative productivity shock when mon-
etary policy follows a Taylor rule and in which firms are behavioral (with a cognitive discounting
factor of 0.85). We see that the increase in inflation when monetary policy follows a Taylor rule
is somewhat muted whereas the increase in the output gap is amplified compared to the case in
which firms are rational. The reason is that firms discount the increase in their future marginal
costs and thus increase their prices not as strongly. According to the Taylor rule this then leads
to a smaller increase in interest rates so that households consume more, leading to an increase in

demand and thus, the output gap.

Figure A.22: Inflationary supply shock: behavioral firms
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Note: This figure shows the impulse responses after a productivity shock for the case that monetary policy follows
a Taylor rule and firms cognitively discount the future with a cognitive discounting parameter of 0.85. Output
and the output gap are shown as percentage deviations from steady state output, the nominal interest rate and
inflation as annualized percentage points and the government debt level as percentage point deviations of the debt-
per annual-GDP level. The lower-right figure shows the change in the consumption Gini index as a percentage
deviation from the stationary equilibrium.
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A.6.8 Cost-Push Shocks

We now show that the fiscal and monetary implications are very similar for an inflationary cost-
push shock. To introduce cost-push shocks, we assume that the desired mark-up of firms, p; follows
an AR(1)-process, p = (1 — pu)fi + pupte—1 + €, where €} is an ii.d. shock, i the steady-state
level of the desired markup and p,, the persistence of the shock process which we set to p, = 0.9.
The rest of the model is as in Section 1.5. Note, that we assume that the shock also applies to the
model under flexible prices, thus moves potential output as well.

Figure A.23 shows the impulse-response functions of output, the output gap, inflation, nominal
interest rates, government debt and the consumption Gini index as a measure of consumption in-
equality following an inflationary cost-push shock. The blue-dashed lines and black-dashed-dotted
lines show the responses in the behavioral HANK model with homogeneous and heterogeneous
m, respectively, and the orange-dotted lines in the rational HANK model. In all cases, monetary
policy fully stabilizes inflation by assumption. Output drops, with the responses being practically
identical across the two models. Again, the output gap is practically closed in all models. The
required response of the nominal interest rate, however, differs substantially across the behavioral
and the rational models, as was the case after a negative productivity shock, discussed in Sec-
tion 1.5. In the behavioral HANK the monetary authority increases the nominal rate much more
strongly and more persistently. The reason for this strong response is that households cognitively
discount future (expected) interest rate hikes making them less effective for stabilizing inflation
today. Thus, in order to achieve the same stabilization outcome in every period, the interest rate

needs to increase by more.
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Figure A.23: Inflationary cost-push shock: strict inflation targeting
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Note: This figure shows the impulse responses after a cost-push shock that decreases potential output by 1% in the
inflation-stabilizing monetary policy regime. Output and the output gap are shown as percentage deviations from
steady state output, the nominal interest rate and inflation as annualized percentage points and the government
debt level as percentage point deviations of the debt-per-annual GDP level. The lower-right figure shows the change

in the consumption Gini index as a percentage deviation from the stationary equilibrium.

Increasing the interest rates increases the cost of debt for the government which it finances in
the short run by issuing more debt. The middle panel on the bottom line in Figure A.23 shows
that government debt in the behavioral model increases more than three times as much as in
the rational model. Furthermore, consumption inequality increases in both models, somewhat
stronger in the rational model. There are two channels: first and most important, the cost-push
shock increases dividends and decreases wages which redistributes from low to high productivity
households thereby pushing up consumption inequality. Second, the increase in the real interest
rate redistributes towards high wealth households but it is the high productivity households who
eventually pay the tax burden. This slightly decreases the consumption of high productivity
households and increases the consumption of middle productivity households who hold some assets
but do not face tax increases. Thus, the second channel slightly dampens the increase in inequality
and, as real interest rates increase by more, this channel is stronger in the behavioral HANK model.

Figure A.24 shows the impulse-response functions of output, the output gap, inflation, nominal
interest rates, government debt (as a share of annual GDP) and consumption inequality for the
same cost-push shock but for the case in which monetary policy follows a simple Taylor rule with
a response coefficient of 1.5.

As in the case where monetary policy fully stabilizes inflation, the nominal interest rate in-
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creases more strongly in the behavioral HANK model than in its rational version. The difference
across the two models, however, is somewhat smaller compared to the case in which inflation is
completely stable. Inflation, however, increases more strongly in the behavioral model and also
government debt increases more substantially.

Consumption inequality increases less strongly than with fully stabilizing inflation. The over-
heating economy—reflected in the positive output gap and increase in inflation—increases wages
and decreases profits (relative to the inflation stabilizing regime) in the same way as expansionary
policy shocks in Sections 1.3 and 1.4 do, thereby redistributing towards lower income households

which dampens the increase in consumption inequality.

Figure A.24: Inflationary cost-push shock: Taylor rule
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Note: This figure shows the impulse responses after a cost-push shock that decreases potential output by 1% in the
Taylor rule monetary policy regime. Output and the output gap are shown as percentage deviations from steady
state output, the nominal interest rate and inflation as annualized percentage points and the government debt level
as percentage point deviations of the debt-per-annual GDP level. The lower-right figure shows the change in the

consumption Gini index as a percentage deviation from the stationary equilibrium.
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A.7 Details on Intertemporal MPCs

In this section, we derive the iMPCs discussed in Section 1.6.1. Defining Y; as type j’s disposable
income, we can write the households’ budget constraints as

1—s

=y + Ry By

S

U
Cy + T

B =Y/ +

1
1— )\ RtBta

where R; denotes the real interest rate and B; real bonds. Log-linearizing the two budget con-

straints around the zero-liquidity steady state and R = 37! yields

—~ ~ 1—s _
G =0+ B (A.40)
1 s,
¢+ T30 =  + TP Ly, (A.41)

where b; denotes real bonds in shares of steady state output. Aggregating (A.40) and (A.41)

delivers

G =T+ B b — biya, (A.42)

where 7, denotes aggregate disposable income.
By plugging equations (A.40) and (A.41) into the Euler equation of unconstrained households
(1.12), we can derive the dynamics of liquid assets b; (ignoring changes in the real rate as this is

a partial equilibrium exercise):

1 1—98)28" 1=\ -1
Eibiio — biy1 |— + B 's+ (L=s)75 ) + B_ b, =
sm SA m
(1= NE@4q + T(l = MNE — o Ut (A.43)

Note that a change in total disposable income by one changes the hand-to-mouth households’

disposable income by x and the disposable income of unconstrained households by %

Let us denote the right-hand side of equation (A.43) by —E,z;. Factorizing the left-hand side
and letting F' denote the forward-operator, it follows that

(F = pa)(F = p2)Eeby = =Bz, (A.44)
where i and py denote the roots of the characteristic equation

Eibiyo — @101 — by = 0, (A.45)
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where

o= |—+pP s+ (A.46)

and

Go = ——. (A.A47)

Thus, the roots are given by

_ (ol ¢%+4¢>2'

; (A.48)

H1,2

It follows that

by = by — (F — p2) 'EiZ
1

Ho >
= b + ———E;z.
H10y 1—F,u2_1 2t

Note that [E;z; can be written as % (5Et§t+1 — %@}) Without loss of generality, we let ps > 1y
and we have fi5 > 1. We have (1 — Fuy ')~ = >27° uy'F'. Thus, we end up with

L= = _ 1 .
biy1 = paby + X Zﬂg (HUE, <%yt+l - 5yt+1+z> : (A.49)
1=0

S

Plugging this in equation (A.42) and taking derivatives with respect to 7. yields Proposition 4.

iMPCs for more than two periods. Figure A.25 plots the MPCs for the year of the income
windfall as well as the five consecutive years for different degrees of rationality. As discussed
in section 1.6.1, under our benchmark calibration, the rational model predicts somewhat larger
initial MPCs as behavioral, unconstrained households save relatively more. Over time, however,
the MPCs in the behavioral model lie above their rational counterparts due to the fact that more
and more of the initial unconstrained households become hand-to-mouth and start consuming
their (higher) savings. As Figure A.26 shows, the probability of type switching, 1 — s, matters
for when exactly the behavioral model starts to generate larger MPCs compared to the rational

model.

iMPCs and the role of idiosyncratic risk. In Figure A.26, we plot he MPCs in the year of
the income windfall (left panel) and the first year after the windfall (right panel) for a relatively
high idiosyncratic risk of 1 — s = 0.5. The high probability of becoming hand-to-mouth flips
the role of m for the M PC; compared to our baseline calibration as discussed in Section 1.6.1.
The reason being that the behavioral, unconstrained households save a relatively large amount of
the received income windfall in period 0 as they cognitively discount the decrease in their future
marginal utility. Thus, they end up with relatively more disposable income in year 1. Now, given

the relatively high probability of type switching, there are many unconstrained households who
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Figure A.25: Intertemporal MPCs

Year k
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Note: This figure shows the aggregate intertemporal MPCs, i.e., the aggregate consumption response in year k to
a change in aggregate disposable income in year 0 for different m.

end up being hand-to-mouth in year 1 after the income windfall. As they are hand-to-mouth, they
consume their previously-accumulated savings which increases the M PC. The more behavioral
unconstrained households are, i.e., the lower m is, the more pronounced this effect and hence, a

lower m increases the M PC} in the case of a relatively high 1 — s.
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Figure A.26: Intertemporal MPCs, Bounded Rationality and Household Heterogeneity
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Note: This figure shows the aggregate intertemporal MPCs, i.e., the aggregate consumption response in year 0 (left)
and year 1 (right) to a change in aggregate disposable income in year 0 for a transition probability 1 — s = 0.5.
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A.8 Sticky Wages

In this section, we provide details on the sticky-wage extension presented in Section 1.6.2 as well
as the calibration used to produce Figures 1.7 and 1.8. The way we introduce sticky wages follows
Colciago (2011) and recently adopted by Bilbiie et al. (2022).7

In the household block, the only difference to our benchmark model is that we assume that there
is a labor union pooling labor and setting wages on behalf of households. This leads to a condition
similar to the labor-leisure conditions in Section 1.2. But instead of individual conditions, the

condition is the same for every household:
PNy = Wy — VG,
and n; = nY = nll.
The labor union, however, is subject to wage rigidities. The nominal wage can only be re-

optimized with a constant probability, which leads to a time-varying wage markup
ﬁ:gv = @ﬁt - ﬁ}\t + VEta

and a wage Phillips Curve

w o w ~w
) = PR + Rwlty

Wage inflation is given by

w o~ ~
T, = Wy — We—1 + g

The firm side is exactly the same as in the main text but we focus on the case with rational

firms, which gives rise to a standard Phillips Curve:
T = BE 1 + Kemcy,

where me; is a time-varying price markup. Table A.4 summarizes all equilibrium equations.

The calibration of this extended model is presented in Table A.5. The parameters v, ¢, s,
and m are as in our baseline calibration. The parameters of the Taylor rule, p; and ¢, are set as
estimated in Auclert et al. (2020).

The slope of the wage Phillips curve, k,,, is set as in Bilbiie et al. (2022) and we focus on the
no-redistribution case pu” = 0. Note, that this leads to impact responses of consumption of the
two household types that are very close to the ones in our baseline model: ¢ increases by about
1.4, whereas output increases by 1. The baseline calibration of y = 1.35 would predict that in

the model without sticky wages, ¢! increases by 1.35 when output increases by 1. We focus on a

"See also Erceg et al. (2000). Broer et al. (2020) and Broer et al. (2021b) discuss the role of sticky wages in
(rational) TANK models for the analysis of monetary and fiscal policy, respectively.
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Table A .4:

Sticky Wages, Equilibrium Equations

Name

Equation

Wage Markup

Wage Phillips Curve
Wage Inflation
Bond Euler

H Budget Constraint
H Transfer

Profits

Labor Demand
Phillips Curve
Production
Consumption
Resource Constraint
Taylor Rule

0 = — =
Py = YC + ng — wy
w o o__ w Sw
T = 5Et7t+1 + Rl
T =Wy — W1 + Ty

/C\%] = SmEt/C\tU_vi_l + (1 — S)TﬁE{C\g_l — %(/Z\t - Etﬂ-t-‘rl)

ot = @ +ny + 1

i = 5D

dy =5 — (W +1y)
Wy = My + Yy — Ny
= BEymi4 + kemey

Z//\t:ﬁt
G=2 + (1= Ne
Gi=7

1 = Pﬁt—1 + (1= pi)om +eMP

Table A.5: Sticky Wage Model Calibration

Parameter v k.

A s o p” Ry B

Pi

¢

Value 1 0.01 037 08Y* 1 0 0075 099 089 1.5

relatively stable inflation and set x, to 0.01.

The only parameter that we change with respect to our baseline calibration is A which we set
to 0.37 instead of 0.33. A value of 0.37 is still in the range of often used values (see, for example
Bilbiie (2020)). We increase A somewhat compared to our baseline calibration in order to increase
the role of hand-to-mouth households in the response to monetary policy shocks and thus, allows
the model to generate the pronounced hump-shaped responses. Setting A = 0.33 still produces

hump-shaped responses but those are somewhat less pronounced.
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Chapter 2

Subjective Housing Price Expectations,
Falling Natural Rates and the Optimal
Inflation Target

Joint with Klaus Adam and Timo Reinelt

2.1 Introduction

The large and sustained booms and busts in housing prices in advanced economies are often
attributed to households holding excessively optimistic or pessimistic beliefs about future housing
prices (Piazzesi and Schneider (2006), Kaplan et al. (2020)). This view is supported by a nascent
literature that documents puzzling facts about the behavior of housing price expectations. Survey
measures of expected future housing prices have been found to be influenced by past housing price
changes, but appear to underreact to these changes, and they also miss the tendency of housing
prices to mean revert over time (Kuchler and Zafar (2019), Case et al. (2012), Ma (2020) and
Armona et al. (2019)).

Documenting in which ways households’ housing price expectations deviate from the ratio-
nal expectations benchmark is an important task but remains in itself uninformative about how
important the observed deviations are for economic outcomes in housing markets and for the con-
duct of monetary policy. Understanding these features requires a structural equilibrium model
that quantitatively replicates how households’ expectations deviate from rational expectations.
Constructing such an equilibrium model, calibrating it to the behavior of household beliefs in
survey data, and understanding its implications for the optimal design of monetary policy is the
main objective of the present paper. To the best of our knowledge, it is the first paper pursuing
this task.

We begin our analysis by comprehensively quantifying the dimensions along which households’
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housing price expectations deviate from the full-information rational expectations benchmark. To
this end, we consider the Michigan Survey of Consumers, which provides the longest available
time series of quantitative housing price expectations for the United States, covering the years
2007-2021.

We document three dimensions along which household expectations deviate from rational ex-
pectations. First, expectations about future housing prices are revised too sluggishly over time,
a feature that housing price expectations share with other household expectations (Coibion and
Gorodnichenko (2015a)). Second, households’ capital gain expectations covary positively with
market valuation, i.e., the price-to-rent ratio, while actual future capital gains covary negatively
with market valuation. We show that the difference is striking, highly statistically significant,
and in line with findings on investor expectations in stock markets (Adam et al. (2017)).! Third,
in a dynamic sense, households’ capital gain expectations initially underreact to observed capital
gains, i.e., households are too pessimistic in the first few quarters following a positive capital
gain, but later on overreact, i.e., households hold too optimistic expectations after about twelve
quarters. The pattern of initial underreaction and subsequent overreaction is similarly present in
other macroeconomic expectations, see Angeletos et al. (2021).

While the first and third deviation from rational housing price expectations have been doc-
umented before using different data sets, see Armona et al. (2019), the second deviation from
rational expectations is new to the housing literature. We quantify here all three deviations using
a single data set, so as to obtain a coherent set of quantitative targets for our structural equilibrium
model with subjective housing expectations.

Equipped with these facts, we construct first a simple housing model with optimizing house-
holds that hold subjective beliefs about housing price behavior. Bayesian belief updating implies
that households weakly extrapolate past capital gains into the future. The model reproduces — as
an equilibrium outcome — important patterns of the behavior of U.S. housing prices, in particular,
the large and protracted swings in the price-to-rent ratio over time, as well as the three dimen-
sions mentioned above along which household expectations deviate from the rational expectations
benchmark. The quantitative fit is surprisingly good, despite the simplicity of the model.

The simple model generates two important insights. First, it shows that the standard deviation
for the price-to-rent ratio would be much lower in the presence of rational housing expectations.
This suggests that the observed volatility of housing prices is to a significant extent due to the
presence of subjective beliefs. This lends credence to the view that the observed deviations from
rational expectations substantially contribute to booms and busts in housing markets.

Second, the simple model connects the secular decline in natural rates of interest with higher
volatility of housing prices. Specifically, the model predicts that lower real interest rates imply

larger effects of belief fluctuations on equilibrium housing prices. This prediction does not emerge

IFor stock markets, Adam et al. (2021) show that this cannot be explained by investors reporting risk-adjusted
expectations.
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in the presence of rational housing price expectations, but is consistent with the data. We show
that in a number of advanced economies, including the United States, the volatility of housing
prices has increased considerably at the same time as the level of the natural rate of interest has
fallen.

The most important objective of paper is to understand the monetary policy implications
generated by a setting where households (weakly) extrapolate capital gains into the future. We
are particularly interested in the optimal policy response to increased housing price volatility that
is induced by falling natural rates of interest in a setting where policy rates cannot move into
negative territory. To this end, we introduce capital gain extrapolation into an otherwise standard
New Keynesian model featuring a housing sector and a lower bound constraint on nominal interest
rates.

The sticky price model has a number of attractive features. First, it shares the implications for
housing price behavior and household beliefs with the simpler model considered before and thus
quantitatively replicates the patterns of belief deviations and housing prices. Second, it is immune
to the critique by Barsky et al. (2007) regarding the behavior of sticky price models featuring
durable goods. In line with the data, the model implies that housing demand reacts more strongly
to monetary disturbances than non-housing demand, despite the fact that housing prices are fully
flexible. Third, the model introduces subjective housing beliefs in a way that monetary policy
is unable to manipulate household beliefs to its own advantage. This allows for a meaningful
discussion of Ramsey optimal monetary policy in the presence of subjective beliefs. Finally, the
model makes a minimal departure from rational expectations: expectations about non-housing
related variables are rational and all agents maximize given their (subjective) beliefs about the
future.

To gain analytic insights, we derive a linear-quadratic approximation to the optimal policy
problem and show how it is affected by the presence of subjective housing beliefs. We find that
housing price gaps, i.e., deviations of housing prices from their efficient level, affect the economy
via two channels. First, inefficiently high housing prices, driven by capital gain optimism, give rise

2 This feature allows the model to potentially

to negative cost-push terms in the Phillips curve.
generate a non-inflationary housing boom. Yet, a second channel is more important: rising housing
price volatility increases the volatility of the natural rate of interest. Since increased housing price
volatility is itself triggered by a fall in the average level of the natural rate, this dramatically
exacerbates the lower-bound problem for a monetary policy authority confronted with falling
natural rates.

The natural rate is affected by housing prices, because higher housing prices make it optimal
to allocate more resources to housing investment. This exerts positive pressure on the output gap
and counteracting these — so as to keep the output gap stable — requires policy to increase the

real interest rate. Under rational expectations, housing prices never deviate from their efficient

2Conversely, inefficiently low housing prices, driven by capital gain pessimism, cause positive cost-push terms.
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value, so that policy never has to work against inefficient investment pressures. With rational
expectations, the volatility of the natural rate is thus independent of the average level of the
natural rate.

These contrasting predictions of the model under rational and subjective housing beliefs also
lead to rather different policy messages on how the optimal inflation target, i.e., the average
inflation rate implied by optimal monetary policy, should respond to a fall in the natural rate
of interest. Under rational expectations, the optimal inflation target is nearly invariant to the
average level of the natural rate.

In the presence of capital gain extrapolation, the optimal inflation target increases considerably
in response to a fall in the average natural rate. This is due to the increased volatility in the
natural rate and cost-push shocks, which causes the lower bound on the nominal rate to become
more restrictive. A more restrictive lower bound forces monetary policy to rely more strongly
on promising future inflation in order to lower the real interest rate. This increases the average
inflation rate under optimal policy. For our calibrated model, we find that the optimal inflation
target should increase approximately by one third of a percent in response to a one percent fall in
the natural rate with the increase becoming non-linear for very low levels of the natural rate.

We also investigate the optimal policy response to housing demand shocks. While inflation and
the output gap do not respond to these shocks under rational expectations, capital gains induced by
housing demand shocks get amplified by capital gain extrapolation and thereby generate persistent
housing price gaps to which monetary policy optimally responds. Housing price gaps, however,
generate opposing effects. On the one hand, inefficiently high housing prices generate negative
cost-push pressures, which calls for a decrease in the policy rate; on the other hand, inefficiently
high housing prices trigger a housing investment boom, which puts upward pressure on the output
gap. Counteracting this second effect requires hiking policy rates.

In our calibrated model, the second effect quantitatively dominates. Optimal monetary policy
thus ‘leans against’ housing price movements, but the optimal strength of the reaction depends
on the direction of the shock. Following a positive housing preference shock, the increase in the
interest rate (nominal and real) is more pronounced than the interest rate decrease following a
negative housing demand shock. The presence of the lower-bound constraint thus attenuates the
degree to which monetary policy leans against negative housing demand shocks.

We also consider whether macroprudential policies could address the housing market inefficien-
cies generated by capital gain extrapolation. We do so by considering housing taxes that might
be levied on households in order to insulate monetary policymakers from the fluctuations in the
housing price gap. We find that the required taxes would have to be large and very volatile. For
our calibrated model, taxes must often exceed 20% of the rental value of housing per period and
also often require equally sized or even larger housing subsidies. It appears somewhat unlikely
that any of the existing macroprudential tools are capable of generating effects of such magnitude.

And to the best of our knowledge, none of the available macroprudential tools allows subsidizing
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private sector behavior. Less aggressive tax policies turn out to be considerably less effective in
bringing down the volatility of the housing price gap. This suggests that macroprudential policies
are unable to substantially reduce the monetary policy trade-offs arising from subjective housing

price expectations.

Related literature. This paper is related to work by Andrade et al. (2019, 2021) who study
how the optimal inflation target depends on the natural rate of interest in a setting with a lower
bound constraint. In line with our findings, they show that an increase in the inflation target is a
promising approach to deal with the lower-bound problem. While their work considers optimized
Taylor rules in a medium-scale sticky price model without a housing sector and rational expecta-
tions, the present paper studies Ramsey optimal policy in a model featuring a housing sector and
subjective housing expectations.

A number of papers consider Ramsey optimal policy in the presence of a lower-bound con-
straint, but also abstract from housing markets and the presence of subjective beliefs (Eggertsson
and Woodford (2003), Adam and Billi (2006a), Coibion et al. (2012)). This literature finds that
lower bound episodes tend to be short and infrequent under optimal policy, so that average infla-
tion is very close to zero under optimal policy. The present paper shows that this conclusion is
substantially altered in the presence of subjective housing price expectations.

Optimal monetary policy with subjective beliefs has previously been analyzed in Caines and
Winkler (2021) and Adam and Woodford (2021). These papers abstract from the lower-bound
constraint and consider different belief setups that are not calibrated to replicate patterns of
deviations from rational housing price expectations as observed in survey data.®> We show that
taking into account the existence of a lower-bound constraint on nominal rates is quantitatively

important for understanding how the optimal inflation target responds to lower natural rates.

Outline. The rest of the paper is structured as follows. Section 2.2 documents how survey ex-
pectations about future housing prices deviate from rational expectations. Section 2.3 presents
a simple housing model in which households extrapolate capital gains. It shows how this simple
model can jointly replicate in equilibrium the behavior of housing prices and the pattern of de-
viations from rational expectations. Section 2.4 then presents the full housing model with sticky
prices, subjective housing beliefs, and a lower-bound constraint on nominal rates. Section 2.5
derives a quadratic approximation to the monetary policy problem, which allows obtaining impor-
tant analytic insights into the new economic forces arising from the presence of subjective housing
price beliefs. We calibrate the model in Section 2.6 and present quantitative results about the
optimal inflation target and the optimal policy response to housing shocks in Section 2.7. Section

2.8 discusses macroprudential policies and Section 2.9 concludes.

3 Adam and Woodford (2021) consider ‘worst-case’ belief distortions, while Caines and Winkler (2021) consider
a setting with ‘conditionally model-consistent beliefs’. Both setups generate deviations from rational expectations
for variables other than housing prices.
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2.2 Cyclical Properties of Housing Price Expectations

This section documents that households’ housing price expectations deviate in systematic ways
from the full-information rational expectations (RE) benchmark. We consider three rationality
tests that have recently been proposed in the literature (Coibion and Gorodnichenko (2015a),
Adam et al. (2017) and Angeletos et al. (2021)). These tests cover different dimensions along
which subjective expectations deviate from RE.

We measure housing prices using the S&P /Case-Shiller U.S. National Home Price Index and
let ¢; denote the quarterly average of the monthly housing price index. We consider both nominal
and real housing prices with real housing prices being obtained by deflating nominal housing prices
with the CPL.4°

Expectations about housing capital gains are taken from the Michigan household survey. The
survey provides subjective expectations about nominal four-quarter-ahead housing price growth,
EF[qi14/q:], for the period 2007-2021. The survey also provides housing price growth expectations
over the next five years. We focus on the shorter horizon because these expectations determine
housing prices according to our model. The shorter horizon also allows performing a dynamic
decomposition of forecast errors over time in response to realized capital gains.®

We consider both mean and median household expectations.” When considering real housing
price expectations, we deflate the nominal mean (median) capital gain expectations with the mean

(median) inflation expectation over the same period, as obtained from the Michigan survey.®

Sluggish Updating About the Expected Housing Price Level. We start by docu-
menting that the mean/median household expectation about the future level of housing prices is
updated too sluggishly. This can be tested following the approach of Coibion and Gorodnichenko

(2015a), which involves considering regressions of the form

Gria — B} [qrpa) = a9+ 079 - (Etp [ge+a] — B, [4e+3]) + e (2.1)

4The simplified model in the next section makes predictions about real housing prices only, while the survey
data contains information about nominal capital gain expectations. This leads us to consider nominal and real
housing prices.

SWe use the “Consumer Price Index for All Urban Consumers: All Items in U.S. City Average’obtained from
FRED.

6Data limitations make such a decomposition difficult for five-year-ahead forecasts: with only 15 years of data,
the dynamic decompositions become largely insignificant. Appendix B.1.1 shows, however, that all other patterns
documented below are equally present in five-year-ahead expectations.

"Analyzing the dynamics of individual expectations over time is difficult because households in the Michigan
survey are sampled at most twice. In general, cross-sectional disagreement between households might partly reflect
heterogeneous information on the part of households, see Kohlhas and Walther (2021).

8As is well-known, these inflation expectations feature an upward bias relative to actual inflation outcomes.
This, however, will not be the source of rejection of the RE hypothesis: all our tests focus on the cyclical properties
of capital gain expectations and eliminate mean differences between forecasts and realizations using appropriate
regression constants that will not be used in our rationality tests.
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Table 2.1: Sluggish adjustment of housing price expectations

Mean Expectations Median Expectations

Nominal Housing Prices

ee 9,99+ 2.85%+
(0.507) (0.513)

Real Housing Prices

[3ds 2.00%** .47+
(0.332) (0.366)

Notes: This figure shows the empirical estimates of regression (2.1) for nominal and real housings price and considers
mean and median expectations. The reported standard errors are robust with respect to heteroskedasticity and
serial correlation (Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1.

The regression projects forecast errors about the future housing price level on past forecast re-
visions. Under the RE hypothesis, information that is contained in agents’ information set, i.e.,
past forecasts and their revisions, should not predict future forecast errors (Hy : b°¢ = 0).

We estimate equation (2.1) for nominal and real capital gains, using mean and median expec-
tations, respectively. Expectations of the future house price level are computed as E} [q;.4] =
EFP [qi4/q:]) qi, where ET [q:44/q:] denotes the capital gain expectations from the Michigan survey
and ¢; the S&P/Case-Shiller Index.?

Table 2.1 reports the estimated b°“ from regression (2.1). We find that e > 0, which
is inconsistent with the RE hypothesis. The regression coefficient is positive and statistically
significant at the 1% level in all considered specifications. This implies that the mean/median
agent updates beliefs too sluggishly: future realizations move (on average) by more than what is
suggested by past forecast revisions. The magnitude of the estimates is also large in economic
terms: a coefficient estimate of two suggests that forecast revisions should approximately be three
times as strong than they actually are.

Overall, sluggish belief updating is consistent with previous findings on the behavior of survey
expectations about output, inflation and unemployment (Coibion and Gorodnichenko (2015a),
Angeletos et al. (2021), Kohlhas and Walther (2021)). Furthermore, Bordalo et al. (2020) provide
evidence of sluggish belief adjustment in consensus forecasts for other housing variables, such as
residential investment and new housing starts.

Appendix B.1.2 shows that our findings are robust to using an instrumental-variable approach
for estimating regression (2.1), in which forecast revisions are instrumented with monetary pol-
icy shocks obtained via high-frequency identification. Appendix B.1.3 shows that similar results
emerge when using capital gains and expected capital gains in equation 2.1 instead of the level

and expected level of the housing price.

9When considering real housing prices, nominal capital gain expectations from the Michigan survey are deflated
using the subjective (mean or median) inflation expectations from the Michigan survey.
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Table 2.2: Cyclicality of expected vs. actual capital gains

bias (in %)  p-value
¢(in%) ¢(in%) —E(E—¢ Hy:c=c
Nominal Housing Prices

Mean Expectations 0.033 -0.102 0.006 0.000
(0.008)  (0.007)
Median Expectations 0.014 -0.102 0.009 0.000

(0.001)  (0.007)

Real Housing Prices

Mean Expectations 0.030 -0.113 -0.003 0.000
(0.017)  (0.009)
Median Expectations 0.010 -0.113 0.006 0.000

(0.004)  (0.009)

Notes: ¢ is the estimate of ¢ in equation (2.2) and € the estimate of ¢ in equation (2.3). The Stambaugh (1999)
small sample bias correction is reported in the second-to-last column and the last column reports the p-values for
the null hypothesis ¢ = ¢. Newey-West standard errors using four lags are in parentheses.

Opposing Cyclicality of Actual and Expected Capital Gains. Our second test docu-
ments the different cyclicality of actual and expected capital gains in housing markets. Differences
between the cyclicality of actual and expected capital gains have previously been documented for
stock markets, where actual and expected stock market capital gains covary differently with the
price-to-dividend ratio (Greenwood and Shleifer (2014), Adam et al. (2017)). We consider here
the cyclicality of expected and actual capital gains in the housing market with the price-to-rent
ratio PR:

ET [%} =a+c-PRi_1+wy (2.2)
q
% =a-+c-PR,;+u,. (2.3)
t

The rational expectations hypothesis implies Hy : ¢ = ¢, whenever the agents’ information set
contains the past price-to-rent ratio as an observable.!® Since the predictor variable used on the
right-hand side of the preceding regressions equations is highly persistent, we correct for small
sample bias in the coefficient estimates (Stambaugh (1999)).!

Table 2.2 reports the regression results. It shows that expected capital gains are positively
associated with the PR-ratio, while realized capital gains are negatively associated. Expected

capital gains are pro-cyclical, i.e., are high when market valuation is high, while realized capital

10Tn the regressions, we use the lagged PR-ratio, PR;_1, instead of the current value, because the PR-ratio is
computed using the average price over a quarter. In Adam et al. (2017) the price-to-dividend ratio was computed
using the beginning of quarter stock price, which allowed using the current value in the regression.

I The small sample bias correction in Table 2.2 follows the same approach as the one in Table 1A in Adam et al.
(2017).
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gains are counter-cyclical, i.e., are low when market valuation is high. This pattern of is akin to
the one documented in stock markets.

Quantitatively, the results imply that a two standard deviation increase of the PR-ratio by
15.5 units increases the mean household expectations about four-quarter-ahead real capital gains
by around 0.5%. Actual four-quarter ahead capital gains, however, fall by around 1.5%, so that
the forecast error is approximately 2%.

The last column in Table 2.2 performs a test of the rational expectations hypothesis that the
cyclicality of actual and expected returns are equal (Hy : ¢ = c). The test corrects for small
sample bias, which is reported in the second to last column. We find that the difference in
the cyclicality of actual and expected capital gains is highly statistically significant in all cases.
Appendix B.1.4 shows that similar results are obtained when first subtracting equation (2.2) from
(2.3) and estimating the resulting equation with forecast errors on the left-hand side, as in Kohlhas

and Walther (2021) who do not consider housing related variables.

Initial under- and subsequent over-reaction of housing price expectations. While
the results in Table 2.1 show that households adjust short-term housing price beliefs on average
too sluggishly, the results in Table 2.2 indicate over-optimism (over-pessimism) in housing price
expectations when the current market valuation is high (low), which points to some form of over-
reaction to past housing price increases. It turns out that both patterns can be jointly understood
by considering the dynamic response of actual and expected capital gains to housing price changes.

Following the approach in Angeletos et al. (2021), who analyze forecast errors about unem-
ployment and inflation, we investigate how capital gains and forecast errors about these capital
gains evolve over time in response to realized capital gains.'? Provided households observe realized
capital gains, the RE hypothesis implies that it should not be possible to predict future forecast
errors with current capital gains.

We estimate the dynamic responses using local projections (Jorda (2005)) of the form

Xpop =a"+ ity ul', (2.4)
dt—2

where the left-hand side variable X, is either the cumulative capital gain (qin14/q), or the

forecast error about the four-quarter-ahead capital gain (qinia/qein — Eﬁrh[qt+h+4 /qi+n)), and

ul a serially correlated and heteroskedastic error term. Note that forecast errors are positive

when households are overly pessimistic about capital gains and negative if households are overly
optimistic.

Figure 2.1 reports the estimated coefficients b" from local projection (2.4). Panel (a) depicts the

response of cumulative capital gains. It shows that the initial capital gains is not only persistent,

but increases further over time, reaching a plateau after around twelve quarters. Given the high

12These dynamic responses are well-defined in econometric terms, even if they cannot be given a structural
interpretation, because past capital gains are likely driven by a combination of past shocks.
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Figure 2.1: Dynamic responses to a realized capital gain

(a) Cumulative Capital Gains (b) Capital Gain Forecast Errors
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Notes: Panel (a) shows the dynamic response of cumulative real capital gains at horizon h to a one standard
deviation innovation in the housing capital gain. Panel (b) reports the dynamic response of housing-price forecast
errors at horizon h of one-year ahead expectations to a one standard deviation innovation in the housing capital
gain. Positive (negative) values indicate that realized capital gains exceed (fall short of) expected capital gains.
The shaded area shows the 90%-confidence intervals, standard errors are robust with respect to serial correlation
and heteroskedasticity (Newey-West with h + 1 lags).

serial correlation displayed by capital gains in housing markets, this feature is perhaps not too
surprising.

Panel (b) depicts the dynamic response of forecast errors. Forecast errors are initially positive
but later on — once cumulative capital gains reach their plateau — become negative before eventually
disappearing. The positive values in initial periods indicates that agents’ expectations react too
sluggishly: realized capital gains are persistently larger than the expected gains. This also implies
an underreaction in terms of the expected level of housing prices. Subsequently, when all actual
capital gains have materialized and housing prices start to slightly mean revert, agents are too
optimistic about future capital gains. This aligns well with the prior observation that capital
gain expectations display the wrong cyclicality with housing market valuation.!® It also implies
that households entirely miss the mean-reversion in capital gains: forecast errors turn negative
once housing prices level off and start to slightly mean-revert. This pattern is consistent with the
experimental evidence provided in Armona et al. (2019).

In Appendix B.1.5, we show that the nominal forecast error responses look very similar. Like-
wise, using median expectations instead of mean expectations makes no noticeable difference of
the results. In Appendix B.1.6, we show all our results obtained thus far are robust to excluding

the Corona Virus period, i.e., to letting the sample period end in the last quarter of 2019.

13Since rents move only very slowly over time, changes in housing prices capture changes in the price-to-rent
ratio rather well.
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Analysis Using Regional Data. As is well known, housing prices often display considerable
regional variation across the United States. We thus check whether the three deviations from RE
documented above are also present in regional housing prices and housing price beliefs. Appendix
B.1.7 uses regional housing price indices and exploits local information contained in the Michigan
survey that allows grouping survey respondents into four different U.S. regions (North East, North
Central /Midwest, South, and West). Repeating the above analyses at the regional level, it shows
that one obtains quantitatively similar results. The next section presents a simple housing model

that can quantitatively replicate the forecast error deviations documented in this section.

2.3 Simple Model with Capital Gain Extrapolation

This section presents a bare-bones housing model in which households (weakly) extrapolate past
capital gains. The model makes equilibrium predictions for the joint dynamics of housing prices
and housing price beliefs. Housing prices in the model depend on households’ housing price
beliefs, with the latter being influenced by past housing price behavior. We show that equilibrium
dynamics of housing prices and housing price beliefs quantitatively replicate key features of housing
price behavior in the U.S., as well as the deviations from rational expectations documented in the
previous section. The simple model also predicts that low levels of the natural rate of interest
give rise to increased housing price volatility. As we show, this prediction is consistent with the
evolution of natural rates and housing prices in advanced economies over the past decades.

The full model in Section 2.4 additionally features nominal rigidities, a lower bound constraint
on nominal rates, generalized preferences, and endogenous production of consumption goods and
housing. The present section abstracts from these features, but nevertheless shares its implications

for housing price behavior and housing price beliefs with the full model.

The Household Problem. There is a measure one of identical households.!* Households
are internally rational, as in Adam and Marcet (2011), i.e., maximize utility holding potentially
subjective beliefs about variables beyond their control. The representative household chooses

consumption Cy, housing units to own D;, and housing units to rent D, to maximize

max EPY B [Ci+ ¢ (D + DfY)]

{Ce>0.D:€l0,0max],DF>0} " p—

st. + O+ (Dy— (1 —=68)Dy_1)q + RDF =Y, forall t >0,

where Y; is an exogenous (and sufficiently large) endowment, ¢; the real price of housing, R; the
real rental price and § > 0 the housing depreciation rate. Rental units and housing units owned
are perfect substitutes and £ > 0 denotes a housing preference shock. The household’s subjective

probability measure P allows for subjective housing price beliefs. For simplicity, we assume beliefs

14The fact that households are identical is not common knowledge among households.
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about other variables beyond the household’s control, {V;, &4, R;}2°,, to be rational. The latter
assumption is not important for the results derived in this section.

Housing choices are subject to a short-selling constraint D, > 0, which is standard, and to
a long constraint D, < D™**, The latter insures existence of optimal plans in the presence of
distorted housing beliefs. The long constraint is chosen such that it will never bind in equilibrium,
i.e., D™ > D where D denotes the exogenously fixed housing supply. Without loss of generality,
rental units are assumed to be in zero net supply.

The household first-order conditions imply that rents are given by
R =¢ (2.5)
and that equilibrium housing prices satisfy!®

g =& + B = 0)E] g1 (2.6)

Capital Gain Extrapolation. We now introduce subjective price beliefs that give rise to
capital gain extrapolation, using the setup in Adam et al. (2016). Importantly, the precise details
generating capital gain extrapolation are not essential for the results in this section and we could
have used alternative belief assumptions, e.g., learning from life-time experience as in Nagel and
Xu (2022) and Malmendier and Nagel (2011, 2015), or could have directly assumed extrapolative
behavior as in Barberis et al. (2015).

Households perceive capital gains to evolve according to

i = bt + &4, (27)

qt—1
where &, ~ itN(0,02) is a transitory component of capital gains and b; a persistent component,
which itself evolves according to by = b;_; + v4, with v; ~ WN(0,02).15 Households observe the
realized capital gains (¢;/q:—1) and use Bayesian belief updating to decompose observed capital
gains into their persistent and transitory components. With conjugate prior beliefs, the subjective

conditional one-step-ahead capital gain expectations

B = Etp (Qt+1/Qt) (2.8)

15This holds true in equilibrium because 0 < D < D™a%_ For the household, however, first-order conditions may
hold only with inequality under the subjectively optimal plans, due to the presence of short and long constraints.
The latter explains why rational households can hold price expectations that differ from the discounted sum of
future rents, see Adam and Marcet (2011) for details and Adam and Nagel (2022) for related arguments.

16In the full model in Section 2.4, we will assume the same beliefs for risk-adjusted house price growth. With
risk neutrality, the two coincide.
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Figure 2.2: Capital gain surprises and revisions
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Notes: This figure plots the capital gain surprises against capital gain revisions in the Michigan survey (2007-2021),
along with a linear regression line.

evolve according to

f; = min {5t1 =+ é (E - tl) ,5U} ) (2.9)

qr—2

where 1/a is the Kalman gain determining how strongly households’ capital gain expectations
respond to past capital gain surprises.!” The Kalman gain thus captures the degree to which past
capital gain surprises are extrapolated into the future. The upper bound BY on the beliefs in
equation (2.9) is there to insure that capital gain optimism is bounded from above, so as to keep
subjectively expected utility finite.!

Figure 2.2 illustrates the relationship between belief revisions and forecast errors implied by
equation (2.9) using the Michigan survey data. The figure plots on the vertical axis a measure of the
quarterly revision in capital gain expectations, (E] (gi+4/ qt))% — (BT (q43/ qt,l))i, and on the

1
. (Etp—l (Qt+3/Qt—1)) 4
for all quarters in the Michigan survey. Consistent with equation (2.9), there is a clear positive and

qt

horizontal axis a measure of the forecast error in quarterly capital gains, m

approximately linear relationship between capital gain surprises and belief revisions in Figure 2.2.
The most notable deviations from the regression line are the ones around the Great Recession

(2008Q3 and 2009Q2) and the Covid Recession (2020Q2 and 2020Q3).

Equilibrium Dynamics of Housing Prices and Capital Gain Expectations. From

equation (2.6) and the definition of subjective beliefs f3; it follows that the equilibrium housing

"The (steady-state) Kalman gain depends on the subjectively perceived values for (02,02).

8The bound can be interpreted as a short-cut for a truncated prior support or b;. The bounding function in
(2.9) is a special case of the bounding function used in Adam et al. (2016), obtained by setting g% = gY.
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price is given by
1

B0
where (; evolves according to (2.9). Equations (2.9) and (2.10) thus jointly characterize the

&, (2.10)

equilibrium dynamics of housing prices and subjective beliefs. From equations (2.5) and (2.10)

follows that the equilibrium price-to-rent ratio is given by

qi 1
PR, =— = .
"T R 1-5(1-9)8

(2.11)

Calibration. The simple model just described can generate empirically plausible housing
price behavior and the resulting housing price beliefs quantitatively match the deviations from
rational expectations presented in the previous section. The calibration in this section is identical
to the one for the full model, with the exception for the standard deviation of the innovations to

housing preferences.'® We consider housing preference shocks evolving according to

log &' = (1 — pe)log & + pelog & + €, (2.12)

where ¢ ~ N satisfies E[e*f] = 1. Following Adam and Woodford (2021), we set pe = 0.99
and § = 0.03/4. The standard deviation of &¢ is set to 0.0067, so that the model replicates the
empirical standard deviation of the price-to-rent ratio, expressed in percent deviation from its
mean, over the period for which we have survey data on housing expectations (2007-2021). The
average value of the housing preference § 4 > 0 is irrelevant, as we are only concerned with moments
characterizing cyclical properties (deviations from average values).

For the subjective belief process, we completely tie our hands and set 1/a = 0.007, which is
the value estimated in Adam et al. (2016) using stock market expectations. The low value for
the Kalman gain implies that agents extrapolate only weakly, as they believe most of the realized
capital gains being due to transitory components. The value for the upper belief bound 8V is
set as in the full model, where it matches the maximum observed deviation of the price-to-rent
ratio from its mean. Finally, the quarterly discount factor g is set such that the real interest rate
is equal to 0.75%, which is the average value of the estimated U.S. natural rate over the period

2007-2021, according to estimates using the approach of Holston et al. (2017).

Housing Price Behavior. Table 2.3 illustrates that the subjective belief model replicates
surprisingly well the empirical behavior of the price-to-rent ratio and of capital gains. While
the standard deviation of the price-to-rent ratio is a targeted moment, all other moments are
untargeted. The model matches very well the high quarterly autocorrelation of the price-to-rent

ratio and the fairly high quarterly autocorrelation of capital gains. It undershoots somewhat

This is so because the present section matches moments for a different time period than the full model, i.e.,
the period for which we have subjective expectations data (2007-2021).
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Table 2.3: Housing price moments: data versus model

Data  Subjective Belief Model RE Model

std (PRy) 8.6 8.6 2.69
corr(PRy, PR;_1) 0.99 0.99 0.99
std(q:/qi-1) 0.06 0.04 0.003
corr(q/G—1,q—1/q—2)  0.97 0.94 -0.01

Notes: The table reports the standard deviation and first-order autocorrelation of price-to-rent ratios and capital
gains in the data, for the model under subjective housing beliefs and the model under rational expectations.

Table 2.4: Patterns of deviations from rational expectations: data versus model

Subjective Belief Model Data
Mean Expectations Median Expectations

bCC from (2.1) 2.09 1.68 2.12

(0.355) (0.394)
¢ (in %) from (2.2) 0.03 0.030 0.010

(0.172) (0.043)
c (in %) from (2.3) -0.063 -0.113 -0.113

(0.009) (0.009)

Notes: This table shows the model-implied regression coefficients of regressions (2.1), (2.2) and (2.3) for a natural
rate of 0.75% (annualized) in the first column and the empirical results (for real housing prices) in the second and
third column.

the standard deviation of quarterly capital gains, illustrating that it features perhaps too little
high-frequency variation in prices.?

Table 2.3 also reports the rational expectations (RE) outcome using the same calibration as for
the subjective belief model. It shows that about 70% of the fluctuations in the price-dividend ratio
in the subjective belief model is due to capital gain extrapolation. Adam et al. (2016) explain how
capital gain extrapolation generates momentum and mean reversion in prices and thus contributes
to asset price volatility.

While the ability of capital gain extrapolation to increase the price volatility is well-known, we
now turn to the new question of whether the model with capital gain extrapolation matches the

structure of forecast errors documented in Section 2.2.

Belief revisions and forecast errors. The simple model quantitatively matches the three
deviations from rational housing price expectations documented in Section 2.2.

Table 2.4 reports the outcomes of population regressions of equations (2.1), (2.2) and (2.3) for
the calibrated subjective belief model. The results shows the model matches sluggish updating

about expected housing prices (b°“ > 0) and the opposing cyclicality of actual and expected capital

29This could easily be remedied by adding some iid shocks, say iid shocks to the discount factor 3.
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Figure 2.3: Dynamic forecast error response: data versus model
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Notes: The figure shows impulse-response functions of housing-price forecast errors of one-year ahead expectations
to a one standard deviation innovation in the housing capital gain from the model and the data. The shaded area
shows the 90%-confidence intervals of the empirical estimates, standard errors are robust with respect to serial
correlation and heteroskedasticity (Newey-West with h + 1 lags).

gains (¢ > 0 and ¢ < 0). For better comparison, Table 2.4 also reports also the empirical estimates
of the corresponding coefficients from Tables 2.1 and 2.2. The magnitude of the coefficients
generated by the model closely match the ones obtained using survey data, with the exception
that the model underpredicts the counter-cyclicality of actual capital gains.

Figure 2.3 shows that the simple model is able to match the dynamic response of forecast errors

documented empirically in Figure 2.1(b). We compute model-implied forecast errors as F Eﬁ‘;flez =

qtqt%hh — (ﬁt+h)4 and compute the population local projections (2.4). Consistent with the data,
the model generates initial underprediction of capital gains (over-pessimism) and subsequently
overprediction (over-optimism).

Appendix B.2.1 reports the dynamic forecast error responses for the model and in the data
about the expected housing price level (rather than the expected capital gain). It shows that the

model matches equally well the patterns of forecasts errors about the future housing price level.

Falling Natural Rates and Rising Housing Price Volatility. The simple housing model
also predicts that falling natural rates of interest will give rise to higher volatility for housing
prices. Such a relationship between natural rates and housing volatility is present in the data. It

can be seen by considering regressions of the form
Std(PRtfg,...,PRH%) =ay — by - r{ 4+ up, (2.13)

where r; denotes the natural rate of interest from Holston et al. (2017) and Std(PR,_ iy PRy 1 )
the standard deviation of the price rent ratio using a window of h + 1 quarters centered around

period t. Under the standard assumption that the natural rate of interest is only a function of
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Figure 2.4: The natural rate and housing price fluctuations
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Notes: Panel (a) reports the regression coefficient b} from equation (2.13) together with 68% Newey-West error
bands using h lags. Panel (b) plots the pre-/post-1990 changes in the average natural rate against the changes in
the volatility of the price-to-rent ratio for different advanced economies. The volatilities of the price-to-rent ratios
in the pre-/post-1990 periods are the standard deviations relative to the period-specific mean values.

exogenous fundamentals, the regression coefficients b; can be interpreted as capturing a causal
relationship.

Panel (a) in Figure 2.4 reports the coefficients b} for the United States using various estimation
bandwidths h. While narrow bandwidths generate insignificant outcomes, most likely due to the
difficulty associated with reliably estimating the standard deviation of the PR-ratio, the coefficient
becomes positive and significant for larger bandwidth and is quite large when using a bandwidth
of 48 quarters (+/- 2 years). We can thus conclude that the standard deviation of U.S. housing
prices is rising as the natural rate falls.

Panel (b) in Figure 2.4 shows that this relationship is also present in other countries: it plots
the change in the average level of the natural rate from the period before 1990 to the period after
1990 for the U.S., Canada, France, Germany, and the United Kingdom, against the change in the
standard deviation of the price-to-rent ratio over the same periods. To take possible shifts in the
mean of the PR-ratio over time into account, e.g., due to falling real interest rates, the standard
deviation of the PR-ratio is computed in each of the two sub-periods for the percent deviation
of the PR-ratio from its period-specific mean.?! In all six advanced economies, the PR-ratio has
become more volatile as the average level of the natural rate has declined.

Equations (2.9) and (2.10) reveal how housing prices in our simple model are affected by the
level of the natural rate of interest. The natural rate of interest is given by r* = 1/ — 1 and only

depends on the discount factor 5 € (0,1). A discount factor closer to one thus lowers the natural

21The empirical results become even stronger if one considers instead the absolute standard deviation of the
PR-ratio.
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Figure 2.5: Model-implied housing price response for different natural rates

6 10 14 18
Horizon h

rate of interest.

Figure 2.5 illustrates that the model in fact generates a negative relationship between the level
of the natural rate and housing price volatility.?? It presents the impulse response of real housing
prices to a positive housing preference shock £, which is the only shock driving housing prices in
the model. It considers this response for the calibrated level of the natural rate of 0.75% and for
a lower natural rate level equal to 0.25%.2% The key message of Figure 2.5 is that housing prices
respond stronger to housing demand shocks when natural rates are lower: the same shock gives
rise to an approximately 75% stronger housing price response when the natural rate is at its lower
level.

This surprising model outcome can be explained as follows. The capital gain increase triggered
by the fundamental shock in the initial period leads to an upward revision of capital gain expecta-
tions. Equation (2.10) implies, however, that these higher capital gain expectations produce larger
realized capital gains, the higher is the value for f3, i.e., the lower is the natural rate of interest.
Higher realized capital gains produce stronger upward revisions in beliefs in the future and thus
feed stronger capital gains in the subsequent period. Through this feedback loop, low natural
rates generate more momentum in housing price changes following fundamental shocks, allowing

the model to replicate the relationship between natural rates and the volatility of housing prices.

2.4 Full Model with Capital Gain Extrapolation

This section studies the monetary policy implications of falling natural rates of interest and rising
housing price volatility. To this end, we embed capital gain extrapolation into a sticky price model

with a housing sector. The model features endogenous production of consumption goods and

22The full model presented later on will also be able to quantiatively replicate this relationship, see section 2.6.

23To account for the higher housing price levels associated with lower natural rates, we show impulse responses in
terms of percent deviations from their respective steady state values. The model-implied response for the PR-ratio
to a housing preference shock looks very similar and is shown in Appendix B.2.2.
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housing and generalizes the setup in Adam and Woodford (2021) by allowing for belief distortions
that are not absolutely continuous with respect to the beliefs held by the policymaker. This
permits analyzing the subjective housing beliefs as in equation (2.7), which give rise to capital
gain extrapolation and deviations from rational expectations matching patterns in the survey
data. In addition, we consider a lower-bound constraint on nominal rates, which we show to be
quantitatively important for understanding how the optimal inflation target responds to lower
natural rates in the presence of subjective housing beliefs.

We consider an economy populated by internally rational decision makers (Adam and Marcet
(2011)): households maximize utility and firms maximize profits, but both do so using a potentially
subjective probability measure P, which assigns probabilities to all external variables, i.e., to all
variables that are beyond agents’ control. These variables include fundamental shocks, as well
as competitive market prices (wages, goods prices, housing prices and rents). The setup delivers
rational expectations in the special case where P is the objective probability measure.

The economy is made up of identical infinitely-lived households, each of which maximizes the

following objective function?*
1
U= EPZBt { (Ci; &) — / O(Hy(j); &)dj + @(Di + D5 &) | (2.14)
0

subject to the sequence of flow budget constraints

Ci+ Bi+ (D, — (1 —6)D,_ 1)q—t+k:t+RtDt -

(bet)
h ! B, 2 Tt
ki)t + [ D H) + 0+ i) + 3+

(2.15)

where C; is an aggregate consumption good, Hy(j) is the quantity supplied of labor of type j
and w;(j) the associated real wage, D; the stock of owned houses, D the units of rented houses,
d € [0, 1] the housing depreciation rate, and ¢ the real price of houses in marginal utility units,
defined as

qi = qic(Cy; &),
where ¢; is the real house price in units of consumption.? The variable ¢ provides a measure of
whether housing is currently expensive or inexpensive, in units that are particularly relevant for

determining housing demand. The variable k; denotes investment in new houses and ci(kt; &) the

resulting production of new houses.?® B, = Et /P, denotes the real value of nominal government

24Tt cannot be common knowledge to households that they are representative whenever P deviates from the
rational measure.

25In Section 2.3, ¢ and ¢; coincide due to risk-neutrality.

26We consolidate housing production into the household budget constraint. It would be equivalent to have
instead a separate housing production sector that is owned by households.
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bond holdings Et and P, the nominal price of consumption. Il; = P,/ P;_; is the inflation rate, i,
the nominal interest rate, R; the real rental rate for housing units, and &, is a vector of exogenous
disturbances, which may induce random shifts in the functions u, v, @ and d. T, denotes nominal
lump sum transfers (taxes if negative) from the government and ¥; nominal profits accruing to
households from the ownership of firms.

Households discount future payoffs at the rate § € (0,1). Since our model is formulated
in terms of growth-detrended variables, the discount rate 8 jointly captures the time preference
rate 3 € (0,1) and the steady-state growth rate of marginal utility. Letting g. > 0 denote the
steady-state growth rate of consumption in non-detrended terms, we have

~uc(C(1 4+ go); €)

B=p T (2.16)

where { denotes the steady state value of the disturbance §;. When the growth rate g. of the
economy falls, the discount rate 3 increases because marginal utility falls less strongly. We can
thus capture a fall in the trend growth rate of the economy simply via an increase in the time
discount rate 5. Declining trend growth causes the steady-state real interest rate and thus the
average natural rate of interest to fall, which is in line with the estimates provided in Holston
et al. (2017) (see Appendix B.7).

The aggregate consumption good is a Dixit-Stiglitz aggregate of each of a continuum of differ-

C, = [/01 ct(i)nnldz’] nnl, (2.17)

with an elasticity of substitution n > 1. We further assume isoelastic functional forms

entiated goods,

. 01—&*16—@—1
u(Cp; &) = tl_—(}_t17
~ . A N1dr Py
O(Hy(j);&) = 1+—V (Ht(]))H H,
o(Dy + Dﬁ§ &) = fg (Dt + Df) ) (2.18)
Ad

Cz(kt§§t) = Etkfa

where &,v > 0, @ € (0,1) and {C,, H,, £, A%} are bounded, exogenous and positive disturbance
processes which are among the exogenous disturbances included in the vector &;.

Our specification includes two housing-related disturbances, namely &4, which captures shocks
to housing preferences, and A¢, which captures shocks to the productivity in the construction of
new houses. We impose linearity in the utility function (2.18), because it greatly facilitates the
characterization of optimal policy, with rented and owned housing units being perfect substitutes.

Introducing a weight on rental units relative to housing units would allow us to perfectly match
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the average price-to-rent ratio we observe in the data. However, since this does not change any
other results, we abstract from such a scaling parameter and assign equal weight to housing and
renting in the utility.

Each differentiated good is supplied by a single monopolistically competitive producer; there
is a common technology for the production of all goods, in which (industry-specific) labor is the

only variable input,
Yi(i) = Ao f(he(i)) = Atht(i)1/¢a (2.19)

where A; is an exogenously varying technology factor, and ¢ > 1. The Dixit-Stiglitz preferences

(2.17) imply that the quantity demanded of each individual good i will equal®

: -

, i

(i) =Y, (p—jé )) : (2.20)
t

where Y; is the total demand for the composite good defined in (2.17), p(7) is the price of the

individual good, and P, is the price index,

P = Uolpt(i)l—’?di} o (2.21)

corresponding to the minimum cost for which a unit of the composite good can be purchased in

period t. Total demand is given by
Y = Ci + ke + 9:Y%, (2.22)

where g; is the share of the total amount of composite goods purchased by the government, treated

here as an exogenous disturbance process.

2.4.1 Household Optimality Conditions

Internally rational households choose state-contingent sequences for the choice variables
{Ct,Ht(j),Dt,Df,kt,Bt} so as to maximize (2.14), subject to the budget constraints (2.15),
taking as given their beliefs about the processes { Py, w(j), ¢, Ry, i1, 2t/ P, T;/ P}, as determined
by the (subjective) measure P.

We shall be particularly interested in the policy implications generated by subjective housing
price beliefs. To insure that an optimum exists in the presence of potentially distorted beliefs about
the housing price ¢}, we require housing choices to lie in some compact choice set D; € [0, D™],

as discussed in Section 2.3, where the upper bound can be arbitrarily large.

2"In addition to assuming that household utility depends only on the quantity obtained of C;, we assume that
the government also cares only about the quantity obtained of the composite good defined by (2.17), and that it
seeks to obtain this good through a minimum-cost combination of purchases of individual goods.
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The first order conditions give rise to an optimal labor supply relation

U (Hy(5); &)

wy(j) = Tao(Crg)

(2.23)

a consumption Euler equation

ﬂC(C’t;ft) = 5Ef {aC(CtJrl;ftJrl) S ] )

_ 2.24
P/ (2.24)

an equation characterizing optimal investment in new houses

1

oyt
kt = AdqujT y (225)
( t tCta 1

an optimality condition for rental units

& = Ryuc(Cy, &), (2.26)
and a set of conditions determining the optimal housing demand D;:

qi < §td + B(1 — 5)Efo+1 it D; = D™
g =¢&"+p(1—06)Elq,, if D, € (0,D™m>) (2.27)
g > &+ B(1—0)E g, if D, =0.

With rational expectations, the upper and lower holding bounds never bind.?® Since we are
interested in how the presence of belief distortions about future housing values affect equilibrium
outcomes, the bounds in equation (2.27) can potentially bind under the subjectively optimal plans.
This explains why an internally rational household can hold subjective housing price expectations,
even if she holds rational expectations about the preference shocks £2 in equation (2.27).
Forward-iterating on equation (2.24), which holds with equality under all belief-specifications,

delivers a present-value formulation of the consumption Euler equation

T—t

. . N T+
ic(Cii&) = Jim B} |ac(Cri&r)8" [ | 5
k=0

Tk 2.28
-t Pt/ Pk (228)

which will be convenient to work with, especially under subjective belief specifications. Household

choices must also satisfy the transversality constraint

Jim BTE] [ac(Cr; &r)Br + Dray] = 0. (2.29)

28The upper bound D™ has been chosen sufficiently large for this to be true. The lower bound is never reached
because the housing production function satisfies Inada conditions.
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Optimal household behavior under potentially distorted beliefs is jointly characterized by equations
(2.23) and (2.25)-(2.29).

2.4.2 Optimal Price Setting by Firms

The producers in each industry fix the prices of their goods in monetary units for a random
interval of time, as in the model of staggered pricing introduced by Calvo (1983) and Yun (1996).
Producers use the representative households’ subjectively optimal consumption plans to discount
profits and are assumed to know the product demand function (2.20). They need to formulate
beliefs about the future price levels Pr, industry-specific wages wr(7), aggregate demand Y7, and
productivity Ar.

Let 0 < a < 1 be the fraction of prices that remain unchanged in any period. A supplier i in

industry j that changes its price in period t chooses its new price p;(i) to maximize

E] Z o' QeI (pe(i), Pr,wr(5), Y, Ar) (2.30)
T=t

where E] denotes the expectations of price setters conditional on time ¢ information, which are
identical to the expectations held by consumers. Firms discount random nominal income in period

T using households’ subjective stochastic discount factor @), r, which is given by

uc (Cr.ér) P

_ Tt
Qur =P ic (Cy, &) Pr

T=t in equation (2.30) captures the probability that a price chosen in period ¢ will not

The term «
have been revised by period 7', and the function II (p;(7), ...) indicates the nominal profits of the
firm in period ¢, as discussed next.

Profits are equal to after-tax sales revenues net of the wage bill. Sales revenues are determined

by the demand function (2.20), so that (nominal) after-tax revenue equals

(1 = ) puli)Y; <%“) N

Here 7; is a proportional tax on sales revenues in period ¢, {7;} is treated as an exogenous distur-
bance process, taken as given by the monetary policymaker. We assume that 7, fluctuates over
a small interval around a non-zero steady state level 7. We allow for exogenous variations in the
tax rate in order to include the possibility of “pure cost-push shocks” that affect the equilibrium

pricing behavior while implying no change in the efficient allocation of resources.
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The labor demand of firm 7 at a given industry-specific wage w;(j) can be written as

hi(i) = (%)¢pt(i)"¢Pt"¢, (2.31)

which follows from (2.19) and (2.20). Using this, the nominal wage bill is given by

. (YN
Pa(i) = P () i) 7
t
Subtracting the nominal wage bill from the above expression for nominal after tax revenue, we
obtain the function II (p:(7), Pr,wr(j), Yr, Ar) used in (2.30).
Each of the suppliers that revise their prices in period t chooses the same new price pf, that

maximizes (2.30). The first-order condition with respect to p;(i) is given by?’

ET Z a" ' QurIly (pi(i), Pr,wr(j), Yr, Ar) = 0.

T=t

The equilibrium choice pf, which is the same for each firm ¢ in industry j, is the solution to this
equation. Letting p{ denote the price charged by firms in industry j at time ¢, we have pg =pjin
periods in which industry j resets its prices and p{ = p{_l otherwise.

Under the assumed isoelastic functional forms, the optimal choice has a closed-form solution

- , ¢ né+1
(pr>1+n(¢—l) EP >0 ar tQt,TﬁgbwT(]) <X_§> (%) (2.32)
— p— - T’ .
Fi EP S, o™ Qur(1 — 7)Y (%)
The price index evolves according to a law of motion
Po=[(1-a)p/ "+ aP |7, (2.33)

as a consequence of (2.21). The equilibrium inflation in any period is characterized by

(py ) »

The welfare loss from price adjustment frictions can be captured by price dispersion, which is

29Note that supplier i’s profits in (2.30) are a concave function of the quantity sold (i), since revenues are

n—1
proportional to yt(z)]T and hence concave in (i), while costs are convex in y;(i). Moreover, since y;(7) is
proportional to p:(¢)~", the profit function is also concave in p:(i)~"7. The first-order condition for the optimal

choice of the price p;(7) is the same as the one with respect to p;(7)~"; hence the first-order condition with respect
to p:(i) is both necessary and sufficient for an optimum.
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defined as
1 j —n(14w)
AﬁE/ P 4> 1, (2.35)
o \ D

w=¢p(l+v)—1>0

where

is the elasticity of real marginal cost in an industry with respect to industry output.
Using equation (2.33) together with the fact that the relative prices of the industries that do
not change their prices in period ¢ remain the same, one can derive a law of motion for the price

dispersion term A; of the form

Ay = A1, P/Piy), (2.36)
with
n—1 L;jlw)
P, \10+) 1—a<§§)
h(Aty-Pt/Pt—l) = C%At (Pt_1> +(].—Oé) 1—a

As is commonly done, we assume that the initial degree of price dispersion is small (A_; ~ O(2)).

Equations (2.32), (2.34), and (2.36) jointly define a short-run aggregate supply relation between
inflation, output and house prices (via the aggregate demand equation (2.22) and (2.25)), given
the current disturbances &;, and expectations regarding future wages, prices, output, consumption
and disturbances. Equation (2.36) describes the evolution of the costs of price dispersion over
time.

For future reference, we remark that all firms together make total profits equal to

2y

- = (1 - Tt)Y;t — weHy, (2'37>
P,

where w,H; = fol wi () He(5)dj.

2.4.3 Government Budget Constraint and Market Clearing Conditions

The government consumes goods ¢;Y;, imposes a sales tax 7, issues nominal bonds B; = P, By,

and pays lump sum transfers T; to households. The government budget constraint is given by

14+i,, T
(g —1) Y,

B, = B,_
TR PL, P

For simplicity, we assume that lump sum transfers (taxes if negative) are set such that they keep
real government debt constant at some initial level B_;. This implies that government transfers

are given by

T, I+
—=—(q,— )Y, +B;,_ 11— . 2.38
j2) (gt — )Yy + Biy ( Pt/Pt—1> ( )
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Using (2.22) and (2.25), one can express the market clearing condition for the consump-

tion/investment good as

Cy + Q. C ¢
Y, 2.
' 1—9: ( 39)
where L
0, = <A§C*;5’1qg> ) (2.40)

is a term that depends on exogenous shocks and belief distortions in the housing market only, see

equation (2.27). The previous two equations implicitly define a function
Ct = C(Y;H Qfa gt)u (241>

which delivers the market clearing consumption level, for a given output level Y;, given housing
prices ¢;' and given exogenous disturbances &;.

The market clearing condition for housing is
Dt = (]_ — 5)Dt—1 + ci(kt, 51:)7 (242)
and rental market clearing requires
DE =0. (2.43)

Labor market clearing requires that the supply of labor of type j in (2.23) is equal to labor demand
of industry j, which is given by (2.31), as all firms in the industry charge the same price. This

delivers

~ N N\V Fr—v _y v j —vne
() = BULDE) _ MEGY A, B g) oo (%) o

uc(Cr; &) croteet
where p{ = p; in periods where industry j can adjust prices and pZ = p{fl otherwise.

2.4.4 Equilibrium and Ramsey Problem with Subjective Beliefs

We now define the equilibrium in the presence of subjective beliefs, as well as the nonlinear
Ramsey problem characterizing the monetary policymaker’s optimization problem in the presence
of subjective beliefs.

We start by defining an Internally Rational Ezpectations Equilibrium (IREE), which is a gen-
eralization of the notion of a Rational Expectations Equilibrium (REE) to settings with subjective
private sector beliefs:

An internally rational expectations equilibrium (IREE) is a bounded stochastic process for

{Yi, Cy, ki, Dy, {we(5) Y, 05y Py Ay, i} oo satistying the aggregate supply equations (2.32), and
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(2.34), the law of motion for the evolution of price distortions (2.36), the household optimality
conditions (2.25), (2.27), (2.28), and the market clearing conditions (2.39), (2.42) and (2.44) for
all j.

The equilibrium features ten variables (counting the continuum of wages as a single variable)
that must satisfy nine conditions, leaving one degree of freedom to be determined by monetary pol-
icy.3% In the special case with rational beliefs (ET[-] = E;[-]), the IREE is a Rational Expectations
Equilibrium (REE).

Given the equilibrium outcome, the remaining model variables can be determined as follows.
Equilibrium profits are given by equation (2.37) and equilibrium taxes by equation (2.38). Equi-
librium labor supply H,(j) follows from equation (2.23) for each labor type j. Equilibrium bond
holdings satisfy B; = B_; and equilibrium inflation is IT; = P,/ P, ;. Equilibrium rental units are
given by equation (2.43) and equilibrium rental prices by equation (2.26).

The Ramsey problem allows the policymaker to choose the sequence of policy rates, prices and
allocations to maximize household utility, subject to the constraint that prices and allocations
constitute an IREE. The policymaker thereby maximizes household utility under rational expec-
tations, i.e., under a probability measure that is different from the one entertained by households,
whenever the latter hold distorted beliefs. Benigno and Paciello (2014) refer to such a policymaker
as a ‘paternalistic’ policymaker. The non-linear Ramsey problem is spelled out in Appendix B.3.
To gain economic insights into the forces shaping the policy problem, the next section considers a

quadratic approximation to the nonlinear problem.

2.5 The Monetary Policy Problem: Analytic Insights

This section derives analytic insights into the monetary policy problem. In particular, it presents a
quadratic approximation to the policymaker’s Ramsey problem that highlights the new economic

31 Tt shows how subjective capital

forces arising from the presence of capital gain extrapolation.
gain expectations shift the Phillips curve and affect the natural rate of interest in the IS equation.

The quadratic approximation derived below is valid for two alternative belief settings.?> The
first setting is standard and assumes rational expectations. While constituting a useful benchmark,
the assumption of rational housing price expectations is strongly rejected by the survey evidence

in Section 2.2.

30The transversality condition (2.29) must also be satisfied in equilibrium, but is not imposed as an equilibrium
condition, as it will hold for all belief specifications considered below.

31The nonlinear problem can be found in Appendix B.3. The quadratic approximation delivers a valid second-
order approximation to the problem, whenever (i) the steady-state Lagrange multipliers associated with the non-

linear constraints are of order O(1), which is the case when the steady state output distortion © = log (% g)
is of order O(1), and (ii) the gap between the steady-state interest rate and the lower bound, i.e., % — 1, is also of
O(1), i.e., when steady state real interest rates/natural rates are low.

32Recall from our earlier discussion that firms must hold beliefs about future values of P;, w;(j), ¥; and that
households must hold beliefs about future values of (P, w:(j), ¢}, Rt, i+, Xt/ P, Tt/ P). Both actors must addition-
ally hold beliefs about the fundamental shocks entering their decision problem.
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The second setting considers subjective housing beliefs. In particular, it considers capital gain
extrapolation according to equations (2.7)-(2.9) introduced in the simple model in Section 2.3, but
with the variable ¢; being replaced by ¢;'. The latter implies that households extrapolate capital
gains in units of marginal utility rather than in units of consumption. Specifying subjective beliefs
in units of marginal utility leaves the ability of the learning rule to replicate the survey evidence
unchanged, but has three advantages.3

First, the dynamics of housing prices in units of marginal utility is unaffected by monetary
policy, even if housing prices in units of consumption do depend on policy. As a result, the object
about which agents learn does not depend on policy. The policymaker thus cannot ‘manipulate’
households’ subjective housing price beliefs in a way to achieve outcomes that are potentially better
than under rational expectations.?* In addition, it allows side-stepping the otherwise thorny issue
of how the learning rule should respond to the conduct of monetary policy.

Second, the belief setup allows replicating the fact that housing demand/investment responds
more strongly to monetary policy disturbances than non-housing demand, thereby avoiding the
pitfalls described in Barsky et al. (2007). Appendix B.4 shows that in response to an exogenous
shift in the path of nominal interest rates 7, the change in housing investment and consumption

satisfies at all times

dlog k; 1 1 dlogCh
- —. 2.4
di l1—ac di ' (2.45)

where 1/(1 — @) is the price elasticity of housing supply and 1/ the coefficient of relative risk
aversion in consumption. The calibrated model considered later on features 1/((1 — a)s) > 1.3

Third, the belief specification greatly simplifies the algebra involved in deriving the second-
order approximation to the Ramsey problem, because it allows for a relatively straightforward
determination of the equilibrium path of subjectively optimal consumption choices.

Overall, we wish to consider a minimal deviation from rational expectations, therefore keep
expectations about all other variables rational to the extent possible.3® Finally, to insure that
households’ subjectively optimal plans satisfy the transversality condition, we assume that house-
holds hold rational capital gain expectations in the very long run, i.e., after some arbitrarily large

but finite period T' < 00.3” We then consider the policy problem with subjective beliefs in periods

33This is so because we consider log consumption preferences which imply that contributions from fluctuations
in marginal utility are orders of magnitude smaller than those generated by subjective beliefs.

34This is a key distinction to the setups analyzed in Molnar and Santoro (2014), Mele et al. (2020), and Caines
and Winkler (2021).

35The calibration use log utility in consumption (1/6 = 1) and a supply elasticity of 1/(1 — &) = 5.

36In particular, household continue to hold rational expectations about all other prices, i.e., about { P, w(j), it}
and firms hold rational expectations about {P;, w(j), Y;}. Furthermore, all actors continue to hold rational expec-
tations about the exogenous fundamentals. Beliefs about profits and lump sum taxes, {3,/P;,T;/P;} continue to
be determined by equations (2.37) and (2.38), evaluated with rational output expectations and the state-contingent
optimal choices for {Hy, ki, B;}. Rental price expectations, however, cannot be kept rational: they need to satisfy
equation (2.26), which shows that they are influenced by the subjectively optimal consumption plans implied by
equation (2.28).

37 Appendix B.5 shows that this is sufficient to insure that subjectively optimal plans satisfy the transversality
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t<T.
For the two belief settings just described, the quadratic approximation of the Ramsey problem

is given by3®

o
1 ) *
max - —Fy Zﬁt— (Aﬂrf + A, () + A, (@ - )2> (2.46)
{ﬂ-tvyg p@?,ltZz} —0 2
s.t.:
T = BE e + kg™ + kg (@ — §7) +uy for t >0 (2.47)
S C
a 3 a, . *,RE «
v = Jim B — 0B Y (s = meores — i) = G @ - 0) (2.48)

k=0
as well as equations determining (g;' — ¢;'*) and initial pre-commitments,

where m; = logII; denotes inflation and y{*’ the output gap, which is defined as yJ* = logV; —
log Y;*, with Y;* denoting the efficient level of output, as defined in equation (B.15) in appendix
B.6. The housing price gap ¢} — g;"* is the difference between the housing price g} = log ¢} and

its efficient welfare-maximizing level ¢**, which is given by’
Uk =
G =& (2.49)

where & = Y5, Ei[(1 - 6)7 " 571¢d).

The policymaker’s objective (2.46) involves the standard terms of squared inflation and the
squared output gap, but also depends on the squared housing price gap. The latter arises because
any deviation of housing prices from their efficient level distorts — for a given level of the output
gap — housing investment, as we explain below. The equilibrium value of the housing price gap
will depend on the belief specification and will be discussed in detail in the next two sections.

Constraint (2.47) is the New Keynesian Phillips Curve and depends on the housing price gap.
The coefficients £, < 0 and x, > 0 are defined in Appendix B.6.3 and imply that positive housing
price gaps exert negative cost-push effects: high housing prices increase housing investment and —
for a given output gap — decrease non-housing consumption. The latter raises the marginal utility
of non-housing consumption and thereby depresses wages and marginal costs. This allows the
model to potentially produce a non-inflationary boom in housing prices and housing investment.
The mark-up disturbance u; is a function of exogenous disturbances only.

Constraint (2.48) is the linearized and forward-iterated IS equation. A key new insight here

is that the IS equation also depends on the housing price gap. This implies that the housing

constraint (2.29).

38See Appendix B.6 for a derivation.

39Gee the derivation in Appendix B.8.4. All variables in the approximation are expressed in terms of log deviations
from the efficient steady state.
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price gap affects the natural rate of interest, as discussed in detail below. The coefficients C; < 0
and Cy > 0 are the derivatives of the function C(-) defined in (2.41) with respect to ¢* and Y,
respectively, evaluated at the efficient steady state. The variable r; A in equation (2.48) denotes
the natural interest rate under RE and is a function of exogenous disturbances only.*® The long-
run output gap expectations limy Eyy5” in equation (2.48) are the ones associated with a setting
in which agents hold rational housing expectations.*!

Note, that the policymaker’s choice of the nominal interest rate i, is subject to an effective lower
bound i; > 7, where the bound 7 < 0 is expressed in terms of deviations from the interest rate in a
zero-inflation steady state. For the special case with a zero lower bound, we have i = —(1— 3)/8.
In the absence of a lower bound constraint or when economic shocks never cause the bound to
become binding, the IS equation (2.48) can be dropped from the policy problem.

Interestingly, the expectations showing up in the monetary policy problem (2.46)-(2.48) are
all rational. The way subjective housing price expectations affect the monetary policy problem
are thus fully captured through their effects on the housing price gap. The next two sections
determine the housing price gaps under rational and subjective beliefs and what they imply for

optimal policy.

2.5.1 Rational Housing Price Expectations

With fully rational expectations we have
" =g, (2.50)

which shows that the housing price gap is zero at all times, independently of monetary policy
and independently of the economic disturbances hitting the economy.*> Under RE, the Ramsey
problem with a lower bound constraint (2.46) is thus isomorphic to the Ramsey problem in a
standard New Keynesian model without a housing sector, as considered for instance in Adam and
Billi (2006a). This result may appear surprising because monetary policy decisions do affect the
housing price in units of consumption ¢;. Yet, as the policy problem (2.46) makes clear, it is
only the housing price gap in units of marginal utility, ¢} — ¢;**, that is relevant from a welfare
perspective. Under RE, the presence of a housing sector thus generates no fundamentally new
economic insights into the monetary policy problem.*3

The RE setup also has difficulties in making a connection between the average natural rate of

40More precisely, r; FE i5 the real interest rate consistent with the optimal consumption level in a setting with
flexible prices and fully rational expectations, see Appendix B.6.4 for details.

41Recall that housing expectations are assumed rational in the long-run in both belief settings.

42See Appendix B.8.1 for proofs on the results about housing prices and the price-rent ratio presented in this
section.

43The inclusion of a housing sector only affects the definition of the output gap, which now also depends on
housing sector disturbances.
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interest and the volatility of the price-to-rent (PR) ratio. Under RE, the equilibrium PR-ratio is

pRI? = 4 (2.51)
t
which to a first-order approximation is given by
PR, =7-¢& (2.52)

with Z = (1 —6) (pe — 1) /(1 — B(1 — 6)pe). Equation (2.52) shows that the PR-ratio displays
persistent variation under RE, if and only if housing demand shocks é/? are persistent. In fact,
replicating the high quarterly auto-correlation of the PR-ratio in Table 2.3 requires choosing a
shock persistence pg very close to one. Yet, in the limit pe — 1, the derivative 0Z/0f uniformly
converges to zero for all 5 € [0,1]. This implies that the volatility of the PR ratio will be largely
independent of the natural rate of interest when housing demand shocks are sufficiently persistent.
Under RE, there is thus no quantitatively important relationship between the average natural rate
of interest and the volatility of the PR ratio, unlike in the case with capital gain extrapolation.

Given equation (2.50), the IS equation (2.48) implies that setting
iy — By = ™ forall t >0 (2.53)
is consistent with a constant output gap, i.e.,

Y = lim By for all ¢ > 0.

This justifies our interpretation of r; BE as the natural rate of interest under RE.%* It also shows
that the volatility of the natural rate of interest is independent of the average value of the natural

rate under RE. This will cease to be the case under subjective housing beliefs.

2.5.2 Subjective Housing Price Expectations

This section discusses three new economic forces showing up in the monetary policy problem in
the presence of subjective housing price beliefs. It shows (i) how housing price fluctuations are
affected by the average level of the natural rate of interest, (ii) how these fluctuations affect the
volatility of the natural rate of interest, and (iii) how these fluctuations distort the allocation of
output.

Housing prices under subjective beliefs are jointly determined by equations (2.9) and (2.10),

where ¢ should again be replaced by ¢'. Since these equations do not depend on policy, the

44In the presence of a lower bound constraint on nominal rates, it might not be feasible to implement (2.53) at
all times.
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policymaker can treat the housing price gap as exogenous, as is the case with RE.*® Yet, the
housing price gap will now generally differ from zero, as the housing price gap can become positive

or negative depending on the degree of capital gain optimism /pessimism.

The average natural rate and housing price volatility. With subjective housing price

expectations, the equilibrium housing price is given by?6

1
u,P d
"= 2.54
and the price-to-rent ratio by
u,P
PRP =% (2.55)
&
For the limit with persistent housing demand shocks (ps — 1), we can derive the first-order
approximation
~u,P __ ~u,RE B(1—4) cd
P geRE (B —1 <1+ ) 2.56
q; q; (ﬂt ) 1 — 5(1 _ 6)6t ft ( )

which decomposes the equilibrium housing price into its RE value plus a contribution coming from

the presence of subjective beliefs. We then also have

EF (@] = B @] + (8 - 1) {1 T ﬁ(il _535) 5 (1 5?)] , (2.57)
which shows that subjective housing price expectations are equal to their RE equilibrium value
whenever expected capital gains are equal to one (8, = 1). Capital gain extrapolation, however,
will induce fluctuations of 3, around one and thus drive a wedge between the housing price under
learning and RE.*"

As explained for the simple model in Section 2.3, lower values for the average natural rate
(discount factors [ closer to one), will induce stronger fluctuations in capital gain expectations
(B¢), because housing prices are more sensitive to belief revisions, see equation (2.54). Lower
average values for the natural rates will thus be associated with increased fluctuations in housing

prices and the PR-ratio, in line with empirical evidence presented in Section 2.3.

Housing price fluctuations and the natural rate of interest. The presence of non-zero
housing price gaps also affects the natural rate of interest. This can be seen by considering a
policy that sets real interest rates equal to the RE natural real rate (r; ’RE). Such a policy now

ceases to deliver a constant output gap, instead implies

45This does not imply that the housing price ¢ is invariant to monetary policy: monetary can determine how
variations in ¢}* get split up into variations of the housing price ¢; and variations in marginal utility e (C; &;).

46See Appendix B.8.1 for a derivation of this and subsequent results, including the generalized expressions for
the case with ps < 1.

4"In the limit where the Kalman gain (1/c) in the updating equation (2.9) approaches zero, the model with
capital gain extrapolation converges to the RE model.
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gap

ylr = lizrp Ews, — (g —q"). (2.58)

Since C,/Cy < 0, a positive (negative) housing price gap is then associated with a positive
(negative) output gap: high housing prices stimulate housing investment and thereby output.
Since the output expansion is inefficient, the policymaker might find it optimal to lean against
housing prices. The extent to which this is optimal will be explored quantitatively in Section 2.7
below.

The following lemma derives the natural rate r; P for our setting with subjective housing price

beliefs:48

Lemma 2. Let the natural rate of interest under subjective beliefs be given by

* * 1C * *
riP = _C’_q (@ —a) - E (@ —a5y)  forallt. (2.59)
¥ Ly
When real interest rates are equal to r;"p for allt > 0, then the IS equation (2.48) is consistent
with
Yl = li%n Ew3™  for all t. (2.60)

The proof can be found in Appendix B.8.1. Equation (2.59) generalizes the natural interest
rate definition under RE to a setting with potentially subjective beliefs. In the special case with a

i RE " even when the constant housing price gap differs

constant housing price gap, we have r;”" = r;°
from zero. This shows that the natural rate under subjective beliefs differs from its RE value if
and only if the housing price gap is expected to go up or down. Since C,/Cy < 0, the natural
rate will exceed (fall short of) its RE level, when the current housing price gap is higher (lower)
than tomorrow’s (expected) gap.

Since fluctuations in housing prices become larger when the average natural rate falls, the
expected changes in the housing price gap will also become more volatile. A lower average level of
the natural rate is thus not only associated with more volatile housing prices but also with more
volatile natural rates of interest.

Figure 2.6 shows that this model prediction is consistent with the data. The figure plots the
changes in the average level of the natural rate from the period before 1990 to the period after
1990 on the horizontal axis and the corresponding change in the natural rate volatility on the
vertical axis. The volatilities of the natural rates in the pre-/post-1990 periods are the standard
deviations of the linearly detrended series. The figure is again based on the estimates in Holston
et al. (2017). While the level of the natural rate decreased, the volatility of it increased in four

out of the five advanced economies. Appendix B.7 discusses the robustness of these results.

48 As is the case with RE, it will generally not be optimal (or not even feasible) to set interest rates equal to the
natural rate at all times due to the presence of a lower bound constraint on nominal rates
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Figure 2.6: Changes in the average natural rate vs. changes in the volatility of the natural rate
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Notes: This figure plots the pre-/post-1990 changes in the average natural rates against the changes in the natural
rate volatility for several advanced economies. The volatilities of the natural rates in the pre-/post-1990 periods
are the standard deviations of the linearly detrended series.

Housing price fluctuations and the misallocation of output. We now show that fluc-
tuations in the housing price gap distort the allocation of output between its alternative uses, i.e.,
between housing investment and non-housing consumption. The housing investment gap, i.e., the
difference between actual investment /k\:t and its efficient level 76\2" , is — to a first-order approximation

— given by

@ —-a"). (2.61)

Under rational expectations, the housing price gap is zero and the investment gap is only distorted
to the extent that the output gap is not closed. Additional output then gets allocated in constant
proportions to housing investment and non-housing consumption, as (67 'Cy)/(1 — &) > 0. In
the presence of subjective beliefs, however, an additional distortion arises: the housing investment
gap is then also driven by the housing price gap. Given the calibration considered later on, we
have (1 +67'C,)/(1 — &) > 0, so that a positive housing price gap (g — gi** > 0) reinforces
the investment distortions generated by a positive output gap.*® This explains why the squared
housing price gap shows up in the policymaker’s objective function (2.46). While monetary policy
cannot affect the housing price gap within our belief setup, it is the case that larger housing price

gap fluctuations, as induced by lower natural rates, contribute to increased welfare losses.

2.6 Model Calibration

To explore the quantitative implications for monetary policy arising from the presence of capital

gain extrapolation, we consider a calibrated model. The calibration strategy consists of choosing

49This distortion in the allocation of output between housing investment and non-housing consumption is present
independently of other frictions such as sticky prices or the lower-bound constraint on nominal interest rates.
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a set of standard parameter values previously considered in the literature and of matching salient
features of the behavior of natural interest rates and housing prices in the United States in the
pre-1990 period. We then test the model by considering its predictions for the lower natural rate
levels observed in the post-1990 period up to 2021. We compare across long time spans of 30 years
each to obtain more reliable estimates of housing price volatility, which is difficult to estimate

given the high degree of serial correlation of housing prices.

Table 2.5: Model calibration

Parameter Value Source/ Target
Preferences and technology
15} 0.9917 Average U.S. natural rate pre 1990
@ 1 Adam and Billi (2006a)
Ky 0.057 Adam and Billi (2006a)
- 0.007 Adam and Billi (2006a)
Kq —0.0023 Adam and Woodford (2021)
g —0.29633 Adam and Woodford (2021)
J 0.03/4 Adam and Woodford (2021)
Exogenous shock processes
Dy 0.8 Adam and Billi (2006a)
O 0.2940% (RE) Adam and Billi (2006a)
0.1394% (subj. beliefs)
Pe 0.99 Quarterly autocorrel. of the PR-ratio of 0.99
O¢d 0.0233 (RE) Std. dev. of price-to-rent ratio pre 1990

0.0165 (subj. beliefs)
Subjective belief parameters
a 1/0.007 Adam et al. (2016)
pY 1.0031 Max. percentage deviation of PR-ratio from mean

Calibration to the pre-1990 period. Table 3.4 summarizes the model parameterization.
The quarterly discount factor S is chosen such that the steady-state natural rate equals the pre-
1990 average of the U.S. natural rate of 3.34%, as estimated by Holston et al. (2017). The interest
rate elasticity of output ¢, the slope of the Phillips curve &, and the welfare weight j\\—i are taken
from Table 2 in Adam and Billi (2006a). The Phillips Curve coeflicient x, and the ratio C,/C,
are set as in Adam and Woodford (2021).5

We now discuss the parameterization of the exogenous shock processes. The persistence of the
housing preference shock pg is set such that the RE model captures the high serial autocorrelation

of the PR ratio in the data. The standard deviation of the innovations to the housing preferences

0The calibration target for the ratio C,/C, is the ratio of residential fixed investment over the sum of nonresi-
dential fixed investment and personal consumption expenditure, which is on average approximately equal to 6.3%
in the US. This and the remaining parameters then imply x, = —0.0023, see Appendix B.8.8 for details.
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Figure 2.7: Standard deviation of price-to-rent ratio and natural rate
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Notes: This figure plots, for different steady state levels of the natural rate, the standard deviation of the price-to-
rent ratio (relative to its mean) and the standard deviation of the natural rate.

o¢ are set such that the rational expectations and subjective belief models both replicate the
pre-1990 standard deviation of the PR-ratio. For the subjective belief model, this is achieved by
simulating equations (2.9) and (2.11), which requires specifying the belief updating parameters
o and Y. We set o = 1/0.007 following Adam et al. (2016) and determine oca and Y jointly
such that (i) we match the volatility of the price-to-rent ratio and (ii) the simulated data matches
the maximum deviation of the price-to-rent ratio in the data from its sample mean. The latter
statistic identifies . This procedure yields Y = 1.0031 and oca = 0.0165. Housing demand
disturbances are less volatile than under RE because fluctuations in subjective beliefs contribute
to the fluctuations in housing prices. In fact, the calibration implies that about 50% of housing
price fluctuations are due to subjective beliefs.

We consider the natural rate process

rifE — p B e (2.62)
where & ~ N (0,02). For the RE model, we set p,« and o,« equal to the values in Adam and
Billi (2006a). For the subjective believe model, we use the same value for p,~ but choose o, such
that the generalized natural rate for the subjective belief model, defined in equation (2.59), has
the same volatility as the natural rate in the RE model. This yields o,.re = 0.1393%, which
is lower than under RE, because fluctuations in the housing price gap contribute to fluctuations
in the natural rate in the presence of subjective beliefs. To economize on the number of state

variables in the policy problem, we abstract from the presence of mark-up shocks.?!

51 Adam and Billi (2006a) show that mark-up shocks are too small and display too little persistence to cause the
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Evaluation of the model in the post-1990 period. Figure 2.7 illustrates the predictions
of the RE model (dashed line) and subjective belief model (solid line) for the standard deviation
of the price-to-rent ratio (panel a) and the standard deviation of the natural rate of interest
(panel b). The panels depict these outcomes, which are independent of monetary policy, on the
vertical axis for various levels of the steady-state natural rate on the horizontal axis. Variations
in the steady-state level of the natural rate are achieved via appropriate variations in the discount
factor.®® The dots in Figure 2.7 report the average values for the pre- and post-1990 U.S. sample
periods, where the average natural rate was equal to 3.34% and 1.91%, respectively.3

Since the model has been calibrated to the pre-1990 period, the RE and subjective belief model
both match the pre-1990 data points in Figure 2.7. The subjective belief model also performs quite
well in matching the post-1990 outcomes, despite the fact that these outcomes are not calibration
targets. In particular, the standard deviation of the price-to-rent ratio and the standard deviation
of the natural rate endogenously increase as the natural rate falls, with the magnitudes roughly
matching the increase observed in the data. In contrast, the RE model produces no increase in the
volatility of the natural rate and only a weak increase in the volatility of the price-to-rent ratio,
for reasons discussed in Section 2.5.1. Matching the increase in housing price volatility under RE
requires increasing the volatility of housing demand shocks. Since such an increase is irrelevant
for monetary policy under RE, we leave the volatility of housing preference shocks unchanged.
Similarly, matching the increase in the natural rate volatility under RE would require increasing

o+. We will consider such increases when discussing our quantitative results.

2.7 Quantitative Implications for Monetary Policy

This section illustrates the quantitative implications of falling natural rates and rising housing price
volatility for the conduct of optimal monetary policy. It starts by determining the implications of
falling natural rates for the optimal inflation target, i.e., for the average inflation rate implied by
optimal monetary policy. It then illustrates the dramatically different optimal response to housing
demand shocks under subjective and objective housing beliefs. Details of the nonlinear numerical

solution procedure underlying the results in this section can be found in Appendix B.8.6.

2.7.1 The Optimal Inflation Target

Figure 2.8 depicts the optimal inflation target for different steady-state levels of the natural rate of
interest, i.e., the average inflation rate implied by optimal monetary policy. It shows the optimal

target for the setup with subjective housing beliefs (upper line), for the case with rational housing

lower-bound constraint to become binding.

52 As discussed before, variations in the discount factor may be driven by variations in the long-term growth rate
and/or by variations in time-preferences.

53The reported increase in the standard deviation of the natural rate is again based on the estimates in Holston
et al. (2017).
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Figure 2.8: Average inflation under optimal monetary policy
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Notes: The figure reports the optimal inflation target for different average levels of the natural rate in the presence
of a zero lower bound constraint. The red line depicts the optimal target for the case with rational housing price
beliefs and the blue line the one with subjective housing price beliefs. The yellow line shows the optimal average
inflation under RE where the exogenous volatility of the natural rate is adjusted such that it matches the endogenous
volatility increase under subjective beliefs.

price beliefs (lower line), and for a third case that we discuss below.

We find that the optimal target is close to zero, whenever housing expectations are rational.
This holds quite independently of the average level of the natural rate, confirming earlier findings
in Adam and Billi (2006a) who considered the value for the average natural rate at the upper
end of the range shown in Figure 2.8. This may appear surprising given that it is optimal for
monetary policy to promise future inflation, so as to lower real interest rates, whenever adverse
natural rate shocks cause the lower-bound constraint on nominal rates to bind. While the lower
bound is reached more often when the average natural rate is low, inflation promises still have to
be made relatively infrequently and can be quite modest. Hence, they do not significantly affect
the average rate of inflation.

This result differs quite substantially from the ones reported in Andrade et al. (2019), who find
that the optimal target should move up approximately one-to-one with a fall in the natural rate
under rational expectations. Besides that Andrade et al. (2019) consider a medium-scale sticky
price model without housing, the main difference to our approach is that they study Taylor rules
with optimized intercepts rather than optimal monetary policy. As shown in Coibion et al. (2012)
it makes a big difference for the optimal inflation target whether the monetary policy maker follows
a Taylor rule or Ramsey optimal policy.

While lower natural rates trigger (slightly) larger housing price fluctuations under rational
expectations, increased volatility is fully efficient and does not affect the natural rate of inter-
est. Under rational expectations, the optimal inflation target is thus unaffected by housing price

fluctuations, including for very low levels of the natural rate.

136



The upper line in Figure 2.8 shows that the situation is quite different with subjective housing
beliefs. The optimal inflation target is overall substantially higher and also reacts more strongly
to a fall in the average natural rate of interest. In fact, a fall in the steady-state natural rate from
its pre-1990 average (3.34%) to its post-1990 average (1.9%) causes the optimal inflation target
to increase by almost 0.5%. The corresponding increase under rational expectations is less than
0.05%. This difference is due to the fact that the endogenous volatility component of the natural
rate increases once the natural rate drops. This reinforces the stringency of the zero lower bound,
but is an effect that is absent under RE. It requires that the central bank engages more often in
inflation promises, as it faces the lower bound constraint.

The optimal inflation target with subjective housing beliefs is substantially higher than the
optimal target with RE, even at the pre-1990 average level of the natural rate. This is the case
although the volatility of the natural rate is calibrated at this point to be equal across both models.
This is due to two reasons: First, fluctuations in the housing price gap also generate cost-push
term in the Phillips curve. Second, belief fluctuations induce more persistent variations in the
natural rate than the exogenous natural rate shocks. This puts further upward pressure on the
optimal inflation rate, as it requires larger and more persistent inflation promises by the central
bank.

To illustrate this last point, the middle line in Figure 2.8 depicts the optimal inflation rate
under rational expectations, when we set the volatility of the (exogenous) natural rate in the RE
model such that it matches the volatility of the natural rate in the subjective belief model, for
each considered level of the natural rate. While the optimal inflation rate increases relative to the
benchmark RE setting, the level of the optimal inflation target still falls short of the one implied
by subjective beliefs.

2.7.2 Leaning Against Housing Demand Shocks

We now examine the optimal monetary policy response to housing demand shocks. Under RE,
housing demand shocks affect the housing price and the efficient housing price identically, so that
the housing price gap remains at zero. As a result, neither the output gap nor inflation respond to
housing demand shocks. In contrast, it becomes optimal to “lean against” housing demand shocks
in the presence of subjective beliefs. Yet, due to the lower bound constraint, the optimal response
to positive and negative housing demand shocks displays considerable asymmetry.

The top row in Figure 2.9 shows the response of housing-related variables to a persistent
positive/negative housing demand shock of 5%.>* On impact, the shock triggers capital gains of
an equal amount, which then trigger belief revisions that fuel further upward movements of the

housing price in the same direction. The positive shock, for instance, pushes housing prices up

54We initialize the economy at its ergodic mean and then hit the economy with a one-time shock of three
standard deviations. We then average the subsequent response over the possible future shock realizations. We
assume a steady-state natural rate equal to its post-1990 mean (1.91%).
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Figure 2.9: Impulse responses to a housing preference shock
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Notes: The figure reports the average impulse responses of the economy under subjective beliefs (at r* = 1.91%)
after a three-standard-deviation housing demand shock. The blue lines show the responses after a positive shock
and the red lines after a negative shock.

by about 5% on impact, with belief momentum generating approximately another 5% in the first
six quarters after the shock. This causes the housing price gap to become significantly positive
(not shown in the figure). Once actual housing price increases start to fall short of the expected
housing price increases, the housing boom reverts direction.

Higher housing prices push up housing investment, which causes upward pressure on the output
gap. Optimal monetary policy leans strongly against the housing price and increases nominal and
real interest rates. It does so despite the fact that the natural rate of interest falls in response to
the shock. The policy response causes a fall in inflation, which is amplified by the fact that the
increase in housing prices and investment increases the marginal utility of consumption, hence,
dampens wages and marginal costs. A positive housing demand shock thus results — in the presence
of subjective housing beliefs — in a disinflationary housing boom episode under optimal monetary
policy.

The policy response to a positive housing demand shock is much stronger than that to a
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negative housing demand shock. In particular, nominal and real interest rates fall considerably
less following a negative shock realization. This is so because a negative housing price gap is
inflationary and inflation is already high to start with. Negative housing demand shocks thus
move inflation further away from its optimal level of zero.® Yet, policy still “leans against” the
housing price decrease: real interest rates fall despite the fact that the natural rate increases.
The fact that leaning against housing prices can be optimal in the presence of capital gain
extrapolation is in line with results in Caines and Winkler (2021), who consider a setting with
‘conditionally model consistent beliefs’ in which expectations differ for many variables from rational
expectations, and with results in Adam and Woodford (2021), who consider a setting where the
policymaker fears ‘worst-case’ belief distortions about inflation and housing price expectations.
As none of these papers consider a lower-bound constraint, the policy response to positive and

negative shocks is symmetric in their settings.

2.8 The Role of Macroprudential Policy

It is often argued that macroprudential policies can be used to stabilize financial markets and
that this would allow monetary policy to ignore disturbances coming from the housing sector,
see Svensson (2018) for a prominent exposition of this view. In this section, we evaluate the
quantitative plausibility of this view within our setup with subjective housing beliefs.

We show below that fully eliminating fluctuations in the housing price gap requires imposing
large and volatile macroprudential taxes. None of the macroprudential instruments thus far avail-
able in advanced economies appear suited to achieve economic effects anywhere near the required
size. In addition, it is often necessary for macroprudential policy to pay substantial subsidies. To
the best of our knowledge, none of the available macroprudential instruments acts in a way that
subsidizes actions by economic actors. Less aggressive policies, that aim at only partly eliminating
the housing price gap, still require considerable tax volatility, because fluctuations in subjective
beliefs turn out not to be independent of tax policy pursued.

We analyze the issue by considering a setup in which the policymaker can tax or subsidize
the ownership of housing. While actual macroprudential policies often operate via constraints
imposed on the banking sector, their ultimate effect is to make housing more or less expensive to
households. For this reason, we consider taxes and subsidies at the household level.

Specifically, we analyze a proportional and time-varying tax 72 that is applied to the rental
value of housing in every period ¢. A household owning D, units of houses, then has to pay taxes
of

7P DR, (2.63)

55While the output gap is moved closer to its optimal level, the weight on the output gap in the welfare function
is two orders so magnitude smaller than that on inflation, see Table 3.4.
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units of consumption.®®

We find this specification more plausible than a policy that taxes the
market value of housing, as it is difficult to determine market values in real time. A setup that
taxes the physical housing units, i.e., where taxes are equal to 7 Dy, delivers very similar results,
but is analytically more cumbersome. Furthermore, the tax setup in equation (2.63) is equivalent
to a setup where taxes directly affect household utility, i.e., where the utility contribution from
owning houses would instead be given by &¢ (1 - 7P ) D, and no monetary taxes would have to be
paid. We prefer the formulation in equation (2.63) because it allows expressing taxes in monetary
units.

In the presence of these taxes, housing prices under subjective beliefs are given by

u o (1_TtD) fzj
TSR —0)B

(2.64)

and the housing-price gap in percentage deviations from the steady state (where 72 = 0) is

e (1=B0-0) (=& FU-8)E -1 1-501-0) ,  1-61-0) 4

@~ % = 1—B(1-0)8 1-B(1-0)8 1-B1-08" 1-p8(1—0)p

The previous equation shows that macroprudential policy must eliminate housing price gap fluc-
tuations that are due to housing demand shocks (E;l) and due to fluctuations in subjective capital
gain expectations (f3;). Doing so requires setting the tax according to

pe _ BA=0) [ (Be—rd) =

- 1—B(1—5)psét+

)| (2.65)
To understand what the preceding equation implies for the behavior of taxes, one has to take
into account that the fluctuations in subjective beliefs (3;) depend themselves on the tax: the
tax influences housing prices, see equation (2.64), and thus — via capital gain extrapolation — the
evolution of subjective beliefs.

To analyze the behavior of taxes, we consider the calibrated subjective belief model from
Section 2.6 for the case where the average natural rate is equal to its post-1990 average (1.9%).
We consider also intermediate forms of taxation that do not aim at fully eliminating the housing
gap, by specifying taxes as

D _ \D__Dx
T, = AT

where AP € [0, 1] is a sensitivity parameter. Our prior setup assumed \? = 0, while fully eliminat-
ing the housing price gap using macroprudential policy requires setting A? = 1. We then simulate
the dynamics of housing prices, beliefs and taxes for alternative values of \”.

Table 2.6 reports the main outcomes. It shows that a higher tax sensitivity (A”) steadily

56To keep the rest of the model unchanged, the household also needs to expect lump sum tax rebates that are
equal to the amount of subjectively expected tax payments.
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Table 2.6: Taxes and housing price gap fluctuations for alternative tax sensitivities \”

Tax sensitivity AP Housing Price Gap ¢ — g** Housing Taxes 77
Value Std. dev. Std. dev. Maximum  Minimum

0.0 14.2% 0.0% 0.0% 0.0%

0.2 9.8% 2.4% 7.0% -12.1%
0.4 6.4% 4.2% 13.8% -21.7%
0.6 3.7% 5.7% 18.0% -30.0%
0.8 1.7% 7.0% 21.3% -36.2%
1.0 0.0% 8.0% 23.9% -41.8%

Notes: The table reports the standard deviation of the housing gap, g} — ¢;**, as well as the standard deviation,
minimum value and maximum value of the macroprudential tax 77, for different tax sensitivities A\P.

reduces the standard deviation of the housing price gap (second column). However, the standard
deviation of taxes has to steadily increase. For a policy that fully eliminates the housing price gap
(AP = 1), the standard deviation of taxes is a staggering 8% of the rental value of housing. Taxes
reach maximum values up to 24% and minimum values deeply in negative territory, with subsidies
above 40% of the rental value. These taxes fully stabilize the housing price gap but still induce
substantial variation in subjective beliefs. The latter explains why taxes have to remain rather
volatile. Intermediate policies, say ones that set A\ = 0.4, substantially reduce the volatility of
the housing gap, but still require rather volatile taxes and often very large subsidies.

Given the outcomes in Table 2.6, we conclude that the currently available macroprudential
instruments will unlikely be able to insulate the monetary authority from disturbances in the

housing sector arising from capital gain extrapolation.

2.9 Conclusion

This paper documents systematic deviations from rational housing price expectations and con-
structs a structural equilibrium model that jointly replicates the behavior of housing prices and
the patterns of deviations from rational expectations. The model shows that subjective housing
price beliefs significantly contribute to housing price fluctuations and that lower natural rates of
interest generate increased volatility for housing prices and the natural rate.

Optimal monetary policy responds to falling and more volatile natural rates by implementing
higher average rates of inflation. Monetary policy should also lean against housing price fluctu-
ations induced by housing demand shocks, with reactions to housing price increases being more
forceful than the reaction to housing price downturns. None of these features is optimal if house-
holds hold rational housing price expectations. This highlights the importance of basing policy

advice on economic models featuring empirically plausible specifications for household beliefs.
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Appendix B

Appendix to Chapter 2

B.1 Additional Results for Section 2.2

B.1.1 Five-Year-Ahead Capital Gain Expectations

While for our baseline results in Section 2.2 we focus on short-term housing price expectations,
our findings equally hold for medium-term five-year-ahead expectations. We estimate the five-year

analogue of regression (2.1) as follows:

Gt+20 — E,:P [@1420) = a®? + 79 . (Etp [@14-20) — Etp—l [Qt+19]) + &¢. (B.1)

Table B.1 reports the estimates of b°“ showing that five-year expectations are updated sluggishly.

Table B.1: Sluggish adjustment of five-year-ahead housing price expectations

Mean Expectations Median Expectations

bCG 6.95%* 6.89%**
(1.703) (1.680)

Notes: This table reports the empirical estimates of regression (B.1) using nominal housing-price expectations.
The reported standard errors are robust with respect to heteroskedasticity and serial correlation (Newey-West with
four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1

We also run five-year-ahead versions of the regressions (2.2) and (2.3):

ET {qfo} —a+c- PRy + u (B.2)
t
%320 —a+c-PR_ +u,. (B.3)
t

Table B.2 shows that five-year-ahead capital gain expectations covary positively with the price-

to-rent ratio, whereas actual capital gains covary negatively.
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Table B.2: Expected vs. actual capital gains using five-year-ahead housing price expectations

bias (in %)  p-value
¢(in%) ¢e(in% —E€—¢ Hy:c=c

Mean Expectations 0.045 -1.889 0.0159 0.000
(0.0001)  (0.01997)
Median Expectations 0.044 -1.889 0.0155 0.000

(0.00024)  (0.01997)

Notes: ¢ is the estimate of ¢ in equation (B.2) and € the estimate of ¢ in equation (B.3). The Stambaugh (1999)
small sample bias correction is reported in the second-to-last column and the last column reports the p-values for
the null hypothesis ¢ = c¢. Newey-West standard errors using four lags in parentheses.
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B.1.2 1V Estimation of Sluggish Belief Updating

To insure that the results obtained from regression (2.1) in Section 2.2 are not driven by forecast
revisions being correlated with the error term, we follow Coibion and Gorodnichenko (2015a) by
adopting an Instrumental Variable approach. Specifically, we consider monetary policy shocks as
an instrument for forecast revisions. We identify daily monetary policy shocks as changes of the
current-month federal funds future in a 30-minute window around scheduled FOMC announce-
ments (following the approach in Giirkaynak et al. (2005) and Gorodnichenko and Weber (2016)).
We then aggregate shocks to quarterly frequency by assigning daily shocks partly to the current
quarter and partly to the consecutive quarter, based on the number of remaining days in the
current quarter. Table B.3 reports the results of the IV regression. The coefficients are positive
and statistically significant, with point estimates that are even larger than the ones reported in
Section 2.2.

Table B.3: Instrumental variable regression

Mean Expectations Median Expectations

Nominal Housing Prices

b6 2.85% 3.84**
(1.259) (1.497)
First-stage F'-statistic 21.88 17.78

Real Housing Prices

[ 2,62 3.45%
(0.745) (0.649)
First-stage F'-statistic 44.49 34.13

Notes: bCC report the results from regression (2.1), instrumenting forecast revisions using monetary policy shocks,
obtained via high-frequency identification. Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1
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B.1.3 Sluggish Adjustment of Capital Gain Expectations

Regression (2.1) in Section 2.2 studies sluggish adjustment of expectations about the housing
price level. Similar results can be obtained when considering expectations about capital gains.
Specification 1 in Table B.4 reports the regression coefficient when one replaces actual and expected
housing price levels on the left-hand side of equation (2.1) with actual and expected capital gains.
The coefficient estimates remain positive and highly statistically significant. Specification 2 in
Table B.4 reports results when replacing expectations about housing price levels with expectations
about capital gains on the right-hand side of equation (2.1) and Specification 3 reports results
when replacing levels by (actual and expected) capital gains on both sides of equation (2.1). The
coefficient estimates remain positive, but the significance levels are lower for Specifications 2 and
3.
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Table B.4: Sluggish adjustment of housing price growth expectations

Mean Expectations Median Expectations

Specification 1

Nominal Housing Prices

bee 0.023*** 0.030***
(0.005) (0.005)

Real Housing Prices

[ 0.024* 0.031%
(0.004) (0.004)

Specification 2

Nominal Housing Prices

s 492" 182
(279) (210)

Real Housing Prices

bee 302* 158
(164) (168)

Specification 3

Nominal Housing Prices

b 5.20* 2.16
(2.896) (2.06)

Real Housing Prices

[ 3.23" 2.06
(1.678) (1.835)

Notes: This table shows the results of regression (2.1) in terms of house-price growth rates instead of house-price
levels. Specification 1 denotes the case in which we replace housing-price levels with capital gains on the left-hand
side of regression (2.1), Specification 2 the case in which we replace the right-hand side and Specification 8 denotes
the case in which we replace levels with capital gains on both sides of regression (2.1). The reported standard
errors are robust with respect to heteroskedasticity and serial correlation (Newey-West with four lags). Significance
levels: *** p < 0.01, ** p < 0.05, * p < 0.1
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B.1.4 Cyeclicality of Housing Price Forecast Errors

A similar version of the test from Adam et al. (2017) presented in Section 2.2, which considers the
cyclicality of expected gains, is proposed by Kohlhas and Walther (2021). In this case, we regress

forecast errors about housing prices on the price-to-rent ratio. Formally, we estimate
qi+4 P dt+4 |
__Et _— —Oé—i-"}/'PRt,l—i—Et. (B4)

Table B.5 shows the results. We find a negative and statistically significant coefficient in all
cases. Thus, consumers tend to become too optimistic (pessimistic) when they observe high (low)

housing valuations, inconsistent with rational expectations.

Table B.5: Forecast errors and price-to-rent ratios

Mean Expectations Median Expectations

Nominal Housing Prices

v —0.5"* —0.5*
(0.09) (0.10)

Real Housing Prices

v —0.5"* —0.5"*
(0.08) (0.10)

Notes: This table shows the results of regression (B.4), whereas the estimated regression coefficients (and standard
errors) are multiplied by one hundred for better readability. The reported standard errors are robust with respect to
heteroskedasticity and serial correlation (Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05,
*

p<0.1
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B.1.5 Dynamics of forecast errors with median and nominal housing
price expectations

Figure B.1 shows alternative specifications of the dynamic forecast error responses presented in
Section 2.2. Panel (a) presents the response of forecast errors for nominal housing prices. Panel
(b) shows the response of forecast errors for real housing prices (as in Section 2.2) but consid-
ering median expectations. The figure shows that these responses are very close to the baseline

specification shown in Section 2.2.

Figure B.1: Dynamic Forecast error response to realized capital gains

(a) Nominal (Mean) Capital Gain Expectations (b) Median (Real) Capital Gain Expectations
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Notes: Panel (a) shows impulse-response functions of nominal capital gain forecast errors to a one standard
deviation innovation in the housing capital gain. Panel (b) shows the impulse-response functions of median (real)
capital gain forecast errors of one-year ahead expectations to a one standard deviation innovation in the housing
capital gain. The shaded area shows the 90%-confidence intervals, standard errors are robust with respect to serial
correlation and heteroskedasticity (Newey-West with h + 1 lags).
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B.1.6 Results when Excluding the Corona Virus Period

The empirical results reported in Section 2.2 are based on the entire period for which household-
survey expectations are available, i.e., 2007-2021. This section reports results obtained when
ending the sample in 2019, thereby excluding the recent Corona Virus crisis period. This is
motivated by the fact that the two largest outliers in Figure 2.2 fall into the period after 2019.
Tables B.6 and B.7 show, however, that our results are qualitatively and quantitatively robust to

excluding observations from the years 2020 and 2021.

Table B.6: Sluggish adjustment of housing price expectations: excluding coronavirus crisis

Mean Expectations Median Expectations

Nominal Housing Prices

G 9.18** 2.80**
(0.503) (0.502)

Real Housing Prices

G 1,97+ 9.43+*
(0.332) (0.360)

Notes: This table shows the results of regression (2.1) excluding the coronavirus crisis, i.e., we exclude the years
2020 and 2021. The reported standard errors are robust with respect to heteroskedasticity and serial correlation
(Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1

Table B.7: Expected vs. actual capital gains: excluding coronavirus crisis

bias (in %)  p-value
¢(in%) €(n%) —E(E—¢ Hy:c=c

Nominal Housing Prices

Mean Expectations 0.058 -0.065 0.0036 0.000
(0.0066) (0.0126)
Median Expectations 0.018 -0.065 0.0118 0.042

(0.0010)  (0.0126)

Real Housing Prices

Mean Expectations 0.0614  -0.0483 -0.0009 0.000
(0.0136)  (0.0090)
Median Expectations 0.196 -0.483 0.076 0.017

(0.0034)  (0.0090)

Notes: This table shows the results of regressions (2.2) and (2.3) excluding the coronavirus period, i.e., we exclude
the years 2020 and 2021. ¢ is the estimate of ¢ in equation (2.2) and ¢ the estimate of ¢ in equation (2.3). The
small sample bias correction is reported in the second to last column and the last column reports the p-values for
the null hypothesis ¢ = ¢ in the fifth column. Newey-West standard errors using four lags in parentheses.
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B.1.7 Regional Housing Prices and Expectations

This appendix considers regional variation in housing prices and housing price expectations. This
is possible because the Michigan Survey reports the location of respondents using four different
regions: West, North East, North Central (or Midwest) and South. While the Case-Shiller Price
Index is not available at this level of regional disaggregation, we can construct a regional housing
price index using the Case-Shiller Index that is available for twenty large U.S. cities. Following the
definition of the regions in the Michigan Survey, we assign the twenty cities to the four regions and
then aggregate city price indices to a regional index using two alternative approaches. The first
approach weighs cities by population (as of 2019) within each region, while the second approach
uses equal weights for all cities within a region.

Table B.8 lists all twenty cities, the region to which we allocate them and their regional
population weights.! As in our baseline approach using aggregate data, we deflate nominal housing
price indices by the aggregate CPI to obtain a real housing price index. We obtain real housing

price expectations by deflating nominal (mean) expectations with region-specific (mean) inflation

expectations.
Table B.8: Regions, cities and their weights
City Region Weight City Region Weight

Denver West 1(]()"750955 Chicago North Central %
Las Vegas West 106.653945 Cleveland North Central %
Los Angeles West 13:%5 Detroit North Central 8z
Phoenix West 11(j§53935 Minneapolis North Central %
Portland West Foct Atlanta South g8
San Diego West 1(1):‘5%5 Charlotte South %
San Francisco West 100'?57945 Dallas South %
Seattle West 100'_752945 Miami South %
Boston North East .88 Tampa South T3
New York North East 82 Washington DC South Jo

Notes: This table lists the twenty cities for which the Case-Shiller Home Price Index is available, the region to
which the cities are allocated based on the Michigan Survey and their respective weights within region.

Table B.9 reports the region-specific estimates of b°¢ in regression equation (2.1). All point
estimates are positive with magnitudes that are broadly in line with the estimates at the national
level. Furthermore, all regional estimates are significant at the 1% level. This shows that house-
holds update expectations sluggishly in all regions, consistent with the findings reported for the

national level reported in the main text.

!The weights are calculated as the ratio of the population in the considered city, divided by the sum of
populations in all cities in the respective region.
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Table B.9: Sluggish adjustment of housing price expectations across regions

Weighted  Unweighted

bCG,W 2.00*** 1.95%*+
) (0.411) (0.374)
bCG,NE 1.24%** 1.15%*
) (0.385) (0.441)
bCG,NC 1.97%%* 1.95%**
) (0.461) (0.459)
pees 1,747+ 1.94%

(0.385) (0.393)

Notes: This table shows the results of regression (2.1) using regional housing prices and expectations. The su-
perscripts W, NE, NC and S denote the regions West, North East, North Central (or Midwest) and South,
respectively. The reported standard errors are robust with respect to heteroskedasticity and serial correlation
(Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1

Table B.10 reports the region-specific estimates of ¢ and ¢ from regressions (2.2) and (2.3).
Since regional price-to-rent ratios are not available, the regression uses real housing prices on the
right-hand side. In line with our findings at the aggregate level, we find ¢ > 0 and ¢ < 0 in all the
regions with the differences being largely highly statistically significant.

Figure B.2 shows the dynamic forecast errors responses to a one standard deviation innovation
in the real housing capital gain in each of the four regions. Figure B.3 shows the results for the
case in which the cities within regions are equally weighted. In line with the findings reported
in the main text, households’ housing capital gain expectations initially underreact but overshoot

after some time.
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Table B.10: Expected vs. actual capital gains across regions

bias (in %)  p-value
¢(in%) €(in%) —E(E—-¢ Hy:c=c

West

Population-weighted ~ 0.109 -0.216 0.090 0.083
(0.0036) (0.1360)

Equally weighted 0.132 -0132 0.137 0.183

(0.0034) (0.1197)
North Central

Population-weighted ~ 0.045 -0.544 0.008 0.000
(0.0089) (0.0256)

Equally weighted 0.088 -0.458 0.0191 0.000
(0.0118) (0.0769)

North East

Population-weighted  0.013 -0.474 0.001 0.000
(0.0089) (0.0072)

Equally weighted 0.126 -0.315 0.023 0.000
(0.0187) (0.0838)

South

Population-weighted ~ 0.210 -0.008 0.137 0.144
(0.0023) (0.1067)

Equally weighted 0.163 -0.238 0.055 0.014

(0.0044)  (0.1250)

Notes: This table shows the results of regressions (2.2) and (2.3) for different regions. ¢ is the estimate of ¢ in
equation (2.2) and ¢ the estimate of ¢ in equation (2.3). The small sample bias correction is reported in the
second to last column and the last column reports the p-values for the null hypothesis ¢ = ¢ in the fifth column.
Newey-West standard errors using four lags in parentheses.
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Figure B.2: Regional dynamic forecast error responses to realized capital gains (population-

weighted city housing price index)
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Notes: The figure shows the dynamic response of real capital gain forecast errors across the four different regions
(in which cities’ housing indices are weighted by their population share) to a one standard deviation innovation
in the housing capital gain. The shaded area shows the 90%-confidence intervals, standard errors are robust with
respect to serial correlation and heteroskedasticity (Newey-West with h + 1 lags).
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Figure B.3: Regional dynamic forecast error response to realized capital gains (equal weights)
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Notes: The figure shows the dynamic response of real capital gain forecast errors across the four different regions
(in which cities are equally weighted) to a one standard deviation innovation in the housing capital gain. The
shaded area shows the 90%-confidence intervals, standard errors are robust with respect to serial correlation and
heteroskedasticity (Newey-West with h + 1 lags).
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B.2 Additional Results for Section 2.3

B.2.1 Dynamic Forecast Error Responses: Housing Price Level

Figure B.4 shows that the simple housing model also not only matches the empirical dynamic
forecast error response about capital gains well, but also does a good job in matching the forecast
errors about the level of future housing prices. The results are obtained by defining the forecast

error X, in equation (2.4) as

Xivh = Grrarn — EZih (Geratn] (B.5)

and estimating the resulting local projections in the data and the population local projection for
the model. Figure B.4 shows that households’ expectations about the future level of housing prices

initially undershoot and subsequently overshoot, as is the case with expected capital gains.

Figure B.4: Dynamic forecast error responses: housing price levels
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Notes: The figure shows impulse-response functions of housing-price level forecast errors of one-year ahead expec-
tations to a one standard deviation innovation in the housing capital gain from the data and in the data. The
shaded area shows the 90%-confidence intervals of the empirical estimates, standard errors are robust with respect
to serial correlation and heteroskedasticity (Newey-West with h + 1 lags).

155



B.2.2 Model Response of the PR-Ratio to Housing Demand Shocks

Section 2.3 shows that real housing prices are more sensitive to housing demand shocks at lower
levels of the natural rate. Figure B.5 illustrates that the same holds true for the model-implied
price-to-rent ratio. The figure depicts the structural impulse response of the price-to-rent ratio
(in percent deviations from steady state) to a one standard deviation housing-preference shock. It
shows the response for a natural rate of 0.75% (blue line) and 0.25% (red line). The IRFs for the

price-to-rent ration look very similar to the ones for real housing prices, shown in Figure 2.4(a).

Figure B.5: Impulse response functions
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Notes: This figure shows the structural impulse response functions of the price-to-rent ratio (in percent deviations
from steady state) to a one standard deviation housing-preference shock for different natural rates.
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B.3 The Nonlinear Optimal Policy Problem

We shall consider Ramsey optimal policies in which the policymaker chooses the sequence of policy
rates, prices, and allocations to maximize rationally expected household utility, subject to the
constraint that prices and allocations constitute an Internally Rational Expectations Equilibrium.
Note that the policymaker maximizes utility under a probability measure that is different from the
one entertained by households, whenever the latter hold subjective beliefs. Benigno and Paciello
(2014) refer to such a policymaker as being ‘paternalistic’.

The objective of the policymaker is to maximize household utility. Using equation (2.20) to
express the relative quantities demanded of the differentiated goods each period as a function of
their relative prices and the linear dependence of utility on the stock of assets, we can write the

utility flow to the representative household in the form

_ A9
u(Yi, g5 &) — v(Ye; &) Ar + fflgtkta,

with

U(Z/g§§t) ﬂ(fil(yg/At)ﬁt)a

where Ay, defined in equation (2.35), captures the misallocations from price dispersion. The term
&= ml1-0"" el
T=t

captures the present value contribution from new housing investment. We can use (2.25) and
(2.41) to express k; in terms of Y}, ¢} and exogenous shocks. Hence, we can express the policy

maker’s objective of maximizing (2.14) under rational expectations, as maximizing
U=Ey» AU, A gs&),
t=0

where the flow utility is given by

C_’E_IC(}/;& quv St)li&_l
1—0-1
A

B Y; 14w
— H7V | — A
1+V t (At) t

Al
(67

U(Ytu Ata q:7 gt)

1

+ (g8, €)% C(Ye gt &) 777, (B.6)
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which is a monotonically decreasing function of A given Y, ¢* and &, and where Q(¢"%,€) is the
function defined in (2.40). The only endogenous variables that are relevant for evaluating the
policymaker’s objective function are thus Y;, A, and g¢;'.

The non-linear optimal monetary policy problem is then given by

ma E U (Y, Ay, gt B.7
{Yt#ltuvpf=wt(j)§3t7At,it20} 0;5 (¥, & & &) (B.7)
subject to
ne+1
va-n  EPYS, (@) Qurytydwr( ( ) (P)
(%) = — (B.8)
t EP S5 (@) Qurl = m)ve (%)’
| g (v \% L\
= (=) oW, ¢~ &))" (2 B.9
wl) = Voo () e (%) (B9
1=n
Pt

n—1 1_(1_a)<Pt>
(Pe/FPr-1) = 5 (B.10)
Ay = h(A1, P/P) (B.11)

T—t :
~ u - 1+
uc(C(Ye ¢, &) &) = 7llm E o (Cr; p) BT ﬁ (B.12)
e PRy b1/ Prtk

g = &+ pB(1—0)E] qt+1a (B.13)

where the initial price level P_; and initial price dispersion A_; are given. Equation (B.9) insures
that wages clear current labor markets. Similarly, by setting C; = C(Y;, ¢, &) on the left-hand
side of the consumption Euler equation (B.12), we impose market clearing for output goods in
period t. Similarly, setting ¢;* equal to the value defined in (B.13) insures market clearing in the
housing market.? Firms’ subjective expectations about future wages and households’ subjectively
optimal consumption plans for the future, however, will generally not be consistent with labor
market or goods market clearing in the future in all subjectively perceived contingencies, when
beliefs deviate from rational ones.

To be able to analyze the policy problem further, it is necessary to be more specific about the

beliefs P entertained by households and firms.

B.4 Derivation of Equation (2.45)

Recall the definition of ¢; which implies

log g;' = log q; + log u.(C; &)

2This holds as long as D™ is chosen sufficiently large, such that it never binds along the equilibrium path.
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Under the considered belief setup in which agents learn about risk-adjusted capital gains, the
dynamics of risk-adjusted capital gains and beliefs are independent of monetary policy. The

response of log ¢;' to a unexpected change in the path of nominal rates ¢ is thus % = 0, so that

dlog g - _dlogﬂc(ct;ét)
di N de
dlogt.(Cy; &) dlog Cy
dlog C} di

. ﬂcc(ct; €t>0t d log Ot
ac(ctt; gt) dl
1dlog Cy

= B.14
o di ( )

The optimal housing supply equation (2.25) can be written as

1
log k; = ] (log A + log qt) .

-«

Taking derivatives with respect to ¢ in the previous equation and using (B.14) delivers (2.45).

B.5 Assumptions about Long-Run Beliefs

To insure that the subjectively optimal consumption plans satisfy the transversality condition
(2.29), we impose that equation (2.7) describes subjective housing price beliefs for an arbitrarily
long but finite amount of time ¢ < T < oo and that households hold rational expectations in the

long-run, i.e. for all periods t > T. Agents thus perceive
¢ =q" forallt >T,P almost surely,

where ¢2* = &4 = >0, Ey(1 — 5)T7t BT=tEd] is the rational expectations housing price. Appendix
B.8.3 shows that this assumption is sufficient to insure that the transversality condition is satisfied.
The transversality condition may also hold under weaker conditions, but actually showing this
turns out to be difficult. The fact that agents will eventually hold rational housing and rental
price expectations could be interpreted as agents learning to make rational predictions in the

long-run.

B.6 Quadratic Approximation of the Policy Problem

This appendix derives the linear-quadratic approximation to the nonlinear policy problem in Ap-
pendix B.3.
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B.6.1 Optimal Dynamics and the Housing Price Gap

It will be convenient to determine the welfare-maximizing level of output and the welfare-maximizing
housing price under flexible prices, so as to express output and housing prices in terms of gaps
relative to these maximizing values. We thus define (Y}, ¢}*) as the values (Y}, ¢}) that maximize
U(Y;, 1,q% &), which are implicitly defined by?

Uy (Y, L g™ &) = Up (Ve L g™ &) = 0.

In particular, we have

Uk =4
G =& (B.15)
as shown in Appendix B.8.4. We have
g =g, (B.16)

which shows that housing price fluctuations are indeed efficient under RE.

The output gap is defined as
yi™" =log(V1) —log(¥y") = 4 — ¥, (B.17)

i.e. the log-difference of output from its dynamically optimal value.
Under subjective beliefs, it follows from equations (2.56) and the linearization of (B.15) (see
Appendix B.8.1 below) that

p o (1B1-8)  1-B—-8) \ = B8 1)
w4 _(1—6(1—5)&_1—6(1—5)ps)§t+ —s0—op5  BW®

Again, for the case where 5; = 1 and with persistent housing demand shocks (pe — 1), the

housing price gap under subjective beliefs is equal to the housing price gap under RE. Belief
fluctuations, however, now contribute to fluctuations in the housing price gap.

For the real housing price gap, ¢; — ¢;, this implies

G =G =(1+07Cy) (@ —q") +7 ' Cry/™. (B.19)

3The optimal path for {Y;*, ¢**} can then be used to determine optimal dynamics for the remaining variables.
In particular, equation (2.41) determines C}, equation (2.25) determines k; and thus D}, and equation (2.19)
determines H.
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B.6.2 Quadratically Approximated Welfare Objective

A second-order approximation to the utility function delivers

SUsp (= G0+ gUpae (@ — @) + 3 hoor? + i,
where 2.1.p. denotes terms independent of policy and 7* is the Lagrange multiplier associated with
equation (B.11) at the optimal steady state. See Appendix B.8.5 for a detailed derivation. The
dependence of the objective function on inflation follows from a second-order approximation of
the constraint (B.11), which allows expressing the second-order utility losses associated with price
distortions A; as a function of squared inflation terms.

Since the fluctuations in the housing price gap, g — ¢, are either constant (with RE) or
determined independently of policy (under subjective beliefs, see Equation (B.18)), the endogenous
part of the loss function can be written as

27
t=0

(Ao + A, 7).

DO | —

B.6.3 New Keynesian Phillips Curve

Linearizing Equations (B.8)-(B.10) delivers the linearized Phillips curve. The condition for the

equilibrium wage (B.9) in period T" in industry j in which firms last updated their prices in period

wr(j) = wr(j) (%>¢ (%)d’

. HpY (Y,
i) = AgEs (o
T

t is given by

where

ov .
) C(Yr,qp,ér)” .

Since firms’ expectations about wr(j) and Pr are rational, their expectations about wy(j) are
rational as well. Using the expression for wy(j), noting that p,(i) = p/ = pf, and writing out Qi1
it follows that

B

1
>77(1+W) THwn

(B.20)
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Log-linearizing equation (B.20) delivers?

pt_Pt = 1+wn{wt(j)+¢<yt—At)—Tt—yt-l-OéﬁEf L_aﬁ (pt+1 _Pt+1+7Tt+1>:| } (B-Ql)

As the expectation in (B.21) is only about variables about which the private agents hold
rational expectations, we can replace E][-] with F;[-].> Therefore, (B.10) can be used in period ¢

and t + 1, which in its linearized form is given by

= T¢.
11—«

Substituting @,(j) by the linearized version of the equilibrium condition (B.9) delivers the lin-

earized New Keynesian Phillips Curve:
T = Kyl " + kg (@ — @) + BEm1 + g, (B.22)

where the coefficients k are given by

l—al—ap
= —(k, — >0
Ky o 1+W77<y fy)
l—al—ap
= — O
Fa a 1+wnfq< ’

with k, = dlogk/0logy, f, = 0log f/0logy, f, = 0log f/0logq", such that

(1—g Y
ky,—fy=w+é ' —FL - =w+5 10y >0
ol Cr itk "
kb
~—1 1-a& ~—1
=0 —~_1:—0' O >0,
fq Q—i_l—dk q

where C, = %gT(i and Cy = %g—g, and where the functions f (Y, ¢";¢) = (1 — 1) o'y o (Y, ¢ 5)75—1

and k (y;¢) = %)\qﬁjﬁ:Yl*“ are the same as in Adam and Woodford (2021), for the current

period in which markets clear and the internally rational agents observe this.

4This follows from the the fact that in steady state, we have p* = P, so that

¢
n ~o et (YN At ety
n_lqu’ C w(j) (A) =C° C (1-7)Y.

1

The steady state value of the numerator in (B.20) is thus given by ﬁn—zld)é&flC’&f w(J) (%)¢ and the steady

state value of the denominator by =3 Co e (1—-T)Y.

5The subjective consumption plans showing up in the stochastic discount factor drop out at this order of
approximation.
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The cost-push shock u; is given by

(1-a)(1—ap)
a (14 wn)

~ 1—-7
7, = —log -
1-7}
—~ 1—9t
gy = —log —
I -0

define deviations of 7, and ¢, from their second-best steady state values.

(@_F//r\t_gt)?

Uy =

where

As in the standard New Keynesian model, a linearization of (B.11) implies that the state vari-
able A; is zero to first order under the maintained assumption that initial price dispersion satisfies
A_; ~ O(2). This constraint, together with the assumption that the Lagrange multipliers are of
order O(1), thus drops out of the quadratic formulation of the optimal policy problem. The second-
order approximation of (B.11) is, however, important to express the quadratic approximation of

utility in terms of inflation.

B.6.4 Linearized IS Equation with Potentially Non-Rational Housing

Price Beliefs

We here linearize the constraint (B.12). One difficulty with this constraint is that it features
the limiting expectations of the subjectively optimal consumption plan on the right hand side.
Generally, this would require solving for the subjectively optimal consumption paths, which is
generally difficult.

Under our beliefs specifications, housing prices beliefs are rational in the limit. This insures
that we do not have to solve for the subjectively optimal consumption plan, instead can derive
the IS equation directly in terms of the output gap.

We can now define the natural rate of interest:

The natural rate ;" is the one implied by the consumption Euler equation (2.24) or (B.12),
rational expectations, and the welfare-maximizing consumption levels under flexible prices {C;}.
It satisfies

ic(Cyi&) = BB, [uo(Clps &) (1 + 117 (B.23)

Using the previous definition, we obtain the linearized Euler equation under potentially sub-

jective housing prices beliefs:

Lemma 3. For the considered belief specifications, the log-linearized household optimality condition

(B.12) implies for all t
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a . a - . * C *
yi " = lim Byt — B Z ' <1t+k = Ti14+k thr];zE) - @ -q", (B.24)
g k=0 Cy

where limr Eyy5™ is the (rational) long-run expectation of the output gap, and ¢ = —u“‘:cé > 0.

The coefficients Cy < 0 and Cy > 0 are the ones defined in the derivation of the linearized Phillips

Clurve.

The proof can be found in Appendix B.8.2

B.6.5 Lagrangian Formulation of the Approximated Ramsey Problem

Collecting results from the previous sections, we obtain the following Lagrangian formulation of

the Ramsey problem

max min (B. 9 5)
{me,y? P i >i} {ee e}

ot Zﬁt{ 5 (Ao 4 8y )
t=0

+ o [ — kY — kg (@ — G) — ur — BEm] (B.26)
a ; a; S ; * C ~u Sux
+ A | = lim Eyyg™ + o B Z <Zt+k — Mi414k — T’tjiE) + =L@ —3) (B.27)
g k=0 Cy

— 1o — Ay (smro Y — % (@ — 5‘6‘*)) }
where the process for (g — ¢}**) can be treated as exogenous for the purpose of monetary policy
and where the initial Lagrange multipliers (¢_1, A_1) capture initial pre-commitments. In order
to numerically solve the optimal policy problem in (B.25), we recursify the problem as proposed
in Marcet and Marimon (2019) and solve for the associated value functions and optimal policies.

Details of the recursive formulation can be found in Appendix B.8.6.
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B.7 The Volatility of PR-Ratio and of the Natural Rate

Figure B.6 shows the evolution of natural rates of interest and price-to-rent ratios the U.S., Canada,
France, Germany, and the United Kingdom, which we use in Section 2.2. The natural rates are
estimated by Holston et al. (2017) and Fujiwara et al. (2016). The price-to-rent ratios are taken
from the OECD. We convert the quarterly series of natural rates to annual series by taking

arithmetic averages and the quarterly series or PR-ratios to annual series by taking harmonic

averages.
Figure B.6: Natural rates and price-to-rent ratios
(a) Natural Rates of Interest (b) Price-to-rent ratios
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Notes: This figure shows the evolution of the natural rate of interest (left panel) and price-to-rent ratios (right
panel) for different advanced economies over the period 1961-2020 and 1970-2019, respectively.

Figures 2.4(b) and 2.6 in the Section 2.2 document that the fall in the level of the natural rates
of interest across several advanced economies was accompanied by an increase in the volatility of
the price-to-rent ratio and in the volatility of natural rates. These trends are consistent with the
subjective belief model, outlined in Sections 2.3 and 2.4.

Figure B.7 plots the volatility of the price-to-rent ratio (left panel) and the standard deviation
of the natural rate (right panel), respectively before 1990 (blue bars) and after 1990 (red bars),
along with 90% confidence bands. The reported volatilities of the price-to-rent ratios are the
standard deviations relative to the period-specific mean values, in line with the model. The
reported volatilities of the natural rates of interest are the standard deviations of the fluctuations
around a linear time trend, in order to isolate high-frequency volatility that can be related to
natural rate fluctuations in the model around a fixed steady state value of the natural rate.
Figure B.9 shows the volatility price-to-rent ratio using the same linear detrending approach.
The p-values below the respective bars are for the null hypothesis of no change in the volatility.

The increase in the volatility of the PR ratio and the natural rate were statistically significant in
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most of the advanced economies. The evidence is not always statistically significant due to the
high serial correlation of the price-to-rent ratio and the natural rate, which makes it difficult to
estimate standard deviations precisely. Figure B.8 shows that the reported volatility increases are
not driven by the exact point where we split the data, instead looks often similar for other split

points.

Figure B.7: Volatility of the PR ratio and natural rates pre and post 1990.

(a) Standard Deviation of the (b) Standard Deviation of Natural Rate
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Notes: The black lines denote the 90%-confidence bands. The p-value corresponds to the test whether or not
the values changed from pre to post 1990. The reported volatilities of the price-to-rent ratios are the standard
deviations relative to the period-specific mean values. The reported volatilities of the natural rates of interest are
the standard deviations of the fluctuations around a linear time trend.

Figure B.8: Robustness of housing and natural rate volatility increases with different sample splits

(a) Volatility of the Price-to-Rent ratios (b) Volatility of natural rates
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Notes: Panel (a) shows the standard deviation of the price-to-rent ratio, and panel (b) shows the standard deviation
of the natural rate for different advanced economies, computed for varied subsamples. The blue lines show the
estimates for the pre-period, and the red lines for the post-period, when the sample is split at the year marked on
the horizontal axis. The whiskers denote 90%-confidence bands.
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Figure B.9: Standard deviation of the detrended PR ratio pre and post 1990
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Note: The black lines denote the 90%—conﬁdence bands. The p—value corresponds to the test whether or not the
values changed from pre to post 1990.
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B.8 Proofs

B.8.1 Results in Section 2.5

Proof of Results in Section 2.5.1. Result (2.50) follows from iterating forward on (2.27). Log lin-

earizing (2.50), we have

- ~d
4 =&

and log-linearizing (2.12) delivers
& = Pé&i—l +ef.

Since the steady-state value of Ed is Ed = the log-linearization of ft delivers

=
~d
& =(1=81-0) |&+B(1—)EEL, +..]
~- P o [ +st - and + ]
=(1- Z Pétht
:gdl—ﬁ(l_é)
"1-p(1=0)pe

The results for the price-to rent ration follow by noticing that equation (2.26) implies

Qt_ﬁ

PR, = — = )
‘"R, g

(B.28)

Proof of Results in Section 2.5.2. From equation (2.27), which has to hold with equality in equi-

librium, and equation (2.8) we get

u,P _ 1 d
qt 1 . 5(1 . 6)6t£t

The percent deviation of housing prices from the steady state, in which 3, = 1 and ¢ = §d, is

then given by

1 d 1
P _ TAODES C TRIRS
4y = 1 d
A0S
1-6(1-9) &

1B -0 ¢

11—_5%1—_5()5)@ (1 - 53) a
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1—ﬁ<1_5) gd+5(1_5)(5t—1)
1-p1—-0)8""  1-p(1-0)b

Note, that we can decompose the housing price under subjective beliefs into the housing price

(B.29)

under RE and terms that are driven by beliefs:

r erp BO=O) (Bi—1) (1= (1= 8) (B(1— ) (B — pe)) 2
@ = o (T B9 (1= A =T 0

&2, (B.30)

Note, that
77) 77)
Etp [ngl] = Big," .
Therefore, a log-linear approximation around the optimal steady state, in which 8 =1, yields

P [af] = a7+ 6- ).

From this, we can add and subtract on the right-hand side

~,RE| _ _Fd 1_6(1_5)
E [thrl } Pe tl_ﬂ(l_a)pgv

which, after plugging in the expression from (B.29), delivers

s —9) }
1—5(1-20)5

+ (1= B(1—=6)ps — (1 — B(1—8)B) pe)

E} [Qt+1] Ey [CA]ZﬁE] + (B = 1) {1 +

(1-6(1-9)) g
(1=B(1—=0)8) (1= B(L—20)pe)"

In the limit p; — 1, this boils down to

B —9) o
EF [a:h] = B fai] + 6 - n |1 (1+&)
qt+1 t qt-i—l + (Bt ) + 1 — ﬁ(l . 5)ﬁt =+ é-t
Log-linearizing equation (B.28), which holds true independent of the belief specification, yields

PRt —Qt _gtd-
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Proof of Lemma 2. Under the proposed policy that sets i; — Fym 1 equal to the natural rate
defined in equation (2.59), we have

o0 C
o . a . * RE q *
ylr = h%nEty{}p—Et (Z@<2t+k—7t+1+k—7"t+k )) _C_Y(a?_a? )

k=0
: gap = *RE 1 Cq ~u ~ux ~u ~ux «RE
= ll%n By — Ey Z P\ Ty — ;C—Y ((qu - qt+k) — By (Qt+k+1 - qt+k+1)) Thk
k=0
C U Uk
_C'_; (@ — ")
: gap = Cq ~u AUk ~u Uk Cq ~u A~k
= ll%n Ewr” + Ey Z Cy ((qt+k - qt-i-k) - (qt+k+1 - qt+k+1)) T Oy (@ — @)
k=0
: gap Cq ~u AUk : ~u AUk CYq ~u A~Ux
— 11%11 Ewr" + By | ((qt —q; ) - hin E, (qt+k+1 - Qt+k+1)> - C_ (qt — G )
Y Y
C . C .
— B+ (@ -a) - gL @ -2

= lim B2,
T

which proves that with this policy, the output gap is indeed constant, and r*7 is the real rate

that implies a constant output gap. ]

B.8.2 Log-linearized Euler equation

Proof of Lemma 3. Log-linearizing equation (B.12) around the optimal steady state delivers
tccCe + fbcgﬁft = Etp Z Ue (lerk — Tes14k) + Tll_l;go EZ) <ﬁCCCET + ﬁcgé&) )
k=0
and log-linearizing (B.23) gives

liccCe + licesy = B Y _dieryyy + Jim E, (fLCCCE} + a@&) :
k=0

Subtracting the previous equation from (B.31) delivers
Ct — Ct = EP Z UCCC <it+k — 14k — Tt—i—k > + hm E (CT+1 — 8’}4’1) s (Bgl)

where we used E]ér = Eiér and E] ¢, = Eicy ., which hold because agents hold rational
expectations about fundamentals.

In all periods in which the subjectively optimal plan is consistent with market clearing in the
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goods sector, the plan satisfies equation (2.41). Log-linearizing equation (2.41) delivers
¢ = Oy + Oy + Ce&, (B.32)

where a is a vector of exogenous disturbances (involving A¢, C;, g;). Evaluating this equation at

the optimal dynamics defines the optimal consumption gap ¢; :
G =Oviyi + Cogi™ + Ceky.
Subtracting the previous equation from (B.32) delivers

a—¢ = Oy —u)+C (@ —q")
= Oy + G (@ —q") (B.33)

Since the current consumption market in period t clears, equation (B.33) holds in period ¢ and
can be used to substitute the consumption gap on the left-hand side of equation (B.31). Similarly,
since housing price expectations are rational in the limit, the consumption market also clears in
the limit under the subjectively optimal plans, i.e., equation (2.41) holds for ¢ > 7". We can
thus use equation (B.33) also to substitute the consumption gap on the r.h.s. of equation (B.31).
Using the fact that housing price expectations are rational in the limit (limy EF (¢* — g**) = 0),

we obtain

> C
a : a . * RE *
?/iq P = ll%ﬂEth:grp - E; (ZSD <Zt+k = Tt1+k — Tigg >> - C_j/ (@? - CA]? ) ‘
k=0
Since we assumed that agents’ beliefs about profits and taxes are given by equations (2.37) and
(2.38), respectively, evaluated using rational income expectations, the household holds rational
expectations about total income. This can be seen by substituting (2.37) and (2.38) into the
budget constraint (2.15). We thus have limy Ey5" = limr E;w4" in the previous equation,

which delivers (B.24). n

B.8.3 Transversality Condition Satisfied with Subjective Housing Price
Beliefs

This appendix shows that under the considered subjective belief specifications, the optimal plans
. . . . —d
satisfy the transversality constraint (2.29). Since D; € [0, D™*] and Elq¢4% = Ei&y for T > T,

we have limy_, BTEZD (Drg%) = 0. We thus only need to show that limy_, BTEZD 2(7::1 Br =0.
T

171



Combining the budget constraint (2.15) with (2.37) and (2.38) we obtain

5'_1

~ C
Ci+ By + (Dt —(1=6)Dy1 — d(’ﬁ%ft)) QZL% +k=(1—9)Y:+ B

t

For ¢t > T" the subjectively optimal plans satisfy market clearing in the housing market, i.e.,
Dy — (1 =08)Dy_y —d(ky; &) =0
so that the budget constraint implies
Ci+Bi+ki=(1—-g) Y+ By (B.34)

Furthermore, for ¢ > T” subjectively optimal plans also satisfy market clearing for consumption
goods, i.e.,
Ci+ki=(1—-g)Y:.

It thus follows that the subjectively optimal debt level B, in the budget constraint (B.34) is con-
stant under the subjectively optimal plan, after period ¢ > T’. Furthermore, the expectations
about Y; in the budget constraint (B.34) is rational under the assumed lump sum transfer expec-
tations, so that the household’s subjective consumption expectations are the same as in a rational
expectations equilibrium. (The subjectively optimal investment decisions k; are driven by rational
housing price expectations). Since the limit expectations C_’{,?_l /C&™" are bounded in the rational

~5—1
expectations equilibrium, it follows that limy_,, ST ET gf.;_l Br = 0.
T

B.8.4 Optimal House Price Absent Price Rigidities
The following derivation closely follows Adam and Woodford (2021). We obtain Uy (Y, Ay, g}, &)

from differentiating equation (B.6) with respect to ¢;* and set it equal to 0:

1

Upe (Yi, Ay, g, &) = C7 ' Cpu (Vi g%, &) C (Vi g2, &)

_daQ qu7 u &— " Lﬁ'&—l
+ AT T (1, 6 € (v, )7
t

o zd u s \@ e T AN u
+ = A Qg 6)" C (Vg &) T Cp (Vi g, 6) = 0,

where

- Q (g"
aq? q#l_d (qt7£t)7
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a

and when defining y = % — 1, we get

aC(E, q?’ é-t) . q 1— ~Q(Qt 7515) (}/tu q?7 ft)x—’—l
aqu N 1+ (1+X) (Qtagt) (Y;anaft)X'

Cqu (Y2, ¢/ &) =

Taking everything together, we get

U (YmAt;qt 7§t)

1u 1-a (qt agt) (Y;f) q?? 5t)x+1 05_1 gj 1
1 + (1 + X) (qt uft)o(}/h q]tl? §t>x ! qy '

In order for Uy« to be zero, we need to have that
U —=d
t ét’
as stated in equation (B.15).

B.8.5 Quadratically Approximated Welfare Objective

This derivation follows Adam and Woodford (2021). In the optimal steady state, we have Uy =
Up = Uyqu = 0, as well as Ux + v (Bh1 — 1) = 0. Given the assumption A_; ~ O(2), it follows
Ay ~ O(2) for all t > 0. Additionally, we have hy = 6h(£]’n) = 0 at the optimal steady state.
Therefore, a second-order approximation of the contribution of the variables (Yi, A¢, ¢i', I1;, &) to

the utility of the household yields

1 PO 1 . 1, .
5Uve G = 00) + 5Uaaqe (@ = @) + 52" hoom + Liip.,
where t.i.p. contains all terms independent of policy. Under rational expectations, we have that

(@ — @) = 0 and is thus constant and independent of (monetary) policy. Under subjective beliefs,

(q* — q**) is purely driven by beliefs 8; and housing demand shocks &2, see equation (B.18), both
independent of policy. Therefore, we include %Ugﬂf]‘u (@ — @) in t.i.p..
The term Upg is given by Upp = Y2 (Up) = Y2 (YUy) = YUy + (Y*)? Uyy. At the

optimal steady state, we have

A = —5’7 h22 >0
A ;(Y*)Z Uyy > O,
where
. a1 Y*
Uyy = -6 (1-9)C7 C(Y,q" &) " 'Cy——r
Yy g ( g)— ( ’g ’§) YC’(K;QU;g)
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H—u

- 1 ye =l <0
1—|—I/< tw)w AH“’ <
1 1
hm:an( +w) ( +w77)>0
1l -«
Ua
Y= <0
J 1—af ’

with

B.8.6 Recursified Optimal Policy Problem with Lower Bound

We numerically solve the quadratically approximated optimal policy problem with forward-looking
constraints (B.25). While it would be preferable to solve the fully nonlinear Ramsey problem, as
spelled out in Appendix B.3, this is computationally not feasible with sufficient degree of numerical
accuracy because the problem features 9 state variables and an occasionally binding constraint.
The quadratically approximated problem features 2 state variables less because price dispersion
A; is to first order independent of policy and because the Phillips curve reduces from a system
involving two forward-looking infinite sums, see equation (B.20), to a system involving only a
single infinite sum, see (B.21).

Eggertsson and Singh (2019) compare the exact solution of the standard New Keynesian model
with lower bound to the solution of the linear-quadratic approximation with lower bound and show
that the quantitative deviations are modest, even for extreme shocks of the size capturing the 2008
recession in the U.S..

To obtain a recursive problem, we apply the approach of Marcet and Marimon (2019) to the
problem with forward-looking constraints (B.25). We thereby assume that the Lagrangian defined
by problem (B.25) satisfies the usual duality properties that allow interchanging the order of
maximization and minimization, which we verify ex-post using the computed value function. We
set the terminal value function for ¢ = T” to its RE value function W2F(.). For ¢t < T" we have a

value function W(+) satisfying the following recursion:

RE d
Wt(@t—laﬂt—lautar: ﬁtyft ) (If 1)

= max  min — (A 24+ A, (y gap)2>
(m,yfapyitzg) (pt,Mt) 2

+ (01 — @r1) T — @1 (kY™ + kg (@ — @) + ue)
a . * RE *
v = lim Eyr’ +so<zt—Eth+k>+—(é?—é?)]

+pp—1p (ig — ) + v (4 — 1)

+\
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+BE, Wt+1(90ta 5_1 (>\t + ut—lz, Up41, T:JﬁE, Bis1s fg+1> q (B-35)

-~

=Ht

where the next period state variables (f;11,q;') are determined by equations (2.9) and (2.54) and
(@ — ) is determined by equation (B.18). Here we assume that r; " follows a Markov process,
such that the term E; )",- r:f,zE showing up in the current-period return can be expressed as a
function of the current state r; BE The future state variables (@1, tes Brr1, ¢i') are predetermined
in period t. The expectation about the continuation value is thus only over the exogenous states
(w1, r:ﬁE, 5;1“). The endogenous state variable ¢, 1 is simply the lagged Lagrange multiplier on
the New Keynesian Phillips curve with housing. The endogenous state variable p; ;1 is given for
all t > 0 by

pe =B o+ poa) + BT+ 4 BT

The initial values (¢_1,u—1) are given at time zero and equal to zero in the case of time-zero-
optimal monetary policy.

For periods t < T”, where T" is the period from which housing price expectations are rational
and the lower bound constraint ceases to bind, the value functions depend on time, thereafter
they are time-invariant. Likewise for sufficiently large 77, the value functions W;(-) and Wi (+)
will become very similar.

We can numerically solve for the value function W;(-) by value function iteration, starting with

W which is the value function associated with the linear-quadratic problem with RE.

B.8.7 Optimal Targeting Rule

Differentiating (B.35) with respect to {m, yf*", i} yields:

ow,
87T: = —Axmi + (01 — pr1) — 19 =0
oW, a
t
o =t g+ e =0 and 5 (i — i) = 0.
t

Combining these first-order conditions, we can derive the following targeting rule which char-
acterizes optimal monetary policy
Tt

A o o A 1
A,rﬂt—l——y(yfp—yf_q)—l— ! 1+/Lt71 (80+—>+—:0,
Ky Ky Ky PRy

where v, is the Lagrange multiplier associated with the lower bound on interest rates. If the

lower bound on the nominal interest rate does not bind in the current period, we have v, = 0.
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Furthermore, if the lower bound has not been binding up to period t, the IS equation has not
posed a constraint for the monetary policymaker. Thus, \;_1 = A,y =0 for all k =0,1,...,t. For

an initial value of p_; = 0, it follows that ;1 = 0. The targeting rule then collapses to

A a, a,
Ay + =2 (?th P — ytg—q) =0,
Ky
which is the same as in Clarida et al. (1999).

The Lagrange multiplier v; < 0 captures the cost of a currently binding lower bound. If v, < 0,
the optimal policy requires a compensation in the form of a positive output gap or inflation. The
multipliers \;_; and u; ; capture promises from past commitments when the lower bound was
binding.

Another way to express equation (B.36) is to write it as

A 1 1+ 0+ pkK Vi—2
Ay + =2 (7P — 7)) + — - T Yy + == =0. B.36
t iy (yt Z/t—1) ohy Mt 3 V-1 3 ( )

House prices do not enter the optimal target criterion directly but larger fluctuations in house
prices make the lower bound bind more often and for a longer period of time. The optimal policy,
thus, requires larger compensations in terms of positive output gaps and inflation. To implement

this, the nominal interest rate needs to be kept longer at the lower bound.

B.8.8 Calibration of C,/Cy

To calibrate C,/Cly, the ratio of the consumption elasticities to housing prices and income, re-
spectively, note that from appendix "Second-Order Conditions for Optimal Allocation" in Adam
and Woodford (2021), we have

0C (Ve qs&)  —waa, &)C(Yi g, &)Xt

Cp(Ye, g5 &)

where y = % — 1. In our formulation, we have defined

c, =

0C(Ye,qt &)  0C(Yi,q5&) Oqf N
(9111 q}f — aqy ah’l qg - Cq“ (Y;‘,: qt 7£t)Ct

so that we have .

EQ(Q;La ft)c(y;fa qzﬁ gt)x_‘—l
C(lfta q?a é-t) + (1 + X) Q(q#, ét)C<Y:‘47 QZJ, ft)XJrl .
From the appendix in Adam and Woodford (2021) we also have

C,=—

ICy (Yy, g, &) _ I—g

CY(Y;h qga gt)
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so that in our notation

C — aCY(K&;Qfaft) — (1 - gt)}/t
v 5’111}/; C(}/;J q#7£t) + Q(ng;ft) (1 + X) C(}/h Q?7£t)x+1.

We then have

— 22 Q(gp &) C(Veqi €)X
l1—a t t
Cq B c(yt,q};,5t)+(1+x)9(q2‘@t)C(Yt:q?v&)XH _ 1 Q(qgu gt)C(}/tv Qg7 ft)X-‘rl

Cy (1-g0)% 1-a 1—g)Y,
Cy CViar &) F e &) (L) O Ve g £ @ (=g Y

In the steady state, we have Y (1 —g) = C + mXH, which says that privately consumed output
Y (1 —g) is divided up into consumption C' and resources invested in the housing sector, Qc' .
We thus have that

Qo< C c 1

a 7 Bl o
Y(1-79) Y(1-79) C +0C 1+QC

Following Adam and Woodford (2021), we set this to the share of housing investment to total

consumption, QC, equal to 6.3%, so that in steady state we have

C, 1 - 1
Cy 1—a 1.063°

Finally, following Adam and Woodford (2021), we set the long-run elasticity of housing supply

equal to five, which implies @ = 0.8, so that

c, 1
Za - 5(1-—— ) ~—0.29633.
Cy ( 1.063)

From this, it follows that

O — (1-9)Y O+ k 1+
PO+ (I+0 T op Ly 142

~140.063
 145-0.063

Ql=

= (0.80836

[un

k
c

[y

O

and

Cy = —0.29633 - 0.80836 = —0.23954.
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Chapter 3

Inflation — who cares?” Monetary Policy in

Times of Low Attention

3.1 Introduction

Managing inflation expectations is an important instrument for monetary policy. It offers a power-
ful substitute to conventional tools if the nominal interest rate is constrained by the lower bound.
By making promises about the future conduct of its policy, the monetary authority can shape
inflation expectations, and thus, steer the real interest rate even when the nominal rate is con-
strained. At least this is how it works in theory.! But while traditional analyses assume that
agents are perfectly informed and have rational expectations, recent empirical evidence suggests
that the general public is usually poorly informed about and inattentive to monetary policy and
inflation.? What do these low levels of attention imply for the conduct of monetary policy? And
how has the public’s attention to inflation changed over the last fifty years?

To tackle these questions, I propose an approach to quantify attention to inflation in the data.
This approach is based on a model of optimal attention choice subject to information acquisition
costs. The result is a law of motion for inflation expectations in which attention governs how
strongly agents update their expectations following an inflation surprise. The optimal degree of
attention depends positively on how volatile and persistent inflation is.

Using micro survey data of professional forecasters and consumers in the U.S.; I then use this
approach to estimate attention to inflation in the data and show that attention was very low in
the years just before the Covid-19 crisis. In the 1970s and 1980s, on the other hand, attention to

!For optimal monetary policy under full-information rational expectations, see e.g., Clarida et al. (1999),
Woodford (2003) or Gali (2015). See Eggertsson and Woodford (2003), Adam and Billi (2006b) or Coibion et al.
(2012) for early analyses including the lower bound on nominal interest rates.

2Candia et al. (2021) and Coibion et al. (2022a) show that U.S. firms as well as households are usually poorly
informed about and quite inattentive to monetary policy. Coibion and Gorodnichenko (2012, 2015a), for example,
show that models of limited attention more closely align with empirical patterns of inflation expectations, compared
to models with full-information rational expectations. In line with limited attention, D’Acunto et al. (2022) show
that forward guidance is quite ineffective in stimulating inflation expectations.
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inflation was substantially higher. Consistent with the underlying model, times of higher inflation
volatility and persistence are characterized by higher attention to inflation.

How does this decline in attention matter for the conduct of optimal monetary policy? To
answer this question, I solve for the Ramsey optimal monetary policy in a standard New Key-
nesian model augmented with an effective lower bound (ELB) on the nominal interest rate and
with inflation expectations that are characterized by limited attention. Both of these ingredients
matter greatly for optimal monetary policy and the normative implications of declining attention.
Lower attention has a stabilizing effect on inflation expectations and actual inflation, resembling
more anchored (short-run) expectations. If we do not account for the ELB, lower attention is
thus welfare improving (similar to the findings in Paciello and Wiederholt (2014)). Accounting
for the occasionally-binding ELB, however, completely overturns the normative implications of
lower attention, as lower levels of attention now lead to a decline in welfare. The reason is that
lower attention renders managing expectations more difficult, which is particularly relevant if the
nominal interest rate is constrained by the lower bound.?

To better understand these results, I first show that under sub-optimal policy, i.e., if monetary
policy follows an ad-hoc Taylor rule, limited attention can lead to substantially longer periods at
the ELB. Even though lower levels of attention attenuate the initial response of inflation expecta-
tions to a given shock, the decline in expectations becomes more persistent which hinders actual
inflation from recovering quickly. Due to the persistently-low inflation, the monetary authority
keeps the interest rate at the ELB for longer. I refer to these periods of long spells at the ELB and
persistent declines in inflation and inflation expectations as inflation-attention traps. The response
of the output gap, on the other hand, is very similar to the one under rational expectations. Thus,
low attention offers a potential explanation for why inflation was relatively stable during the Great
Recession but was persistently low during the subsequent recovery, seemingly disconnected from
output (as documented in Del Negro et al. (2020)).

To deal with these attention traps and the overall inability to manage inflation expectations
at low levels of attention, I find that it is optimal to induce a higher average inflation rate. The
higher inflation rate provides additional space when cutting the interest rate following adverse
shocks, thus, mitigates the drawbacks of lower attention, and therefore helps to prevent long
spells at the ELB.* Given the estimates of attention just before the Covid-19 crisis, the average
inflation rate under Ramsey optimal policy is about 2-3 percentage points higher than under

rational expectations. This increase in the level of inflation, however, is costly from a welfare

3Coibion et al. (2022b) and Coibion et al. (2022a) show that managing expectations by the central bank is indeed
a difficult task and the effects of monetary policy are much smaller than in most theoretical models. D’Acunto
et al. (2022) find small effects of forward guidance on inflation expectations and durable consumption.

4Thus, the reason for the higher inflation rate is different from earlier papers that also consider an occasionally-
binding ELB (e.g., Adam and Billi (2006b), Adam et al. (2022)). In these papers, the higher average inflation rate
arises due to promises the policymaker makes at the lower bound. In the present paper, on the other hand, the
higher inflation rate arises due to considerations before the lower bound binds, foreseeing what will happen at the
lower bound.

179



perspective and it turns out that this level effect dominates the stabilization benefits. Thus, lower
attention is welfare deteriorating when accounting for the ELB.

Another instrument to mitigate the drawbacks of limited attention are negative interest rate
policies. Allowing for negative interest rates up to —0.5% (annualized) lowers the necessary in-
crease in the optimal inflation target. As attention declines, however, the effectiveness of negative
interest rate policies decreases and the optimal increase in the inflation target is close to the one

without negative rates.

Related literature. The empirical part of this paper is related to recent findings in Jgrgensen
and Lansing (2021) who show that inflation expectations have become more anchored over the last
decades.” My measure of attention is inversely related to their definition of anchoring, but attention
is concerned with short-run expectations whereas anchoring usually refers to the stabilization of
long-run expectations. I complement their empirical analysis along several dimensions which I
detail more closely in the empirical Section 3.2. Additionally, I offer new insights in how stabilized
expectations matter when nominal interest rates are constrained by a lower-bound constraint and
what this implies for optimal monetary policy.

My limited-attention model of inflation expectations is closely related to the general infor-
mation choice problem in Mackowiak et al. (2021). In contrast to their model, and the rational
inattention literature more generally, agents in my model have a perceived law of motion of infla-
tion that can potentially differ from the actual law of motion.® The reduced-form of the model
that I bring to the data is close to the one in Vellekoop and Wiederholt (2019). In contrast to
their paper, I focus on how attention changed over the last fifty years and show that attention
tends to be higher in times of volatile and persistent inflation.

Ball et al. (2005), Adam (2007), Paciello and Wiederholt (2014) and Gati (2022) characterize
optimal monetary policy in models with different forms of limited attention. I contribute to this
literature by allowing for an occasionally-binding lower-bound constraint. I show that accounting
for the lower bound can lead to qualitatively different welfare implications due to changes in the
optimal level of inflation. Wiederholt (2015) and Gabaix (2020) examine how information rigidities
and inattention matter at the zero lower bound. Angeletos and Lian (2018) study the implications
of relaxing the common knowledge assumption for forward guidance and show that the effects of
forward guidance are attenuated in such a setting. My paper complements these three papers by
studying the Ramsey optimal policy in a fully stochastic setup and focuses on the implications
for the optimal inflation target. To the best of my knowledge, the present paper is the first to

study the trade off of lower attention in a fully stochastic model with an occasionally binding

SSimilarly, Gati (2022) documents that anchoring of long-run inflation expectations is time varying and has
substantially increased recently.

6Mackowiak et al. (2021) provide a recent overview of this literature, which was inspired by the seminal paper
Sims (2003). For further developments in this literature, see, among others, Mackowiak and Wiederholt (2009),
Paciello and Wiederholt (2014), Mackowiak et al. (2018), Afrouzi and Yang (2021), and see Gabaix (2019) for an
overview of behavioral inattention.
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lower-bound constraint and to characterize the Ramsey optimal monetary policy in such a setting.

Outline. The rest of the paper is structured as follows. The empirical strategy to quantify
attention, the description of the data and the empirical results are presented in Section 3.2. In
Section 3.3, I show how limited attention can lead to inflation-attention traps, before I then study

optimal policy in Section 3.4. Section 3.5 concludes.

3.2 Quantifying Attention

In this section, I derive an expectations-formation process under limited attention that provides a
straightforward approach to measure attention to inflation empirically. The model is an application
of Mackowiak et al. (2021), who study a general problem of optimal information acquisition. I
relegate all the details and derivations to appendix C.1.

The main difference to Mackowiak et al. (2021) is that agents in my model do not exactly
know the underlying process of inflation but have a simplified view of how inflation evolves.” In
particular, the agent believes that (demeaned) inflation tomorrow, 7/, depends on (demeaned)
inflation today, 7, as follows

/
T = PrT + U,

where p, € [0, 1] denotes the perceived persistence of inflation and v ~ i.i.N.(0, 02). This assump-
tion is supported by empirical evidence (see e.g., Faust and Wright (2013) or Canova (2007)).8
Note, that the perceived volatility and persistence need not be the same as their actual counter-
parts, consistent with the empirical evidence on inflation expectations (see, e.g., Table C.1 in the
Appendix). The agent wants to minimize her expected forecast error but inflation in the current
period is unobservable and acquiring and processing information is costly. The agent thus faces a
trade off how attentive she wants to be. I follow the literature on rational inattention and assume
that the loss arising from making mistakes in her forecasts is quadratic with a scaling factor r, and
the cost of information acquisition and processing is linear in mutual information with a scaling
parameter \.

In this setup and with a normal prior, the optimal signal takes the form
S=Tm+¢,

with € ~ 4.4.N.(0,02) (see Matéjka and McKay (2015)).

“In the monetary model, later on, I will disentangle the effects from this potentially misperceived law of motion
from the assumption of costly attention and show that most of the results are driven by limited attention and not
the misperceived law of motion (see section 3.4.4).

8Fulton and Hubrich (2021) show that simple models such as AR(1) models are hard to beat when forecasting
inflation in real time.
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The optimal forecast is given by 7¢ = p, E [r|s]|, and Bayesian updating implies

7= pa (L—=7) 7T+ prys, (3.1)

0.2
where v =1— U%‘s € [0, 1] measures how much attention the agent pays to inflation, and 7 denotes

the prior mean of .
Solving for the optimal ~ and writing the cost of information relative to the stakes, A = %,

yields the optimal level of attention, summarized in the following Lemma.

Lemma 4. The optimal level of attention is given by

A
v = mazx (O, 1-— 2/)202) : (3.2)

which shows that the optimal level of attention v is
. . . . . . L D
(i) decreasing in the relative cost of information acquisition, A = =,
(i) increasing in inflation volatility, o, and
(#11) increasing in inflation persistence, p;.

From Lemma 4, we see that aside from the relative information cost, :\, the persistence, p;,
and the volatility of inflation, o, are crucial drivers of attention. The model predicts a positive
relationship between attention and o, as well as between attention and p,. In the following, I
will first estimate attention 7y, asses how it has changed over time and then test whether there is

indeed evidence for these positive relations.

3.2.1 Bringing the Model to the Data

To estimate attention in the data, I extend the law of motion of inflation expectations, equation

(3.1), to a dynamic setup. The agent believes that inflation 7 follows
Ty = (1 - Pw)ﬁ + PrTi—1 + Vg,

where 7 is the agent’s long-run belief about inflation and p, is the perceived persistence of inflation.
[ assume that the error term v; is normally distributed with mean zero and variance o2

The agent receives a signal about inflation of the form

Sit = Tt + Eit,

2

where the noise € is assumed to be normally distributed with variance oZ.
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Given these assumptions, it follows from the (steady state) Kalman filter that optimal updating
is given by
7Tte+1\t,z' =(1—p)7+ Pwﬂat—l,i + P (7Tt - 7Tte\t—17i) T+ Uiyt (3.3)

where the updating gain «y captures the agent’s level of attention. From equation (3.3), we observe
that lower attention, i.e., a lower v, implies that the agent updates her expectations to a given
forecast error, (m — Wat_u), less strongly. Lower attention is reflected in more noisy signals, and
more noise means the agent trusts her received signals less and thus, puts less weight on these
signals. Hence, her expectations remain more strongly anchored at her prior beliefs.

In the estimation of equation (3.3), I allow for individual-specific intercepts. This can either
reflect a mean bias in the perceived inflation rate, 7; # 7, or that the agent believes her signals

are biased on average, as in Vellekoop and Wiederholt (2019).

3.2.2 Data

I focus on the Survey of Professional Forecasters (SPF) from the Federal Reserve Bank of Philadel-
phia, as well as the Survey of Consumers from the University of Michigan (SoC). In the Appendix,
I show that the findings extend to other data sets as well. For the SPF, I consider individual and
aggregate forecasts. The main focus is on expectations about the quarter-on-quarter percentage
change in the GDP deflator, which is available since 1969. I drop forecasters for which I have less
than eight observations. As a robustness check, I will show that the results are robust to using
expectations about the consumer price index, CPI. This data series, however, is only available
since 1979.

While the SPF provides data on expectations about the next quarter, the SoC only provides
one-year-ahead expectations. Therefore, I will compare them to the actual year-on-year changes
in the CPLY As the SoC does not have a panel dimension, I consider average (and median)
expectations. Additionally, I estimate attention using the Survey of Consumer Expectations from
the Federal Reserve Bank of New York (SCE). The SCE, launched in 2013, has a panel structure
and thus allows me to estimate attention using individual-consumer data, at least for the period
after 2013. Data on actual inflation comes from the FRED database from the Federal Reserve
Bank of St. Louis. Throughout, I focus on the pre-Covid period and end the sample in 2019Q4.
Appendix C.2 provides summary statistics and plots the discussed time series.

Jorgensen and Lansing (2021) estimate how strongly anchored inflation expectations in the
U.S. are and how this changed over the last fifty years. I extend their empirical strategy in several
dimensions. First, I allow the persistence of perceived inflation to change over time and do not
restrict it to follow a random walk. Second, I show that not only aggregate professional forecasters’

expectations have become more anchored, but also consider individual-specific expectations, as well

9The question in the SoC is not explicitly about the CPI but about “prices”. Using GDP deflator inflation
instead of CPI inflation barely affects the results.
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as consumers’ inflation expectations. Third, I do not impose the structure of the New Keynesian
Phillips Curve on the data but directly estimate attention simply based on the proposed law of
motion for inflation expectations. That said, we will see that my results are consistent with the

results in Jorgensen and Lansing (2021).

3.2.3 Estimation Results

Before estimating attention, I rewrite the updating equation (3.3) as

7Tt6+1|t,i =0+ Blﬂ-at—l,i + o (7Tt - 7Tt6|t—1,z‘) + Uig, (3.4)

where ; = (1 — pz)7;, f1 = pr and % = ~. For the SPF, where I can use individual forecasts,
[ estimate (3.4) using a forecaster-fixed-effects regression. Since the dependent variable shows up
with a lag on the right-hand side, however, the exogeneity assumption is violated. Therefore, I
apply the estimator proposed by Blundell and Bond (1998) (BB for short) and I use all available
lags of the dependent variable as instruments.’® All reported standard errors are robust with
respect to heteroskedasticity and serial correlation. As an alternative to the BB estimator, I also
estimate (3.4) using pooled OLS. For the Survey of Consumers I cannot include individual fixed
effects as I use average and median expectations and thus, I apply the Newey-West estimator using
four lags (Newey and West (1987)).

To examine how attention changed over time, I run regression (3.4) for the period before and
after 1990, separately. The results are robust to different split points (see Appendix C.3). Later
on, I will estimate (3.4) using rolling-windows of ten years each and show that the general patterns

I document are robust.

Table 3.1: Regression Results of Equation (3.4)

Professional Forecasters Consumers
Blundell Bond Pooled OLS Averages Median
Apre 0.70 0.44 0.75 0.43
s.e. (0.1005) (0.0397) (0.1574)  (0.0970)
Apost 0.41 0.22 0.31 0.24
s.e. (0.0522) (0.0290) (0.0881) (0.0601)
N 3566 3566 120 120

Note: This table shows the results from regression (3.4) for professional forecasters (SPF) as well as for consumers.
For the SPF, T use the Blundell and Bond (1998) (BB) estimator (first two columns), as well as pooled OLS (columns
3-4). For the Survey of Consumer, I consider average expectations (columns 5-6) and median expectations (columns
7-8). Apre and Ypos: denote the estimated attention parameters for the period pre 1990 and post 1990, respectively.
The standard errors, reported in parentheses, are robust with respect to heteroskedasticity and serial correlation.

Table 3.1 shows the results. Here, 7,,. and 7,.s denote the estimated attention parameters

10 Appendix C.3 shows that the results are robust to using fewer lags.
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for the period pre 1990 and post 1990, respectively. We see that attention is substantially lower
after 1990 compared to the period before 1990.'! This is true for professional forecasters and for
consumers, and as I show in Appendix C.3, also for other datasets. The point estimates after
1990 are basically half of what they were before the 1990s and these differences are statistically
significant at the 1% level.

The decline in attention is even more pronounced when focusing on the most recent decade.
To show this, I run regression (3.4) for the period between 2010 and 2020. Additionally, I also use
data from the New York Fed Survey of Consumer Expectations, starting in 2013. The advantage
of this survey compared to the Michigan Survey is that it surveys the same consumers up to twelve
times in a row, providing a much larger sample size and a panel dimension. Table 3.2 shows the
results. We see that overall, attention declined substantially compared to earlier periods and is
between 0.04 and 0.17 during this period of low and stable inflation. Furthermore, the results
from the SCE lie in the same ballpark as the ones from the Michigan Survey, which indicates that
using average (or median) consumer expectations does not fundamentally affect the results. In
fact, the estimated attention parameter for the average expectations from the Michigan Survey is
0.04 when restricting the sample to 2013-2020, which is exactly the same as the estimate obtained
from the New York Fed Survey.

Table 3.2: Attention since 2010

Professional Forecasters Consumers NY Fed Survey
Blundell Bond Pooled OLS Averages Median Pooled OLS
~ 0.17 0.07 0.12 0.09 0.04
s.e. (0.0729) (0.0333) (0.0658) (0.0616) (0.0316)
N 1322 1322 40 40 74229

Note: This table shows the results from regression (3.4) for the period between 2010 and 2020 for professional
forecasters (SPF) as well as for consumers. For the SPF, I use the Blundell and Bond (1998) (BB) estimator
(first column), as well as pooled OLS (column 2). For the Survey of Consumer, I consider average expectations
(column 3) and median expectations (columns 4). The standard errors, reported in parentheses, are robust with
respect to heteroskedasticity and serial correlation. Additonally, column 5 shows the results for consumer inflation
expectations from the New York Fed Survey of Consumer Expectations.

When is Attention High?

Lemma 4 states that two key drivers of attention are inflation volatility and inflation persistence.
To examine these relationships empirically, T estimate regression (3.4), using a rolling-window
approach in which every window is 10 years long, and estimate one attention parameter for every

window, 7;, as well as the period-specific inflation volatility, o, and the persistence parameter,

HT test the validity of the instruments in the Blundell-Bond estimation by testing for autocorrelation of order
one and two in the first-differenced error terms. The respective p-values are 0.000 (order 1) and 0.973 (order 2) for
the period before 1990 and 0.000 (order 1) and 0.737 (order 2) for the period after 1990. This indicates that the

instruments used in the estimation are valid.
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Prt- In particular, I use the window-specific standard deviation of inflation as my measure of
ox+ and the first-order autocorrelation of inflation for p, ;. Appendix C.3 shows that the following
results also hold for different window lengths or when using the standard deviation and persistence
of expected inflation for o, and py ;.

Figure 3.1 summarizes the results graphically. The left scatterplot shows the inflation volatility
on the horizontal axis and the estimated attention parameter, 7, on the vertical axis. The attention
parameters shown in the figure are the ones for individual professional forecasters, obtained via
pooled OLS. The right panel shows the relationship between attention and inflation persistence
(on the horizontal axis). In both cases, we see that there is a clear positive relationship, just as

the limited-attention model predicts.

Figure 3.1: Attention, Inflation Volatility and Inflation Persistence
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Notes: The right panel shows the relationship between inflation volatility and the estimated attention parameter,
7. The left panel shows the relationship between the persistence of inflation and the estimated attention parameter.
Both panels report the results for individual professional forecasters where the attention parameter was estimated
via pooled OLS.

To check if these findings are statistically significant, I regress attention on inflation volatility

or on inflation persistence as follows

Ye=o0q+ B0+ (3.5)
Ve = a2+ (Pry + vr. (3.6)

Table 3.3 reports the results. Standard errors are robust with respect to heteroskedasticity.
We see that the observed patterns in Figure 3.1 are indeed statistically significant. Attention to
inflation is positively correlated with inflation volatility and inflation persistence, as Lemma 4
predicts. This is true for professional forecasters as well as for consumers. Overall, the magni-
tudes of the estimates indicate that the results are somewhat stronger for professional forecasters.

Appendix C.3 shows that these results hold when regressing attention on inflation volatility and
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Table 3.3: Attention, Inflation Volatility and Inflation Persistence

Professional Forecasters Consumers
Estimator Blundell-Bond Pooled OLS OLS
B 0.13% 0.15 0.09%**
s.e. (0.0155) (0.0105) (0.0272)
¢ 0.71*** 0.78*** 0.56***
s.e. (0.0568) (0.0349) (0.0714)
N 165 165 163

Note: This table shows the results of regression (3.5) and (3.6). Standard errors are robust with respect to
heteroskedasticity. *** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.

persistence jointly. I also show that the results are robust when controlling for the average level
of inflation and the average level of inflation has no significantly-positive effect on attention when
controlling for volatility and persistence.!? Given the decline in inflation volatility and inflation
persistence over the last fifty years (see Table C.1 in Appendix C.2), the positive correlation with
attention supports the findings in Table 3.1: attention declined as the volatility and persistence

of inflation declined.'3

Additional evidence and robustness. In Appendix C.3.1, I document a decline in news
coverage of inflation in popular news papers as well as in books, thus, providing additional, com-
plementary evidence on the decline in attention after the 1980s.!* In Appendix C.3, I show that
the presented results are robust to using different data sources, different sample splits, different
specifications of the BB estimator, allowing for time-fixed effects to account, for example, for

varying trend inflation, as well as constructing a quasi panel of consumers, based on their income.

3.3 Monetary Policy Implications of Limited Attention

How does the decline in attention to inflation affect the conduct of monetary policy? To answer
this question, I augment the standard New Keynesian model with inflation expectations that
are characterized by limited attention, and a lower-bound constraint on the nominal interest
rate. To do this, I replace the inflation expectations under full-information rational expectations

(FIRE) with their limited-attention counterpart derived in the previous section.!> This way of

12From a conceptual perspective, it is also not clear why the level of attention should directly matter. Consider
an economy with a very high but constant inflation rate. The agents could then simply set their expectations to
this average value and never update their expectations, i.e., be completely inattentive. Since inflation is constant,
however, they would predict inflation correctly and paying zero attention would nevertheless be optimal.

13Benati (2008) documents a decline in inflation persistence in advanced economies, especially for countries that
introduced inflation targeting regimes.

1 Carroll (2003) proposes a micro-foundation of sticky information models (as in Mankiw and Reis (2002)) that
relies on news coverage of inflation. Lamla and Lein (2014) and Pfajfar and Santoro (2013) test these predictions
empirically.

150ne way to micro-found this would be similar to Section V in Angeletos and La’o (2010), where, for example,
firms have two managers that do not communicate with each other. In my setting, this would require that one
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incorporating limited attention in the model allows me to study the Ramsey optimal policy in the
presence of an occasionally-binding lower bound on the policy rate. Apart from the formation of
inflation expectations, I build on the standard New Keynesian model without capital, with rigid
prices in the spirit of Calvo (1983) and Yun (1996) and with a lower bound on the nominal interest
rate. The government pays a subsidy to intermediate-goods producers to eliminate steady state
distortions arising from market power.

The linearized model yields an aggregate supply equation, the New Keynesian Phillips Curve,

and an aggregate Euler (or IS) equation:

= 57Tf+1| + Ky + uy, (3.7)

Y’ = Etyfﬁ - (it - 7Tt€+1\t - 7"?) ) (3.8)

where x measures the sensitivity of aggregate inflation to changes in the output gap, v/, 8 € (0,1)

denotes the time discount factor of the representative household, and wu; are cost-push shocks,
following an AR(1) process with persistence p, € [0,1] and innovations €* ~ 4.i.N.(0,02). The
output gap is the log deviation of output from its efficient counterpart that would prevail under
flexible prices. Altogether, equation (3.7) summarizes the aggregate supply side of the economy.
Equation (3.8), together with monetary policy, determines aggregate demand in this model. Here,
¢ > 0 measures the real rate elasticity of output, i; is the nominal interest rate which is set by the
monetary authority, and r} is the natural interest rate. The natural interest rate is the real rate
that prevails in the economy with fully flexible prices and is exogenous. It follows an AR(1) process
with persistence p, € [0,1] and innovations " ~ 4.i.N.(0, 0?), independent of €“. The nominal
interest rate and the natural rate are both expressed in absolute deviations of their respective
steady state values, 7 and 7", with i = 7", as I linearize the model around the zero-inflation steady
state. E; denotes the full-information rational expectations operator.

Inflation expectations are characterized by limited attention and are given by

Wfﬂ\t =(1—p)7+ ;07r7rte|t71 + prY (7Tt - Watﬂ) ) (3.9)

where the notation is the same as in Section 3.2. Given the representative agent assumption, [
abstract from noise shocks in (3.9). The law of motion of inflation expectations, equation (3.9), is
driven by two main assumptions. First, the perceived law of motion follows an AR(1) process and
second, paying attention is costly. In Section 3.4.4, I will disentangle the two and show that it is

mainly the second assumption that drives the implications for optimal monetary policy. For the

manager sets the firm’s price and makes its employment decision for some given inflation expectation and the other
manager provides this inflation forecast, according to the steps outlined in Section 3.2, without taking the other
manager’s decisions into account (and similary for the representative household). An approach similar to mine,
namely replacing the expectations after the derivation of the equilibrium conditions, is taken in Jgrgensen and
Lansing (2021) or parts of the learning literature (see, for example, Evans and Honkapohja (2003) or Milani (2007)
for early contributions).
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most part, I will focus on p, = 1 in which case average inflation expectations align with actual
average inflation and long-run beliefs 7 are irrelevant. I discuss the case with p, < 1 in Appendix
C.6.4. For empirically-realistic values of p, the results are very similar to the case with p, = 1.
This belief formation process is empirically plausible, in the sense that it is consistent with recent
empirical findings, documented in Angeletos et al. (2021): after a shock, expectations initially
underreact, followed by a delayed overreaction (see Appendix C.6.3).

As is standard in the rational inattention literature, I assume that the attention parameter
7 is constant.! The usual assumption to obtain this is that in period ¢ = 0 the agent chooses
her level of attention and then obtains all future signals at this point. This leaves conditional
second moments time-invariant and thus, the optimal level of attention constant. I will, however,

compare economies with different levels of attention.

Table 3.4: Model Parameterization

Parameter Value Source/ Target
Preferences and technology

1G] 0.9975  Average natural rate of 1%

© 1 Adam and Billi (2006b)

K 0.057 Adam and Billi (2006b)
Ezogenous shock processes

Pr 0.8 Adam and Billi (2006b)

o 0.2940% Adam and Billi (2006Db)

Pu 0 Adam and Billi (2006b)

Ou 0.154%  Adam and Billi (2006b)

Calibration. I calibrate the model to quarterly frequency. I assume an annualized steady state
natural rate of 1%. The rest of the calibration is taken from Adam and Billi (2006b). Table 3.4
summarizes the calibration. The attention parameter v will be varied to understand its role for

monetary policy.

Attention and the Phillips Curve. Inflation expectations are a crucial driver of actual in-
flation through the supply side of the economy, and thus, changing levels of attention affect the

Phillips Curve. The following Proposition summarizes these effects.

Proposition 7. The New Keynesian Phillips Curve under limited attention is given by

1—
= B v%&4+

1—py

K
ygap +
1—-8y7"  1-0y

Ug.

Proof. See Appendix C.5. =

16See, e.g., Mackowiak and Wiederholt (2009), Mac¢kowiak et al. (2018); Mackowiak et al. (2021).
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-1 and a given

From Proposition 7, we see that for a given prior inflation expectation, =
realization of the exogenous shock u;, inflation becomes less sensitive to changes in the output gap
at lower levels of attention. Put differently, a decrease in attention v resembles a flatter Phillips
Curve. We also see that for a given output gap, inflation becomes less sensitive to cost-push shocks
u; at lower levels of attention.

Thus, Proposition 7 captures the stabilizing effects of lower attention. As attention declines,
firms’ inflation expectations react less to changes in actual inflation. Through the Phillips Curve,
this muted reaction of expectations in turn stabilizes inflation itself. What cannot be seen from
Proposition 7, but what will be crucial in the subsequent analysis, is that lower attention not
only affects the initial response of inflation and inflation expectations but the dynamics as well.
Changes in inflation and inflation expectations become more persistent at low levels of attention,

even though the initial response is muted. I now show in a numerical example that at low levels

of attention the economy can get stuck in an inflation-attention trap.'”

3.3.1 Inflation-Attention Traps

To close the model from Section 3.3, I assume for now that, away from the lower bound, the

monetary authority sets the nominal interest rate according to a Taylor rule

;t = pi%t—l + (1 - pz) (gbﬂﬂ-t + gbyyfap) 3 (310)

where p; € [0,1) captures persistence in the interest rate, ¢, > 1 and ¢, > 0 denote the reaction
coefficients to inflation and the output gap, respectively. The actual interest rate, 7;, however is

constrained by the lower bound
iy = max{i;, —i}, (3.11)

where I set the lower bound (in levels) to zero.

I set the persistence parameter of the nominal interest rate to 0.7, and the reaction coefficients
¢- = 2 and ¢, = 0.5, as in Andrade et al. (2019). In Appendix C.6.2, I show that the exact
specification of the Taylor rule is inconsequential for the following results.

Figure 3.2 plots the impulse response functions of the model’s main variables to a negative
natural rate shock of three standard deviations that pushes the nominal interest rate to the lower
bound. The black-dashed-dotted lines are the IRFs in the model under FIRE and the blue-dashed
lines are the ones under limited attention for the case v = 0.3.

In both cases, the shock is large enough to push the economy to the lower bound. While the
reaction of the output gap is very similar in both economies, the responses of inflation and inflation
expectations are strikingly different. Initially, the muted response of inflation expectations to the

adverse shock is reflected in a smaller downturn of inflation itself under limited attention. This

"In Appendix C.4, I show analytically in a stylized example how lower levels of attention mute the effects of
forward guidance.
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Figure 3.2: Impulse Response Functions to a Negative Natural Rate Shock
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Note: This figure shows the impulse-response functions of the nominal interest rate (upper-left panel), inflation
(upper-right panel), inflation expectations (lower-left) and the output gap (lower-right) to a negative natural rate
shock of three standard deviations. The blue-dashed lines show the case for the limited-attention model and the

black-dashed-dotted lines for the rational expectations model. Everything is in terms of percentage deviations from
the respective steady state levels, except the nominal rate is in levels.

captures the stabilizing effects that come with lower attention. The sluggish adjustment of inflation
expectations in the following, however, leads to a very persistent undershooting of inflation. Even
five years after the shock, inflation and inflation expectations are still substantially below their
steady state levels of zero. The result is a prolonged period of a binding lower bound. While the
economy under rational expectations escapes the ELB six periods after the shock, the economy
under limited attention is stuck for twice as long. This is what I label inflation-attention trap. A
side-effect of these traps is that the long ELB period leads to an output boom. As discussed earlier,
this (expected) output boom in the future, however, has rather small effects on the economy today
if people are inattentive.
Overall, limited attention to inflation offers a possible explanation for why several advanced
economies were stuck at the ELB after the financial crisis, as well as inflation that undershot the

central banks’ inflation targets, even though the initial decrease was muted and output recovered
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quite strongly after declining severely initially (Del Negro et al. (2020)). In other words, the
limited-attention model can explain the missing deflation puzzle as well as the missing inflation
puzzle (Coibion and Gorodnichenko (2015b), Constancio (2015)).

Non-rational output gap expectations. In appendix C.6.1, I relax the assumption that
agents have rational expectations with respect to the output gap and instead assume that they
are also inattentive to the output gap.

In that case, inflation-attention traps get exacerbated. The economy remains stuck at the ELB
even longer and, additionally, inflation, inflation expectations, and now also the output gap stay
below their initial values very persistently. Thus, the results reported in the following are likely

to be even stronger when allowing for non-rational output gap expectations.

3.4 Optimal Monetary Policy

To understand how monetary policy should optimally deal with declining attention, I now derive
the Ramsey optimal monetary policy in this economy. I focus on the case of p, = 1, in which
average inflation expectations coincide with the actual inflation average. Appendix C.6.4 reports
the results when relaxing this assumption.

The policymaker’s objective is to maximize the representative household’s utility, taking the
household’s and firms’ optimal behavior, including their attention choice, as given. Thus, the
policymaker cannot exploit the private agent’s lack of information. Nevertheless, the policymaker
can affect inflation expectations by influencing inflation itself and he can set the average inflation
expectations by setting the average inflation rate.

The policymaker is paternalistic in the sense of Benigno and Paciello (2014) and evaluates the
household’s utility under rational expectations. A second-order approximation to the household’s

utility function yields the policymaker’s objective
1 — .
—3Eo B [ x ()] (3.12)
=0
where Yy is the relative weight of the output gap. Following Adam and Billi (2006b), I set x = 0.007.

In the following, I refer to (3.12) as welfare.

In sum, the optimal policy problem is given by

1 — .
max By B x4+ x ()’ (3.13)
7Tt7y§ pﬂt 2 =0
subject to
T = B + Ky + (3.14)
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™ = Byl — ¢ (i — 7y, — 17) (3.15)
T = T+ (70— 76 1) (3.16)
U = putly—1 + (3.17)
re=prio te (3.18)
i > —i, (3.19)

with ¥ ~ .0.N.(0,02) and &} ~ i.i.N.(0,0%,) and (3.19) is the lower-bound constraint.'® All
variables are in percent deviations from their respective steady state, except the nominal interest

rate and the natural rate which are in absolute deviations.

3.4.1 The Optimal Inflation Target

What do low levels of attention imply for inflation volatility and the optimal inflation target? For
this, I solve the Ramsey problem for different levels of attention, namely v € {0.05,0.1,0.2,0.3}.
An attention parameter of 0.3 is close to the estimates for consumers’ attention after 1990, and

the lower levels of 0.05 and 0.1 are close to the ones observed since 2010.

Figure 3.3: Optimal Inflation and Inflation Volatility
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Notes: This figure shows the average inflation rate under Ramsey optimal policy (left panel) and inflation volatility
for different attention levels. The blue-dashed lines show the results for the model under limited attention, and the
black-dashed-dotted lines for the rational-expectations model.

Figure 3.3 shows the results. The average inflation rate under Ramsey optimal policy—what
I refer to as the optimal inflation target—is plotted in the left panel and the inflation volatility
in the right panel. The blue-dashed lines show the results for the model under limited attention,
and the black-dashed-dotted lines for the rational-expectations model. We see that the optimal

inflation target increases substantially as attention declines. At the levels of attention estimated

18 solve this numerically by recursifying the constrained optimization problem, as in Marcet and Marimon
(2019).
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just before the Covid crisis, v € {0.05,0.1}, the inflation target is about 2-3 percentage points
higher than under rational expectations due to the discussed ineffectiveness of forward-guidance
policies. By increasing the average level of inflation the average nominal interest rate increases
and thus makes it less likely that the ELB becomes binding. Indeed, the frequency of a binding
ELB decreases substantially (not shown). For v = 0.3, the ELB is binding 22% of the time under
optimal policy, whereas this value shrinks to 1.4% for an attention level of 0.05.

While lower attention renders forward guidance, make-up policies and other policies that work
(partly) through inflation expectations less effective, lower attention also stabilizes inflation, as
can be seen from the right panel in Figure 3.3. First, because lower attention mutes the inflation
response to shocks and output (see Proposition 7). Second, the lower ELB frequency further
stabilizes the economy. Thus, lower attention to inflation can help stabilizing actual inflation
and reduces the number of binding-ELB periods. The lower inflation volatility at lower levels
of attention in fact justifies these low attention levels, as optimal attention depends positively
on inflation volatility (see Section C.1). This low volatility, however, requires an increase in the
inflation target, which is costly. Thus, it is not clear a prior: whether lower attention leads to

welfare gains or not.

3.4.2 Welfare

What are the effects of declining attention on overall welfare? Welfare is given by equation (3.12)
and from the previous discussion, we know that lower attention poses a trade off. On the one
hand, inflation volatility decreases and the ELB binds less frequently, when attention is low. This
raises welfare. On the other hand, lower attention complicates managing inflation expectations
and thus, the optimal average level of inflation increases, which is costly. Which effect dominates?

Panel (a) in Figure 3.4 shows that the cost of the level effect outweighs the stabilization benefits.
As attention falls, welfare decreases. This is especially pronounced at low levels of attention, where
the optimal inflation target increases substantially (see Figure 3.3).

Absent the lower-bound constraint, the complications in managing inflation expectations due to
limited attention are much less pronounced since managing expectations is particularly important
at the lower bound. In fact, lower attention is welfare improving in the case without an ELB.
Panel (b) in Figure 3.4 shows this graphically. The stabilization benefits that arise from lower
attention—which is reflected in more anchored expectations—Ilead to an increase in welfare.

These findings show that accounting for the ELB is crucial for making a normative statement
about costs and benefits of stabilizing inflation expectations. The ELB highlights the drawbacks
that arise from the stabilization of expectations due to the fall in attention, as the management

of expectations becomes particularly relevant when the ELB binds.
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Figure 3.4: Welfare and Attention
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Notes: This figure shows welfare (3.12) under Ramsey optimal policy for different levels of attention. The left
panel shows the results for the case with an occasionally-binding ELB, and the right panel without an ELB. The
blue-dashed lines show the results for the model under limited attention, and the black-dashed-dotted lines for the
rational-expectations model.

3.4.3 Negative Interest Rate Policies

In recent years, several central banks in advanced economies have implemented negative interest
rate policies (NIRP).'® Could negative rates limit the negative consequences of declining attention?
In order to answer this question, I solve the same Ramsey optimal policy problem as above, but
set the effective lower bound to —0.5% (annualized).

Figure 3.5 reports the outcomes. Panel (a) shows the optimal inflation target (red-dashed-
dotted line) and compares it to the case with an ELB at 0 (blue-dashed line). We see that
the additional policy space due to the negative lower bound indeed calls for a lower inflation
target. However, the decline in attention also weakens the effectiveness of NIRP. We see this by
observing that the optimal inflation target under NIRP gets closer to the one without negative
rates as attention declines. To see these gaps clearly, panel (b) shows the difference in the optimal

inflation targets, defined as 7*#L8 — = NIRP

, where m* denotes the optimal inflation target and the
superscripts Z LB and NIRP denote the two cases where the ELB is at 0% or —0.5%, respectively.
Overall, allowing for negative policy rates can help limiting the drawbacks of low attention but

these policies itself become less effective as attention declines.

3.4.4 Full Attention

There are two main assumptions underlying the law of motion of inflation expectations (3.9). First,
the assumption that agents perceive inflation to follow an AR(1) process. Second, that paying

attention to inflation is costly and thus, their attention is limited. To disentangle these two effects,

19See Brandao-Marques et al. (2021) for a recent survey on negative interest rate policies and its effectiveness.
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Figure 3.5: Negative Interest Rate Policies and Attention
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Notes: The left panel shows the average inflation rate under optimal policy for different degrees of attention . The
blue-dashed lines show the results for the benchmark model where the lower bound is at 0, and the red-dashed-
dotted lines show the results when allowing for negative interest rates up to —0.5% (annualized). The right panel
shows the difference in the optimal inflation targets, defined as 7*4LB — 7*NIEP where 7* denotes the optimal
inflation target and the superscripts ZLB and NIRP denote the two cases where the ELB is at 0% or —0.5%,
respectively.

Figure C.10 in Appendix C.6.5 shows the implications of shutting down the second channel, i.e.,
if we set v = 1. Put differently, how much of the results in previous sections is solely due to the
misperception of the law of motion of inflation? Panel (a) shows that the optimal average inflation
rate is practically identical to the one under rational expectations. Thus, as argued above, it is
really the lack of attention that pushes up the optimal inflation rate, whereas the assumption of
a misperceived law of motion is rather innocuous from this perspective.

Panel (b) in Figure C.10 reports the inflation volatility under Ramsey optimal policy for
different levels of attention, including the full attention case, v = 1. Inflation is substantially more
volatile than under rational expectations. Thus, while the misperception of the law of motion of
inflation is rather inconsequential for the optimal inflation target, it predicts a higher inflation
volatility. Indeed, there is a trade-off. On the one hand, higher attention increases the response
of inflation to shocks. On the other hand, if agents are fully attentive, inflation also reacts more
strongly to changes in expected future output. Thus, to achieve a certain effect on today’s inflation
rate, the policymaker is required to make smaller promises about its policies in the future which
in turn stabilizes inflation and output already today. While the first channel dominates at lower
levels of v, the second effect pushes inflation volatility down at higher levels of ~.

Finally, panel (c¢) in Figure C.10 shows the welfare implications of the misperceived law of
motion. Welfare is slightly more negative when agents have a misperceived law of motion of
inflation compared to fully rational agents. Given the results in panels (a) and (b), we see that

these additional welfare losses are mainly due to increased inflation volatility rather than its level.
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3.5 Conclusion

With the stabilization of inflation in advanced economies since the Great Inflation period, inflation
has become less important in people’s lives. In this paper, I quantify this using a limited-attention
model of inflation expectations. In line with this model, I show that attention to inflation decreased
together with inflation volatility and inflation persistence since the 1970s. Especially in the period
between 2010 and 2020, the general public’s attention to inflation was close to zero.

For monetary policy the decline in attention was desirable at first, since lower attention stabi-
lizes inflation expectations and hence, stabilizes actual inflation. With the outbreak of the Great
Recession and nominal rates at their lower bound, however, managing inflation expectations be-
came a central tool for monetary policy. But managing inflation expectations is difficult when
people are inattentive.

The optimal policy response is a substantial increase in the inflation target. This increases the
average nominal rate and thus, binding ELB periods become less likely. The cost of this increase
in inflation, however, outweighs the stabilization benefits of lower attention. Lower attention,
therefore, decreases welfare if we account for the lower bound. This stands in stark contrast to the
case without an ELB in which case lower attention leads to welfare gains through the stabilization
of inflation expectations and inflation. My paper thus shows that accounting for the ELB is crucial

when assessing the role of the public’s attention to inflation.
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Appendix C

Appendix to Chapter 3

C.1 A Limited-Attention Model of Inflation Expectations

In this section, I derive the expectations-formation process under limited attention sketched in
Section 3.2. The agent believes that (demeaned) inflation tomorrow, 7', depends on (demeaned)
inflation today, 7, as follows

/
T = paT + 1,

where p, € [0,1] denotes the perceived persistence of inflation and v ~ 4.i.N.(0,¢2). Inflation in
the current period is unobservable, so before forming an expectation about future inflation, the
agent needs to form an expectation about today’s inflation. I denote this nowcast 7, and the
resulting forecast about next period’s inflation 7¢ = p,7. Given her beliefs, the full-information
forecast 7 is

T = par.

But since 7 is not perfectly observable, the actual forecast will deviate from the full-information
forecast. Deviating, however, is costly, as this causes the agent to make mistakes in her decisions.

The agent’s choice is not only about how to form her expectations given certain information,
but about how to choose this information optimally, while taking into account how this will later
affect her forecast. That is, she chooses the form of the signal s she receives about current inflation.
Since acquiring information is costly, it cannot be optimal to acquire different signals that lead to
an identical forecast. Due to this one-to-one relation of signal and forecast, we can directly work
with the joint distribution of 7¢ and 7, f(7¢, ), instead of working with the signal.

Let U(w¢, m) denote the negative of the loss that is incurred when the agent’s forecast deviates
from the forecast under full information, and C(f) the cost of information. Then, the agent’s

problem is given by

o / U(r, ) f(n, 7)drdn — C(f) (1)

198



subject to /f(ﬂ'e, m)dn® = g(m), for all 7,

where g(7) is the agent’s prior, which is assumed to be Gaussian; 7 ~ N (7,02). C(.) is the cost
function that captures how costly information acquisition is. It is linear in mutual information

I(m; 7€), i.e., the expected reduction in entropy of 7w due to knowledge of 7°:
C(f) = M(m;7®) = A(H (7)) — E [H(x|7°)]),

where H(z) = — [ f(x)log(f(z))dz is the entropy of x and A is a parameter that measures the
cost of mformatlon.

The objective function U(.) is assumed to be quadratic:
U(n®,m) = = (pam — 7°)°,

where 7 measures the stakes of making a mistake.!:?
In this setup, Gaussian signals are optimal (and in fact the unique solution, see Matéjka and
McKay (2015)). The optimal signal thus has the form

S=T+¢€,

with & ~ 7.2.N.(0,02).3 The problem (C.1) now reads

by 2
max E, [E, [-rp2 (T — E[7r|s])2H — M(7m;7°) = max —rpfrafr‘s - —loga— : (C.2)
0“12r|s§0.2 0-72r|s§0.2 0—7I'|S
The optimal forecast is given by 7¢ = p, E [r|s], and Bayesian updating implies
¢ = pr (L =) 7+ pays, (C.3)

|s

where v = 1— L € [0, 1] measures how much attention the agent pays to inflation, and 7 denotes

the prior mean of .

LA quadratic loss function is usually derived from a second-order approximation of the household’s utility
function or the firm’s profit function (see, e.g., Mackowiak and Wiederholt (2009)).

2These stakes (or also the information cost parameter \) can be interpreted as a way to incorporate other
variables to which the agent might pay attention. For example, a household might not only want to forecast
inflation but also her own income stream going forward. In this case, a smaller r could capture an increase in
her idiosyncratic income volatility. Thus, paying attention to inflation is relatively less beneficial, as the relative
importance of her idiosyncratic income increases. Such an interpretation also explains why professional forecasters
might not be fully informed about inflation, given that they usually forecast a whole array of variables.

3In this case, the entropy becomes H(x) = %log(Qeai), where o2 is the variance of x. Note, that here denotes
the number “pi” and not inflation.

199



An equivalent way of writing ~y is

0_2

= T CA4
7 02 + o2 (C4)

Now, since the agent chooses the level of attention, we can re-formulate (C.2) as

A 1
—rp2(1 = )02 — 21 . C.5
%%ﬁ( rpr(l =)o — 5 9T (C.5)

Writing the cost of information relative to the stakes, A = %, and solving the optimization problem

(C.5) yields the optimal level of attention, presented in Lemma 4.
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C.2 Data and Summary Statistics

Figure C.1 shows the main time series that are used in the empirical analyses of Section 3.2. Apart
from the apparent decrease in the level and volatility of inflation as well as inflation expectations,
we see that expectations became more and more detached from actual inflation. First, consumer
expectations seem to be biased on average in the most recent decades, as can be seen in the lower
panel. While these expectations closely tracked inflation in the 70s and 80s, this is not the case
anymore.* Second, professional forecasters’ expectations seem to perform quite well on average. In
the last twenty years, however, they barely react to actual changes in inflation anymore. Overall,

these observations suggest that attention decreased in the last decades.

Figure C.1: Inflation and Inflation Expectations
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Note: This figure shows the raw time series of inflation, as well as survey expectations about future inflation.
Everything is in annualized percentages.

Table C.1 shows the summary statistics, for the period before and after the 1990s, separately.
For professional forecasters, the perceived persistence is higher than the actual one. This is
especially the case when the actual persistence is relatively low, as was the case after 1990. Afrouzi
et al. (2023) document a similar finding in an experimental setting. This might point towards
lower attention since the 1990s. Note, that in the empirical analysis I account for changes in the

perceived persistence.

4In the empirical analysis I account for this mean bias by including an intercept in the regressions.
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Table C.1: Summary Statistics

GDP Deflator Inflation SPF Expectations

1968-1990  1990-2020  1968-1990 1990-2020

Mean (%) 5.44 2.00 5.18 2.15
Std. Dev. (%) 2.43 0.90 1.87 0.63
Persistence 0.84 0.55 0.93 0.92
CPI Inflation Consumer Expectations
1968-1990  1990-2020  1968-1990 1990-2020
Mean (%) 6.09 2.42 6.00 3.62
Std. Dev. (%) 3.00 1.26 2.17 0.68
Persistence 0.96 0.77 0.85 0.70

Note: This table shows the summary statistics of the data. The upper panel shows the statistics for the quarter-on-
quarter GDP deflator inflation (left) and the corresponding inflation expectations from the Survey of Professional
Forecasters (right). The lower panel shows the year-on-year CPI inflation (left) and the corresponding inflation
expectations from the Survey of Consumers from the University of Michigan. All data are annualized.
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C.3 Robustness and Additional Evidence

In this section, I show that the empirical results are robust along several dimensions.

Additional Data Sources

In Table C.2, I show how attention changed over time for different data sources. The first two
columns show the results for the Greenbook forecasts, columns 3-4 for the Livingston Survey,
and columns 5-6 and 7-8 are for CPI forecasts from the SPF instead of forecasts about the GDP
deflator. As in the main text, I use two different estimators. First, the Blundell-Bond estimator
(columns 5-6) and pooled OLS (columns 7-8). All standard errors are robust with respect to
heteroskedasticity and serial correlation. We see that the main finding of lower attention in
inflation expectations in the period after 1990 compared to the period before is robust to these

changes in the data source and/or exact variable.

Table C.2: Regression Results of Equation (3.4)

Greenbook Livingston SPF CPI BB SPF CPI OLS
< 1990 > 1990 < 1990 > 1990 < 1990 > 1990 < 1990 > 1990
~ 0.39 0.24 0.28 0.17 0.36 0.23 0.17 0.13
s.e.  (0.0851) (0.0715) (0.0554) (0.0624) (0.1444) (0.0328) (0.0409) (0.0142)
N 84 100 83 61 550 3,577 550 3,577

Note: This table shows the results from regression (3.4) for different data sources. The standard errors, reported
in parentheses, are robust with respect to heteroskedasticity and serial correlation.
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Different Sample Splits

Table 3.1 in the main body of the paper shows that attention to inflation declined by focusing on
a sample split in 1990. To show that this is robust to the exact split point, Tables C.3 and C.4
show that the result holds when splitting the sample in 1985 or 1995, respectively. In fact, the
decline in attention is even somewhat more pronounced when splitting the sample in 1985. This is
in line with the theoretical prediction of the limited-attention model. Namely, the period between
1985 and 1990 was a period of relatively low and stable inflation compared to the period pre 1985

(see Figure C.1), and thus, a period in which the model would predict a relatively low level of

attention.
Table C.3: Regression Results of Equation (3.4), pre 1985 vs. post 1985
Professional Forecasters Consumers
Blundell Bond Pooled OLS Averages Median
< 1985 > 1985 < 1985 > 1985 < 1985 > 1985 < 1985 > 1985

~ 0.75 0.37 0.45 0.25 0.77 0.31 0.50 0.26
s.e.  (0.1247)  (0.0399) (0.0403) (0.0338) (0.1688)  (0.0811) (0.0955) (0.0561)
N 1914 3887 1914 3887 64 140 27 140

Note: This table shows the results from regression (3.4) for professional forecasters (SPF) as well as for consumers.
For the SPF, I use the Blundell and Bond (1998) (BB) estimator (first two columns), as well as pooled OLS
(columns 3-4). For the Survey of Consumer, I consider average expectations (columns 5-6) and median expectations
(columns 7-8). The standard errors, reported in parentheses, are robust with respect to heteroskedasticity and serial
correlation.

Table C.4: Regression Results of Equation (3.4), pre 1995 vs. post 1995

Survey of Professional Forecasters Survey of Consumers
Blundell Bond Pooled OLS Averages Median
<1995 >1995 <1995 >1995 <1995 >1995 <1995 > 1995
~ 0.70 0.41 0.44 0.21 0.72 0.27 0.43 0.22
s.e.  (0.0907) (0.0654) (0.0379) (0.0344) (0.1473) (0.0962) (0.0819) (0.0654)
N 2708 3093 2708 3093 104 100 67 100

Note: This table shows the results from regression (3.4) for professional forecasters (SPF) as well as for consumers.
For the SPF, I use the Blundell and Bond (1998) (BB) estimator (first two columns), as well as pooled OLS
(columns 3-4). For the Survey of Consumer, I consider average expectations (columns 5-6) and median expectations
(columns 7-8). The standard errors, reported in parentheses, are robust with respect to heteroskedasticity and serial
correlation.
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Different Specifications of the BB Estimator

In the baseline estimation, reported in Table 3.1, I included all potential lags for the Blundell-Bond
estimation. To show that the results are robust to this specification, I show in Table C.5 that for
maximum lag lengths of 20 and 10 periods, the estimated attention parameter 7 is in all cases
higher before 1990 compared to the period after 1990.

Table C.5: Different Maximum Lag Lengths

All Lags 20 Lags 10 Lags
<1990 >1990 <1990 >1990 <1990 > 1990
~ 0.70 0.41 0.74 0.51 0.84 0.69
s.e.  (0.1005) (0.0522) (0.1086) (0.0632) (0.1247) (0.1127)
N 2235 3566 2235 3566 2235 3566

Note: This table shows the results from regression (3.4) for different numbers of lags included in the BB estimation.
The standard errors, reported in parentheses, are robust with respect to heteroskedasticity and serial correlation.
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Time Fixed Effects

To account for potential changes in trend inflation, I include time-fixed effects in regression (3.4).

To do so, recall that (3.4) is given by

7T1f+1|t,i =B+ ﬁlﬂ-tﬁtfl,i + Bo (7Tt - 7Tt6|t71,i) + Uiyt (C.6)

To include time fixed effects, I first compute a period-specific persistence parameter, p,. Note,

that in (C.6), ; measures this persistence. Therefore, I subtract p,m from both sides and

e
tlt—1,
then to directly estimate v, I further divide both sides by p;:

Ty tjes — Prlle—1.
- 2 =~ 0i +di +y (7Tt - 7Tt6|t—1,i) T Vit (G7)

where d; captures time-fixed effects, §; = % and v;; = %’t. I do this transformation for the period
before and after 1990 separately. Note, that this transformation also deals with the endogeneity

problem explained in Section 3.2.

The estimated attention levels are 0.75 (s.e. 0.0327) for the period before 1990 and 0.61 (s.e.
0.0295) after 1990 if I use the first-order autocorrelation of expected inflation as my measure of
pr. If T use the estimate of 3 from equation (C.7) as my measure of p,, the estimated attention
before the 1990s is 0.68 (s.e. 0.0252) and the one after the 1990s is 0.46 (s.e. 0.0242). Thus, we
see that the decrease in attention is robust to controlling for time-fixed effects, even though the
decline is somewhat muted.

When using the first-order autocorrelation of expected inflation as my measure of p,, estimating
equation (3.5) in this way, delivers a point estimate of 0.06 (s.e. 0.0111) that is statistically
significant on all conventional significance levels. The estimate for ¢ in regression (3.6) is 0.23
(s.e. 0.0220), statistically significant on all conventional significance levels. When using B from
(C.7) as the measure of p,, the point estimate of § in equation (3.5) is 0.06 (s.e. 0.0074) and the
estimate of ¢ in (3.6) is 0.29 (s.e. 0.0306), both statistically significant on all conventional levels of
significance. Thus, the positive relationships between attention and volatility, as well as between

attention and inflation persistence, are robust to controlling for time fixed effects.

206



Professional Forecasters in the Aggregate

When estimating attention of professional forecastors’ average expectations instead of individual
ones, we obtain a value of 0.24 (s.e. 0.0481) for the period before 1990 and of 0.09 (s.e. 0.0353)
after 1990. Consistent with the main results, attention substantially decreased in recent decades
and is about half after 1990 compared to before.

Estimating regression (3.5) on aggregate SPF data delivers a coefficient of 0.15 (p-value of
0.000) and the estimate of ¢ in regression (3.6) is 0.69 (p-value of 0.000). Thus, the results

reported in the main text are robust.

Joint Regressions

Instead of running regressions (3.5) and (3.6) separately, I estimate
Y=o+ [0r+ CPry + U (C.8)

Table C.6 shows that the results are robust to this change in specification.

Table C.6: Attention, Inflation Volatility and Inflation Persistence

Survey of Professional Forecasters Michigan Survey
Estimator Blundell-Bond Pooled OLS OLS
B 0.04*** 0.05* 0.06**
s.e. (0.0153) (0.0128) (0.0150)
¢ 0.59*** 0.65** 0.31**
s.e. (0.0597) (0.0499) (0.0772)
N 165 165 163

Note: This table shows the results of regression (C.8). Standard errors are robust with respect to heteroskedasticity.
*** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.
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Controlling for Average Inflation

A potential confounder in regression (C.8) above is the average level of inflation. Thus, I now
control for the average level of inflation, computed as the average inflation rate in the respective

10-year window. In particular, I run the following regression
Ve =+ 0rs+ (Pry + Wy + Uy, (C.9)

where 7, is the estimated average inflation rate. Table C.7 reports the results for the professional
forecasters. We see that the volatility and the persistence of inflation are positively related with
attention and that these relationships are statistically significant even when controlling for the
average level of inflation. The average level of inflation, on the other hand, does not have a positive,
statistically-significant, effect on the estimated attention when we control for the volatility and

persistence of inflation. These results are consistent with the underlying theoretical model.

Table C.7: Controlling for Average Inflation

Survey of Professional Forecasters
Estimator Blundell-Bond Pooled OLS

~

3 0.13* 0.06**
s.e. (0.0264) (0.0200)
¢ 0.69%** 0.82%*
s.e. (0.1153) (0.0824)
® —0.02** 0.01

s.e. (0.0095) (0.0082)
N 165 165

Note: This table shows the results of regression (C.9). Standard errors are robust with respect to heteroskedasticity.
***: p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.
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Quasi-Panel of Consumers

The Survey of Consumers does not follow consumers over time. Therefore, I could not allow for
individual-specific fixed effects but rather consider average and/or median inflation expectations.
I now group the survey respondents into four groups, based on their income. The SoC provides
data on this starting in the last quarter of 1979.

Table C.8 shows the results. The first two columns report the results for the split point in
1990, and the third and fourth column for the split point in 1995. We see that the estimated
attention levels using this quasi panel are similar to the ones obtained using average expectations
(Table 3.1).

Table C.8: Regression Results of Equation (3.4), Quasi-Panel

Survey of Consumers
< 1990 > 1990 < 1995 > 1995

3 0.77 0.33 0.70 0.29
se. (0.0933) (0.0263) (0.1078)  (0.0289)
N 160 480 240 400

Note: This table shows the results from regression (3.4), estimated using the Blundell and Bond (1998) estimator,
for consumers grouped into four groups, based on their income. The standard errors, reported in parentheses, are
robust with respect to heteroskedasticity and serial correlation.

Table C.9 shows the results of regressions (3.5) and (3.6) (first column), as well as of the joint
regression (C.8), using this quasi panel of consumers. We see that the results are robust and that
there is indeed a significantly positive relation between attention and inflation volatility, as well

as between attention and inflation persistence.

Table C.9: Attention, Inflation Volatility and Inflation Persistence

Survey of Consumers

Estimator Separate Joint
B 0.13* .13
s.e. (0.0106)  (0.0126)
¢ 0.20"*  0.12"
s.e. (0.0787)  (0.0620)
N 121 121

Note: This table shows the results of regressions (3.5), (3.6) (first column) and (C.8) (second column) using a quasi
panel of consumers. The attention parameters have been estimated using the BB-estimator. Standard errors are
robust with respect to heteroskedasticity. *** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.
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Volatility and Persistence of Inflation Expectations

Table C.10 shows the results of regressions (3.5) and (3.6) using the volatility and persistence of
inflation expectations instead of actual inflation as independent variables. Standard errors are

robust with respect to heteroskedasticity.

Table C.10: Attention, Expected Inflation Volatility and Persistence

Survey of Professional Forecasters Michigan Survey
Estimator Blundell-Bond Pooled OLS OLS
B 0.14** 0.16** 0.13%*
s.e. (0.0153) (0.0098) (0.0172)
¢ 106 1217 0.23%*
s.e. (0.1272) (0.0838) (0.0685)
N 165 165 163

Note: This table shows the results of regressions (3.5) and (3.6) using the volatility and persistence of inflation
expectations instead of actual inflation as dependent variables. Standard errors are robust with respect to het-
eroskedasticity. *** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.
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Window Length

As predicted by the underlying model of optimal information acquisition, I showed that there
is indeed a positive relationship between attention to inflation and inflation volatility, as well as
between attention and inflation persistence. In the baseline specification, I relied on a rolling-
window approach in which every window was 10 years. Tables C.11 and C.12 show that these

results are robust to using different window lengths, namely 5 and 15 years.

Table C.11: Attention, Inflation Volatility and Inflation Persistence: Five Year Window

Survey of Professional Forecasters Michigan Survey
Estimator Blundell-Bond Pooled OLS OLS
B 0.01 0.06%** 0.13%
s.e. (0.1643) (0.0185) (0.0411)
¢ 0.73 0.44*** 0.40***
s.e. (0.6731) (0.0551) (0.1547)
N 185 185 183

Note: This table shows the results of regression (C.8) using windows of 5 years each. Standard errors are robust
with respect to heteroskedasticity. *** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.

Table C.12: Attention, Inflation Volatility and Inflation Persistence: Fifteen Year Window

Survey of Professional Forecasters Michigan Survey
Estimator Blundell-Bond Pooled OLS OLS
B 0.01 0.01 0.07*
s.e. (0.0124) (0.0115) (0.0136)
¢ 0.90*** 1.00** 0.43**
s.e. (0.0603) (0.0552) (0.0706)
N 145 145 143

Note: This table shows the results of regression (C.8) using windows of 15 years each. Standard errors are robust
with respect to heteroskedasticity. *** : p-value < 0.01, ** : p-value < 0.05, * : p-value < 0.1.
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Attention over Time

Figure C.2 shows the estimated attention levels, 7, (black-solid line) from the SPF consensus
forecasts, together with the volatility of GDP deflator inflation (blue-dashed lines). We clearly see
the aforementioned decrease in attention over time, as well as the positive correlation of attention

and inflation volatility.

Figure C.2: Attention and Inflation Volatility over Time
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Notes: This figure shows the estimated attention levels, +, (black-solid line) from the SPF consensus forecasts,
together with the volatility of GDP deflator inflation (blue-dashed lines).

C.3.1 News and Book Coverage of Inflation

In this section, I provide complementary evidence to the one presented in Section 3.2 based on news
coverage. Figure C.3 shows the relative frequency of the word “inflation” among all words in two
major U.S. newspapers (blue-dashed lines), the New York Times (left panel) and the Washington
Post (right panel), together with the annual U.S. CPI inflation (black-solid lines). It is evident
that news coverage is higher in times of high and volatile inflation as was the case during the 1970s
and early 1980s. Moreover, the figure suggests that the public’s attention to inflation—proxied
here by news coverage—has not always been as low as in recent years, but declined over time.

In Figure C.4, we see that a similar picture emerges when looking at the coverage of “inflation”
in books, according to Google Books Ngram Viewer. In the left panel, we see that “inflation” is
covered more frequently in English books written in times of high inflation. But this is not simply
a U.S. phenomenon. To see this, I show the same statistic for books written in Spanish for the word
“inflacion”. To contrast this with inflation, the black solid line shows the average inflation (in logs)
of the four largest Spanish-speaking countries, weighted by their 2020 population size. These are
Argentina, Colombia, Mexico and Spain. Again, we observe that attention to inflation—measured

by book coverage—is higher in times of high and volatile inflation.
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Figure C.3: News Coverage of Inflation
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Notes: This figure shows the relative frequency (blue dashed lines, right axis) of the word “inflation” in the New
York Times (left) and the Washington Post (right). The black solid line shows annual U.S. CPI inflation (left axis).

Figure C.4: Book Coverage of Inflation
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Notes: The blue dashed lines show the frequency of the words “inflation” and “inflacién”; respectively, in English and

Spanish books, according to Google Books Ngram Viewer. The black solid line shows the corresponding inflation
rates.
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C.4 Forward Guidance and Attention

To see how lower attention weakens the effectiveness of forward guidance, consider the following
stylized experiment.® The economy is hit by a negative natural rate shock in period ¢ = 0 that
pushes the nominal interest rate to the effective lower bound, i.e., 7y < 0 and ¢g = —2. Int =1,
the natural rate returns to its steady state value and stays there indefinitely, r}* = 0 for all £ > 1.
From period t = 2 onwards, the output gap, and the real rate are back at their steady states,
yi" =0and i, — ), =0forall t >2.

To model forward guidance, the real rate is assumed to be below the natural rate in ¢t = 1. To

make it comparable across different degrees of attention, I impose that
T =1 — oy <0

is the same for all v and known in advance.® Hence, forward guidance here means to announce a
certain value for the real rate. I discuss the implications of forward guidance via the nominal rate
in section C.4.1. In the following, I assume that (—i — rj + r1) is negative, which means that the
announced policy, captured by r < 0, makes up for the binding lower bound in ¢t = 0, captured
by —i — 1y > 0.
Given the real rate r; and the fact that y5*” = 0, the Euler equation in ¢ = 1 determines the
output gap in period 1 as
yi™” = —p(r1) > 0. (C.10)

Equation (C.10) captures the make-up policy: by keeping the real rate below the natural rate,
output is (expected to be) above potential after the lower-bound constraint stops to be binding.

In ¢ = 0, the ELB binds and the natural rate is negative. Thus, the Fuler equation in ¢t = 0
yields

gap __

yo = —p(r) —p (=i — 7 —15) -
~———

= Foy{™”

Substituting the law of motion for inflation expectations
o = (1 = 7)75-1 + Y70,

into the Phillips Curve
p

1— By

K a
Ty = (1_7>7T8|71+— gap

Y
1—py7°

SFor clarity, I focus on the case p, = 1. I discuss the general case with p, < 1 in section C.4.1.
6This is different to Angeletos and Lian (2018), where private agents are uncertain about future policies.
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yields an expression for inflation expectations:

e 1—v . KY  ga
Mo = 1 3+ B,YWO\—l T 54 B’ng ’.

Putting everything together, we arrive at the following result.

Proposition 8. The output gap in the period when the shock hits, t = 0, is given by

gap ¥ (1 B 6'7) i rn 90(]' — 7) e
= — —1— 71y + 1]+ o C.11
Yo 1_7(ﬁ+80/€)[ L 0 1] 1_7(5_’_(’(”{) 0]-1 ( )
and inflation in t = 0 is given by
FOJSLL S R O QY N — N ()
L — (B + ¢r) 1—=By  1—=9(8+ekK)

Proposition 8 captures the effectiveness of forward guidance on the output gap and inflation
in the period when the shock hits. Assuming (1 — v (8 + ¢k)) is positive makes sure that forward
guidance has a stimulating effect on output and inflation in ¢ = 0. Proposition 8 captures several
channels how a change in attention affects the economy’s response to forward guidance, which I

discuss in the following two corollaries.
Corollary 5. Lower attention weakens
(i) the negative effects of the shock,
(i) the positive effects of forward guidance,
(#i) the positive effects of a decrease in the lower bound —i
on the output gap and inflation.

Corollary 5 follows from the fact that the terms % and ﬁéﬁrTm) in front of [—i — r{ + 1]
are both increasing in . Points (i) and (ii) capture the main trade off of lower attention. While
lower attention has a stabilizing effect via more anchored inflation expectations (point (7)), it
renders forward guidance less effective (point (iz)). The reason why forward guidance becomes
less effective as attention declines is because inflation expectations increase less in response to
the announced policy, and thus, the real rate remains higher. Point (iii) illustrates an additional
drawback of lower attention. A reduction of the effective lower bound, —i, is less stimulating if
agents in the economy are less attentive. Thus, going from a zero lower bound to a lower bound
in negative territory, as conducted in several advanced economies over the last ten years, becomes
less effective in terms of stimulating output and inflation if the public is inattentive. Away from
the lower bound, point (iii) implies that the effectiveness of conventional monetary policy via the

nominal interest rate becomes less effective as attention declines.
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How attention matters for the transmission of prior inflation expectations on the output gap

and inflation is ambiguous, as the following Corollary shows.
Corollary 6. Lower attention

(i) weakens the positive effect of higher prior inflation beliefs, To—1s OT the output gap if and
only if,
(B+ pr) > 1, (C.13)

(i1) weakens the positive effect of higher prior inflation beliefs on inflation if and only if

BB-1)  p(B+er) 1)

5 5 > 0. (C.14)
(1=087)°" (1 —=v(B+¢kK))

Overall, the role of attention for the effects of higher prior beliefs on output and inflation is
ambiguous. This is mainly the case because, on the one hand, lower attention implies that agents
put more weight on their prior beliefs. On the other hand, as discussed previously, lower attention
leads to more stable inflation overall, thus, weakening the effects of prior beliefs. This can also be
seen in the discussion of the Phillips Curve, see Proposition 7.

Given the calibration in Table 3.4, conditions (C.13) and (C.14) both hold for all v < 0.99. The
effects of changes in ~, however, are numerically small. Thus, an increase in the average inflation
rate—which increases average prior beliefs—is a promising monetary instrument to combat the loss
of control via forward guidance as attention declines. By ez-ante increasing the average inflation
rate, the policymaker not only supports higher inflation expectations and thus, lower real rates for
a given nominal rate, but also gains additional policy space through the increase in the average

nominal rate. Higher average inflation, however, is also costly.

C.4.1 Extensions

I now show that all the results go through when relaxing the assumption that p, = 1 and also
discuss how forward guidance via the nominal (instead of the real) interest rate changes the results
and I also allow for attention heterogeneity across firms and households. We consider the same

stylized experiment but now the law of motion for inflation expectations is given by

Tio = (1 = pr)T + pa(1 = 9)75_1 + paymo,

which can be substituted into the Phillips Curve:

__ B
1_Bp7r7

_ e K a
(1= P+ oL = ) 1) + — g,

o
1-— BPwV
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Thus, inflation expectations are given by

L—pr _  pr(1—7) . KPrY  gap
T MTo—1 T 7Y -
1—Bpy  1=Bpay 70 1= Bpey™

e __
Tio =

Putting everything together, we arrive at the following Proposition.

Proposition 9. The output gap in the period when the shock hits, t =0, is given by

ap __ 90(1_Bp7r7) . .om
e S e LR
(p e e
o (From (L7 pn)7 ol =i

and inflation in t = 0 is given by

. K . oa _ g @ _
T T (Bt ew) il =e) {1 “ By 1= pr(Brem)] " (C.15)
fpu(l— ) |[—2— + - }W&—l-
L= Bpzy 1= pay(B+ ¢K)

Proposition 9 captures the effectiveness of forward guidance on the output gap and inflation in
the period when the shock hits. The assumption that (1 — p,7v (8 + ¢k)) is positive, makes sure
that forward guidance, i.e, a lower r; has a stimulating effect on output and inflation in ¢ = 0.
Proposition 9 captures several channels how a change in attention affects the economy’s response

to forward guidance, which I now collect in a series of corollaries.
Corollary 7. Lower attention
(i) weakens the negative effect of the shock on impact,
(i1) weakens the effects of forward guidance on the output gap and inflation,

(11i) weakens the stimulative effects of a decrease in the lower bound —i.

Corollary 7 follows from the fact that the terms —£1=5227) 7 and Lo in front of [—i — rf + 1]

1=pry(B+epr 1—pxy(B+pK)

are both increasing in 7. Points (i) and (ii) capture the main trade off of lower attention. While
lower attention has a stabilizing effect via more anchored inflation expectations (point (7)), it
renders forward guidance less effective (point (i7)). The reason why forward guidance becomes
less effective as attention declines is because inflation expectations increase less in response to
the announced policy, and thus, the real rate remains higher. Point (i:7) illustrates an additional
drawback of lower attention. A reduction of the effective lower bound, —i, is less stimulating if
agents in the economy are less attentive. Thus, going from a zero lower bound to a lower bound
in negative territory, as conducted in several advanced economies over the last ten years, becomes

less effective in terms of stimulating output and inflation if the public is inattentive. Note, that a
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decrease in the perceived inflation persistence, p,, has the exact same implications as a decrease
in 7.
The next corollary discusses how changes in attention affect the role of long-run inflation beliefs

on the output gap and inflation.

Corollary 8. Lower attention weakens the positive effects of higher long-run inflation beliefs 7

on output and inflation,

Corollary 8 says that higher long-run beliefs have a positive effect on inflation and the output
gap, but lower attention weakens these effects. However, as long as v (5 + ¢k) < 1, a higher p,
mutes the effects of 7 on the output gap. Since this condition is usually satisfied and because p,
is in general close to 1, the role of high long-run inflation beliefs is quite weak. In the limit case
pr — 1, long-run beliefs become irrelevant.

How attention matters for the transmission of prior inflation expectations on the output gap

and inflation is ambiguous, as the following Corollary shows.
Corollary 9. Lower attention

(i) weakens the positive effect of higher prior inflation beliefs, Toj—1s ON the output gap if and
only if,
pr (B +pK) > 1, (C.16)
(i1) weakens the positive effect of higher prior inflation beliefs on inflation if and only if

pxB(pxB—1)  pxo(px(B+ oK) — 1)
(1= Bpx7)* (1= pay(B+ oK))?

> 0. (C.17)

Overall, the role of attention for the effects of higher prior beliefs on output and inflation is
ambiguous. This is mainly the case because, on the one hand, lower attention implies that agents
put more weight on their prior beliefs. On the other hand, as discussed previously, lower attention
leads to more stable inflation overall, thus, weakening the effects of prior beliefs. This can also be
seen in the discussion of the Phillips Curve, see Proposition 7.

Given the calibration in Table 3.4, conditions (C.16) and (C.17) both hold. The effects of
changes in ~, however, are numerically small. Thus, an increase in the average inflation rate—
which also increases average prior beliefs—is a promising monetary instrument to combat the loss
of control via forward guidance as attention declines. By ez-ante increasing the average inflation
rate, the policymaker not only supports higher inflation expectations and thus, lower real rates for
a given nominal rate, but also gains additional policy space through the increase in the average
nominal rate. Higher average inflation, however, is also costly. In the analysis of optimal policy,
later on, I will explore this trade off and characterize the optimal inflation target for different

levels of attention.
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Forward Guidance via Nominal Interest Rates

So far, forward guidance was characterized as a promise to keep the real rate low. Now, assume
that forward guidance is conducted via promising lower nominal rates instead. Thus, i; will be
fixed across different . For simplicity, I focus on the case with p, = 1 and To—1 = 0. It follows
from the Euler equation in ¢t = 1 that

Yy = —p(iy — (1 =) ymo — ym1) .

The Phillips Curve in ¢t = 1 yields

(1_7)7 K gap
7T0+ Yy )
1 — By L—py™

™ =

so that we get an expression for y/*” in terms of mo:

1+91-8)
1—~(6+pr) °
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Given o = V70, the Phillips Curve in ¢t = 0 yields

Kk gap
mn = s
0=7_ 57%
and hence, 7{);, = %ygap . Plugging this into the Euler equation in ¢ = 0 gives

. Ky
gap _ g 9P _ i gap _,m )
Yo 0Y1 2 < =1 vao To)

Solving for yg* leads to the following Lemma.

Lemma 10. Forward guidance via the nominal interest rate yields the following output gap

1
I = A {_ - ffy 0 fgﬁ) L= (—i- 7‘6‘)} , (C.19)
and inflation
__ K e(1—pBy) . -
o= [_1—7(5+w)“_¢<_1_r0)}7 (C.20)
where
A= 1 (C.21)

1+v(1-0) K Ky
L=l - 7)71,77(5+M) gl

Given the calibration in Table 3.4, A; is positive and increasing in . Thus, promising lower

future nominal interest rates can indeed stimulate the economy. But similar to the case in which
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the policy maker commits to a certain future real rate, forward guidance becomes less effective
when agents are less attentive. In fact, all three results from Corollary 7 go through.
Recall equation (C.18):

gap __ (10(1_5’7) . . ]-_I_f}/(l_ﬁ)
e 1—7(5+w)“+w(1 )1—7(6+sm)7r0

Note, that the first term becomes less negative as v declines. Given the calibration in Table 3.4,
also the second term decreases as attention declines. Thus, for a given my, a particular i; has
weaker effects on the output gap in ¢ = 1 at lower levels of attention. Since lower attention also
weakens the positive effects of forward guidance on mp, the output gap (and inflation) stay lower
alsoin t = 1.

Since inflation in ¢ = 0 and ¢ = 1 is lower at smaller values of v, also T will be lower and
thus, for a given nominal rate ¢, the real rate, r| =1, — 7T§|1, will be higher. Hence, to achieve a
certain forward guidance in terms of the real interest rate, the promise in terms of the nominal rate
needs to be larger when firms and households are inattentive. Combining this with the findings on
the effectiveness of forward guidance via the real rate (Proposition 9) shows how lower attention
renders forward guidance less powerful even though the promise in terms of the nominal rate is

stronger.

Heterogeneous Attention

So far, I assumed that firms and households are equally attentive. But what if firms and households
differ in their attention to inflation? Let us denote firms’ attention by vz and households’ attention

by vg with vg # vg. For clarity, I focus on the case with p, = 1 and Wg({l =0for j € {F,H}.

Lemma 11. With heterogeneous attention to inflation, the output gap in t =0 is given by

gap —o (1 - Byr) . n
= —1+r =15, C.22
Yo [N ———— [—i+ 71— 7] ( )
and inflation by
0 [+ -1l (C.23)

11— Byr — kpym

where ry =11 — W;f 15 the real rate given the households’ expectations.

Lemma 11 shows that a similar result as in Corollary 7 holds under heterogeneous attention

levels.
Corollary 12. Lower attention of either firms or households

(i) weakens the negative effect of the shock on the output gap and inflation on impact,

(i1) weakens the effects of forward guidance on the output gap and inflation,
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(71i) weakens the stimulative effects of a decrease in the lower bound —i on the output gap and

inflation.

The parts concerning the output gap in Corollary 12 follow because the term in front of the

brackets in equation (C.22) becomes more negative as either of {yr, vy} increases:

—o(1=fr)
d [l—ﬁw—wvﬁr] Bro* i
= — 5 <0
Or (1= Byr = Kevn)
—p(1=pr)
0 [1—57F—H¢7H] ©*(1 — Byr)
= — 5 <0,
O (1= Byr — KkevH)
and the parts concerning inflation because the term ﬁ in equation (C.23) becomes more

negative as either of {~vp, vy} increases, too.
Thus, if either firms or households (or both) become less attentive, forward guidance becomes
less effective. In fact, the two degrees of attention reinforce each other, as the following Corollary

shows.

Corollary 13. Lower levels of households’ attention to inflation weaken the effectiveness of for-

ward guidance, especially when firms’ attention to inflation is low, and vice-versa.

To see this, note that

2| oK
g [ 1*ﬁﬂ/p*/ww] . —2¢°K*p <0
OVrOvH (1 - Byr — kpyr)®
2 | _—e(1-B7F)
0 [I—MF—HWH] o —Bre* (1 = Byr + kpyal

— < 0.
PO (1= Byr — '%WH):3
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C.5 Proof of Proposition 7
Proof. The New Keynesian Phillips Curve is given by

— e gap
T = By + kY + Uy

Substituting

e _ e e
Tt = Tpe—1 7 (Wt - 7rt|t—1)

for mf e yields

=3 (Wf|t_1 + v (m — ﬂf‘t_l)) + Ky +
em(l = py) = By (1—7) + wy/™ + w
- By (L =) + ky{™ + w
T =

t (1—=p7)

Uy

1—7)
(1-p8v)

_ B(
(1-57)

e gap
Tyje—1 + (7

(1—-757)

Now, taking derivatives with respect to y/*", u;, and Tf;_1» respectively, yields the results (i), (i),

and (iii). m
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C.6 Additional Numerical Results

C.6.1 Non-Rational Output Gap Expectations

During most of the analysis, I assumed that agents have rational expectations about the output
gap even though they are inattentive to inflation. I now relax this assumption and instead assume

that output gap expectations are given by
i = s+ (™ - ) (C:24)
With these expectations, the aggregate IS equation is given by

i =yl — e (e — miy — 1) (C.25)

whereas the Phillips Curve and the Taylor rule remain unchanged. Following Jgrgensen and
Lansing (2021), I assume that «¥ is about a third of 7 and thus, set them to 4¥ = 0.1 and v = 0.3.

Figure C.5 shows the impulse response functions of the main variables in this economy after
a negative three-standard deviation natural rate shock. We see that the inflation-attention traps
get exacerbated. The reason is that now make-up policies are even less effective because not only
inflation expectations are backward looking but also output gap expectations. Thus, even though
there is interest-rate smoothing in the Taylor rule which features some form of make-up policy, this
is not effective in stimulating expectations and thus, the economy remains stuck at the ELB even
longer. Furthermore, inflation, inflation expectations, and now also the output gap stay below
their initial values very persistently. Overall, this exercise illustrates that the results reported in

the main text might be even starker if we allow for non-rational output gap expectations.

C.6.2 Different Taylor Rule

To show that the exact specification of the Taylor rule is not essential for the occurence of inflation-
attention traps, Figure C.6 shows the impulse-response functions of the nominal interest rate,
inflation, inflation expectations and the output gap for the model in which the Taylor rule absent
the ELB is given by

iy = 1.5my. (C.26)
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Figure C.5: Impulse Response Functions with Non-Rational Output Gap Expectations
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Note: This figure shows the impulse-response functions of the nominal interest rate (upper-left panel), inflation
(upper-right panel), inflation expectations (lower-left) and the output gap (lower-right) to a negative natural rate
shock of three standard deviations in the case where output gap expectations are given by equation (C.24). The

blue-dashed lines show the case for the limited-attention model and the black-dashed-dotted lines for the rational

expectations model. Everything is in terms of percentage deviations from the respective steady state levels, except
the nominal rate is in levels.
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Figure C.6: IRFs to Natural Rate Shock for Taylor rule (C.26)
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Note: This figure shows the impulse-response functions of the nominal interest rate (upper-left panel), inflation
(upper-right panel), inflation expectations (lower-left) and the output gap (lower-right) to a negative natural rate
shock of three standard deviations. The blue-dashed lines show the case for the limited-attention model and the

black-dashed-dotted lines for the rational expectations model. Everything is in terms of percentage deviations from
the respective steady state levels, except the nominal rate is in levels.
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C.6.3 Forecast Errors

Angeletos et al. (2021) propose a new test of models that deviate from FIRE. Namely, that
expectations should initially underreact but overshoot eventually. A straightforward way to test
this is to look at the model-implied impulse response functions of the forecast error, m 4, — 7y e
to an exogenous shock. Figure C.7 shows these IRFs. The left panel shows the IRF of the forecast
error after a positive natural rate shock and the right panel shows the corresponding IRF to
a negative natural rate shock. In both cases, we see an underreaction in expectations, which
manifests itself in a positive forecast error after a shock that increases the forecasted variable,
and vice-versa following a negative shock. After about 5-6 periods, the forecast error response,
however, flips sign. This is exactly the eventual overreaction, mentioned above and documented in

Angeletos et al. (2021). Thus, my model of inflation expectations matches these empirical findings.

Figure C.7: Impulse Response Functions of Forecast Errors
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Note: This figure shows the impulse-response functions of inflation forecast errors after a three-standard deviation
positive (left) and negative (right) natural rate shock.
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C.6.4 No Random Walk

A potential concern with the results stated in Section 3.3, in particular the inflation-attention trap
in Figure 3.2, is that these findings are driven by the random walk assumption in the belief process
of the agents. Relaxing the random-walk assumption requires to take a stand on the perceived
average inflation. In this case, where I solve the model around the zero inflation steady state, this
is quite innocuous. But later on, when I focus on Ramsey optimal policy, this cannot be done
anymore without distorting the results, in the sense that agents might have a mean bias.

Figure C.8 shows the same impulse response functions as reported in Figure 3.2 for the case
of p, = 0.95 and an average inflation of 0. We see a similar pattern, even though somewhat
less pronounced. Inflation is persistently lower under limited attention due to slowly-adjusting
inflation expectations. Expectations are updated even more sluggishly when p, < 1. Further, this
also dampens the initial response in inflation expectations, and thus, of inflation itself. Therefore,
the attention trap is somewhat mitigated and the economy escapes the lower bound faster than

with p, = 1. Nevertheless, the nominal interest rate is low for longer due to the slow recovery of
inflation.

Figure C.8: Impulse Response Functions to a Negative Natural Rate Shock
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Note: This figure shows the impulse-response functions of the nominal interest rate (upper-right panel), inflation
(upper-left panel), inflation expectations (lower-right) and the output gap (lower-left) to a negative natural rate
shock of three standard deviations. The blue-dashed lines show the case for the limited-attention model and the

black-dashed-dotted lines for the rational expectations model. Everything is in terms of percentage deviations from
the respective steady state levels, expect the nominal rate is in levels.
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Optimal policy with a bias in inflation expectations. In the main analysis, I have assumed
that agents believe that inflation follows a random walk. Under this assumption, inflation expec-
tations and inflation coincide on average. In the following, I relax this assumption and assume
that the perceived persistence parameter is less than 1, p, < 1. As discussed earlier, this yields

the following inflation-expectations formation

7Tt6+1\t = (1 - p,r)ﬁ + /)7r7rt€|t—1 + paY (7Tt - 7Tte\t—1) )

where 7 captures the long-run expectations of the agent. I set p, = 0.95 and compare economies
with different 7, namely 7 € {0%, 2%,4%} (annualized).

Figure C.9 shows the optimal inflation target (left panel) and welfare (3.12) (right panel) under
Ramsey optimal policy for different levels of attention and different mean beliefs, 7. The blue-
dashed lines show the results for the case with p, = 1 (which is the baseline case discussed above),
the gray-dashed-dotted lines show the results for p, = 0.95 and ™ = 0%, the black-solid lines for
pr = 0.95 and T = 2%, and the red-dotted lines for p, = 0.95 and 7™ = 4%.

Figure C.9: Mean Bias, Optimal Inflation Target and Welfare
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Notes: This figure shows the average inflation rate under Ramsey optimal policy (left panel) and welfare (3.12)
(right panel) under Ramsey optimal policy for different levels of attention and different mean beliefs, 7. The blue-
dashed lines show the results for the case with p, = 1 (which is the baseline case), the gray-dashed-dotted lines
show the results for p, = 0.95 and @ = 0%, the black-solid lines for p, = 0.95 and 7 = 2%, and the red-dotted
lines for p, = 0.95 and 7 = 4%.

We see that introducing a mean bias in general leads to an increase in the optimal inflation
target and additional welfare losses, independent of 7. This mainly comes from the fact that p,
is now below 1, which dampens the degree of updating captured by . Thus, once the economy
gets stuck at the ELB and the policymaker tries to decrease real rates by increasing inflation
expectations, actual inflation needs to increase more strongly. Therefore, a lower p, can exacerbate
attention traps when they occur.

Interestingly, the relationship between the optimal target and 7 is non-monotonic in the level

of attention. While, for example, at v = 0.2, the optimal target is highest at 7 = 0%, it is highest
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at T = 4% when v = 0.05. To understand this, we can write the unconditional average inflation

expectations as
¢ = (1 B pﬂ')ﬁ- + PrYT
I pw(l - '7)

The following Lemma sheds light on how 7 matters for average inflation expectations and how

this depends on the level of attention, .

Lemma 14. For the case p, = 1, average inflation expectations move one-for-one with average
inflation, independent of ~:

™ =T.

For the case 0 < p, < 1, average inflation expectations move less than one-for-one with average

inflation
on PrY
om B 1_p7r(1_7>

and the strength of this dependency increases with ~y

0<

<1,

0*re

el

Average inflation expectations move less than one-for-one with 7

or* (1 —px)

V<97 1—pr(1—=7)

<1,

and the strength of this dependency decreases with -y

9%me

ondy <0

So, as attention falls, there are several opposing forces at work. On the one hand, the effect
of T on average inflation expectations becomes stronger and thus, also exerts more pressure on
actual inflation via the Phillips Curve. On the other hand, increasing the inflation target—average
inflation—has a smaller effect on average inflation expectations at low levels of attention. Thus,
to increase inflation expectations in this case, the inflation target needs to increase more strongly,
which is of course costly. Comparing the optimal inflation targets in Figure C.9, we see that at

low levels of attention the first effect dominates. If 7 is relatively high, the inflation target is high.
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C.6.5 Figures to Section 3.4.4

Figure C.10: Full Attention, v =1
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Notes: This figure shows the optimal inflation target (panel (a)), inflation volatility (panel (b)) and welfare (panel
(c)) under Ramsey optimal policy for different levels of attention, including full attention, i.e., v = 1 and compares
it to the full-information rational expectations counterparts (black-dashed-dotted lines).
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