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Abstract

U.S. households’ housing price expectations deviate systematically from full-information
rational expectations: (i) expectations are updated on average too sluggishly, (ii) expectations
initially underreact but subsequently overreact to housing price changes, and (iii) households are
overly optimistic (pessimistic) about housing price growth when the price-to-rent ratio is high
(low). We show that weak forms of housing price growth extrapolation allow to simultaneously
replicate the behavior of housing prices and these deviations from rational expectations as an
equilibrium outcome. Embedding housing price growth extrapolation into a sticky price model with
a lower-bound constraint on nominal interest rates, we show that lower natural rates of interest
increase the volatility of housing prices and thereby the volatility of the natural rate of interest.
This exacerbates the relevance of the lower bound constraint and causes Ramsey optimal inflation
to increase strongly with a decline in the natural rate of interest.
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1 Introduction

The large and sustained booms and busts in housing prices in advanced economies are often attributed
to households’ excessively optimistic or pessimistic beliefs about future housing prices (Piazzesi and
Schneider, 2006; Kaplan, Mitman, and Violante, 2020). This view is supported by a nascent literature
that documents puzzling patterns in housing price expectations. Survey measures of expected future
housing prices have been found to be influenced by past changes in housing prices, but appear to
underreact to these changes. Additionally, they fail to account for the tendency of housing prices to
revert to their mean over time (Kuchler and Zafar, 2019; Case, Shiller, and Thompson, 2012; Armona,
Fuster, and Zafar, 2019; Ma, 2020).

Documenting deviations of households’ expectations about future housing prices from the
full-information rational expectations benchmark is interesting, but does in itself not provide insights
into the implications of these deviations for housing markets or the design of monetary policy.
Understanding these implications requires a structural equilibrium model that jointly captures the
quantitative patterns of households’ deviations from rational expectations and the behavior of housing
prices. We construct such an equilibrium model and use it to derive the monetary policy implications
of the observed deviations from rational housing price expectations. To the best of our knowledge, this
paper is the first to pursue this task. The key monetary policy insight we derive is that the Ramsey
optimal inflation target increases much more strongly with a fall in the natural rate of interest than in
a setting with rational housing price expectations.!

We begin our analysis by comprehensively quantifying the dimensions along which households’
housing price expectations deviate from the full-information rational expectations benchmark. We do
so using a single data set, so as to establish a coherent set of quantitative targets for our structural
equilibrium model with subjective housing price expectations. Our findings reveal three key dimensions
in which household expectations deviate from full-information rational expectations. First,
expectations about future housing prices exhibit sluggish updating over time. Second, and new to the
housing literature, households’ expectations about housing price growth covary positively with market
valuation, as measured by the price-to-rent ratio, while actual future housing price growth covaries
negatively with market valuation. Third, households initially underreact to observed housing price
growth, i.e., are too pessimistic in the first few quarters, but later overreact and exhibit—after
approximately twelve quarters—overly optimistic expectations.

We then construct and calibrate a simple housing model with optimizing households and Bayesian
belief updating, giving rise to extrapolative expectations about housing price growth. The model
reproduces—as an equilibrium outcome—the three deviations of households’ beliefs from
full-information rational expectations mentioned above, as well as 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. Despite its simplicity, the model demonstrates a surprisingly good quantitative fit.

The simple model offers two important economic lessons: (1) Deviations from rational expectations
(RE) are key for understanding observed housing price dynamics. In particular, subjective beliefs help
substantially to explain the observed volatility in the price-to-rent ratio, volatility in housing price growth,
and the strong autocorrelation in housing price growth. In contrast, a setting with rational housing price
expectations is unable to jointly match these features of housing prices. (2) The effects of subjective
housing price beliefs on equilibrium housing price dynamics are stronger in a low rate environment, i.e.,
housing prices become more volatile when the natural rate of interest is lower. Consistent with this
prediction, several advanced economies, including the United States, have experienced—concurrently
with a decline in the natural rate of interest—a considerable rise in housing price volatility, as we
document.

We then analyze the monetary policy implications associated with subjective housing price beliefs
and the resulting housing price dynamics. To this end, we introduce subjective beliefs that give rise
to housing price extrapolation into a New Keynesian model featuring a housing sector and a lower
bound constraint on nominal interest rates. Like the simple model, this full general equilibrium model
quantitatively replicates the behavior of housing prices and the patterns of deviations from rational
housing price beliefs. To allow for a meaningful examination of monetary policy in the presence of
subjective beliefs, subjective housing beliefs are introduced in a manner that prevents monetary policy
from manipulating household beliefs to its advantage.?

We show analytically that the presence of subjective beliefs gives rise to housing price gaps, i.e.,

1The Ramsey optimal inflation target is the average inflation rate that the Ramsey planner commits to implement.

2The model also addresses the critique by Barsky, House, and Kimball (2007) regarding sticky price models with
durable goods. Consistent with the data, the model suggests that housing demand responds more strongly to monetary
disturbances than non-housing demand, despite housing prices being fully flexible and goods prices being sticky.



to deviations of housing prices from their efficient level, and that these housing price gaps have two
important macroeconomic effects. First, a positive housing price gap, i.e., an inefficiently high housing
price, makes it optimal for agents to allocate more resources towards housing investment. For a given
level of output, this depresses private consumption and thereby real wages, which manifests itself as a
negative cost-push term in the Phillips curve. Second, a positive housing price gap also exerts positive
pressure on the equilibrium output gap. When policy seeks to keep the output gap stable, it must
implement higher (lower) real interest rates than in a setting with rational expectations, whenever the
housing price gap is expected to increase (decrease). Since housing price gaps become more volatile
when the average natural rate of interest is low, this feature implies that the volatility of the natural rate
increases when the average level of the natural rate falls.

The fact that a lower average level of the natural rate also implies more natural rate volatility
dramatically exacerbates the lower-bound problem for monetary policy.? A more restrictive lower bound
forces monetary policy to rely more heavily on promising future inflation in order to lower the real interest
rate. Consequently, the Ramsey optimal inflation target increases considerably as the average natural
rate falls. In our calibrated model, we find that the optimal inflation target increases by approximately
one third of a percentage point in response to a one percentage point decline in the natural rate, with
the increase being non-linear and becoming stronger for very low levels of the natural rate. In contrast,
under rational expectations, the optimal inflation target is nearly invariant to the average level of the
natural rate, because the volatility of the natural rate does not increase as its average level falls.

We also investigate the optimal policy response to housing demand shocks. Under rational
expectations, neither inflation nor the output gap respond to housing demand shocks. Yet, in a setting
where households extrapolate observed housing price growth, housing shocks move housing prices and
these housing price movements get amplified by belief revisions. The belief revisions lead to persistent
housing price gaps, i.e., deviations of the housing price from its first-best level, to which monetary
policy finds it optimal to react. Interestingly, however, housing price gaps generate conflicting effects.
On the one hand, inefficiently high housing prices generate negative cost-push pressures, which call for
a decrease in the policy rate. On the other hand, inefficiently high housing prices trigger a boom in
housing investment, exerting upward pressure on the output gap, which calls for an increase in the
policy rate. In our calibrated model, the second effect quantitatively dominates. Optimal monetary
policy thus ‘leans against’ housing price movements, with the optimal strength of the reaction
depending 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 strongly attenuates
the degree to which monetary policy leans against negative housing demand shocks.”

This paper is related to work by Andrade, Galf, Le Bihan, and Matheron (2019, 2021) who also 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 expectations, 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 constraint, but
also abstract from housing markets and the presence of subjective beliefs (Eggertsson and Woodford,
2003; Adam and Billi, 2006; Coibion, Gorodnichenko, and Wieland, 2012). This literature finds that
lower bound episodes tend to be short and infrequent under Ramsey optimal policy, so that average
inflation is very close to zero. The present paper shows that this conclusion is substantially altered in
the presence of subjective housing price expectations.

Several papers analyze the implications of subjective housing beliefs for housing price dynamics,
but do not study monetary policy design (Adam, Marcet, and Kuang, 2012; Glaeser and Nathanson,
2017; Schmitt and Westerhoff, 2019). Optimal monetary policy in the presence of 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 interest rates is
quantitatively important for understanding how the optimal inflation target responds to lower natural
rates.

3The lower bound problem for monetary policy arises because nominal interest rates cannot fall (significantly) below
zero whenever there is free convertibility of deposits into cash.

4In an extension, we analyze whether macroprudential policies could address the housing market inefficiencies resulting
from subjective housing beliefs. We find that taxes on housing would have to be very large, very volatile, and often negative,
see Online Appendix D.



2 Empirical properties of housing price expectations

In this section, we document three key dimensions in which households’ housing price expectations
deviate in systematic ways from full-information rational expectations (RE). First, expectations about
future housing prices are updated sluggishly. Second, and new to the literature, housing price growth
expectations covary positively with the price-to-rent ratio, while actual housing price growth correlates
negatively. Third, households’ expectations initially underreact but later overreact to observed housing
price growth.

2.1 Data

We measure households’ expectations about housing price growth using the Michigan household survey.
The survey provides subjective expectations about nominal four-quarter-ahead housing price growth,
EF[qi+4/q:), where g; is the housing price, for the period 2007-2021. We study both mean and median
household expectations.” The survey also provides housing price growth expectations over the next five
years, which we analyze in a robustness exercise.’

We measure housing prices using the S&P /Case-Shiller U.S. National Home Price Index and measure
housing prices ¢; at quarterly frequency by the 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 CPI. In Appendix A.1, Table A.1 provides summary statistics of the PR ratio, as well as
expected and actual house price growth. Figures A.1 and A.5 plot the respective time series.

2.2 Sluggish updating about expected housing prices

We start by documenting that household expectations about the future level of housing prices are updated
too sluggishly. This can be tested following the approach of Coibion and Gorodnichenko (2015), which
uses regressions of the form

qt+4 — EZ) [Qt+4] = a®“ + bee . (Etp [C]t+4] - EZ)—I [Qt+3]) + &¢. (1)

The regression projects forecast errors about the future housing price level on the change in the four-
quarter-ahead expected housing price. Under the full-information RE hypothesis, information that is
contained in agents’ information set, i.e., past forecasts, should not predict future forecast errors (Hy:
bC’G — 0)7

We estimate equation (1) for nominal and real housing price growth and using mean and median
expectations, respectively. We compute subjective expectations about the future housing price level
as ET [qiva] = EF [qi14/) @t, where ET [qi14/q:] is the housing price growth expectations from the
Michigan survey and ¢; the S&P/Case-Shiller index. When considering real housing prices, we deflate
the nominal housing price growth expectations using the subjective (mean/median) inflation expectations
from the Michigan survey.

Table 1 reports the estimated coefficients from regression (1). We find that, inconsistent with the
full-information RE hypothesis, the estimated coefficient is positive and statistically significant at the
1% level in all considered specifications. This implies that housing price expectations are updated too
sluggishly: when updating their expectations upwards (downwards), households on average underpredict
(overpredict) the level of future housing prices. 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.

bCG

2.3 Opposing cyclicality of actual and expected housing price growth

We next document that actual and expected housing price growth covary differently with housing market
valuation. In particular, households’ expectations about future housing price growth covaries positively

5 Analyzing the dynamics of individual expectations over time is difficult because households in the Michigan survey
are sampled at most twice. The expected housing price growth rates from the Survey of Consumers are available since
2007 which is why we focus on the period 2007-2021.

6The main analysis focuses on the short horizon expectations because these determine housing prices according to our
model.

7Given that the Survey of Consumers only asks households about their one-year ahead forecasts, i.e., keeps the horizon
fixed, the independent variable EF [gi44] — ET | [gt+3] in (1) is not a forecast revision about house prices for the same
time period. Under FIRE, however, it would still hold that b¢C = 0. Furthermore, we show that when we instrument the
independent variable with exogenous monetary policy shocks, the results remain robust (see Appendix A.3 for details).



Table 1: Sluggish adjustment of housing price expectations

Mean Median
expectations  expectations

Nominal housing prices

[ 2.22%% 2.85%**
(0.507) (0.513)
R? 0.59 0.65
N 52 52
Real housing prices
[ 2.00%** 2.47%%*
(0.332) (0.366)
R? 0.59 0.62
N 52 52

Notes: This table shows the estimates of regression (1) for nominal and real housings prices and using
mean and median expectations, respectively. The standard errors in parentheses are robust with respect
to heteroskedasticity and autocorrelation (Newey-West with four lags). Significance levels: *** p < 0.01, **
p < 0.05, * p<0.1.

Table 2: Cyclicality of expected vs. actual housing price growth

bias (in %)  p-value N

¢ (in %) ¢ (in %) ~E(@—-¢) Hy:c=c

Nominal housing prices

Mean expectations 0.033 -0.102 0.001 0.000 50
(0.008) (0.007)

R? 0.015 0.288

Median expectations 0.014 -0.102 0.009 0.000 50
(0.001) (0.007)

R? 0.034 0.288

Real housing prices

Mean expectations 0.030 -0.113 -0.003 0.000 50
(0.017) (0.009)

R? 0.005 0.321

Median expectations 0.010 -0.113 0.006 0.000 50
(0.004) (0.009)

R? 0.001 0.321

Notes: ¢ is the estimate of ¢ in equation (2) and € the estimate of ¢ in equation (3). Standard errors in
parentheses are based on Newey-West with four lags. The Stambaugh (1999) small-sample bias correction is
reported in the second-to-last column and the last column reports the associated p-values for the null hypothesis
¢ = ¢, using the small sample bias correction.

with the price-to-rent ratio PRy, while actual future housing price growth covaries negatively with PR;.
We estimate a pair of regressions of the form

ET {th} =a+c- PRy +w (2)
qt

th—“ =a+c- PR+, (3)
t

where ¢ captures the covariation of households’ expectations about four-quarter-ahead housing price
growth with the (lagged) price-to-rent ratio and ¢ documents the covariation of realized housing price
growth with the price-to-rent ratio. Full information rational expectations imply that ¢ = ¢, whenever
the agents’ information set includes the past price-to-rent ratio.

Table 2 reports the regression results. Across all specifications, expected housing price growth covaries
positively with the price-to-rent ratio, while realized housing price growth covaries negatively: expected



Figure 1: Dynamic responses to a realized housing price growth
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Notes: Panel (a) shows the dynamic response of cumulative real housing price growth at horizon h to a one
standard deviation innovation in housing price growth. 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
housing price growth. Positive (negative) values indicate that realized housing price growth exceeds (falls short
of) expected housing price growth. The shaded area shows the 90% confidence intervals, standard errors are
robust with respect to autocorrelation and heteroskedasticity (Newey-West with h + 1 lags).

housing price growth is thus pro-cyclical, while realized housing price growth is counter-cyclical. This
pattern is akin to the one documented in stock markets (Adam, Marcet, and Beutel, 2017). Since the
predictor variable used in these regression equations is highly persistent, we compute an estimate for the
difference (c —¢) that adjusts for small sample bias (Stambaugh, 1999; Adam et al., 2017). The adjusted
estimate turns out to be highly statistically significant in all specifications. Households are therefore
overly optimistic (pessimistic) in times of housing booms (busts). This aligns well with findings in Ma
(2020), who shows that households expectations fail to incorporate the mean reversion in housing price
behavior, so that positive (negative) deviations from fundamental housing prices are associated with
above (below) average price growth expectations.

Quantitatively, the results imply that a two standard deviation increase of the price-to-rent ratio by
15.5 units increases the mean household expectations about four-quarter-ahead real housing price growth
by around 0.5%. Actual four-quarter ahead housing price growth, however, falls by around 1.5%, so that
the forecast error is approximately 2%.

2.4 Initial under- and subsequent over-reaction of housing price growth
expectations

Finally, we document that households’ expectations initially underreact to observed housing price growth
but overreact later on. This exercise provides a unified assessment of the previous two findings: While the
results in Table 1 show that households update short-term housing price beliefs on average too sluggishly,
the results in Table 2 indicate over-optimism when the current market valuation is high, which points to
some form of overreaction to past housing price increases. It turns out that both patterns can be jointly
understood by considering the dynamic response of actual and expected housing price growth to housing
price changes.

We investigate the dynamic response of households’ forecast errors about housing price growth in
response to realized housing price growth following the approach in Angeletos, Huo, and Sastry (2020),
who analyze forecast errors about unemployment and inflation. We also consider the dynamic evolution
of realized cumulative housing price growth to interpret the behavior of forecast errors in light of actual
realizations. We estimate local projections (Jorda, 2005) of the form

AL, (4)

Xt_;,_h = Clh + b
qt—2

where Xy, is either the cumulative capital gain gi1p14/¢:, or the forecast error about four-quarter-
ahead housing price growth qiipia/qrrn — Eﬁh[qt+h+4 /Gi+n]. ul is a potentially autocorrelated and
heteroskedastic residual term.

Figure 1 (a) shows the dynamic response of cumulative housing price growth to realized housing



price growth, as captured by the estimated coefficients b". The initial housing price growth is not only
persistent, but increases further over time, reaching a plateau after around twelve quarters. This finding
is consistent with the high autocorrelation displayed by housing price growth.

Figure 1 (b) shows the dynamic response of forecast errors to realized housing price growth. Forecast
errors are initially positive but later on—once cumulative housing price growth reaches its plateau—
become negative before eventually disappearing. The positive values in the initial periods indicate
that agents’ expectations react too sluggishly: realized housing price growth is persistently larger than
expected. This implies that initially expectations underreact to the observed change in housing prices.
Subsequently, when housing price growth has fully materialized and housing prices plateau, agents are
still optimistic about future housing price growth, thereby over-estimating future housing price growth.
This is consistent with the fact that housing price growth expectations display the wrong cyclicality with
housing market valuation. It also implies that households entirely miss the mean-reversion in housing
price growth: forecast errors turn negative once housing prices stop increasing, with the negative forecast
errors disappearing only slowly over time. This pattern is consistent with the experimental evidence
provided in Armona et al. (2019).

Interestingly, Li, Van Nieuwerburgh, and Renxuan (2023) show that professional forecasters expect
strong mean reversion in housing price growth, unlike households. Professionals expect, however, mean
reversion that is stronger than in the data. Similarly to households, professionals’ house price growth
expectations covary positively with past house price growth and forecast errors are positively predicted
by past forecast revisions at the consensus level.

2.5 Robustness

Our results are robust to modifications of the empirical specifications along a number of dimensions.

Five-year ahead expectations. We investigate the robustness of our results by considering different
horizons for housing price growth expectations. Appendix A.2 shows that our results in Sections 2.2 and
2.3 are robust to this.®

Instrumental-variable estimation. Appendix A.3 shows that our findings in Section 2.2 that
households update their expectations sluggishly are robust to using an instrumental-variable approach
for estimating regression (1), in which forecast revisions are instrumented with monetary policy shocks
obtained via high-frequency identification.

Sluggish updating of housing price growth expectations. Appendix A.4 shows that similar
results emerge when using actual and expected housing price growth in equation (1) instead of the level
and expected level of the housing price.

Cyclicality of housing price forecast errors. Appendix A.5 shows that similar results as in Section
2.3 are obtained when first subtracting equation (2) from (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.

Forecast error dynamics with median expectations. In Appendix A.6, we show that the nominal
forecast error responses look very similar to the ones for real forecast errors presented in Section 2.4.
Likewise, using median expectations instead of mean expectations makes no noticeable difference for the
results.

Excluding the COVID-19 period. Appendix A.7 shows that all our results are robust to ending
the estimation sample in 2019, thereby excluding the COVID-19 period.

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 full-information
RE documented above are also present in regional housing prices and housing price beliefs. Appendix
A8 uses regional housing price indices and exploits local information contained in the Michigan survey
that allows grouping survey respondents into different U.S. regions. Repeating the above analyses at the
regional level shows that one obtains quantitatively similar results.

8The sample is too short to obtain significant results for the analysis performed in Section 2.4.



Monthly data. In Appendix A.9, we consider monthly data instead of quarterly data and find that
our results remain robust to this change.

3 Extrapolative housing price expectations, equilibrium
housing prices, and the natural rate of interest

This section presents a stylized housing model in which Bayesian learning causes households to
extrapolate past housing price growth into the future. The model makes equilibrium predictions about
the joint dynamics of housing prices and housing price beliefs, with housing prices depending on
housing price beliefs and housing price beliefs being influenced by past housing price behavior. Despite
the simplicity of the model, the equilibrium dynamics quantitatively replicate key features of U.S.
housing price behavior and the patterns of deviations from rational expectations documented in
Section 2.

The model predicts that large parts of observed housing price volatility are due to the presence of
subjective housing price beliefs. In addition, it 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.

3.1 A simple model with extrapolative housing price beliefs

Consider a unit mass of identical households.” Each household chooses consumption C; > 0, bonds By,
housing units to own D; € [0, D™4%], and housing units to rent DF > 0 to maximize lifetime utility'’

oo

EF |38 [Cy + €8 (D, + DF)]

t=0

subject to the budget constraint
Ci+ B+ (Dy — (1= 68)Dyq) g + ReDF =Y, + (L +14)Byy

for all ¢ > 0, where Y; is the total endowment (assumed to be sufficiently large), ¢; the real price of
housing, 7; the real interest rate, R; the real rental price, and § the housing depreciation rate. £ denotes
the preference for housing and is an exogenous determinant of housing prices. Household expectations
are based on the subjective probability measure P, as specified below.

The households’ optimality condition for owned housing implies that equilibrium housing prices are
determined by the asset pricing equation'

g = &'+ B(1 = 0)EF [gi11] (5)
and the optimality condition for rental units gives
R = 5? . (6)
The optimal consumption-savings decision

L=3(1+m) (7)

implies that the real interest rate r; is constant and equal to the natural rate of interest r* =1/5 —1 at
all times.

We now introduce subjective beliefs that give rise to housing price growth extrapolation, using the
setup in Adam, Marcet, and Nicolini (2016). Households perceive housing price growth to evolve

according to
at

qt—1

= bt +€t7 (8)

9The fact that households are identical is not common knowledge among households.

10The constraint D; < D™ ensures existence of optimal plans in the presence of subjective housing beliefs. It is
chosen such that it will never bind in equilibrium: housing supply D is fixed and satisfies 0 < D < D™%%,

HFor the household, the first-order conditions may hold for some contingencies only with inequality under the
subjectively optimal plans, due to the presence of short and long constraints. This 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.



where &, ~ iiN (0, 02) is a transitory component of housing price growth and b; a persistent component,
which itself evolves according to b; = b;_1 + v, with 14 ~ iiN(0,02). Households observe the realized
housing price growth (g;/q:—1) and use Bayesian belief updating to estimate from observed housing price
growth the persistent and transitory components. With conjugate prior beliefs, the subjective conditional
one-step-ahead housing price growth expectation,

% = BY {qﬂ (9)
at

evolves according to the learning equation

. 1 - _
Y¢ = ImMin {%1 + — (qt ! —’Yt1> 7’7} ) (10)

@ \ qt—2

where 1/« is the Kalman gain and 7 an upper bound on housing price growth beliefs, which ensures
that housing price growth optimism is bounded from above, so as to keep subjectively expected utility
finite. The gain parameter 1/« captures the degree of extrapolation, i.e., it determines how strongly
past housing price growth surprises feed into households’ housing price growth beliefs for the future. In
Section 3.3, we show that modelling subjective beliefs in this way performs well in matching the empirical
findings discussed in Section 2.

From the asset pricing equation (5) and the definition of subjective beliefs ; it follows that the
equilibrium housing price is given by

1
= T 5)%55. (11)

From the rental price (6) it follows that the equilibrium price-to-rent ratio is given by

qt

1
Pthﬂz

R, 1-B(1—0)v (12)

Equations (10)-(12) jointly characterize the equilibrium dynamics of housing prices, subjective beliefs,
and the price-to-rent ratio.

3.2 Model Calibration

We now calibrate the six parameters describing our simple model. Two parameter values are chosen
from the literature and four are set to target data moments.
We estimate the updating gain 1/« by estimating the regression

Y —Yi—1 = Bo+ B <Zt1 - ’Yt1> + €, (13)

where 1 is our estimate of 1/a. We use median expectations of house price growth divided by median
inflation expectations from the Survey of Consumers as our 7;.'> We obtain a point estimate of 0.007
when not including an intercept, and 0.0065 when allowing for an intercept.'® These values are practically
identical to the value of 0.007 estimated in Adam et al. (2016) for stock price growth expectations. We
therefore set 1/a = 0.7%. The low value for the Kalman gain implies that agents extrapolate observed
capital gains only weakly, because households believe most of the realized capital gains to be due to
transitory components. The value for the upper belief bound 7 is set to match the maximum observed
deviation of the price-to-rent ratio from its mean over the same period. This yields 7 = 1.0031.

The annual housing depreciation rate is set equal to 3% following Adam and Woodford (2021). The
quarterly discount factor § is set such that the (annualized) natural interest rate is equal to 0.75%, which
is the average value of the U.S. natural rate over the period 2007-2021 estimated by Holston, Laubach,
and Williams (2017).

It only remains to specify the process for housing preference shocks. We consider an AR(1) process

log &' = (1 — pe)log&€? + pelog & + &f, (14)

12VWe transform the one-year ahead expectations into one-quarter ahead expectations as follows: y¢11 = (ye4a)'/%.
13When using nominal instead of real house price growth rates and expectations thereof, we estimate the updating gain

to be around 0.009.



where £ ~ iiN (0, ag). To give the rational expectations version of the model a chance to replicate the
observed high quarterly persistence of the price-to-rent ratio, we set p = 0.99.'% The standard deviation
of ¢ is then chosen such that the model replicates the empirical standard deviation of the price-to-rent
ratio over the period 2007-2021, expressed in percent deviation from its mean. This yields o¢ = 0.67%
for the subjective belief model and o¢ = 2.24% for the rational expectations version of the model.'?
The latter is more than three times as large because housing prices in the subjective belief model also
fluctuate due to changes in the subjective beliefs.

3.3 Match of empirical patterns in housing prices and beliefs

We now show that the simple model with extrapolative housing price beliefs replicates surprisingly well
a number of untargeted data moments, including the behavior of the price-to-rent ratio, the behavior
of housing price growth, and the previously documented deviations of households’ expectations from
full-information rational expectations (Section 2).

Table 3 shows in the upper panel that the subjective belief model replicates the empirical volatility
and autocorrelation of the price-to-rent ratio as well as of housing price growth. 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 housing price growth. It undershoots somewhat the standard deviation of quarterly
housing price growth, illustrating that it features perhaps too little high-frequency variation in prices.'%

Table 3 and Figure 2 (a) show that the simple model also quantitatively replicates the three key
deviations of households’ housing price expectations from rational expectations as documented in
Section 2. The lower panel of Table 3 illustrates that it matches the sluggish updating about expected
housing prices (¢ > 0) and the opposing cyclicality of actual and expected housing price growth
(¢ > 0 and ¢ < 0). The magnitudes of the coeflicients generated by the model closely match the ones
obtained using survey data, except that the model underpredicts somewhat the counter-cyclicality of
actual housing price growth. Figure 2 (a) shows that the simple model also matches the dynamic
response of forecast errors, where model-implied forecast errors are computed as
F E[’_ﬁdd = qtqt% - (’yt+h)4.l7 These results are a unique success of extrapolative beliefs: these
model-based statistics would be identically equal to zero for the rational expectations model.

We now use the subjective belief model to understand the quantitative importance of subjective
housing beliefs for housing market outcomes. To this end, we consider the calibrated subjective belief
model but impose rational housing expectations. The resulting outcomes are reported in the second to
last column of the upper panel in Table 3: the standard deviation of the price-to-rent ratio and of housing
price growth both decrease by about 70% and the autocorrelation of housing price growth essentially
drops to zero. This shows that the majority of the observed fluctuations in the PR ratio in housing
price growth is due to the presence of subjective beliefs. In addition, the autocorrelation of housing price
growth is almost exclusively due to the presence of subjective beliefs.

The rational expectations version of the model not only fails to match the observed patterns of
deviations from rational expectations, but also has difficulties in matching actual housing price
behavior. This is illustrated in the last column of the upper panel in Table 3, which calibrates the
rational expectations version of the model in a way that it also matches the standard deviation of the
price-to-rent ratio. This requires o¢ = 2.24%, which is more than three times higher than in the model
under subjective beliefs. Perhaps not surprisingly, the rational expectations model has difficulties in
generating persistent housing returns: it cannot account for the high autocorrelation in observed
housing price growth.

3.4 Implications of falling natural rates for housing price dynamics

This section shows that lower natural rates of interest are associated with higher housing price volatility:
this holds true in the data and in the subjective belief model and will be key for understanding the
monetary policy outcomes in the next section.

14The subjective belief model can generate housing price persistence solely via the belief dynamics.

15We normalize the mean of the housing preference shock process €% to 1, but this is irrelevant for the cyclical properties
of housing price beliefs and housing prices in which we are interested in here.

16This could easily be remedied by adding some i.i.d. shocks, for example to the discount factor §3.

17We compute the four-quarter-ahead house price growth expectations implied by the model using the approximation:
Elgi1nta/at) = E[ezﬁ:ll"(qt+h+j/Qt+h+j>] ~ ez§:1 n(Elgtthtj/q+n+)] = (ve+n)?*, which is exact up to small and
time-invariant Jensen-inequality terms.
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Figure 2: Properties of the subjective belief model

(a) Dynamic forecast error response (b) Volatility of the price-to-rent ratio
: 20
—Data
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Notes: Panel (a) shows impulse-response functions of housing price forecast errors of one-year ahead
expectations to a one standard deviation innovation in housing price growth 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 autocorrelation and heteroskedasticity (Newey-West with h+1 lags). Panel (b) reports the standard
deviation of the price-to-rent ratio, relative to its mean value, in the subjective belief model as a function of
the steady state natural rate of interests.

Table 3: Housing price moments and deviations from RE: data vs. model

Data Subj. belief ~ RE version of  Recalibrated
(2007-2021) model subj. beliefs RE model
Housing price moments
Std (PRy) 8.76 8.76 2.67 8.76
Corr(PRy, PR;_1) 0.99 0.99 0.99 0.99
Std(ge/qe—1) 1.8 1.1 0.3 1.1
Corr(qt/qe—1,9t—1/qt—2) 0.79 0.76 -0.01 -0.02

Dewiations from Rational Ezpectations
Mean Median

expect. expect.

[ 2.00 2.47 2.09
(0.332) (0.366)

c 0.030 0.010 0.030
(0.017) (0.004)

c -0.113 -0.113 -0.063

(0.009)  (0.009)

Notes: The upper panel reports the standard deviation and first-order autocorrelation of price-to-rent ratios
and housing price growth in the data (2007-2021), for the baseline model with subjective housing price beliefs,
the rational expectations version of the subjective belief model (same model parameters) and the recalibrated
version of the rational expectations model. The standard deviations are in percentage points. The lower panel
reports b¢C from regression (1), and ¢ and ¢ from regressions (2) and (3), respectively (both in %). For the
data, we report estimates obtained using mean and median expectations. We do not report the estimates for
regressions (1), (2) and (3) for the models with rational expectations.

In the subjective belief model, a higher discount factor 5 < 1 gives rise to a lower natural rate of

interest r* = 1/6—1 (equation (7)). A high discount factor also implies that any given change in housing
price growth expectations leads to a larger change in equilibrium housing prices (equation (11)). Larger
realized housing price growth in turn produces stronger revisions in beliefs in the future (equation (10))
and thus feeds stronger price growth in the subsequent period. Through this feedback loop, lower natural
rates generate stronger momentum and more volatility in beliefs. This leads to more volatility in the

price-to-rent ratio (equation (12)).
Figure 2 (b) depicts the model-implied relationship between the natural rate and the volatility of the
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Figure 3: The natural rate and housing price fluctuations in the data

(a) United States: relationship between (b) Advanced Economies: changes in
natural rate and housing price volatility (b)) natural rate and housing price volatility
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Notes: Panel (a) reports the OLS regression coefficient b} from equation (15) for different horizons h together with 68%
Newey-West error bands using h quarterly lags. The r} estimates come from Holston et al. (2017), Lubik and Matthes
(2015), and Del Negro, Giannone, Giannoni, and Tambalotti (2017). The sample periods are 1970Q1 to 2020Q2, except for
Lubik and Matthes (2015) which starts in 1967Q1. Panel (b) plots the pre-/post-1990 changes in the Holston et al. (2017)
average natural rate, against the changes in the volatility of the price-to-rent ratio for different advanced economies. The
sample period is 1970Q1 to 2020Q2. Volatility is again defined as the standard deviation (pre-/post-1990 periods) relative
to the period-specific mean value.

price-to-rent ratio. The figure measures volatility by the standard deviation of the price-to-rent ratio
divided by its mean, to control for the fact that housing prices increase when the natural rate falls.'® It
shows that lower natural rates are associated with larger housing price volatility, with the effect becoming
quite non-linear for low levels of the natural rate.

Next, we document the relationship between natural rates and housing volatility in the data. Let r}
denote the long-run level of the natural rate at time ¢. Under standard assumptions, the long-run level
is a function of exogenous fundamentals only.!” We can thus consider regressions of the form

Stdy(PRy)
ik 7N S N 1
Meanh(PRt) ah ho Ty + Uth, ( 5)

where Std,(PR;) = Std(PRF%, ...,PRH%) denotes the standard deviation of the price-to-rent ratio

using a window of h 4+ 1 quarters centered around period ¢ and Meany, (PR;) the average price-to-rent
ratio over the same window.

Panel (a) in Figure 3 reports the coefficients b} for the United States for different estimation
bandwidths h. It reports estimates using the long-run natural rate estimates from Holston et al.
(2017), which we use as our baseline, but also results using the natural rate estimates of Lubik and
Matthes (2015) and Del Negro et al. (2017). For narrow bandwidths, results are sometimes statistically
insignificant, which is likely due to the difficulties associated with reliably estimating the standard
deviation and the mean of the price-to-rent ratio. For larger bandwidths, however, all coefficients
become positive, statistically significant and quantitatively quite large. This shows that the volatility of
U.S. housing prices is rising as the long-run natural rate falls.?’

Panel (b) in Figure 3 shows that a similar relationship is present in other advanced economies: 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 volatility of
the price-to-rent ratio. In all six advanced economies, the price-to-rent ratio has become more volatile
as the average level of the natural rate declined.

Taken together, the structural mechanism in the subjective belief model and the empirical evidence
suggest that the volatility of the price-to-rent ratio is positively associated with declines in the average
level of the natural rate.

18The volatility measure is thus equal to the standard deviation of the percent deviation of the price-to-rent ratio from
its mean.

19In the simple model introduced above, the discount rate is the only fundamental. In the full model presented in the
next section, the long-run level of the natural rate also depends on long-run productivity growth and preferences.

20Gince the regressor r{ in equation (15) is measured with noise, our estimates of bj are conservative, as they suffer
from attenuation bias.
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4 Full model with extrapolative housing price beliefs

To analyze the monetary policy implications of falling natural interest rates and rising housing price
volatility, we embed subjective beliefs into a general equilibrium sticky price model with a housing
sector. All agents are internally rational (see Adam and Marcet, 2011) and maximize utility/profits
given their subjective beliefs about housing prices. The policy model is related to the one studied
in Adam and Woodford (2021) but features belief distortions that are outside the class of absolutely
continuous distortions permitted within their setup. This allows deriving monetary policy implications
in a setup featuring quantitatively credible forms of belief distortions. In addition, the present model takes
into account the lower-bound constraint on nominal interest rates, which we show to be quantitatively
important for understanding how the optimal inflation target responds to lower average levels of the
natural rate of interest.

4.1 Model setup: households, goods producers, house producers, and the
government

We outline the most important model features in this section. A detailed description of the model can
be found in Appendix B.

Households. The economy is made up of identical infinitely-lived households that own the good-
producing firms as well as the firms in the housing construction sector.?! Households obtain utility from
consumption and from housing and disutility from working, with lifetime utility

[e%s) 1
EJ Zﬁt [log (Cy) — H%/ Hy(j)' T dj + & (D¢ + Df) ) (16)
t=0 0

where C; is consumption of the final good, H:(j) is labor supply of type j and w;(j) the associated real
wage. & is the time-varying preference for housing services in the form of owned houses D; or rented
houses Df.

Households optimize subject to the budget constraints

1 . N 7o Bioa(14ie— S+ 24T,

Ci+ B+ (Dy — (1= 8)Dy—1) g + ReDF = [ wy(j)Hy(j)dj + Bt Gt 222t - (1)
B; is the real value of government bonds, II; is the gross inflation rate, and 7; the nominal interest
rate. R; is the real rental rate for housing. 7} denotes lump-sum taxes and transfers. Profits of firms

accrue to households: ¥; from intermediate goods producers and %¢ from housing constructors.
Households can buy and sell houses at price ¢;. Owned houses D; depreciate at rate §. Households
have subjective beliefs about housing prices but rational expectations about other variables. For
tractability, we assume here that agents form beliefs about the housing price in terms of marginal

utility units,
uw_ 4t

=1 18
Qt Ct ( )
which provides a measure of whether housing is currently expensive or inexpensive in units that are
particularly relevant for households.?? As introduced in Section 3, we assume that households extrapolate

housing price growth (now in marginal utility units), v = EF [qztl ] , according to the learning equation
t
. 1 (qf _
ot =min (a4 2 (B2 ) ). (19)
@ \ G2

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

1
(1+gc)

21 A5 before, the fact that households are identical is not common knowledge.

228pecifying subjective beliefs in units of marginal utility leaves the ability of the learning rule to replicate the survey
evidence unchanged. This is because log consumption preferences imply that contributions from fluctuations in marginal
utility are orders of magnitude smaller than those generated by subjective beliefs.

B=p (20)
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When the growth rate g. of the economy falls, the discount rate [ increases. A decline in the trend
growth rate of the economy can thus be captured by an increase in the detrended discount factor .
Declining trend growth causes the steady-state natural interest rate to fall, which is in line with the
estimates provided in Holston et al. (2017) (see Appendix A.10). Appendix B.1 provides further details
on the household optimization problem and the optimality conditions.

Final and intermediate goods producers. A representative final good producer provides an

aggregate consumption good
n

Cr= [/Olct(i)nnldz} ﬁ. (21)

Aggregate inflation II; is defined as the price of this final consumption good relative to the price in
the previous period and does not include housing services.?> Each intermediate good i is supplied by
a monopolistically competitive producer with a common technology in which (industry-specific) labor
h¢(7) is the only variable input:

Vi = Acf (he(0)) = Aha ()12, (22)

and where A; denotes exogenous total factor productivity. Intermediate goods producers are subject
to a Calvo (1983) price adjustment friction and maximize the value of the firm to the households,
using households’ subjectively optimal consumption plans to discount profits. The government levies a
constant and negative sales tax 7 to induce marginal cost pricing in the steady state. Appendix B.2
provides details on the intermediate and final goods producers’ optimization problem.

Housing construction firm. A representative housing construction firm operates an isoelastic
housing production function to build new houses

g, = A

t— =~
(67

ki, (23)

where k; denotes investment into new houses and with & € (0,1). Appendix B.3 provides further details
and optimality conditions.

Government. The government imposes a constant sales tax 7 on intermediate goods revenues, issues
nominal bonds, and pays lump-sum taxes and transfers T; to households. The real government budget
constraint is given by

By =Bi1555—
P/P1 P
Lump-sum taxes and transfers are set such that they keep real government debt constant at some initial
level B_1/P_;. Appendix B.4 provides further details as well as the market clearing conditions.

Equilibrium. The optimality conditions of households, intermediate and final good producers, and
housing constructors, the government budget constraints, market clearing conditions, and the nominal
interest rate i; set by the monetary policy authority define an Internally Rational FEzpectations
Equilibrium (IREE, see Adam and Marcet, 2011), as spelled out in Appendix B.5. To pin down the
nominal rate i;, we will consider Ramsey optimal monetary policy below in Section 5.

4.2 Equilibrium characterization

This section characterizes the equilibrium of the model. To gain analytic insights, we derive a linear-
quadratic approximation to the optimal policy problem around the efficient steady state.?*

Asset prices and housing market equilibrium. From the household optimality conditions, the
equilibrium housing price is given by

w 1
a4 = Wﬁf (24)

23Housing prices enter the welfare-relevant inflation measure only in the presence of subjective beliefs, see Section 5, as
housing prices are flexible and efficient under rational expectations.

24In this steady state, the government levies a negative output tax 7 = 1/(1 — ) on goods producing firms to eliminate
steady-state distortions arising from monopolistic competition.
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and the price-to-rent ratio by
u
PR, =% (25)
&

Variations in subjective beliefs v;* introduce inefficient housing price fluctuations. The economic and
welfare implications of these fluctuations can be quantified by the housing price gap: ¢ — @*. The
housing price gap measures the log deviation of the actual housing price from its welfare-maximizing
level, which in percentage deviations from the steady state is given by

b I=B =)
Under rational expectations, the housing price gap is zero at all times, but under subjective beliefs, the
housing price gap is given by?”

o (1-B0-8) 1-81-8 B = 8)(hp — 1)
@-a ‘(15(15>w‘15<15> )Q B0y 27)

and depends on the subjective housing beliefs ~;* and on the housing preference shocks Eﬁ. The housing
price gap is of economic interest because it captures misallocations of output between consumption and
housing investment. This follows from equation

(G-ak-a)-(0-ak-a)=a-a" (28)

in which Et denotes housing investment, ¢; consumption and starred variables indicate the values with
efficient housing prices.?® The previous equation shows that a positive housing price gap affects the ratio
between investment and consumption. Intuitively, this occurs because housing prices affect investment
incentives. In particular, high housing prices make housing investment more attractive and lead to a
higher investment to consumption ratio. This feature explains why the housing price gap is a welfare-
relevant object.

Tmportantly, equation (28) implies that the housing price gap affects consumption even for a given
level of the output. As a result, the housing price gap will show up in the consumption Euler equation
for output, as derived below, because different levels of consumption can be associated with a given path
of output, depending on the values assumed by the housing price gap. For the same reasons, the housing
gap will affect real wages. The gap will thus also show up in the Phillips curve in addition to output, as
we show below.

Finally, we observe that the housing price gap will be more volatile when natural rates of interest are
low, because housing prices are more volatile, as discussed in Section 3.4. Detailed derivations underlying
the results in this section can be found in Appendix B.9.

Aggregate IS equation and the natural rate of interest. The equilibrium in the goods and
housing markets gives rise to an aggregate IS equation. It is given by?’

oo

i = By [y8?] = By | ) (iesnk — Terren — Fopr) | + G @ = T), (29)
k=0

and depends on long-run expectations of the output gap, E; [y9F] = limr_,o0 Fry$ ", the path of future
real interest rates, and the housing price gap. The variable 7; denotes the exogenous component of the
natural interest rate and depends on the productivity shocks in the economy. The parameter (; > 0
summarizes the aggregate demand effects of housing price gaps. It is the only channel through which
subjective housing beliefs influence aggregate demand.

In the special case with efficient housing prices (rational housing price expectations), the IS equation
(29) implies that setting iy — Eymip1 = 74 for all ¢ > 0 is consistent with a constant output gap. In the
presence of subjective beliefs, however, such a policy fails to keep the output gap stable due to inefficient
housing price fluctuations. A policy that sets real interest rates equal to 7; then delivers

it = B[yl + G (@ — @) (30)

25See Appendix B.9 for the derivation.
26 All variables are expressed in log deviations from the steady state.
27See Appendix B.10 for the derivation.
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Since (; > 0, a positive housing price gap is then associated with a positive output gap. As discussed
before, high housing prices induce higher housing investment and thereby increase aggregate demand,
which leads—for unchanged real interest rates—to an increase in aggregate 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 5 below.

With subjective beliefs, the natural rate of interest, i.e., the real interest rate that is consistent with
a constant output gap (y{*" = E; [y92P] for all t) is given by*®

i =7 — (@ — @) — B (@1 — @) for all ¢. (31)

The expression shows that the natural rate under subjective beliefs differs from its value under efficient
housing prices if and only if the housing price gap is expected to change in the subsequent period. The
natural rate will exceed its level under efficient housing prices, when the expected housing price gap in the
next period is higher than the current housing price gap (and vice versa). Since the housing price gap, as
well as it’s first difference, become more volatile as the steady state natural rate falls, equation (31) shows
how a lower steady state level of the natural rate increases the volatility of the natural rate of interest
in the presence of subjective beliefs. This effect is absent with rational housing price expectations.

New Keynesian Phillips Curve. The New Keynesian Phillips Curve also depends on housing price
gaps. It is given by?’
T = BE[mia] + ryyl ™ + kg (@ — @) (32)

The coefficients x, > 0 and k, < 0 imply that positive output gaps exert positive inflation pressure and
positive housing price gaps exert negative cost-push effects. This is because inefficiently high housing
prices increase housing investment and, for a given output gap, decrease (non-housing) consumption. The
latter raises the marginal utility of consumption and thereby depresses wages and the marginal costs for
producing the consumption good. In principle, this allows the model to produce a non-inflationary boom
in housing prices and housing investment.

4.3 Model calibration and evaluation

We now calibrate the model to explore the quantitative implications for monetary policy of housing price
growth extrapolation. The calibration strategy consists of choosing 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 along two
dimensions. First, we consider the model predictions for the period 1991-2021 where the average natural
rate was significantly lower.?’ Second, we show in section 4.4 that the model produces reasonable impulse
responses to monetary policy disturbances.

Calibration to the pre-1990 period. Table 4 summarizes the model parameterization. The
quarterly discount factor g 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 slope of the Phillips curve
Ky, and the welfare weight A, /A, are taken from Adam and Billi (2006, Table 2). The Phillips curve
coefficient k4 and (; are chosen to match the average U.S. housing investment to consumption ratio of
6.5% and the long-run housing supply elasticity of 5, in line with the estimated value in Adam et al.
(2012) and in the range of estimates in Topel and Rosen (1988).%!

As before, we use the AR(1) process (14) for housing demand shocks with a quarterly shock persistence
pe = 0.99. The standard deviation of the innovations to the housing preferences o¢ are set such that
the model replicates the pre-1990 standard deviation of the price-to-rent ratio. This is achieved by
simulating equations (10) and (12), which requires specifying the belief updating parameters o and 7.
We set 1/a = 0.7% as in Section 3 and determine o, and 5 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. This pins down 7" = 1.0031 and o¢ = 1.65%.

We also consider an AR(1) process for the exogenous part of the natural rate

Pt = prfi—1 + €}, (33)

28Gee Appendix B.11 for the derivation.

29Gee Appendix B.12 for the derivation.

30We compare across long time spans of 30 years each to obtain more reliable estimates of housing price volatility.
31See Appendix B.13 for details.
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Table 4: Calibration of the full model

Parameter Value Source/Target

Preferences and technology

B8 0.9917 Average U.S. natural rate pre 1990

Ky 0.057 Adam and Billi (2006)

sz 0.007 Adam and Billi (2006)

Kq —0.0023 Jointly chosen to match (i) steady state £ ratio of 6.5%
g 0.29633 and (ii) long-run housing supply elasticity equal to 5

0 37% Adam and Woodford (2021)

Ezogenous shock processes

P 0.8 Adam and Billi (2006)

o 0.1394% [RE: 0.2940%)] Adam and Billi (2006)

pe 0.99 Quarterly autocorr. of the price-to-rent ratio of 0.99

o¢ 1.65% [RE: 2.33%) Standard deviation of price-to-rent ratio pre-1990
Subjective belief parameters

1/ 0.7% Adam et al. (2016)

4 1.0031 Max. percentage deviation of price-to-rent ratio from mean

Figure 4: Standard deviation of price-to-rent ratio and natural rate

(a) Standard deviation of price-to-rent ratio
(relative to corresponding mean)

(b) Standard deviation of the natural rate
relative to case with r* = 3.34%
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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.

where €} ~ iiN(0,02). We set pr as in Adam and Billi (2006) and choose o such that the generalized
natural rate for the subjective belief model, defined in equation (31), also matches the natural rate
volatility in Adam and Billi (2006). This yields o = 0.1394%.

We also calibrate a rational expectations version of our model. To this end, we recalibrate the
volatilities of the innovations to the housing preference and natural rate shock processes to match the
volatility of the price-to-rent ratio and the natural rate in the pre-1990 period. This yields ¢ = 2.33%
and o7 = 0.2940%. Not surprisingly, the RE model requires higher exogenous volatilities to match the
empirically observed fluctuations in price-to-rent ratios and natural rates. All other parameters are
unchanged relative to the subjective belief model.

Evaluation of the model in the post-1990 period. Figure 4 illustrates the predictions of the
baseline 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)), conditional on various levels of
the steady-state natural rate. The predictions of the RE model are also shown (dashed line). Variations
in the steady-state level of the natural rate are achieved via appropriate variations in the discount factor
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B.32 The dots in Figure 4 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 model matches the pre-1990 data
points in Figure 4 with subjective beliefs and under rational expectations. The subjective belief model
also performs quite well in matching the post-1990 outcomes, despite the fact that these outcomes are
untargeted. 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. Matching the increase
in the natural rate volatility under rational expectations would require increasing oz. We will consider
such increases when discussing our quantitative results.

4.4 The effects of monetary policy on housing prices and beliefs

The dynamics of housing prices in marginal utility units, ¢;*, are 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 and the policymaker cannot ‘manipulate’ households’ subjective housing
price beliefs in a way to achieve outcomes that are potentially better than under rational expectations.**
This allows side-stepping the otherwise thorny issue of how the learning rule should respond to the
conduct of monetary policy.

Importantly, the model replicates the fact that housing demand and housing investment respond
more strongly to monetary policy disturbances than non-housing demand, even though housing prices
are flexible and goods price sticky. The model thus avoids the pitfalls of sticky price models with durable
goods described in Barsky et al. (2007). Concretely, in response to an exogenous shift in the path of
nominal interest rates, 2, the change in housing investment and consumption satisfies at all times

dlog ky 1 dlogC,

4
di 1—a di (34)

where 1/(1—a) > 1 is the price elasticity of housing supply, see Appendix B.7 for the proof.?® Appendix
B.8 provides a quantitative illustration of how the economy responds to monetary policy, by considering
the impulse responses to a monetary policy shock in a simple Taylor rule.

5 Optimal monetary policy in the presence of extrapolative
housing price expectations

We now examine how the conduct of optimal monetary policy is affected by subjective housing price
beliefs and the average level of the natural rate of interest. To this end, we derive the policymaker’s
Ramsey problem and show how housing price growth extrapolation generates new monetary policy trade-
offs. We focus in the main text on the quantitative implications of housing price beliefs for the optimal
inflation target and the policy response to housing demand shocks, but Appendix C.4 characterizes the
optimal targeting rule analytically.

5.1 The Ramsey optimal policy problem

We consider optimal monetary policy under commitment with a policymaker that maximizes household
utility subject to the constraint that prices and allocations constitute an internally rational expectations
equilibrium (IREE). The policymaker holds rational expectations, i.e., understands that the private
sectors’ housing price beliefs are distorted and thus acts under a probability measure different from the
one entertained by households.?® To obtain analytic insights, we derive the quadratic approximation to

32 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.

33The reported increase in the standard deviation of the natural rate is again based on the estimates in Holston et al.
(2017).

341n contrast, Molnar and Santoro (2014), Mele, Molnar, and Santoro (2020), and Caines and Winkler (2021) consider
a setting where policy affects the variables agents use to make inference. Provided agents’ learning and forecasting rules
are invariant across policy regimes, this allows policy to indirectly influence expectations.

35Qur calibration uses a supply elasticity of 1/(1 — &) = 5, see Appendix B.13.

36Benigno and Paciello (2014) refer to such a policymaker as a “paternalistic” policymaker.
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the non-linear policy problem:”

S| 2 2
~E o (Apmd + Ay (Y)P) + A, (G — g 35
P g 21} O;B 2 ( Tk Ay () A (@ - 37 ) (35)
subject to:
[ee]
i = By [y = By | Y Giren — Togn — Fran) | + G (@ — ) (36)
k=0
T = BEymisr + kyyl T+ kg (@ — @) (37)
. 1-B(1-4 1-B(1-68) \~ BO-8(r—1
(’j;l._a;l, _( — (_6)u_ — (_§)>§g+ (_ )(;Yfé u) (38)
1=B(1=0)y 1-pB(1—3d)pe 1= B(1=6)
U — mi u oy 1 q{:;l — U 77u
Belief updating: R {% b (qfﬂ T 1) 7 } (39)

_ 1 d
¢ = Wft

for ¢t > 0, and initial pre-commitments.

The policymaker’s objective (35) is derived in Appendix C.2 and 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 deviations of housing prices from their efficient level distort—for a given level of
the output gap—housing investment, as explained in Section 4.2. The IS equation (36) and the New
Keynesian Phillips Curve (37) are constraints associated with optimal private sector behavior. They
both depend on the housing price gap, as discussed in Section 4.2. The housing price gap is determined
by equation (38) and depends on subjectively expected housing price growth ~*. The dynamics of ~}
are jointly determined by the equations in (39).

Since monetary policy cannot directly influence the housing price gap, as explained in Section 4.4,
the loss from housing price gaps in the welfare function can be ignored for the computation of optimal
policy; housing price gaps thus matter for policy only through their effect on the IS equation and the
Phillips curve.

The policymaker’s choice of the nominal interest rate i; is subject to an effective lower bound i; > 1,
where the bound i < 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 ¢ = —(1 — 8)/3. In the absence of a lower
bound constraint or when economic shocks never cause the bound to become binding, the IS equation
(36) can be dropped from the policy problem.

Interestingly, the expectations showing up in the monetary policy problem (35)-(39) 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.

Finally, in the special case with rational housing price expectations, the housing gap is equal to zero
at all times, so that the monetary policy problem reduces to the textbook case with a lower bound
constraint.

We recursify the optimal policy problem following Marcet and Marimon (2019) and numerically solve
for the value functions and optimal policy functions, see Appendix C.3 for details.

5.2 The optimal inflation target

We define the optimal inflation target as the average inflation rate emerging under Ramsey optimal
monetary policy. The inflation target thus captures the average inflation rate that the Ramsey planner
commits to implement in the stochastic equilibrium. Depending on the realization of shocks, actual
inflation will fluctuate around this average value, as discussed below.

Figure 5 (a) depicts the optimal inflation target for different steady-state levels of the natural rate
of interest.*® The figure graphs the optimal target for the setup with subjective housing beliefs (upper
solid line), for the case with rational expectations (RE) about housing prices (lower solid line), and for
a third case discussed below (dashed line).

Under RE, the optimal target is close to zero for any steady-state level of the natural rate. This
confirms earlier findings in Adam and Billi (2006), who considered a high value for the steady-state
natural rate and found that the presence of a lower bound constraint cannot justify targeting significantly
positive inflation rates. It may be surprising that this holds true also for low steady-state levels of the

37 Appendix C.1 presents the non-linear optimal policy problem.
38The average level is computed by simulating the model under the optimal monetary policy for 100,000 periods.
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Figure 5: Average inflation, and distribution of inflation rates, under optimal monetary policy
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Notes: Panel (a) reports the optimal inflation target for different levels of the steady-state natural rate in the
presence of a zero lower bound constraint. The red line shows 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. Panel (b) reports the distribution of
inflation rates (in annualized %) for two levels of the steady-state natural rate (also annualized) in the presence
of a zero lower bound constraint. The left panel graphs the unconditional distributions of inflation. The right
panel conditions distributions on whether the natural rate, r}, is above or below its steady-state level.

natural rate: under RE, optimal policy seeks to track the natural rate of interest, but a low steady-state
level implies that this is not always feasible. Policy must then use promises of future inflation to lower
real interest rates and this more often the lower the steady-state natural rate. Yet, lower-bound episodes
are relatively infrequent and short-lived, independently of the steady-state level of the natural rate. As
a result, the inflation target does not react strongly to the steady-state (or average) level of the natural
rate.

This invariance to the average level of the natural rate differs substantially from the findings in
Andrade et al. (2019). They show that the optimal target should move up approximately one-to-one
with a fall in the average natural rate under rational expectations. Besides considering a medium-scale
sticky price model without housing, a main difference to our approach is that Andrade et al. (2019) study
Taylor rules with optimized intercepts rather than optimal monetary policy. Coibion et al. (2012) show
that this makes a big difference for how the optimal inflation target responds to lower average values of
the natural rate compared to the case with Ramsey optimal policy.

The upper line in Figure 5 (a) shows that the situation is fundamentally different with subjective
housing beliefs. The optimal inflation target is overall substantially higher and also depends more strongly
on the average natural rate of interest. In particular, a one percentage point decline in the steady-state
natural rate increases the optimal inflation target by one third of a percentage point, with the increase
being non-linear and becoming stronger for very low levels of the natural rate. The difference relative to
the case with rational expectations arises because the volatility of the natural rate endogenously increases
once the natural rate drops, due to the higher volatility of the housing price gaps. This reinforces the
stringency of the zero lower bound constraint associated with a lower average value of the natural rate
and causes the central bank to engage more often in inflation promises.

The optimal inflation target with subjective housing beliefs is also substantially higher than the
optimal target under rational expectations. This holds true even for the pre-1990 average level of the
natural rate (3.34%) for which the calibration implies that the natural rate is equally volatile for both
belief specifications.

This outcome is due to two reasons: First, fluctuations in the housing price gap also generate cost-
push terms 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 the role of the wvolatility of the natural rate, the dashed line in Figure 5 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 somewhat
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relative to the benchmark RE setting, the level of the optimal inflation target still falls short of the
one implied by subjective beliefs. However, the optimal inflation target now depends more strongly on
the steady-state level of the natural rate and approaches the optimal inflation targets under subjective
beliefs when the steady-state natural rate becomes very low.

We can gain further insights into the inflation process under Ramsey optimal policy by considering
the stochastic distribution of inflation rates. The left panel in Figure 5 (b) depicts the unconditional
distribution of inflation for the lowest and highest steady-state levels of the natural rate considered in
Figure 5 (a). It shows that inflation is tightly centered around the optimal inflation target when the
steady-state natural rate is high. For a low steady-state natural rate, the inflation distribution shifts
to the right, but also displays a long left tail of low inflation rates. This shows that it is optimal for
monetary policy to sometimes implement inflation rates that lie significantly below the target.

The right panel in Figure 5 (b) explains why periods of low inflation are optimal: it depicts the
inflation distribution conditional on the natural rate being above or below its steady-state value. The
left tail with low inflation rates emerges in situations where the natural rate is temporarily high. In such
situations, the policymaker does not need to promise future inflation to lower real interest rates, simply
because the lower bound constraint is sufficiently far from being binding.?® This shifts the inflation
distribution closer to the one emerging with a high steady-state level for the natural rate. Temporarily
high natural rates thus make below-target inflation optimal in a setting where the steady-state natural
rate is low. In contrast, it is optimal to induce higher inflation rates—sometimes substantially above the
average inflation rate—when the natural rate is below its steady state level. These higher inflation rates
capture the promises the monetary authority makes when currently constrained by the lower bound. This
differs from a setting with a high steady-state natural rate: conditional distributions are then almost
independent of whether the natural rate is above or below its steady-state value, see the right panel in
Figure 5 (b).

5.3 Asymmetric leaning against housing demand shocks

We now examine the optimal monetary policy response to housing demand shocks. Under RE, housing
demand shocks do not affect the housing price gap and thus also do not generate policy trade-offs. This
is different with subjective housing price beliefs. Housing demand shocks then move housing prices
and thereby housing price expectations. The latter then affect the housing price gap, which generates
movements in the natural rate and leads to cost-push terms.

We show that this makes it optimal to ‘lean against’ housing demand shocks in the presence of
subjective beliefs. Due to the lower bound constraint, however, the responses to positive and negative
housing demand shocks display considerable asymmetry: optimal monetary policy considerably tightens
following shocks that give rise to housing price booms but only weakly stimulates following shocks
producing a housing price bust. This is so because stimulative reductions in current interest rates are
constrained by the lower bound, so that stimulation works partly by promising higher inflation in the
future. This raises average inflation in a situation where inflation is (on average) high already, which is
costly in welfare terms. Restrictive policy, in contrast, decreases inflation thus has additional benefits in
terms of bringing inflation closer to the welfare optimal target.

The top row in Figure 6 shows the response of housing-related variables to a persistent
positive/negative housing demand shock of three standard deviations.’”” On impact, the shock triggers
housing price growth of about 5%, which then triggers belief revisions that fuel further movements of
the housing price in the same direction. The positive shock, for instance, pushes housing prices up 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. With the housing price gaps entering positively in the IS
equation and negatively as a cost-push term in the NKPC, a positive (negative) housing demand shock
exerts upward (downward) pressure on the output gap and negative (positive) cost-push effects. As
explained in Section 4.2, cost-push effects arise because inefficiently high housing prices increase
housing investment and, for a given output gap, decrease (non-housing) consumption. The latter
depresses wages and the marginal costs for producing the consumption good.

39Due to other state variables shifting around, the lower bound still binds with some probability, but this probability is
lower when the natural rate is above its steady-state level.

40We initialize the economy at its ergodic mean — where the economy is at its average inflation rate, interest rate, and
output gap — and then hit the economy with a one-time shock of three standard deviations in period 0. We then simulate
100,000 paths of the economy with random shocks for the subsequent, and thereby average over the possible future shock
realizations after the initial shock. We assume a steady-state natural rate equal to its post-1990 mean (1.91%).
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Figure 6: Impulse responses to a housing preference shock under optimal monetary policy
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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 economy is initialized at its ergodic mean. The
impulse responses are obtained by averaging the subsequent response over the possible future shock realizations.
The blue lines show the responses after a positive shock and the red lines after a negative shock.

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 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. Indeed, the asymmetric strength of the policy response
is largely due to the initial level of inflation: even absent of cost-push effects of housing price gaps,
the monetary policy response is stronger in response to positive housing demand shocks, as shown in
Appendix C.5. To some extent, however, the absence of cost-push effects gives policy more room to
let inflation increase, and thus makes the optimal policy response to negative housing demand shocks

41While 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 4.
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stronger.

The fact that leaning against housing prices can be optimal in the presence of housing price growth
extrapolation is in line with results in Caines and Winkler (2021), who consider a setting with
“conditionally model consistent beliefs” in which expectations about many variables differ 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.

In a model extension, we analyze whether macroprudential policies could be employed to address
the housing market inefficiencies generated by the presence of subjective price expectations. However,
we find that taxes on housing that are dynamically adjusted so as to reduce housing price fluctuations
would have to be large and very volatile. Online Appendix D provides details.

6 Conclusion

This paper empirically documents three key deviations of households’ housing price expectations from
full-information rational housing price expectations and constructs a structural equilibrium model that
jointly replicates the behavior of housing prices and the patterns of subjective beliefs. 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 lower and more volatile natural rates by implementing higher
average inflation rates. Monetary policy should also lean against housing price fluctuations 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 households 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 A Summary statistics and robustness analysis

A.1 Summary Statistics

Figure A.1 shows the evolution of the nominal house price growth rate in panel (a), and the expected
nominal house price growth rate in panel (b) for the period that the expected house price growth rates
are available (2007-2021). Table A.1 provides summary statistics of the two series as well as for the
price-to-rent ratio for the same time period.

Figure A.1: Actual and expected house price growth

(a) Nominal house price growth (b) Expected nominal house price growth
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Notes: This figure shows the actual nominal house price growth (panel (a)) and the expected house price
growth using mean expectations. The numbers in panel (a) are shifted such that the difference across the two
panels for a given time period yields the forecast error based on the expectation formulated in that time period.

Table A.1: Summary statistics of housing variables

PR ratio  Expected ann. HP growth  Actual ann. HP growth

Mean 103.25 1.01 1.02
Standard deviation 8.76 0.013 0.061
1%t-order autocorr. 0.99 0.90 0.97
N 53 53 55

Notes: The table reports summary statistics for the period 2007-2021 of the price-to-rent ratio, the expected
annual gross housing price growth rate, and the actual annual gross housing price growth rate. The table
reports the mean, the standard deviation, the first-order autocorrelation, as well as the number of observations

N.

A.2 Five-year-ahead housing price growth expectations

While for our baseline results in Section 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 (1) as follows:
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Table A.2 reports the estimates of b““ showing that five-year expectations are updated sluggishly.

Table A.2: Sluggish adjustment of five-year-ahead housing price expectations

Mean Median
expectations  expectations
bee 6.95%** 6.89%**
s.e. (1.703) (1.680)
R? 0.60 0.57
N 36 36

Notes: This table reports the empirical estimates of regression (A.1) using nominal housing price expectations.
The reported standard errors are robust with respect to heteroskedasticity and autocorrelation (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) and (3):

EZ) |:qt+20:| =a + c- PRt—l —|— Ut (AQ)
qt
qt+20 =a+c-PRi_1+uy. (49)
qt

Table A.3 shows that five-year-ahead housing price growth expectations correlate positively with the
price-to-rent ratio, whereas actual housing price growth correlates negatively.

Table A.3: Expected vs. actual housing price growth using five-year-ahead housing price expectations

bias (in %)  p-value N

¢ (in%) &€ (in %) —E(@&—-¢ Hy:c=c

Mean expectations 0.045 -1.889 0.0159 0.000 34
(0.0001)  (0.01997)

R? 0.717 0.958

Median expectations 0.044 -1.889 0.0155 0.000 34
(0.00024) (0.01997)

R? 0.605 0.958

Notes: € is the estimate of ¢ in equation (A.2) and € the estimate of ¢ in equation (A.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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A.3 1V estimation of sluggish belief updating

To ensure that the results obtained from regression (1) in Section 2 are not driven by forecast revisions
being correlated with the error term, we follow Coibion and Gorodnichenko (2015) by adopting an IV
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 announcements (following the approach in Giirkaynak, Sack, and
Swanson (2005); 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 (Meier and Reinelt, 2024). Table A.4 reports the
results of the IV regression. The coefficients are positive and statistically significant (also using weak
instrument-robust inference), with point estimates that are even larger than the ones reported in Section
2.

Table A.4: Instrumental variable regression

Mean Median
expectations  expectations

Nominal housing prices

hee 2.85%* 3.84%%
(1.259) (1.497)
First-stage F-statistic 21.88 17.78
AR Wald test p-value 0.01 0.00
N 46 46

Real housing prices

(R 2.62%* 3.45%*
(0.745) (0.649)
First-stage F-statistic 44.49 34.13
AR Wald test p-value 0.00 0.00
N 46 46

Notes: bCG report the results from regression (1), instrumenting forecast revisions using monetary policy
shocks. Heteroskedasticity-robust standard errors in parentheses. First-stage F-statistic is the Kleibergen and
Paap (2006) heteroskedasticity-robust test for the first stage significance. AR Wald test is the Anderson and
Rubin (1949) weak instrument-robust Wald test statistic for the significance of G, Significance levels: ***
p <0.01, ** p <0.05, * p<0.1
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A.4 Sluggish adjustment of housing price growth expectations

Regression (1) in Section 2 studies sluggish adjustment of expectations about the housing price level.
Similar results can be obtained when considering expectations about housing price growth. Specification
1 in Table A.5 reports the regression coefficient when one replaces actual and expected housing price
levels on the left-hand side of equation (1) with actual and expected housing price growth. The coefficient
estimates remain positive and highly statistically significant. Specification 2 in Table A.5 reports results
when replacing expectations about housing price levels with expectations about housing price growth on
the right-hand side of equation (1) and Specification 3 reports results when replacing levels by (actual
and expected) housing price growth on both sides of equation (1). The coefficient estimates remain
positive, but the significance levels are lower for Specifications 2 and 3.

Table A.5: Sluggish adjustment of housing price growth expectations

Mean Median
expectations  expectations

Specification 1
Nominal housing prices
(R 0.023%** 0.030%**
s.e. (0.005) (0.005)
R? 0.57 0.64
N 52 52
Real housing prices
[ 0.024*** 0.031%**
s.e. (0.004) (0.004)
R? 0.56 0.64
N 52 52
Specification 2
Nominal housing prices
bee 492 182
s.e. (279) (210)
R? 0.18 0.01
N 52 52
Real housing prices
s 302* 158
s.e. (164) (168)
R? 0.16 0.02
N 52 52
Specification 3
Nominal housing prices
(R 5.20" 2.16
s.e. (2.896) (2.06)
R? 0.18 0.01
N 52 52
Real housing prices
[ 3.33* 1.75
s.e. (1.798) (1.899)
R? 0.15 0.02
N 52 52

Notes: This table shows the results of regression (1) in terms of housing price growth rates instead of housing
price levels. See the text above for more details on the specifications. Standard errors (in parentheses) are
robust to heteroskedasticity and autocorrelation (Newey-West with four lags). Significance levels: *** p < 0.01,
* 3k *

p <0.05, * p<O0.1

One reason for the insignificance of some of the estimates in specification 3 may be attributed to

measurement error. To avoid this issue, we therefore now use monetary policy shocks as instruments
for the forecast revisions (as in Section A.3). We focus on mean expectations because the specifications
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using median expectations of housing price growth rates suffer from a weak-instrument problem. Table
A.6 shows the results. We see that in both cases, the estimates are now statistically significant at the
1% significance level.

Table A.6: Instrumental variable regression using housing price growth expectations

Mean
expectations
Nominal housing prices
bee 13.77*
(4.559)
First-stage F-statistic 29.38
AR Wald test p-value 0.0025
N 46
Real housing prices
[ 16.785%*
(4.748)
First-stage F-statistic 21.20
AR Wald test p-value 0.0004
N 46

Notes: bCG report the results from regression (1) in terms of housing price growth rates instead of housing
price levels, instrumenting forecast revisions using monetary policy shocks. Heteroskedasticity-robust standard
errors in parentheses. First-stage F-statistic is the Kleibergen and Paap (2006) heteroskedasticity-robust test
for the first stage significance. AR Wald test is the Anderson and Rubin (1949) weak instrument-robust Wald

test statistic for the significance of Bea, Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1
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A.5 Cyclicality of housing price forecast errors

A similar version of the test from Adam, Marcet, and Beutel (2017) presented in Section 2, 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

q;*‘* ~EP {q;ﬂ —a+7v PR, +e. (A.4)
t t

Table A.7 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 A.7: Forecast errors and price-to-rent ratios

Mean Median
expectations  expectations

Nominal housing prices

~ —0.5%** —0.5%**
s.e. (0.09) (0.10)
R? 0.60 0.49
N 52 52
Real housing prices

5 —0.5%** —0.5%**
s.e. (0.08) (0.10)
R? 0.62 0.52
N 52 52

Notes: This table shows the results of regression (A.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 autocorrelation (Newey-West with four lags). Significance levels: ***
p < 0.01, ** p <0.05 * p<0.1
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A.6 Dynamics of forecast errors with median and nominal housing price
expectations

Figure A.2 shows alternative specifications of the dynamic forecast error responses presented in Section

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) but considering median expectations.
The figure shows that these responses are very close to the baseline specification shown in Section 2.

Figure A.2: Dynamic Forecast error response to realized housing price growth

(a) Nominal (mean) housing price (b) Median (real) housing price
growth expectations growth expectations
4} 1 4 1
2t ] 2 i
= =
0 \/ 0 \/
2t ] ol 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
h h

Notes: Panel (a) shows impulse-response functions of nominal housing price growth forecast errors to a one
standard deviation innovation in housing price growth. Panel (b) shows the impulse-response functions of
median (real) housing price growth forecast errors of one-year ahead expectations to a one standard deviation
innovation in housing price growth. The shaded area shows the 90% confidence intervals, standard errors are
robust with respect to heteroskedasticity and autocorrelation (Newey-West with h + 1 lags).
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A.7 Results when excluding the COVID-19 period

The empirical results reported in Section 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 COVID-19 period. Tables A.8 and A.9 show that our results are
qualitatively and quantitatively robust to excluding observations from the years 2020 and 2021.

Table A.8: Sluggish adjustment of housing price expectations: excluding COVID-19 period

Mean Median
expectations  expectations

Nominal housing prices

bee 2.18%** 2.80%**
s.e. (0.503) (0.502)
R? 0.60 0.67
N 51 51
Real housing prices

[ 1.97%% 2.43***
s.e. (0.332) (0.360)
R? 0.59 0.63
N 51 51

Notes: This table shows the results of regression (1) excluding the COVID-19 period, i.e., we exclude the years
2020 and 2021. The reported standard errors are robust with respect to heteroskedasticity and autocorrelation
(Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1

Table A.9: Expected vs. actual housing price growth: excluding COVID-19 period

bias (in %)  p-value N

¢ (in %) ¢ (in %) —E(&—¢) Hy:c=c

Nominal housing prices

Mean expectations 0.029 -0.105 0.001 0.000 49
(0.0075)  (0.0074)

R? 0.011 0.299

Median expectations 0.013 -0.105 0.009 0.000 49
(0.0010)  (0.0074)

R? 0.028 0.299

Real housing prices

Mean expectations 0.026 -0.117 -0.0027 0.000 49
(0.0162)  (0.0089)

R? 0.003 0.330

Median expectations 0.008 -0.117 0.0055 0.000 49
(0.0040)  (0.0089)

R? 0.0003 0.330

Notes: This table shows the results of regressions (2) and (3) excluding the coronavirus period, i.e., we exclude
the years 2020 and 2021. ¢ is the estimate of ¢ in equation (2)and € the estimate of ¢ in equation (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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A.8 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. As the Case-Shiller Price Index is not
available at the regional level, we construct 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 aggregate city price indices to a regional index
using two alternative approaches. A first approach weighs cities by population (as of 2019) within each
region, while a second approach uses equal weights for all cities within a region.

Table A.10 lists the cities, the assigned region, and the population weights, calculated as the ratio of
the population in the considered city, divided by the total population across all cities in the respective
region. We deflate nominal housing price indices by the aggregate CPI and obtain real housing price
expectations by deflating nominal (mean) expectations with region-specific (mean) inflation expectations.

Table A.10: Regions, cities and their weights

City Region Weight City Region Weight

Denver West 10595 Chicago North Central 13789
Las Vegas West % Cleveland North Central %
Los Angeles West 13:255 Detroit North Central %
Phoenix West 1ld§53935 Minneapolis North Central 40.'1—%329
Portland West Y Atlanta South 9288
San Diego West 13:;55 Charlotte South %8;
San Francisco West 1%%45 Dallas South %
Seattle West 100'_752945 Miami South %83
Boston North East % Tampa South %ﬁg
New York North East % Washington DC South %

Notes: This table lists the twenty cities for which the Case-Shiller Home Price Index is available, the assigned
region, and the population weights.

Table A.11 reports the region-specific estimates of b“¢ from regression equation (1). All point
estimates are significantly positive with magnitudes broadly in line with the estimates at the national
level. This shows that households also sluggishly update expectations about regional houseprices,
consistent with the findings reported for the national level reported in the main text.

Table A.12 reports the region-specific estimates of ¢ and ¢ from regressions (2)and (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 A.3 shows the dynamic forecast errors responses to a one standard deviation innovation in the
real housing capital gain in each of the four regions, for population-weighted and equal-weighted averages
of city price indices. In line with the baseline findings, households’ housing price growth expectations
initially underreact but later overshoot.
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Table A.11: Sluggish adjustment of housing price expectations across regions crisis

Weighted  Unweighted

beeEw 2.00*** 1.95%**
(0.411) (0.374)
R? 0.54 0.52
N 51 o1
/b\CG,NE 1.24%%* 1.15%**
(0.385) (0.441)
R? 0.28 0.24
N 51 51
/ECG,NC 1.97%%* 1.95%**
(0.461) (0.459)
R? 0.52 0.52
N 51 51
/b\C'G,S 1.74%%* 1.94%%*
(0.385) (0.393)
R? 0.47 0.55
N 51 ol

Notes: This table shows the results of regression (1) using regional housing prices and expectations. The
superscripts 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 autocorrelation
(Newey-West with four lags). Significance levels: *** p < 0.01, ** p < 0.05, * p < 0.1
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Table A.12: Expected vs. actual housing price growth across regions

bias (in %)  p-value

¢ (in%) ¢ (in%) ~E(@—-¢) Hy:c=c

West

Population-weighted 0.109 -0.216 0.090 0.083
(0.0036)  (0.1360)

R? 0.318 0.192

Equally weighted 0.132 -0132 0.137 0.183
(0.0034) (0.1197)

R? 0.308 0.139

North Central

Population-weighted 0.045 -0.544 0.008 0.000
(0.0089)  (0.0256)

R? 0.040 0.579

Equally weighted 0.088 -0.458 0.0191 0.000
(0.0118) (0.0769)

R? 0.159 0.409

North East

Population-weighted 0.013 -0.474 0.001 0.000
(0.0089) (0.0072)

R? 0.001 0.647

Equally weighted 0.126 -0.315 0.023 0.000
(0.0187)  (0.0838)

R? 0.155 0.278

South

Population-weighted 0.210 -0.008 0.137 0.144
(0.0023)  (0.1067)

R? 0.555 0.095

Equally weighted 0.163 -0.238 0.055 0.014
(0.0044)  (0.1250)

R? 0.437 0.204

Notes: This table shows the results of regressions (2) and (3) for different regions. ¢ is the estimate of ¢ in
equation (2) and € the estimate of ¢ in equation (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. The number of observations is 48 for all
specifications.
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Figure A.3: Regional dynamic forecast error responses to realized housing price growth

(a) West (b) North Central

10

— Weighted
— Unweighted

0 4 8 12 16 20 24
h
(b) North East

Notes: The figure shows the dynamic response of real housing price growth 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 housing price growth. Solid lines indicate results for population-weighted city housing
price indices. Dashed lines show results for equal-weighted indices. The shaded area shows the 90%-confidence
intervals, standard errors are robust with respect to autocorrelation and heteroskedasticity (Newey-West with
h+ 1 lags).
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Figure A.4: Dynamic responses to a realized housing price growth using monthly data

Housing price growth forecast errors
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Notes: This figure reports the dynamic response of housing price forecast errors at horizon h of one-year ahead
expectations to a one standard deviation innovation in housing price growth using monthly data. Positive
(negative) values indicate that realized housing price growth exceeds (falls short of) expected housing price
growth. The shaded area shows the 90% confidence intervals, standard errors are robust with respect to
autocorrelation and heteroskedasticity (Newey-West with h + 1 lags).

A.9 Monthly Observations

As our baseline specification, we focus on quarterly observations as this directly maps into our model,
given that we calibrate the model to a quarterly frequency. However, as tables A.13-A.14 and Figure
A .4 show, our results are very similar when considering monthly data.' Again, we find that house price
expectations are updated sluggishly, that expected and actual housing price growth expectations exhibit
a significantly-different cyclicality, and that house price growth expectations initially underreact, followed
by a delayed overshooting.

Table A.13: Sluggish adjustment of housing price expectations using monthly data

Mean Median
expectations  expectations

Nominal housing prices

boG 2.26%** 3,08
s.e. (0.434) (0.468)
R? 0.46 0.59
N 165 165
Real housing prices

boG 1.90%** 2.41%%*
s.e. (0.316) (0.341)
R? 0.48 0.55
N 165 165

Notes: This table shows the estimates of regression (1) for nominal and real housings prices and using mean
and median expectations when considering monthly data. The standard errors in parentheses are robust
with respect to heteroskedasticity and autocorrelation (Newey-West with twelve lags). Significance levels: ***
p < 0.01, ** p <0.05, * p<O0.1.

1Since the price-to-rent ratio from the OECD is not available at monthly frequency, we construct our own PR ratio by
dividing the house price from the Case/Shiller index by the rent price of primary residence used in the CPI (the exact data
series we use is the Consumer Price Index for All Urban Consumers: Rent of Primary Residence in U.S. City Average,
Monthly, Seasonally Adjusted, downloaded from the FRED database).
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Table A.14: Cyclicality of expected vs. actual housing price growth using monthly data

bias (in %)  p-value N

clin%) €% _pe_&) Hy:c=c

Nominal housing prices

Mean expectations 0.043 -0.591 0.015 0.000 164
(0.016) (0.309)

R? 0.025 0.234

Median expectations 0.013 -0.591 0.018 0.005 164
(0.002) (0.309)

R? 0.016 0.234

Real housing prices

Mean expectations 0.034 -0.621 0.012 0.000 164
(0.035) (0.293)

R? 0.001 0.281

Median expectations 0.001 -0.621 0.015 0.001 164
(0.008) (0.293)

R? 0.001 0.281

Notes: € is the estimate of ¢ in equation (2) and € the estimate of ¢ in equation (3). The table reports
the results when using monthly data. Standard errors in parentheses are based on Newey-West with twelve
lags. The Stambaugh (1999) small-sample bias correction is reported in the second-to-last column and the last
column reports the associated p-values for the null hypothesis ¢ = ¢, using the small sample bias correction.
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A.10 The volatility of price-to-rent ratio and of the natural rate

Figure A.5 shows the evolution of natural rates of interest and price-to-rent ratios for the U.S., Canada,
France, Germany, and the United Kingdom, which we use in Section 2.? The natural rates are estimated
by Holston et al. (2017), Fujiwara, Iwasaki, Muto, Nishizaki, and Sudo (2016), Lubik and Matthes (2015),
and Del Negro, Giannone, Giannoni, and Tambalotti (2017). 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 price-to-rent ratios to annual series by taking harmonic averages.

Figure A.5: Natural rates, potential growth rates, and price-to-rent ratios

(a) Natural rates of interest (b) Potential growth rates
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Notes: Panels (a), (b), and (d) show the evolution of the natural rate of interest and potential growth rates
taken from Holston et al. (2017) and Fujiwara et al. (2016) and price-to-rent ratios (right panel) for advanced
economies. Panel (c) complements with alternative estimates of the natural rate of interest for the US by
Lubik and Matthes (2015) and Del Negro et al. (2017).

Figure A.6 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 A.8 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

2We use the Holston, Laubach, and Williams (2017) vintage as of May 2021, which ends in 2020Q2. In this appendix,
we harmonize all data series to annual frequency by taking averages over quarters within the year. As can be seen from
Figure A.5, the natural rate series are therefore not affected by extreme dynamics during the COVID-19 period. However,
our main results in Figure 3 are robust to including the COVID-19 period using the November 2023 vintage of the natural
rate estimates.
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in the volatility. The increase in the volatility of the PR ratio and the natural rate were statistically
significant in most of the advanced economies. The evidence is not always statistically significant due
to the high autocorrelation of the price-to-rent ratio and the natural rate, which makes it difficult to
estimate standard deviations precisely. Figure A.7 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 A.6: Volatility of the PR ratio and natural rates pre and post 1990.

(a) Standard Deviation of the (b) Standard Deviation of Natural Rate
Price-to-Rent Ratio Pre and Post 1990 Pre and Post 1990

Pre 1990
B Post 1990
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CAN FRA GER JAP UK USA CAN  Euro Area  JAP UK USA

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 A.7: 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 A.8: 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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Appendix B Details of the full model

B.1 Household optimality conditions

Internally rational households choose state-contingent sequences for the choice variables
{Cy, Hy(j), Dy, DE, By} so as to maximize (16), subject to the budget constraints (17), taking as given
their beliefs about the processes {P;,w:(j),qi, Re,it, X¢/ Py, X8/ Py, T/ P}, as determined by the
(subjective) measure P.

The first order conditions give rise to an optimal labor supply relation

we(5) = A (He(5)" Cy (B.1)
a consumption Euler equation
1 1 1474
Ct " [ Cip1 P /Py (B2)
an optimality condition for rental units
1
d
=Ri— B.3
& = Fig (B.3)

and a set of conditions determining the optimal housing demand D;:

qt < €4+ B(1 =8 ET [qi1]*  if Dy = D™ax
gt =&+ B(1 = 0)EL [qr1]*  if Dy € (0, D™ax) (B.4)
gt > &+ B(1 = 6)El [qp41]*  if Dy =0,

where ¢;* denotes the real price of houses in marginal utility units, defined as

1
u = —_
qy = qt c,
The variable ¢;* provides a measure of whether housing is currently expensive or inexpensive, in units
that are particularly relevant for determining housing demand.® The price-to-rent ratio is given by
_ & 4
PRt = = = 3.
Ry gf
With rational expectations, the upper and lower holding bounds in (B.4) never bind.* Since we
are interested in how the presence of belief distortions about future housing values affect equilibrium
outcomes, the bounds in equation (B.4) 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 ¢¢.
Forward-iterating on equation (B.2), which holds with equality under all belief specifications, delivers
a present-value formulation of the consumption Euler equation

1 T—t

7ﬁTH 1+ 44k

1
— = lim E] —_—
" |Cr Pt Pryks1/ Ptk

t T—o0

, (B.5)

which will be convenient to work with, especially under subjective belief specifications. Household choices
must also satisfy the transversality constraint

lim fTEP {1BT + DTC]%} =0. (B.6)
T—o0 CT

Optimal household behavior under potentially subjective beliefs is jointly characterized by equations
(B.1) and (B.3)-(B.6).

We shall be particularly interested in the policy implications generated by subjective housing price
beliefs. To ensure that an optimum exists in the presence of potentially subjective beliefs about the
housing price, we require housing choices to lie in some compact choice set D; € [0, D™?*], where the
upper bound can be arbitrarily large. Overall, we wish to consider a minimal deviation from rational

3In Section 3, gy and ¢ coincide due to risk-neutrality.
4The upper bound D™?2* 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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expectations, therefore keep expectations about all other variables rational to the extent possible.’
Finally, to ensure that households’ subjectively optimal plans satisfy the transversality condition, we
assume that households hold rational housing price growth expectations in the very long run, i.e., after
some arbitrarily large but finite period T < 00. We then consider the policy problem with subjective
beliefs in periods t < T.

B.2 Goods producing firms’ optimality conditions

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

Y (i) = A f(he(i)) = Atht(i)1/¢a (B.7)

where A; is an endogenously varying technology factor, and ¢ > 1. The Dixit-Stiglitz aggregation implies
that the quantity demanded of each individual good 4 will equal”

i) =i (240) - (B.5)

where Y; is the total demand for the composite good, p;(7) is the price of the individual good, and P; is
the price index,

P, = [/Olpt(i)l”dz} ﬁ, (B.9)

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, =Cy + k. (B.10)

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). Producers use the representative
households’ subjectively optimal consumption plans to discount profits and are assumed to know the
product demand function (B.8). They need to formulate beliefs about the future price levels Pr, industry-
specific wages wr(j), aggregate demand Y7, and productivity Ar.

Let 0 < «a < 1 be the fraction of prices that remain unchanged in any period. A supplier ¢ in industry
j that changes its price in period ¢ chooses its new price p;(¢) to maximize

Ef Z o 7' Qu 11 (py(i), Pr,wr(j), Yr, Ar), (B.11)
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 nominal income in period T using households’
subjective stochastic discount factor @ r, which is given by

uc (Cr,&r) Py

_ aT—t
Qur=F uc (Cr,&) Pr’

The term o~ in equation (B.11) captures the probability that a price chosen in period ¢ will not have

been revised by period T, and the function II(-) indicates the nominal profits of the firm in period T
with the price set at time ¢, as discussed next.

Profits are equal to after-tax sales revenues net of the wage bill. Sales revenues are determined by
the demand function (B.8), so that (nominal) after-tax revenue in period T" with the price set at time ¢

5In particular, household continue to hold rational expectations about all other prices, i.e., about {P:,w:(5),4+} and
firms hold rational expectations about {P;, w¢(j), Y }. Furthermore, all actors continue to hold rational expectations about
the exogenous fundamentals. Beliefs about profits and lump sum taxes, {3:/P:,T;/P;} continue to be determined by
equations (B.20) and (B.24), evaluated with rational output expectations and the state-contingent optimal choices for
{Hy¢, k¢, B¢ }. Rental price expectations, however, cannot be kept rational: they need to satisfy equation (B.3), which shows
that they are influenced by the subjectively optimal consumption plans implied by equation (B.5).

6 Appendix B.6 shows that this is sufficient to ensure that subjectively optimal plans satisfy the transversality constraint
(B.6).

"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, and that it seeks to obtain this good
through a minimum-cost combination of purchases of individual goods.
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equals

AN\ 7
. P2
(- n)nive (282) .
T
Here 7 is a proportional and time-constant tax on sales revenues. 7 is set such that the steady state is
efficient with firms setting prices equal to marginal costs.
The labor demand of firm 4 at a given industry-specific wage wr(j) can be written as

Yr\? o o e
1) p@ TR, (B.12)

which follows from (B.7) and (B.8). Using this, the nominal wage bill is given by

Yr

¢
Prwr(j) (AT) (i) "7 PR (B.13)

Subtracting the nominal wage bill at time 7" from the above expression for nominal after-tax revenue at
time T', we obtain the function

; ¢
, . . i N (Y -
I ), Pr wr (i), Yo dr) = (1= 7)Y (P02 ) = Praeti) (32 ) mtorp (B0
used in (B.11).
Each of the suppliers that revise their prices in period ¢ chooses the same new price p}, that maximizes
(B.11). The first-order condition with respect to p;(i) is given by®

o0
EPY o QT (pi(i), Pr,wr(4), Yr, Ar) = 0.
T=t

The equilibrium choice p;, which is the same for each firm 7 in industry j, is the solution to this equation.
Letting p; denote the price charged by firms in industry j at time ¢, we have p{ = p} in periods in which
industry j resets its prices and p] = p]_; otherwise.

Under the assumed isoelastic functional forms, the optimal choice has a closed-form solution

%) . ¢ ne+1
(1) T o) (3) () @1
&t = .15
oo 7
F EP Y Tt Qi r(1 — 7)Y (%)
The price index evolves according to a law of motion
P = [(1 —a)p ¢ aPtl__f’] o (B.16)

as a consequence of (B.9). Inflation is characterized by

%

(o) .

The welfare loss from price adjustment frictions can be captured by price dispersion, which is defined as

1 j 77](14’&))
A, = / <pf> dj > 1, (B.18)
o \ P

w=¢(l4+v)—1>0

where

8Note that supplier #’s profits in (B.11) are a concave function of the quantity sold y¢ (%), since revenues are proportional
n—1
to y¢(¢) 7 and hence concave in y;(%), while costs are convex in y¢(3). Moreover, since y;(%) is proportional to p:(7)~",
the profit function is also concave in p¢(¢)~". The first-order condition for the optimal choice of the price p¢ (i) is the same
as the one with respect to p¢(¢) ~"; hence the first-order condition with respect to p¢(i) is both necessary and sufficient for

an optimum.
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is the elasticity of real marginal cost in an industry with respect to industry output.

Using equation (B.16) together with the fact that the relative prices of the industries that do not
change their prices in period t remain the same, one can derive a law of motion for the price dispersion
term A; of the form

At :h(At,hPt/Ptfl), (B].g)

with
n(1l+w)

-1 =
P, n 1—1
P

l—«

P, n(1+w) 11—«
h(AtaPt/Pt—l) = OéAt <P 1) +(1*OZ)
t—

As is commonly done, we assume that the initial degree of price dispersion is small (A_; ~ O(2)).
Equations (B.15), (B.17), and (B.19) jointly define a short-run aggregate supply relation between
inflation, output, and housing prices (via the aggregate demand equation (B.10) and (B.23)), given
the current disturbances &, and expectations regarding future wages, prices, output, consumption and
disturbances. Equation (B.19) 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
Xy

- =1 =7)Y; —wHy, (B.20)
Py

where w; H; = fol we(j)he(j)dj.

B.3 Housing construction firms’ optimality conditions

The representative housing construction firm chooses investment in new houses, k;, and takes housing
prices ¢; as given, to maximize profits

% =P, (Qtﬂi(kt;Af) - kt) ) (B.21)
given the production function
oAd
dy = Etkta' (B.22)

This gives rise to thr optimality condition characterizing optimal investment in new houses:
1 1
ky = (qut) T-a _ (Aglqgct) e (B.23)

B.4 Government budget constraint and market clearing

The government imposes a sales tax 7, issues nominal bonds B, = P;B;, and pays lump-sum transfers
T; to households. The government budget constraint is given by

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; 1+
— =17Y,+ B;_ 1——1. B.24
p, Tt 1( Pt/PH) (B24)

Using the total demand equation (B.10) and the expression for optimal housing investment (B.23),
one can express the market clearing condition for the consumption/investment good as

l/;g = Ct + thtﬁ7 (B25)

where )
Q= (Afg) ™" >0 (B.26)

is a term that depends on exogenous shocks and belief distortions in the housing market only, see equation
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(B.4). The previous two equations implicitly define a function
Ct = O(Y;hqzlaft)a (B27)

which delivers the market clearing consumption level, for a given output level Y;, given housing prices
g and given exogenous disturbances &;.
The market clearing condition for housing is

Dy — (1= 68)Dy_1 = d(ky; AY), (B.28)

and rental market clearing requires
DE =o. (B.29)

Labor market clearing requires that the supply of labor of type j in (B.1) is equal to labor demand of
industry j, as all firms in the industry charge the same price. This delivers

wi(j) = A (Z)w c, (’;{) o (B.30)

B.5 Equilibrium

We now define the Internally Rational Expectations Equilibrium (IREE), which is a generalization of the
notion of a Rational Expectations Equilibrium (REE) to settings with subjective private sector beliefs:

Definition 1 An Internally Rational Expectations Equilibrium (IREE) is a bounded stochastic process
for {Yy, Cy, ki, Dy, {we(4) }, pi, Pry Ay G it} e Satisfying the law of motion of the aggregate price index,
the firms’ optimal price setting behavior, the law of motion for the evolution of price distortions, the
household optimality conditions (B.4), (B.5), the housing sector’s optimal investment (B.23), and the
market clearing conditions (B.25), (B.28) and (B.30) 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 policy.” In
the special case with rational beliefs (E][] = 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 equations (B.20) and (B.21), and equilibrium taxes by equation
(B.24). Equilibrium labor supply H.(j) follows from equation (B.1) for each labor type j. Equilibrium
bond holdings satisfy B, = B_; and equilibrium inflation is II; = P;/P,_;. Equilibrium rental units are
given by equation (B.29) and equilibrium rental prices by equation (B.3).

B.6 Assumptions about long-run beliefs and validity of the transversality
constraint

To ensure that the subjectively optimal consumption plans satisfy the transversality condition (B.6), we
impose that households perceive housing price growth to follow the law of motion

u

= bt + &¢ (B31)

4t
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. Agents thus perceive

g =q"* forallt > T, P almost surely,

where ¢ =&l =37, By[(1 — Ot BT~t¢d] is the rational expectations housing price.

To show that under the considered subjective belief specifications, the optimal plans satisfy the
transversality constraint, we observe that since Dy € [0, D™*] and EF¢% = Ey% for T > T', we have
limy oo BTE] (Drg¥) = 0. We thus only need to show that limy_,o, 8T EF %TBT = 0. Combining the

9The transversality condition (B.6) must also be satisfied in equilibrium, but is not imposed as an equilibrium condition,
as it will hold for all belief specifications considered.
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budget constraint (17) with (B.20) and (B.24) we obtain
Cy+ By + (Dt —(1—=0)Dy—q1 — Cz(k't;ft)) ' Ci + ki =Y, + B 1. (B.32)
For t > T" the subjectively optimal plans satisfy market clearing in the housing market, i.e.,
Dy — (1 =0)Dy_y — d(ky; &) =0
so that the budget constraint implies
Co+Bi+ k=Y, + DB 1. (B.33)

Furthermore, for ¢ > T" subjectively optimal plans also satisfy market clearing for consumption goods,
ie.,

Ci+ k=Y.

It thus follows that the subjectively optimal debt level B; in the budget constraint (B.33) is constant
under the subjectively optimal plan, after period ¢ > T’. Furthermore, the expectation about Y; in
the budget constraint (B.33) is rational under the assumed lump sum transfer expectations, 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 1/Cr are bounded in the rational expectations equilibrium, it follows that
limTﬁoo ﬁTEZDCflTBT =0.

B.7 Response of housing investment to monetary policy

To prove equation (34), start by recalling the definition of ¢}* = q:u.(Cy; &) which implies
log ¢;' = log g; + log uc(C; &),

where U.(Cy; &) denotes the marginal utility of consumption. We show here the case of a general
CRRA utility function with relative risk aversion % With log utility, we have % = 1. Under the
considered belief setup in which agents learn about risk-adjusted housing price growth, the dynamics

of risk-adjusted housing price growth and beliefs are independent of monetary policy. The response of

dlog

log ¢;* to a unexpected change in the path of nominal rates ¢ is thus diq? = 0, so that

dlog q: o _legﬁc(Cﬁft)
di di
dlogu.(Cy; &) dlog Cy
dlog C di

_ ﬂCC(C't; ft)Ct d IOg Ct
ﬂc(cﬁ ft) di

1 dlog Cy
g8t B.34
o di ( )
The optimal housing supply equation (B.23) can be written as
1 d
log ky = T & (logAt + logqt) .

Taking derivatives with respect to ¢ in the previous equation and using (B.34) delivers (34).

B.8 Impulse responses to a monetary policy shock

Figure B.1 depicts the impulse-response functions of the subjective belief model to a contractionary
monetary policy shock, when monetary policy sets the nominal interest rate according to a Taylor
rule: iy = 1.5m + &M with eMF denoting an exogenous monetary policy shock. We see that the
output gap, inflation, consumption, and housing investment all decrease following a contractionary shock.
Importantly, housing investment decreases substantially more strongly than non-durable consumption.
Also, housing prices are affected by monetary policy, even though housing prices in marginal utility
terms, g;', are independent of monetary policy. In the remainder of this paper, we move away from
Taylor rules, and instead characterize Ramsey optimal monetary policy.
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