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Summary

This dissertation contains three independent chapters in the form of three original re-
search manuscripts. A common theme in this dissertation is the topic of dynamic stochas-
tic general equilibrium (DSGE) models. This class of models is widely used for empirical
research in macroeconomics, as well as for forecasting and quantitative policy analysis
in many central banks and other policy institutions. Recent advances in methods to
estimate DSGE models using higher-order approximations have enabled research where
nonlinear effects play an important role. The objective of this dissertation is to use these
new methods to address gaps in the literature of macroeconomics, and contribute in the
understanding of nonlinearities in DSGE models.

The first chapter, Bond Market: New Evidence on Inflation Dynamics in the New
Keynesian Model, compares the relative performance of the New Keynesian model when
using the price-setting schemes of Taylor (1980), Rotemberg (1982), Calvo (1983), and
the sticky-information scheme of Mankiw and Reis (2001). We solve and estimate these
four versions of the New Keynesian model to third order using GMM and compare their
fit to both macroeconomic and bond market data for the U.S. economy. Our results show
that the price-setting schemes are broadly equivalent in their ability to fit macroeconomic
data, but only the Rotemberg and Calvo schemes are able to match the variability in the
nominal term premium.

The second chapter, Estimating the Price Markup in the New Keynesian Model (joint
work with Martin M. Andreasen), shows that the price demand elasticity can be estimated
reliably in a standard log-linearized version of the New Keynesian model when including
firm profit as an observable in the estimation. Using this identification strategy for the
post-war US economy, we find an estimated price demand elasticity of 2.58 with a tight
standard error of 0.31. This corresponds to an average price markup of 63% with a 95%

confidence interval of [39%, 88%]. We also show that a calibrated markup of 20%, as
commonly used in the literature, is rejected by the data, because it generates too much
variability in firm profit.

The third chapter, Long-term Loans in a Business Cycle Model, develops a busi-
ness cycle model where long-term loans are used to finance infrequent adjustments or
purchases of residential housing. The model is solved to third order to account for time-
varying risk premia in long-term interest rates, and calibrated to correspond with an

vii



viii Summary

economy where house owners adjust their housing condition once every five years. We
then show that long-term loans create inertia in the housing market, which significantly
suppress the initial economic impact of unanticipated shocks. We also show that long-
term loans prolong the real effects from monetary policy changes, and effectively delay
the economic impact of a monetary policy change to the medium- and long-term.
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Danish summary

Denne afhandling består af tre uafhængige kapitler i form af tre originale forskningspro-
jekter. Alle kapitler omhandler dynamisk stokastisk generel ligevægts (DSGE) mod-
eller, hvilket er en model klasse som i vid udstrækning bruges til forskning inden for
makroøkonomi, såvel som et værktøj til prognoser og kvantitative politiske analyser i
centralbanker of andre politiske institutioner. Nylige fremskridt i metoder til estimering
af DSGE-modeller ved højere ordens approksimationer, har åbnet vejen for forskningsem-
ner hvor ikke-lineære effekter spiller en stor rolle. Målet med denne afhandling er at
bruge disse nye løsningsmetoder, til at udforske og afklare ubesvarede makroøkonomiske
spørgsmål samt få en bedre forståelse af ikke-lineariteter i DSGE-modeller.

I det første kapitel, Bond Market: New Evidence on Inflation Dynamics in the New
Keynesian Model, sammenlignes en Ny Keynesiansk model når der bruges fire forskellige
metoder til at modellere udviklingen i inflationen. De fire forskellige metoder vi studerer
er fra Taylor (1980), Rotemberg (1982), Calvo (1983) og en metode baseret på ideen
om træghed i informations-deling af Mankiw and Reis (2001). Modellerne er løst og
approksimeret til tredje-ordens præcision, og er derefter estimeret ved hjælp af GMM.
Efterfølgende sammenlignes modellernes præcision på makroøkonomisk og finansiel data
fra den amerikanske økonomi. Vi finder evidens for, at de fire metoder stort set er lige
gode til at genskabe makroøkonomisk data, men kun metoderne af Rotemberg og Calvo
er i stand til, at ramme variabiliteten i term præmien på obligationer.

I det andet kapitel, Estimating the Price Markup in the New Keynesian Model (skrevet
i samarbejde med Martin M. Andreasen), bliver det vist, at priselasticiteten for efter-
spørgelsen kan estimeres i en log-lineær version af den Ny Keynesianske model når selsk-
abernes profit er inkluderet som en observeret variabel i estimeringen. Ved at bruge denne
identifikations-strategi for efterkrigsårene i den amerikanske økonomi, priselasticiteten for
efterspørgelsen estimeret til 2,58 med en snæver standardfejl på 0,31. Dette svarer til
en gennemsnitlig markup på 63% med et 95% konfidensinterval på [39%, 88%]. Vi viser
også, at en kalibreret markup på 20%, hvad der normalt bruges i litteraturen, er afvist
af dataet fordi en markup på denne størrelse skaber for meget variabilitet i selskabernes
profit.

I det tredje kapitel, Long-term Loans in a Business Cycle Model, udvikles en kon-
junkturmodel med nominelle langsigtede lån, som bruges til at finansiere uregelmæssige

ix
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køb og ændringer af private boliger. Modellen er løst og approksimeret til tredje-ordens
præcision for at tage højde for tids-varierende risiko-præmien i de lange renter, og er
kalibreret til at svare til en økonomi hvor husejerne ændrer deres boligsituation en gang
hvert femte år. Vi viser derefter, at langfristet lån genererer en træghed i boligmarkedet,
hvilket dæmper det initiale stød til økonomien efter et uventet stød. Vi viser også, at
langfristet lån forlænger effekten af pengepolitiske ændringer, og forsinker de økonomiske
virkninger af pengepolitiske ændringer til mellem- og langsigt.
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Bond Market: New Evidence on Inflation Dynamics in

the New Keynesian Model

Mads Dang
Aarhus University and CREATES

Abstract

This paper compares the relative performance of the New Keynesian model
when using the price-setting schemes of Taylor (1980), Rotemberg (1982), Calvo
(1983), and the sticky-information scheme of Mankiw and Reis (2001). We solve
and estimate these four versions of the New Keynesian model to third order using
GMM and compare their fit to both macroeconomic and bond market data for
the U.S. economy. Our results show that the price-setting schemes are broadly
equivalent in their ability to fit macroeconomic data, but only the Rotemberg and
Calvo schemes are able to match the variability in nominal term premium.

Keywords: Inflation, DSGE, New Keynesian model, Epstein-Zin preferences,
Yield curve, GMM estimation, Third-order perturbation approximation.

JEL: C13, E30, E31, E44.
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2 Chapter 1. Bond Market: New Evidence on Inflation Dynamics in the NK Model

1.1 Introduction

Price-stickiness is a central aspect in nearly all New Keynesian (NK) models, as it allows
monetary policy to have real effects. The presence of sticky prices is also in line with
micro-level price data which shows evidence of infrequent price changes within many
sectors (see Klenow and Kryvtsov (2008) and Nakamura and Steinsson (2008)).

In the context of dynamic stochastic general equilibrium (DSGE) models several price-
setting schemes have been proposed to generate price stickiness. For instance, in the
literature focusing on the macro-finance implications of the NK model, Rudebusch and
Swanson (2012) rely on the price-setting scheme of Calvo (1983), whereas Doh (2011)
and Andreasen (2012) use the quadratic adjustment cost scheme of Rotemberg (1982). In
this recent literature, which focuses on the links between financial markets and the real
economy, it is critical to correctly specify the underlying inflation process as it affects the
inflation-risk premium embedded in any nominal asset. But in the quest of deriving a NK
model that can reconcile evidence from financial markets and the real economy, not much
attention has been directed towards understanding the financial effects of the underlying
price-setting scheme (see Hördahl et al. (2008), Rudebusch and Swanson (2008), Doh
(2011), Andreasen (2012), Van Binsbergen et al. (2012), Rudebusch and Swanson (2012)).
This is partly because it is generally agreed that the implied dynamics of, for instance,
the Calvo and Rotemberg schemes are equivalent to first order. However, Ascari and
Rossi (2012) argue against this common belief. Their work shows that non-fully indexed
price contracts together with positive steady state inflation leads to different dynamics
of the two pricing schemes — even in a first-order approximation. This discrepancy may
also be sizable beyond first order, where positive steady state inflation can have large
effects on the model, as illustrated in Andreasen et al. (2018).

This paper studies the dynamics and non-linearities generated by the underlying
price-setting scheme within a general equilibrium framework. We study four price-setting
schemes, and estimate these four versions of the NK model by the generalized method
of moments (GMM) when using a third order perturbation approximation. Motivated
by the challenges in the current macro-finance literature we focus on the nominal bond
risk premium in a NK model where households have recursive preferences. The price-
setting schemes studied in this paper are: i) staggered-contracts of fixed length following
Taylor (1980), ii) Rotemberg (1982) adjustment costs, iii) Calvo (1983) contracts, and
iv) a variation of the sticky-information scheme by Mankiw and Reis (2001). Thus, we
estimate and compare four different versions of the NK model to determine which form
of price-setting scheme is most in line with evidence from financial markets and the real
economy. In doing so, we are the first to study and estimate a sticky-information scheme
beyond a standard log-linear approximation.

Our two main findings are as follows. First, the four price-setting schemes are broadly



1.2. The Baseline Model 3

equivalent in their ability to fit the level and variability of key macroeconomic variables,
consistent with previous findings in the literature. Second, the price-setting schemes can
also match the level of the nominal term premium, but only the Rotemberg and Calvo
specifications can reproduce the desired variability in term premium. When targeting
a standard deviation of 121 basis points (bps) for the 10-year term premium based on
the five-factor model of Adrian et al. (2013), the Rotemberg specification generates a
comparable standard deviation of 106 bps, followed by 77 bps with the Calvo scheme.
In contrast, the Taylor scheme and our formulation of the sticky-information scheme
generate much lower standard deviations of 9 and 6 bps, respectively.

The remaining part of this paper is organized as follows. Section 1.2 outlines a baseline
DSGE model with recursive preferences and fully flexible prices. Nominal price frictions
are introduced in Section 1.3, where we define the four price-setting schemes considered in
the present paper and show how to implement them into our baseline model. Section 1.4
presents the estimation results and analyzes the models’ fit to financial and real economic
data. Section 1.5 conducts additional analyzes, and Section 1.6 concludes.

1.2 The Baseline Model

In this section, we define a baseline DSGE model which is used to analyze the four price-
setting schemes. This baseline model consists of three types of agents: i) households, with
recursive preferences and internal consumption habits, who consume goods and supply
labor, ii) intermediate goods producing firms, who rent labor and capital to produce
intermediate goods sold in a monopolistic market, and iii) final good producing firms,
who repackage intermediate goods into a final good under perfect competition. Finally,
we also include a government and a central bank to allow for fiscal and monetary policy
analysis, respectively. In the remainder of this section we describe the structure of the
baseline model in greater detail, starting with the households.

1.2.1 Households

We assume that a representative household has a periodic utility function of the form

u (ct, lt) = dt

{
1

1− φ2

(
ct − bct−1

z∗t

)1−φ2
− φ0

l1+φ1
t

1 + φ1

}
, (1.1)

where ct and lt denote consumption and labor in period t, respectively. The variable dt
represents a preference shock at time t and is given by log(dt) = σdεd,t+1 where εd,t ∼
NID(0, 1), as in Andreasen et al. (2018). The variable z∗t denotes a technological trend
in the economy and is included to ensure the existence of a balanced growth path, as in
An and Schorfheide (2007). We allow for internal consumption habits if b > 0 to better
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fit macroeconomic data (see Christiano et al. (2005)). Following Rudebusch and Swanson
(2012), the households have recursive preferences as in Epstein and Zin (1989) and Weil
(1990), which we introduce by defining the value function of the representative household
as

Vt =


u (ct, lt) + βEt

[
(Vt+1)1−φ3

] 1
1−φ3 for u (ct, lt) ≥ 0 ∀t

u (ct, lt)− βEt
[
(−Vt+1)1−φ3

] 1
1−φ3 for u (ct, lt) ≤ 0 ∀t

, (1.2)

where β ∈ ]0, 1[ is the subjective discount factor and φ3 ∈ R\ {1}. By assuming Epstein-
Zin-Weil recursive preferences we gain more flexibility in reproducing financial evidence,
as it allows separation between the intertemporal elasticity of substitution (IES) and risk
aversion. Another reason for including recursive preferences is due to a large amount
of research showing that the assumption greatly improves DSGE models’ ability to fit
evidence from the financial markets (see Doh (2011), Rudebusch and Swanson (2012),
and Van Binsbergen et al. (2012)). When φ3 = 0, (1.2) reduces to the standard case
of expected utility with a tight link between the IES and risk aversion, whereas φ3 6= 0

amplifies the household’s risk aversion by effectively twisting their expectation of Vt+1.
When the periodic utility function u (ct, lt) ≥ 0 everywhere, a higher value of φ3 implies
higher risk aversion, whereas the opposite holds when u (ct, lt) ≤ 0 everywhere.

The household’s intertemporal budget constraint is given by

ct + Υ−1
t it + Tt +Dt,t+1bt+1 = rkt kt + wtlt +

bt
πt
, (1.3)

where the household’s expenditures consist of consumption, investment it, lump-sum
taxes Tt, and nominal state-contingent claims bt+1. The variable πt is gross inflation
and Υt denotes a deterministic trend in the real relative price of investment given by
log(Υt) = log(Υt−1) + log (µΥ,ss). The variable Dt,t+1 denotes the household’s nominal
stochastic discount factor. The right-hand side of the budget constraint represents income
in period t and consists of real returns from capital rkt kt, real labor income wtlt, and real
pay-off from previous periods contingent claims bt/πt. We assume that the household
owns the capital stock kt of the economy and makes the investment decision subject to
capital adjustment costs. Following Jermann (1998), the evolution of capital is given by

kt+1 = (1− δ) kt + it −
κ

2

(
it
kt
− ψ

)2

kt, (1.4)

where we allow for adjustment costs when κ > 0. The parameter ψ is set to ensure that
there are no adjustment costs when it/kt is at the steady state.

1.2.2 Final Good Producers

To allow for heterogeneous prices, we assume that a representative final good producing
firm repackages a continuum of intermediate goods yt(j) into a final good yt using the
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production technology

yt =

(∫ 1

0

yt(j)
η−1
η dj

) η
η−1

. (1.5)

Here, η > 1 denotes the elasticity of substitution between intermediate goods, and under
perfect competition the inverse demand function for intermediate good j is given by

yt (j) =

(
Pt (j)

Pt

)−η
yt, (1.6)

where Pt(j) denotes the nominal price of intermediate good j. Here, Pt denotes the
aggregate price level, meaning that the gross inflation is given by πt ≡ Pt/Pt−1.

1.2.3 Intermediate Good Producing Firms

The intermediate goods sector consists of a continuum of monopolistic competitive firms
indexed by j ∈ [0, 1]. Each firm consists of a production and pricing department who
chooses a production plan and sets a selling price on the firm’s output, respectively. At
the beginning of each period, the production department determines the cost-minimizing
production plan, and afterwards the pricing department sets the firm’s nominal price
Pt(j) to maximize profits conditional on the production plan. We describe the produc-
tion department’s optimization problem in this section, while the pricing department’s
problem is covered in Section 1.3.

For now, consider the production department of the j’th firm which rents capital kt(j)
and labor lt(j) to produce an intermediate good yt(j) using a Cobb-Douglas production
function

yt(j) = atkt(j)
θ (ztlt(j))

1−θ , (1.7)

where θ ∈ ]0, 1[. Here, zt represents a deterministic trend given by log(zt+1) = log(zt) +

log(µz,ss) and at denotes a stationary technology shock given by log at+1 = ρa log at +

σaεa,t+1 with ρa ∈ [0, 1[ and εa,t ∼ NID(0, 1). Following Altig et al. (2011), the techno-

logical trend in the economy is given by z∗t = Υ
θ

1−θ
t zt to allow the deterministic trend in

investment to differ from the trend in consumption and output, as seen in the U.S. Under
perfectly competitive factor markets, the production department takes the real wage rate
wt and the capital rental cost rkt as given when minimizing the production cost in each
period, that is

min
kt(j),lt(j)

wtlt(j) + rkt kt(j),

s.t. yt(j) = atkt(j)
θ (ztlt(j))

1−θ , (1.8)

a no-Ponzi game condition.
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The solution to this minimization problem is the optimal production plan and can be
expressed by the single equation

mct(j) =

(
θ

1− θ

)1−θ (
1

θ

)θ (rkt )θ w1−θ
t

atz
1−θ
t

, (1.9)

where mct(j) denotes marginal costs. Note that all firms face the same input prices and
technology shock, and firms therefore have the same marginal costs, i.e. mct(j) = mct.

1.2.4 The Government

The government consists of a monetary and fiscal authority. Fiscal policy shocks enter
the economy through a fiscal authority who levies lump-sum taxes Tt on the household.
To ensure a balanced growth path, the government expenditures gt are assumed to grow
at the same rate as output and private consumption, i.e. gt = g̃tz

∗
t , here g̃t is assumed

exogenous and evolves according to

log

(
g̃t+1

g̃ss

)
= ρg̃ log

(
g̃t
g̃ss

)
+ σg̃εg,t+1, (1.10)

with ρg̃ ∈ [0, 1[, εg̃,t ∼ NID (0, 1), and where g̃ss denotes the de-trended steady state level
of real government consumption. All government expenditures are financed by lump-sum
taxes, implying that Tt = gt.

To allow for monetary policy shocks we assume that a central bank sets the one-period
net interest rate r1,t according to a standard Taylor-type interest rate rule

r1,t = ρrr1,t−1 + (1− ρr)
[
r1,ss + βπ log

(
πt
πss

)
+ βy log

(
yt

z∗t ỹss

)]
+ σrεr,t+1, (1.11)

where ρr ∈ [0, 1[, βπ, βy ≥ 0, and εr,t ∼ NID(0, 1). Here, πss denotes gross inflation in
the steady state, and ỹss is the steady state of output normalized by the trend level, i.e.
ỹss = yt

z∗t

∣∣
ss
.

1.2.5 The Term Structure

The price of a n-period zero coupon bond follows from standard no-arbitrage, and is
given by

P bond
n,t = Et

[
Dt,t+1P

bond
n−1,t+1

]
. (1.12)

Here, P bond
1,t = exp (−r1,t) is the price of the one period bond, and Dt,t+1 = β λt+1

λt
1

πt+1
is

the household’s stochastic discount factor where λt is the Lagrange multiplier related to
the household’s budget constraint. The continuously compounded nominal yield on the



1.3. Extending the Baseline Model 7

bond rn,t is then given by

rn,t = − 1

n
logP bond

n,t . (1.13)

The term premium on long-term bonds can be interpreted as a compensation to
investors for risks over the lifetime of the bond. The term premium is thus very interesting
in the context of this paper, because the term premium can help us quantify the inflation
risk generated by the four price-setting schemes. In the literature, the term premium
on a long-term bond is typically expressed as the difference between the yield on the
bond and the unobserved risk-neutral yield for that same bond. Following Rudebusch
and Swanson (2012), we define the risk-neutral bond price

P̂ bond
n,t = exp (−r1,t)Et

[
P̂ bond
n−1,t+1

]
, (1.14)

where P̂ bond
0,t = 1. The risk-neutral bond price is similar to the bond price given by (1.12),

but for the risk-neutral bond price the discounting is performed using the risk-free rate
rather than the stochastic discount factor. The nominal term premium of a bond with
maturity n is then given by

TPn,t = rn,t − r̂n,t, (1.15)

where r̂n,t denotes the yield of the bond under risk-neutral evaluation.

1.3 Extending the Baseline Model

In this section, we extend the baseline model by introducing price rigidity through dif-
ferent price setting schemes. The section consists of two parts. In the first part, we
present each of the price-setting schemes and show how to implement them into the
baseline model. In the second part, we discuss how, and through which channels, the
price-setters’ behavior affect the real economy.

1.3.1 The Price-setting Schemes

We study four different price-setting schemes in this paper, selected on the basis of
popularity, tractability, and ease of implementation. The schemes generate nominal
price rigidity solely by restricting the behavior of rational price-setters, and as a result
implementing them into the baseline model is straightforward because the underlying
price-setting scheme only affect the pricing departments’ optimization problem. The four
price-setting schemes we consider are: i) staggered contracts with fixed length following
Taylor (1979), ii) the quadratic adjustment costs formulation of Rotemberg (1982), iii)
the Calvo (1983) specification, where the opportunity to change the price arrives at
random, iv) and pricing under staggered-information, which is an augmentation of the
sticky-information model proposed by Mankiw and Reis (2001).
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Taylor Scheme

Taylor (1980) suggested a scheme with multi-period contracts signed in a staggered man-
ner to generate nominal rigidity. The scheme relies on three assumptions to generate
price rigidity. First, all price-setters in the economy sign a contract every T periods
which binds their price for the duration of the contract. Second, all price-setters are
divided into T cohorts of equal size. And finally, the stagger effect is achieved by as-
suming that the cohorts take turn signing contracts in a fixed order. Combining these
three assumptions generate price rigidity, because there exists some price-setters in the
economy who must wait one or several periods before they can update their prices after
a shock hits the economy.

Now consider the pricing departments in cohort k who renew price contracts in the
current period under the Taylor scheme. They set the nominal price P ∗t on their goods
by solving the optimization problem

max
P ∗
t

Et
T−1∑
s=0

Dt,t+sPt+s

(
P ∗t
Pt+s

−mct+s
)
yt+s (k) ,

s.t. yt+s (k) =

(
P ∗t
Pt+s

)−η
yt+s.

(1.16)

The constraint in (1.16) is the inverse demand function of the intermediate good because
firms must satisfy demand at all prices. The first order condition to the problem is

p∗t =
η

η − 1

Et
∑T−1

s=0 β
s λt+s
λt
mct+syt+s

∏s
q=1 π

η
t+q

Et
∑T−1

s=0 β
s λt+s
λt
yt+s

∏s
q=1 π

η−1
t+q

, (1.17)

where p∗t ≡ P ∗t /Pt denotes the optimal real price of firms who set their price at time t.
This first order condition states that the optimal price is set based on current and future
information up to T − 1 periods ahead. This makes sense, because price-setters know
that they can change their price again T periods later and thus only take information up
to T − 1 periods ahead into consideration.

Rotemberg Scheme

Under the Rotemberg scheme, price-setters face quadratic adjustment costs when they
change their price. The scheme generates price rigidity because quadratic costs induce
firms to only partially adjust their price towards the optimal level after a shock hits the
economy.
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For the jth firm, we define the adjustment cost in terms of the final good by

Ξt(j) =
ξ

2

(
Pt+s (j)

Pt+s−1 (j)

1

πss
− 1

)2

, (1.18)

that is, the firm suffers a cost when the gross price rate differs from the steady-state
inflation rate. The objective of the j’th firm’s pricing department is thus given by

max
Pt(j)

Et
∞∑
s=0

Dt,t+sPt+s

[(
Pt+s(j)

Pt+s
−mct+s

)
yt+s (j)− Ξt(j)yt+s

]
,

s.t. yt+s (j) =

(
Pt+s (j)

Pt+s

)−η
yt+s.

(1.19)

Notice that all pricing departments in the economy choose the same price because they
face the same marginal cost and adjustment cost. Hence, we have a symmetric equilibrium
and the first order condition to the maximization problem is

mct =
η − 1

η
+
ξ

η

(
πt
πss
− 1

)
πt
πss
− Et

[
β
λt+1

λt

ξ

η

(
πt+1

πss
− 1

)
πt+1

πss

yt+1

yt

]
. (1.20)

Note that firms here only look one period ahead when setting prices, and unlike the
Taylor scheme all firms may change prices each period.

Calvo Scheme

In the Calvo scheme, a price-setter’s ability to change his nominal price arrives at random
with probability 1− α. The fraction of price-setters who may change their price can do
so freely, whereas the remaining fraction keep their price from the previous period. In
this way, the scheme introduces price rigidity because only a fraction of the price-setters
can react to a shock hitting the economy.

Now consider the pricing department of the j’th firm. The department sets the
nominal price level Pt(j) to maximize the firm’s profit-stream by solving the following
optimization problem

max
Pt(j)

Et
∞∑
s=0

αsDt,t+sPt+s

(
Pt(j)

Pt+s
−mct+s

)
yt+s (j) ,

s.t. yt+s (j) =

(
Pt(j)

Pt+s

)−η
yt+s.

(1.21)

Here, α denotes the fixed probability of not being able to reset prices. The first order
condition is given by

p∗t =
η

η − 1

Et
∑∞

s=0 (αβ)s λt+s
λt
mct+syt+s

∏s
q=1 π

η
t+q

Et
∑∞

s=0 (αβ)s λt+s
λt
yt+s

∏s
q=1 π

η−1
t+q

, (1.22)
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where p∗t = P ∗t /Pt denotes the optimal real price. Notice the similarities between the first
order condition under the Calvo and Taylor schemes. In both schemes, the optimal price
is chosen based on the same information, but in the Taylor scheme only information up
to T − 1 periods ahead is taken into consideration, whereas information for all future
periods appear in the optimal price in the Calvo scheme. A non-linear representation of
(1.22) can be expressed by two recursive equations of an auxiliary variable ft as follows

ft = (p∗t )
−η yt + αβEt

λt+1

λt
πη−1
t+1

(
p∗t
p∗t+1

)−η
ft+1, (1.23)

η − 1

η
ft = (p∗t )

−η−1mctyt + αβEt
λt+1

λt
πηt+1

(
p∗t
p∗t+1

)−η−1
η − 1

η
ft+1. (1.24)

Staggered-information Scheme

Mankiw and Reis (2001) challenge the sticky-price schemes and propose the idea of
sticky information. They suggest that price-setters can change their price every period
but infrequently update their information on the economy. They assume the ability to
update information arrives at random, similar to the Calvo scheme. The scheme generates
price rigidity because information of a shock hitting the economy is slowly perceived by
the price-setters. To our knowledge it is impossible to derive a non-linear solution for
the optimal price under this formulation of the sticky-information scheme, because it
involves an infinite number of state variables. And since non-linear effects are central
in the context of this paper, we overcome this problem by proposing a slightly different
formulation, which we will refer to as the staggered-information scheme. In this scheme,
we use the cohort structure from the Taylor scheme instead of assuming random arrival
of new information. By doing so, we ensure that optimal prices are not determined based
on finitely old information, and therefore also a finite number of state variables.1

The staggered-information scheme is, analogue to the Taylor specification, incorpo-
rated into the baseline model by assuming that all price-setters are divided into T cohorts
of equal size. But instead of taking turns renewing price contracts, all firms now update
their prices in every period based on their sticky information. In this way we preserve
the rigidity generated through the price-setters infrequent updating of information while
putting an upper limit on the age of the information set. Now consider the pricing
departments in cohort k. They solve the optimization problem given by

max
Pt(k)

Et−k
[
Pt

(
Pt (k)

Pt
−mct

)
yt (k)

]
,

s.t. yt (k) =

(
Pt (k)

Pt

)−η
yt.

(1.25)

1We can think of the scheme as a truncated version of the sticky-information scheme.
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The optimality condition for these firms is given by

pt (k) =
η

η − 1

Et−k
[
mctyt

∏k−1
s=0 π

1+η
t−s

]
Et−k

[
yt
∏k−1

s=0 π
η
t−s

] 1

Et−k
[∏k−1

s=0 πt−s

] , (1.26)

where pt (k) ≡ Pt (k) /Pt denotes the optimal real price of firms in cohort k at time t.
Notice that the optimal price depends on lagged expectation of current period variables,
which is different from the Taylor and Calvo specifications, where the optimal price is
determined by current expectation of future variables.

1.3.2 Real Economic Effects and Market Aggregation

The four price-setting schemes can affect the economy through two channels. The first
channel is by directly affecting the level and dynamics of inflation. The second channel
is by distorting the economy through price dispersion and aggregate real output loss,
which we denote by sdisp(·),t and sagg(·),t, respectively. The additional subscript is introduced
to indicate the underlying price-setting scheme causing the distortion. Price dispersion
is an artifact of heterogeneous prices and acts as a wedge between produced and supplied
aggregate output. When sdisp(·),t 6= 1 the economy is distorted by dispersion because some
firms are not selling and producing at the price level which maximizes the aggregate
supply. On the other hand, aggregate real output loss is defined as incurred costs related
to the adjustment of prices.

Aggregate Output Loss

Only the Rotemberg specification produces aggregate real output loss which is given by

saggR,t =
ξ

2

(
πt
πss
− 1

)2

yt. (1.27)

From (1.27) we see that, the aggregate output loss is non-zero when the current period
inflation rate is different from the steady state rate, and the adjustment cost parameter
ξ governs the magnitude of the aggregate loss.
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Price Dispersion

All price-setting schemes, except Rotemberg, generate price dispersion due to heteroge-
neous prices. The dispersions are given by

sdispT,t =
1

T

T−1∑
s=0

(
p∗t−s∏s

q=1 πt+1−q

)−η
,

sdispC,t = (1− α) (p∗t )
−η + απηt s

disp
C,t−1, (1.28)

sdispSI,t =
1

T

T−1∑
k=0

pt (k)−η ,

where we use the acronyms T , C, and SI, as labels for the Taylor, Calvo, and staggered-
information schemes, respectively. From the above equations, we see that the price dis-
persion under the Calvo specification is generated by a weighted sum of current optimal
price and previous period’s dispersion adjusted by realized inflation. On the other hand,
price dispersion generated by the Taylor and staggered-information schemes are expressed
by a sum of the cohorts’ current price. When solving the models, the price dispersion in
the Calvo scheme requires an additional state variable, whereas T − 1 state variables are
required in both the Taylor and staggered-information schemes. In practice, this restricts
the number of cohorts because additional state variables are computationally demanding
to include when the model is solved by a non-linear perturbation approximation. The
results of this paper are unaffected by this computational restriction, because the num-
ber of cohorts corresponding to preliminary estimation and common values used in the
literature are within the realm of practical possibility.

Market Aggregation

The aggregate resource constraint of our economy is given by(
1− y−1

t sagg(·),t

)
yt = ct + Υ−1

t it + gt. (1.29)

The goods market resource constraint is

atk
θ
t (ztlt)

1−θ = yts
disp
(·),t . (1.30)

Thus, combining the two constraints gives

atk
θ
t (ztlt)

1−θ =
(
ct + Υ−1

t it + gt
) sdisp(·),t

1− y−1
t sagg(·),t

, (1.31)

showing that the impact of sagg(·),t and sdisp(·),t on the real economy is comparable across
the four models. Also note that in the system of equilibrium conditions describing the



1.4. Solution and Estimation 13

economy, the price dispersion and aggregate output loss only appear in (1.31), and both
of these terms can only affect the real economy by causing a wedge between aggregate
production and demand. This wedge-like-effect will throughout the paper be referred to
as price distortion.

The description of our four NK models is now finalized, and the equilibrium conditions
of each model are reported in appendix A.1.

1.4 Solution and Estimation

This section consists of three parts. The first part describes the data used for the es-
timation. In the second part, we describe the estimation methodology and discuss how
the parameters which are difficult to identify are calibrated. The last part presents the
estimation results together with a study on the NK models’ ability to match evidence
from the real economy and financial markets.

1.4.1 Data

The four models are estimated on U.S. quarterly data for the period 1961Q3-2007Q4.
The dataset consists of eight variables which are: 1) per capita log growth rate in real
consumption, 2) per capita log growth rate in real investment, 3) the inflation rate, 4) the
3-month nominal interest rate, 5) the 10-year nominal interest rate, 6) the log government
spending to output ratio, 7) log hours worked normalized to a non-log mean value of
0.34, 8) and the 10-year ex-post excess holding period return ehpr40,t = log(P bond

39,t ) −
log(P bond

40,t−1)− r1,t−1. The last variable is included as an observable proxy for the 10-year
nominal term premium which is not directly observed in the bond market. All variables
are scaled to annualized percentage values with the exception of government spending
and hours worked .

1.4.2 Methodology and Calibration

To approximate the solution to the four NK models, we use the perturbation method
popularized by Schmitt-Grohé and Uribe (2004). The models are approximated to third
order, and we apply the pruning method by Andreasen et al. (2018). Their method
eliminates the occurrence of explosive sample paths which often appear in higher-order
approximations, as noted by Kim et al. (2008). Finally, the approximated state-space
systems are estimated with generalized method of moments (GMM), where we use the
unconditional mean, variance, covariance, and auto-covariance of all variables, except for
g/y and h where we exclude their covariances, as in Andreasen et al. (2018). As a result
we have 39 moments in total.
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The codes used in this paper are based on the estimation package accompanying
Andreasen et al. (2018). Their Matlab package efficiently estimates DSGE models by
GMM using the closed-form expressions for first and second unconditional moments as
provided in Andreasen et al. (2018). The package also draws on the highly optimized algo-
rithm of Binning (2013) to efficiently obtain a third-order perturbation approximation—
even for models with many state variables.2 Here, we also exploit the perturbation-on-
perturbation method by Andreasen and Zabczyk (2011) for efficient computation of the
price and yield of all bonds with maturities exceeding one period.

We calibrate five parameters in each model. Four of them are calibrated due to weak
identification: the depreciation rate δ and capital share in production θ are calibrated to
0.025 and 0.36, respectively, which are values typically considered for the U.S. economy.
The elasticity of substitution between intermediate goods η is set to 6, corresponding to
an average markup of 20%. Finally, φ1 is calibrated to 2, which corresponds to a Frisch
labor supply elasticity of 0.5. The last calibrated parameter governs the underlying price-
setting scheme and is set to ensure that the four NK models are comparable. From pre-
liminary estimation and in agreement with the literature, the four price-setting schemes
are calibrated to match an expected contract length of five periods. This corresponds
to a Calvo parameter of α = 0.8 or five cohorts in the Taylor and staggered-information
schemes.3 On the other hand, the Rotemberg scheme can not be calibrated to correspond
to a specific expected contract length, because it generates nominal rigidity by means of
adjustment costs in the price-setting. Instead, we initially calibrate the adjustment cost
coefficient to ensure equivalence with the Calvo scheme to a first-order approximation
(under absence of steady state inflation) using the relation

ξ =
η − 1

π2
ss

α

(1− α)
(
1− βαµ−1

z∗,ss

) . (1.32)

Given that this relationship only holds for a linearized solution and in the absence of
steady state inflation, we subsequently also estimate the model with ξ as a free parameter
to ensure robustness.

Now consider the coefficient of relative risk aversion (CRRA) which has received
much attention in the recent literature. In our models, the CRRA is tightly linked to the
Epstein-Zin-Weil parameter φ3, which governs the degree of twisting in the household’s
expectation to future utility. It can be shown that φ3 is pinned down by the relation

φ3 =

CRRA− φ2

1−bµ−1
z∗,ss

1−bβ + φ2
φ1

wsslss
css

 1− φ2

1−bµ−1
z∗,ss

1−bβ − 1−φ2
1+φ1

wsslss
css

−1

. (1.33)

2For instance, the staggered-information specification with five cohorts requires 25 state variables to
account for the lagged expectation terms.

3Preliminary estimation of the Calvo parameter resulted in an estimated value at 0.82, and the
macroeconomic literature typically finds Calvo parameter values between 0.7 and 0.85 (e.g. Eichenbaum
and Fisher (2004), Christiano et al. (2005), and Andreasen et al. (2018)).
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The derivation of (1.33) is based on the results of Swanson (2013) who generalizes the
traditional one-period CRRA, as defined by Arrow (1965) and Pratt (1964), to the case
of multiple goods and periods. In our estimations, we fix CRRA to 80 and pin down φ3

using (1.33). We acknowledge that 80 is a high value for the CRRA, but it is in line with
values commonly used in similar models of the macro-finance literature, e.g. Rudebusch
and Swanson (2012) who examine the bond premium with the CRRA calibrated to 75
and 110. Rudebusch and Swanson (2012) justify a high level of CRRA by noticing that
φ3 may be a proxy for model uncertainty or compensate for the typical finding that the
representative household has a more smooth consumption profile than those in financial
markets (see Malloy et al. (2009)).4

1.4.3 Estimation Results

The same 18 parameters are estimated in each of the four NK models. The estimated
values and standard errors are reported in Table A.1 in Appendix A.2. The table shows
that the estimated values are broadly similar across the four models. In particular, we find
sizeable consumption habits, non-zero steady state inflation, a large degree of persistence
in both technology and fiscal policy shocks, and some persistence in the central bank’s
interest rate rule. On the other hand, the value of a few parameters are different across
the four models, for instance φ2, κ, σd, and σg.

Besides comparing the value of the estimated parameters, we also evaluate the price-
setting schemes by comparing how the four NK models fit key economic variables. We
do so by computing the unconditional mean and standard deviation of key variables
and compare them to the corresponding data. The unconditional means and standard
deviations are computed from closed form expressions of the first and second moments
from the models.

The results from this exercise are presented in Table 1.1, where we also report the
average percentage distance to the mean and standard deviation of the respective data-
series.5 The table shows that the four NK models perform quite similarly. They broadly
display the same fit to the means, with the distance to the data being between 7.2% and
10.6%. Most of the difference is caused by our baseline model being unable to match
the level of investment growth and excess-holding period return on the 10-year bond.
The models’ fit to the standard deviations in the data are less precise but still within

4We are aware of the solution suggested in Andreasen et al. (2018) which involves implementing a
feedback effect of term premia to the real economy. Their suggestion can substantially reduce the required
value of CRRA without affecting their model’s ability to match evidence on the 10-year nominal bond.
However, for comparability with much of the existing literature we do not include this extension of the
NK model in the present paper.

5Auto-correlations and contemporaneous correlations of the four estimated models are reported in
Appendix A.2, Table A.2.
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a narrow band between 17.8% and 20.3% from the data. The larger imprecision is pri-
marily due to our models generating too much variability in hours worked. Compared
to the means, the standard deviations differ more across the models and the difference
is particularly noticeable for the 10-year excess holding period return. But overall, our
four price-setting specifications produce very similar moments of macroeconomic vari-
ables, which is in agreement with the literature claiming that the differences between the
schemes are small. The overall fit to the data could most likely be improved by adjusting
calibrated parameter values or by changing modeling assumptions of the baseline model.
For example, the labor market in the baseline model is vary parsimonious, and the fit
to the variance in hours worked could most likely be improved by implementing nominal
rigidity in the labor market.

Table 1.1: Model Fit of Moments

This table reports the empirical moments of U.S. data from 1961Q3 to 2007Q4.
The corresponding moments from the models are computed for a third-order per-
turbation approximation using the closed-form solution derived in Andreasen et al.
(2018). All variables are expressed in annualized percentage points, except for l and
g/y.

Data Taylor Rotemberg Calvo Stag-info

Means
∆ct 2.44 2.29 2.26 2.38 2.40
∆it 3.10 2.65 2.64 2.89 3.02
πt 3.76 3.46 3.20 3.42 3.43
log lt −1.08 −1.08 −1.08 −1.08 −1.08
log(gt/yt) −1.57 −1.58 −1.58 −1.58 −1.58
r1,t 5.60 5.44 5.57 5.52 5.58
r40,t 6.99 7.03 7.08 7.02 7.11
ehpr40,t 1.72 2.63 2.33 2.36 2.58
avg. % distance - 10.6 9.3 7.2 8.1

Stds
∆ct 2.69 2.61 2.62 2.62 1.85
∆it 8.94 7.92 8.86 8.40 9.23
πt 2.49 2.68 3.11 2.71 3.01
log lt 1.68 2.79 3.03 3.06 2.40
log(gt/yt) 8.57 8.53 9.91 6.76 7.68
r1,t 2.71 3.03 2.74 2.74 2.97
r40,t 2.41 1.94 2.12 2.05 2.07
ehpr40,t 23.04 16.55 24.31 20.58 16.18
avg. % distance - 18.5 17.8 18.5 20.3
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To investigate the properties of the four models in more detail, we evaluate their ac-
curacy in matching evidence from financial markets by reporting moments of the nominal
term premium on bonds of 1-, 5-, and 10-years to maturity, together with the yield-spread
between the 3-month and 10-year bonds. We can think of this exercise as an evaluation
of the models’ out-of-estimation properties, because these variables are not included in
our GMM estimation.

The moments of the financial variables produced by the models are listed in Table
1.2 together with the data for the respective moment. As the nominal term premium on
bonds are not directly observed, we use the estimated value from the 5-factor Gaussian
affine term structure model of Adrian et al. (2013) to assess how well the NK models fit
evidence on the financial markets. The table shows that our estimated NK models gen-
erate term premia with similar means but very different standard deviations. The model
with the Rotemberg scheme generates the most variability, followed by the model with
the Calvo scheme, whereas the Taylor and Staggered-information specifications generate
very little variability. Compared to the corresponding empirical moments, the Rotem-
berg specification is largely successful in matching the 10-year bond premium with a
mean and standard deviation of 148.42 bps and 104.44 bps, respectively, compared to
173.46 bps and 121.10 bps in the data. The other three specifications generate means
which are slightly closer to the data but generate standard deviations which are much
lower than the Rotemberg specification. For instance, considering the term premium
on the 10-year bond, the Calvo specification produce a standard deviation of 76.74 bps,
while the standard deviation produced by the Taylor and staggered-information schemes
are much lower at 8.63 bps and 6.07 bps, respectively.

Considering the yield-spread, the four models produce similar means, but the standard
deviation produced by the Rotemberg and Staggered-information specifications are much
lower than the other two schemes. This is opposite to the case of the term premia where
we found the Rotemberg specification to be the best performing scheme. The difference in
the term premia and yield-spread may be explained by the term premia being determined
by the risk terms of our third-order perturbation, whereas the yield-spread also includes
components from the perfect foresight solution. In this sense, we find the yield-spread to
be a noisy proxy for bond risk in our model.
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Table 1.2: Model Fit of Financial Moments

This table reports the empirical moments of financial data for the U.S. from 1961Q3
to 2007Q4. The corresponding moments from the models are computed for a third-
order perturbation approximation using the closed-form solution derived in An-
dreasen et al. (2018). Term premia are expressed in annualized basis points and the
yield-spread is expressed in annualized percentage points.

Data Taylor Rotemberg Calvo Stag-info

Means
TP4,t 35.11 12.05 15.25 11.66 14.92
TP20,t 115.93 93.48 92.92 91.05 89.06
TP40,t 173.46 157.93 148.42 149.07 152.85

Stds
TP4,t 40.00 0.53 15.21 4.82 0.56
TP20,t 92.91 5.29 78.49 51.07 3.66
TP40,t 121.10 8.63 104.44 76.74 6.07

mean[r40,t − r1,t] 1.39 1.59 1.50 1.50 1.52
sd[r40,t − r1,t] 1.38 1.26 0.87 1.28 0.98

The key result, from Tables 1.1 and 1.2, is that the choice of price-setting scheme
matters when replicating evidence from financial markets, whereas the same choice has
a much smaller effect on the fit to data of the real economy.

1.5 Additional Analysis

In this section we explore the models to better understand the four pricing schemes’
inflation dynamics and effects on the economy. The section consists of four parts. In
the first part we simulate sample paths for the four NK models to understand why they
generate such different variability in term premia. The second part examines the first-
order relation which we have used to pin down the adjustment cost parameter ξ in the
Rotemberg scheme. In the third part we study how zero steady state inflation affects our
results. And the last part explores the limitations of the embedded cohort structure in
the Taylor and staggered-information schemes.

1.5.1 Simulated Sample Paths - Identifying Term Premia Variability

In the previous section we found broadly similar macroeconomic moments across the
four estimated NK models, except for a minor discrepancy in the variability of hours
worked. By construction, the only difference in the models is due to different price-setting
assumptions, and as the models generate similar inflation dynamics, the schemes have to
affect the term premia through channels which we do not observe through moments of
real economic variables. Instead, we plot simulated sample paths of key model variables
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to illustrate and aid us in identifying how the price-setting schemes affect the variability
in term premia. More specifically, we are interested in determining if the differences
between the four schemes are caused by the distortion channel described in Section 1.3.

We simulate sample paths generated by the four NK models using their estimated
values from Section 1.4. To compare the models, we ensure that the seeds when generating
the exogenous shocks are the same across the models. The paths of selected variables
are presented in Figures 1.1 and 1.2. The first figure shows that the models generate
very similar sample paths of macroeconomic variables (y, ∆c, ∆i, n, and π), which is
consistent with our results from the previous section. On the other hand, sample paths
of the price distortion are very different across the four models, where the distortion
under the Calvo and Rotemberg specifications show much more variation than under the
other two schemes. The smaller levels and variation in the price dispersion generated by
the Taylor and staggered-information schemes can be explained by the cohort structure,
because it limits the number of different prices when compared to the Calvo scheme.
The distortion generated by the Calvo specification moves with more persistence and less
explosiveness than under the Rotemberg scheme. The high persistence in price dispersion
under the Calvo specification can be explained from (1.28), because α = 0.8 implies that
more weight is assigned to the dispersion from the previous period relative to the current
optimal price. In addition, πss > 1 is important as πt > 1 amplifies the degree of
persistence. The volatile distortion under the Rotemberg specification is due to the large
value of ξ = 93, which propagates moderate movements in prices to large aggregate costs
in accordance with equation (1.27).

Figure 1.1: Simulated Sample Paths of Macroeconomic Variables

This figure reports the simulated sample paths of macroeconomic variables over
200 observations. The sample paths are computed for a third-order perturbation
approximation and the same seed is used to the simulation of the paths.
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Figure 1.2 shows that the four models generate similar sample paths for the interest
rates of both the long and short bond. For the 10-year excess holding period return we
see that the models with the Calvo and Rotemberg schemes generate larger spikes. Most
notable, we find that the sample paths of term premia are very different, which supports
our earlier observations in Section 1.4.

Figure 1.2: Simulated Sample Paths of Financial Variables

This figure reports the simulated sample paths of financial variables over 200 ob-
servations. The sample paths are computed for a third-order perturbation approx-
imation and the same seed is used to the simulation of the paths.
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Overall, by comparing the simulated sample paths, generated by the four models,
we find a noticeable difference in price distortion and term premia, whereas the discrep-
ancy in the real economic variables are relative small. These results suggest that price
distortion may be the primary source behind the difference in term premia variability.
By construction, price distortion is a non-linear artifact of the underlying price-setting
scheme and thereby also a source of inflation risk. In this regard, price distortion also
affects the risk premium of nominal assets, in our case bonds.

1.5.2 The First-order Relation Between the Calvo and Rotemberg Schemes

In Section 1.4, we pinned down the adjustment cost parameter ξ in the Rotemberg scheme
using the first-order relation given by (1.32). However, this relation may be too loose, in
the sense that it may not preserve the tightness of the non-linear restrictions in the Calvo
scheme. We explore the relation which connects the two schemes by re-estimating these
two NK models with α and ξ as free parameters. The estimates of α and ξ are reported
in Table 1.3 together with the moments of term premia and the yield-spread. The table
shows that the imposed restrictions on α and ξ only have a minor effect on the relative
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fit of the two schemes. This suggests that the first-order relation we used to pin down
ξ in Section 1.4 is a reasonable approximation, and it does not distort the two schemes’
relative performance in replicating evidence on financial variables.

Table 1.3: Model Fit of Financial Moments - Estimated α and ξ

This table reports the empirical moments of financial data for the U.S. from 1961Q3
to 2007Q4. The corresponding moments from the models are computed for a third-
order perturbation approximation using the closed-form solution derived in An-
dreasen et al. (2018). Term premia are expressed in annualized basis points and the
yield-spread is expressed in annualized percentage points.

Data Rotemberg Calvo

ξ fixed ξ free α fixed α free

Estimates - 93 102 0.8 0.8201
- - (17.24) - (0.0049)

Means
TP4,t 35.11 15.25 14.95 11.66 15.13
TP20,t 115.93 92.92 91.19 91.05 94.82
TP40,t 173.46 148.42 145.91 149.07 145.86

Stds
TP4,t 40.00 15.21 15.54 4.82 6.71
TP20,t 92.91 78.49 80.75 51.07 53.46
TP40,t 121.10 104.44 107.93 76.74 79.92

mean[r40,t − r1,t] 1.39 1.50 1.48 1.50 1.47
sd[r40,t − r1,t] 1.38 0.87 0.87 1.28 1.34

1.5.3 Zero Steady State Inflation Rate

In Section 1.4, we postulated that πss > 1 was an essential component to generate
heteroskedaticity under the Calvo scheme. To support this claim, we investigate how
zero steady state inflation influences the results in Section 1.4. That is, we fix πss = 1

to eliminate trend inflation and compute the moments of term premia and the yield-
spread for all four specifications. These moments are reported in Table 1.4. The table
shows that the Rotemberg and staggered-information specifications are unaffected by
the restriction. The Taylor specification is somewhat affected, whereas the model with
the Calvo scheme fails to replicate the level and variability in term premia previously
generated. For instance, the standard deviation of the term premium on the 10-year bond
falls from 76.74 to 3.27 bps when we restrict πss = 1 and it is now the scheme generating
the lowest variability in term premia. This finding is thus fully consistent with the results
in Andreasen et al. (2018). In the context of matching evidence on financial markets, our
results show that restricting the steady state inflation to zero is too restrictive under the
Calvo scheme, whereas the remaining schemes are largely unaffected.
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Table 1.4: Model Fit of Financial Moments - Zero Steady State Inflation

This table reports the empirical moments of financial data for the U.S. from 1961Q3
to 2007Q4. The corresponding moments from the models are computed for a third-
order perturbation approximation using the closed-form solution derived in An-
dreasen et al. (2018). Term premia are expressed in annualized basis points and the
yield-spread is expressed in annualized percentage points.

Data Taylor Rotemberg Calvo Stag-info

Means
TP4,t 35.11 13.14 15.25 6.69 14.92
TP20, 115.93 92.45 92.92 37.82 89.06
TP40,t 173.46 154.63 148.42 56.13 152.85

Stds
TP4,t 40.00 0.55 15.21 0.25 0.56
TP20,t 92.91 5.21 78.49 2.56 3.66
TP40,t 121.10 8.32 104.44 3.27 6.07

mean[r40,t − r1,t] 1.39 1.55 1.50 0.57 1.52
sd[r40,t − r1,t] 1.38 1.25 0.87 1.43 0.98

1.5.4 Truncated Calvo and the Taylor Scheme Revisited

In this section, we explore the limitations of the cohort structure embedded in the Taylor
and staggered-information schemes. To do so, we first introduce a restricted version
of the Calvo scheme where we truncate the number of prices to the five most recent
optimal prices. We then compare the restricted and the unrestricted Calvo schemes. In
this way, we can illustrate the effects of the truncation implied by the Taylor scheme,
and essentially the effects of imposing the cohort structure on an otherwise unrestricted
model.

We also explore the flexibility of the cohort structure by examining the effects of non-
equal distribution of cohorts. In the analysis so far, the weights on each cohort-price were
set equal when calculating the aggregate price level. But now we remove this restriction
in the Taylor price-setting scheme, and analyze if shifting more or less weight on the most
recent optimal prices has any significant effects.

We consider two variations of non-equal weighted Taylor schemes. Both variations are
constructed to match the truncated Calvo scheme, and the weights of these schemes are
illustrated in Figure 1.3. The tail-heavy variation sets the weights of the four most recent
cohorts identical to the Calvo scheme when α = 0.8, while the weight of the cohort
with the oldest price is fixed to ensure that the weights on all cohorts sum to unity.
In the normalized variation, the weights are scaled such that the relative size between
the cohorts corresponds with the Calvo scheme when α = 0.8 while, at the same time,
ensuring that the weights sum to unity.
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Figure 1.3: Illustration of cohort weights

This figure illustrates the cohort-weights at time t for three variations of the Taylor
price setting schemes, together with the weights on prices under the Calvo specifi-
cation. We assume five cohorts and a Calvo parameter of 0.8. The y-axis indicates
the weight put on the optimal price set at time t − k for k = {0, 1, 2, 3, 4} when
computing the aggregate price at time t.
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Moments for term premia and the yield-spread from the three variations of the Taylor
price setting scheme, and the truncated Calvo specification, are reported in Table 1.5.
The table shows that variations in the weights on cohorts in the Taylor scheme only
have a small effect on the moments. Several conclusions can be drawn from the table.
First, the truncated Calvo specification is better than any of the considered weight-
variations in the Taylor specification when matching the term premia. Second, out of
all the weight-variations, the normalized Taylor variation generates a marginally larger
mean and standard deviation in term premia. Third, we find evidence that prices which
are more than five periods old is the primary source of price dispersion, and hence also
term premia variability. As a result, the truncation embedded in the cohort structure
causes the Taylor, and presumably also the staggered-information, scheme to generate
an insufficient degree of price dispersion. Fourth, changing the weights within the cohort
structure does not give enough power to match the truncated Calvo scheme. Overall,
we find that the key reason behind the Calvo scheme being able to match the standard
deviation of term premia is due to the presence of very old prices.
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Table 1.5: Model Fit of Financial Moments - Alternative Cohort Weights

This table reports the empirical moments of financial data for the U.S. from 1961Q3
to 2007Q4. The corresponding moments from the models are computed for a third-
order perturbation approximation using the closed-form solution derived in An-
dreasen et al. (2018). Term premia are expressed in annualized basis points and the
yield-spread is expressed in annualized percentage points.

Data Taylor Calvo

equal-weight heavy-tail normalized Truncated

Means
TP4,t 35.11 12.05 10.90 15.95 17.62
TP20,t 115.93 93.48 90.42 98.71 102.03
TP40,t 173.46 157.93 155.11 163.39 166.88

Stds
TP4,t 40.00 0.53 0.51 0.77 0.87
TP20,t 92.91 5.29 4.95 5.83 6.10
TP40,t 121.10 8.63 8.29 9.28 9.47

mean[r40,t − r1,t] 1.39 1.59 1.56 1.64 1.68
sd[r40,t − r1,t] 1.38 1.26 1.37 1.24 1.30

The existence of prices which are rarely changed is supported by consumer price
data at the micro level. For instance, Nakamura and Steinsson (2008) investigate the
frequency of price changes in U.S. data at the micro level. They find evidence that
products with a median implied duration of the price being 24 months or more, accounts
for approximately 16% of the products used to compute the consumer price index. This
corresponds well with the Calvo scheme, where prices last updated at least 8 periods
(two years) ago accounts for 16.8% of the mass in the aggregate price, when α = 0.8.

1.6 Conclusion

This paper extends a modern macro-finance DSGE model to formulate four NK models
by introducing nominal price rigidity using Taylor, Rotemberg, Calvo, and staggered-
information schemes. Estimating the four NK models to third-order using GMM and
comparing the unconditional mean and standard deviation of macroeconomic and finan-
cial variables across the estimated models show that: i) the four models broadly match
macroeconomic data equally well, which is consistent with previous findings in the lit-
erature, and ii) only the Rotemberg and Calvo schemes are able to generate sufficient
variability in nominal bond premium, where the former scheme is largely successful in
matching bond premium data.

Additional analyses of our models show that price distortion, caused by either price
dispersion or aggregate adjustment costs, is the main driver of variability in term premia.
Furthermore, imposing the restriction of zero steady state inflation inhibits the Calvo
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model to generate sufficient heteroskedasticity through price dispersion. This result is
consistent with Ascari and Rossi (2012) and Andreasen et al. (2018) who highlight the
importance of non-zero steady state inflation in the Calvo scheme. On the other hand,
imposing the same restriction on the other three specifications only have a small effect
on the schemes’ ability in matching evidence from financial markets. Our analysis also
shows that the lack of term premia variability in the Taylor and staggered-information
specifications are mainly caused by the cohort structure. Finally, we show in the Calvo
scheme, the majority of the heteroskedasticity is generated from the existence of prices
that are unchanged for many periods.

Altogether, our findings show that the underlying price-setting scheme is a critical
component in DSGE models when studying nominal term premia, and also that the
Calvo and Rotemberg schemes are preferred over the Taylor and staggered-information
specifications.
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Appendix

A.1 Equilibrium Conditions of the Stationary Model

The notation ∼ is used to indicate that the variable de-trended. The equilibrium of
the baseline model consists of 21 equations, and the price-setting schemes require an
additional three to five equations. The derivations for the non-stationary equilibrium
condition, stationary equilibrium conditions, and the steady state, can be found in the
accompanying online appendix on my personal homepage.
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Exogenous processes and trends
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Rotemberg contracts
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ỹt
µz∗,t+1

]
B-22. sdispR,t = 1

B-23. saggR,t = ξ
2

(
πt
πss
− 1
)2

Taylor contracts

C-21. p∗t = η
η−1

Et
∑T−1
s=0 β
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A.2 Accompanying Tables

Table A.1: The estimated parameters

This table reports the estimation results on U.S. data from 1961Q3 to 2007Q4
using a third-order perturbation approximation. The reported estimates are from
the second step of GMM with the optimal weighting matrix estimated by the Newey-
West estimator using 15 lags.

Calvo Rotemberg Taylor Stag-Info

φ2 1.3147 2.9914 1.8428 1.5942
(0.1369) (0.3881) (0.1203) (0.0819)

b 0.8778 0.4902 0.7257 0.7927
(0.0097) (0.0313) (0.0182) (0.0192)

β 0.9983 0.9976 0.9975 0.9976
(0.0002) (0.0003) (0.0002) (0.0003)

κ 19.6613 7.7557 21.0573 16.3180
(1.1329) (0.9203) (1.7324) (1.3982)

βπ 1.4682 1.6622 1.4047 1.7540
(0.0866) (0.0827) (0.3760) (0.7098)

βy 0.0165 0.1350 0.0016 0.0415
(0.0080) (0.0096) (0.0375) (0.0646)

πss 1.0142 1.0186 1.0171 1.0143
(0.0002) (0.0005) (0.0050) (0.0029)

lss 0.3437 0.3331 0.3390 0.3385
(0.0010) (0.0005) (0.0005) (0.0004)

(g/y)ss 0.2078 0.2137 0.2127 0.2129
(0.0022) (0.0029) (0.0029) (0.0023)

µz,ss 1.0052 1.0051 1.0052 1.0051
(0.0005) (0.0004) (0.0006) (0.0004)

µΥ,ss 1.0013 1.0010 1.0009 1.0016
(0.0009) (0.0009) (0.0011) (0.0010)

ρa 0.9389 0.9394 0.9603 0.9649
(0.0072) (0.0036) (0.0057) (0.0042)

ρg 0.9948 0.9695 0.9412 0.9229
(0.2059) (0.0161) (0.0637) (0.0995)

ρr 0.8243 0.6181 0.7529 0.8356
(0.0071) (0.0327) (0.0650) (0.0700)

σa 0.0127 0.0165 0.0147 0.0144
(0.0007) (0.0010) (0.0009) (0.0007)

σd 0.0426 0.0250 0.0253 0.0012
(0.0023) (0.0029) (0.0014) (0.0080)

σg 0.0030 0.0222 0.0237 0.0191
(0.0545) (0.0055) (0.0131) (0.0122)

σr 0.0014 0.0002 0.0013 0.0016
(0.0002) (0.0013) (0.0002) (0.0002)
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Table A.2: Model Fit of Moments - Correlations

This table reports the empirical moments using U.S. data from 1961Q3 to 2007Q4.
The corresponding moments in the models are computed for a third-order pertur-
bation approximation using the closed-form solution derived in Andreasen et al.
(2018). All variables are expressed in annualized percentage points, except for l
and g/y.

Data Calvo Rotemberg Taylor Stag-info

Auto-correlation
corr(∆ct,∆ct−1) 0.25 0.49 0.07 0.39 0.77
corr(∆it,∆it−1) 0.50 0.12 0.06 0.14 0.08
corr(πt, πt−1) 0.85 0.81 0.93 0.77 0.67
corr(log lt, log lt−1) 0.79 0.90 0.84 0.84 0.86
corr(log gt/yt, log gt−1/yt−1) 0.98 0.99 0.97 0.97 0.97
corr(r1,t, r1,t−1) 0.94 0.97 0.98 0.97 0.98
corr(r40,t, r40,t−1) 0.96 0.97 0.96 0.98 0.98
corr(ehpr40,t, ehpr40,t−1) −0.02 −0.01 −0.02 0.00 0.00

Cross-correlation
corr(∆ct,∆it) 0.59 0.31 0.43 0.52 0.63
corr(∆ct, πt) −0.36 −0.35 −0.08 −0.34 −0.54
corr(∆ct, r1,t) −0.28 −0.25 −0.06 −0.18 −0.29
corr(∆ct, r40,t) −0.18 −0.38 −0.12 −0.21 −0.28
corr(∆ct, ehpr40,t) 0.27 0.32 0.45 0.52 0.63
corr(∆it, πt) −0.24 −0.37 −0.05 −0.37 −0.41
corr(∆it, r1,t) −0.26 −0.08 −0.02 −0.05 −0.07
corr(∆it, r40,t) −0.15 −0.15 −0.05 −0.11 −0.09
corr(∆it, ehpr40,t) 0.02 0.73 0.33 0.89 0.94
corr(πt, r1,t) 0.63 0.74 0.91 0.82 0.74
corr(πt, r40,t) 0.48 0.84 0.93 0.84 0.80
corr(πt, ehpr40,t) −0.25 −0.33 −0.24 −0.36 −0.56
corr(r1,t, r40,t) 0.86 0.90 0.97 0.97 0.99
corr(r1,t, ehpr40,t) −0.23 −0.02 −0.09 −0.11 −0.16
corr(r40,t, ehpr40,t) −0.12 −0.18 −0.20 −0.21 −0.19
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This paper shows that the price demand elasticity can be estimated reliably in
a standard log-linearized version of the New Keynesian model when including firm
profit as an observable in the estimation. Using this identification strategy for the
post-war US economy, we find an estimated price demand elasticity of 2.58 with
a tight standard error of 0.31. This corresponds to an average price markup of
63% with a 95% confidence interval of [39%, 88%]. We also show that a calibrated
markup of 20%, as commonly used in the literature, is rejected by the data, because
it generates too much variability in firm profit.
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2.1 Introduction

An essential feature of the New Keynesian model is to accommodate monopolistic com-
petition in the goods market, because it gives firms market power and hence an ability to
set prices. The degree of market power is most often determined by the substitution elas-
ticity between competing goods, which therefore becomes a key parameter for controlling
firms’ markups and pricing decisions in the New Keynesian model. This implies that the
demand elasticity is an essential parameter for determining the slope of the aggregate
supply curve when price stickiness is specified as in Rotemberg (1982). Unfortunately,
the demand elasticity is not well-identified when the New Keynesian model is estimated
using a standard set of aggregate quantities, inflation, and some measure of the mone-
tary policy rate. Hence, this parameter is almost exclusively calibrated in the literature,
both when using a log-linear solution and higher order perturbation approximations (see
Ireland (2001), Smets and Wouters (2007), Rudebusch and Swanson (2012), Christiano
et al. (2014), Fernández-Villaverde et al. (2015) among others).

The contribution of the present paper is to show that the demand elasticity can
be estimated reliably in a standard log-linearized version of the New Keynesian model
when the variability of firm profit is included in the estimation. Note that our use of
a log-linear solution constitutes a conservative choice, as more accurate approximations
include higher-order terms that further help to identify structural parameters (see An
and Schorfheide (2007) and Ruge-Murcia (2012)). The economic mechanism behind
our identification result is as follows. Suppose the demand elasticity between goods in
the economy is low and firms therefore have high market power and face steep demand
curves. This allows firms to charge high markups and generate stable profits, because
price changes lead to relatively small changes in demand and hence profits. On the other
hand, firm profits are more volatile when the demand elasticity is high and firms face
relatively flat demand curves, because even small changes in prices lead to large changes
in demand and hence profits. That is, the variability in firm profit contains information
about the demand elasticity. We show in a Monte Carlo study that using firm profit
enables us to accurately estimate the demand elasticity in samples of the same length
as typically used in empirical applications. Here, we follow the common practice in the
literature and estimate the New Keynesian model around its trend by using detrended
measures of aggregate quantities and firm profit.1

Given this new identification strategy for the demand elasticity, an empirical appli-
cation estimates the New Keynesian model by maximum likelihood on post-war US data
from 1960 Q1 to 2007 Q4. Our main finding is an estimated demand elasticity of 2.58

1This also implies that we do not rely on the level of firm profit to identify the demand elasticity,
although the level contains information about this parameter, because a low demand elasticity generates
a high level of firm profit, and vice versa.
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with a tight standard error of 0.31. This fairly low estimate of the demand elasticity
implies a high average markup of 63%. In contrast, most New Keynesian models use
a calibrated markup of 20%, but we show that such a low markup (i.e. high demand
elasticity) is rejected by the data because it generates too much variability in firm profit.
A low demand elasticity is also consistent with recent micro evidence, as Loecker and
Eeckhout (2017) show in a recent NBER working paper that the US economy has ex-
perienced a gradual increase in the average markup from about 20% in 1980 to around
70% in 2014. Thus, the new identification strategy proposed in this paper suggests that
a substantially lower benchmark value for the demand elasticity should be used in the
New Keynesian model.

The paper is organized as follows. Section 2.2 presents the considered New Keynesian
model, while Section 2.3 provides analytical identification results for the demand elasticity
in a log-linearized version of the model. We illustrate these results numerically in Section
2.4 for likelihood inference using the Kalman filter. Section 2.5 presents our empirical
application for the post-war US economy, while Section 2.6 concludes.

2.2 A New Keynesian Model

This section presents a fairly standard New Keynesian model with monopolistic compe-
tition in the goods market, nominal price rigidities as in Rotemberg (1982), endogenous
labor and capital supply, and quadratic investment adjustment costs. Note that our
choice of specifying nominal price rigidities as in Rotemberg (1982) is equivalent to the
approach taken in Calvo (1983) when using a log-linear solution to the model without
trend inflation (see Keen and Wang (2007)). We proceed by presenting the decision prob-
lem of the households and the firms in Section 2.2.1 and 2.2.2, respectively. The behavior
of the government is outlined in Section 2.2.3, while aggregation is performed in Section
2.2.4 and the model solution is stated in Section 2.2.5.

2.2.1 Households

We consider a representative household with preferences for consumption ct and labor lt,
i.e.

Et
∞∑
s=0

βsdt+s

{
c1−ωt+s

1− ω
− ψnt+s

l1+υt+s

1 + υ

}
. (2.1)

Here, Et is the conditional expectation operator given information in period t, β is the
household’s subjective discount factor, and υ is the inverse of the Frisch labor supply
elasticity. The variable dt captures preference shocks which evolve as log dt = ρd log dt−1+

σdεd,t, where εd,t is normally and independently distributed across time with zero mean
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and unit variance, denoted εd,t ∼ NID (0, 1). The variable nt represents labor supply
shocks and evolves as log nt = ρn log nt−1+σnεn,t with εn,t ∼ NID (0, 1). The household’s
budget constraint is given by

ct + it + bt = wtlt + rk,tkt−1 + bt−1
Rt−1

πt
− Tt + ft. (2.2)

That is, the household’s wealth is allocated to consumption, investment it, and one-period
government bonds bt. The right-hand side of (2.2) describes the household’s wealth
and consists of real labor income wtlt, income from capital supplied to firms rk,tkt−1,
government bond holdings bt−1Rt−1

πt
, lump-sum taxes Tt, and profits received from firms

ft. Here, rk,t is the rate of return on supplied capital, Rt−1 the gross nominal interest
rate on a one-period government bond in period t− 1, and πt is the gross inflation rate.
The capital stock kt evolves according to

kt = (1− δ) kt−1 +
(
1− κ

2

(
it
it−1
− 1
)2)

it, (2.3)

where δ ≥ 0 is the depreciation rate and κ ≥ 0 controls investment adjustment costs.
The objective of the representative household is to maximize (2.1) with respect to

ct, bt, lt, it, and kt subject to (2.2) and (2.3).

2.2.2 Firms

Production has the standard two-layered structure. That is, the final output yt is pro-
duced by a perfectly competitive representative firm, which combines a continuum of
differentiated intermediate goods yi,t indexed by i ∈ [0, 1]. This is done using the produc-

tion function yt =
(∫ 1

0
y
(εp−1)/εp
i,t di

)εp/(εp−1)
, where εp > 1 describes the demand elasticity

for the ith good and is the main focus of the present paper. The demand for the ith

good is therefore given by yi,t =
(
Pi,t
Pt

)−εp
yt, where Pt ≡

(∫ 1

0
P 1−η
i,t di

) 1
1−η denotes the

aggregate price level and Pi,t is the price of the ith good.
Intermediate firms produce slightly differentiated goods using the production function

yi,t = atk
α
i,t−1l

1−α
i,t with α ∈ [0, 1], where ki,t−1 and li,t are the rented capital and hired

labor by firm i, respectively. The variable at denotes stationary productivity shocks,
i.e. log at = ρa log at−1 + σaεa,t with εa,t ∼ NID(0, 1). Each intermediate firm can
freely adjust its labor demand at the given market wage wt and is therefore able to meet
demand in every period. Price stickiness is introduced as in Rotemberg (1982), where

φp ≥ 0 controls the size of firms’ real cost ACp
i,t =

φp
2

(
Pi,t
Pi,t−1

− πss
)2
yi,t when changing

the nominal price Pi,t of the good they produce. Here, πss is the inflation level in the
deterministic steady state (ss). The objective of the ith intermediate firm is to maximize
the discounted sum of all future profits with respect to ki,t−1, li,t, and Pi,t, subject to

satisfying demand as given by yi,t =
(
Pi,t
Pt

)−εp
yt.
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2.2.3 The Government

The government consists of a monetary and fiscal authority. The monetary authority
sets the nominal interest rate based on a desire to smooth changes in the interest rate as
well as closing the inflation gap log (πt/πss) and the output gap log (yt/yss). Thus, the
considered Taylor rule is given by

log

(
Rt

Rss

)
= φR log

(
Rt−1

Rss

)
+ (1− φR)

[
γπ log

(
πt
πss

)
+ γy log

(
yt
yss

)]
+ σRεR,t, (2.4)

where εR,t ∼ NID(0, 1) captures monetary policy shocks.
The government expenditures Gt are specified through the ratio gt ≡ Gt/yt, where

we assume that

log gt = ρg log gt−1 + σgεg,t, (2.5)

with εg,t ∼ NID(0, 1) capturing fiscal policy shocks. All government expenditures are
financed by lump-sum taxes, implying that Tt = Gt.

2.2.4 Model Aggregation

In equilibrium, all intermediate good producing firms face the same decision problem and
therefore set the same prices, implying that Pi,t = Pt. Hence, the aggregate profit from
firms to households is given by

ft = yt − wtlt − rk,tkt−1 −
φp
2

(πt − πss)2 yt. (2.6)

Combining (2.6), the budget constraint in (2.2), and the fact that bonds are in zero net
supply, we obtain the aggregate resource constraint

ct + it + gtyt = yt −
φp
2

(πt − πss)2 yt. (2.7)

2.2.5 Model Solution

To describe the model solution, let xt contain all the state variables, and let yt contain
the control variables in the model. Collecting all the structural parameters in the vector
θ, the exact solution is given by (see Schmitt-Grohé and Uribe (2004))

yt = g (xt; θ)

xt+1 = h (xt; θ) + ηεt+1,

where the matrix η contains the standard deviations to the structural shocks in εt+1.
The g- and h-functions are determined by the equilibrium conditions and the rational
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expectation formation in the New Keynesian model and are rarely available in closed
form. We therefore follow the existing literature and consider a standard log-linearized
solution, implying that

yt = yss (θ) + gx (θ) (xt − xss (θ)) (2.8)

xt+1 = xss (θ) + hx (θ) (xt − xss (θ)) + ηεt+1.

2.3 Identification of the Demand Elasticity

The demand elasticity for intermediate goods εp controls the average price markup
εp/ (εp − 1) and is a key parameter for determining the slope of the aggregate supply
curve in the New Keynesian model. Unfortunately, εp is hard to identify and this param-
eter is therefore nearly always calibrated in the literature (see Smets and Wouters (2007),
Christiano et al. (2014), Fernández-Villaverde et al. (2015) among others). This section
presents a new identification strategy for εp that enables us to estimate this parameter
reliably in a standard log-linear solution. We proceed by presenting overall identification
conditions for estimating the structural parameters in Section 2.3.1 and 2.3.2, which we
use in Section 2.3.3 to understand why εp is only weakly identified in the New Keynesian
model. Our new identification strategy for the demand elasticity is then presented in
Section 2.3.4

2.3.1 A Sufficient Identification Condition

We study identification of the structural parameters θ within the general class of ex-
tremum estimators, which are estimators that maximize some scalar objective function
QT (θ) with respect to θ, subject to θ being in the parameter space Θ (see Hayashi
(2000)). The subscript T on the objective function indicates that its value depends on
the considered sample of length T . It is easy to show that extremum estimators are
sufficiently general to include some of the most widely used estimators for the New Key-
nesian model, such as generalized method of moments (GMM), maximum likelihood, and
matching impulse response functions.

To state the identification condition for the extremum estimator, let θo denote the
true value of θ. Also, let Qo (θ) refer to the population value of the objective function,
which is the objective function in an infinitely long sample, i.e. Qo (θ) = limT→∞QT (θ).
A sufficient condition for identification of θ by the extremum estimator is (see Hayashi
(2000)):

Condition 2.3.1 Qo (θ) is uniquely maximized on Θ at θo ∈ Θ.

That is, identification of θ by the extremum estimator requires that the objective



2.3. Identification of the Demand Elasticity 41

function in the population only has one maximum, and that this optimum is at the true
value of the structural parameters. To fully understand this requirement, let us consider
cases where Condition 2.3.1 does not hold. One obvious violation of Condition 2.3.1 is
when the New Keynesian model is misspecified and Qo (θ) attains a unique optimum
at a different point than θo. Another violation of Condition 2.3.1 is when Qo (θ) has
several optima. This may happen when a subset of θ does not affect the model solution
and the objective function therefore is unaffected by this subset of θ. For instance, if
only the ratio of two parameters are identified, meaning that all combinations of the
two parameters with the same ratio give the same model solution and hence the same
objective function. Another situation which may generate infinitely many optima in
Qo (θ) is when a subset of θ affects the model solution but not the objective function. In
the case of maximum likelihood, this situation may happen when the considered score
function simply is uninformative about this subset of θ, for instance because too few
variables are included in the estimation.

2.3.2 A Necessary Identification Condition

It follows from Section 2.3.1 that a necessary condition for identification of the structural
parameters is that θ affects the model solution. This section formalizes this requirement
for a standard log-linear solution, which we use below to analyze identification of εp.
The use of a log-linear approximation constitutes a conservative choice, as more accurate
approximations also include higher-order terms in the model solution, which further helps
to identify the structural parameters as shown in An and Schorfheide (2007) and Ruge-
Murcia (2012).

The steady state solution for the states xss (θ) and the controls yss (θ) in (2.8) are
available in closed-form for the New Keynesian model in Section 2.2 and provided in
Appendix B.1 together with the log-linearized version of the model. However, the New
Keynesian model is almost exclusively used to explain short-term business cycles and
therefore estimated on detrended data for aggregate quantities with a mean of zero. This
implies that we will not rely on xss (θ) or yss (θ) for identifying the demand elasticity.2

The first-order loadings gx (θ) and hx (θ) in (2.8) are therefore more suitable, because
they affect all second moments in the New Keynesian model and hence the variability
around the trend. It is well-known that gx (θ) and hx (θ) solve the difference equation

A (θ)Et [zt+1] = B (θ) zt,

where zt ≡
[

y′t x′t

]′
contains all the model variables (see, for instance, Klein (2000)).

2For instance, the steady state level of wt and the marginal production cost mct are affected by εp,
meaning that the level of wt and mct contain information about εp if these moments were included in
the estimation.
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The elements in A (θ) and B (θ) are referred to as the reduced-form loadings and deter-
mine the interaction between the model variables. We collect these reduced-form loadings
in the vector γ (θ) ≡

[
vec (A (θ))′ vec (B (θ))′

]′
. Given this notation, it is informa-

tive to write gx (θ) as the convoluted function gx (θ) = g̃x (γ (θ)), where γ (θ) maps
the structural parameters into the reduced-form loadings and g̃x maps the reduced-form
loadings into the model solution, and similarly for the h-function. A necessary condition
for identification of θ is therefore that we can recover all the elements in θ from γ (θ).
That is, we must have a one-to-one mapping between the structural parameters and the
reduced-form loadings.

2.3.3 Weak Identification

This section uses the necessary condition in Section 2.3.2 to understand why the demand
elasticity is only weakly identified in the New Keynesian model. We carry out the analysis
under the assumption that the steady state level of i) labor lss, ii) inflation πss, and iii)
the ratio of government spending to output gss are either calibrated using the sample
means of lt, πt, and gt or estimated jointly with the remaining structural parameters in
the model (perhaps using these sample means). That is, the analysis is conditioned on
lss, πss, and gss being identified, which is a very weak assumption.

The considered New Keynesian model has 11 structural parameters, beyond (lss, πss, gss)

and the parameters characterizing the five structural shocks. It is easy to see from Ap-
pendix B.1 that the nine parameters (β, ω, ν, κ, α, δ, φR, γπ, γy) can be recovered from
γ (θ). Identification of the two remaining parameters (εp, φp) is less obvious, mainly
because the demand elasticity εp always enters jointly with other parameters. The log-
linearized version of the model in Appendix B.1 reveals that εp is present in two equations,
when ignoring firm profit ft as typically done in the literature. The first is the aggre-
gate supply (AS) relation, where the first-order condition for the optimal price of the
intermediate good implies the familiar expression

π̂t =
εp − 1

φpπ2
ss

m̂ct + βEt [π̂t+1] , (2.9)

where mct denotes marginal production cost. Here, all variables are in deviation from the
steady state, as indicated by the "hat", e.g. π̂t ≡ log πt − log πss. The second equation
where εp enters is in the aggregate resource constraint, which in our case reads

δα
εp − 1

εp

(̂
it − ĉt

)
=

(
1

β
− (1− δ)

)
[(1− gss) (ŷt − ĉt)− gssĝt] . (2.10)

This expression is obtained from a straightforward log-linearization of (2.7), which gives
css
yss
ĉt+

iss
yss
ît = ŷt−gss (ŷt + ĝt), or (1− gss − iss/yss) ĉt+ iss

yss
ît = ŷt (1− gss)−gssĝt, because
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css/yss = 1−gss−iss/yss. But, we also have that iss/yss = δα εp−1
εp

(
1
β
− (1− δ)

)−1
, which

then leads to (2.10).
Ordering γ (θ) such that the reduced-form coefficients involving εp appear first, we

then get the following three equations:
εp − 1

φpπ2
ss

= γ1 (2.11)

δα
εp − 1

εp
= γ2 (2.12)(

1

β
− (1− δ)

)
(1− gss)− δα

εp − 1

εp
= γ3 (2.13)

Here, (2.12) is the loading for it in (2.10) and (2.13) is the loading for ĉt in (2.10). The
parameters δ, α, and β are easily recovered from the other elements in γ (θ), and it
therefore follows that (2.11) to (2.13) allow us to recover εp and φp, provided δ > 0 and
α > 0. Thus, one way to satisfy the necessary identification condition in Section 2.3.2 is
to include capital with depreciation in the New Keynesian model.

However, the demand elasticity always enters in (2.12) and (2.13) through the inverse
of the markup, which is multiplied by the small scalar δα. For instance, δα = 0.0075

when α = 0.3 and δ = 0.025 as typically considered in the literature. Hence, variation in
εp has a fairly small impact on the reduced-form coefficients for the resource constraint,
and this observation explains why the demand elasticity is hard to identify in the New
Keynesian model, as confirmed in our Monte Carlo study below. Another way to draw
the same conclusion is to consider the two limiting cases for δ and α. First, suppose δ = 0

and capital does not depreciate. This implies that variation in εp is not represented in
the aggregate resource constraint, because it simplifies to ĝt gss

1−gss = ŷt − ĉt in this case.
Hence, we are left with only (2.11) to recover the two parameters εp and φp, showing that
we cannot identify εp without capital depreciation. Second, suppose α = 0 and capital
is not present in the production function. This also implies that the aggregate resource
constraint reduces to ĝt gss

1−gss = ŷt− ĉt, showing that we are unable to identify εp without
capital, as highlighted in An and Schorfheide (2007).

2.3.4 A New Identification Strategy

The analysis in Section 2.3.3 suggests that one way to overcome the weak identification
of the demand elasticity is to introduce another variable in the New Keynesian model
where variation in εp has a large impact on the reduced-form coefficients. The solution we
propose is to include detrended firm profit f̂t, because its dynamics is strongly affected
by εp. This follows from the log-linear expression of (2.6)

f̂t = ŷt − (εp − 1)
[
(1− α)

(
ŵt + l̂t

)
− α

(
r̂k,t + k̂t−1

)]
, (2.14)
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where the reduced-form loadings of f̂t on the factor prices (ŵt, r̂k,t) and the factor
inputs (l̂t, k̂t−1) depend directly on the demand elasticity. To see where this effect
comes from, note that a log-linearization of (2.6) gives fss

yss
f̂t = ŷt − wsslss

yss

(
ŵt + l̂t

)
−

rk,sskss
yss

(
r̂k,t + k̂t−1

)
. But the steady state implies fss

yss
= 1/εp, showing that the ratio

of firm profit to output decreases for a higher demand elasticity. We also have that
wsslss
yss

= (1− α) (εp − 1) /εp and
rk,sskss
yss

= α (εp − 1) /εp, which then leads to (2.14).
The economic intuition behind this direct effect of the demand elasticity for firm profit

is as follows. Suppose the demand elasticity between goods in the economy is low and

firms therefore have high market power and face steep demand curves Pi,t = Pt

(
yi,t
yt

)−1/εp
.

This allows firms to charge high markups and generate stable profits, because price
changes lead to relatively small changes in demand and hence profits. On the other
hand, firm profits are more volatile when the demand elasticity is high and firms face
relatively flat demand curves, because even small changes in prices lead to large changes
in demand and hence profits. Therefore, the size of the demand elasticity affects the
variability of firm profit. This implies that variation in φp and εp lead to notable changes
in the reduced-form loadings in (2.9) and (2.14), which help to identify the demand
elasticity.

2.4 Simulation Evidence

This section explores the usefulness of the new identification strategy proposed in Section
2.3.4 when considering a standard calibration of the New Keynesian model. We present
the setup for our numerical experiments in Section 2.4.1, and explore identification in
the population in Section 2.4.2. A Monte Carlo study is presented in Section 2.4.3 to
examine identification in finite samples.

2.4.1 The Setup

We consider a calibrated version of the New Keynesian model to quarterly post-war US
data. The calibration is fairly standard and summarized in Table 2.1. That is, we allow
for trend inflation with πss = 1.01 and let β = 0.998 to get a realistic level for the short
rate (4 logRss = 4.8%). For the household, we consider log-preferences for consumption
(ω = 1) and a unit Frisch labor supply elasticity (ν = 1). In the goods market, we let
εp = 6 to get an average price markup of 20% as commonly considered in the literature.
For the degree of price stickiness, we set φp = 60 which gives the same slope of the AS
curve as implied by Calvo-pricing with an average price duration of about 4 quarters. The
monetary policy rule displays a moderate degree of interest rate smoothing (φR = 0.80)
and assigns more weight to stabilizing inflation than output with γπ = 2 and γy = 0.25.
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Table 2.1: The Calibrated Parameters

lss = 0.33 κ = 2.00 ρd = 0.95
πss = 1.01 δ = 0.025 ρg = 0.90
gss = 0.20 φp = 60 ρn = 0.90
β = 0.9980 εp = 6 σa = 0.005
ω = 1 φR = 0.80 σd = 0.015
ν = 1 γπ = 2.00 σg = 0.03
α = 0.30 γy = 0.25 σn = 0.01

ρa = 0.95 σR = 0.0025

We study identification of the demand elasticity when using ĉt, ît, π̂t,R̂t, l̂t, and po-
tentially f̂t to estimate the New Keynesian model by maximum likelihood. The observed
variables are stored in yobst , where all time series are measured in deviation from the
deterministic steady state. This implies that the level of these variables only enter in
the estimation through the calibration of the structural parameters. The five structural
shocks are considered to be unobserved, and we therefore evaluate the log-likelihood func-
tion LT by the Kalman filter. To avoid issues related to stochastic singularity, we follow
An and Schorfheide (2007) and introduce measurement errors in yobst corresponding to
20% of the variation in each of the observed series.

2.4.2 Population Results

To study identification of εp and φp in the population, we consider a long simulated
sample of T = 5, 000 observations and approximate the population objective function
by Lo = 1

T
LT . The joint identification of εp and φp is then explored by plotting Lo for

different values of εp when changing φp appropriately to ensure that the slope of the AS
curve (εp − 1) / (φpπ

2
ss) remains constant. In this way, we remove the impact of changing

εp on the slope of the AS curve (which is determined by φp) to isolate the pure effects of
varying εp for the dynamics of the New Keynesian model.

The top chart in Figure 2.1 plots Lo when the log-likelihood function is evaluated with-
out firm profit. The log-likelihood function is extremely flat in εp, as Lo only changes
between 17.34 and 17.36 when varying εp between 3 to 10. This shows that the demand
elasticity is weakly identified, because εp has a very small effect on the resource constraint
as noted in Section 2.3.3. This finding also implies that the dynamics of the five variables
(ĉt, ît, π̂t, R̂t, l̂t) are basically unaffected by the demand elasticity when conditioning on
a given slope of the AS curve. Unreported results show that the weak identification of
εp is robust to i) reducing the size of the measurement errors, ii) varying the structural
parameters and iii) including nonlinear terms by solving the model with a third-order
perturbation approximation.3 Note also that the asymptotic efficiency of maximum like-

3When using the third-order perturbation solution, the log-likelihood function is approximated by
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lihood implies that the weak identification of εp shown in the top chart of Figure 2.1 will
be even more pronounced when using less efficient estimators such as GMM or matching
impulse response functions.

The bottom chart in Figure 2.1 examines the usefulness of our proposed identification
strategy by including firm profit in the likelihood function. The very encouraging finding
is that the log-likelihood function now is very curved, as Lo ranges between 10 and 20

when varying εp from 3 to 10. This shows that firm profit is highly informative about
the demand elasticity and greatly facilitates identification of εp.

Figure 2.1: Plot of the Log-Likelihood Function
For the calibration in Table 2.1, this figure plots Lo for different values of εp when
changing φp appropriately to ensure that the slope of the aggregate supply curve
v (εp − 1) /

(
φpπ

2
ss

)
remains constant. Here, Lo is computed on a simulated sample

of T = 5,000 observations by Lo = 1
T LT . The top chart considers the case when

firm profit is excluded from Lo, while firm profit is included in the bottom chart.
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2.4.3 Finite Samples

It is well-known that identification in the population does not always carry over to finite
samples, because the considered moments may only be weakly informative about the
structural parameters in shorter samples (see Canova and Sala (2009)). We therefore
conduct a Monte Carlo study in this section to further explore the ability of the proposed
identification strategy for the demand elasticity. This Monte Carlo study is carried out
using the calibration in Table 2.1 as the data generating process (DGP). Given these
parameters, we then simulate 1,000 samples with T = 250 observations. This sample

the central difference Kalman filter of Norgaard et al. (2000), which Andreasen (2013) shows may be a
more accurate (and faster) approximation to the infeasible likelihood function than using a particle filter
when the structural shocks are Gaussian.



2.4. Simulation Evidence 47

size corresponds to using roughly 60 years of quarterly data and is thus representative
of most empirical applications for the post-war US economy. To make the Monte Carlo
study manageable, we condition the simulations on the structural parameters in the first
column of Table 2.1 and estimate the remaining 16 parameters by maximum likelihood.

Table 2.2: The Monte Carlo Study: Results
This table reports the results from a Monte Carlo study of maximum likelihood
when using 1, 000 repetitions for samples of T = 250 observations. The data gen-
erating process (DGP) is the calibration stated in Table 2.1. The columns report
the following: i) ’Level bias’ refers to the difference between the mean of the sam-
pling distribution and the true value, ii) ’True SE’ is the standard deviation in the
sampling distribution, and iii) ’Type I: 5 pct.’ reports the rejection probabilities of
usinga t-test with the null hypothesis that the estimated parameter equals its true
value. Panel A excludes firm profit from LT , while firm profit is included in Panel
B.

Panel A: Excluding firm profit Panel B: Including firm profit
DGP Level bias True SE Type I: 5% Level bias True SE Type I: 5%

κ 2.000 0.093 0.530 0.061 0.034 0.431 0.071
δ 0.025 0.000 0.005 0.088 0.000 0.003 0.055
φp 60.000 47.022 131.432 0.159 -0.789 3.784 0.059
εp 6.000 4.126 11.391 0.153 0.014 0.264 0.045
φR 0.800 0.008 0.053 0.047 0.003 0.047 0.054
γπ 2.000 0.326 0.959 0.075 0.193 0.682 0.086
γy 0.250 0.075 0.228 0.090 0.048 0.171 0.083
ρa 0.950 -0.013 0.036 0.122 -0.002 0.009 0.047
ρd 0.950 -0.005 0.018 0.099 -0.002 0.008 0.059
ρg 0.900 -0.010 0.028 0.083 -0.007 0.020 0.052
ρn 0.900 -0.037 0.057 0.094 -0.006 0.022 0.061
σa 0.005 0.000 0.001 0.056 0.000 0.001 0.042
σd 0.015 0.000 0.002 0.102 0.000 0.002 0.055
σg 0.030 0.000 0.003 0.029 0.000 0.002 0.034
σn 0.010 0.001 0.002 0.044 0.000 0.001 0.031
σR 0.003 0.000 0.000 0.034 0.000 0.000 0.015

The results from this Monte Carlo study are summarized in Table 2.2, where Panel
A explores the performance of estimating the structural parameters without including
firm profit in the likelihood function. Focusing on φp and εp, we first note that the sticky
price parameter φp has a large positive bias of 47.02 and is estimated very imprecisely
with a true standard error of 131. The results for the demand elasticity are equally
discouraging, as εp has a large positive bias of 4.13 and a large true standard error of
11.4. These findings are thus consistent with the results reported in Section 2.4.2 for Lo
and show that εp and φp cannot be estimated jointly when using a standard set of macro
variables.

Panel B in Table 2.2 adds firm profit to the estimation to explore if the satisfying
results from Section 2.4.2 carry over to finite samples. For the sticky price parameter φp
we only observe a small level bias of −0.79, and this parameter is also estimated very
accurately with a true standard error of 3.78. The results are equally encouraging for the
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demand elasticity, which is basically unbiased (level bias of 0.01) and displays a small
standard error of 0.26. To evaluate the inference from the asymptotic distribution, Table
2.2 also reports the rejection probabilities at a 5% significance level (Type I: 5%) from
t-tests that a given estimate equals its true value. These type I errors are very close to
the desired level of 5% for φp and εp, whereas they exceed 15% in Panel A where the
information from firm profit is not included in the likelihood function.

Figure 2.2: The Monte Carlo Study: Selected Sampling Distributions
This figure reports the sampling distribution of φp and εp in the Monte Carlo study
when excluding and including firm profit in the estimation. The high proportion
of observations for φp around 500 in the top left chart reflects the fact that the
estimates hit the imposed upper bound of 500 for φp.
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This notable improvement of using firm profit in the estimation is also evident from
Figure 2.2, showing the distributions of the 1, 000 estimates for φp and εp in the Monte
Carlo study when excluding and including firm profit. The distributions in the left of
Figure 2.2 do not exploit the information from firm profit and are very wide and non-
Gaussian. This is particularly the case for φp, where several estimates hit the imposed
upper bound of 500. This implies that raising the level of this upper bound would further
exacerbate the positive level bias for φp. In contrast, the sampling distributions for φp
and εp are both tightly bell-shaped around the true value when including firm profit in
the estimation.

Thus, the clear message from this Monte Carlo study is that firm profit enables the
demand elasticity εp as well as the sticky price parameter φp to be reliably estimated in
samples of the length typically used in empirical applications.
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2.5 An Empirical Application

This section estimates the New Keynesian model on post-war US data using the proposed
identification strategy for the demand elasticity. We proceed by describing the data in
Section 2.5.1, before presenting the estimation results in Section 2.5.2.

2.5.1 Data

The post-war US economy is represented by quarterly data from 1960 Q1 to 2007 Q4,
where the end point of our sample is chosen to avoid issues related to the interest rate
reaching the zero lower bound in 2008. We consider the same six variables for the
estimation as used in Section 2.4. That is, we include i) real consumption per capita,
ii) real investment per capita, iii) CPI inflation, iv) the three-month Treasury bill rate,
v) the average weekly working hours and vi) tax-adjusted corporate profits per capita.
All six data series are stored in yobst and downloaded from the FRED database with
detailed descriptions provided in Appendix B.2. The series for consumption, investment,
and firm profit are log-transformed and detrended using the regression procedure in
Hamilton (2018) to avoid key shortcomings of the HP filter. The series for inflation,
the interest rate, and log-transformed hours are not detrended but simply expressed in
deviation from their respective sample mean.

2.5.2 Estimation Results

We preserve the same split between the calibrated and estimated parameters as considered
in our Monte Carlo study. Hence, we let πss = 1.0106 to match the sample mean of 4.23%
for annual inflation, and we set β = 0.9968 to fit an annual mean interest rate of 5.51%.
For the labor supply, we let lss = 0.34 to match the mean of our series for log-transformed
hours. The values for gss, ω, ν, and α are similar to those provided in Table 2.1. We also
allow for measurement errors in yobst corresponding to 20% of the variation in each of the
six series in yobst .

As a natural benchmark, we first estimate the New Keynesian model without including
firm profit and with εp = 6 to get an average price markup of 20% as commonly assumed
in the literature. A preliminary estimation reveals that the sticky price parameter φp is
badly identified in this case and hits the imposed upper bound of 500 for this parameter.
We therefore let φp = 60, which gives the same slope of the AS curve as implied by Calvo-
pricing with an average price duration of about 4 quarters. The maximum likelihood
estimates for this version of the New Keynesian model are reported in the first column
of Table 2.3. These estimates are fairly representative of the typical findings in the
literature, as we find sizable investment adjustment costs (κ̂ = 0.52), evidence of interest
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rate smoothing (φ̂R = 0.74), and a central bank that assigns a larger weight to stabilizing
inflation than output (γ̂π = 1.13 vs. γ̂y = 0.12).

Table 2.3: Maximum Likelihood: The Estimated Parameters
This table reports the estimated parameters for the New Keynesian model when
estimated by maximum likelihood from 1960 Q1 to 2007 Q4, with the first four ob-
servations reserved for the initialization of the Kalman filter. Asymptotic standard
errors are computed from the variance of the score function. In Panel B, MProfit

εp=6

refers to the restricted case where firm profit is included in the estimation and the
demand elasticity is equal to 6.

Panel A: Excluding firm profit Panel B: Including firm profit
(1) (2) (3)
M0 MProfit MProfit

εp=6

δ 0.0016
(0.0003)

0.0021
(0.0007)

0.0012
(0.0004)

κ 0.5186
(0.1173)

0.2913
(0.0702)

0.1765
(0.0452)

φp 60 233.964
(68.334)

363.226
(150.442)

εp 6 2.5764
(0.3085)

6

φR 0.7439
(0.0476)

0.8493
(0.1171)

0.6107
(0.0987)

γπ 1.1264
(0.1194)

1.445
(0.5824)

1.0823
(0.0812)

γy 0.1238
(0.0655)

0.4518
(0.5369)

0.0736
(0.0594)

ρa 0.9742
(0.0087)

0.9969
(0.001)

0.9958
(0.0013)

ρd 0.8674
(0.0482)

0.9126
(0.0425)

0.9012
(0.0394)

ρg 0.9824
(0.0051)

0.9906
(0.0033)

0.9929
(0.0025)

ρn 0.7999
(0.0532)

0.7858
(0.0357)

0.8331
(0.037)

σa 0.0017
(0.0004)

0.0015
(0.0004)

0.0015
(0.0003)

σd 0.0044
(0.0006)

0.003
(0.0005)

0.0028
(0.0004)

σg 0.0271
(0.0033)

0.0228
(0.0035)

0.0212
(0.0035)

σn 0.0146
(0.003)

0.0279
(0.0062)

0.0124
(0.0013)

σR 0.0020
(0.0002)

0.0016
(0.0002)

0.0014
(0.0002)

Memo
LT 3,194.9 3,405.5 3,350.8

The second column in Table 2.3 includes firm profit in the estimation. Our main
finding is an estimated demand elasticity of 2.58, which has a tight standard error of
0.31. This implies an average price markup of 63% with a 95% confidence interval of
[39%, 88%] when using the delta-method. Thus, the commonly used calibrated markup
of 20% is not in this 95% confidence interval and hence rejected by the data at a 5%

significance level. We also note that our estimated demand elasticity is consistent with
the recent micro evidence of Loecker and Eeckhout (2017), showing that the US has
experienced a gradual increase in the average markup from about 20% in 1980 to around
70% in 2014. Table 2.3 further shows that the inclusion of firm profit allow us to estimate
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the sticky price parameter φp. The point estimate is φ̂p = 234, which gives a fairly flat
slope for the AS curve of 0.007.4 We also note that the estimated shock distributions with
firm profit included in the estimation are very similar to those obtained in our benchmark
specification, except possibly for the persistence in technology shocks (ρa increases from
0.974 to 0.997) and the size of labor supply shocks (σn increases from 0.015 to 0.028).

Figure 2.3: In-Sample Fit: One-Step Ahead Predictions

This figure reports the one-step ahead predictions of the New Keynesian model
using the estimates in column (2) of Table 2.3. The shaded gray bars denote NBER
recessions. All variables are reported in deviations from the steady state, including
inflation and the interest rate shown in quarterly terms.
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To evaluate how well the New Keynesian model explains the data, Figure 2.3 shows
the one-step ahead forecasts of the observables in yobst , which are used in the Kalman
filter to compute the likelihood function. That is, for the estimated states in period t− 1

conditioned on
{
yobsi

}t−1
i=1

, we report the expected value of yobst in the model and the
realized value of yobst in the data. Figure 2.3 shows that the model generally does well in
forecasting all six variables in yobst , also around NBER recessions as indicated by shaded
gray bars.

To understand why the data prefers a fairly low demand elasticity, it is useful to
consider the estimates in the second column of Table 2.3, except with εp = 6 as commonly
assumed in the literature. The standard deviation of detrended firm profit is then 0.242

in the model, whereas it is only 0.085 when using the estimated value of εp = 2.58. The
corresponding standard deviation in the data is 0.095. Thus, our maximum likelihood

4The same slope for the AS curve corresponds to an average price duration of about 13 quarters in
the stylized model of Calvo (1983) with homogeneous capital. However, it is well-known from Altig et al.
(2011) that accounting for firm-specific capital makes a flat slope for the AS curve consistent with much
shorter price durations in a setting with Calvo-pricing, as also illustrated in Castelnuovo and Pellegrino
(2018).
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estimates prefer a low demand elasticity because it helps to generate the desired low
variability in firm profit.

The final column in Table 2.3 explores the effects of estimating the New Keynesian
model when restricting εp = 6, although firm profit is included in the estimation. The
estimates are reported in the third column of Table 2.3 and imply a large reduction in the
log-likelihood function of 54.7 when compared to the unrestricted model in column two.
As a result, the restriction εp = 6 is clearly rejected by a standard likelihood-ratio test,
which has a P-value of zero. We also note that the restricted model in the third column
of Table 2.3 imply a standard deviation for firm profit of 0.134, showing that estimating
the model conditioned on an average markup of 20% still generates too much variability
in firm profit.

2.6 Conclusion

This paper proposes to identify the demand elasticity in the New Keynesian model from
the variability in firm profit. We show analytically that this alleviates the weak identi-
fication of this parameter because the variability of firm profit depends directly on the
demand elasticity. A Monte Carlo study demonstrates that this identification strategy
enables us to accurately estimate the demand elasticity in samples of the same length as
typically used in the literature. In an empirical application for the post-war US economy,
we find an estimated demand elasticity of 2.58 with a tight standard error of 0.31. This
fairly low estimate of the demand elasticity implies a high average markup of 63%. In
contrast, most New Keynesian models use a calibrated markup of 20%, but we show that
such a low markup (i.e. high demand elasticity) is rejected by the data because it gener-
ates too much variability in firm profit. Thus, the new identification strategy proposed in
this paper suggests that a substantially lower benchmark value for the demand elasticity
should be used in the New Keynesian model.
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Appendix

B.1 The Log-Linearized System

The log-linearized representation of the model in Section 2.2 is summarized below, except
for the five log-linear relations for the shocks which we omit for simplicity.

1. ω (Et [ĉt+1]− ĉt) = Et
[
d̂t+1

]
− d̂t + R̂t − Et [π̂t+1]

2. d̂t + υl̂t + n̂t = d̂t − ωĉt + ŵt

3. q̂t = κ
[̂
it − ît−1 − β

(
Et
[̂
it+1

]
− ît

)]
4. q̂t = ω

[
Et
[
d̂t+1

]
− d̂t − (Et [ĉt+1]− ĉt)

]
+ E [rk,t+1] + β (1− δ)E [q̂t+1 − rk,t+1]

5. ŵt = k̂t−1 − l̂t + r̂k,t

6. m̂ct = (1− α) ŵt + αr̂k,t − ât

7. π̂t =
εp−1
φpπ2

ss
m̂ct + βEt [π̂t+1]

8. ŷt = ât + αk̂t−1 + (1− α) l̂t

9. R̂t = φRR̂t−1 + (1− φR) γππ̂t + (1− φR) γyŷt + σRε̂R,t

10. k̂t = (1− δ) k̂t−1 + δ̂it

11. δα εp−1
εp

(̂
it − ĉt

)
=
(

1
β
− (1− δ)

)
[(1− gss) (ŷt − ĉt)− gssĝt]

12. f̂t = ŷt − (εp − 1)
[
(1− α)

(
ŵt + l̂t

)
− α

(
r̂k,t + k̂t−1

)]
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Given that lss, πss, and gss are known, the steady state is given by Rss = πss/β, mcss =

(εp − 1) /εp, qss = 1, rk,ss = 1/β − (1− δ), wss =
(
mcss/

(
1

(1−α)1−α
1
αα
rαk,ss

)) 1
1−α , kss =

α
1−α

wss
rk,ss

lss, iss = δkss, yss = kαssl
1−α
ss , and ψ = εw−1

εw
wss
cωssl

υ
ss
.

B.2 Data Description

Consumption is measured by real personal consumption expenditures per capita on non-
durables and services. Investment is obtained from real gross private domestic invest-
ment divided by the US population. Inflation is measured by the year-on-year percentage
change in the consumer price index for all urban consumers. The nominal interest rate
is represented by the three-month Treasury bill rate in the secondary market. Hours
is measured by the average weekly hours of production and nonsupervisory employees
in the manufacturing sector, which we normalize by the constant 24 × 5. Finally, firm
profit per capita is computed as the after tax corporate profits with capital consumption
adjustment and inventory valuation adjustment divided by the US population.
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Long-term Loans in a Business Cycle Model

Mads Dang
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Abstract

This paper develops a business cycle model where long-term loans are used to
finance infrequent adjustments or purchases of residential housing. The model is
solved to third order to account for time-varying risk premia in long-term interest
rates, and calibrated to correspond with an economy where house owners adjust
their housing condition once every five years. We then show that long-term loans
create inertia in the housing market, which significantly suppress the initial eco-
nomic impact of unanticipated shocks. We also show that long-term loans prolong
the real effects from monetary policy changes, and effectively delay the economic
impact of a monetary policy change to the medium- and long-term.

Keywords: Business cycle model, Long-term loans, Housing, Third-order
perturbation approximation.

JEL: E32, E44, E52, R21.
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3.1 Introduction

In western economies the majority of residential housing is financed by mortgages, and
in the U.S. outstanding residential mortgage debt has been around $10 trillion over the
past decade. House owners with debt are exposed to various types of risk factors such
as unanticipated monetary policy changes and shifts in the housing market conditions.
House owners are often bound to their debt for multiple years and mortgages are seldom
refinanced frequently. This leads to a form of inertia in the house market which can act
as a channel which delays and prolongs the economic effects following policy changes and
exogenous shocks to the economy.

In this paper, we investigate the effects of long-term loans in a business cycle model.
We formulate a model with a housing market where residential housing is financed by
long-term loans. We build on the model of Iacoviello (2005), and introduce a demand for
long-term loans by using the concept of staggered contracts in the spirit of Taylor (1980).
These long-term loans create inertia in the housing market because the loans lock the
house owners to their stock of housing for a fixed period. We also introduce interest rates
on these long-term loans, and are thereby able to account for long-term interest rates in
the model.

We analyze the model using a third-order approximation to account for time-varying
risk premia in the multi-period interest rate that is attached to a long-term loan. The
model is analyzed based on a calibration to the post-war U.S. economy using a yearly
frequency. We analyze two configurations of the model. In the first configuration, house-
holds can adjust their housing condition every period. This configuration corresponds
to the case where residential housing is financed using short-term loans, and this con-
figuration is in line with similar models in the literature (see Iacoviello (2005)). In the
second configuration, we impose the restriction that house owners adjusts their housing
condition once every five years. This restriction basically causes the households to base
their housing decision on their expectation of the economy multiple periods ahead.

By analyzing the impulse response functions (IRF) of the model, we find that the
configuration with long-term loans generate inertia in the economy. This inertia both
delays and suppresses the initial impact on the real economy following an exogenous
shock. In the context of an unanticipated monetary policy change, long-term loans have
two effects. First, they suppress the immediate impact, and second they prolong the real
effects of a policy change. When considering a shock to the price of housing, long-term
loans primarily affect the economy in the short and medium time horizon.

When considering an anticipated future change in the monetary policy, long-term
loans still cause inertia, but the model behaves somewhat more like an economy when
there are no infrequent adjustments in housing. This is caused by the households being
forward looking when making their housing decision.
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The remainder of this paper is organized as follows. Section 3.2 presents the model.
The model is calibrated and analyzed in Section 3.3, and we close with concluding remarks
in Section 3.5.

3.2 A Business Cycle Model

This section presents a business cycle model which we use throughout the paper. The
model extends on the seminal business cycle model of Iacoviello (2005) by adding long-
term loans in the housing market. In the model we assume households adjust their
housing condition infrequently, thus creating a demand for long-term loans to smooth out
the cost of adding value to housing. This assumption seems realistic because large house
improvements such as changing a roof, building an addition to the house, refurbishing
bathroom/kitchen, etc. are only done infrequently.

The demand for long-term loans is created by defining a scheme in the spirit of the
staggered contracts model of Taylor (1980). Basically, the idea behind the scheme is
that the housing decision is locked for a fixed number of periods. In this way, inertia is
introduced in the housing market because house owners must wait until the locking-in
period ends before they may adjust their housing condition. The scheme of Taylor (1980)
are often used to introduce price- and wage-stickiness in modern New Keynesian models,
where other commonly used schemes are those of Rotemberg (1982) and Calvo (1983). In
practice, any of the three schemes could generate inertia in the housing market, but the
interpretations of the three schemes are quite different. Under a Calvo specification, the
house owners ability, or opportunity, to adjust their housing condition arrives randomly.
This means that the length of the locking-in period varies between house owners. A
drawback of the Calvo specification, is that there exists house owners who have not
adjusted their housing condition for many years, which seems unrealistic. Under the
Rotemberg specification, the inertia in the housing market is caused by adjustment costs
in the housing decision, where the adjustment cost increases with the size of adjustment.
This means that there is no locking in mechanism, as house owners may adjust their
housing condition every period. In this paper, we choose to model the housing decision
under the Taylor specification. First, because the locking in mechanism seems natural,
and second because the idea that house owners know when they are having their next
large house improvement seems most realistic.

The business cycle model is populated by four types of agents; entrepreneurs, house-
holds, retailers, and a central bank. The entrepreneurs hire household labor, rent capital
and housing, to produce a homogeneous good. The households supply labor, consume
goods and demand housing. The retailers in the economy is the source of nominal rigidity
in good prices, and the central bank sets monetary policy through an interest rate rule.
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Starting with the households, the activities of each type of agent will be described.

3.2.1 Households

We assume that the economy is populated by a continuum of households of mass one.
Following Taylor (1980), we divide the households into N equally sized cohorts indexed
by n = {0, 1, . . . , N − 1}, and we assume that the cohorts take turns to update their
residential housing condition hh,t−n(n).1 A few comments explaining the notation of the
housing variable is in order. The indicator n in the parenthesis denotes which cohort
of households the variable belongs to. The first subscript h denotes that the housing is
owned by a household, in contrast to subscript e which indicate entrepreneurial owner-
ship. The second subscript t − n indicates the time period. Also notice that with this
notation, n both denotes when the housing was last updated and to which cohort of
households the variable belongs.

The households can only update their housing condition every N periods because they
are in one of the N cohorts which, by assumption, take turns to update their housing.
We assume that infrequent adjustments in housing conditions are funded by long-term
loans BL

h,t. These loans are paid back with interests N periods later. As households also
consume goods ch,t, supply labor lt, and receive profits from firm ownership, the budget
constraint of the households in cohort n, is given by

ch,t +
R1,t−1Bh,t−1

Pt
+
RN,t−n−NB

L
h,t−n−N(n)

Pt−n
+ qt−nhh,t−n(n)

=
Bh,t

Pt
+
BL
h,t−n(n)

Pt−n
+ wtlt + qh,t−nhh,t−n−N(n) + ft. (3.1)

Here, qt denotes the real price of housing, wt is the real wage for supplying labor, Bh,t

denotes short-term loans. The variable RM,t is the gross nominal interest rate at time t
for a loan having a maturity of M periods, and Pt is the aggregate price level. Subject
to the budget constraint, households maximize a lifetime utility function given by

E0

∞∑
t=0

βt

[
c1−ωh,t − 1

1− ω
+ jt lnhh,t−n(n)− l1+ηt

1 + η

]
. (3.2)

Here E is the expected value operator and jt is a stationary shock to the utility from
residential housing. The process for jt evolves as log(jt/j) = ρj log(jt−1/j) + σjεj,t where
εj,t ∼ NID(0, 1). Because this shock directly affects housing demand, we can essentially
use it as a way to assess the effects of an exogenous shock to house prices. The coefficients
β is the households discount factor, η is the inverse of the Frisch elasticity of labor supply,

1Throughout the paper we will use the terms residential housing or housing, interchangeably, when
referring to the variable hh,t−n(n).
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and ω determines the curvature in consumption. The first-order conditions for lt, ch,t,
and Bh,t, which are identical across cohorts, are given by

wt = lηt c
ω
h,t (3.3)

1 = βEt

[(
ch,t+1

ch,t

)−ω
R1,t

πt+1

]
. (3.4)

The two first-order conditions are for the labor supply (3.3) and consumption (3.4),
respectively. Notice that these two first-order conditions are identical for all households.
This is because the utility function is separable in housing, hence the control variables
ch,t and lt can be adjusted independent to the level of housing, hh,t−n(n).

Deriving the first-order condition for housing is a little more complex. Now, consider a
representative household in cohort n at time t. This household chooses hh,t−n(n) to max-
imize lifetime utility given by equation (3.2). By definition, the last time this household
adjusted their housing conditions was in period t− n, and has since then remained fixed
for N−1 periods. The first-order condition for the housing demand and the multi-period
Euler equation are:2

hh,t−n(n) =
jt−n

c−ωh,t−nqt−n − βNEt−n
[
c−ωh,t−n+Nqt−n+N

] (3.5)

1 = Et−n

[
Λt−n,t−n+N

RN,t−n∏N−1
j=0 πt−n+N−j

]
. (3.6)

Here, Λt,t+s = βs(ch,t+s/ch,t)
−ω is the household’s stochastic discount factor between

periods t and t+s. Because households within each cohort face the same price of housing,
interest rate, inflation rate, and shocks, they will also choose the same level of housing.
This means that all households within a cohort are identical, and that households in
different cohorts only differ in their choice of housing. Also, notice that the two first-
order conditions (3.5) and (3.6) are based on the household’s expectation of the economy
for the next N periods, which corresponds to the number of periods housing is locked in.

3.2.2 Entrepreneurs

Entrepreneurs use Cobb-Douglas technology to produce an intermediate good yintt ac-
cording to

yintt = atk
µ
t−1h

ν
e,t−1l

1−µ−ν
t , (3.7)

where at is a stationary technology shock, kt is capital input, and he,t denotes commercial
housing input. The process at evolves as log(at) = ρa log(at−1) + σaεa,t with εa,t ∼

2All derivations are documented in a technical appendix, which can be made available upon request.
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NID(0, 1). We assume capital depreciates at a constant rate δ, hence the law of motion
for the capital stock is given by kt = (1− δ) kt−1 + it, where it denotes investment. As in
Iacoviello (2005), we assume that there is a limit on the obligations of the entrepreneurs.
This leads to the maximum amount Be,t, that a creditor can borrow, is bounded by
mE (Λt,t+1Qt+1he,t). The variable Qt denotes the nominal price of housing, Λt,t+1 is the
households stochastic discount factor between periods t and t+ 1, and the coefficient m
controls the loan-to-value ratio. In real terms the borrowing constraint is given by

be,t ≤ mE (Λt,t+1qt+1he,t) , (3.8)

where be,t = Be,t/Pt. To ensure a binding borrowing constraint in the steady state, the
return on savings for entrepreneurs must be greater than the households’ stochastic dis-
count factor, and we also must require that entrepreneurs do not postpone consumption
and become sufficiently wealthy. These conditions are satisfied if the entrepreneurs dis-
count the future more heavily than households. Hence, we assume that the entrepreneurs
discount factor, γ, is restricted by γ < β when maximizing their lifetime utility given by

E0

∞∑
t=0

γt
c1−ωe,t − 1

1− ω
.

Here, ce,t denotes the consumption of the entrepreneurs. The entrepreneurs’ budget
constraint is given by

yintt

xt
+
Be,t

Pt
= ce,t + qt (he,t − he,t−1) +

Rt−1Be,t−1

Pt
+ wtlt + it, (3.9)

where xt denotes a markup of final goods over intermediate goods when the entrepreneurs
sell their goods to the retailers. In contrast to the households, entrepreneurs are not
divided into cohorts and they are thus able to change their housing in every period. The
entrepreneurs’ first-order conditions for an optimum are given by

wt =
(1− µ− ν) ye,t

xtlt
(3.10)

qt = Et

[
µ∗tmqt+1Λt,t+1 + βe

(
ce,t+1

ce,t

)−ω (
qt+1 +

νyt+1

xt+1he,t

)]
(3.11)

1 = βeEt

[
(1− δ)

(
ce,t+1

ce,t

)−ω
+

(
ce,t+1

ce,t

)−ω
µye,t+1

xt+1kt

]
(3.12)

1 = βeEt

[(
ce,t+1

ce,t

)−ω
R1,t

πt+1

+ µ∗t

]
, (3.13)

where µ∗t is the Lagrange multiplier on the entrepreneurs’ borrowing constraint.
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3.2.3 Retailers

Following Bernanke et al. (1999), we assume there exists a continuum of retailers of
mass one, indexed by i. These retailers buy intermediate goods yintt from the en-
trepreneurs at price Pe,t in a competitive market. They decompose the intermediate
good without cost into yt(i) which they sell at price Pt(i). Final goods are aggre-

gated with the production function yt =

(∫ 1

0
yt(i)

ε−1
ε di

) ε
ε−1

where ε > 1. The result-

ing price index is Pt = (
∫ 1

0
Pt(i)

1−εds)
1

1−ε , and each retailer faces the demand function
yt(i) = (Pt(i)/Pt)

−εyt. To introduce sticky prices, we assume that the sale price Pt(i)
can be set in every period only with probability 1− θ. The retailer s chooses an optimal
price P ∗t which maximizes expected discounted profits, which is given by

∞∑
s=0

θsEt
[
Λt,t+s

P ∗t − Pe,t
Pt+s

yt+s(i)

]
,

subject to the demand for intermediate good i. Here, θ denotes the probability of not
being able to reset prices and Λt,t+s denotes the households’ real stochastic discount factor
between periods t and t+ s. The first-order condition for the retailers’ optimum can be
expressed recursively by defining an auxiliary variable gt, which is given by

gt =
ε− 1

ε
(p∗t )

1−ε yt + θΛt,t+1

(
p∗t
p∗t+1

)1−ε(
1

πt+1

)1−ε

gt+1 (3.14)

gt =
1

xt
(p∗t )

−ε yt + θΛt,t+1

(
p∗t
p∗t+1

)−ε(
1

πt+1

)−ε
gt+1. (3.15)

Here, p∗t ≡ P ∗t /Pt is the optimal real price at time t, and the aggregate price evolves as

1 = θ

(
1

πt

)1−ε

+ (1− θ) (p∗t )
1−ε . (3.16)

3.2.4 The Central Bank and Market Clearing Conditions

The central bank follows a Taylor-type interest rate rule which takes the following form

logRt = ρR logRt−1 + (1− ρR)
(

(1 + γπ) log πt−1 + γy log
(
yt−1

y

)
+ log r

)
+ σRεR,t,

(3.17)

where r and y are steady-state real interest rate and output, respectively, and
εR,t ∼ NID(0, 1).

The market clearing conditions require that the market for goods, loans, and housing
all clears. The goods market clears when supply equals demand, that is:

yt = ce,t + ch,t + it. (3.18)
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The market for loans, or bonds, clears when

0 = be,t + bh,t +
N−1∑
n=0

bLh,t(n). (3.19)

And finally, normalizing the aggregate stock of housing to unity, the clearing condition
for the house market is then given by

1 = he,t +
N−1∑
n=0

hh,t(n). (3.20)

The equations from (3.3) to (3.20), together with the law of motions for the capital stock
and the exogenous shock to house prices and technology, determine the equilibrium of
the business cycle model used throughout this paper.

3.3 Model Evaluation

In this section we evaluate the dynamics of the business cycle model. In section 3.3.1 we
discuss the calibrations of the model and also briefly how the model is solved. Section
3.3.2 studies the dynamics of the model by computing IRFs following an unanticipated
contractionary monatary policy shock and an unanticipated shock to the price of housing.
We conclude the evaluation with an analysis of an announced future change in monetary
policy in section 3.4.

3.3.1 Model Calibration and Methodology

The business cycle model is calibrated to match the U.S. economy at a yearly frequency.
Following Iacoviello (2005) we set the households’ subjective discount factor β equal to
0.96 and for the entrepreneurs we set γ equal to 0.95. The parameter that controls the
curvature of consumption in both the households’ and entrepreneurs’ utility function, ω,
is set equal to 1.5. This value of ω is roughly equal to the estimate reported in Smets and
Wouters (2007). Following Christiano et al. (2005), we set η to 1 implying a Frisch labor
supply elasticity of one, and the annual rate of depreciation on capital δ equal to 0.1,
which is roughly equal to the estimate reported in Christiano and Eichenbaum (1992).
In the entrepreneurs’ production function we set the capital share µ equal to 0.33, which
is within the range of values used in the literature. As in Iacoviello (2005), we set the
housing share ν in the entrepreneurs’ production equal to 0.03, and the parameter j equal
to 0.1. Setting ν equal to 0.03, corresponds to a steady state commercial housing over
annual output of 62%, and setting the parameter j equal to 0.1 fixes the stock of housing
over annual output to 140%, in line with data from the Financial Accounts of the U.S.
The loan-to-value ratio m is set equal to 0.89, which is equal to the estimate reported
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in Iacoviello (2005). The number of cohorts N is set equal to five, implying that house
owners adjust their housing condition once every five years. An adjustment in housing
every five years seems realistic if we define an adjustment as expenditures associated
with buying a new home or a large house improvement, such as, replacing windows,
refurbishing kitchen/bathroom, etc. For the retailers we set θ = 0.2 and ε = 21 which
corresponds to an average duration of prices of 5 quarters and a steady state markup of
5%, respectively. Prices being locked in for an average of 5 quarters is well within the
range of values estimated in the literature (see Christiano et al. (2005) and Andreasen
et al. (2018)). The steady state markup calibrated to 5%, corresponds to the value used
in Iacoviello (2005). Finally, for the central bank’s interest rate rule we follow Iacoviello
(2005) and set ρR = 0.73, γy = 0.13, and γπ = 1.27 which are well within the range of
values used in the literature.

The model is solved using a third-order perturbation approximation to capture the
nonlinear effects in the model. As noted by Kim et al. (2008), explosive sample paths
often appear in higher-order perturbation approximation. To eliminate these explosive
paths we apply the pruning method of Andreasen et al. (2018), and when analyzing IRFs
we report the generalized impulse response functions (GIRF) as derived in Andreasen
et al. (2018) when evaluated at the unconditional mean of the state variables.

3.3.2 Model Dynamics

In this section we analyze how the market responds to an unanticipated positive shock
to the interest rate rule εR,t and to the households’ marginal utility of housing εj,t,
respectively. We refer to a positive interest rate shock, as a contractionary monetary
policy shock, and a positive shock to the marginal utility of housing as a positive shock
to house prices because the marginal utility of housing directly affects housing demand.

The primary goal of the experiment is to explore how long-term loans affect the
dynamics of the business cycle model. For this purpose, we define a reference model which
is identical to the model defined in section 3.2, but with the exception that house owners
are allowed to change their housing at any time. In other words, the reference model is
defined and calibrated identically to the long-term loans model, but with the number of
cohorts N set equal to 1. Given this assumption, any difference between the two models
is thus caused by the long-term loans in the housing market. To compare the two models,
we compute and plot GIRFs of key economic variables following unanticipated exogenous
shocks which happen at time t = 0. The GIRFs are computed for eight periods following
the shocks, corresponding with eight years in the calibration.

The GIRFs following an unanticipated contractionary monetary policy shock are re-
ported in Figure 3.1, and the GIRFs following an unanticipated positive shock to the
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price of housing are reported in Figure 3.2.

Figure 3.1: A Monetary Policy Shock

This figure reports the impulse response functions following an unanticipated con-
tractionary one standard deviation shock to the monetary policy. The long-term
loans model, refers to the business cycle model where loans and housing are locked
for a period of five years, and the reference model refers to an identical model but
with no locking-in period for housing. The responses are computed using the gen-
eralized impulse response functions derived in Andreasen et al. (2018), evaluated
around the unconditional mean of the state variables. The y-axes denote percentage
deviations from the unconditional mean.
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In Figure 1, we see that the impulse response functions of the inflation rate and the
interest rate are somewhat similar for the two models. Notice that even when the housing
decision is locked for five years in the long-term loans model there is still movement in the
impulse response function for residential housing in the first four periods following the
shock. This is possible because the house owners are divided into cohorts. For example,
the house owners in the cohort who adjusted their housing condition five years prior to the
shock, are able to react immediately after the shock hits the economy. And in the period
after the shock, another cohort of households are able to react. This is the reason why
the level of residential housing is able to change in the first few periods following a shock,
and it is also the mechanism that generates the inertia in the housing market. Returning
to the impulse response functions, we observe that in both models, consumption, output,
residential housing, and the price of housing, falls following a contractionary monetary
policy shock. But, in the reference model, the drop is immediate, while the response
is more smooth and delayed when households are locked in by long-term loans. These
effects are caused by inertia from the housing decision scheme. After a contractionary
monetary policy shock only a fraction of the households can immediately change their
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housing, and only one additional cohort of house owners are able adjust their housing
condition in the subsequent periods. This creates inertia which both delays and smooths
out the shock, hence the effects from unanticipated changes in the monetary policy last
longer but with a suppressed immediate impact.

Figure 3.2: A Shock to the Price of Housing

This figure reports the impulse response functions following an unanticipated pos-
itive one standard deviation shock to house prices. The long-term loans model,
refers to the business cycle model where loans and housing are locked for a pe-
riod of five years, and the reference model refers to an identical model but with no
locking-in period for housing. The responses are computed using the generalized
impulse response functions derived in Andreasen et al. (2018), evaluated around the
unconditional mean of the state variables. The y-axes denote percentage deviations
from the unconditional mean.
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In Figure 3.2 we observe that the real economy surges following an unanticipated
positive shock to house prices. Similar to the tightening monetary policy shock, we
observe a strong immediate response in the reference model, whereas the response is
delayed when housing is financed by long-term loans. This effect is especially pronounced
in consumption and output for the first couple of periods following the shock. The
response in the interest rate is somewhat similar in the two models, but the price level is
marginally more stable in the model with long-term loans.

Comparing the impulse response functions in Figure 3.1 and 3.2 we observe some
difference in the model dynamics following the two shocks. Following an unanticipated
shock to the price of housing both the reference model and the model with long-term
loans converge toward the steady state at faster rate. In the first four periods following a
shock to either monetary policy or the price of housing, there are observable differences
between the impulse response functions of the two models. In the last four periods, the
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difference between the models still persists following a monetary policy shock, whereas
the two models are much more similar in the long-term following a shock to the price of
housing.

The overall effect of long-term loans is a suppressed immediate response to shocks.
The inertia from long-term loans induce impulse response functions which are hump-
shaped and more persistent. Long-term loans enable monetary policy to be more effective
in the medium and long-run. This is because the inertia from the loans induce increased
persistence in the real economic variables, while the response in the inflation and the
interest rate remains somewhat unaffected by the long-term loans.

3.4 An Anticipated Monetary Policy Change

In this section we analyze how the economy responds to an anticipated future change in
monetary policy. As before, we use a reference model with no long-term loans to help
us isolate the effects caused by these loans. Our analysis is based on the scenario where
the central bank in period 1 announces a future contractionary monetary policy change
which will be implemented in period 3. This means that the economy has two periods to
prepare for the oncoming change. The GIRFs following the anticipated contractionary
monetary policy change are reported in Figure 3.3.

The impulse response functions of an announced future change in monetary policy
are somewhat similar to the case of an unanticipated monetary policy shock, reported
in Figure 3.1. But when the policy change is announced, the impulse responses are
visibly smaller, for example in the long-term loans model the drop in output peaks at
around 0.35% when the policy change is announced whereas the peak is at 0.4% in the
unannounced case. In Figure 3.3 we still observe the inertia from long-term loans, the
similar response of the two models in the inflation and the interest rate, and the difference
in response in especially consumption, output, investment, and housing, between the two
models. But, the gaps between the impulse response functions of the two models are
noticeable smaller when the policy change is anticipated. In other words, the impulse
response functions of the model with long-term loans are more similar to the reference
model, following an announced future policy change. This is due to the forward looking
nature of the house owners. for example, when the policy change is announced, one cohort
of house owners can react accordingly. And in the following period the next cohort can
also react to the change. In this way, two cohorts, or with our calibration, 40% of all
households are able react before the monetary policy change is carried out. Everything
else equal, when considering an announced future policy change, the gap between the
responses of the long-term loans model and the reference model is reduced, and the gap
is especially reduced in the period where the policy change is implemented. We can
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Figure 3.3: An Announced Change in Monetary Policy

This figure reports the impulse response functions following an announced contrac-
tionary one standard deviation change in the monetary policy. The policy change is
announced in period t = 1 and is implemented in period t = 3. The long-term loans
model, refers to the business cycle model where loans and housing are locked for a
period of five years, and the reference model refers to an identical model but with
no locking-in period for housing. The responses are computed using the generalized
impulse response functions derived in Andreasen et al. (2018), evaluated around the
unconditional mean of the state variables. The y-axes denote percentage deviations
from the unconditional mean.
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observe this effect by comparing the gaps between the response of the two models when
the policy change occurs. In the unannounced case the policy change occurs at time 1,
and in the case of an announced policy change the policy change occurs at time 3.

All in all, we find evidence that the model with long-term loans retains the inertia in
the housing market, and that an announced future policy change affects the real economy.
In the context of forward guidance, our experiment suggests that forward guidance has
less real economic consequences than an unannounced policy change, and that forward
guidance still has real economic effects when housing is financed by long-term loans.
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3.5 Conclusion

In this paper we develop a monetary business cycle model with long-term loans tied
to residential housing. The demand for long-term loans is created by households who
infrequently change their housing condition. We calibrate the model to match the U.S.
economy at a yearly frequency and restrict the households’ ability to change their housing
condition once every five years. Analyzing the IRFs of this model we show three important
effects of long-term loans. First, long-term loans significantly suppress the immediate
response to shocks hitting the economy. Second, exogenous shocks have longer lasting
real effects in an economy with long-term loans. And third, long-term loans induce
persistence in the real economy following a monetary policy shock and a shock to the
price of housing. We also find evidence that inertia in the housing market increases the
effectiveness of monetary policy on the medium to long-run time frame.
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