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cost of inflation channel*

Leonardo Iania, Pavel Tretiakov, Rafael Wouters

Abstract

We study the role of the cost of inflation channel in determining the risk
premium in a (nonlinear) New Keynesian DSGE model. Relying on a Calvo
(or Rotemberg) price setting, we show that while the cost of inflation chan-
nel generates the desired term premium moments, it suffers from nontrivial,
counterintuitive approximation errors in the price dispersion function. In
addition to documenting the issues, we propose ways to alleviate them, in-
cluding a quasikinked demand function as a risk-generating mechanism.

This Version: August 24, 2022

1. Introduction

The government bond market is vital for modern economies. Countries
issue bonds to finance their debt, investors buy government bonds to seek
low-risk (or risk-free) returns, and central banks consider the yield curve
(the function linking the bond’s yields with their maturity) as the critical
component of monetary policy transmission. Hence, understanding the un-
derpinnings of government bonds’ prices/yields is of pivotal importance. A
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key determinant of bonds’ prices is the risk compensation investors demand
for holding long(er) term maturity bonds, i.e., the risk premium. While
an undisputed empirical finding in the finance literature is that risk premi-
ums are substantial and time-varying (see Campbell and Shiller (1991), and
Cochrane and Piazzesi (2005), among others), the economic forces behind
this time variation remain unclear.

A popular approach to understand the determinant of bond risk premia
relates to structural macroeconomic models, such as dynamic stochastic gen-
eral equilibrium (DSGE) models (see Christiano et al. (2005), Smets and
Wouters (2007)), whereby economic agents (households and firms) make op-
timal decisions and form rational expectations in the face of fundamental
shocks. Within this class of models, the study of risk premia is usually done
(i) by inducing Epstein and Zin (1989) generalized recursive preferences,
which allow the researcher to disentangle the degree of intertemporal sub-
stitutability from risk attitudes and generate sizable risk premium variation,
and (ii) by introducing nominal rigidities to jointly match consumption and
inflation moments with yield curve moments (risk premia and yield curve
slope) and to allow for the propagation of structural shocks. The presence of
nominal price rigidities implies that inflation becomes disruptive and costly.
This paper studies this cost of inflation channel and its importance for the
term premium behavior in macrofinance structural macroeconomic models.
Additionally, we highlight that standard New Keynesian DSGE models with
nominal rigidities match risk premium dynamics but suffer from substantial
approximation error in the cost of inflation channel.

The starting point of our analysis is a standard DSGE model, such as in
Rudebusch and Swanson (2012), which allows for recursive preferences and
nominal rigidities a la Calvo (1983) or Rotemberg (1982). Following An-
dreasen (2012), we produce a time-varying risk premium by focusing on the
third-order approximation of the model around the steady state. A higher
order approximation of the model generates additional effects typically not
observed in the linear case, with the cost of inflation being the most im-
portant, especially for generating time-varying risk premium dynamics. For
example, Swanson (2015) noted that price dispersion, the state variable ac-
counting for the cost of inflation, generates conditional heteroskedasticity
in the stochastic discount factor even with homoskedastic structural shocks.
However, Swanson (2015) does not investigate the potential problem of ap-
proximation error.

We note that these appealing results rest on extreme calibration settings



and are linked to severe approximation errors that, in fact, undermine the
internal consistency of the model. First, we document the role of the price
dispersion mechanism as a main driving force of term premium variation in
the model. Without the price dispersion feedback channel, the model loses
a great portion of state-dependency, conditional heteroskedasticity of the
stochastic discount factor, and finally, time-variation in the term premium.
Second, we document a counterintuitive result linked to price dispersion (the
inefficiency generated by staggered price setting). In a standard parametriza-
tion setting, we show that the third-order approximation of price dispersion
implies that when inflation deviates from the steady-state value, price disper-
sion decreases, even below theoretical lower bound (of 1), due to the presence
of substantial approximation error.

A first logical solution to these problems is the realistic calibration of the
parameters such as markup, Calvo probability, and Cobb-Douglas labor out-
put elasticity. Our results stress the fact that, in calibrating a DSGE model to
fit asset pricing moments, the researcher should carefully investigate whether
the calibration setting generates economically consistent transmission chan-
nels. As the second solution, we propose an alternative risk-generating mech-
anism that complements the price dispersion channel. Specifically, we in-
troduce real rigidities in form of the Kimball (1995) aggregator. Its main
advantage is that one can assume a lower degree of nominal rigidities (more
frequent price changes) consistent with microeconomic literature (for exam-
ple, Bils and Klenow (2004)) by applying a high degree of real rigidities. We
draw inspiration from Harding et al. (2022) who use a non-linear macroe-
conomic model with real rigidities to resolve the missing deflation puzzle.
In turn, in our setup, it serves as a remedy to the price dispersion problem
and an attractive option for the asset-pricing general equilibrium model. We
show that the Kimball specification maintains a similar level of state depen-
dence and generates a comparable term premium while being free from the
severe approximation error observed in the original case.

The remainder of the paper proceeds as follows. Section 2 introduces
the benchmark structural model with the asset pricing block. Section 3
analyses the role played by the price dispersion mechanism in reproducing
risk premium moments and investigates the price approximation errors in
the price dispersion function linked with benchmark calibration settings. In
section 4, we propose the alternative specifications (Kimball real rigidities;
Rotemberg nominal rigidities) and show that they can reproduce the desired
risk premium moments while eliminating the internal inconsistencies brought



about by the Calvo setting. In section 5, we demonstrate why the alternative
frameworks are not a full remedy to the approximation error issue but are
still preferable over the Calvo specification. Finally, section 6 concludes the

paper.

2. A simple macroeconomic model with asset pricing block

The backbone of our model is similar to Rudebusch and Swanson (2012).
In a nutshell (i) households have recursive preferences over state-contingent
plans of labor and consumption, (ii) they offer labor input to monopolistically
competitive firms facing inefficiencies in the price-setting mechanism, either
via staggered price contracts (a la Calvo) or via price adjustment costs (a la
Rotemberg), and finally, (iii) to transfer consumption over time households
can use the bond market, whereby the one-period interest rate is set by the
monetary authority.

2.1. Households
At any time ¢, the household obtains a utility flow:
Ctl_ﬁ (]_ — lt)l_X

ulee,b) = 7 —+1 = x (1)

that is additively separable, strictly concave, increasing in consumption ¢,
decreasing in labor /,, and where &, xy and 7 are positive model parameters.*

Following the idea of Epstein and Zin (1989), we assume that the house-
hold’s preferences are ordered using the recursive functional V;:

1

‘Zﬁ = U(Ct, lt) + B (Et‘z}i-_la> e )

where 8 € (0,1) is the household’s discount factor, E; is a conditional expec-
tation given information in period ¢, and « is a positive curvature parameter
that governs the relative risk aversion coefficient.

Intertemporal elasticity of substitution is given by IES = %, 7 is calibrated such that
lss = 1/3, and x/2 is an inverse of Frisch elasticity.



The value function of the household then satisfies the maximization prob-
lem (generalized Bellman equation)?

Vi= ?13% {U(Ct, l;) + 8 (Et‘/t}',-_la)ﬁ} )

subject to the household’s flow budget constraint
at41 + PtCt = eitat + wtlt + dt,

were a; is the nominal assets holdings, i, is the (continuously-compounded)
nominal interest rate, d; is exogenous transfers to the household, P, is the
price of consumption good, and w; is the nominal wage determined by the
household’s optimallity condition:

Finally, following the logic of Rudebusch and Swanson (2012), we obtain
the model-implied real stochastic discount factor (SDF):

i Ct+1\_g Vit -
e =00 ((Eﬂéif)”“_”> '
2.2. Production

Final output Y; is produced by a perfectly competitive final good pro-
ducer, which assembles intermediate goods y;(f) of type f € [0, 1] using the
following CES production function (Dixit-Stiglitz aggregator):

A

Y, = ( / 1 yt(f)”df) |

where Y; denotes the amount of final good produced. The parameter A > 1
governs the elasticity of demand with respect to price, —A/(A — 1), in the
resulting demand function for intermediate good of type f with price p;(f) :

A1)
wlf) = <ﬁ> Y. 2)

By

2Similar to Rudebusch and Swanson (2012), we scale the value function V;y; under
the power operator by the steady state of the value function and then unscale it outside of
it. This manipulation helps to avoid extreme precision outcomes given high relative risk
aversion (hence a)) without perturbing the results of the model; also see Swanson (2018).



Monopolistically, infinitely-lived and competitive firms produce differen-
tiated intermediate good w(f) by hiring households, L(f), and by using
fixed capital k. All firms combine the production’s inputs by in identical
Cobb-Douglas production functions:

ye(f) = Atkl_eLt(f)97 (3)

with 6 € (0,1) and technology A; evolving according to the following AR(1)
process:
log A; = palog A1 + o€,

where ps € [0,1], ¢ are the i.i.d Gaussian productivity shock with mean
zero and variance 1, and the standard deviation o4 modulates the size of the
shocks.

The last element of the production’s part of the model relates to the price
setting of the intermediate firms. Following the New-Keynesian macroeco-
nomics’ paradigm, we introduce nominal rigidities in the the production sec-
tor, allowing for nonneutrality of short-term policy rate.

We follow Calvo (1983) and assume that the firm maximizes its profits
subject to a stochastic staggered price setting mechanism. Each period, a
firm can reset the price to an optimal level with probability (1 —¢) while with
probability ¢ the firm will adjust its price p;(f) according to the following
indexation rule (to steady-state inflation):

pe(f) = p—1 ()T,

where p € [0; 1_] establishes the degree of price indexation to steady-state
(gross) inflation, II. The optimal price of the re-optimizing firm is determined
by the standard first-order condition:

Z;io §E, {mt,t+j (Pt/Pt+j> yt+j(f)ﬂt+j(f)}
>ico EeAmess (Pr)Prj) s ()™}

where y(f) is the firm’s marginal cost and my 4 ; = Hi:l My is the firm’s
(household’s) real stochastic discount factor from period ¢t + 1 up to ¢ + j.
The aggregate output, Y;, depends on how the inputs are distributed
among the various intermediate good producers. Given the frictions intro-
duced by the staggered price mechanism, resources are not allocated opti-
mally, with some production done by firms with nonoptimal price setting.

pi(f)=2A




The output lost due to this price distortion mechanism is captured by the
measure of price dispersion, that we propose here in the following form:

2/0
AV = (1= (1-ex)/O) T e OTOA )

with B
Xt — Ht/H7 (5)

measuring the ratio of current (gross) inflation II; to the price adjustment
coefficient for non-optimizing firms (indexation). Equation (4) indicates that
the current level of price dispersion is linked to the price dispersion of the
last period and contemporaneous inflation. If any shock operates through the
aggregate rate of inflation, it has an immediate impact on the price dispersion
measure.

Let L; denote the aggregate labor demand. Labor market equilibrium
requires that the labor demanded by firms is equal to the labor supplied by
households or L; = [;. From the definition of L;,

1
Ly = / L(f)df,
0
We find that L, satisfies
Y, = ATTAKYOLY (6)

where K = k is the aggregate capital stock. The inflation dynamics is given
by:
1/(1=) pr\ 1/(1=2)
X/ =(1-9 (F) X/ e (7)
t

Finally, the market clearing condition for the final good requires Y; =
C, + G + I, with constant government purchases as a share of steady-state
output, v¢Y, constant investments I = §K that cover capital K depreciation
with the rate §, and C; = ¢; is the aggregate consumption demanded by
households.

2.3. Monetary policy rule

The monetary policy rule is assumed to be in the form of the Taylor rule
with inertia. A central bank sets one-period nominal interest rate i,

i = piie—1 + (1 — pi) (i + (T — ) + Oy (y — 9)/7) -
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Here ¢, and ¢, € R are the policy reaction coefficients, m; = logIl; is the
inflation rate, 7 = log II denotes the inflation target that coincides with the
steady-state inflation, y, = logV; is the output, 3, = logY is the log of the
steady-state output. Finally, 7; stands for a geometric moving average of
inflation:

T =01+ (1 —0,)m.

By setting 6, = 0.7 we assume an effective duration of about four quarters.

2.8.1. Asset Pricing Block

Following Rudebusch and Swanson (2012) paper, this block uses m;, the
real SDF implemented in the model, to price nominal default-free government
bonds.

By definition, in the model, a default-free zero-coupon nominal bond pays
one nominal dollar at maturity. If pE") denotes the nominal price of a such

)

n-period bond, then p§° =1 and for n > 1 in equilibrium we get

- -1
pgn) = Eymyqqe Hlpgil g

Furthermore, let i™ be the yield on a nominal bond:

i = Liogy

The risk-neutral nominal price ﬁg") of an n-period zero-coupon nominal bond
is defined by

N —it ~(n—1
PE f=¢ Etngrl )a

and n-period nominal term premium wfn) is given by

n 1 ~lN n
i = E(Ingﬁ " —logpi™).

2.3.2. Model calibration

We calibrate our model similar to Rudebusch and Swanson (2012) best
fit specification. The intertemporal elasticity of substitution is set to 0.11
which translates into k = 9.09. Frisch elastcity is set to 0.28, which is
equivalent to xy = 7.14, while keeping the steady state-value of the labor
equal to 1/3 by adjusting n constant. The Epstein-Zin parameter is set to
imply the steady-state of relative risk aversion to 110. We do not assume



any growth of productivity in the model and simply set household’s discount
factor B = 0.99.> The capital depreciation rate is set to § = 0.02, the
steady-state capital-output ratio is set to 2.5. The steady-state government
spending to output ratio is fixed to 0.17. On the firms’ side, we set gross
markup A = 1.2, output elasticity with respect to labor # = 0.6666, and
the Calvo parameter ¢ = 0.78. The monetary policy rule is defined by
Y. = 0.53, ¥, = 0.93, p; = 0.73 and zero inflation target that coincides
with steady-state inflation 7 = 0. Alternatively, any steady-state inflation
value can be considered, as we assume steady-state indexation in the firms’
optimization problem. Finally, our model uses only one fundamental shock,
namely, productivity shock, and we set its persistence p, = 0.96 and variance

o4 = 0.005.

2.3.3. Solution Method

To solve our model, we use the perturbation method, one of the most
popular ways to solve DSGE models with differentiable policy functions, see
Schmitt-Grohe and Uribe (2004). We specify nonlinear model and solve it
up to the third order. A typical third-order perturbation solution generates
explosive simulated paths even when the linear model is stable. We employ
the pruning methodology introduced by Kim et al. (2008) to eliminate the
explosiveness of the solution. The third-order approximation is an essential
step in generating time-varying risk within the model. Under this condition,
the term premium becomes a linear function of states, see Andreasen (2012).
Finally, we formulate and solve our model with the aforementioned methods
using the Dynare package by Adjemian et al. (2011).

3. Cost of inflation in the Calvo world

In New Keynesian models with the Calvo setting, price-setting frictions
imply that some firms cannot optimally set prices, leading to inefficient in-
put allocation and to lower aggregate output. These nonoptimizing firms find
themselves further from the optimal price state, and as inflation increases,
the overall distribution of prices changes and no longer corresponds to the

3In Rudebusch and Swanson (2012), 3 is set to imply a value of B = By " = 0.99,
where v = 1.0025 is a growth rate of productivity (1% annual growth). Given their values,
the discount factor should be = B+" = 0.99 - 1.0025%%° = 1.01 that goes at odds with
common intuition of § < 1. We avoid this problem by assuming no growth.



existing marginal costs. In other words, the cost of inflation is driven by
the price dispersion channel. In this section, we emphasize that the price
dispersion mechanism, implied by price stickiness, is a key component of the
nonlinear model. It accounts for the majority of the nonlinear effects and
is pivotal in generating economically meaningful term premia. We proceed
in two steps. First, we artificially shut down the impact of price dispersion
on the aggregate production function to highlight the importance of price
dispersion for the volatility of macro variables and the term premium. Sub-
sequently, we analyze the relationship between the numerical errors in the
price dispersion function’s approximation and the term premium’s volatility.

3.1. Price dispersion, volatility and term premium.

To assess the role of price dispersion in term premium volatility, we com-
pare three types of models: (i) the baseline macrofinance model developed
in the previous section solved linearly; (ii) the same baseline model solved
nonlinearly (3rd order); and (iii) a simplified version of it where we switch off
price dispersion’s inefficiency in the aggregate production, i.e., in equation
(6), we set A, = 1:

Y, = ALY (8)

Intuitively, this modification allows for a nonlinear solution of the model, but
the price dispersion mechanism is absent, analogous to the linear model. For
each model, we use a calibration setting similar to Rudebusch and Swanson
(2012), namely A = 1.2, 0 = 2/3, £ = 0.78, and ¢, = 0.53. To gauge
the importance of price dispersion on term premium volatility and other
key variables, we compare the simulated standard deviations for the selected
set of variables and the impulse response functions (IRFs) to productivity
shocks.

We summarize model-implied standard deviations for the three models in
Table 1. The set of selected variables is the following: consumption, C’; labor,
L; inflation, 7; short-term nominal interest rate, 7; short-term real interest
rate, r; 10-year nominal bond yield, i®*?); and 10-year nominal bond term
premium, 1“9, The moments in the first column correspond to the linearly
solved baseline model. Consistent with theory, the term premium standard
deviation is 0 in the linear setup. The second column reports values from the
nonlinear benchmark model. The nonlinear effects in the model have a sig-
nificant impact on the macroeconomic variables, increasing overall volatility.
The model is able to generate sizable term premium volatility in agreement

10



Variable (SD) Linear Nonlinear Simplified

Consumption, % 0.75 1.13 0.79
Labor, % 1.92 2.43 1.88
Inflation, an.% 2.08 2.71 2.17
Nominal interest rate, an.%  2.37 3.05 2.47
Real interest rate, an.% 1.17 1.53 1.22
10Y nominal yield, an.% 1.42 2.30 1.52
10Y nominal TP, an.% 0.00 0.54 0.04

Table 1: Model-based simulated standard deviations.

with Rudebusch and Swanson (2012). The third column of Table 1 reports
the results from the simplified model without price dispersion’s inefficiency.
Two major points stand out. First, despite being solved nonlinearly, the
simplified model generates macroeconomic moments much closer to those of
the linear model rather than the nonlinear model. This prominent result
suggests that the price dispersion mechanism is one of the fundamental non-
linear channels in the baseline model, and when removed, the model behaves
very similarly to the linear version. Second, the term premium volatility is
almost negligible compared to the nonlinear model. The main reason for
this outcome is that the price dispersion mechanism creates the conditional
heteroskedasticity of the stochastic discount factor that results in the time
variation of the term premium.

To shed more light on our findings, we turn to the analysis of the IRFs.
The blue (red) line in Figure 1 depicts the IRFs to a one-standard-deviation
positive productivity shock in the original (simplified) model for aggregate
output (in %), the annualized inflation rate (in %), the annualized short-
term interest rate (in %), the 10-year yield on nominal zero-coupon bonds
(in %), the 10-year nominal term premium for such bonds (in ann.bp.), and
the model-implied stochastic discount factor (in %).

Focusing on the median response in both models, the responses of con-
sumption, inflation, and short-term interest rates are comparable in size.
Furthermore, they are in line with intuition: (i) consumption demand in-
creases as the increase in supplied output makes households wealthier in
present-value terms; (ii) inflation decreases as a fraction of firms reduces their
prices in response to the decrease in firms’ marginal costs; and (iii) short-
term interest rates decrease, following the central’s bank monetary policy

11



Consumption 0 Inflation %hort-term int. rate

0.4, TS o m =

N - =

4 ~ 2
S~ <05
OZN P - .
1+ e
'
'

0 1 1 1 1 -1.5& /| 1 1 1
5 10 15 20 5 10 15 20

Iaong-term int. rate 0 Term premium
’

_ -20
-~ -10 s Bench
P d .
~ - 7 —— Sim
_1 1 1 1 1 '15 -40 1 1 1 1
5 10 15 20 5 10 15 20 5 10 15 20

Figure 1: Nonlinear impulse response functions to a one-standard-deviation positive pro-
ductivity shock. The results are plotted for the Calvo (Cal, blue) and Simplified (Sim,
red) models. The solid line represents the median impulse response, while the dashed
lines represent 5% and 95% bands. For the Simplified model, the median response almost
coincides with the bands.

rule. However, the consumption path in the simplified model follows the
lower band of the benchmark model. The major reason for that difference is
the price dispersion channel, which creates two counteracting effects. First,
due to high relative risk aversion and the precautionary motives that op-
erate through the Euler equation, both models exhibit a negative bias in
inflation and the nominal interest rate. In the benchmark case, this bias
propagates through price dispersion (which increases) to consumption and
other variables. Consequently, when a positive productivity shock hits the
benchmark economy, inflation decreases and price dispersion increases even
more, thus placing downward pressure on production and upward pressure
on labor. Second, due to the presence of price dispersion, this productivity
shock decreases the conditional volatility of the SDF, decreases the demand
for precautionary savings, and creates upward pressure on consumption; see
Swanson (2015) for details. The second effect dominates, and as a result, we

12



observe an enhanced consumption response in the benchmark model com-
pared to the simplified model, where the former mechanisms are muted.

The median responses of the models differ if we examine the stochastic
discount factor, long-term interest rates, and term premium. The (instanta-
neous) median response of the (stochastic discount factor) long-term interest
rates is more pronounced in the benchmark model, while the term premium
response in the simplified model is almost absent. To understand the latter
differences, we turn to the impact of price dispersion on the conditional het-
eroskedasticity of the IRFs. Focusing on the 5% and 95% mass bands of the
IRF's, depicted by the dashed lines in Figure 1, we observe that all the mass
of the IRF's for the simplified model is concentrated in the median response.
In other words, when we switch off the price dispersion mechanism, the con-
ditional heteroskedasticity of the IRFs is lost, in line with the intuition given
for the consumption path difference.

A final point to note is that in the simplified version of the model, follow-
ing a positive (negative) technological shock, long-term bond interest rates
(prices) decrease (increase) as the real value of long-term bond payments in-
creases (decreases) due to the persistent decrease (increase) in inflation. How-
ever, in the benchmark model, the decline in the conditional heteroskedas-
ticity of the SDF results in a reduction in households’ risk aversion and, con-
sequently, in a decline in the term premium (see the bottom-middle panel
of Figure 1). The drop in households’ risk aversion is reflected via the term
premium and in the response in the interest rates (prices) of long-term bonds.
In other words, when the response of the SDF is conditionally heteroskedas-
tic, the decrease (increase) in long-term bond interest rates (prices) is more
pronounced due to the contemporaneous decrease (increase) in risk aversion
and the risk premium.

3.2. The price dispersion function.

Given the central role that price dispersion plays in generating a time-
varying term premium, in this section we delve further into the property of
its third-order approximation. In our model, that price dispersion function
is summarized by the following equation:

20
A= (1 (1) e A

Equation (9) highlights that the price dispersion measure is a function of
two sets of variables and parameters, two relationships that will be the focus

13



1st order 2nd order 3rd order

Figure 2: Price dispersion given baseline calibration of A\ = 1.20, § = 0.65, £ = 0.75.
The red surface denotes simulated surface from perturbation solution (without pruning)
of different order. The blue surface denotes theoretical surface based on equation (9).

of the remainder of this section. First, it hinges upon lagged price dispersion
A, and X, = X, = II,/TI*, i.e., the ratio of current (gross) inflation II, to
the price adjustment coefficient for nonoptimizing firms (indexation). Sec-
ond, the price dispersion measure relates to three structural parameters: the
monopolistic markup A € (1;00), the Cobb-Douglas labor share 6 € [0; 1],
and the Calvo parameter £ € (0;1), with (1 — &) being a firm’s probability
of resetting (optimizing) its price.

Figure 2 depicts the behavior of the price dispersion as function of the
inflation deviation from the price index for nonoptimizing firms, x; = log X,
and of the lagged dispersion A; ;. In each subplot, the blue surfaces depict
the theoretical value of the price dispersion function, while the red surfaces
portray its perturbation approximation of order one (left panel), two (middle
panel), or three (right panel). In the first-order approximation case, inflation
deviations do not affect A;, while the changes in lagged price dispersion are
partially transmitted to its current value. Given that no shocks perturb the
current and lagged price dispersion, the first-order setup results in a constant

4The condition that ensures that price dispersion is real-valued is 1 — thl /=1 >0
and simplifies to X; < €= Another condition ensures that the steady-state value of
A is real-valued and simplifies to X, < £1=29/A We solve our model by a perturbation
method (with pruning) that provides the Taylor series expansion around a steady state.
Given that a solution exists, the constraint is not necessary because the Taylor polynomial
exists even beyond the boundary.

14



price dispersion over time (A; = 1). Further on, the second-order approx-
imation follows a nonlinear pattern that satisfies Schmitt-Grohe and Uribe
(2007)’s lower bound conditions but results in increasing approximation er-
rors, with negative (positive) inflation deviations leading to an overestimation
(underestimation) of the true price dispersion changes. Finally, focusing on
the third-order approximation, note that negative price deviations lead to
the counterintuitive outcome that the approximated price dispersion is be-
low unity. This result is in contrast with Schmitt-Grohe and Uribe (2007),
who show that the theoretical lower bound for this function is 1, i.e., A; > 1.
Intuitively, if A; > 1 the prices of intermediate goods are heterogeneous,
and intermediate producers inefficiently allocate production inputs, leading
to suboptimal final output. Price heterogeneity and production inefficiencies
disappear when A; = 1, which corresponds to the state where aggregate out-
put is at its optimal level. Following the third-order approximation, A; can
be smaller than 1, implying that in the presence of price dispersion, aggregate
output can be higher than its optimal level (with no frictions).

To gain further insights into the properties of the third-order approxi-
mation of A; (and its relationship with term premium volatility), Figure 3
depicts its behavior for different calibration specifications, i.e., for different
values of A\, #, and £. The bottom-right number reported in each subplot is
the standard deviation of the nominal risk premium implied by the parame-
ter specification, while the red lines represent the lower (upper) theoretical
boundary of the price dispersion measure for A;_; equal to 1 (A;_; equal to
the sample maximum), and the blue dots are the model-implied simulated
points. The subplots of the figure are organized as follows. The three (iden-
tical) subplots in the middle column refer to the baseline specification for A,
0, and &, i.e., the Rudebusch and Swanson (2012) values.> The subplots in
the left (right) column of Figure 3 report the results for the models where
the monopolistic markup (A), top row, the Cobb-Douglas labor share (0),
middle row, and the Calvo parameter (£), bottom row, decrease (increase)
with respect to the baseline specification.

A casual inspection of the theoretical boundaries in Figure 3 reveals their

5To keep the simulations comparable, we adjust the model-implied inflation dynamics
by assuming a strict monetary policy response to the inflation gap. For A-plot ¢, =
{1.76,1.53,1.44}, for #-plot ¥, = {1.67,1.53,1.45}, and for &-plot ¢, = {1.57,1.53,1.51}
from left to right, respectively. This manipulation helps to obtain the same standard
deviation of inflation across the models.
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Figure 3: Price dispersion as a function of z;, changing markup (), share of labor in the
production function (6), and Calvo probability (£) . The blue dots denote model-implied
simulated points (50000 periods). The red lines represent lower and upper theoretical
boundary given minimum (equal to 1) and maximum (sample maximum) previous-period
price dispersion. Dashed lines represent the theoretical boundary on price dispersion.
Baseline calibration (middle column): A = 1.2, # = 0.65 and £ = 0.75.

curvatures and widths increase as we move from right-column subplots to left-
column subplots, leading to an increase in the variability of price dispersion.
These results are in line with intuition. First, a reduction in the monopolistic
power of intermediate producers, i.e. lower markup A, increases firms’ het-
erogeneity because optimizing firms are prone to make higher prices changes
to maximize profits. Second, higher price stickiness (higher £) implies that an
average firm is less frequently given the opportunity to reoptimize its price.
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This higher reoptimization time leads to higher price heterogeneity due to (i)
the increase in the price difference between the newest and oldest optimizing
firms and (ii) the forward-looking behavior of optimizing firms that antici-
pate the higher reoptimization time by setting higher/lower prices. Finally,
as 6 decreases, the production of intermediates hinges more on firm-specific
fixed capital, leading to a higher heterogeneity of marginal costs across firms
and, consequently, to higher price dispersion.®

We now turn our attention to the performance of the third-order approxi-
mation of the model in capturing the theoretical behavior of price dispersion.
Focusing on the blue dots in Figure 3, two general patterns emerge across
the subplots. First, the approximated price dispersion fails to capture the
U-shaped pattern of the price dispersion function around the positive and
negative changes in price deviations. Specifically, while for positive changes
in price deviations, the approximated price dispersion follow an increasing
path, for negative price deviations, the approximation cloud follows the op-
posite pattern as the theoretical function. Second, for negative price devi-
ations, the approximated price dispersion tends to go below the theoretical
lower bound of one.

4. Alternative specifications

Throughout the previous section, we have been relying on the model
structure developed by Rudebusch and Swanson (2012). The model accounts
for the patterns of output and inflation movements given the assumptions of
(1) Calvo price setting and (ii) firm-specific capital. Altig et al. (2011) empha-
size the importance of the latter assumption for generating data-consistent
inflation persistence. From a structural perspective, firm-specific capital as-
sumption allows fitting the appropriate New Keynesian Phillips curve slope.
However, it comes at the cost of the poorly approximated price dispersion
mechanism. In search of a possible resolution to the approximation problem,
in this section, we analyze two alternative model specifications. First, we con-
sider the Kimball aggregator, an alternative approach to the real rigidities
as a substitute for firm-specific capital proposition. Second, we consider the
Rotemberg model, the other workhorse option to introduce nominal rigidities
instead of the Calvo assumption.

6Tt is important to note that the same conclusions hold for different levels of RRA.
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4.1. Kimball aggregator specification

The first specification that we consider is a Kimball aggregator model.
The underlying motivation for this modification is driven by the desire to
replace a potentially problematic fixed-capital assumption that, in fact, rep-
resents real rigidities in the benchmark model.

4.2. Problem with the fized-capital assumption

To generate more intuition about the fixed-capital assumption, we con-
sider the linear version of the New Keynesian Phillips Curve (NKPC). It is
well known that the linearized NKPC is given by:”

Ty = BETt 41 + Yphipflt, (10)
1—6)(1— 1—0 X \ !
with Rp = ( f)é ﬁg) and Tp = (1 + Tm) 5

where fi; is the log-deviation of real marginal costs from their steady state, &,
captures the degree of nominal rigidities in the model, while +, reflects the de-
gree of strategic complementarities or the degree of real rigidities. Typically,
the slope of the NKPC (y,k,) is estimated to be a relatively small number.
For example, Smets and Wouters (2007), Altig et al. (2011), and Justiniano
and Primiceri (2008) provide median estimates around ~,x, = 0.01.

In our benchmark model, we follow Rudebusch and Swanson (2012) and
set £ = 0.78, which implies an average price contract duration of four quar-
ters. The resulting degree of nominal rigidities is x, = 0.085. To match
the desired value of the NKPC slope, we need to introduce some sort of real
rigidities (7, < 1), i.e., firm-specific capital in the benchmark case. Under
these considerations, 7, is an increasing function of the labor share in the
production function, ¢, and monopolistic markup, A; thus, we have the ob-
jective to lower these two parameters. In the benchmark calibration, we set
6 =2/3 and A = 1.2, which imply an NKPC slope of v,x, = 0.016, slightly
higher than the median value in the literature.

Hence, in the fixed-capital specification, we have two contradicting mo-
tives. On the one hand, one wants to push these parameters further (decrease
6 or A and/or increase ) to lower the NKPC slope and match the inflation

"For example, see Gali (2008).
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persistence observed in the data. Moreover, as 6 or A decreases, we gener-
ate higher term premium volatility in line with our objective; see Figure 3
and discussion in the previous section. On the other hand, we have revealed
that such calibrations begin to trigger problematic behavior of the price dis-
persion function that feeds back into the rest of the economy. In fact, the
fixed-capital assumption is a cornerstone issue, and an alternative approach
to the real rigidities can serve as a potential remedy to the aforementioned
problem.

4.2.1. Kimball aggregator

The main idea behind the real rigidities is to make firms averse to large
changes in their prices when they are given a chance to reoptimize prices
following a Calvo paradigm. A way to introduce such a concept into the
model is to introduce a quasikinked demand function as a replacement for
the Dixit-Stiglits aggregator.® We allow for a Kimball (1995) type of aggre-
gator, that is, the final goods producer utilizes intermediate goods using the

production technology fol Gy (%ﬁ) df = 1. We chose the functional form
of Gy to be as in Dotsey and King (2005):

uw(H\ ¢ u(f) W é
Gy (T) BT +p¢p ((1+¢p) Y, _T/Jp> +1- 15 +p¢p’ (11)

where ¢, = ’\l(i;;iz) and the parameter ¢, < 0 determines the degree of
curvature of the firm’s demand curve. Specifically, when 1, = 0, we have
the case of the Dixit-Stiglitz model as before. The nonlinear equations that
follow from this assumption are discussed in Appendix A.

Following Levin et al. (2007), the real rigidities parameter, ~,, is changed
in the linearized NKPC of the model:’

1

"= T, (12)

8 Alternatively, one can assume sticky intermediate prices introduced by Basu (1995).
We do not analyze this case in the paper.

9The term 1%09% in the (previous) definition of v, was due to the fixed factors
(capital) at the firm level. We relax this assumption and make capital flexible across
firms. The main reason that we do this is that under this assumption, it is impossible to
find a closed-form solution for the price-setting problem given the arbitrary 6, the labor

share in the production function.
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The introduction of the real rigidities in the form of quasikinked demand
lowers 7, due to the additional term —\¢,, and makes the NKPC flatter.
Specifically, in the quasikinked demand case, the higher markup A implies
higher real rigidities (lower ~,), and we have the opposite effect from the
Dixit-Stiglitz case, i.e., a desire to increase A to generate a steeper NKPC.

The intuition for the Kimball aggregator mechanism can be demonstrated
in comparison to the Disxit-Stiglitz aggregator, a subcase of the Kimball
aggregator with ¢, = 0. In the Dixit-stiglitz case, the demand curve is
characterized by the constant demand elasticity formulation:

~A/(A-1)
ye(f) [ pe(f)
(i) -

That is, we have a standard log-linear relation between the relative demand,
y:(f)/Y;, and the relative price, p,(f)/P;. A decrease or an increase in the
(log-)relative price causes a symmetric response of the (log-) relative demand.
An assumption about 1, < 0 brings about a quasikinked demand curve:

1 ()
Yt . Dt
Vi 1+wp<fz9tPt> T3, )

where ¢, is a Lagrangian multiplier in the firm profit optimization problem;
see Appendix A. In this case, a decline in the (log-)relative price induces
a smaller increase in the (log-)relative demand, whereas an increase in the
(log-)relative price delivers a stronger decline in the (log-)relative demand,
namely, we have real rigidities on the demand side, compared to the Dixit-
Stiglits setup. Hence, a firm faces the quasikinked demand function.

4.2.2. Quasikinked demand: price dispersion approximation and the term
premium

Using the results from the previous subsection, we make two changes to
the benchmark model. First, we relax the fixed-capital assumption, allowing
capital to be flexible across firms with the total capital stock fixed, i.e, we no
longer have strategic complementarities in style of Altig et al. (2011). Flexi-
ble capital allows firms to set the same capital-to-labor ratio and encounter
the same marginal costs. Hence, the marginal cost channel that influenced
price dispersion via the parameter € is absent. Second, we implement the
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quasikinked demand setting that substitutes from recently removed strategic
complementarities and helps to maintain the same NKPC slope.

To obtain an impression of the price dispersion approximation in the new
Kimball-type model, we compare it with the benchmark results. Figure 4
portrays the price dispersion for two models, with blue dots representing
the Kimball-type model and red dots depicting the benchmark model. In
the bottom-right corner we display the standard deviation of the 10-year
nominal term premium for both models (red for the baseline model and
blue for the Kimball-type model). In the first line, we use the same nominal
stickiness & = 0.78 for both models. The middle subplot refers to the baseline
calibration of ¢ = 0.78, # = 0.6666, and A = 1.2, while in the Kimball-type
model we set 1, = —2.5 to match the linear NKPC slope.'® In the left (right)
subplot, we deviate from the initial calibration but maintain the same slope
of the NKPC; thus, we allow A and v, to change in the Kimball-type model,
and we allow A and 6 to change in the baseline model.

In the baseline calibration, the Kimball-type model demonstrates an im-
provement in price dispersion approximation compared to the original case.
We still observe price dispersion realizations that fall below unity, but the
overall dynamics are bounded from below compared to the benchmark model.
Regarding the left subplot that has a higher degree of curvature of demand,
namely, a more negative 1,, two comments can be made. First, we observe
how the effect of the quasikinked demand restricts the negative deviation
of inflation. Second, more severe violations of the constraint A; > 1 may
arise. On the contrary, in the right subplot, we see a significant improvement
over the benchmark model in terms of price dispersion approximation, but
the model falls behind in term premium variability. The intuition behind
this result is that we have decreased the nonlinearity of the price dispersion
function by increasing the markup (\) and decreasing the Kimball curvature
(¢p). This modification decreases the variation in price dispersion, reduces
the overall state-dependency, and consequently, decreases the implied term
premium volatility.

The second line of Figure 4 depicts the results for a different calibration.

10 Additionally, we decrease Frisch elasticity from 0.28 (in the baseline model) to 0.20
and increase the persistence of the shock from pgy = 0.96 (in the baseline model) to
pa = 0.98 in our Kimball-type model in every subplot. This adjustment generates com-
parable inflation variation and term premium variation in the Kimball-type model while
maintaining the same quantity of risk (standard deviation of the shock) across the models.
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Figure 4: Price dispersion as a function of z;, a changing share of labor in the production
function (6) and Kimball curvature (¢,). The blue dots represent the Kimball-type model
simulated points. The red dots denote the Dixit-Stiglitz-type model simulated points.
Baseline calibration (middle column): A = 1.2, § = 0.65, £ = 0.75, and ¢, = —2.7.
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Figure 5: Nonlinear impulse response functions to a one-standard-deviation positive pro-
ductivity shock. The results are plotted for the benchmark (Bench, red) and Rotemberg
(Rot, blue) models. The solid line represents the median impulse response, while the
dashed lines represent 5% and 95% bands.

Given a chance to impose a higher degree of real rigidities, we end up low-
ering the degree of nominal rigidities and set the Calvo parameter & = 0.66
in agreement with Nakamura and Steinsson (2008). This modification re-
quires the Kimball curvature parameter to be significantly lower than in the
first calibration. However, we keep the nominal rigidities unchanged for the
benchmark model (red dots). An inspection of the second line of subplots
reveals the problematic behavior of the Kimball model when the Kimball cur-
vature coefficient v, is low. Inspecting the middle subplot, we note puzzling
patterns in price dispersion realizations for the Kimball-type model, namely,
many negative realizations in the right tail, a positive inflation deviation
zone. However, in the right subplot we impose a slightly lower curvature of
the Kimball aggregator and end up with much more plausible realizations.
The other problem is the significant decline in term premium volatility that
we experience once we switch to the low nominal rigidities calibration.
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To assess the implications of quasikinked demand on the macro vari-
ables and term premium volatility, we compare the IRFs to a one-standard-
deviation positive productivity shock for the benchmark model (Bench, red)
and Kimball-type model (Kimb, blue). We use the baseline calibration
§ =078, 0 = 0.6666, A = 1.2, and ¢, = —2.5. We concentrate on the
main differences: consumption, SDF, and term premium responses. First,
we know that the price dispersion channel is far less active in the Kimball-
type model due to the absence of the fixed-capital assumption. This fact
should imply a dramatic fall in IRF state-dependency. However, this is not
entirely the case because another mechanism that operates through marginal
costs (the quasikinked demand mechanism) is now active. Given the vari-
ous states of the economy, marginal costs react (decrease) differently in re-
sponse to the positive productivity shock. Therefore, based on marginal
costs and due to the quasikinked demand, the intermediate firm has distinct
incentives to cut prices, which, in turn, creates optimal price and inflation
state-dependency. The aforementioned mechanism complements the price
dispersion mechanism, and its power increases as the Kimball curvature 1,
decreases. Nevertheless, in the Kimball case, the conditional variance of the
SDF falls slightly more on impact, and we observe an upward shift in the
median consumption response. Finally, due to the lower state-dependency of
the SDF, the response of the term premium is weakened.

4.3. Rotemberg specification

Our second alternative specification resides on the nominal rigidities pro-
posed by Rotemberg. In the Rotemberg setup, we assume that a monopolistic
firm faces a quadratic cost of adjusting nominal prices measured in terms of
final output. Hence, unlike the Calvo model, shocks do not produce an in-
efficient distribution of prices but introduce additional output-consumption
wedge. However, the role of the wedge is similar to that of price dispersion,
namely, an inefficient decrease in aggregate consumption as a cost of infla-
tion. The output-consumption wedge, A%, is summarized by the following
equation:

1
Al = 5 > 1. (15)
1—2(X, —1)2

Note that the wedge function is no longer a state variable (does not have
a lagged component) but still a nonlinear function of steady-state-adjusted
inflation, X;. Furthermore, ¢ > 0 determines the degree of nominal price

24



A=1.15,0=0.72 A=1.2, 0=0.6666 A=14,0=0.54

¢ = 551 ¢ =384 ¢ =155
1.1 — | = 14 | |
1.05 1.05 41.05
-
<
1k 1 1f
SD(v))=54 SD(v))=54 A SD(+)=59
SD(+))=46 SD(+)=44 SD(+))=42
o -
0.95 - —! L1 9,95 ' L1 0.95 ' '
003 0 003 -003 0 003 003 0 0.03
X X X

t t

Figure 6: Price dispersion or output-consumption wedge as a function of z;, changing
markup (A) and the share of labor in the production function (#). The blue dots repre-
sent the Rotemberg model simulated points. The red dots denote the benchmark model
simulated points. Baseline calibration (middle column): A = 1.2, § = 0.6666, £ = 0.78,
and ¢ = 384.

rigidity and can be mapped to the Calvo stickiness parameter £. Specifically,
Ascari and Rossi (2012) prove that Calvo and Rotemberg models have the
same dynamics if (i) both models are log-linearized and (ii) trend inflation
is zero. Under these conditions, the mapping is given by:

0+ 59N (25 - 1)¢
0(1 —&)(1 - pe)

Note that a decrease in markup, A, or the Cobb-Douglas labor share, 6,
increases ¢. This is a direct link between the nonlinearity of the price dis-
persion, A, and the curvature of the output-consumption wedge, A%, that is
implied by the firm-specific capital assumption.

o=

(16)

4.8.1. Output-consumption wedge and term premium
To further understand the differences generated by the Rotemberg as-
sumption in the third-order approximation of Af’ and its relationship with

term premium volatility, Figure 6 depicts price dispersion and output-consumption

wedge behavior for different calibrations. Similar to the Kimball model sec-
tion, we consider three alternative calibrations that keep the NKPC slope
intact. In the benchmark model, we vary the combination of markup A and
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Figure 7: Nonlinear impulse response functions to a one-standard-deviation positive pro-
ductivity shock. The results are plotted for the benchmark (Bench, red) and Rotemberg
(Rot, blue) models. The solid line represents the median impulse response, while the
dashed lines represent 5% and 95% bands.

labor share @, whereas in the Rotemberg model, the degree of nominal price
rigidity ¢ is also changed according to the mapping in equation (16). The
rest of the parameters are identical in both models.

As Figure 6 shows, the output-consumption wedge in the Rotemberg spec-
ification performs in line with intuition on the cost of inflation. First, unlike
the Calvo case in the benchmark model, it follows a U-shaped pattern with
the minimum in x; = 0 an optimal state. Second, the specification mostly
respects the lower bound of 1. Third, despite being a contemporaneous, non-
state relation (see equation(15)), it demonstrates some fuzziness, especially
on the edges, where the approximation is less precise. This evidence suggests
that the Rotemberg specification is not free from approximation error in the
left tail similar to the benchmark model, but the misapproximation itself
implies less counterintuitive outcomes for the output-consumption wedge.
Finally, in the bottom-right corner of each subplot, we can see that the
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Rotemberg specification does not hinder term premium volatility, although
the volatility is somewhat lower than in the benchmark model.

The lower standard deviation of the term premium is connected with the
lower conditional heteroskedasticity in the Rotemberg case. To demonstrate
this, in Figure 5, we plot the IRFs to the one-standard-deviation positive
productivity shock for both models. A general inspection of the mass bands
suggests that state-dependency is lower in the Rotemberg case. Specifically,
the lower state-dependency and median response of the SDF has two major
implications. First, a lower decline in the conditional heteroskedasticity of
the SDF compared to the benchmark model triggers a lower decrease in pre-
cautionary savings demand, and in turn, the median response of consumption
is lower. Second, the same reduced decrease in conditional heteroskedasticity
generates a lessened response by the term premium. The rest of the vari-
ables behave in line with common intuition: the inflation state-dependency
and initial response is milder due to the more restricted nature of the output-
consumption wedge compared to price dispersion; the short-term interest rate
reaction follows the shortened response of output (consumption) and inflation
according to the monetary policy rule.

5. Discussion

Thus far, we have shown that (i) the Calvo model with firm fixed capital
can account for high risks but is flawed in terms of approximation; (ii) the
Kimball-type model is a (potential) remedy in terms of approximation pre-
cision but is less successful in generating term premium dynamics; and (iii)
the Rotemberg model can successfully account for the intuition on the cost
of inflation channel while maintaining comparable term premium dynamics.
Our ultimate goal is discriminate among these models and formulate practi-
cal advice for the future work. In this section, we advance in two ways. First,
we use a measure of an approximation error that helps us to compare the
models. Second, we offer a discussion on the general and practical implica-
tions of each mechanism and their relation to the term premium generating
motives.

5.1. Approximation errors

We formulate the measure of approximation error as follows. First, we
take the realization of the cost of inflation variable (price dispersion in
the benchmark and Kimball models and the output-consumption wedge in
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Figure 8: Approximation error implied by the price dispersion equation.

Rotemberg model) implied by the perturbation solution. Second, we compute
the equation-implied value for each case taking the inputs for the equation
from the perturbation solution. See the details for each model in Appendix
C. The difference between these two realizations yields intuition about the
one-period approximation error. When presented in percent, it roughly shows
how the approximation underrepresents (overrepresents) the impact of the
cost of inflation variable on final consumption.!!

We report the results for each specification in Figure 8. The first line of
subplots depicts the model-implied values (blue dots) and equation-implied
values (red dots) of price dispersion or the output-consumption wedge. The
second line portrays the absolute errors in percent. Each model is calibrated

11 This measure of the approximation error does not exactly give the approximation
error value. For example, in benchmark case, A; is a function of state variable A;_; and
contemporaneous inflation, ;. Thus, when taking inflation as given, the feedback effects
are neglected. There is no trivial way to express inflation as a function of state variables;
therefore, we proceed with the former approach.

28



according to the benchmark calibration of A = 1.2, § = 0.6666, £ = 0.78,
¢ = 384, and 1, = —2.5.12

The left column shows results for the benchmark Calvo case, and we
see that the error takes predominantly negative realizations as inflation ()
deviates from its steady state. This evidence suggests that we gravely under-
estimate the price dispersion mechanism and the decrease in output should
be up to 10% higher.

The middle column presents results for the Rotemberg model. Two com-
ments are in order. First, the red dots clearly show that equation-implied
values are not state-dependent, while the perturbation-implied (blue dots)
values are fuzzy. Second, although the output wedge plot (top middle) ap-
pears to be more in line with theory than the Calvo case, the error plot
(bottom middle) reveals the same (mis-)approximation patterns for larger
inflation deviations. Note that once brought to data, the Rotemberg model
should experience a higher inflation standard deviation (so is z;), and the
impact of the tails should be more prominent. Consequently, the approx-
imation of the Rotemberg-type model tends to underestimate the impact
on output reduction in when facing large inflation deviations, whereas for
moderate deviations, the impact is overestimated by a small margin (up to
1%).

Finally, the right column portrays the results for the Kimball model. The
price dispersion plot reveals that the solution values (blue) are very close to
the equation values (red). Looking at the bottom-right plot, we can see that
the model delivers disproportionally lower approximation error. Specifically,
on the positive deviation side, the model tends to consistently underrepre-
sent the price dispersion channel by a small margin, while on the negative
side, the price dispersion is overestimated. However, the top-right subplot
reveals a possible caveat in the results, namely, the equation-implied values
are also not consistent. The explanation for that fact is that the Kimball
model offers much more complex nonlinear state-dependent mechanism, the
approximation error accumulates more gradually, and the equation-implied
results do not change dramatically.

Ultimately, the benchmark model with Calvo price setting has a flawed
approximation that suggests price dispersion values lower than unity and

12For the Kimball model, we also adjust the Frisch elasticity and shock persistence in
line with Subsection 4.2.2.
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with high approximation error. The model with Rotemberg price setting
may appear a good alternative at first, as it does not suffer from lower than
unity values and generally follows an economically motivated shape of the
function. The analysis of the approximation error reveals that it can be
subject to underestimation of the price dispersion mechanism in the tails
similar to the Calvo model. Finally, the introduction of real rigidities in the
form of the Kimball aggregator can help to overcome the problems of (i) an
excessively active price dispersion channel and (ii) inaccurate price dispersion
approximation while keeping competitive state-dependency in the model and
delivering acceptable term premium volatility.

5.2. Further discussion

Here, we highlight the practical implications of every model. Because
we solve the models up to the third order, it becomes crucial to maintain a
limited number of state variables within the model. The issue becomes more
relevant during an estimation process that requires multiple evaluations of
the model. With this in mind, the Rotemberg model is the best candidate
because it introduces nominal rigidities in a parsimonious way without ad-
ditional states. The Calvo model is ranked next and generates a new state
— price dispersion. Finally, the Kimball-type model introduces at least four
new states. Given that the solution time of the nonlinear model grows expo-
nentially with every additional state variable, see Levintal (2017), we should
keep the model as parsimonious as possible. Consequently, the Kimball-type
model can be a viable option in small-scale models or when one has access
to higher computational power.

Additionally, following our sensitivity exercise in Figure 3, it is sensi-
ble to avoid setting the core parameters close to the extreme values. Such
calibrations would imply a reduction in term premium volatility, and then
complementary mechanisms should be introduced. Therefore, when deciding
on the best approach, further modifications should be taken into account.
For example, uncertainty shocks should be a viable mechanism to bolster
the quantity of risk component and to have a significant impact on term
premium variation. Consequently, in his paper, Oh (2020) analyzes the ef-
fects of uncertainty shocks in the Calvo and Rotemberg specifications and
concludes that the Rotemberg model behaves more in line with empirical
results. Given its superior approximation precision, practical plausibility,
and empirical consistence with respect to uncertainty shocks, the Rotemberg
specification should be preferred.
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6. Conclusions

A New Keynesian DSGE model with staggered price setting can repro-
duce the observed moments of the term premium. However, this comes at
a cost. The model becomes internally inconsistent by generating third-order
approximations of the price dispersion function that are at odds with intu-
ition and theoretical boundaries. We propose ways to alleviate these issues.

The first is a careful calibration. When the main parameters that de-
fine the crookedness of the price dispersion function are A > 1.2 (markup),
6 > 2/3 (Cobb-Douglas labor share), and £ < 0.75 (Calvo probability), we
may minimize the consequences of the approximation errors. The state-
dependency implied by the price dispersion function can generate hetero-
geneity in the SDF and translate it into term premium variability. In that
sense, a model with volatile price dispersion is favorable to generate volatile
term premiums but is prone to numerical issues.

Hence, in addition to a proper calibration, we propose a more struc-
tural remedy to the numerical issues and excess state-dependency due to
price dispersion. First, we suggest enhancing the real rigidities channel. A
quasikinked demand function in the form of the Kimball aggregator pro-
vides an appealing alternative to the price dispersion mechanism implied
by the Dixit-Stiglitz aggregator. It keeps the term premium results intact
while resolving the approximation error problem. Second, we make use of a
Rotemberg specification for nominal rigidities and demonstrate that it miti-
gates a major part of approximation problem and is generally the preferred
alternative over the Calvo model.
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Appendix A. Quasi-kinked demand: nonlinear equations

To obtain the model equations for the Kimball aggregator we majorly
follow Harding et al. (2022). However, most of the derivations could be
found in the Technical Appendix of Lindé and Trabandt (2018).

The price-setting problem of firms determines the optimal relative price
p* that is given by:

st = fipy — ai(py) TR0

where s;, f; and a; are helping variables that evolve according to:

St =

(1+ %) (1+ Qp) §(1+ap)(1+¢p)/0p + BEE, (efxtﬂ)—(lwp)(lwp)/@p s

1+ Q/’p + ‘9p¢p pete b

Op p)/Op —zpp1 )~ (Hp+epbp) /0
f, = ytﬂil-i- Y(L4vp)/ + BEE, (6 t+1) (I+4pp+ibpbp)/Op Frat,

s,
1+ wp + prp
Here 6, = A —1 is a net markup and z; = m; — 7 is similar to the basic Calvo
model.
Zero profit condition and aggregate price index are given by:

ay Y + BEEe "  agy.

U =1+, — A2,

1915 - At’g.

Finally, different measures of price dispersion. The overall price dispersion
used in aggregate production function A;:

IO L+67) 0y

A =

A_(1+9p)(1+¢’p)/9p + 1/}17 )
1+, bl 1+,
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The helping price dispersion A1, A2, and Ay 3:

A;l(l"‘ep)(l‘*‘wp)/@p _ (1 _ gp) <p:)7(1+9p)(1+¢17)/9p+5 (efxtAtiLl)—(1+9p)(1+7/1p)/9p

Y

Atp=(1-&)p; +8e " A2,
A;§1+¢p+¢p9p)/9p _ (1 _ gp) <p;k)—(l+¢p+wp€p)/9p +& (e—a:tAtiLg)*(1+1/1p+7/’p9p)/9p .

Appendix B. Rotemberg price-setting

In the Rotemberg model, each firm faces an identical quadratic adjust-
ment cost problem:

o0

¢

P P . 1 2
max [, th,t+j H—j(f)yﬂj(f) - Wt—i—th-i-j(f) -5 (t+—](f)f - 1> Yiis

Le(f),Pe(f) Py 2

= Prvj-un 1
subject to demand function, given by equation (2), and the production func-
tion, given by equation (3). The resulting nonlinear first-order condition can
is

1T, -1 A I4q

¢(ﬁ — 1)ﬁyt =T 1Y2 + LA + ¢Etmt+1(T — 1) —Ys1.

The final output costs paid by the optimizing firms have an impact on the
market clearing condition that is given by:

IT;

Y, _
L =C+G+1,

Aff
with the output consumption wedge, AR, being:
Al = ¢1 > L
1-5(Xy—1)

Appendix C. Measure of approximation error

Appendiz C.1. Benchamrk Calvo model

We start by computing the equation-implied price dispersion according
to

_1)\ Mo _
L\ /-1 11, \ M/ ((A=1)6)
A= [ (1=g) (1—5(%) +§(ﬁt) A
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and treating II; and A, ; as given in the simulated sample of the perturbation-
solved model. Then we take the realization of the current period price dis-
persion A; and compute the approximation error:

ErrPereh = 100(A, — AYY).

Appendiz C.2. Rotemberg model

In a similar fashion, we compute the equation-implied output-consumption

wedge:
o/m N\
API= 11— (= -1
¢ [ 2(11 >]

and treat II; as given. The resulting error is:
ET,T,Rotemberg _ 100<AtR _ Afﬁ(]).

Appendiz C.3. Kimball model

In the Kimball model, we make use of the equation for the total price
dispersion to compute the equation values:

eq \(1+60,)(1+p) /0
(AL) oy (A8 0y Yo
1+ 1), ’ 144y

where the helping price dispersion A{f and A7 are defined by:

eq _
At —

€q \— *\ — —Tt —(140p)(1 p)/0p
(Ac) (14+6,) (1+4p) /6 _ (1-&) ) (4+0p)(14+4) /6y 1 ¢ (6 At—l,l) (140,) (1+4p)/

Y

(Ate%)f(lererwpop)/ap _ (1 _ fp) (p:)f(lererprp)/ep_i_f (eixtAtfl 3)—(1+¢p+¢p0p)/9p

?

while treating the optimal price, p;, the steady-state adjusted inflation, z; =
m — 7, and lagged helping price dispersion variables, namely, A;_1; and
Ay_13, as given in the simulated sample. Finally, the error is defined by:

Erpfimball — 100(A; — ASY).
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