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e We propose a macroeconomic model with a nonlinear Phillips curve that has a flat slope when
inflationary pressures are subdued and steepens when inflationary pressures are elevated.

e The nonlinear Phillips curve in our model arises due to a quasi-kinked demand schedule for
goods produced by firms.

e Our model can jointly account for the modest decline in inflation during the Great Recession and
the surge in inflation during the post-COVID period.

e Because our model implies a stronger transmission of shocks when inflation is high, it generates
conditional heteroskedasticity in inflation and inflation risk.

e Hence, our model can generate more sizeable inflation surges due to cost-push and demand
shocks than a standard linearized model.

e Finally, our model implies that the central bank faces a more severe trade-off between inflation
and output stabilization when inflation is elevated.
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Abstract

We propose a macroeconomic model with a nonlinear Phillips curve that has a flat
slope when inflationary pressures are subdued and steepens when inflationary pressures
are elevated. The nonlinear Phillips curve in our model arises due to a quasi-kinked

demand schedule for goods produced by firms. Our model can jointly account for
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the modest decline in inflation during the Great Recession and the surge in inflation
during the post-COVID period. Because our model implies a stronger transmission of
shocks when inflation is high, it generates conditional heteroskedasticity in inflation
and inflation risk. Hence, our model can generate more sizeable inflation surges due
to cost-push and demand shocks than a standard linearized model. Finally, our model
implies that the central bank faces a more severe trade-off between inflation and output

stabilization when inflation is elevated.

JEL Classification: E30, E31, E32, E37, E44, E52

Keywords: Inflation dynamics, inflation risk; monetary policy, linearized model,

nonlinear model, real rigidities.

1 Introduction

After more than two decades of low and stable inflation in advanced economies, inflation
rose sharply following the COVID-19 pandemic. In light of the substantial evidence of flat
slope of the Phillips curve, the recent surge in inflation has caught many macroeconomists off
guard. Hence, an intense debate has unfolded about how to explain the increase in inflation.!
Has the Phillips curve steepened or are large exogenous demand and supply factors key to
understand why inflation has risen so much? Our paper attempts to make a contribution to
this debate.

Specifically, we propose a macroeconomic model which implies a nonlinear Phillips curve.
The Phillips curve in our model is flat when inflationary pressures are subdued and steepens
as inflationary pressures rise. The key feature of our model underpinning this nonlinear

relationship stems from a quasi-kinked demand schedule for goods produced by firms. The

1 See e.g. Federal Reserve Chair J. Powell speech at the 2021 Jackson Hole conference as well as the
debate between L. Summers and P. Krugman that took place since early 2021. See also Gopinath (2022).
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flat part of the Phillips curve was used by Harding, Lindé and Trabandt (2022) to resolve
the missing deflation puzzle during the Great Recession. In this paper, we argue that the
same model is successful explaining post-COVID inflation dynamics.

Our explanation rests on the steeper portion of the Phillips curve, which implies that all
shocks in the model transmit stronger to inflation when inflation is surging. For demand and
technology shocks, the relationship between the initial inflation level and how strongly shocks
propagate to inflation is precise and increases monotonically when we vary these shocks
according to their estimated standard deviation. However, cost-push shocks propagate even
stronger to inflation than demand and technology shocks when inflation is high and rising
above its steady state level. But they can also transmit less to inflation than demand and
technology shocks when inflation is receding (even if it is well above its steady state). Hence,
cost-push shocks generate conditional heteroskedasticity in inflation and inflation risk in our
nonlinear model, consistent with the seminal paper by Engle (1982) and the more recent
work by Lépez-Salido and Loria (2020). Since these shocks are key drivers of price inflation
in our estimated model and commonly believed to have played an important role during
the post-COVID period, we argue that our model can account better for inflation dynamics
during this period than a standard linearized macroeconomic model. Regression analysis
supports the view that cost-push-type shocks have a larger impact on inflation if inflation is
high to begin with (see e.g., Gelos and Ustyugova 2017; Forbes, Gagnon and Collins 2021a;
Forbes, Gagnon and Collins 2021b; and Ball, Leigh and Mishra 2022).

We establish our main results using the nonlinear formulation of the benchmark Smets
and Wouters (2007, SW henceforth) model, which builds on the seminal model of Christiano,
Eichenbaum and Evans (2005). The SW model has been shown to have empirical properties
that are on par with standard Bayesian vector autoregressions prior to the Great Recession,
see. e.g. del Negro et al. (2007). The only difference relative to the original SW estimated
model is that we follow Harding, Lindé and Trabandt (2022) and use the nonlinear formu-
lation of the SW model allowing for a more prominent role for Kimball (1995) quasi-kinked
demand in goods markets. The more prominent role for quasi-kinked demand increases the

marginal data density provided that the average markup aligns with micro- and macroeco-
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nomic empirical evidence. Recent work by Dupraz (2017) and Ilut et al. (2022) provides a
microfounded theory of kinked demand.

An important policy implication from our analysis is that the central bank faces a more
severe trade-off between inflation and output stabilization when inflation is elevated. This
finding is driven by the fact that cost-push shocks propagate more strongly to inflation than
monetary policy shocks when inflation is surging above the central banks inflation target.
We use the nonlinear model to filter data up to 2022Q1 and then examine the propagation of
positive cost-push and monetary policy shocks given the filtered state. Because inflation is
elevated at this state, the nonlinear model implies a twice as large jump in inflation compared
to the standard linearized model in response to the cost-push shock. The larger transmission
to inflation implies that the central bank endogenously, through its policy rule, tightens the
policy rate by twice as much. As a result of the tighter policy stance and the elevated level
of inflation, the output gap falls nearly twice as much in the nonlinear model compared to
the linearized model. If the central bank chooses to fully offset the pass-through to inflation,
the required policy tightening triggers large output costs although policy is more effective
than in normal times in the nonlinear model. Conversly, if the central bank chooses to fully
stabilize the output gap, the resulting surge in inflation due to cost push shocks will be much
larger in the nonlinear model than in the linearized model.

Our results rest on two key model elements. First, we introduce real rigidities in price
setting. To do this, we follow Dotsey and King (2005) and Smets and Wouters (2007)
and use the Kimball (1995) aggregator instead of the standard Dixit and Stiglitz (1977)
aggregator. The Kimball aggregator introduces additional strategic complementarities in
firms price setting behavior, which lowers the sensitivity of prices to marginal cost for a
given degree of price-stickiness. As such, the Kimball aggregator is commonly used in New
Keynesian models, see e.g. Smets and Wouters (2007), as it allows to simultaneously account
for the macroeconomic evidence of a low Phillips curve slope and the microeconomic evidence
of frequent price changes.

Second, we argue that the standard procedure of linearizing all equilibrium equations

around the steady state, except for the zero lower bound (ZLB) constraint on the nominal
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interest rate, introduces large approximation errors when large shocks hit the economy as was
the case during the Great Recession and the post-COVID period. Implicit in the linearization
procedure is the assumption that the linearized solution is accurate even when far away from
the steady state. Our analysis shows that the linearized solution is very inaccurate when
far away from the steady state. In particular, we show that cost-push shocks can propagate
more than four times stronger in the nonlinear model relative to the linearized model when
inflation is high. We show that the nonlinearity implied by the Kimball aggregator is a key
model feature that accounts for the differences between the linearized and nonlinear model
solutions. The Kimball aggregator implies that the demand elasticity for intermediate goods
is state-dependent, i.e. firms’ demand elasticity is an increasing function of their relative
price and the demand curve is quasi-kinked. Due to the rising demand elasticity, firms’
marginal revenues are a concave function of their prices. Consequently, the optimal price
setting becomes asymmetric, since firms equate marginal revenue to marginal cost. If the
latter rise or fall, the resulting optimal price setting becomes asymmetric in the sense that
firms find it optimal to increase prices more than to decrease them. While the fully nonlinear
model takes the state-dependence of the quasi-kinked demand curve explicitly into account, a
linear approximation replaces this key nonlinearity by a linear function. When the economy
is exposed to large shocks; the state-dependence of the quasi-kinked demand curve becomes
quantitatively important and the linear approximation ceases to provide accurate results.

Importantly, the Phillips curve nonlinearities implied by our model remains relevant for
inflation fluctuations induced by supply shocks.? Put differently, our key results are not
contingent on demand shocks driving a surge in inflation but are robust to supply shocks
being the key driver of rising inflationary pressures. Hence, the sensitivity of inflation to
economic shocks in both demand and supply shock driven inflation surges is amplified in the
nonlinear model compared to the linearized model.

All told, our key contribution is to provide a structural general equilibrium model which

can jointly account for the small drop in inflation during the Great Recession and the large

2 Throughout the paper we use supply shocks and cost-push or markup shocks interchangably. That is, we
define supply shocks to move output and inflation in opposite directions while demand shocks drive output
and inflation in the same direction.
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surge in inflation during the post-COVID period.

An important policy implication of our work is that although the Phillips curve steepens
when inflation is elevated it does not mean that it is easier for the central bank to manage
inflation-output trade-offs. The key reason is that the impact of adverse cost push shocks on
inflation is amplified when inflation is high. So, although interest rate policy becomes more
effective when inflation is elevated, adverse cost push-shocks also propagate more strongly to
inflation and output in such a situation. In other words, even if the slope of the Phillips curve
is steeper and monetary policy is more effective to deal with demand shocks, the Phillips
curve shifts up more when further adverse cost-push shocks hit the economy which worsens
the inflation-output tradeoff for the central bank.

The remainder of the paper is organized as follows. Section 2 presents a stylized static
model of optimal price setting with kinked demand that conveys the key mechanism driving
our results. Section 3 presents the workhorse macroeconomic model with real rigidities in a
dynamic stochastic general equilibrium framework with nominal price and wage stickiness.

Section 4 discusses our results. Finally, section 5 provides concluding remarks.

2 Optimal Price Setting with Quasi-Kinked Demand

In this section, we provide intuition about firms’ optimal price setting behavior when the
demand curve is quasi-kinked. We consider a stylized static model to convey the intuition
why firms increase their prices by more when marginal costs go up compared to the case
when marginal costs fall.

Firms maximize profits, 7:

T=p*xy—mcxy

subject to the following quasi-kinked demand curve:
Yy=a— pba

where p denotes the nominal price, y denotes the quantity, mc denotes nominal marginal
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costs, and a, b > 0 are parameters of the demand function. The functional form of the demand
function follows e.g. Kimball (1995) as has been used by Harding, Lindé and Trabandt
(2022), among many others. The elasticity of demand is given by:

dyp b
dpy ]%—1

Y

which is increasing in the price, p.

Optimal price setting results in the following first order condition:

Qi Gl

-
TV
marginal revenue

Note that marginal revenue is a concave function of the price which is due to the increasing
elasticity of demand. As an example, consider the following parameter values which are
broadly in line with the parameterization of the workhorse model in Section 3: a = 3,0 = 100
and mc = 0.9.

Figure 1 shows the demand curve and the elasticity of demand in the top panels. The
bottom left panel shows marginal revenue as a function of the price for low, medium and high
marginal costs. Note that for a given percentage change in marginal costs, firms increase
their prices by more than they cut their prices. This is because firms intend to stabilize their
markups. When marginal costs are low, the markups are high and firms have little incentive
to cut their prices, especially when demand is quasi-kinked; that is, firms cannot crowd in a
lot of extra demand by cutting their prices. When marginal costs are high, markups are low
and firms have a large incentive to increase their prices — even when this entails a substantial
drop in demand. Note that the concavity of marginal revenue (which results from the rising
elasticity of demand as a function of the price) is key for the asymmetric pricing behavior.
Finally, the bottom right panel shows the optimal price as a function of the marginal cost,
showcasing a convex banana-type optimal pricing schedule as a function of marginal cost.
This nonlinear relationship between marginal costs and optimal price setting is the key force

that will generate our nonlinear Phillips curve in the dynamic general equilibrium model
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that we consider in the next section.

Figure 1: Optimal Price-Setting With Quasi-Kinked Demand
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3 The Workhorse Macroeconomic Model

In this section we present the workhorse macroeconomic model that we argue is useful to
understanding how nonlinearities in real rigidities in price and wage setting affect inflation
dynamics in a quantitatively realistic model environment. Specifically, we use the workhorse
Smets and Wouters (2007) model of the US economy which is a multi-shock version of
the seminal model of Christiano, Eichenbaum and Evans (2005) with endogenous capital
accumulation. We introduce real rigidities in price and wage setting using the Kimball (1995)
aggregator following Dotsey and King (2005) and Levin, Lépez-Salido and Yun (2007).3

In the following, we first give a brief overview of the model with a focus on the pricing

block of the model and how we compute the linearized and nonlinear solutions of the model.

3 Aruoba, Oue, Saffie, and Willis (2022) construct a menu-cost model with Kimball aggregation and
idiosyncratic demand and supply shocks that is able to generate sizable monetary non-neutrality and is
consistent with micro pricing evidence.
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Appendix A provides a detailed description of the model environment, as well as the resulting

linearized and nonlinear equations.

3.1 Model Overview

The workhorse model of Smets and Wouters (2007) features monopolistic competition in
the goods and labor markets and nominal frictions in the form of sticky prices and wages.
However, it allows non-optimizing firms (households) to index prices (wages) to a composite
of steady-state and lagged inflation.* Households can also save in physical capital, with a one-
period time to build before new investments turns into productive capital. The model also
features several real rigidities in the form of habit formation in consumption, investment
adjustment costs, variable capital utilization, and fixed costs in production. The model
dynamics are driven by seven structural shocks. Momnetary policy shocks follow an AR(1)
process and two additional inefficient cost-push shocks in wage and price setting follow
an ARMA(1,1) process. Four efficient shocks (total factor productivity, risk premium,
investment-specific technology, and government spending shocks) follow AR(1) processes.
The exact specifications of the nonlinear model and its linearized representation are described
in detail in Appendix A; here we present the linearized and nonlinear pricing equations that
are central for our paper.

The linearized Phillips curve in the SW model is given by

T — T = (Emﬂ LpTy) + KMC, + Epy,
P (1-E80-¢,) (1)
fp(1+(¢ 1ep)

where 1—¢, is the probability of each firm being able to reoptimize the price each period, €, is
the curvature of the Kimball aggregator function, ¢, is the steady state gross price markup,
and the cost-push, or markup, shock &,; has been rescaled with 1/x to enter the Phillips

curve with a unit coefficient. The corresponding nonlinear recursive pricing equations are

4 Hence, while the model embeds non-zero steady state price and wage inflation, it does not feature steady
state dispersion in prices and wages. It would be interesting to extend the model to allow for non-indexation
to trend inflation.

10
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given by
1+ e, e (0, — 1)  , 20t
T;Pt 7};,t = %’Yg,t + #ep (p;) ! 7§,ta (2)
ép(1tep) ¢ 1 —
p(1+ep . T _Lpﬂ_Lp ¢p_1
’711),t = (07) "y + (B’Yl )ngt e ( t > 7117,t+1a (3)
&, T4+1
ép(Ltep) g 1 lp —‘¢p<¢$1+€1p)
D €p o T —Lpﬂ. D~
= () 5 ey + (B71) €, B, ( t ) B @
ff, Tt+1
L 5 7.[.1—Lpﬂ.bp
”Yg,t =Y+ (ﬁ’)’l )ngt s ! 7§,t+17 <5>
ft Tt+1

where the different endogenous variables are defined in the appendix. Importantly, you can
see from eq. (4) that the markup shock €,; (which is assumed to have unit mean) in the
nonlinear pricing system multiplies marginal costs mc;. So in this sense, it represents an
exogenous shock to the desired markup. In the following, we refer to them as markup or

cost-push shocks.

3.2 Calibration and Solution

The model is estimated on seven key macroeconomic quarterly US time series as observable
variables: the log-differences of real per capita GDP, consumption and investment, the log-
differences of compensation per hour and the GDP deflator, the log-deviations of hours
worked per capita from their average, as well as the federal funds rate. Further details
about the data and the measurement equations linking the model variables to their data
counterparts are provided in the appendix.

SW use full information Bayesian techniques to estimate the model. Bayesian inference
starts from a prior distribution that describes the available information prior to observing the
data used in the estimation. The observed data is subsequently used to update the prior,
via Bayes’ theorem, to a posterior distribution of the model’s parameters, which can be
summarized in the usual measures of location (e.g. the mode or the mean) and spread (e.g.

the standard deviation and probability intervals).? We adapt the parameters estimated by

® We refer the reader to Smets and Wouters (2003, 2007) for a more detailed description of the estimation

11
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Smets and Wouters (2007) on pre-Global Financial Crisis and COVID periods data, with the
exception of the pricing parameters ¢, §,,, and ¢,. In particular, we re-estimate the linearized
model for the 1965Q1 — 2007Q4 sample, imposing an alternative prior ¢, ~ N(1.2,0.05)
to obtain a lower gross markup than the 61 percent estimated by SW. Harding, Lindé
and Trabandt (2022) show a large body of calibrated or estimated New Keynesian DSGE
models that suggest markups that are notably lower than 61 percent. Moreover, we calibrate
¢, = 0.667 in line with micro evidence (which is close to the SW posterior mode of .65) and
instead estimate the Kimball curvature parameter using the prior €, ~ N(75,25). This
results in a posterior mode where ¢, = 64.5 and ¢, = 1.34. In addition, » in eq. (1)
equals .008, which is somewhat smaller than SW’s estimate of .026.° Finally, note that our
parameterization of the slope of the Phillips curve is in line with the estimates in Hazell,
Herreno, Nakamura and Steinsson (2022).7

To compute the linearized and nonlinear solutions, we use the Fair and Taylor (1983)
solution algorithm. This algorithm is also known as a two-point boundary value solution or
time-stacking algorithm. The Fair-Taylor solution algorithm imposes certainty equivalence
on the nonlinear model, just as the linearized model solution does by definition. In other
words, the Fair-Taylor solution algorithm allows us to trace out the implications of not
linearizing the equilibrium equations, which is exactly our objective. All of the relevant
information for solving the nonlinear and linearized models is captured by the current state
of the economy, including the contemporaneous realization of the exogenous shocks.

An alternative approach to solve the model would have been to compute solutions where
uncertainty about future shock realizations matters for the dynamics of the economy, for ex-
ample, following Aruoba, Cuba-Borda, and Frank Schorfheide (2018), Adam and Billi (2006,
2007), Fernandez-Villaverde et al. (2015), Gust, Herbst, Lépez-Salido and Smith (2017)

and Nakata (2017). These authors have shown that allowing for future shock uncertainty

procedure.

6 Our lower value for  partly reflects the different prior and partly the extended sample period (recalling
that SW’s sample ends in 2004:4). For our sample period ending in 2007:4, we obtain x = .018 with the
SW priors. Note that the re-estimated model is associated with an improvement in the marginal likelihood
compared to the original SW parameterization by roughly 5 log points.

7 See L’Huillier and Phelan (2023) for a recent model in which the degree of price stickiness depends on
the type of shocks that hit the economy. Prices are sticky with respect to demand shocks but flexible with
respect to supply shocks.

12
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can have potentially important implications for equilibrium dynamics. Importantly, none
of these authors have considered a model with Kimball aggregation. Lindé and Trabandt
(2018) solve a simplified version of our model with sticky prices and Kimball aggregation
under shock uncertainty using global methods, and show that the effects of future shock un-
certainty on the global solution of the nonlinear model are quantitatively negligible lending
support for using the Fair-Taylor solution method for our baseline results.®

As a practical matter, we feed the equilibrium equations of the nonlinear and linearized
model into Dynare. Dynare is a pre-processor and a collection of MATLAB routines which
can solve nonlinear and linearized dynamic models with forward looking variables. The
details about the implementation of the algorithm used can be found in Juillard (1996). We
use the perfect foresight/deterministic simulation algorithni implemented in Dynare using
the ‘simul’ command.® The algorithm can also easily handle the ZLB constraint: one just
writes the Taylor rule including the max operator in the model equations, and the solution

algorithm reliably calculates the model solution in fractions of a second.

4 Results

In this section, we report our main results for the linearized and nonlinear solution of the
model outlined in the previous section. We begin in Section 4.1 by considering the effects
of positive cost-push shocks in long simulations of the model as function of the output gap
when the business cycle is driven by demand and supply shocks. Next, we proceed in Section
4.2 to characterize how the transmission of markup shocks vary with the initial inflation level
for all the shocks in the estimated SW model. In Section 4.3 we compare the transmission of
cost-push and monetary policy shocks in the linearized and nonlinear model in 2022Q)1 by

filtering the data with the inversion filter on the 7 observable time series 1965Q1 — 2022Q)1

8 The introduction of wage stickiness and Kimball aggregation in the labor market in the present paper
(in addition to price stickiness and Kimball aggregation in the goods market as in Lindé and Trabandt,
2018) should temper the effect of shock uncertainty in the nonlinear model even further. To the extent that
allowing for shock uncertainty notably affects the linearized solution, the differences between the linearized
and nonlinear solutions we report in this paper are conservative: they would be even larger if we had allowed
for shock uncertainty.

9 The solution algorithm implemented in Dynare’s simul command is the method developed in Fair and
Taylor (1983).

13
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used by Smets and Wouters (2007) when estimating the model. This allows us to characterize
monetary policy trade-offs at the current juncture. Finally, in Section 4.4 we study the role

of nonlinearities on forecast distributions.

4.1 The Phillips Curve

To understand the differences in the dynamics implied by the linearized and nonlinear so-
lutions, we undertake stochastic simulations of the model for monetary policy shocks (&)
and, separately, for cost-push shocks (g,:). We size the standard deviations of monetary
policy shocks (o) and cost-push (0,,) to imply variations in inflation between roughly zero
and eight percent in the linearized model. This strategy implies that the size of the mone-
tary policy shocks we consider are notably larger than estimated in the model. Nevertheless
we adopt this assumption to demonstrate with a straightforward demand shock the scope
of nonlinearities in the model with kinked demand when the economy is far-off the steady
state. Interestingly, for the markup shocks, the strategy implies that the size of these shocks
is somewhat smaller than in the estimated model. We solve and simulate the linearized and
nonlinear model solutions for a long sample of 10,000 periods contingent on exactly the same
sequence of shocks {&«,t}tli’f " and {5p7t}tli’f % disregarding any binding constraints on policy

rates in the linearized model.

The blue circles i the left panel in Figure 2 are the simulated inflation and output gap
observations 1 the linearized model, with the output gap on the x-axis (inverted scale) and
inflation on the y-axis. The red crosses show the corresponding observations for the nonlinear
model solution. The black dotted horizontal and vertical lines indicate the deterministic
steady states for inflation and the output gap, respectively. The figure shows a noticeable
difference between the linearized and nonlinear model for the relationship between inflation
and the output gap. As expected, the linearized model implies a constant downward-sloped
Phillips curve whereas the nonlinear solution is associated with a “banana-shaped” Phillips

curve, as in the seminal paper by Phillips (1958). This reflects that the Kimball aggregator

14
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Figure 2: Linear and Nonlinear Phillips Curves with Cost-Push Shocks

o Linearized model ——@—— Linearized model + price cost-push shock
+ Nonlinear model =———— Nonlinear model + price cost-push shock
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implies that firms are reluctant to change prices much when relative demand is low.'® On
the other hand, in periods when relative demand is high, firms are more willing to change
their prices. As a result, the nonlinear model produces episodes with more elevated price
inflation than the linearized solution in which households and firms are equally sensitive to
changes in desired price-markups in recessions and booms.!!

The blue and red solid lines in the left panel show how the Phillips curves for the lin-
earized and nonlinear solutions shift for positive same-sized markup shocks. These lines are
generated by selecting the highest inflation state around economic states with an output gap
close to —10, —5,...10. For all those selected states, we simulate the contemporaneous effects
when adding same-sized 1.250, positive markup shocks to the state and then selecting the
highest resulting inflation levels in the blue and red dots. This shows how the Phillips curve
shifts outward in the linearized and nonlinear model solutions for positive cost-push shocks.

As expected, the transmission of a given-sized markup shock in the linearized model is
independent of the output gap level, and the Phillips curve simply shifts outward in parallel.

In the nonlinear model, the picture is very different. The nonlinear model implies that a

10" Costain, Nakov, and Petit (2022) construct a model with state-dependent nominal price and wage
rigidities which also implies a flatter Phillips curve slope as trend inflation declines. Their model can
account for a substantial share of the decline of the slope of the Phillips curve before the COVID pandemic.

11 Hence, as in Boehm and Pandalai-Nayar (2022), our model implies that responses to shocks are state-
dependent and that the Phillips curve is convex.

15
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markup shock shifts out inflation very little when inflation is subdued. When inflation is
high, on the other hand, the same-sized markup shock shifts the Phillips curve outward
substantially more than in the linearized model. In other words, the transmission of markup
shocks are state-dependent and depends importantly on the economic state, lending support
for inflation scares in booms (see e.g. Goodfriend, 1993).

In the right panel of Figure 2 we redo the same exercise for supply (cost-push) shocks.'?
As depicted in the Figure, it turns out that supply-side shocks also generate an important
nonlinearity. Importantly, and in contrast with demand shocks, cost-push shocks that accel-
erate inflation trigger output to be below potential (i.e. negative output gaps). An important
implication of this is that we don’t need an output boom to have increased inflation trans-
mission of cost-push shocks as in the left panel of Figure 2. Our model implies increased
propagation also when the output gap is notably negative as shown in the right panel of
Figure 2. So the nonlinearity is important even for supply shocks that drive the output gap
and inflation in opposite directions.

To solidify the claim that it does not matter per-se whether we have demand or supply
driven inflation hikes, and that there is an important interplay between economic activity
and baseline inflation in the propagation of cost-push (and demand) shocks, Figure 3 plots
the impact effects of a same-sized cost push shock on inflation and the output gap as function
of the initial inflation level.

The left column in Figure 3 shows the effects on inflation (upper panel) and the output
gap (lower panel) from the same-sized cost-push shocks as a function of the initial level of
inflation on the x-axis in the nonlinear model (red line) and the linearized model (blue line)
when all variations in the initial inflation level are driven by demand shocks. Based on
the results in Figure 2, the output gap will be elevated when underlying initial inflation is
solely driven by demand shocks. So, although the output gap is not shown, the impulses

in the left column in Figure 3 are computed in an initial state where there is a positive

12 Notice that in the simulation experiment in the right panel of Figure 2, we set the smoothing coefficient
pr on the lagged interest rate in the policy rule and the consumption habit persistence parameter s to nil
in order to obtain a strong contemporaneous relationship between inflation and the output gap for supply
shocks. As a result, the right panel of Figure 2 is arguably somewhat stylized. That said, Figures 4 and 5
show elevated transmission of cost-push shocks to inflation in the nonlinear model when all parameters are
kept at their estimated values (including pp and »).
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relationship between initial inflation and the output gap: the higher initial inflation, the
higher the output gap when the cost-push shock hits. The right column in Figure 3 shows
the corresponding results when supply shocks are the sole driver of the initial inflation level.
In this case, economic activity will typically not be elevated when initial inflation is high.
Consistent with the left panel in Figure 2, we see in the upper left panel in Figure 3 that the
nonlinear model implies a stronger transmission of cost-push shocks to inflation when the
initial inflation level is elevated. Naturally, when inflation is close its steady state level, the
results in the nonlinear model and its linearized equivalent coincide. The rising transmission
to inflation also implies an increasing negative impact on the output gap when the initial
inflation rate is higher. The results in the right column document that the inflationary ef-
fects are significantly elevated also in the case when the initial inflation level is driven by
supply shocks. An important implication of this finding is that it is not per-se the output
gap that is critical in terms of state dependence but rather the initial level of inflation that
is the crucial incidence of state dependence. An additional important implication is that the
nonlinearity which we stress is relevant regardless whether demand or supply shocks drive
the surge in inflation: the output gap can be positive or negative (or something in between if
we consider a combination of demand and supply shocks) but the transmission of cost-push

shocks increases with the initial level of inflation.

To understand why supply shocks can yield strong propagation effects on inflation even
when economic activity is subdued, consider the bottom left subplot of Figure 1 which
depicts the convex pricing schedule as a function of marginal cost in the static stylized
model discussed in section 2. Now, consider a low price-marginal cost combination to begin
with. Starting with an initially low price, a one percent jump in marginal cost leads to a
relatively small jump in the new optimal price. Now, consider a much higher initial price-
marginal cost combination to begin with. The same sized jump in marginal cost implies now
a much larger optimal new price. In other words, in the simple static stylized model, the
optimal adjustment price is a convex function of the initial (pre-shock) price.

In the estimated medium-sized model, the optimal price is also a convex function of
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Figure 3: Propagation of Cost-Push Shocks in Demand and Supply Driven Expansions and
Contractions
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the initial (pre-shock) price. In addition, cost push shocks may also propagate somewhat
stronger when economic activity is elevated due to demand shocks. This can be seen from
the first order optimal price setting conditions (equation 4), in which the product of marginal
cost (me;) and demand (y, ) appear as a key driving force for the optimal price (i.e. additional
to the state variables that ultimately map into the initial level of inflation). This feature is
visible when comparing the top left and top right subplots in Figure 3 that show the inflation
responses as a function of initial inflation for demand and supply shocks. By comparing the
two panels, we see that for given initial inflation, a cost push shock propagates more strongly
when the underlying state is driven by demand shocks (and hence demand, y;, is elevated)
compared to supply shocks (and hence demand, y;, is suppressed).

Figure 2 illustrates that the model embeds a traditional nonlinear Phillips curve when
we study the impact of demand and supply shocks separately. Even so, keep in mind that
Figures 2 and 3 where drawn for unusually large demand and supply shocks for illustrative

reasons. In the next section we will show that the initial level of inflation continues to be
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key when we consider the historically relevant drivers of inflation dynamics in the estimated

medium-sized DSGE model.

4.2 Propagation of Cost-Push Shocks

So far, we have established that cost-push shocks propagate stronger in a boom than in a
slump, but that there is scope for both demand- and supply-side shocks to trigger amplified
inflation dynamics in the nonlinear model. But what about the case when we keep the
volatility of shocks at their estimated standard errors based on historical data? In this
section we will show that the results hold up when we consider empirically relevant volatility
of shocks taken from the estimated linearized Smets and Wouters model, in which wage and
price markup shocks account for the bulk of inflation volatility. The analysis will show that
propagation of price cost-push shocks is amplified on average regardless of the underlying
drivers of inflation, and that a reliable condition for an elevated propagation of price cost-
push shocks is that inflation is well above steady state to begin with.

To do this analysis, we begin by simulating the linearized and nonlinear solutions for all
seven shocks, with only one shock active at a time in the estimated SW model, using the
estimated standard deviations for each shock, for T = 10,000 periods. This will provide us
with simulated paths of all endogenous variables in the nonlinear {yf"”lm}; and linearized
{yii”}thl models. Next, we go backwards in time and for each state t = 1,...,10,000 add
one o, positive price cost-push shock and compute its impact on inflation and the output
gap. Figures 4 and 5 report the results of this exercise for inflation and output, respectively.
Each panel in the figure shows the results when inflation dynamics are driven by each of
the seven shocks, whereas the lower right panel shows results when we assume all shocks are
active. The x-axis shows the initial inflation level when the price cost-push shock hits, and

the y-axis shows the impact this shock has on one-year average inflation.

The upper left panel in Figure 4 shows the effects of a positive price cost-push shock on
one-year-ahead inflation when stationary technology shocks are the sole driver of fluctuations

in inflation (apart from the cost-push shocks we add at each point in time). The vertical
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Figure 4: State-Dependent Effects of Cost-Push Shocks on Inflation
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dashed line shows the deterministic steady state inflation level, while the solid horizontal
line shows the impact of the cost-push shocks on one-year-ahead inflation in the linearized
model, which is independent on the initial inflation level and the same for all seven shocks.
However, in the nonlinear model solution, the impact of a same-size cost-push shock is an
upward sloping function of the initial inflation level. The intuition for the larger inflation
response in the nonlinear model is provided in Section 2, Figure 1, where we discuss the
heightened sensitivity of firms’ optimal prices in response to increases in marginal costs.
The next four panels in Figure 4, for the risk premium, fiscal spending, investment-specific
technology, and monetary shocks feature the same upward sloping line, with dy/dx showing
the slope of the regression of the inflation impulse on the initial inflation level in the nonlinear
model. The slope is essentially the same for all shocks: The only difference is that the shocks
induce unequal fluctuations in the initial inflation levels. The panels for the wage- and price-
markup shocks show that these two shocks are most critical for inflation fluctuations in
the model as they generate notably more variafion in the initial inflation levels. For price-
markup shocks, we notice that while the regression line has a similar slope as for the other
shocks, there is now considerably larger variation in the transmission of the additional price
cost-push shocks. For instance, with an initial inflation rate of 8 percent, the one-year-ahead
inflation impulse of the same-sized positive price cost-push shock can be roughly 0.5 or above
2 percent.

The bottom right panel shows the results when simulating all shocks at the same time,
which naturally gives rise to even greater variation in the initial inflation levels compared
to when simulating each of the seven shocks separately. With all shocks combined, the
dispersion increases even further, and for a 10-percent initial inflation level the impact of
a positive price-markup shock on one-year-ahead inflation can vary from about 0 to over 3
percent. These results imply that the conditional volatility of inflation is increasing in the
inflation level. Hence, there is higher inflation risk when inflation is high, whereas inflation
risk is constant in the linearized model solution.

Figure 5 repeats the experiment but, instead, reports the effects on the output gap.'® As

13 Notice that price cost-push shocks do not affect potential output in the SW model, so the response of
the output gap coincides with the response of output.
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was the case for inflation, we see that a same-sized markup shock has a more adverse impact
on the output gap when the initial inflation level is high, partly because larger transmission of
price markup shocks on inflation (which effectively works as a tax by lowering the real wage)
but also partly because the elevated transmission precipitates a more vigorous endogenous
response of the federal funds rate in our model. The Taylor rule implies that the central bank
faced with this adverse trade-off shock endogenously raises the policy rate more when initial
inflation is high because it puts more weight on the increased inflationary pressure despite
the fact that the adverse supply shock causes a larger deterioration in economic activity
when initial inflation is high.

All told, Figures 4 and 5 show that the initial level of inflation continues to be key when
we consider the historically relevant drivers of inflation dynamics in the estimated medium-
sized DSGE model. When the model is estimated on pre-GFC data, demand shocks do not
typically trigger large variations in inflation as can be seen in Figure 4.

But this does not mean that a combination of expansionary demand and adverse supply
conditions cannot trigger an inflation surge in our nonlinear model, i.e. a “perfect storm”
in which a combination of some unusually large demand and supply shocks initially drives
up both inflation and the output gap and make inflation more sensitive to additional distur-
bances as shown in Figures 2 and 4.

The results shown in Figures 4 and 5 raise the important question about what accounts
for the increased inflation risk when inflation is high, i.e. the conditional heteroscedasticity
in inflation (as documented to be empirically relevant in the U.K. in the seminal paper by
Engle, 1982).14 Why is the transmission of a positive price cost-push shock so different when
the initial inflation level is elevated? To shed light on this issue, Figure 6 reports the effects
of identical price cost-push shocks in inflation surges and when inflation is descending for
inflation (left panel) and the output gap (right panel). The black line shows the distribution
for all shocks in Figure 4, while the red- and blue-dash dotted lines show the effects when
inflation is increasing and decreasing, respectively. We separate the impulses in Figure 4 by

simply looking at the one-period change in inflation (from ¢ — 1 to t) before a markup shock

14 Qur discussant Jeff Campbell pointed out that conditional heteroscedasticity is also a feature of U.S.
inflation once the great inflation episode in the 1970s is included in the sample.
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hits in period ¢, and then we separate the responses to a markup shock across the two states:
when the change in inflation is positive (inflation is surging) and when it is negative (infla-
tion is descending). We then compute the distribution of the responses in each state. The
left panel in Figure 6 shows inflation risk is substantially higher when inflation is increasing
before the shock hits. The right panel shows that output is at greater risk when inflation is

on the rise, explaining the trumpet-like shape for the output gap responses shown in Figure 5.

4.3 Monetary Policy Trade-offs During the Post-COVID Period

We now turn to make an assessment of the transmission of price cost-push shocks during
the post-COVID period and trade-offs for monetary policy to stabilize them. To do so, we
filter the shocks in the linearized and nonlinear solutions with the inversion filter described
in Fair and Taylor (1983) for the period 1965@1 to 2022Q1 using US data. Since we have the
same number of observables as shocks, the inversion filter provides us with a unique sequence
of filtered innovations {5t|t}f:1 that maximizes the likelihood for a given parameterization
of the linearized and nonlinear model."® Given the filtered state in 2022Q1, we study the
transmission of price-cost and monetary policy shocks in this quarter. We believe this period
is particularly interesting to examine in order to spot differences between the nonlinear and
linearized solutions as inflation by the end of 2021 had surged well above the steady state
and the Feds’ inflation target. Results would be similar if we started in the second half of
2021 or later.

Conditional on period ¢ information, let Xy, denote all variables in the model, except for
the innovations to the shock processes e;;. The solution of the model is a nonlinear function

f such that
Xt\t = f(Xt—1|t—175t|t)7 (6)

and let y; be a vector of observables and S a selection matrix that matches the observed

15 A potential drawback of using the inversion filter is that it does not allow to compute the two-sided
innovation (i.e. &47), and hence relies on the one-sided filtered shocks &, in the analysis. That said, in the
linearized solution, the one- and two-sided shocks (the latter being based on a standard Kalman filter) are
very similar, suggesting that using the one-sided shocks has a limited impact on the findings.
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Figure 5: State-Dependent Effects of Cost-Push Shocks on Output Gap
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Figure 6: Understanding Inflation Risk: Pass-through of Cost-Push Shocks in Inflation Surge
and Descend Episodes
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variables to their model counterparts. Then, in each period ¢t we obtain the filtered structural
innovations €, given the data y; and state of the model X;_;;_1, as the solution to the

nonlinear system

Yt = Sf(Xt—1|t—175t\t)- (7)

We initialize the filter by running the Kalman smoother on the linearized solution and
using the implied Kalman smoothed estimates as initial values for the endogenous variables
in the nonlinear filter. However, the nonlinear model contains some additional endogenous
state variables (i.e. price and wage dispersion terms), and we initialize these endogenous
variables together with the shock innovations &;; so that the nonlinear model matches the

observed variables in ;.

Importantly, we impose the ELB for the federal funds rate when filtering the shocks in the

nonlinear model. In the linearized model, we do not impose an effective lower bound through
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Figure 7: IRFs to a 1o Cost-Push Shock in Linearized and Nonlinear Model in 2022Q1
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a nonlinear policy rule, so the linearized solution will only prevent the current policy rate
from falling below the effective lower bound (ELB) through unanticipated policy innovations.
Since the quarterly average for the periods 2009Q1 — 2014Q2 and 2020Q2 — 2022Q1 is not
exactly zero and fluctuates a couple of basis points, we adjust the federal funds rate to exactly
10 (annualized) basis points for those quarters. Accordingly, the monetary policy rule in the
model is constrained by an ELB of 10 (annualized) basis points. One important caveat of
using this filtering approach is that, since monetary policy shocks become inconsequential in
the model when the ELB is binding, it is not possible to filter these shocks during the ELB
period. Following Guerrieri and Iacoviello (2017) we assume these shocks to be zero when
the ELB is binding, except when the model-implied interest rate is predicted to be above
the ELB and a monetary policy shock is necessary to obtain an exact match between the

observed data and the model counterparts.

Given the filtered states in 20221 in the linearized and nonlinear models, we then add a
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Figure 8: IRFs to a 16 Monetary Shock in Linearized and Nonlinear Model in 2022Q1
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one o, price cost-push and o, monetary policy shocks to the linearized and nonlinear models,
respectively. Figure 7 shows the resulting impulse response functions for the price markup
shocks in the linearized and nonlinear model solutions as of 2022Q)1. Of course, the results
in the linearized model are invariant to the filtered state and the average of the first four
quarters in the figure equals 0.55 (black horizontal line in Figure 4). For the nonlinear model,
we see that the shock’s effect is more than twice as large over the first year on inflation and
the output gap, despite a twofold increase in the policy rate relative to the linearized model.

In Figure 8, we show the corresponding effects of a monetary policy shock. The figure
shows that a monetary policy shock has the same effect on output gap and output growth,
but the impact on inflation is about twice as high initially relative to the linearized model.
Even so, the model implies a rather unfavorable monetary policy inflation-output gap trade-
off. To reduce inflation by 0.1 percentage points the policy maker needs to accept a decline
of more than 1% in the output gap over one year. Figure 7 implies this trade-off is further

exacerbated in the nonlinear model in the current situation of high inflation risk, as it takes
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even tighter monetary policy than shown in the figure to maintain a pass-through of price
cost-push shocks to inflation at normal levels according to our estimated model.

To demonstrate the more unfavorable monetary policy trade-off when inflation is ele-
vated, Figure 9 reports the required policy tightening, in addition to that prescribed by the
endogenous reaction according to the estimated rule, during the first year, to fully stabilize
any impulses to one-year-ahead inflation from a one standard deviation price cost-push shock
as a function of the initial inflation level. For the linearized model, the tightening needed is
invariant to the initial inflation level and is a little more than two percent, on average, to
stabilize inflation during the first year following a price-markup shock. This magnitude can
be derived by combining the impulses in the linearized model for inflation and the policy rate
in Figures 7 and 8 (i.e., how big a policy rate movement is required, according to Figure 8, to
remove the 0.55 average increase in inflation shown in Figure 7 in the linearized model). The
output cost of such an inflation-nutter policy is fairly large, a little above 6 percent in the
linearized model. The blue line with crosses plots the corresponding interest rate tightening
and output cost in the nonlinear model. As in Figure 2, we compute this trade-off curve as
averages for states clustered around certain initial inflation levels. As is evident from the
model, the nonlinear formulation of the model implies increasing adverse trade-offs to stabi-
lize inflation, even though the nonlinear model implies that monetary policy has a stronger
effect on inflation when inflation is high. This adverse trade-off is driven by the fact that
even though both monetary policy and price-markup shocks become equally more potent as
functions of the initial inflation rate on average, the price markup shocks have much larger
absolute effects and, hence, increasingly more policy tightening is needed to keep inflation

in check as the initial inflation level increases.

To highlight the trade-offs for inflation and output gap stabilization in response to the
cost-push shocks, the middle panel of Figure 9 shows results under full output gap sta-
bilization, which complements the previous results under full inflation stabilization. The
right panel of Figure 9 also reports results when the central bank conducts monetary policy

following the estimated Taylor rule, i.e. the historical policy conduct in our sample.
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Figure 9: Tradeoffs for Interest Rate Policy:Tightening and Output Cost for Alternative
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Importantly, the figure shows that if monetary policy does not act vigorously to counter-
act cost-push shocks, such shocks will propagate more strongly to inflation, especially when
initial (pre-shock) inflation is high. Moreover, by comparing the outcomes under the histor-
ical rule (right panel) with those under full output stabilization (middle panel), it appear
as if the historical (estimated) policy rule implies a strong focus on output gap stabiliza-
tion. The cases of full inflation and output gap stabilization can be viewed as polar cases
of optimal monetary policy considerations. That said, studying the implications of optimal
monetary policy is beyond the scope of the paper and we leave this important matter for

future research.

4.4 Conditional Forecast Distributions

As a final exercise, we study the impact of the nonlinear solution on the conditional forecast
distributions. To do this, we follow the filtering procedure outlined in Section 4.3, and
obtain filtered states for T = {2020Q4, 202102, 20210Q4, 2022Q1}. Given the filtered state
in T' (based on data up to period T'); we then construct conditional forecast distributions
for periods T'+ 1, ..., T+ h by computing 1,000 dynamic forecasts in which economic shocks
hit as surprises during the forecast horizon. We report results for both the nonlinear and
linearized solutions in Figure 10, but in order to tease out the impact of the nonlinearities in
the solution and to consider an identical initial state, we base the projections on the filtered
state in the linear model.'® An additional technical difference is that the nonlinear model
imposes the ELLB on the policy rate, whereas the linearized model allows the policy rate to
become negative.!”

As can be seen from Figure 10, the median forecast in the linearized and nonlinear mod-

els differs very little in 2020Q4. This is because inflation is close to the steady state at the

initial state in this quarter. Even so, the lower uncertainty bands differ notably as infla-

16 Alternatively, we could have based the initial state on the nonlinear model, but this would have required
setting all nonlinear state variables in period 7" in the linearized model to nil when doing the forecasts. Of
course, we could also have conditioned the forecasts on the filtered state in each of the models, but doing so
would not allow us parse out the role of the nonlinearities per se, because the initial state would differ.

17 However, as indicated by the uncertainty bands for the linearized model in Figure 9, the probability of
a binding ELB is low. Hence, this alternate assumption plays a minor role for any differences between the
conditional forecast distributions for the linearized and nonlinear models.
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tion can generally become persistently negative in the linearized model, although not for
the Hth percentile given this initial state. The nonlinear model, on the other hand, implies
that shocks have less impact on inflation when inflation becomes lower and hence there is
a noticeable reduction in the deflation probability in this variant of the model. Given the
state in 2020Q)4, both models underpredict the subsequent uptick in inflation, but it should
be noted that the model forecasts are contingent on a quick and sharp normalization of the
policy rate. Had we instead imposed a constant interest rate path (in line with the data),
the gap between predicted and actual inflation outcomes would have been narrowed. So, our
model suggests that loose U.S. monetary policy is likely to have had an important role in
driving post-COVID inflation dynamics. While macroeconomic models cannot capture all
aspects of reality, our estimated workhorse macroeoconomic model suggests that the federal
funds rate was likely kept too low for too long and that this likely contributed to the inflation
surge in 2021.

Moving onto the later quarters, we see that as the initial inflation level rises, the dif-
ferences between the nonlinear and linearized models increase. In particular, the nonlinear
model implies notably higher near-term inflation risk and hence a notably higher median in-
flation forecast, especially in the second-half of 2021 and the beginning of 2022. The higher
near-term inflation risk also translates into higher median policy rate projections, as well
as an elevated risk of a notably tighter policy rate stance in the nonlinear model. As a
result, the nonlinear model implies somewhat more downside risk to output growth in the
conditional distributions as in Adrian et al. (2019).

Finally, an overall impression from Figure 10 is that inflation risk in the nonlinear model
is mostly a near-term phenomenon. After two years, most of the differences between the
nonlinear and linearized conditional distributions have dissipated. Two key reasons for this
finding is the ARM A(1, 1) feature of the price- and wage cost-push shocks and the modest
role for intrinsic persistence in the estimated wage and price setting curves in the SW model.
Both these features of the estimated model imply that the price-wage cost-push shocks have

transient effects on the economy. Alternative assumptions about these parameters could give
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Figure 10: Conditional Forecast Distributions Given Filtered State in Linearized Model
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rise to more persistent differences in conditional forecast distributions.

To provide a further metric to assess the quantitative performance of the nonlinear model
relative to its linearized equivalent, Figure 11 shows the filtered (model-based) shocks and
outcomes during the post-COVID period. The left panel shows the filtered price cost-push
shocks needed to explain inflation outcomes 2021Q1-2022Q1 based on the filtered state of
the linearized model in 2020Q4 as an initial condition for both the linearized and nonlinear
model. We use the same initial state in 2020Q4 to set both models on an equal footing.
The results show that the nonlinear model — with the exception of 2021Q1 when inflation
was still close to steady state — requires a string of notably smaller positive shocks than the
linearized model to explain the surge in inflation.

We then feed all filtered shocks from the nonlinear model to the linearized model, start-
ing from 2020Q4 to obtain an inflation counterfactual in the linearized model. The resulting
counterfactual path of inflation is provided by the blue dotted line in the right panel of Fig-
ure 11.1® This exercise demonstrates that the smaller filtered shocks in the nonlinear model
are associated with bigger inflation amplification effects, i.e. the nonlinear model can better
explain the surge in inflation during the post-COVID period with smaller cost-push shocks
(with the exception of 2021Q1 as noted earlier). The results in Figure 11 complement our
previous results in Figure 10, which suggest that the nonlinear model is better at forecasting

one-year ahead inflation than its linearized equivalent.

5 Conclusions

We propose a macroeconomic model with a nonlinear Phillips curve that is flat when infla-
tionary pressure is subdued and steep when inflationary pressure is elevated. The nonlinear
Phillips curve in our model arises due to a quasi-kinked demand schedule for goods produced
by firms. Our model can jointly account for the modest decline in inflation during the Great

Recession and the surge in inflation during the Post-COVID period. Because our model

18 Notice that the red dash-dotted line from the nonlinear solution is on top of actual inflation outcomes.
This is expected given that the innovations have been filtered in the nonlinear model.
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Figure 11: Filtered Cost-Push Shocks and Inflation in Linearized and Nonlinear Model
During Post-COVID Period
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implies a stronger transmission of shocks when inflation is high, it generates conditional het-
eroskedasticity in inflation and inflation risk. Hence, our model can generate more sizeable
inflation surges due to cost-push and demand shocks than a standard linearized model. Fi-
nally, our model implies that the central bank faces a more severe trade-off between inflation
and output stabilization when inflation is high.

An important implication of our work is that although the Phillips curve steepens when
inflation is elevated it does not miean that it is easier for the central bank to manage inflation-
output trade-offs. The key reason is that the impact of adverse cost-push shocks on inflation
is amplified when inflation is high. So, although interest rate policy becomes more effective
when inflation is elevated, adverse cost push shocks also propagate more strongly to inflation
and output in such a situation. In other words, even if the slope of the Phillips curve is
steeper and monetary policy is more effective to deal with demand shocks, the Phillips curve
shifts up more when further adverse cost-push shocks hit the economy which worsens the
inflation-output tradeoff for the central bank.

We leave several important issues for future work. For instance, it would be of interest
to study the role of nonlinearities to understand the great inflation of the 1970s. It would
also be of interest to explore the implications for optimal monetary policy of kinked demand,

extending the work of e.g. Levin, Lépez-Salido, Yun (2007) and Levin, Lépez-Salido, Nel-

34



Journal Pre-proof

son, and Yun (2008). Moreover, it would be important to extend the model to allow for
endogeneity between inflation drivers and policy responses. We retained the conventional
assumption that all variation in price and wage cost-push shocks is exogenous with respect
to policy conduct, but it would be of interest in future work to consider an environment
where monetary policy can influence the drivers of inflation (i.e. a strong tightening can
lower energy prices). Moreover, our analysis imposed the conventional rational expectations
assumption, and it would be interesting to explore how non-rational expectations or a de-
anchoring of inflation expectations as proposed by Beaudry et al. (2022) may affect inflation

dynamics under quasi-kinked demand.
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Appendix A The Smets and Wouters (2007) Model

This appendix contains the linearized and nonlinear equilibrium model equations of Smets

and Wouters (2007). We describe the firms and households’ problem in the model and state

the market clearing conditions.A!

A.1 Firms and Price Setting

Final Goods Production The single final output good Y; is produced using a continuum
of differentiated intermediate goods Y;(f). Following Kimball (1995), the technology for

transforming these intermediate goods into the final output good is

/01 Gy (%tf)) dfl. (A1)

Following Dotsey and King (2005) and Levin, Lépez-Salido and Yun (2007), we assume that
Gy (.) is given by a strictly concave and increasing function; its particular parameterization

follows SW:

(1) (1) | oo
i)\ _ $p ¢pt(1-dp)er \ va(s) | (Bp—1)ep | Pp~op=Der _
GY( Vi ) | 1(ep-1)es [( bp ) v, + o ] + |1 1—(¢p—1)ep )

(A.2)

where ¢, > 1 denotes the gross markup of the intermediate firms. The parameter €, governs
the degree of curvature of the intermediate firm’s demand curve. When ¢, = 0, the demand
curve exhibits constant elasticity as with the standard Dixit-Stiglitz aggregator. When ¢, is
positive—as in SW-—this introduces more strategic complementarity in price setting, which
causes intermediate firms to adjust prices less to a given change in marginal cost.

Firms that produce the final output good Y; are perfectly competitive in both the product
and the factor markets and take as given the price P; (f) of each intermediate good Y;(f).

Al For a description of the model that derives the log-linearized equations, we refer the
reader to the appendix of the Smets and Wouters paper, which is available online at
http://www.aeaweb.org/aer/data/june07/20041254_app.pdf.
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They sell units of the final output good at a price P;; hence they solve the following problem:

1
ﬂg%fm—lfﬂﬁnmﬂ, (A.3)

subject to the constraint (A.1).

Intermediate Goods Production A continuum of intermediate goods Y;(f) for f € [0,1] is
produced by monopolistically competitive firms, which utilize capital services K, (f) and a
labor index L; (f) (defined below) to produce their respective output good. The form of the

production function is Cobb-Douglas:

Y, (f) = €05 () [V Lo(F)] T e, (A4)

where 7! represents the labor-augmenting deterministic growth rate in the economy, ® de-
notes the fixed cost (which is related to the gross markup ¢, so that profits are zero in the

steady-state), and £¢ is total factor productivity, which follows the process
Inef = (1 —p,) Ine"+ p,Iney_y +ny,m¢ ~ N (0,04). (A.5)

Firms face perfectly competitive factor markets for renting capital at price Rg; and hiring
labor at a price given by the aggregate wage index W, (defined below). As firms can cost-
lessly adjust either factor of production, the standard static first-order conditions for cost
minimization imply that all firms have identical marginal costs per unit of output.

The prices of the intermediate goods are determined by Calvo (1983)-Yun (1996)-style
staggered nominal contracts. The probability 1 — &, that any firm, f, receives a signal to
reoptimize its price, P;(f), is assumed to be independent of the time that it last reset its price.
If a firm is not allowed to optimize its price, it adjusts its price by a weighted combination of
the lagged and steady-state rate of inflation, that is, P,(f) = (1 + m_1)"” (1 + )" Py (f),
where 0 <, <1 and m;_; denote net inflation in period ¢ — 1, and 7 is the steady-state net

inflation rate. A positive value of ¢, introduces structural inertia into the inflation process.
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All told, this leads to the following optimization problem for the intermediate firms

-  EeiP T - :

J =t+5it j p AN ) .

i B30 (86,)' S5 [P (s (L mesc)” () ™) = MG iy )
(A.6)

where P, (f) is the newly set price. Notice that with our assumptions, all firms that reopti-
mize their prices actually set the same price.

It would be ideal if the markup in (A.2) could be made stochastic and the model could
be written in a recursive form. However, such an expression is not available and we, instead,
directly introduce a shock, €/, in the first-order condition to the problem in (A.6). And
following SW, we assume the shock is given by an exogenous ARMA(1,1) process:

e} = (1= p,) Ine? + p,Inef_y +1; = pmi_y,nf ~ N (0,0,) . (A7)

When this shock is introduced in the non-linear model, we put a scaling factor on it so that it
enters a log-linearized representation of the model exactly the same way as the price-markup

shock does in the SW model.

A.2 Households and Wage Setting

We assume a continuum of monopolistically competitive households (indexed on the unit
interval), each of which supplies a differentiated labor service to the production sector; that is,
goods-producing firms regard each household’s labor services, L; (h), h € [0, 1], as imperfect
substitutes for the labor services of other households. It is convenient to assume that a
representative labor aggregator combines households’ labor hours in the same proportions
as firms would choose. Thus, the aggregator’s demand for each household’s labor is equal

to the sum of the firms’ labor demand. The aggregated labor index L; has the following

Kimball (1995) form:
1
Lt:/ G (BN g — 1, (A8)
0 Ly
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where the function Gy, (.) has the same functional form as (A.2) but is characterized by the
corresponding parameters €, (governing convexity of labor demand by the aggregator) and
¢,, (gross wage markup). The aggregator minimizes the cost of producing a given amount
of the aggregate labor index, L;, taking each household’s wage rate, W, (h), as given, and
then sells units of the labor index to the intermediate goods sector at unit cost W;, which
can naturally be interpreted as the aggregate wage rate.

The utility function of a typical member of household A is

B o (Cog (1) = sy . (Tt @), a9

1—o0, 1+ 0y

where the discount factor [ satisfies 0 < 8 < 1. The period utility function depends on
household h’s current consumption, C; (h), as well as the lagged aggregate per capita con-
sumption, to allow for external habit persistence through the parameter 0 < s < 1. The
period utility function also depends inversely on hours worked, L, (h).

Household A’s budget constraint in period ¢ states that its expenditure on goods and its

net purchases of financial assets must equal its disposable income:

B h
P,Cy(h)+ P, (h) + %}) + /ft,t+1BD,t+1(h) — Bp(h) (A.10)
th s

= By (h) + W, (h) Ly (h) + Ri Zy (h) KP (h) — a (Z; (h)) K (h) + T (h) = Ty(h).

Thus, the household purchases part of the final output good (at price P;), which it chooses
either to consume C; (h) or to invest I; (h) in physical capital. Following Christiano, Eichen-
baum, and Evans (2005), investment augments the household’s (end-of-period) physical cap-

ital stock, K7, (h), according to

K2, (h) = (1= 6)KP(h) + ! {1 s ( Iﬁf%)] L(h). (A1)

The extent to which investment by each household A turns into physical capital is assumed

to depend on an exogenous shock, ¢!, and how rapidly the household changes its rate of
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I (h)
Ii—1(h)

investment according to the function S < ), which we specify as

S(xy) = % (x4 — 7)2. (A.12)

Notice that this function satisfies S () =0, S’ () = 0 and S” () = ¢. The stationary

investment-specific shock e follows
Inel = p;Inel_, +nlnl ~N(0,0,). (A.13)

In addition to accumulating physical capital, households may augment their financial assets
through increasing their government nominal bond holdings, (B;y1), from which they earn
an interest rate of R;. The return on these bonds is also subject to a risk shock, €2, which
follows

In 5? = pyIn 52_1 + 77?, nf ~ N (0,0p). (A.14)

Agents can engage in frictionless trading of a complete set of contingent claims to diversify
away idiosyncratic risk. The term [ &, 1Bp+1(h) — Bpy(h) represents net purchases of
these state-contingent domestic bonds, with &, ., denoting the state-dependent price, and
Bp 41 (h) the quantity of such claims purchased at time t.

On the income side; each member of household h earns after-tax labor income of W, (h) L; (h)
and after-tax capital rental income of RFZ; (h) K7 (h) and pays a utilization cost of the phys-
ical capital equal to a (Z; (h)) K7 (h), where Z, (h) is the capital utilization rate, so that the
capital services provided by household h, K; (h), equal Z; (h) KF(h). The capital utilization

adjustment function, a (Z; (h)), is assumed to be given by

a(Z (b)) = — lexp (21 (Z, (h) — 1)) = 1], (A.15)

where r* is the steady-state net real interest rate (RE/P;). Notice that the adjustment
function satisfies a(1) = 0, /(1) = r*, and a”(1) = r*z,. Following SW, we want to write
a’(1) =z =1/ (1 —1) >0, where ¢ € [0,1) and a higher value of ¢ implies a higher cost

of changing the utilization rate. Our parameterization of the adjustment cost function then
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implies that we need to set Z; = z;/r*. Finally, each member also receives an aliquot share
amount to I'; (h) of the profits of all firms and pays a lump-sum tax of T} (h) (regarded as
taxes net of any transfers).

In every period t, each member of household h maximizes the utility function (A.9)
with respect to its consumption, investment, (end-of-period) physical capital stock, capital
utilization rate, bond holdings, and holdings of contingent claims, subject to its labor demand
function, budget constraint (A.10), and transition equation for capital (A.11).

Households also set nominal wages in Calvo (1983)-style staggered contracts that are
generally similar to the price contracts described previously. Thus, the probability that a
household receives a signal to reoptimize its wage contract in a given period is denoted
by 1 —¢&,. In addition, SW specify the following dynamic indexation scheme for the
adjustment of the wages of those households that do not receive a signal to reoptimize:
Wi(h) =~(1+m_1)™ 1+ 7r)1_““ W;_1(h). All told, this leads to the following optimization
problem for the households:

(o)

max By Y (BE,)’

Wih) oy

E P = ] L —lw
% [Wt (h) (Hi:ﬂ (1 + 7Tt+s—1) b (1 + W)l ) - Wt+]} Ly (h) )
=t t+j
(A.16)
where W, (h) is the newly set wage. Notice that with our assumptions all households that
reoptimize their wages will actually set the same wage.
Following the same approach as with the intermediate-goods firms, we introduce a shock,

e, in the resulting first-order condition. This shock, following SW, is assumed to be given

by an exogenous ARMA(1,1) process:
Iney = (1—p,)Ine” + p,Inefy + 0 — p,niZy,nf ~ N(0,00) . (A.17)

As discussed previously, we use a scaling factor for this shock so that it enters into the log-

linearized representation of the model in exactly the same way as the wage-markup shock in

SW.
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A.3 Monetary Policy

The monetary authority follows a Taylor rule in adjusting the interest rate in response to
changes in inflation and the output gap. An important difference with respect to the standard

SW model is that we consider a nonlinear policy rule to explicitly take the ZLB into account:

L (A1R)

R; = max

) (1— (ry)(1=pR) pot 1\ "AY
11, RtpflR(lpr) (@)( )(1=pR) ( Yt ) ! 8 < Y/ Yi ) et

pot pot
T Yt Ye1/Yi

where b > 0 is a constant reflecting the level of the effective lower bound (ELB). Since the
federal funds rate never reached exactly zero but oscillated around 10 (annualized) basis
points throughout the ELB period, we set b equal to 10 (annualized) basis points. y? o s
the output prevailing in the flexible price and wage economy in absence of the inefficient

monetary policy, and price- and wage-markup shocks.

A.4 Market Clearing Conditions

Government purchases, G¢, are exogenous, and the process for government spending relative

to trend output, that is, g, = G;/ (7'Y), is given by the following exogenous AR(1) process:
Ing, = (1—p,)Ing+p, (Ing1 — pyoInef ) +f,ef ~ N (0,0,). (A.19)

Government purchases have no effect on the marginal utility of private consumption, nor
do they serve as an input into goods production. Moreover, the government is assumed to
balance its budget through lump-sum taxes (which are irrelevant, since Ricardian equivalence

holds in the model).

Total output of the final goods sector is used as follows:
Y; = Ct + It + Gt +a (Zt> Ku (AQO)

where a (Z;) K; is the capital utilization adjustment cost.
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Finally, one can derive an aggregate production constraint, which depends on aggregate

technology, capital, labor, and fixed costs, as well as the price and wage dispersion terms.*?

A.5 Model Parameterization

When solving the model, we consider two alternative parameterizations. First, we adopt
the parameter estimates (posterior mode) in Table A.1 of SW. Second, we re-estimate the
SW model setting a lower mean and standard deviation for the steady-state price-markup
(¢,) prior and a higher value for the curvature of the intermediate firm’s demand curve
(€p). Specifically, we consider a prior ¢, ~ N(1.2,0.05), compared to the SW prior of
¢, ~ N(1.25,0.125), and we estimate ¢, = 64.5 instead of it being set to 10 as in SW. In
both cases we use the same values as SW for the calibrated parameters. Table A.1. provides
the values of SW’s baseline estimation and Table A.2. provides the parameter values with

prior ¢, ~ N(1.2,0.05) and €, = 64.5.

A2 We refer the interested reader to Adjemian, Paries and Moyen (2008) for further details.
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Table A.1: Parameter values in Smets and Wouters (2007).

Panel A: Calibrated

Parameter Description Value Parameter Description Value
) Depreciation rate 0.025 €p Kimball Elast. GM 10
o3 Gross wage markup 1.50 €w Kimball Elast. LM 10
9y Gov't G/Y ss-ratio 0.18

Panel B: Estimated

Parameter Description Value Parameter Description Value
% Investment adj. cost 5.48 b, Gross price markup 1.61
Oc Inv. subs. elast. of cons.  1.39 ol Steady-state gross growth 1.0043
» Degree of ext. habit 0.71 [ Steady-state hours worked 0.25
Ew Calvo prob. wages 0.73 s Steady-state net infl. rate 0.0081
oy Labor supply elas. 1.92 Jé} Discount factor 0.9984
&p Calvo prob. prices 0.65 Pr Taylor rule, int. rate smooth.  0.81
Lo Ind. for non-opt. wages 0.9 TAy Taylor rule, coef. A out. gap  0.22
Lp Ind. for non-opt. prices 0.22 Ty Taylor rule, coef. out. gap 0.08
« Capital production share 0.19 Tr Taylor rule, coef. inflation 2.03
P Capital utilization cost 0.54

Panel C: Shock Processes

Shock Persistence MA(1) Std. of Innovation (%)

Neutral technology p, 0.95 - Oq 0.45
Risk premium Pp 0.18 - op 0.24
Gov’t spending Py 0.97 Pya 0.52 o 0.52
Inv. specific tech.  p; 0.71 oi 0.45
Price markup Py 0.90 Hop 0.74 Op 0.14
Wage markup o 0.97 Lo 0.88 Ow 0.24
Monetary policy ~ p, 0.2 - Oy 0.24

46



Journal Pre-proof

Table A.2: Parameter Values with prior ¢, ~ N (1.2,0.05) and estimated ¢,.

Panel A: Calibrated

Parameter Description Value Parameter Description Value
0 Depreciation rate 0.025 gp Calvo prob. prices 0.67
D Gross wage markup 1.50 €w Kimball Elast. LM 10
Gy Gov't G/Y ss-ratio 0.18
Panel B: Estimated
Parameter Description Value Parameter Description Value
%) Investment adj. cost 5.98 ?, Gross price markup 1.34
O. Inv. subs. elast. of cons. 1.41 ol Steady-state gross growth 1.0044
» Degree of ext. habit 0.68 [ Steady-state hours worked —
3 Calvo prob. wages 0.80 m Steady-state net infl. rate 0.0087
oy Labor supply elas. 2.20 I} Discount factor 0.9987
€p Kimball elast. GM 64.5 Pp Taylor rule, int. rate smooth.  0.82
Loy Ind. for non-opt. wages 0.56 Ay Taylor rule, coef. A out. gap  0.25
Lp Ind. for non-opt. prices 0.24 Ty Taylor rule, coef. out. gap 0.097
o Capital production share 0.18 Tn Taylor rule, coef. inflation 1.93
0 Capital utilization cost 0.49
Panel C: Shock Processes
Shock Persistence MA(1) Std. of Innovation (%)
Neutral technology p, 0.95 - Oq 0.48
Risk premium Pp 0.22 - op 0.23
Gov’t spending Py 0.97 Pya 0.53 o4 0.47
Inv. specific tech.  p; 0.70 oi 0.40
Price markup Py 0.83 Hop 0.69 op 0.13
Wage markup Puw 0.97 o 0.93 Ow 0.28
Monetary policy  p, 0.11 - o 0.23

Note that we adapt and rescale the processes of the price- and wage-markup shocks so

that when our model is log-linearized it exactly matches the original SW model.

A.6 Summary of Nonlinear Model Equations

We detrend the variables with a deterministic trend, v, and the nominal variables are replaced

by their real counterparts. For instance, we use the following definitions:
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Also, we define ¢, = G,/Y; and re-define the fixed cost ® = (¢p — 1) y, where y is the

steady-state level of output.

Market clearing

. k-
¢+ i+ gy + a (Uy) tTl = U (A1)
€p + ngj a rl-a
= (e (E))" L — -1 A2

Yi 1+e, (51: (kt) t (¢p )y) (A.2)

1
ki = §Utkf—1 (A-3)

1—90 , '
k= ka_l yei {1 ~S (%)] i (A.4)

_ dp(itep) " w5 _¢‘pq£1+§p)
o ép=1 et 0 p
S LT ) (5—) e (—m : l—gfl) (A5)
w* _ ¢w¢(lt51’w) 7T1—Lw 7TLU) 5'11) _ ¢w¢(1t51w)
e () T e (TR T e A
t t
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Firms
ky o wy
ot —t Al
Ly 1—arf (A.13)
o wi\ “ Wy
= — —_ A.14
e <1—o¢rf) (1—a)ed ( )
Households
—0c Lh 1+0’l » + w
£ = Epnl=¢l (Ct - gct_1> exp <(0’c -1) (1t_|)_ p ) . Lh = Lt€1 n ;t (A.15)
1 = Qe [1 -8 (ﬂ) -5 (ﬂ) ﬂ] + 5’7_0Et£Qt+15§+15’ <w) <Zti.1@4>16)
11 -1/ -1 t Ut Ut
R = si’ﬂv—”Efg—jﬂzﬁl (A.17)
QO = ot [1-s g _ A
¢ = BB [0 Qi+ (rhaUin 0 (Ui)] (A.18)
k
o= B oy (A.19)
P

Wage Setting
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1+¢w6w * W w 6w(¢w_1) * fw(ltew) 4 w
Tre. W= Py Yar + T (wy) 2t Ty, (A.20)
w w Py (1+€w) -0 §t+1 WliLwW;w _%711611” w
Y1t = (51: ) dw=l Ly + (ﬁ”y ) §wki ¢ V1,441 (A-Ql)
t Ti41
buOtew) ) €t+1 7T1_L“’7Tiw _¢w¢(it€1w)
Yor = (65) *w 1wy Ly + (57 70) SwkEi 712ut+1
' & Tl ’
(A.22)
w —0 § Trl_LwTer w
Vs = Lt + (5’71 ) §wEt tgl - . V3,641 (A.23)
t

Price Setting

1+ o6, & (¢, — 1)  2olie) 4
Tre :pppt 711),75 = ¢p712),t + pl—ip——ep (py) " ’Yg,ta (A.24)
oy (1 ) € L 1+dpep
¢p(Itep) o T —Lpﬂ.[“p Fp—1
= (@) Ty R €, B ( : ) P (A25)
ft Tt41
p(1+ep) ¢ iy tn —220t)
P Tp Y R ép—1
Wg,t = (6{;) op mctgp,tyt + (671 )prt = ( ¢ ) 722)’,5_’_1,
5t T41
(A.26)
L f ,n_l—Lp,n.Lp
Vhe =y (87 70) € B L) A s (A.27)
t Tt41

Monetary Policy

- _ r=(1—pg) ry(1=ppg) pot TAy
1 +b, RE RO—ew) (1) (g;) ( /vt )

R; = max
m Yy yt—l/yfftl

(A.28)

Together, this constitutes an equation system with 28 equations and the following 28
d iables: Li i kS Kb U p* w Pogw §P g pl wl .k
endogenous variables: Cg, Y, L, U, Ry, Ry, Uty Py Wy, Tty Spy Spy 045 Oy Sy Sp 5 Ty Wi,y MG,

D D p w w w
& Ry, Qy, Y1t V2, V3 Ve V2 V3t

The flexible price and wage allocations are obtained by setting , = ¢, = 0 which defines
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yP°". Only four shocks affect the flex price-wage allocations; g2, el el and g;.

A.7 Summary of Linearized Model Equations

In this section, we summarize the log-linear equations of the SW model. The complete model

also includes the seven exogenous shocks €%, &% &l e? &% e and g;, but their processes are

not stated here as they were presented earlier. Consistent with the notation of the log-

linearized endogenous variables &; = dx;/x, the exogenous shocks are denoted with a ‘hat’,

ie., & =Ing;.

First, we have the consumption Euler equation:

G = mEtaﬂ + %a—l — #%(Rt — Efi1 +€)) — %(Etztﬂ — Zt)»
(A.29)

where s is the external habit parameter, o, is the reciprocal of the intertemporal substitution

elasticity, and w"L/c, is the steady-state nominal labor earnings to consumption ratio.

Next, we have the investment Euler equation:

-~

it (1+B’Y) <Zt 1 + BvEtlt—ﬁ—l —|— Qt ) +g{t], (A30)

where B = 7%, ¢ is'the investment adjustment cost, and the investment-specific technol-
ogy shock €} has been rescaled so that it enters linearly with a unit coefficient. Additionally
in = 1/(1 + ) and i = i1 /1, where (3 is the discount factor and 1) is the elasticity of the
capital adjustment cost function.

The price of capital is determined by
QF = —(Re =B +8) + @By + (1 - )EQL, (A.31)

where q; = 78/(r¥ + (1 — §)), in which r* is the steady-state rental rate to capital and d is

the depreciation rate.
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Fourth, we have the optimal condition for the capital utilization rate u;:

i = (1= ) /v, (A.32)

where 1 is the elasticity of the capital utilization cost function and the capital services used
in production (Et) is defined as

/lgt = ﬂt -+ ]z?t_l, (A33)
where k,_; is the physical capital stock, which evolves according to the following capital

accumulation equation:

Et = K1 ]%t—l -+ (1 - Iil)/Z.\t 5= /ﬁlggg (A34)

with k1 = 1 — (i,/ky) and kg = (i, /k.)v2 (1 + B).

The following optimal capital/labor input condition also holds:
kt = ’lﬁt - /T’\f + ./L\t, (A35>

where w; is the real wage.

The log-linearized production function is given by
=9, ( aky + (1—a)L, +£), (A.36)

in which ¢, is the fixed cost of production corresponding to the gross price markup in the
steady-state, and £} is the exogenous TFP process.

Aggregate demand must equal aggregate supply:

"k,

Ut, (A37)

~ Cy i*’.\
ytZ—Ct‘i‘y—Zt‘i‘gt—i'

*

*

where g; represents the exogenous demand component.

Next, we have the following log-linearized price setting equation with dynamic indexation

%t — Lp%t—l =T (Et%t-i—l — Lp%t) - ’7T2ZL\€ -+ ég, (A38)
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where 1y = 3, my = (1-,8)(1-&,)/[£,(1+ (¢, —1)¢p)], 1 =&, is the probability of each firm
being able to reoptimize the price each period, ¢, is the curvature of the aggregator function

(eq. (A.1)), and the markup shock &/ has been rescaled to enter with a unit coefficient. The

price markup, i}, equals the inverse of the real marginal cost, i = — m¢;, which in turn is
given by
me; = (1—a) W +arf - (A.39)

We also have the following wage-setting equation, allowing for dynamic indexation of

wages for non-optimizing households:

(1+ By — @ — ByEafY = (A.40)

GO (g — 2Lty 4 oiLe— @ ) 1+ By)Fe + et + BYERu + &7,
where ¢, is the gross wage markup, 1 — ¢ is the probability of each household being able to
reoptimize its wage each period, €, is the curvature of the aggregator function (eq, A.8), and
o, determines the elasticity of labor supply, given o, (see equation (A.9)). The exogenous
wage-markup shock & has been rescaled to enter linearly with a unit coefficient.

Finally, we have the following monetary policy rule:
Ry = ppfey + (L= pp) (raTe + 100™") + 7ayAG" + &, (A.41)

where 7 = 7, — 37", or in other words, the difference between the actual output and the
output prevailing in the flexible price and wage economy in absence of the inefficient price-
and wage-markup shocks. We solve for g/]f"t by setting §, = £, =0 (or arbitrarily close to
nil) and removing & and &} from the system of equations given by (A.29) — (A.41). When
linearizing the model, we do not take the ZLB into account and the policy rate equals the

shadow rate implied by the Taylor rule in equation (A.41) at all times.
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A.8 Observer Equations and Data

We have the following observer equations in the nonlinear model:

7% = 1001Inm,

Aw?® = 100Inw,/w,_y +
R® = 100(R, —1)
Aytobs = 100Iny;/y—1 +
Acfbs = 100Inc¢/cpq +
A% = 1001Ini, /i1 +

1 = 1001n1,/1

We use the same data as Smets and Wouters (2007), except that we update their dataset
through 2014Q2.
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