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A Theory of Intrinsic Inflation Persistence®

Takushi Kurozumi' Willem Van Zandweghe?

Abstract

We propose a novel theory of intrinsic inflation persistence by introducing trend
inflation and Kimball (1995)-type aggregators of individual differentiated goods and
labor in a model with staggered price- and wage-setting. Under nonzero trend inflation,
the non-CES aggregator of goods and staggered price-setting give rise to a variable
real marginal cost of goods aggregation, which becomes a driver of inflation. This
marginal cost consists of an aggregate of the goods’ relative prices, which depends
on past inflation, thereby generating intrinsic inertia in inflation. Likewise, the non-
CES aggregator of labor and staggered wage-setting lead to intrinsic inertia in wage
inflation, which enhances the persistence of price inflation. With the theory we show
that inflation exhibits a persistent, hump-shaped response to monetary policy shocks.
We also demonstrate that lower trend inflation reduces inflation persistence and that a

credible disinflation leads to a gradual decline in inflation and a fall in output.
JEL Classification: E31, E52
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“Taken as a whole, accordingly, the results suggest that it is worth searching for explana-
tions of inflation inertia beyond the traditional ones that rely heavily on arbitrary lags.”—Gali

and Gertler (1999, p. 219).

1 Introduction

The well-known persistent response of inflation to monetary policy shocks has been docu-
mented by a large empirical literature. Christiano et al. (2011), for instance, use a structural
vector autoregression (VAR) to show that inflation responds gradually to a shock to the mon-
etary policy rate and that its peak response is delayed until some time after the shock. The
source of inflation persistence is a longstanding question of interest to academic economists
and monetary policy-makers. Many previous studies have accounted for inflation persistence
by embedding price indexation to past inflation (Christiano et al., 2005; Smets and Wouters,
2007) or backward-looking rule-of-thumb price-setters (Gali and Gertler, 1999) in dynamic
stochastic general equilibrium (DSGE) models.! These assumptions generate intrinsic in-
ertia in inflation, but remain controversial because they are ad hoc assumptions that rely
on non-optimizing price-setting behavior. Moreover, the price indexation implies that all
prices change in every period, which contradicts the micro evidence that many individual
prices remain unchanged for several months, as argued by Woodford (2007). In addition,
Benati (2008) questions the assumptions, because they “hardwire” intrinsic inertia of infla-
tion in models and imply that the degree of intrinsic inflation persistence is policy invariant,
which contrasts with the result of his historical empirical analysis that the degree of inflation
persistence varies across monetary policy regimes.?

Our paper proposes a novel theory of intrinsic inflation persistence by introducing trend
inflation and Kimball (1995)-type aggregators of individual differentiated goods and labor—
which relax the requirement of a constant elasticity of substitution (CES) between the goods

or labor—in a DSGE model with Calvo (1983)-style staggered price- and wage-setting.?

"Woodford (2007) reviews different theories of intrinsic inertia in inflation. Fuhrer (2011) discusses the
distinction between “intrinsic” versus “inherited” persistence in inflation.

2Hofmann et al. (2012) present empirical evidence of changes in wage dynamics over time, and similarly
argue that hardwiring the degree of intrinsic persistence in wage inflation can be misleading.

3In the macroeconomic literature, Kimball (1995)-type non-CES aggregators have been widely used as



Nonzero trend inflation affects inflation dynamics in the model because in each period
some prices remain unchanged in line with micro evidence.* Then, under staggered price-
setting, the Kimball-type non-CES aggregator of individual goods gives rise to a variable
real marginal cost of aggregating the goods, which becomes a driver of inflation. Moreover,
the real marginal cost consists of an aggregate of the goods’ relative prices, which depends
on current and past inflation rates, thereby generating intrinsic inertia in inflation. Likewise,
under staggered wage-setting, the non-CES aggregator of labor leads to intrinsic inertia in
wage inflation, which enhances the persistence of price inflation. Therefore, our model pro-
vides a theoretical justification for intrinsic inflation persistence without relying on ad hoc
backward-looking price- and wage-setting behavior and hence responds to the suggestion of
Gali and Gertler (1999) in the opening quote. Consequently, a plausibly calibrated version
of the model shows that inflation exhibits a persistent, hump-shaped response to monetary
policy shocks, as documented by the empirical literature.

Why does the Kimball-type non-CES aggregator of individual differentiated goods lead
the real marginal cost of aggregating the goods to vary under nonzero trend inflation and
staggered price-setting” The real marginal cost equalizes each good’s ratio of the relative
price to marginal product for profit maximization, where the marginal product depends
inversely on the demand for the good. Suppose that an expansionary monetary policy shock
hits the economy. Then, the dispersion of relative prices increases, since firms that can adjust
their goods’ prices raise them, while other firms keep prices unchanged and thus have their
relative prices eroded by inflation. The increased price dispersion leads to a shift in demand
away from goods with higher relative prices toward those with lower ones, thus moving the
marginal product of each good in the same direction as its relative price. In the case of the
CES aggregator, the price elasticity of demand for goods is constant, allowing each good’s
marginal product to shift proportionally with its relative price and hence their ratio (the real

marginal cost) remains constant. By contrast, the non-CES aggregator can give rise to a

a source of strategic complementarity in price setting; see, e.g., Eichenbaum and Fisher (2007), Smets and
Wouters (2007), and Levin et al. (2008). Dotsey and King (2005) introduce a Kimball-type aggregator in a
state-dependent price-setting model to show that it enhances the persistence of output and inflation.

4For micro evidence on price setting, see, e.g., Klenow and Kryvtsov (2008), Nakamura and Steinsson
(2008), and Nakamura et al. (2018). Ascari and Sbordone (2014) survey the literature on the role of trend
inflation in inflation dynamics.



positive superelasticity of demand, which assigns a larger elasticity of demand to goods with
higher relative prices.® Accordingly, the marginal products of individual goods with higher
relative prices show muted increases, whereas those of individual goods with lower relative
prices exhibit sharper decreases. The real marginal cost then rises to equalize each good’s
ratio of the relative price to marginal product. Therefore, an increase in the dispersion of
relative prices arising under nonzero trend inflation and staggered price-setting generates a
rise in the real marginal cost of aggregating individual goods.

Our model provides a microfoundation of intrinsic inertia in price and wage inflation by
relating the degrees of intrinsic inertia to structural parameters of the model. Consequently,
the model is not subject to the criticism by Benati (2008) of models in which intrinsic inflation
persistence is policy invariant. In particular, the degrees of intrinsic inertia in price and wage
inflation are related to the rate of trend inflation, which represents the inflation target of the
monetary authority in our model. We then show that lower trend inflation reduces inflation
persistence. A number of empirical studies, such as Cogley and Sargent (2002), Stock and
Watson (2007), Cogley et al. (2010), and Fuhrer (2011), indicate that inflation persistence
has decreased in the U.S. since the early 1980s, around the time of the Volcker disinflation.®
The leading explanation for the decrease in inflation persistence by existing studies, such as
Benati and Surico (2008), Carlstrom et al. (2009), and Davig and Doh (2014), emphasizes a
more active monetary policy response to inflation.” Our paper provides a new explanation:
the fall in trend inflation caused the decrease in inflation persistence.

The paper also contributes to the literature on disinflation, including Ball (1994a), Fuhrer
and Moore (1995), and Mankiw and Reis (2002). As Fuhrer (2011) points out, intrinsic inertia
in inflation plays a key role in New Keynesian (NK) models, where a credible permanent
reduction in trend inflation induces a gradual adjustment of inflation to its new trend rate and
a decline in output. These responses align closely with historical evidence that disinflations

tend to be gradual and accompanied by a recession (see, e.g., Gordon, 1982; Ball, 1994b;

5The term superelasticity of demand refers to the elasticity of the elasticity of demand.

60Owing to differences in methodology and measures of inflation, not all studies point to a change in
inflation persistence in the post-World War II period. See, e.g., Pivetta and Reis (2007).

"Cogley et al. (2010) explain a decrease in the persistence of the inflation gap (i.e., the gap between actual
and trend inflation) after the Volcker disinflation by introducing a time-varying inflation target in a Taylor
(1993)-type monetary policy rule using a New Keynesian model.



Cecchetti and Rich, 2001). Without the intrinsic inertia in NK models, inflation jumps to
its new trend rate, while output never deviates from its steady-state value. By contrast, in
our model, a credible disinflation leads to a gradual decline in inflation and a fall in output
even though price-setting decisions are purely forward-looking. This is because our model
has intrinsic inertia of inflation through the aggregate of relative prices that arises from the
Kimball-type non-CES aggregator of goods, as noted above.

A few previous studies have also explained inflation persistence using DSGE models
without backward-looking price-setting behavior. Mankiw and Reis (2002) develop a sticky
information model to account for the persistent response of inflation to monetary policy
shocks. Dupor et al. (2010) introduce sticky information in a model with staggered price-
setting and find that lagged inflation appears in an NK Phillips curve derived from the
model. A similar finding is obtained by Sheedy (2010), who instead incorporates an upward-
sloping hazard function in the model so that prices are more likely to be changed as they
have remained fixed for longer. Compared with these studies, our paper emphasizes the
role of trend inflation in inflation persistence and thus it is not subject to the criticism
by Benati (2008) that monetary policy is relevant for inflation persistence. Damjanovic
and Nolan (2010) employ a staggered price-setting model with trend inflation and a CES
aggregator of individual goods, and indicate that a longer average duration of price change—
their calibration of which is two years—makes relative price distortion—which has a first-
order effect on the real marginal cost of producing the goods under nonzero trend inflation—
more amplified and more persistent, thus generating a more persistent response of inflation
to monetary policy shocks. At the same time, however, they show that the distortion also
generates a counterfactual decline in output after an expansionary monetary policy shock.®
Cogley and Sbordone (2008) embed not only price indexation to past inflation but also
drifting trend inflation in a model with staggered price-setting under subjective expectations
based on the anticipated utility model of Kreps (1998), which are distinct from rational
expectations assumed in our paper.” They then empirically show that intrinsic inflation

inertia arising from the price indexation is not needed for the model to explain U.S. inflation

8In their conclusion, Damjanovic and Nolan (2010) point out that “further work is required to understand
this and reconcile it with how one typically thinks the economy responds to such a shock” (p. 1096).

9Such subjective expectations are needed to incorporate the drifting trend inflation in their model.



dynamics in the presence of the drifting trend inflation, which makes the gap between actual
and trend inflation less persistent.!”

The remainder of the paper proceeds as follows. Section 2 presents a model with trend
inflation, staggered price- and wage-setting, and Kimball-type aggregators of goods and
labor. Section 3 shows that a plausibly calibrated version of the model can explain the
well-known persistent response of inflation to monetary policy shocks. Using the calibrated
model, Section 4 shows that lower trend inflation reduces inflation persistence. Section 5
demonstrates that a credible disinflation leads to a gradual decline in inflation and a fall in

output. Section 6 concludes.

2 Model

To account for inflation persistence, this paper uses a DSGE model with trend inflation, Calvo
(1983)-style staggered price- and wage-setting, and Kimball (1995)-type aggregators of indi-
vidual differentiated goods and labor. The model consists of a representative composite-good
producer, individual-goods producing firms, a representative household with individual work-
ers as its members, a representative labor packer, and a monetary authority. A key feature
of the model is that each period a fraction of individual goods’ prices remains unchanged
in line with micro evidence, while other prices are set by firms that face demand curves
with positive superelasticity arising from the non-CES aggregator of goods. Likewise, in
each period, a fraction of individual workers’ nominal wages remains unchanged, while other
nominal wages are chosen for labor demand curves with positive superelasticity stemming
from the non-CES aggregator of labor. The behavior of each economic agent is described in

what follows.

2.1 Composite-good producer

There are a representative composite-good producer and a continuum of firms f € [0, 1],

each of which produces an individual differentiated good Y;(f). As in Kimball (1995), the

Phaneuf et al. (2018) use a DSGE model with a roundabout production structure and working capital
to demonstrate that even in the absence of intrinsic inertia, inflation can exhibit persistence inherited from
the real marginal cost of producing individual goods.



composite good Y; is produced by aggregating individual goods {Y;(f)} with

/OIFP(Kg))df: 3 (1)

Following Dotsey and King (2005) and Levin et al. (2008), the function F,(-) is assumed to

be of the form

F(Yx(/f)) plETs o l“ re) g - } MR e )

where 7, = 6,(1 + ¢,) and ¢, is a constant. In the special case of ¢, = 0, the Kimball-type
aggregator (1) is reduced to the CES one Y; = [fol (Y, (f)) 110 df] ep/(ep—1)7 where 6, > 1
denotes the elasticity of substitution between individual differentiated goods.

The composite-good producer maximizes profit PY; — fol P,(f)Y:(f)df subject to the
Kimball-type aggregator (1), given the composite good’s price P, and individual goods’ prices
{P,(f)}. Combining the first-order conditions for profit maximization and the aggregator

(1) yields

Yt(f) — 1 Pt(f) o Te (2>
}/t 1+€p Ptdp,t Pl
1 1—y 1-p
B(f)) !
d , = /( d , 3
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where d,; is the Lagrange multiplier on the aggregator (1) and

e
o= | S (5)

The Lagrange multiplier d,; represents the real marginal cost of aggregating individual dif-
ferentiated goods (or producing the composite good), and consists of the aggregate of rel-
ative prices of individual goods that corresponds to the Kimball-type aggregator (1), as
shown in (3). In the special case of ¢, = 0, where the Kimball-type aggregator (1) be-
comes the CES one as noted above, eqs. (2)—(4) can be reduced to Y;(f)/Y; = (P,(f)/P,) "%,



P, = [fol (Pt(f))l_ep df] 1/(17%), and d,; = 1, respectively. The last equation indicates that
the real marginal cost is constant in the case of the CES aggregator. Moreover, if all firms
share the same production technology (as assumed later) and all individual goods’ prices are
flexible, the prices are all identical and thus eqgs. (3) and (4) imply that d,; = 1 even in the
case of the non-CES aggregator, i.e., €, # 0.

Eq. (2) is the demand curve for each individual good Y;(f) and has the feature that the
superelasticity (i.e., the elasticity of the elasticity) of demand is not necessarily zero. The
elasticity and the superelasticity of demand are given by 7n,; =6, [1 +e, — €, (Yi(f)/ Yt)fl}
and —e,0, (Yi(f)/ Yt)fl, respectively. Thus, the parameter €, governs the superelasticity, in
particular its sign. Since 6, > 1, a negative value of ¢, leads to a positive superelasticity,
which causes the elasticity 7,; to vary inversely with relative demand Y;(f)/Y:, that is,
relative demand for each individual good to become more price-elastic for an increase in the
relative price of the good and less price-elastic for a decrease in the relative price. As is well
understood, this feature induces strategic complementarity in price setting, because firms
that face the increasing elasticity keep their goods’ relative prices near those of other firms
(when they can adjust prices). By contrast, in the case of €, = 0, the elasticity becomes
constant (i.e., n,: = 0,), so that the superelasticity is zero.

A positive superelasticity of demand (i.e., a negative value of ¢,) leads higher inflation
to raise the real marginal cost of goods aggregation d,,. Figure 1 illustrates the log of the

inverse demand curve

P Y; P
DD 1),

keeping the real marginal cost d,, at its steady-state value under firms’ staggered price-
setting that is explained in the next subsection. For each good Y;(f), the left-hand side of
the inverse demand curve is its relative price and the right-hand side consists of its marginal
product [(Y;(f)/Y:)(1 + ¢,) — €,) /7% and the real marginal cost d,;. The figure uses two
values of the superelasticity parameter, €, = 0 (the dotted line) and ¢, = —3. For the latter,
the inverse demand curve is shown under a trend inflation rate 7 (= 4logn) of zero (the

dashed line) and 3.2 percent annually (the solid line).!' If trend inflation is zero then the

HThroughout the paper, 7 denotes the gross trend inflation rate and 7 denotes the net annualized trend
inflation rate.



Figure 1: Inverse demand curves with positive superelasticity and constant elasticity.

Log relative price (%)
. 3

€p=-3, =3.2%

Log relative demand (%)

Notes: In the figure the dotted line displays the case of ¢, = 0, that is, the CES aggregator of goods.
The dashed and the solid lines illustrate the case of ¢, = —3, that is, the Kimball (1995)-type non-CES
aggregator under a trend inflation rate of zero and 3.2 percent annually, respectively. The values of other
model parameters used here are reported in Table 1 below. The real marginal cost of goods aggregation d,, ;

is fixed at its steady-state value under firms’ staggered price-setting that is explained in the next subsection.

real marginal cost is unity, so that the dashed line displays the marginal product of the good
and shows that a rise in the relative price leads to a muted increase in the marginal product,
whereas a decline in the relative price leads to a sharper decrease in the marginal product.
Under the annualized trend inflation rate of 3.2 percent, a rise in the real marginal cost d,,,
shifts up the demand curve, which magnifies the muted increase of the marginal product for
a rise in the relative price and dampens the sharp decrease of the marginal product for a
decline in the relative price. Thus, higher inflation, by increasing the dispersion in relative
prices of individual differentiated goods, leads the real marginal cost to rise in order to equate

each good’s ratio of the relative price to marginal product.!?

12 Likewise, an increase in the degree of nominal price rigidity would increase price dispersion and the
real marginal cost d, ;. Conversely, if all individual goods’ prices are flexible and all firms share the same
production technology (as assumed later), the real marginal cost dj; is unity even in the case of the non-CES
aggregator (i.e., €, 7# 0) as noted above, thus resulting in no shift in the inverse demand curve.



2.2 Firms

Each firm f produces one kind of differentiated good Y;(f) using the production technology

Yi(f) = Ne(f), (6)

where N;(f) is labor input of firm f. The firm minimizes cost w;Ny(f) subject to the
technology (6), given the real wage (i.e., the relative price of labor input) w, (= W;/F,).
The first-order condition for cost minimization shows that each firm’s real marginal cost of

producing its differentiated good mc, is identical and equal to the real wage:

me; = Ws. (7)

In the face of the demand curve (2) and the real marginal cost mc;, firms set their goods’
prices on a staggered basis as in Calvo (1983). In each period, a fraction a,, € (0,1) of firms
keeps prices unchanged, while the remaining fraction 1 — a, of firms sets the price P;(f) so

as to maximize relevant profit

(Y,

Pryjdpts

Y

ZOO ~ P(f) Vit
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PN Py J1+e

where F; denotes the expectation operator conditional on information available in period ¢
and g; ¢+, is the (real) stochastic discount factor between period ¢ and period ¢ + j.

Using the equilibrium condition ¢ 44; = B7Cy/Cyy; for the household’s log utility of
consumption C; with its subjective discount factor 5 € (0, 1) and the composite-good market

clearing condition

}/:‘, = Ct: (8)

the first-order condition for profit maximization can be written as

1
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where m, = P,/P,_; is the gross inflation rate of the composite good’s price and p; is the

10



relative price set by firms that can adjust prices in period t. Moreover, under staggered

price-setting, eqs. (3) and (5) can be reduced to, respectively,

_ dyy1\' 7" 1
@0 = (B - ) (10
Ept—
ept = ap<%tl) + (1 —ap)p;. (11)

Eq. (10) represents a law of motion of the real marginal cost of goods aggregation d,;, which
consists of the relative-price aggregate corresponding to the Kimball-type goods aggregator
(1) as shown in (3), thus yielding the law of motion under staggered price-setting.

The labor market clearing condition is given by N; = fol N,(f) df, where N is labor input
supplied by the labor packer. Combining this condition with the demand curve (2) and the
production technology (6) leads to

Ny
Y, == 12
t At, ( )
where
St + €
_ 13
t 1+e¢, ( )

represents the relative price distortion and

which can be reduced, under staggered price-setting, to

U

) dyy 1\ .
1 (dy) =apst1( ) (L= o)) (15)

2.3 Household and labor packer

The representative household consumes the composite good C;, purchases one-period bonds
By, and has a continuum of members h € [0, 1], each of which supplies an individual differ-

entiated labor service N;(h), so as to maximize the utility function

log (C’t)—/o %dh]

EyY f'
t=0

11



subject to the budget constraint
1
PC, + By — / Wy(h)Ny(h) dh + iy 1 Be 1 + Ty, (16)
0

where o, > 0 is the inverse of the elasticity of labor supply, W;(h) is the nominal wage of the
labor service Ny(h), i; is the gross interest rate on the bonds and is assumed to coincide with
the monetary policy rate, and T; consists of lump-sum taxes and transfers and firm profits
received.

Assuming additive separability in preferences and complete contingent-claims markets
for consumption implies that all members make a joint consumption—saving decision. Thus,
combining the first-order conditions for utility maximization with respect to consumption

and bond holdings yields the consumption Euler equation

1:Et<50t u ) (17)

Ciy1 41

The representative labor packer supplies labor input V; to firms by aggregating individual

labor services {Ny(h)} with
1
Ni(h)
Fo (28 gp = 1, 18
/0 ( Ny ) 1)

where the function F,(-) takes the same form as F,(-), but with parameters €,, 8,,, and 7,
(instead of €,, 8,, and ~,). Note that 6,, > 1 and 7, = 0,,(1 +€,). As is similar to the goods
aggregator (1) with €, < 0, we consider the case of €, < 0 in the following sections. The
labor packer maximizes profit W; N, — fol Wi(h)Ni(h) dh subject to the Kimball-type labor
aggregator (18), given the nominal wage W; and individual labor services’ nominal wages
{Wi(h)}. Combining the first-order conditions for profit maximization and the aggregator
(18) yields

N;(h) 1 Wi(h) \ ™
- w | 19
Nt 1 + €w (Wt dw,t te ( )
1 ]-_'Yw 1*1’Yw
Wi(h)

dy, = an| 20
. [ | (%) ] (20)
= g, (21)

- 1 + €w w,t 1 + €w w,t

12



where d,,; is the Lagrange multiplier on the Kimball-type labor aggregator (18) and

_ [ Wh)
Cwt = W
0 t

dh. (22)

The Lagrange multiplier d,,; represents the real marginal cost of providing the labor input
N, by aggregating individual labor services, and consists of the aggregate of their relative
nominal wages that corresponds to the Kimball-type labor aggregator (18), as shown in (20).

Given the demand curve (19), nominal wages are chosen on a Calvo-style staggered basis.
In each period, a fraction ay, € (0, 1) of nominal wages is kept unchanged, while the remaining

fraction 1 — «,, of wages is chosen so as to maximize the relevant utility function

o0

1+on
| (Nepe(h) Wi(h)
E wB) | — Ay Ny (h
t;(a B) [ 140, + Aty P -+t (R)
subject to the demand curve
Niyj Wi(h)

Nigjie(h)

Y

—
+ €y
(Wt+j dw,t+j )

where A; is the real value of the Lagrange multiplier on the household’s budget constraint

- 1+ €,

(16) and meets the first-order condition A; = 1/C} for the log utility of consumption. Us-
ing the composite-good market clearing condition (8), the first-order condition for utility

maximization with respect to the nominal wage can be written as

_( Wt*/Wt ll[ 1 ) Yw
Aw it k=1Tw,t+k
> N, * J . * j Yo o 3
EtZ(awﬂ)] Yt+J X i L Ny (Wt/Wt 1 ) te, Yiy; Wy
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where W} is the nominal wage that is chosen in period ¢, and
Wi Wy
Tt = = ™ 24
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denotes wage inflation. Moreover, under staggered wage-setting, egs. (20) and (22) can be

reduced to, respectively,

1—yw *\ 1—7w
) =au (%) T aman(yE) (25)
t

7Tw,t

Cuw,t = Oy (6w,t—1) + (1 - aw) : . (26)

Eq. (25) represents a law of motion of the real marginal cost of labor aggregation d,, ¢, which
consists of the relative-nominal wage aggregate that corresponds to the Kimball-type labor

aggregator (18), as shown in (20).

2.4 Monetary authority

The monetary authority conducts policy according to a Taylor (1993)-type rule. This rule ad-
justs the interest rate in response to deviations of inflation from its trend rate and deviations

of output from its trend level, and allows for policy inertia:
logi; = plogii—1+ (1 — p)[logi + ¢r (logm — logm) + ¢y (logY; —log V)] + e,  (27)

where 7 is the gross steady-state interest rate; m is the gross trend inflation rate; Y denotes
steady-state output; p € [0,1), ¢, > 0, and ¢y > 0 represent, respectively, the degrees of
policy inertia, the policy response to inflation, and the one to output; and &;; ~ N(0, 0?) is

an i.i.d. monetary policy shock.

2.5 Log-linearized equilibrium conditions

The equilibrium conditions in the model consist of (4), (7)-(13), (15), (17), (21), and (23)—
(27).

To demonstrate intrinsic inertia of inflation in the model, we derive a generalized NK
Phillips curve (GNKPC) by log-linearizing the equilibrium conditions around the steady
state with nonzero trend inflation 7 (see Appendix A for the details of the derivation). For
the steady state to be derived explicitly, we assume a unit elasticity of labor supply (i.e.,

o, = 1), which is a common value in the macroeconomic literature. We also assume, to

14



ensure that the steady state is well defined, that the following conditions are satisfied:
apmax(7?, w7 ) <1,y max(7? 7 7T T < 1. (28)

These conditions are always met in the special case of zero trend inflation, i.e., 7 = 1.

The GNKPC is then derived as
T = BT + Kpme, + /fpddp,t + Czp,t—l + 67TEtdp,t+1 + ©pt + Upt, (29)

where hatted variables denote log-deviations from steady-state values, and ¢,; and v, ; are
auxiliary variables that are additional drivers of inflation under nonzero trend inflation and

satisfy

Ppt = O‘pﬁﬂ-'ypilEtQOp,tJrl + Kpp (’Yp(l - apﬁﬂ-fypil)Etczp,t+l + (9 — 1)Et7%t+1>7 (30)

Vpr = Oépﬁﬂ-_lthvZ)p,t-l—l + Kpey ey (31)

The composite coefficients k,, Kpd, Kpy, and Kpey in (29)—(31) consist of the model’s structural
parameters, including trend inflation 7, and they are presented in Appendix B. Note that
kp, = 01f m =1 and that kpe, = 0 if 7 = 1 or ¢, = 0. The law of motion of the real marginal

cost of goods aggregation is given by

~ A

dp,t = ded =1 + Rped ﬁta (32>
where
= a1+ e?) P eprapm NP — 1)
T e T (Tt e)(I—apr )

and €, = ¢,[(1 —a,)/(1 — apWVPfl)]%/(yp_l), SO Kpeg = 0 if m=10r ¢, = 0.1

The presence of the real marginal cost azpﬂg is a novel feature of the GNKPC (29). While
the CES aggregator of goods (i.e., €, = 0) keeps a unit real marginal cost (i.e., d,; = 1),
the Kimball-type non-CES aggregator (1) with ¢, < 0 leads the real marginal cost to vary

13Under the calibration of model parameters reported in Table 1 below, the values of k,, Kpo, Ppd, and
Kped are positive, while those of k,q and kpcy are negative.
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under nonzero trend inflation and staggered price-setting. An economic intuition for this is
as follows. Suppose that an expansionary monetary policy shock hits the economy. Then,
the dispersion of relative prices increases, since price-adjusting firms raise their goods’ prices,
while non-adjusting firms have their relative prices eroded by inflation. The increased price
dispersion leads to a shift in demand away from goods with higher relative prices toward
those with lower ones, thus moving each good’s marginal product in the same direction as
its relative price. However, the non-CES aggregator assigns a larger elasticity of demand to
goods with higher relative prices. This leads to not only muted increases in the marginal
products of goods with higher relative prices but also sharper decreases in those of goods
with lower relative prices. The real marginal cost then rises to equalize each good’s ratio of
the relative price to marginal product. Therefore, the real marginal cost ch,t varies.
Moreover, the real marginal cost ch is a source of intrinsic inertia in inflation. To see
this, eq. (32) implies that the real marginal cost depends on current and past inflation rates:

dpt = Koped > im0 p;dfrt,j. Combining this and the GNKPC (29) leads to

Tp = bper Z P;d_lﬁt—j + bpe Eiftiys + bpa(kpmics + @pi + Upi) (33)

j=1
where b1 = Kpeabps[1 + ppa(Kpa + BTPpa)], bp2 = Bbps(1+ Kpea), and bps = 1/[1 — Kpea(Kpa +
Bmppa)].- This shows that our model provides a theoretical justification for intrinsic inertia
in inflation without relying on ad hoc backward-looking price-setting behavior. The degree
of intrinsic inflation inertia can be summarized as the sum of the coefficients on lagged

. . _ 0o j—
inflation rates, Ape = bpe1 D7) Ppq

"= b, /(1 = ppa), and depends on the model’s structural
parameters, including trend inflation 7 and the superelasticity parameter €,. In particular,
if =1 or ¢ = 0 then b,; = 0 because xkpq = 0, and thus A\, = 0 so intrinsic inertia of
inflation is absent from (33).

In addition to intrinsic inertia in price inflation, the model has intrinsic inertia in wage

inflation. The GNKPC for wage inflation (wage-GNKPC) can be derived as

'ﬁ—w,t = ﬁﬂ-’yw_‘—lEt'ﬁ—w,t—i-l + Ky <2Nt - wt) - ('%wd - ’iwe) (Nt - th) + ’fwdczw,t + Czw,t—l

+ BW%HEtCiw,tH + Cuit + Puwt + Ve, (34)
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where (1, Yu e, and ¢, are auxiliary variables that are additional drivers of wage inflation

under nonzero trend inflation and satisfy

gw,t - O‘wﬂﬂ-’yw Etgw,t—s—l

t Kuwe¢ [(1 — Q) <2EtNt+1 — By + %uEtdw,tH) + By — Wy + '7wEt7?rw,t+1i| ;

(35)
Put = QBT By 111
+ g | (1= 877 ) (Eligs = Bin + o Buduis ) + o Bifugr — B
(36)
Vwt = BT Egthy 41 + Kuwey [(1 — Bt <Et]\7t+1 - Etf/t+1) - Etﬁ't-&-l} : (37)

The composite coefficients Ky, Ruwd, Kwe, Kwds Kwees Fuwp, A0d Kyey 10 (34)—(37) are presented
in Appendix B. Note that x,, = 0 if 7 = 1 and that Ky = Kwepy = 0if 7 =1 or €, = 0.

The law of motion of the real marginal cost of labor aggregation is given by

Ciw,t = pwdczw,tfl + Ruwed ﬁw,h (38)
where
QT 1 + €um™) €1 QT H(77 — 1)
Pwd = ) Rwed = — —1\°
1+ €Ewl (1 + 611)1)(1 — QT )

)]Vw/(’mfl)’ SO Kyeq = 0 if m =1 or €, = 0.1 Analogous

and €, = €,[(1 — ay)/(1 — aur !
to that of goods aggregation, eq. (38) implies that the real marginal cost of labor aggregation
depends on current and past rates of wage inflation: cZw,t = Kuwed Z;io pf;)dfrw,t_j. Combining

this and the wage-GNKPC (34) leads to

9]

~ . G—1 A ~

Tt = bwel E Pwd Tw,t—j + waEtﬂ—w,t—I—l
Jj=1

+ bw?; |:’fw (2]\715 - wt) - ('E@wd - Rwe) (Nt - Yt) + Cw,t + ()Ow,t + 7pw,t ) (39>

where bwel = "iwedbw3[1 + pwd(ﬁwd + ﬂﬂ-’yw—i_lpwd)]? bw2 = ﬁﬂ-’yw—i_lbwii(]- + ’iwed)y and bw3 =

14Under the calibration of model parameters reported in Table 1 below, the values of Ky, Fwd; Kwes Kawec
Kwe, Pwd, d1d Kyeq are positive, while those of k.4 and k.., are negative.
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1/[1 = Kwed(Kwa + BT ppa)]. Therefore, the model also provides a theoretical justification
for intrinsic inertia in wage inflation that does not rely on backward-looking wage-setting
behavior. Moreover, the degree of intrinsic inertia in wage inflation can be summarized as
the sum of the coefficients on past rates of wage inflation, Aye = byer /(1 — pua), and depends
on the model’s structural parameters, including trend inflation 7 and the superelasticity
parameter €,,. Analogous to the GNKPC, if 7 =1 or ¢, = 0 then b,; = 0 because K,q = 0,
and thus there is no intrinsic inertia of wage inflation in (39).

The complete set of log-linearized equilibrium conditions consists of (29)-(32), (34)—(38),

and

Y, = EYir — (ie — Efrern), (40)
b= pir_t + (1 - p) (¢,rfrt n ¢Yﬁ) Y (41)
mey = Wy, (42)
Frws = Wy — W1 + T, (43)
Y, =N, — A, (44)
A= ayrr Bt %Off”;;;(j;j U (14 dy = dper). (15)

Eq. (40) is the spending Euler equation, (41) is the Taylor-type monetary policy rule, (42)
is the equation for the real marginal cost of goods production, (43) is the definition of
wage inflation, (44) is the aggregate production equation, and (45) is the law of motion
of the relative price distortion A,, where s is the steady-state value of s; that is given by

s = (1= ay)/(1 = ) [(1 = @) /(1 = /O,

2.6 New Keynesian model with indexation

To show the implications of our model for inflation persistence, the model is compared
with its NK counterpart with price and wage indexation. The counterpart can be obtained
by assuming that prices and nominal wages that are kept unchanged in the above setting
are instead updated by indexing to a weighted average of trend and recent past inflation:

B(f) = mt7em” B1(f) and Wy(h) = 7'~ wrp, W,_1(h), where 0 < 1,1, < 1. These

18



assumptions generate the NK Phillips curve (NKPC) and wage-NKPC

) b A ) (1 —ap)(1 = app) -
= —F 46
T By T T B, T T L T T B — a8,/ 0, — 1] (46)
A~ L’LU A A
Tt 1+ i, wi—1 T 1+ wEﬂTw,tH
(1 — a)(1 — ayp) N )
1 Y, — 4
+@w<1 +Bl’w)[1+0wan_€w6w/(9w . 1)] (( + Un) t wt)a ( 7)

and imply that At = czm = pt = Ypt = azm = Cwt = Pwt = Ywr = 0. Thus, the
NK counterpart consists of (40)—(43) and (46)—(47). In the special case of full indexation
to trend inflation (i.e., ¢, = ¢, = 0), this model coincides with our model at zero trend
inflation, i.e., m = 1. Thus, we can demonstrate the effect of trend inflation on inflation
persistence by comparing our model with nonzero trend inflation and the NK counterpart
with full indexation to trend inflation. Moreover, we can compare our model that provides a
microfoundation of intrinsic persistence in inflation, with the NK counterpart that assumes

intrinsic persistence stemming from indexation to recent past inflation, i.e., ¢,, ¢, > 0.

3 Impulse Response Analysis

This section analyzes impulse responses to monetary policy shocks in the log-linearized model
presented in the preceding section and shows that a plausibly calibrated version of the model
can account for the well-known persistent, hump-shaped response of inflation to monetary

policy shocks.

3.1 Calibration of model parameters

The calibration of parameters in the quarterly model is summarized in Table 1. The elasticity
of labor supply has already been fixed at 1/0,, = 1. As is common in the literature, we set
the subjective discount factor at 8 = 0.99; the probability of no price change at o, = 0.75,
which implies that the average frequency of price change is four quarters; and the parameter
governing the elasticity of substitution between individual goods at 6, = 10, which implies
a desired price markup of 11 percent. The corresponding parameters for wage setting and

labor are chosen at a,, = 0.75, in line with the micro evidence by Barattieri et al. (2014),
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and 6, = 10.

Table 1: Calibration of parameters in the quarterly model.

o, Inverse elasticity of labor supply 1

B Subjective discount factor 0.99
a, Probability of no price change 0.75
a,, Probability of no wage change 0.75

0, Parameter governing the elasticity of substitution between goods 10
6., Parameter governing the elasticity of substitution between labor 10

€,  Parameter governing the superelasticity of demand for goods -3

€, ~Parameter governing the superelasticity of demand for labor -3

7 Gross trend inflation rate 1.0321/4
p  Degree of monetary policy inertia 0.8

¢ Degree of monetary policy response to inflation 1.5

¢y Degree of monetary policy response to output 0.5/4
o; Standard deviation of monetary policy shock 0.0025

To calibrate the parameter governing the superelasticity of demand for goods, we draw
on the estimation results of Guerrieri et al. (2010). They obtain a benchmark estimate of
—3.0 and an alternative estimate of —6.1.1> Accordingly, we set ¢, = —3 in the baseline
calibration, which implies a steady-state superelasticity of demand for goods of —¢,0, = 30,
and also present results for an alternative value of ¢, = —6. We are not aware of empirical
evidence for the parameter governing the superelasticity of demand for labor, so we choose
the parameter based on the evidence for goods, €, = —3, which implies a steady-state
superelasticity of demand for labor of —e,0,, = 30, and also show results for an alternative
value of €¢,, = —6.

Regarding monetary policy, the trend inflation rate (or the monetary authority’s inflation
target) is chosen at m = 1.032'/* (i.e., 3.2 percent annually), which is the average inflation

rate of the U.S. GDP deflator over the period 1959:Q1-2019:Q4.'6 The degree of policy

15Specifically, Guerrieri et al. (2010) obtain a benchmark estimate for the parameter ¥ = —¢,0,,/[0,(1 —
€p)—1] of 0.78 under the assumption of 6, = 6 and an alternative estimate of ¥ = 0.87 under the assumption of
0, = 11. While our baseline calibration of 6, = 10 lies in between their two values, our baseline calibration of
€p is based on their benchmark estimate, which is the more conservative one. Micro evidence from European
household spending data on relatively narrow categories of retail goods also points to the superelasticity of
demand, although its magnitude is smaller (see Dossche et al., 2010; Beck and Lein, 2020).

16To meet assumption (28) under the calibration of model parameters reported in Table 1, the trend
inflation rate needs to be greater than —2.8 percent annually.
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inertia, the policy responses to inflation and output, and the standard deviation of the

policy shock are set at p = 0.8, ¢, = 1.5, ¢y = 0.5/4, and o; = 0.0025, respectively.

3.2 Impulse responses to monetary policy shocks

Empirical evidence indicates that the response of inflation to monetary policy shocks builds
for some time before gradually diminishing. This subsection shows that our model can ac-
count for the hump-shaped response, using the calibration of parameters reported in Table 1.

Figure 2 illustrates the effects of an expansionary monetary policy shock on inflation in
our model (the solid lines) and in its NK counterpart with full indexation to trend inflation
(the dashed lines) or with partial indexation to past inflation (the dotted lines). For the NK
counterpart with partial indexation to past inflation, the posterior mean estimates of Smets
and Wouters (2007) are used for the parameter values of ¢, = 0.24 and ¢, = 0.58. The
policy shock leads to an immediate drop in the interest rate, which then returns gradually
to its pre-shock level in the upper left panel of the figure. The upper right panel shows
that inflation exhibits a persistent response to the policy shock in our model, with a hump
shape and a gradual decline, in line with the empirical evidence. Inflation rises for three
quarters following the shock to reach a peak level and then declines gradually, similar to
the response of inflation obtained in the NK counterpart with partial indexation to past
inflation, which rises for two quarters after the shock. The crucial role of nonzero trend
inflation for inflation persistence in our model is evident by comparing the responses of
inflation in our model and in the NK counterpart with full indexation to trend inflation.
Because this counterpart has the same form of log-linearized equilibrium conditions as our
model with zero trend inflation as noted above, the difference between the solid and the
dashed lines shows the effect of trend inflation on the inflation response.!” Absent this
effect, the response of inflation counterfactually peaks upon impact of the shock. Thus, the
Kimball-type non-CES aggregators alone generate no hump-shaped response of inflation in
our model without nonzero trend inflation.

The difference between the cases of positive trend inflation (the solid lines) and zero

trend inflation (the dashed lines) is caused mainly by the presence of the real marginal

170f course, the level of trend inflation is different between the two models, but is not relevant for the
comparison of the impulse responses displayed in terms of log-deviations from steady-state values.
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Figure 2: Impulse responses to an expansionary monetary policy shock.
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Notes: The figure presents the impulse responses to a one standard deviation expansionary monetary policy
shock under the calibration of model parameters reported in Table 1. The interest and inflation rates are
displayed in annualized terms. The solid lines represent our model (with Kimball-type non-CES aggregators
of goods and labor). The dashed and the dotted lines respectively show the NK counterparts with full
indexation to trend inflation (¢, = ¢, = 0) and with partial indexation to past inflation (¢, = 0.24, ¢,, = 0.58),

where the real marginal costs (RMCs) of goods and labor aggregation exhibit no (first-order) responses.
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costs (RMCs) of goods and labor aggregation, czm and Jw,t, as can be seen in the difference
between the log-linearized equilibrium conditions (29)—(32) and (34)—(38) in the former case
and (46)—(47) with ¢, = ¢, = 0 in the latter. As displayed in the middle panels of Figure 2,
the RMCs of goods and labor aggregation exhibit persistent, hump-shaped responses to the
shock, reflecting that they depend on current and past rates of price and wage inflation. The
RMC of goods aggregation has a significant influence on inflation dynamics mainly through
the GNKPC (29), where the past, present, and expected future values of the RMC drive
inflation and the RMC in turn depends on current and past inflation rates, thus making
inflation depend on its lags in the GNKPC (33).!® Regarding the RMC of labor aggregation,
it can affect inflation dynamics indirectly through its effects on the RMC of goods production,
which coincides with the real wage, as shown in (7). However, the lower left panel indicates
that the RMCs of goods and labor aggregation have modest effects on the RMC of goods
production, as the latter RMC displays a similar response to that in the NK counterpart
with full indexation to trend inflation.

In contrast to the key role of the RMC of goods aggregation, the relative price distortion
A, makes little contribution to the response of inflation to the policy shock in our model.*
The relative price distortion could affect the RMC of goods production and hence inflation
dynamics through its effect on output, as the aggregate production equation (44) relates
output to the relative price distortion. However, the lower right panel of Figure 2 shows
that the response of output in our model is similar to those in the NK counterparts with full

indexation to trend inflation and with partial indexation to past inflation, where output Y,

8The joint effect of the past, present, and expected future values of the RMC of goods aggregation on
inflation can give a sense of the direct effect of the RMC on inflation (ignoring indirect effects through the
RMC of goods productlon 1nﬂat10n expectations, and the auxiliary variables in the GNKPC). The term
Ty = Iﬁ:pddp :+ dp t—1 + BrEd, 141 in the GNKPC (29) declines upon impact of the expansionary monetary
policy shock before gradually returning to the pre-shock level. The initial decline of z; mutes the response
of inflation following the shock, thus generating a hump shape. Under the calibration of model parameters
reported in Table 1, we have xpq = —2.032 ~ —2 and 7 = 0.998 ~ 1, so x; is approximately equal to the
second difference of Eydy 41, i-¢., 1 ~ (Epdy i1 — dpt) — (dpt — dp¢—1). This suggests that a larger (more
concave) response of cip,t would make the response of x; more negative and the response of inflation more
hump-shaped.

19This result contrasts with that of Damjanovic and Nolan (2010). They point out that a longer average
duration of price change (e.g., two years) makes relative price distortion more amplified and more persistent
under nonzero trend inflation, thus generating a more persistent response of inflation to monetary policy
shocks. At the same time, however, they show that the distortion also generates a counterfactual decline in
output after an expansionary monetary policy shock.
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(= N,) is not affected, up to the first order, by the relative price distortion.? This indicates

that the relative price distortion plays little role for inflation dynamics in our model.

3.3 Roles of Kimball-type aggregators and nominal rigidities

We have indicated that the degree of intrinsic inflation inertia A, depends on structural
parameters in our model. This subsection then shows that in our model, the Kimball-type
non-CES aggregator of goods with ¢, < 0 and the rigidities of prices and nominal wages («y,,
ay,) play key roles for inflation persistence, while the Kimball-type non-CES aggregator of
labor with €, < 0 mainly affects inflation dynamics by mitigating indeterminacy of equilib-
rium induced by higher trend inflation, which is likely in the case of the CES aggregator of
labor, i.e., €, = 0.2

Figure 3 presents impulse responses of inflation to an expansionary monetary policy shock
for alternative values of four parameters: the parameters that govern the superelasticities
of demand for goods and labor (e, €,) and the Calvo probabilities for staggered price- and
wage-setting (a,, a,,). The upper left panel of the figure shows the crucial role of the Kimball-
type non-CES aggregator of goods by comparing the response of inflation under the baseline
calibration reported in Table 1 (i.e., ¢, = —3) with that in the case of the CES aggregator
of goods (i.e., €, = 0). The latter case implies that aAlm =0 (and ¢,; = 0). With the CES
aggregator, inflation peaks upon impact of the shock. Thus, nonzero trend inflation alone
generates no hump-shaped response of inflation in the calibrated model without the Kimball-
type non-CES aggregator of goods. The case of ¢, = —6, which doubles the superelasticity
of demand for goods compared with the baseline, further accentuates the hump shape of
the inflation response, indicating that the higher superelasticity dampens the response of
inflation early following the shock.

The upper right panel of Figure 3 illustrates a supporting role of the Kimball-type non-

20Empirical evidence points to a hump-shaped response of output to monetary policy shocks. Yet this is
absent in our model. Adding habit formation in consumption preferences to the model generates a hump-
shaped response of output and provides an additional source of inflation persistence. Such an extension of
the model is examined in Section 3.4.

21Tn this context, higher trend inflation increases the likelihood of indeterminacy of equilibrium with the
CES aggregator of goods, as shown by Ascari and Ropele (2009) and Coibion and Gorodnichenko (2011).
Kurozumi and Van Zandweghe (2016) show that the Kimball-type non-CES aggregator of goods prevents
the indeterminacy caused by higher trend inflation.
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Figure 3: Roles of Kimball-type aggregators

of inflation to monetary policy shocks.
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Notes: The figure presents the responses of inflation to a one standard deviation expansionary monetary
policy shock under the calibration of model parameters reported in Table 1, except as indicated in each
panel. The solid lines represent the baseline case, while the dashed and the dotted lines represent the cases

with alternative parameter values.

CES aggregator of labor. The panel considers the two alternative parameter values of €, =
—0.6 and €, = —6, omitting the case of the CES aggregator of labor (i.e., ¢, = 0), which
induces indeterminacy of equilibrium. A higher superelasticity of demand for labor generates
a larger response of inflation. That is because, under positive trend inflation, a higher
superelasticity increases the slope of the wage-GNKPC, k,,, which more than offsets the
dampening effect of the real marginal cost of labor aggregation in the wage-GNKPC. With
this dual implication of ¢, for the wage-GNKPC, the overall effect on inflation persistence
is difficult to discern from the panel, so a quantitative measure of persistence is useful. A
summary statistic of the persistence in impulse responses to a shock is the half-life, defined

as the number of quarters until the size of the response falls to half of its size upon impact of
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the shock. The half-life of the inflation response is 12 quarters under the baseline calibration,
10 quarters when ¢,, = —0.6, and 12 quarters when €¢,, = —6. Thus, the lower superelasticity
of demand for labor decreases inflation persistence somewhat.

The lower panels of Figure 3 show the importance of nominal rigidities for inflation per-
sistence by comparing the response of inflation under the baseline calibration with those
obtained under two alternative values of the probability of no price change (the lower left
panel) and the probability of no wage change (the lower right panel). Higher price rigidity
increases the persistence in the inflation response through higher intrinsic inflation inertia.
Higher nominal wage rigidity also increases it through higher intrinsic inertia of wage infla-
tion, which gives rise to a more persistent response of the real wage, that is, the real marginal

cost of goods production in the model.

3.4 Model extension for empirical validation

Empirical evidence from VARs indicates that the peak response of inflation to a monetary
policy shock is even more delayed than that in our calibrated model. Christiano et al. (2011)
conduct a state-of-the-art VAR analysis and find that a monetary policy shock induces a
peak response of inflation after eight quarters, longer than the three quarters in our model
displayed in Figure 2. To reduce the discrepancy between the impulse responses of inflation
in the model and the VAR evidence, we augment the model with three features: working
capital, habit formation in consumption preferences, and the monetary policy response to
output growth (see Appendix C for the details of the extended model). Christiano et al.
(2011) and Phaneuf et al. (2018) show that working capital dampens the initial response of
inflation to monetary policy shocks. Fuhrer (2000) demonstrates that habit formation gives
rise to a gradual decline in inflation after an expansionary monetary policy shock. Coibion
and Gorodnichenko (2011) estimate Taylor-type monetary policy rules on real-time data
and find evidence of a sizeable policy response to output growth since the early 1980s. Such
a policy response can generate a more gradual decline in inflation as weak output growth
following the initial rise in output calls for a more accommodative monetary policy. We
also introduce a (nonstationary) technology shock in the model and evaluate the impulse

response of inflation to the shock.
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The extended model can match the empirical impulse responses of inflation reasonably
well. The upper right panel of Figure 4 displays the response of inflation to an expansionary
monetary policy shock in the model (the solid line) under the calibration of the degree
of habit persistence b = 0.7, the monetary policy response to output growth ¢, = 1, and
other parameters reported in Table 1 except for the trend inflation rate 7 = 1.036*/* (i.e., 3.6
percent annually), which is the average inflation rate of the U.S. GDP deflator over the sample
period 1951:Q1-2008:Q4 of Christiano et al. (2011). Following the shock, inflation rises
gradually for seven quarters to a peak before declining gradually. To evaluate the empirical
relevance of the extended model, the panel also reproduces the mean impulse response of
inflation to a monetary policy shock (the dashed line) and its 95 percent probability interval
(the gray band) in the VAR of Christiano et al. (2011). Although the empirical impulse
response of inflation rises more steeply and continues to rise one more quarter than our
model counterpart, the latter lies within the probability interval, thus providing an empirical
validation of the extended model.??

The lower right panel of Figure 4 displays the impulse response of inflation to a one
standard deviation positive technology shock. The standard deviation of the shock is set
at 0, = 0.01 in the extended model. Inflation declines on impact, in contrast with the
delayed response to the monetary policy shock. The positive nonstationary technology shock
induces a persistent decline in the real wage. This persistent decline lowers not only the
real marginal cost of goods production but also expected future inflation through lower
expected future real marginal costs. The joint decline in the real marginal cost and expected
future inflation generates a substantial decline in inflation.?* The impulse responses to the
technology shock in the model almost lie within the 95 percent probability intervals of their

empirical couterparts, thus providing an empirical validation of the extended model.

221n the case of the CES aggregator of goods (i.e., €, = 0), the extended model shows that the response
of inflation peaks three quarters after a policy shock.

Z31n the case of the CES aggregator of goods (i.e., €, = 0), the technology shock has an even larger impact
on inflation.
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Figure 4: Impulse responses in the extended model and their VAR counterparts.
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Sources: Christiano et al. (2015) and authors’ calculations.

Notes: The upper and lower panels of the figure display impulse responses to a one standard deviation
expansionary monetary policy shock and positive technology shock, respectively. The solid lines represent
the impulse responses in the extended model under the calibration of the degree of habit persistence b = 0.7,
the monetary policy response to output growth ¢, = 1, and other parameters reported in Table 1 except
for the trend inflation rate 7 = 1.036'/* (i.e., 3.6 percent annually). The dashed lines and the gray bands
reproduce, respectively, the mean impulse responses and their 95 percent probability intervals in the VAR
of Christiano et al. (2011), which are also reproduced in Christiano et al. (2015).
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4 Effect of Trend Inflation on Inflation Persistence

Our model provides a microfoundation of intrinsic inertia in price and wage inflation by
relating the degrees of intrinsic inertia to structural parameters of the model. A parameter
of particular relevance for monetary policy is the rate of trend inflation, as it also represents
the inflation target of the monetary authority in the model.?* This section examines the
effect of a decline in trend inflation on the degree of intrinsic inertia in inflation and more
general measures of inflation persistence in the baseline model presented in Section 2.

A number of empirical studies indicate that inflation persistence has decreased in the
U.S. since the early 1980s. Cogley and Sargent (2002) employ spectral analysis to estimate
inflation persistence and find that the persistence displays a similar pattern to the level of
inflation: both the level and the persistence of inflation increased in the 1970s and decreased
gradually from the early 1980s onward. Cogley et al. (2010) use predictability as a measure of
persistence, as shocks that are more persistent make time series more predictable. They show
that the persistence of the inflation gap (i.e., the gap between actual and trend inflation)
rose in the 1970s and fell during and after the Volcker disinflation in the early 1980s. Stock
and Watson (2007) characterize inflation as consisting of a transitory and a permanent
component and show empirically that the variance of the permanent component increased
in the 1970s before declining in the mid 1980s. Fuhrer (2011) examines the persistence in
various measures of inflation using different methods and finds that inflation persistence has
decreased for headline inflation but less so for core inflation (which excludes food and energy
prices). Consistent with those studies, estimated DSGE models indicate a decline in the
degrees of intrinsic inertia in price and wage inflation from the period including the 1970s
to the period since the mid 1980s; for instance, see the subsample estimates of the price and
wage indexation parameters (ip,t,) by Smets and Wouters (2007) and the corresponding
estimates by Hofmann et al. (2012).

Our model provides a new perspective on the measured decrease in inflation persistence

from a high level in the 1970s to a lower level beginning in the 1980s, around the time of

24 Benati (2008) conducts an empirical analysis of inflation persistence across countries and time periods
and finds that the degree of inflation persistence varies depending on monetary policy regimes. He therefore
argues against the assumption that intrinsic inflation persistence is policy invariant, as is embedded in the
NKPC (46) and in many existing DSGE models. Based on an empirical analysis of wage dynamics, Hofmann
et al. (2012) make a similar argument concerning intrinsic persistence in wage inflation.
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the Volcker disinflation. Most previous studies, such as Benati and Surico (2008), Carlstrom
et al. (2009), and Davig and Doh (2014), attribute the decrease in inflation persistence to a
more active monetary policy response to inflation, sometimes in combination with declines

in the volatility of shocks to the U.S. economy.?

4.1 Degree of intrinsic inertia in inflation

In our model the degrees of intrinsic inertia in price and wage inflation (Ape, Awe) give a
sense of the effect of trend inflation on inflation persistence. Recall from Section 2.5 that
Ape and A\, are defined as the sum of the coefficients on lagged rates of price inflation in
the GNKPC (33) and on those of wage inflation in the wage-GNKPC (39), respectively.
Figure 5 plots A, and A, for values of the annualized trend inflation rate 7 ranging from
zero to 10 percent, using the calibration of other model parameters reported in Table 1. For
instance, at the baseline value for the trend inflation rate of 3.2 percent annually, we have
Ape = 0.15 and Aye = 0.26. To compare the degrees of intrinsic inertia in price and wage
inflation in our model with the estimates of Smets and Wouters (2007), we can consider
the values in the figure at the annualized trend inflation rate of 4.1 percent, which is the
average inflation rate of the U.S. GDP deflator over the sample period 1966:Q1-2004:Q4 of
Smets and Wouters (2007). Those values are A\, = 0.20 and A, = 0.32. They are close
to the degrees of intrinsic inertia in the NK model with indexation, ¢,/(1 + f8¢,) = 0.19 in
the NKPC (46) and ¢,,/(1 + Piy) = 0.37 in the wage-NKPC (47), based on the estimates of
Smets and Wouters (2007).

In our calibrated model, lower trend inflation reduces the degree of intrinsic inertia in
price and wage inflation, as illustrated in Figure 5. For example, intrinsic inertia falls from
(Apes Awe) = (0.33,0.45) to (0.09,0.16) for a decline in the trend inflation rate 7 from 6.7
percent to 2 percent annually. The former value is the average inflation rate of the U.S. GDP
deflator during the 1970s, while the latter is the average for the three decades from 1990:Q1 to

2019:Q4 and coincides with the Federal Reserve’s target for the inflation rate of the personal

25Cogley et al. (2010) attribute the decrease in inflation-gap persistence primarily to a decline in the
volatility of shocks to the inflation target (or trend inflation), with a secondary role for the monetary policy
response to inflation. A shock to the inflation target in their estimated model is reminiscent of the credible
disinflation examined in Section 5, although in their model a decline in the inflation target leads inflation to
undershoot the new inflation target initially.
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Figure 5: Degree of intrinsic inertia in price and wage inflation.
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Notes: The figure presents the degree of intrinsic inertia in price inflation A, and that of intrinsic inertia
in wage inflation Ay in the model for a range of values of the annualized trend inflation rate under the
calibration of parameters reported in Table 1. The degree of intrinsic inertia in price inflation is defined as
the sum of the coefficients on lagged inflation rates in the GNKPC (33), and that of intrinsic inertia in wage
inflation is its analogue in the wage-GNKPC (39).

consumption expenditure price index. Thus, the model suggests an alternative explanation:

the decline in trend inflation caused the decrease in inflation persistence.

4.2 Effect on impulse responses

The calibrated model shows that lower trend inflation reduces inflation persistence. Figure 6
illustrates impulse responses to an expansionary monetary policy shock at a trend inflation
rate of 6.7 percent annually (the solid lines) and 2 percent annually (the dashed lines).

The upper left panel of Figure 6 shows that the response of inflation to the shock is more
persistent at the higher trend inflation rate of 6.7 percent annually than at the lower rate
of 2 percent annually under the calibration of other model parameters reported in Table 1.
Indeed, the half-life of the inflation response is 15 quarters at the higher rate, and it declines

to 10 quarters at the lower rate. At the same time, the duration between the occurrence of
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Figure 6: Impulse responses at high and low trend inflation rates.
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Notes: The figure presents the impulse responses to a one standard deviation expansionary monetary policy
shock under the calibration of model parameters reported in Table 1. The inflation rate is displayed in
annualized terms. The solid and the dashed lines assume a trend inflation rate @ of 6.7 percent and 2

percent annually, respectively.

the shock and the peak response of inflation shortens from five quarters at the higher rate to
two quarters at the lower rate. Under positive trend inflation and staggered price- and wage-
setting, the Kimball-type non-CES aggregators of goods and labor cause the real marginal
cost (RMC) of goods aggregation dp,t to generate intrinsic inertia in price inflation and the
RMC of labor aggregation dAW to generate intrinsic inertia in wage inflation, which enhances
the persistence of price inflation through the RMC of goods production mc;, that is, the real
wage w;. The RMCs of goods and labor aggregation increase with the level of trend inflation,
as displayed in the lower panels of the figure, and therefore the lower trend inflation rate
leads to lower persistence of price inflation. Thus, our model provides a new explanation for
the evidence that inflation persistence decreased around the time of the Volcker disinflation.

According to our explanation, the decreases in trend inflation and in inflation persistence
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are no coincidence; the decline in trend inflation led to the decrease in inflation persistence.

4.3 Effect on autocorrelation and predictability

How well can the calibrated model account for the decline in unconditional empirical mea-
sures of inflation persistence since the mid 1980s? Two often used measures are the sum
of the autoregressive coefficients in an estimated AR(p) process for inflation and the pre-
dictability of inflation. Following Cogley et al. (2010), the h-quarter predictability is the

ratio of the conditional and the unconditional variance of inflation. That is,

~1— er [Z?QS (A7) var(uy) ( Aj)/} o
var (e, X¢1n) e, [Z;’io (A7) var(u) (AJ)’} o

varg (eTrXt+h)

, (48)

where A is the companion-form matrix of the AR(p) process, X; = (7, m—1, ..., T—14p) s Wt

is the residual vector of the companion form, and e, is a selector vector.

Table 2: Autocorrelation and predictability of inflation.

Sum AR(p) R? R? RZ

US data 1959:Q1-1984:Q4 0.915 0.786 0.529 0.318
1985:Q1-2019:Q4 0.788 0.458 0.235 0.084
Difference —0.127 —-0.328 —0.294 —-0.234

Model T=06.7% 0.961 0.978 0.719 0.218
7 =2% 0.924 0.894 0.492 0.099
Difference —0.037 —0.084 —0.227 -0.119

Source: US Bureau of Economic Analysis.

Notes: The second column shows the sum of the autoregressive coefficients of an estimated AR(p) process
with order p = 4. The third to fifth columns display the predictability of inflation based on the estimated
autoregressive process. The upper and lower panels present statistics for the inflation rate of, respectively,
the US GDP deflator and the simulated model under the calibration of parameters reported in Table 1.

A decline in trend inflation in the calibrated model can account for a substantial portion
of the decline in the unconditional empirical measures of inflation persistence since the mid
1980s. The upper panel of Table 2 presents the measures of inflation persistence for the GDP
deflator during two periods obtained by splitting the sample 1959:Q1-2019:Q4 in 1985, as well

as their changes. Each of the measures displays a moderate decline since 1985, in line with
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existing evidence.?0 To generate their model counterparts, the model is simulated for 10,000
quarters, of which the first 10 percent are discarded. Although the model generates too much
autocorrelation and predictability in inflation, except for the eight-quarter predictability, it
can account for a substantial portion of the declines in the autocorrelation and predictability.
The simulation results show that a decline in the trend inflation rate from 6.7 percent to 2
percent annually accounts for between 1/4 and 3/4 of the observed declines in the sum of

autoregressive coefficients and the predictability.

5 Disinflation

Another approach for assessing inflation persistence is to examine the response of inflation
to a credible disinflation. In this section, our model is used to analyze a transition from
one steady state to another one with lower positive trend inflation. We also assess whether
the effect of a disinflation on steady-state output in our model is consistent with empirical

evidence.

5.1 Credible disinflation in the model

Historical evidence shows that disinflations tend to be gradual and recessionary (for the
evidence, see, e.g., Gordon, 1982; Ball, 1994b; Cecchetti and Rich, 2001). To account for
these dynamics, the existing literature has stressed that intrinsic inertia in inflation plays a
key role in NK models. As Fuhrer (2011) points out, when intrinsic inertia of inflation is
absent in an NK model, a credible permanent reduction in trend inflation causes inflation to
jump to its new trend rate and output to remain at its steady-state value. Once the intrinsic
inertia is embedded in the model, the credible disinflation generates a gradual adjustment
of inflation to its new trend rate and a temporary decline in output.?”

Our model also accounts for the gradual adjustment of inflation and the temporary

decline in output after a credible disinflation, even though price-setting decisions are purely

26Cogley and Sbordone (2008) and Fuhrer (2011) present similar evidence on the decline in the autocor-
relation of inflation.

27 Another explanation for the gradual decline in inflation and the output loss during a disinflation em-
phasizes imperfect credibility (see, e.g., Erceg and Levin, 2003; Goodfriend and King, 2005).
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forward-looking. To show this, we simplify the model by abstracting from nominal wage
rigidity and policy inertia (i.e., a,, = p = 0), so that the lagged real marginal cost of goods
aggregation and the lagged relative price distortion are the only endogenous state variables
that shape the inflation response. Using the simplified model, we carry out the following
experiment. In period 0, the economy is in the steady state with a trend inflation rate
of 6.7 percent annually. At the start of period 1, trend inflation is reduced suddenly and
credibly to 2 percent annually.?® Denote the vector of endogenous state variables in the
log-linearized models by ko = log ki—1 — log k(m); for instance, ki1 = [dps—1, A¢—1]’ in our
model, k;_1 = m;,_1 in the NK counterpart with partial indexation to past inflation, and there
is no endogenous state variable in the counterpart with full indexation to trend inflation.?”
Here k(m) denotes the vector of steady-state values of k;_1, which stresses that some of these
values are functions of trend inflation 7. Because in period 0 all variables are in the steady
state, in period 1 the lagged endogenous state variables under the new trend inflation rate
are given by log k(7°) — log k(n!), where 7° = 1.067'/4 and 7! = 1.02!/4. Then, the solution
of the log-linearized model under the trend inflation rate 7! is used to compute inflation and
output in period t =1,2,3, ...

Figure 7 displays the responses of inflation and output to the sudden and credible reduc-
tion in trend inflation from 6.7 percent to 2 percent annually, using the calibration of other
model parameters reported in Table 1, except for a,, = 0 and p = 0. In the figure the dotted
lines represent the responses in the NK counterpart with partial indexation to past inflation
tp, = 0.24. In this model, inflation declines gradually toward its new trend rate, while output
falls temporarily and then rebounds gradually to the initial steady-state value, in line with
the responses indicated by Fuhrer (2011).%° Similar responses are obtained in our model, as

illustrated by the solid lines in Figure 7. This is because our model has intrinsic inertia of

28The disinflation is sudden in that agents did not anticipate the possibility of a change in trend inflation
before period 1. The disinflation is credible in that agents believe that the new rate of trend inflation is
permanent.

2Nominal wage rigidity adds two endogenous state variables w;_; and d, ¢—1 in our model and w;_; and
Twt—1 in the NK counterpart with partial indexation to past inflation, respectively. Assuming «,, = 0.75
would not qualitatively affect the results illustrated in Figure 7.

30Tn the NK counterpart with full indexation to trend inflation, the responses of inflation and output to
the sudden and credible reduction in trend inflation are displayed by the dashed lines in Figure 7. In this
model, inflation drops instantly to the new rate of trend inflation, while output remains at its steady-state
value.
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Figure 7: Credible disinflation.

Inflation Output
: ; 1o ; ;
8 % O = = :‘-“‘.'I\ e — — — —————— — - 0
s Lo ’
£ £.06 -0.1
g 1-2 g No indexation (L)
= = - ICCTICRCEReY Index. to past inflation (R)
5 S -1.27} i|= = = = Index. to trend inflation (R) | 1-0.2
= 1-3 g= H
g [
= >
[}
S |4 S-18} 1-0.3
% S P ———— = S
-5 : : ; -5 -2.4 : : : -0.4
0 4 8 12 16 0 4 8 12 16
Quarters Quarters

Notes: The figure displays the responses of inflation and output to a sudden and credible reduction in trend
inflation of —4.7 percentage points (from 6.7 percent to 2 percent annually), using the calibration of other
model parameters reported in Table 1, except for a,, = 0 and p = 0. The solid lines show the responses
in our model, while the dotted and the dashed lines illustrate those in the NK counterparts with partial

indexation to past inflation ¢, = 0.24 and with full indexation to trend inflation (i.e., ¢, = 0), respectively.

inflation through the real marginal cost of goods aggregation, as shown in the GNKPC (33).

5.2 Evidence on the long-run response of output

One notable difference between our model and the NK counterpart with partial indexation to
past inflation is that output in our model rebounds to its new steady-state value associated
with the new rate of trend inflation, which is lower than the initial value of steady-state

t.31 The effect of a change in trend inflation on steady-state output runs counter

outpu
to the classical dichotomy, which is the view that real variables evolve independently from
nominal variables in the long run. In the remainder of this section, we assess the empirical
evidence for the classical dichotomy and conclude that the prediction of our calibrated model

of a moderate steady-state output response to a disinflation is consistent with the evidence.

Evidence supporting the classical dichotomy is mixed. Early work by King and Watson

31Kurozumi and Van Zandweghe (2016) show that the Kimball-type non-CES aggregator of goods can
lead a decline in trend inflation to lower steady-state output by increasing the steady-state average markup,
in contrast with the case of the CES aggregator. Such an increase in the average markup is consistent with
empirical evidence for the U.S. that markups have risen since 1980 (see, e.g., De Loecker et al., 2020).
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(1994) finds evidence of a negative long-run relationship between inflation and unemploy-
ment, indicating a positive long-run relationship between inflation and output, using an
estimated bivariate structural VAR with short-run identifying restrictions. However, their
finding is not robust to adding another variable to the VAR, as shown by Evans (1994).
Moreover, Bullard and Keating (1995) find no significant long-run response of output to a
permanent increase in inflation in a bivariate structural VAR with long-run identifying re-
strictions estimated on the U.S. inflation and output growth data (although they find a posi-
tive long-run response for a few other countries). Benati (2015) revisits the long-run Phillips
curve by estimating a six-variable structural VAR with long-run identifying restrictions using
Bayesian methods. Using such a larger set of variables can avoid issues of informational de-
ficiency discussed by Forni and Gambetti (2014). Although the estimation results of Benati
(2015) do not allow to reject the null hypothesis of a vertical long-run Phillips curve, they
provide limited support for the notion of a negative long-run relationship between inflation
and unemployment in the U.S., as the response of unemployment to a positive permanent
inflation shock is negative for more than 80 percent of draws from the posterior distribution.
Indeed, uncertainty about the long-run response is sufficiently large that the null hypothesis
of specific values of a steep Phillips curve cannot be rejected.??

To further investigate the long-run response of output to a permanent change in infla-
tion, we estimate a cointegrated structural VAR with long-run identifying restrictions on
six variables.>> The variables are the inflation rate, log output, log consumption, log in-
vestment, a short-term nominal interest rate, and M1 money velocity for the sample period
1951:Q1-2019:Q4.3* The money velocity may contain useful information about the trend
inflation rate because, as pointed out by Benati (2020), M1 velocity approximately captures

the permanent component of the short-term interest rate. The cointegrated VAR includes

32Benati (2015) reports a median response of unemployment of —0.27 percentage point to a one percent-
age point inflation shock, which, using a simple Okun’s Law, indicates a permanent output effect of 0.54
percentage point.

33We are grateful to an anonymous referee for generously sharing the code and data for estimating the
VAR.

34Gpecifically, the data for output, consumption, and investment are, respectively, real GDP, personal
consumption expenditures on nondurable goods and services deflated by the GDP deflator, and real gross
private domestic investment. The short-term nominal interest rate is the 3-month Treasury bill rate. M1
velocity is calculated as the ratio of nominal GDP and nominal M1, where M1 is augmented with money
market deposit accounts as in the New M1 measure of Lucas and Nicolini (2015). As before, the inflation
rate is measured by that of the GDP deflator.
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three cointegration vectors, based on Johansen’s maximum eigenvalue test. The lag order
of the VAR is set at two quarters, which is the maximum of the lag orders chosen by the
Schwarz and Hannan-Quin information criteria. A permanent inflation shock is identified

based on the restriction that no other shocks affect inflation in the long run.

Figure 8: Empirical impulse responses to a permanent inflation shock.
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Notes: The figure presents the impulse responses to a one standard deviation negative permanent inflation
shock from an estimated cointegrated structural VAR. The interest and inflation rates are displayed in
annualized terms. The dark and light gray shaded areas represent, respectively, one and two standard

deviation error bands obtained from 1,000 bootstrap replications.

Figure 8 plots the impulse responses to a one standard deviation negative permanent in-
flation shock in the estimated cointegrated structural VAR. The responses level out between
40 and 80 quarters, indicating that this window approximates the long-run responses. Two

results stand out. First, the null hypothesis that a permanent inflation shock has no per-
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manent impact on GDP can barely be rejected at the two standard deviation level. Second,
uncertainty is substantial and is compatible with a considerable range of nonzero permanent
responses. Consider the response of steady-state output to a disinflation in the calibrated
model. The magnitude of the response in Figure 7 (—1.6 percentage points) is about one
third as large as the change in trend inflation (—4.7 percentage points). Therefore, a decline
in trend inflation in the model equal to the median long-run inflation response in Figure 8
of —0.33 percentage point generates a response of steady-state output of —0.11 (= —0.33/3)
percentage point.>® Then, in the estimated VAR, the null hypothesis of a long-run decline in
real GDP of 0.11 percentage point cannot be rejected at the one or two standard deviation
level. Thus, given the estimated uncertainty about the long-run response of real GDP to a
permanent inflation shock, the moderate predicted response of output in our model is within

the range of empirically plausible responses.

6 Conclusion

This paper has proposed a novel theory of intrinsic inflation persistence by introducing trend
inflation and Kimball-type non-CES aggregators of individual differentiated goods and labor
in a model with Calvo-style staggered price- and wage-setting. Under nonzero trend inflation,
the Kimball-type non-CES aggregator of individual goods and staggered price-setting give
rise to a variable real marginal cost of goods aggregation, which becomes a driver of inflation.
The real marginal cost then consists of an aggregate of the goods’ relative prices, which
depends on current and past inflation rates, thereby generating intrinsic inertia in inflation.
Likewise, the non-CES aggregator of labor and staggered wage-setting lead to intrinsic inertia
in wage inflation, which enhances the persistence of price inflation. The model provides a
microfoundation of intrinsic inflation persistence without relying on ad hoc backward-looking
price-setting behavior. In a plausibly calibrated version of the model, inflation exhibits a

persistent response to an expansionary monetary policy shock, with a hump shape and

35The responsiveness of steady-state output to a change in trend inflation in the calibrated model depends
on the values of parameters o, 0p, and €,. The responsiveness is less at smaller values of «, or 6,. The
response of steady-state output to trend inflation is also less at somewhat larger values of ¢,, although it
changes sign at values of €, near zero. In the case of the CES aggregator (i.e., ¢, = 0), the decline in trend
inflation generates an increase in steady-state output.
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a gradual decline. The model has also shown that lower trend inflation reduces inflation
persistence, providing a new explanation for the measured decrease in inflation persistence
around the time of the Volcker disinflation. Moreover, the paper has demonstrated that a
credible permanent reduction in trend inflation leads to a gradual decline in inflation and a

fall in output.
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Appendix A Derivation of the Generalized New Keyne-
sian Phillips Curve

In this appendix we outline the steps for deriving the GNKPC. The derivation of the wage-
GNKPC follows analogous steps when a unit elasticity of labor supply is assumed.
First, under assumption (28), log-linearizing price-adjusting firms’ first-order condition (9)

yields
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Next, log-linearizing the law of motion for the real marginal cost of goods aggregation (10)

yields
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Finally, using (52) to substitute for p; in (51), iterating forward (52) to substitute for
Eyp;,, in (51), and rearranging terms yields the GNKPC (29) with the conditions (30) and

(31) for the auxiliary variables ¢, ; and 1, ,, respectively.*®

Appendix B Composite Coefficients in Log-Linearized Equi-
librium Conditions of the Model

The composite coefficients in log-linearized equilibrium conditions (29)—(32) are given by
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for €, < 0 under assumption (28).
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The composite coefficients in log-linearized equilibrium conditions (34)—(38) are given by
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36Kurozumi and Van Zandweghe (2016) present an alternative representation of the GNKPC. Their rep-
resentation can be obtained by multipling the forward iterated (49) by a factor o, 377! instead of v, 77
and following the same steps as outlined above.
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e (14 €ws)[1 — €w2(1 +7w) /(Yo — 1] + Y[l — €wz/ (Y — 1)}7
P €w2 BT — 1) (1 4 €43) (1 — am?@ ™)

wey —

e {1+ ews) e — 1 — €wa(1+ 7)) + Y(Yw — 1 — €w2)}

1 — B2

1- w1
1-apfr™ L—aupme
1 — a,prre —

1 —aupBrt =7 Cus =€

€w2 = €yl

for €,, < 0 under assumption (28).

Appendix C Log-Linearized Equilibrium Conditions of the

Extended Model

In Section 3.4, the extended model is augmented with working capital, habit formation in

consumption preferences, the monetary policy response to output growth, and (nonstation-

ary) technology shocks. The production technology (6) is extended so that it includes total

factor productivity A;: Yi(f) = A N¢(f). The productivity follows a random walk

10g At = IOg At—l + Eats

where €,; ~ N(0,02) is an i.i.d. technology shock. The spending Euler equation (40), the

Taylor-type monetary policy rule (41), the real marginal cost of goods production (42), the

definition of wage inflation (43), and the aggregate production equation (44) are extended

to, respectively,

A= EMp1 + 4 — Byt — Bigg g,

i =p_1+ (1= p)oxTte + Oy U + &g (Gt — Y1 + €at)] + it

?ﬁCt = d)t + it,
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Tyt = Wp — W1 + Eqp + Ty,

ge=Ne— Ay,
where )\, = — (9t — byr—1 + bear) / (1 =), y+ = Y;/A; is detrended output, w; = w;/A; is

the detrended real wage, \; = A;A; is the associated real value of the Lagrange multiplier
on the household’s budget constraint (16), and b € [0,1) is the degree of habit persistence
in consumption preferences. The GNKPC and the conditions for its auxiliary variables

(29)—(31) are extended to, respectively,

Ty = BTy + Kpmey — Ky (?Jt + 5\t> + K’pddp,t + Czp,t—l + 57TEtCZp,t+1 + ©pt + Vpt,
Ppt = O‘pﬁﬂvp_lEtSOp,H-l + Kpp [(1 - Oépﬁﬂvp_l) (’YpEtO?p,tJrl + By + Etj\t—&-l) + (v — 1)Etﬁt+1]a

Yps = Oépﬁﬂ'ilEtwp,t+1 + Kpey (Etﬁtﬂ + By + Et5\t+1>,

while the wage-GNKPC and the conditions for its auxiliary variables (34)—(37) are extended

to, respectively,

Rt = BRV T E oy 111 + K (2]\7t - @t) — (Fawd — Fue) (Nt - Xt> + Foupalut + dus

+ BW%HEtCZw,tH + Cut T Put + Vut,
Cwt = QST EyCu it

+ Kuwe¢ [(1 — Q1) <2EtNt+1 — By + ’YwEtCiw,tH) + By — w + ’YwEthw,tH] )
Pwit = OéwﬁﬁwflEtQOw,tﬂ

+ Kuwy [(1 — a7 <EtNt+1 + Etj\t—kl + ’YwEtdw,tH) + Yo Tw i1 — By — Et€a,t+1]7

Yt = awﬁﬂilEtww,Hl + Kweyp [(1 — Bt (EtNt+1 + Et)\t+1) — Byt — EtEa,tH]-
In these log-linearized equilibrium conditions, the composite coefficients x,, Kpi, Kpep, Kpeyps

Kws Kwets Rwd, Kwes Kuwd, Kwg, ad Kyep Temain unchanged from the baseline model, while the

additional one is given by

1 — aqm! 1 €p2 1 1
Ky = a,frP T (m—1) — ap,fr ! (Pt — 1) .
T T — (Lt )Gy~ ] | o1 )
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The laws of motion of the real marginal costs of goods and labor aggregation (32) and (38)

and the law of motion of the relative price distortion (45) remain unchanged.
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