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Introduction and summary

After two decades of extremely stable inflation, prices have grown markedly in the past few years, as
shown in figure 1. Part of this increase in prices can be traced to factors affecting firms’ pricing decisions,
which presumably depend on where firms think inflation is heading. See, for example, figure 2, which
shows the interquartile range of responses from the Survey of Firms’ Inflation Expectations (SOFIE)—
the Cleveland Fed’s survey of CEOs about their outlooks on inflation.! The specific question that SOFIE
asks is as follows: “What annual inflation rate do you think the U.S. Federal Reserve is trying to achieve
on average?” These inflation expectations supposedly inform firms’ price setting of their goods (and services).
Figure 2 shows that before the Covid-19 pandemic, the median response to this question was 2% and the
distribution was skewed to the right.” As illustrated by figure 1, inflation surged in 2021-22. Simultaneously, as
illustrated by figure 2, the median of the medium-term inflation expectations rose by 50—100 basis points
from pre-pandemic levels and the distribution of the SoFIE responses skewed further to the right (that is,
toward the upside). From this perspective, it would seem that inflation expectations became temporarily

1. CPl and PCE inflation, 201624 2. Federal Reserve Bank of Cleveland’s Survey
of Firms’ Inflation Expectations, 2018—24

8 Lower Upper
Year bound Median bound
2018 2.0 20 2.5
2019 1.9 20 2.5
2020 1.5 1.6 20
2021 2.0 2.5 3.0
2022 2.0 3.0 4.0
2023 20 3.0 3.5
2024 20 20 2.8

Notes: Responses to the SoFIE question of what annual inflation
rate the Fed is trying to achieve on average are collected in April

—— Consumer Price Index (CPI) of each year. This figure reports the responses (rates in percentage

- — - Price Index for Personal Consumption Expenditures (PCE) points) that fall within the two middle quartiles of the distribution:
The lower and upper bounds are those of the interquartile range (that

Notes: The CPI inflation data are from the U.S. Bureau of Labor is, the middle 50% of the distribution). See note 1 for further details.

Statistics, and the PCE inflation data are from the U.S. Bureau of
Economic Analysis. Year-over-year percent changes in inflation
are plotted.

Source: Federal Reserve Bank of Cleveland, Survey of Firms'
Inflation Expectations (SoFIE).

Sources: U.S. Bureau of Labor Statistics and U.S. Bureau of
Economic Analysis from Haver Analytics.


https://www.clevelandfed.org/indicators-and-data/survey-of-firms-inflation-expectations

unanchored from the Federal Reserve’s 2% inflation target. To what extent can these changes impact inflation
and output? On the one hand, higher price setting tends to increase the equity value of the firms, which
benefits shareholders. On the other hand, higher price setting tends to increase the nominal wage, which
benefits workers. Hence, the rise in inflation and inflation expectations can have uneven consequences
for different households, which, in turn, can affect the level of inequality in the economy. Does this
differential impact matter for inflation and output?

We use a staggered-price New Keynesian model with heterogeneous agents to answer these questions.
In the model, some firms will not be able to set their prices optimally at each point in time (because of
menu costs or information frictions®). When firms cannot reset the price of their good optimally, they
index their previously set price in part based on the past observed inflation rate and in part based on their
view of where inflation is heading. Hence, we shock their perceptions about future inflation while leaving
unchanged the Federal Reserve’s inflation target of 2% in our model. This is a scenario where firms’
expectations become unanchored, at least temporarily, but the Fed continues to follow its policy rule—
which prescribes responding to inflation more than one for one whenever inflation is above or below the
2% target—and the firms know this. This article is organized as follows. In the next section, we present
our staggered-price New Keynesian model with heterogeneous agents, describing its environment at a
general level. Following that section, we discuss the calibration of the model and then go over the results
of a simulation where an unexpected shock temporarily raises the inflation target (n*) in the firms’ price
indexation rule. Next, we discuss the main economic mechanism that propagates the effects of the price
indexation shock in our model economy. To close, we summarize the results from our model with
heterogeneous agents relative to those from a counterpart model with a representative agent.

Model

We build on a broad class of medium-scale dynamic general equilibrium models, typically used in central
banks. These models seek to describe the entire economy as the interactions between various sectors and
markets (for example, households, firms, and government) in a state of equilibrium where supply equals
demand subject to nominal price rigidities (or price stickiness).* In particular, we consider a heterogeneous
agents New Keynesian (HANK) model with uninsurable idiosyncratic risk to household productivity,
borrowing constraints, and nominal rigidities a la Calvo (1983) with staggered price setting. In this section,
we describe the environment at a general level (see the appendix for details about the equilibrium conditions).

The environment

The economy is populated by a unit continuum of ex ante identical households with standard
preferences over consumption and leisure. Households are endowed with stochastic idiosyncratic
productivity that affects their labor income. Each household’s productivity (z;) is exogenous and follows
log z: = pz log zi-1 + &1, with &_, ~ N(O, o), where p: is the persistence of the process and where & is a
random variable that follows a normal distribution (indicated by N) with variance o~ . Households decide
how much to work, consume, and save. The household assets comprise government bonds, physical capital,
and firms’ equity. There is a borrowing constraint that prevents these households from taking asset positions
lower than a certain negative level (¢.). While their optimal decisions are ex ante identical, the differences
in household productivity induce different labor income and asset accumulations and, therefore, different
consumption and saving decisions. These differences among households, in turn, generate wealth and
income inequality. Hence, the model collapses to the representative agent New Keynesian (RANK)
model if the uninsurable idiosyncratic shocks (z) are removed.

The market structure of this model economy combines elements that are familiar from the standard New
Keynesian literature (Smets and Wouters, 2007) with elements that are familiar from the standard incomplete



markets model literature (McKay, Nakamura, and Steinsson, 2016). While the final good is produced by
a representative competitive firm, the intermediate goods are produced by monopolistically competitive
firms. These firms are controlled by a risk-neutral manager who discounts future profits at rate 3, as in
McKay, Nakamura, and Steinsson (2016). Profits are paid out to the households, with each household
receiving a share of D; proportional to its asset holdings.” Unlike in McKay, Nakamura, and Steinsson
(2016), households can trade firms’ equity as well as the capital stock used in production. Finally,
households trade a risk-free real bond with real interest rate R; between periods 7 and ¢ + 1. There is a
stock of government debt outstanding with the real face value B;. The government raises tax revenue to
finance interest payments on this debt. These taxes are collected by levying a flat tax on households’
income from labor and dividends.

The intermediate goods firms face frictions in adjusting their prices that imply that they can only update
their prices with probability 6 per period, as in Calvo (1983). When they are not allowed to update, they
adjust their price according to an indexation rule that combines the past value of inflation (7,~1) with the
central bank’s inflation target ("), as in Smets and Wouters (2007); in particular, after s periods without
the chance of reoptimizing the price, a firm sets its price ( p. ) according to the following rule:

p.=Xp,

where p” is the price when the firm had the last chance to choose it optimally and X; is the indexation
rule, with

X, =T, (1 +m,)" (1 +a)™.

For example, in the period immediately after the last optimal price choice, that is, s = 1, the new price is
adjusted as (1 + n)l" 1+ )" p". The parameter 1, measures the degree at which prices are adjusted
based on the past levels of inflation. When 1, = 0, for example, the price will be adjusted using only the
central bank’s inflation target. (In the indexation rule, IT indicates the product operator with iterator /.)
Indexation captures the fact that firms set prices only partially to reflect their view on future inflation.
We assume that in the short run, firms increase indexed prices faster, thereby reflecting their view that
higher inflation is expected, which is what we observe in the Cleveland Fed survey results (figure 2).
Simultaneously, we assume that the same firms stick to their belief that the Fed follows a Taylor rule
with an inflation target of 2%. Thus, indexing to a moving inflation target generates higher inflation. We
interpret this scenario as a mild form of unanchoring.

In the model, these firms produce intermediate goods, which are sold to the final good producer. The
final good producer’s cost minimization problem yields

n

pe
| 2| "y,

where the demand for the firm-specific good (y) depends on its price (p*), the overall price (P), aggregate

output (Y), and the relative price demand elasticity | e= _IL . The lower the demand elasticity, the
—H

larger the desired markup (u > 1) that the firm can charge to buyers.® Hence, when intermediate goods

producers can update their price, they set it by taking into account a production constraint and the demand

constraint of the final good producer.



Because firms know that they might not be able to optimize the price of their good in the future, their
decision entails choosing a price optimal also for a number of future periods where they most likely will
not be allowed to reoptimize; thus, their problem is inherently dynamic. The solution to the firms’ problem
is a markup rule where a firm charges a fixed markup p over a weighted-average of future discounted
marginal costs s (as captured by equation A17 in the appendix). The weight for each future marginal
cost has two elements to it: the term B(1— 0), which puts less weight on future marginal costs because of
discounting (J is the discount factor) and because the price being set now has lower probabilities of still

) . . ) . . .y PX_ | .
being around in s periods of time as s gets bigger (0 is price stickiness), and the term [—‘J Y , which
represents aggregate factors affecting firm demand in the future. In this article, we are interested in what
happens when the firms’ indexation rule, Xi, unexpectedly increases (via an increase in the inflation target,
", in the firms’ price-setting function).

Finally, the central bank controls the nominal risk-free interest rate by following a simplified Taylor rule,
whereby the interest rate (i;) reacts more than one for one with inflation. In particular, the rule is given by

=R+ +¢u(m—1),

where R represents the long-run real interest rate and ¢, > 1 (that is, the response of the central bank to
the inflation gap).

Calibration

Our model period is one quarter, and our calibration is summarized in figure 3. We calibrate the persistence
and the standard deviation of the idiosyncratic productivity shocks so that p. = 0.939 and o. = 0.287,
respectively.” We fix the steady-state real interest rate at 2% annually and adjust the discount factor to
match this. We assume that household preferences are separable in consumption (¢) and labor (), that is,

l-o, l+o,

u(c,)—v(n,)= % ™ \where uis the utility of consumption, v is the disutility of labor, 1/c, is
' " 1-0, l+o,

the elasticity of intertemporal substitution (or equivalently, the inverse of the coefficient of relative risk),
and 1/, 1s the Frisch elasticity of labor supply. We set the coefficient of relative risk aversion to 1 and the
Frisch elasticity of labor supply to 1. Both values are within the range of values typically considered in
the literature. For our choices of the desired markup of intermediate firms, 1, and probability of maintaining
a fixed price, 6, we follow Christiano, Eichenbaum, and Rebelo (2011) and set p = 1.2 and 6 = 0.15. The
degree of indexation to past inflation is 0.2, close to the estimated mode value obtained by Smets and
Wouters (2007). Capital share and depreciation are set to standard values in the literature, that is, 0.4 and
0.02, respectively. We assume that households can borrow up to a limit ¢, which we fix at —1.5. This
parameter is calibrated so that the borrowing limit corresponds to one quarter of average labor income.



3. Calibration of the model parameters

Parameter Description Value Target or source
Discount factor B 0.99 2% annual real interest rate
Risk aversion Oc 1 Standard value
Frisch elasticity 1/on 1 Standard value
Price markup u 1.2 Christiano, Eichenbaum, and Rebelo (2011)
Price stickiness 0 0.15 Christiano, Eichenbaum, and Rebelo (2011)
Indexation on past B 0.2 Smets and Wouters (2007)
inflation
Capital share o 0.4 60% labor share of income
Capital depreciation o 0.02 Standard value
Inflation target T 0.005 2% annual inflation
Monetary policy dn 1.5 Taylor (1993)
response to inflation
Persistence of the Pz 0.939 Chang, Kim, and Schortheide (2013)
idiosyncratic
productivity shock
Standard deviation of o 0.286 Chang, Kim, and Schortheide (2013)
the idiosyncratic
productivity shock
Results

We assume that at time zero, the economy is at its stationary equilibrium and an unexpected shock temporarily
raises the inflation target (n”) in the firms’ price indexation rule. In particular, we calibrate the shock so
that, on impact, the inflation target drifts positively by 50 basis points annually and then reverts back to
zero with relatively high persistence (0.9). For the sake of comparison, we feed identical shocks to both
the HANK model and its RANK counterpart. Typically, firms and the central bank have the same inflation
target in their policy functions. However, we assume that firms perceive a temporary inflation target increase,
while the central bank sticks to a 2% target. Hence, the unexpected one-time change in the price indexation
rule only affects firms’ pricing decisions and it does not change the central bank’s inflation target in the
monetary policy rule. We view this as a tractable way to capture information frictions that can arise in
the short term. Explicitly modeling these frictions is outside the scope of this article. Figures 4, 5, and 6
report the dynamic transmission of these shocks to the economy.

We first discuss the dynamic propagation of the price indexation shock to macroeconomic aggregates,
which are reported in figure 4.

Mechanism and comparison of the HANK and RANK models

In this subsection, we compare the impulse responses of some macroeconomic variables in the HANK and
RANK models, given that the inflation target (1) in the firms’ price indexation rule unexpectedly increases
by 50 basis points, as described before. As a result of the price increase from the price indexation shock,



4. Impulse responses of select macroeconomic variables to the price indexation shock in the

HANK model versus the RANK model
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percent percent
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Notes: This figure shows the impulse responses of six macroeconomic variables to the same price indexation shock (described in the
text) in the heterogeneous agents New Keynesian (HANK) model (solid line) and in the representative agent New Keynesian (RANK)
model (dashed line). The impulse responses are the percentage point deviations of the variables from stationary equilibrium.

Source: Authors’ calculations.

there is an increase in marginal costs, which include real wages. This happens for both the HANK and
the RANK models, as illustrated in figure 4.

While in both models there is a strong income effect pushing the labor supply down, the substitution effect
dominates and agents are willing to work more to increase their savings because there are larger returns
from investing in capital and in shares of the firms. This effect is stronger in the HANK model because
dividends are unevenly distributed and agents have an incentive to acquire shares of the firms. To show
this, we analyze labor and savings decisions at the individual level in the HANK model. In particular,



5. Policy functions on impact after the price indexation shock and at the stationary equilibrium

in the HANK model

Agents at the borrowing limit ¢
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Notes: This figure shows slices of the policy functions (representing the optimal choices for labor and savings) for three different levels
of agents’ assets a (that is, their wealth) and across all productivity levels z in the heterogeneous agents New Keynesian (HANK)
model. For all six panels, the variables (labor, savings, and productivity) are normalized to indexes.

Source: Authors’ calculations.



6. Impulse response of the aggregate assets to figure 5 shows the optimal choices for labor and
AT S R AR LN e VIl  savings for different productivity and wealth
levels. The continuous blue line in each of the

percent

b panels corresponds to the optimal choices on

impact after the price indexation shock, whereas
the dashed red line corresponds to the same
decision rules in the absence of the shock (that
is, in the stationary equilibrium). We find that
highly productive agents, especially those with
low to moderate levels of wealth (shown in the
first two pairs of panels of figure 5), tend to work
and save more relative to those with lower
productivity. In aggregate, as shown in figure 6,
the average amount of assets increases during the
transition to the stationary equilibrium. This
amplification mechanism is quantitatively
significant as long as agents can invest in firms’
quarters since shock shares. Endogenous equity ownership incentivizes
agents to invest in physical capital as they can

0.40

0.35

-0.06

Notes: This figure shows the impulse response of aggregate

assets to the price indexation shock (described in the text) in the take advantage of future higher diVidends,
heterogeneous agents New Keynesian (HANK) model. The which are not redistributed uniformly aCross
impulse response is the percentage point deviation of aggregate R .
assets from Stationary equ|||br|um agents m the HANK mOdel, but aCCOI'dll’lg tO

their stock ownership. This is also confirmed by
the second-to-last panel in the bottom set of panels
of figure A1 in the appendix, which reports the percentage change of the equity value ¢ of the firms. The
equity value ¢ clearly increases persistently well above the stationary equilibrium in the HANK model,
while it does not do this in the RANK model. Finally, in an alternative exercise (not shown), where we
assume that the shares of the firms are evenly distributed, this mechanism is significantly dampened,
rendering this response in the HANK model closer to that in the RANK model.?

Source: Authors’ calculations.

Another amplification mechanism in the HANK model comes from the presence of uninsurable idiosyncratic
risk, leading agents to engage in precautionary savings to shield against future negative productivity shocks.’

For these reasons, as illustrated by figure 4, aggregate labor () increases by more in the HANK model
than in the RANK model. In the HANK model, agents exploit their initial boost in labor income to repay
debt and/or invest in physical capital. The top right panel of figure 4 shows that in the HANK model,
physical capital (K) in aggregate increases persistently and remains well above the counterpart in the
RANK model.!°

In order to clear the asset market, characterized by higher savings and investment levels, the interest rate (R)
goes up by more in the HANK model, as illustrated by the top left panel of figure 4. This increase in the
interest rate is consistent with higher inflation levels via the Taylor rule. Furthermore, the high levels of
savings and investment that push the interest rate up are chiefly due to the assumption of endogenous
ownership of firms’ shares. In its absence, the responses of both inflation and the interest rate are closer
to their responses in the RANK model.

Finally, because of this strong saving and investment motive, the amplification mechanism in the
HANK model transforms the supply nature of the shock observed in the RANK model into a demand-
type transmission.



Conclusion

In this article, we study the propagation mechanisms of a shock that affects the firms’ pricing decisions;
in particular, we look at the dynamics transmission of an increase in the inflation target in the firms’ price
indexation rule. We studied the dynamics transmission of such a shock in a New Keynesian model with
heterogeneous agents, incomplete markets, and nominal rigidities, and we compared it with the dynamics
transmission from the same shock in a counterpart model with a representative agent. First, we find that
this shock has sizable real effects in both cases. Second, we show that in the HANK model, agents exploit
the initial higher wage by working more and saving more in order to engage in precautionary savings.
This mechanism boosts physical capital accumulation and equity market values, thereby creating a
substantial amplification of the shock’s effects. Third, this mechanism transforms the supply nature of
the shock observed in the RANK model into a demand-type transmission.

To summarize, we study how a shock to the firms’ price indexation rule influences aggregate outcomes
through the inequality among agents in an economy, represented by a New Keynesian model with
heterogeneous agents. We compare the aggregate dynamics in this model with those in a representative
agent model. We find that such shocks have significant real effects in both models, but in the HANK
model, agents respond by increasing labor and savings, leading to higher capital accumulation and
equity values.

Notes

' We thank Edward S. Knotek I, senior vice president and director of research in the Research Department at the Federal
Reserve Bank of Cleveland, for sharing information about the percentile of the distribution of SoFIE responses.

When the distribution of data is right-skewed, this means the data are not distributed symmetrically around the mean and
the long tail of the distribution is to the right of the mean.

3 Menu costs are the costs that firms incur when they change the prices of their goods (or services). Information frictions
come from economic agents infrequently updating their sets of information.

Price rigidity is the resistance of a market price to change fast, even when shifting economic conditions suggest a different
price would be optimal.

In equilibrium, since there is no aggregate risk, firms’ equity and bonds are perfect substitutes.
6 The elasticity of demand () and seller’s desired markup (u) are determined by the Lerner condition, which implies that
(S

H= e-1

7 Chang, Kim, and Schorfheide (2013) estimated these persistence and volatility values using the entire sample of the Panel
Study of Income Dynamics (PSID)—uwith all participants in the study being 18—65 years old. We discretize this process using
the Rouwenhorst method, as in Kopecky and Suen (2010), with an 11-valued Markov chain.

8 Although we do not show the results of this alternative exercise in this article, those results are available on request.

9 There is no aggregate risk in both the HANK and RANK models.

0 Note that the government bond supply is held constant to the stationary equilibrium value during the transition to the
stationary equilibrium; hence, all savings are invested in physical capital and equity value.


https://psidonline.isr.umich.edu/
https://psidonline.isr.umich.edu/

Appendix: The model in greater detail

In this appendix we describe the model in greater detail. The model is a standard HANK model with
price rigidities a la Calvo (1983), staggered price setting, and capital accumulation. The full dynamics of
the model are reported in figure Al.

A1. Impulse responses of macroeconomic variables to the price indexation shock in the HANK

model versus the RANK model
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Notes: This figure shows the impulse responses of 12 macroeconomic variables to the same price indexation shock (described in the
main text) in the heterogeneous agents New Keynesian (HANK) model (solid line) and in the representative agent New Keynesian
(RANK) model (dashed line). The impulse responses are the percentage point deviations of the variables from stationary equilibrium.

Source: Authors’ calculations.
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Environment

Time is discrete and infinite, =0, 1, 2, ... .The economy is made up of a continuum of households
i € [0, 1]; a final firm; a continuum of intermediate firms j € [0, 1]; a monetary authority; and a government.

Households

Households receive utility from consumption and disutility from labor, which is divisible and indexed 0
to 1. Each period, a household makes labor supply, consumption, and saving decisions. At the beginning
of each period, each household receives an idiosyncratic labor productivity shock z, determined according
to a discrete Markov process with transition probability matrix P: (z'|z). Households borrow up to a
borrowing constraint ¢.. To simplify notation, we avoid explicitly denoting each household with i.
Hence, the household consumption saving decisions are captured by the solution of the following program:

Al) (bt’St’kt’Zt) " 1,ST?§,'1 ’C”(Ct) ( )+B]E‘ ( 1o Kiss Z H—l)bt’Zt]
subject to
A2) ¢ +b, 48,k =(1-1)-zWn +R -b+T, +Ms +(1-8)k, +r'k,

qia

A3) b1+ Ser1+ ki1 > (I)a,

where ¢ is consumption, 7 is labor supply, « is assets, » and w are real interest rates and wages, z is
idiosyncratic productivity shocks, s, =5,9, ,, and T is a labor tax. Aggregate transfers (and therefore
each household’s transfer) 7; are set as a fraction of total output. Labor supply is such that households
equate the marginal utilities of consumption and labor.

Hence, the intratemporal labor—consumption margin is
Ad) u'(c) - siWi- (1 —1)=V'(ny).

The first-order condition with respect to a+1, s«+1, and kw1 is

AS) 1-p, =E, {B”u((cc )) R,’;},

i ! C +(1=1)-D
A6) 1-p, =E, Buu,((gl)).q’” ( p ) t+1:|,
t t

A7) 1-p, B, | ple: )(Rk 6)}’

t u;(c ) t+1
t

where i, is the Lagrange multiplier associated with the borrowing constraint. We solve an equivalent
problem with a; = b; + s; + ks, hence,

AB) V( a, z): max u(c,)—v(nt)+BE[V(aHl 4> t]

A5 156

1"



subject to
A9) c;+a,+1=(1—r)'thzn;+R;'a;+ Tz,

A10) arn = da,

with
Rt+l = Rtb+l H
R,H _ 4 + (1 - T) 'Dt+1 ,
4,
Rz+1 = Rzk+1 —&.
. . eqeq . . * (1 - T) : D*
Note that in the stationary equilibrium, the second equation becomes g = A

Final firm

The output of the final good producer is Y, which combines a continuum of intermediate goods y;
according to

1
All) Y, = (jo y;itdj)“ ,
where 1/u is the elasticity parameter across the continuum of intermediate goods. The static profit
maximization problem of the final firm yields the demand for intermediate goods:

p

A\
w3

t

1 I
| [
where P, = [IO P d]} .
Intermediate goods producers problem with indexation

The intermediate goods producers solve the following problem:

» s—t *X
Al3)  max > B (1-6) [pt 7 =y, W, _”skk_/,s]

P> nj,x’kj,y’yj,x} _ s=t

s=t N
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subject to

s
pX |
yj,s :{ R J )/S’
Vi = Zk* nt*

J.s'Tj,s 0
X, =1

Xt,s = H}Zf (1 + T, )Lp (1 +,

t+1

1—1
) Tos=t+1t+2, ...

First, minimize the cost statically. Hence, solve

Al4)  min _ Wn, +r'k

{nj"’klﬁ’yj,v}&:[ _i,.Y
subject to
a l-o _
AlS) ZK'n @ =y, .

The two first-order conditions (FOCs) are

a-l_1l-a _ _k
Y 0Lk =T

N

V. 2k (1—o)n % =W,

where vy is the Lagrange multiplier on the constraint. Hence, we rewrite the FOCs as
k
Yj,sa'yj,s = rs kj,s’
Yj,syj,s (1 - (X,) = VVsnj,s'
By summation, we get

_ .k
Yj,syj,s - rs kj,s + anj,s'

Notice that the capital-labor ratio is the same across firms because it depends on only aggregate

quantities and parameters (we take the ration between the two FOCs):

kj,s o K

— k'
n, l-or

The production function can then be written as

(o wY)
Vis= o s

We substitute the first two equations to get

© s—t *X
Al6)  max ZB“*‘ (1-6) [p fP —v‘,,sJy,‘,s

Py ,{J//,S} s=t N

s=t

13



subject to

X, =1,

tt

X, = (1 T )11, (1 +1,

t+l

1-
) Vos=t+1t+2, ...

The first-order condition with respect to p;, is

" B % * L71
iﬁs_t (1_ e)s—t Xt,s b, Xt,s o + Py Xm- -y H P Xt’s o Y =0
Pl P P ")l-ul P S

s=t N s

B
which after dividing by (p; )i+ further simplifies to

L « -1
o s—t X, s X -n o H szz s
s—t 1—9 > t.s 1 _ > Y :0’

s=t s

which becomes

-1
© X X X, \w * (X Ve X 1
*—] s—t 1— 6 s—t t,s “ t,s t,s Y = s—t 1— 6 st t,s t,s
I R E NS S SN E S

S

Hence, we have that

u o

o _ X N\t 0 X
s—t 1 _ e st t,s Y — * s—t 1 _ e s—t t,s t,s Y
D> B(1-8) w(—PJ p’;B (1-6)" —= (—PJ

S N

or equivalently,

n

st X[v E
STREA
=

*

b,

N

- .
o s—t st Xt s E
LB (1-9) [ P j Y,
e
After dividing everything by P; and multiplying by (E /P )1—u =1 the right-hand side, the latter

expression becomes

n

= EXIS E
R A
Al7) 2oy :

t

1 2

s—t Ptth E
S0y fe

N

which is the New Keynesian Phillips curve (NKPC) under Calvo with price indexation.

14



Recursive New Keynesian Phillips curve with indexation

Define

L

- L (BX, )
B'=2 B (1-0) t( e Jl Ty,

and

Following McKay, Nakamura, and Steinsson (2016), we have

_r
P’

s,

This equation can be expressed recursively as follows:

B
PtXt,tH I
I

A
B+I H

P’ =tht+l3(1—9)£

+1

1
PX -u
B’ =Y, +B(1- 9)[})—”“] TR

t+1

where
lflp
X, o=(14m)" (1w, )

Aggregate price with indexation

The aggregate price level is given by

I e L1 I
{Ip},,“df} {epz Hr(1-0)[ Pt |

. . x\1-t .
By substituting p,, =p,,, (1+ ﬂ:H)l” (l+nt) " =p;,4X,,»We obtain

1 1 1

*

1
Pz - ep et (1 ethlHt'[ptlludjﬂ

which can be further simplified to

_\‘_
=

B
4 (1-0) X, MR
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1

We divide everything by P,l_?“ to get

or equivalently,
il o

p o
1+m, =0 (1+nt)?’ +(1-0) X,
This yields an expression for inflation:

1

(1-0) X,

t
1

YEN
1—o| 2|
5

Dispersion of prices law of motion with indexation

I+m, =

We now derive the aggregate dispersion of prices, after pushing it one period forward:

u

_ pj,t+1 E .
Sia —J{?j dj

o 1

P | =" R
cL T (1-0) X EE (147, ) 76 S,

t,t+1

* 7 n -
= e(pm Jl " +(1_9)th,t_rl (1+n’+1)_1uuj.{]}i’t]l de
t
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Note also that

o

. I-p
~ | Ydj,

fra-]|%

where J.y dj = ij“ n'"“dj; hence,

Jt /f

N
J 2k nidj = I[p”j Ty =Sy,

t

Vys =Vl kY,
Finally, note that y; =y, which implies that
[35udi =0t [, i +4 )W, [, dj =4, rE K+ N,
Government budget

The government budget constraint is B,,, +tD, + rJ. zWndA=RB +G, +T,

where A is the cumulative distribution function (CDF) of agents, with associated probability density
function (PDF) A.

Market clear
In equilibrium the labor market clears
[zndA=N,
The bond market clears
[adA=B +[sdA+K =B +q, ,+K,
where
[sdn=[5q,dN=q, [5dNA=q, S=q,.,
The aggregate dividend is given by
D, =Y,-WN,-r'K,=(1-v,S,)Y,,
and the resource constraint is as follows:

Ct+It+Gt:Yt.
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Stationary equilibrium

In the stationary equilibrium, all aggregate quantities are fixed and inflation is equal to the exogenous
target 1. We have that

P =Yuy + B(1 - 0)P*,
PB=Y+B(1—0)PE.

This implies that

p P!
popr M

which is the usual rule for markup over marginal cost. In the steady state, we have

1-p

which becomes

1
New (1-0) (1477 )w
l_e(p?jwz( )

yielding this expression

Therefore, we have that

Also, in the steady state,

*N—p
S:(p—J o
P

Given the guess for R and N, we find capital, wage, and Y such that
yoaSY = K,

v(1 —a)SY = WN.
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Combining these equations, we get that

o N

T1-a R-1+6
Combining this equation with SY =y '#K + y ' WN, we obtain the labor share:
SY=v"'(1 -a) 'WN.

Finally, integrating the production function, we obtain

sy=[-% W N
l—a R—-1+6

which leads to

1 o

W =(y)re o= (1- ) (R—1+8) e
Solution method

The model is solved with global methods. For the stationary equilibrium, we guess the interest and aggregate
labor and then solve for the household policy functions, calculate the corresponding transition matrix and
population ergodic distribution, and then compute the implied aggregate quantities. We search for the
implied aggregate quantities that match the guesses using the Levenberg—Marquardt algorithm. For the
unexpected shocks, we fix a long enough time horizon and guess paths for interest rates and the firms’ total
costs. Given the guesses, we compute the corresponding policy functions period by period in the backward
phase and adjust the guesses in the forward phase by clearing all markets. We repeat this until adjustments
to both guessed paths are numerically small.
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