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Motivation

® Slope of Phillips curve a key ingredient in monetary policy analysis

® In sticky price models pinned down by fraction of price changes, n

® Data: fraction of price changes increases with inflation

— Gagnon (2009), Alvarez et al. (2018), Blanco et al. (2024)



Evidence from the U.S.
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® Source: Nakamura et al. (2018), Montag and Villar (2023). Fraction quarterly.

® Inflation computed using CPI without shelter (year-to-year changes).

» extensive margin decomposition



Motivation

Slope of Phillips curve a key ingredient in monetary policy analysis

In sticky price models, key determinant: fraction of price changes, n

Data: fraction of price changes increases with inflation

— Gagnon (2009), Alvarez et al. (2018), Blanco et al. (2024)

How does slope fluctuate in U.S. time series?

— answer using model that reproduces this evidence



Existing Models
® Time-dependent models

— widely used due to their tractability

— constant fraction of price changes

® State-dependent (menu cost) models

— less tractable: state of the economy includes distribution of prices

— calibration consistent with micro price data: fraction nearly constant

® We develop tractable alternative with endogenously varying fraction

— multi-product firms choose how many, but not which, prices to change

— exact aggregation: reduces to one-equation extension of Calvo



Our Findings
® Our model predicts highly non-linear Phillips curve
— slope fluctuates from 0.02 in 1990s to 0.12 in 1970s and 1980s

® Mostly due to a feedback loop between fraction and inflation

— inflation accelerator

— inflation more sensitive to changes in fraction when inflation is high

® Absent feedback loop slope increases to only 0.04 in 1970s and 1980s



Model



Consumers

Life-time utility

Et Z ﬁt (10g Ct — ht)

t=0

Budget constraint

1
Piey + T+ Bt+1 Wihy + Dy + By

Monetary policy targets nominal spending M;

log Myy1 /My = p+ €441, €141 ~ N (0,07)

Log-linear preferences imply Wy = P,C; = M,
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Technology

® Multi-product firms i sell continuum of goods k each

— final good sector competitive:

6
1 1 o—1 —1
Ct =Yt = </ / (yine) @ dkdi)
0o Jo
— demand for individual variety:

P\’ 1ol b=
Yikt = < ; ) Y, Pt = (/ / (Pikt)l_e dkdl)
t o Jo

— each produced with DRS technology yikt = (Likt)”




Firm Problem

® Real discounted flow profits of firm ¢

1 1 P\ X -5 1
—_— Pirryire — TWili ) dk = [ == — d g
Py /0 ( ktYikt — TWy Ict) (Pt> T ( j2) ) Yi

— flow profits depend on two moments of its price distribution

1 =% 1 o -
Py = (/ (Pie)'™° dk) and X = (/ (Pige) m dk:)
0 0

<3

. . . \2 . _
® Firm chooses fraction of price changes n;, cost % (nig —n)" ifnyg >n

— but not which, so history encoded in two state variables, P;:—1 and X;:—1

1
—eg Py= (nit (Pﬁ)l_e + (1 —na) (Pit—l)l_e) e
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Symmetric Equilibrium

® Let p; = P} /P, vy = Xy /Py, 1y = P/ Py

® Optimal reset price similar to Calvo, except n; varies

B ) TT 0 ) () bou
s=0

j=1

(pp) 06D

t s

nEtZﬁSH(l—ntﬂ)(ﬂtﬂ)G_l } b1y
0

s= Jj=1

® Fraction of price changes

§ne—m) = bas (1) = (7)) = 7bar ()77 = (w2m0) 7 (m))

change price index reduce misallocation
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Symmetric Equilibrium
Inflation pinned down by the definition of price index

1=n(p}) "+ (1 =) (m)" ™

Losses from misallocation

_e b _e 0
(ze) " =ne(py) " + (1 —ne) (1) 7 (me)"
Model reduces to one-equation extension of Calvo

— as & = 00, nty = n so our model nests Calvo

Unlike Calvo, important non-linearities so solve using global methods

— third-order perturbation reasonably accurate
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Steady-State Fraction of Price Changes
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Fraction of price changes increases with inflation
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Steady-State Output and Productivity
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e Inflation less distortionary in our model

— because more frequent price changes, as in menu cost models
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Slope of the Phillips Curve
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Parameterization
® Assigned parameters

— period 1 quarter, 3 =0.99, 6 =6,n=2/3

® (Calibrated parameters

— mean and standard deviation of nominal spending growth p and o

— fraction of free price changes 7 , price adjustment cost &

® Calibration targets

Data Model
mean inflation 0.035 0.035
s.d. inflation 0.027 0.027
mean fraction 0.297 0.297
slope of ny on || 0.016 0.016
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15

Fraction of Price Changes

® Use non-linear solution to recover shocks that reproduce U.S. inflation
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® Reproduces fraction well, except post-Covid

— many price decreases due to sectoral shocks

» extensive margin model



Towards the Slope of the Phillips Curve

First order perturbation around equilibrium point at each date ¢

— hats denote deviations from equilibrium at that date

Aggregate price index:
) 1 -1 11 —n)alt
Tt = -1 ne + -1 Dt
(1 —n¢)m f-1 (1 —n¢)m

Mt Nt

Elasticity NV; to reset price: identical to Calvo

— increases with n¢, decreases with 7 (lower weight on new prices)

Elasticity M, to frequency: zero if m; = 1, increases with inflation
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Intuition

® Why is inflation more sensitive to changes in n; when inflation is high?

1 S |

(l—nt)ﬂ'f_l 0—-1

M,

® Inflation = average price change X fraction of price changes
— m = 1: average price change = 0
o so fraction inconsequential
— ¢ is high: average price change is large

o so An: increases inflation considerably
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Inflation Accelerator

® Recall aggregate price index

it = My + Nip;

— elasticity M, increases with inflation, zero if m, =1

® Optimal fraction of price changes

. R . R ng —N»
fy = Aty + Bipy — Cede—1 + ¢ b1t

Ny

— elasticities A; and B; also increase with

® Feedback loop amplifies inflation response to changes in reset price

P M B, +./\/—15A*_ M. Cy P n M; nt_ﬁi)
T MA Y T TS MATT T T MA
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Slope of the Phillips Curve

® Let mc; = %g}t aggregate real marginal cost

Wt:’Ctmct+...

® Slope of the Phillips curve

1
1 ! B
146 (5 _ 1) 2t t At
horizon
complementarities

reset price

® Absent endogenous frequency response (A; = B; = 0)

1
1
Ry =

1 0—1
_ " Yy " 1-(1 nt);rtl
1—}—0(%—1) b2t (1 —ng)m™

N
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Time-Varying Slope of the Phillips Curve
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Ranges from 0.02 to 0.12, mostly due to inflation accelerator
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Sacrifice Ratio

® Calculate decline in annual output needed to reduce 7w by 1% over a year

our model calvo model
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Ranges from 0.4% to 1.4%, opposite of Calvo
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Inflation and the Sacrifice Ratio
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Robustness
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Eliminate Strategic Complementarities
® Set nn = 1, recalibrate model

Targeted Moments

Data 0=6 0=3
mean inflation 3.517 3.517 3.517
s.d. inflation 2.739 2.739 2.739
mean fraction 0.297 0.297 0.297
slope of ny on |m¢| 0.016 0.016 0.016

Calibrated Parameters

0=6 0=3
1 mean spending growth rate 0.035 0.035
o s.d. monetary shocks 0.019 0.018
n  fraction free price changes 0.232 0.227
¢ adjustment cost 0.365 0.109

® Smaller price adjustment costs because less curvature in profit function
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Slope of the Phillips Curve
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Larger absent complementarities, but fluctuates as much
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Taylor Rule

® Replace nominal spending target with Taylor rule
) 1-9;
1+i,  (1+400\" (ﬂ)¢’" v \” y
1+ \ 1+i T Vi1 !

® Two versions

— wu¢ shocks iid

— serially correlated with persistence p to match autocorrelation inflation

® Use Justiniano and Primiceri (2008) estimates

— i = 0.65, ¢ = 2.35, ¢, = 0.51
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Calibration of Economy with a Taylor Rule

Targeted Moments

Data p=0 p>0
mean inflation 3.517 3.517 3.517
s.d. inflation 2.739 2.739 2.739
mean fraction 0.297 0.297 0.297
slope of n¢ on |m¢| 0.016 0.016 0.016
autocorr. inflation 0.942 0.913 0.942

Calibrated Parameters

p=20 p>0

logm inflation target 0.040 0.037
o s.d. monetary shocks x100 2.626 0.551
p persistence money shocks — 0.685
n fraction free price changes 0.241 0.241
I3 adjustment cost 1.671 1.688
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Our results robust to assuming a Taylor rule
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Conclusion

® Data: fraction of price changes increases with inflation

® Developed tractable model consistent with this evidence

— firms choose how many, but not which prices to change

— reduces to one-equation extension of Calvo

® Implies slope of Phillips curve increases considerably with inflation

— partly because more frequent price changes

— primarily due to endogenous frequency response — inflation accelerator
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Losses from Misallocation

6

— * -6 * _6
(Xit4s) " =Nitgs (Piprs) " + (1 — Nirgs) Nitgs—1 (Pigrs—1) 7 + -+

£

+ H — Ntgg) i (Pi) ™ g + H — Nitts) (1 — nae) (Xog—1) ™7
Jj=1
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Steady-State Output and Productivity

y— 1—ﬂ(1—n)7r% n 01
Y _nl_ﬂ(l—n)ﬂﬂ—l (1_(1_n)ﬂ_9_1>

(1=t (=t
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Role of Extensive Margin

® Decompose m; = Auny into two components

— A, : average price change conditional on adjustment

— ny : fraction of price changes

® Isolate role of each using Klenow and Kryvtsov (2008) decomposition
— intensive margin: Tr,? = Ain
— 7n : mean fraction of price changes
— extensive margin: 7f = Any

— A : mean average price change
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Role of Extensive Margin: Data
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Montag and Villar (2024)

® Argue that extensive margin plays no role post Covid

e Same decomposition but set 7 and A equal to January 2020 values

— due to seasonality, unusually large n and low A

e Illustrate fixing 7 and A at January 2020 values
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Role of Extensive Margin using January 2020

intensive margin extensive margin
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Role of Extensive Margin:
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Model
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Model Overview

® Continuum of multi-product firms

— each sells continuum of goods
— decreasing returns labor-only technology

— cost of changing prices

® Monetary policy targets nominal spending

— only source of aggregate uncertainty

® Golosov-Lucas log-linear assumptions on preferences
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Consumers

Life-time utility

Et Z ﬁt (10g Ct — ht)

t=0

Budget constraint

Picy + e Bt+1 = Wih¢ + Dy + By

Monetary policy targets nominal spending M,

log Mt+1/Mt =p+epq1, €41 ~ N (0,0’2)

Log-linear preferences imply Wy = M,

41
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Final Goods Producer

® Final good used for consumption, produced using CES aggregator

11 .- 7o
Ct =Yt = (/ / (Yire) © dkdi)
o Jo

— yike output of good k produced by firm ¢, sold at price P

® Demand for individual product

1

P -0 1 pl =
Yikt = (”“) y;,  where P, = ( / / (Pikt)ledkdz)
P o Jo
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Intermediate Goods Producers

® Individual goods produced with decreasing returns technology
Yire = (Line)"

— n < 1: micro-strategic complementarities in price setting

® Nominal flow profits of firm ¢ from producing product &
Pityine — TWilige

— subsidy to eliminate markup distortion 7 =1—1/6

® Real flow profits of firm ¢

! Pyt - Wi [ Pik o
! - T— ! 7 dk
/o ( P > TR < P > v
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Price Adjustment Costs

® Firm chooses fraction of prices to change n;; € [0,1]

— but not which prices to change (similar to Greenwald 2018)
® Price adjustment cost, denominated in units of labor
N2 . _
i(nit_n) , ifng>n

— when £ — 0o, model collapses to Calvo with constant frequency 7

e If adjust P = Pj;, otherwise Py = Pigr—1
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Within-Firm Misallocation

Firm-level output y;; and labor [;

1 s 7 1
it = ( / (ymwdk) and = / lixedk
0 0

Firm production function
0
Xit
it = lir)"
Yit < Pit) (lit)

Depends on firm price index P;; and losses from misallocation Xj;;

1 = 1
Py = (/ (Pot)° dk) and Xit = (/ (Pikt)_% dk)
0 0

Absent price dispersion X;;/P;; = 1, otherwise X;; /Py < 1

45
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Firm Problem

® Choose reset price P;; and fraction of prices to change n;; to maximize

2]

- s Pit+s -0 Xit+s 1 5 _\2
A (A I A R
t 0 ’ ( Py > i Py Yis 2 (it n)
s= | —

repricing costs

sales labor costs

® Choices at t affect firm price index and misallocation at all future dates

1-0 1-6
)

(PiH_S)l_e = Nitys (Piiys) + (1 — nitts) Nitrs—1 (Pieys—1 +-

+ H — Nitt;) it (Pry) 1 “+ H — Nitg5) (1 — nat) (Pit—1)179

® History encoded in two state variables: Py and X;; 1

— exact aggregation because adjustment hazard does not depend on Pigi—1
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Optimal Reset Price

® Optimal reset price

AL
P 7 b1t

® Depends on present value of revenue and marginal costs

— weighted by the probability that a price is still in effect at a future date

P . 6—1
bm_x@tzﬂ [T - (B2)

= -1
P 0
s\" 1
baie = E¢ Z/B H — Nit4j) ( }t?t ) (Y+s)m
j=1

® Similar to Calvo, except n;; time-varying
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Optimal Fraction of Price Changes

® Equate marginal cost to marginal benefit

B o 1-0 P\ it K
& (niy — 1) = brat ((Pt) —( 2 > )—TbQit ((Pt> _(

® Marginal benefit

— changes firm price index
— and reduces misallocation

— weighted by the same terms bi;+ and bg;; that determine Pjj
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Symmetric Equilibrium

® Since firms are identical, in equilibrium P} = P}, ny = ny, . ..
® Going forward: p; = P;/My, p; = Pf /My, 2y = X/P, and 1 = Py /P4

® Equilibrium conditions

I

. * 1+6(L -1

— reset price: 2t = (L1b2e) 1t -1
Dt n b1t

— fraction of price changes:
w\1-0
N\ P
E(mfn)—bu((ﬁ) *(

a\1-0
— price index: 1 =n; (%) +(1—ng)wf?

A=
~—
i
|
>
N—
|
\]
>~
V]
&
VRS
/N
B[3,
N—
|
EIES
I
/
8
3=
1
_
~—
3|
N—

_e P _o o
. . n
— losses from misallocation: x, " = n (z—tt) + (1 —ne)z, ]
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Computation

Model collapses to one-equation extension of Calvo

— the additional equation determines the fraction of price changes

— as & = 00, ny = n so our model nests Calvo

Two state variables

— previous period price: s = Pi—1/My = pr—1/ exp(u + €¢)

— previous period misallocation: x;—1

Do not need to keep track of joint distribution of these variables

— because firms are ex-post identical

Solve the model globally, but third-order perturbation reasonably accurate
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Parameterization
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Calibration Strategy

® Assigned parameters

— period 1 quarter so = 0.99

— demand elasticity 8 = 6 and span of control n = 2/3

® (Calibrated parameters

— mean and standard deviation of nominal spending growth p and o

— fraction of free price changes n and price adjustment cost &

® (Calibration targets

— mean and standard deviation of inflation
— mean fraction of price changes

— slope of fraction of price changes on absolute value of inflation
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Calibrated Parameters

Targeted Moments

Data Our model Calvo
mean inflation 3.517 3.517 3.517
s.d. inflation 2.739 2.739 2.739
mean fraction 0.297 0.297 0.297
slope of n¢ on |m¢] 0.016 0.016 -

Calibrated Parameters

Our model Calvo
1 mean spending growth rate 0.035 0.035
o s.d. monetary shocks 0.022 0.022
n  fraction free price changes 0.241 0.297
¢ adjustment cost 1.767 -

® Price adjustment costs account for 0.65% of all labor costs
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Steady State Analysis
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Overview

® Show how steady-state outcomes vary with trend inflation

® Responses to monetary shocks

® Derive Phillips curve
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Fraction of Price Changes

Let m = exp (1) denote level of trend inflation

— variable without ¢ subscript is value in non-stochastic steady state

Steady state fraction of price changes n

_ 1 1 - 1-(1—n)n’" o
g(n_n)zlﬁ(ln)w9—1n<l_ﬂﬁ 1—7'77(—n7r%(1—7rw)

Marginal cost linearly increasing in n

Marginal benefit
— absent trend inflation (i.e. # = 1), marginal benefit is zero and n = 7
— when 7 > 1, decreasing in n
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Fraction of Price Changes
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Fraction of price changes increases with inflation
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Output and Productivity
0.45 fraction of price changes output productivity
.45 1
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e Inflation less distortionary in our model

— because more frequent price changes, as in menu cost models
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Real Effects of Monetary Shocks

® Response to 1% monetary shock

— in economies with 0 and 10% trend inflation

— compare to economy with steady-state frequency as our model, but £ = co

® Focus on output response

— M, = Py, so output response depends on how sticky prices are
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Understanding the Result

Small jump in frequency has large effect on price level

To see why, log-linearize expression for aggregate price index
X 1 a1 +1—(1—n)77‘9_1(A* 50)
T = n R A — —
t (1—71)71'9_1 -1 t (1—71)71’9_1 Dy Y43
| S —
M N

Elasticity A to reset price changes: identical to Calvo

— decreases with inflation (lower weight on new prices)

Elasticity M to frequency: zero if 7 = 1, increases with inflation

— so price level more responsive to changes in n at high inflation
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Intuition

® Why is price level more responsive to changes in n at high inflation?

® Inflation = average price change X fraction of price changes

— m = 0: average price change = 0 so fraction inconsequential
— m = 10%: average price change is large

o so An increases price level considerably

o mechanism in Caplin and Spulber (1986) menu cost model

® Prices even more responsive to large shocks

— strong non-linearities, as in menu cost model
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Inflation Accelerator

® Expression for price index: higher frequency increases inflation
7t = Mng + N (p; — pr)

— elasticity M increases with inflation, zero if 7 = 1

® Optimal frequency increases with inflation

N . s R . n—mn:
ny = Afty + B (p; — Pr) — Ceq + b1t

— elasticities A and B increase with inflation, zero if 7 = 1

® Feedback loop amplifies inflation response to changes in reset price

G MBAN L MC L M oy
T MmA P TP T T AT T T T MA “
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Phillips Curve

Let me, = %g}t, can derive Phillips curve: 7, = Kme, + . ..

Slope of the Phillips curve

1
K= ——F—~« x (1—ﬁ(1—n)ﬂ-%)
140 (% - 1)
\ , horizon effect

complementarities
If £ = 0o, reduces to slope in Calvo

R =

. A
o) (1-Ba-mxt) x

MB+N

1-MA
———

reset price

1—(1—n)r??!

(1 —n)md-1

N

Difference between K and  captures inflation accelerator
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Slope of the Phillips Curve
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Much steeper at high inflation, mostly due to inflation accelerator
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Phillips Curve in the Time-Series
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Approach

® Use non-linear solution to back out shocks that match U.S. inflation series

o= P2t
' exp(ute)

— initialize 1962 in stochastic steady state

® Derive Phillips curve by perturbing equilibrium conditions at each date
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Fraction of Price Changes

inflation fraction of price changes
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Reproduces fraction well, except post-Covid

output gap extensive margin model
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Perturbation of Equilibrium at Each Date

® First-order perturbation around equilibrium point at each date ¢

— nominal spending growth rate at ¢ is p; = p + &4
— consider additional shock &, so that fix = pu + &+

— let 7y = log 7+ — log 7+ be log-deviation from original equilibrium point

® Log-linearize aggregate price index

1 | 1—(1—nynai?! 5
(1—ny)r/™" 01 1—ngmt

My Ny

Ty =

® Log-linearize expression for optimal fraction of price changes

ng—n

ny = Autty + By (p; — Pe) — CeZp—1 + " Bu
t
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Slope of the Phillips Curve

® Slope of the Phillips curve

K, = 1 « i M B + Ny

1+9(})—1> by T MA

® Absent endogenous frequency response

1

g 1—(1—ng)m
=L W 1ZUom)m
1+9(%71) b2t (1 —ny) my
N

® The difference K; — x; captures the inflation accelerator
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Time-Varying Slope of the Phillips Curve
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Ranges from 0.02 to 0.12, mostly due to inflation accelerator
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Time-Varying Slope of the Phillips Curve
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In Calvo model slope falls in periods of high inflation
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Implication 1: Time-Varying Responses to Shocks

® Consider response to 1% shock in 1995 (low 7;) and 1980 (high ;)
® Build intuition by computing log-linear approximation

— repeat setting M; = 0 to isolate inflation accelerator

1995 1980
1 1
——our model
—_—M, =0
0.8} J
0.6
=X
0.4}
0.2}
0F .
0 5 10 15 20 0 5 10 15 20

quarters quarters
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Implication 2: Sacrifice Ratio

® Time-varying slope: reducing inflation less costly when inflation is high

® (Calculate average drop in output needed to reduce m by 1pp over a year

our model calvo model
1.6 T 1.6 T T
14 14}
1.2 1.2+
1 1t
=
0.8 0.8+
0.6 0.6+
0.4 04+
0.2 - - - 0.2 - - -
1960 1980 2000 2020 1960 1980 2000 2020

Ranges from 0.4% (high inflation) to 1.4% (low inflation), opposite of Calvo
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Inflation and the Sacrifice Ratio

1.6 : : : :
o 20234
° 1.2+ S .
+=
=l _
b}
é 0.8
§ 0.6 ‘.
“ 2022q1
0.4r 1980q 1
0.2 : : : :
-10 -5 5 10 15
inflation
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Robustness
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Two Robustness Exercises

® Eliminate strategic complementarities

— set n = 1 and recalibrate model with 6 =6 and 8 = 3

— slope of Phillips curve is larger, but fluctuates as in baseline

® Taylor Rule monetary policy

— replace nominal spending target with Taylor rule
— slope of Phillips curve as in baseline
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