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Non-technical summary

Research Question

Recent empirical evidence points to two important developments in several advanced
economies since the start of the coronavirus pandemic. First, there has been an upward
shift in uncertainty. Second, micro price data and survey data suggest that the frequency
of price adjustment has increased and is more highly correlated with inflation. In a
theoretical model, we relate the increased flexibility in price setting to the rise in economic
uncertainty facing firms. More specifically, we investigate whether firms’ investment in
price flexibility can dampen the output losses associated with supply disruptions. The
literature has shown that firm exit worsens the downturn resulting from an adverse supply
shock when firms keep their prices unchanged. Crucially, the literature up to now has
treated the degree of price flexibility as given.

Contribution

We argue that, in a regime of high productivity uncertainty, more firms are likely to
invest in their capacity to adjust prices flexibly. Thus, we allow for a variable degree
of price flexibility in a general equilibrium model with firm/product entry and exit. In
our model, we first show that the degree of price adjustment depends on productivity
uncertainty. Second, we show how productivity uncertainty shapes the transmission of
supply shocks. We also use our framework to study the consequences of monetary policy
uncertainty.

Results

Our model predicts that, when productivity uncertainty is high (such as during the
Covid-19 pandemic or the Ukraine war), a larger share of firms change their prices each
period, making price setting more flexible and firms more resilient to adverse supply
shocks. Consequently, when such a shock hits, fewer firms exit the market than would
under predetermined price flexibility. As a consequence, firm dynamics, and thus prod-
uct turnover, play a much smaller role in the transmission of supply shocks compared to
a regime where uncertainty is low. Uncertainty regarding monetary policy has similar
effects as does productivity uncertainty. Our framework thus uncovers a hitherto unex-
plored channel of monetary policy. We show that higher monetary policy uncertainty
can be welfare-improving when productivity shocks are large.



Nichttechnische Zusammenfassung

Fragestellung

Die jüngste empirische Evidenz deutet darauf hin, dass sich seit Beginn der Coronapande-
mie in mehreren Industrieländern zwei wichtige Entwicklungen vollzogen haben. Erstens
hat die Unsicherheit zugenommen. Zweitens legen Mikropreisdaten und Umfrageergebnis-
se den Schluss nahe, dass Preise nun häufiger geändert werden und die Preisanpassungs-
frequenz stärker mit der Inflation korreliert ist. In einem theoretischen Modell wird die
flexiblere Preisgestaltung mit der höheren Unsicherheit, der die Firmen ausgesetzt sind,
in Beziehung gesetzt. Konkret wird untersucht, ob Investitionen der Unternehmen in eine
höhere Preisflexibilität die mit den Angebotsschocks verbundenen Output-Verluste dämp-
fen kann. In der Fachliteratur wurde aufgezeigt, dass Marktaustritte von Unternehmen
den durch einen Angebotsrückgang hervorgerufenen Abschwung verschärfen, wenn Un-
ternehmen ihre Preise unverändert lassen. Entscheidend hierbei ist, dass in der Literatur
bislang ein gegebenes Maß an Preisflexibilität zugrunde gelegt wurde.

Beitrag

Die vorliegende Arbeit erörtert, inwieweit in einem von hoher Produktivitätsunsicher-
heit geprägten Umfeld mehr Unternehmen in ihre Fähigkeit investieren dürften, flexible
Preisanpassungen vorzunehmen. Zu diesem Zweck wird in einem allgemeinen Gleichge-
wichtsmodell mit Markteintritt und Marktaustritt von Unternehmen ein variables Maß
an Preisflexibilität zugelassen. Zunächst wird gezeigt, dass der Grad der Preisanpassung
von der Produktivitätsunsicherheit abhängt. Als nächstes wird untersucht wie die Pro-
duktivitätsunsicherheit die Übertragung von Angebotsschocks beeinflusst. Wir verwenden
unseren Modellrahmen auch, um die Folgen geldpolitischer Unsicherheit zu untersuchen.

Ergebnisse

Unser Modell sagt voraus, dass bei hoher Produktivitätsunsicherheit (wie während der
Coronapandemie oder des Ukraine-Krieges) mehr Unternehmen ihre Preise laufend anpas-
sen, was die Preissetzung insgesamt flexibler und Unternehmen widerstandsfähiger gegen
negative Angebotsschocks macht. Folglich, wenn ein solcher Schock eintritt, scheiden we-
niger Unternehmen aus dem Markt aus, als dies bei zuvor festgelegter Preisflexibilität der
Fall wäre. Infolgedessen spielen Unternehmens- und Produktdynamiken eine viel geringe-
re Rolle bei der Übertragung von Angebotsschocks im Vergleich zu einem Umfeld, in dem
die Unsicherheit gering ist. Geldpolitische Unsicherheit hat ähnliche Auswirkungen wie
Produktivitätsunsicherheit. Unser Modell deckt somit einen bisher unerforschten Kanal
der Geldpolitik auf. Wir zeigen, dass eine höhere geldpolitische Unsicherheit wohlfahrts-
verbessernd sein kann, wenn Produktivitätsschocks groß sind.
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1 Introduction
Recent empirical evidence suggests that the frequency of price adjustment has risen in
the wake of several large adverse shocks. In this paper, we relate the increased flexibility
in price setting to the rise in economic uncertainty that firms face. We argue that, in a
regime of high productivity uncertainty such as the Covid-19 pandemic or the Ukraine
war, more firms are likely to invest in their capability to adjust prices quickly.1 This
investment comes at a cost but makes firms more resilient. It enhances a firm’s chances
to stay in the market when adverse shocks occur. Thus, endogenous price flexibility under
uncertainty has important consequences for firm dynamics and consequently for product
turnover.2

We formalize this idea in a general equilibrium model with endogenous price flexibility
and firm/product entry-exit. We build on the model of endogenous entry and exit by
Bilbiie and Melitz (2022). In that model, the output effects of a(n adverse) supply shock
are amplified in a sticky-price model relative to a flexible-price model. This demand
amplification is absent in the standard New Keynesian model with a constant number of
producers. In that framework, it is more costly to change prices than it is for firms to enter
or exit the market, or for multiproduct firms to stop producing certain goods.3 Here, we
endogenize the degree of price flexibility following Devereux (2006). Moreover, we capture
productivity uncertainty by considering different levels of supply shock volatility.

Our model predicts that, when productivity uncertainty is high, a larger share of
firms change their prices each period, making price setting more flexible and firms more
resilient to adverse supply shocks. Consequently, when such a shock hits, fewer firms
exit the market than would under predetermined price flexibility. As a consequence,
firm dynamics and the associated demand amplification play a much smaller role in the
transmission of supply shocks compared to a regime where uncertainty is small. This
relates to Bilbiie and Melitz (2022), who show that productivity shocks are amplified
under entry and exit – relative to the New Keynesian model – when prices are sticky.
Here, we endogenize price flexibility in a model with entry and exit for different levels of
productivity uncertainty. Our main result suggests that productivity shocks are amplified
under entry and exit – relative to the New Keynesian model – when uncertainty is low.

We also use our framework to study the consequences of monetary policy uncertainty.
Introducing money supply volatility in our model with productivity shocks brings to the
fore a hitherto unexplored channel of monetary policy. Similar to the case of productiv-

1 In a similar spirit, Hall (2023) argues that a ‘seller in a more volatile environment will adopt
policies that involve more frequent adjustments of the seller’s price, compared to one in a less volatile
environment.’

2 We use the terms ‘firm’ and ‘product’ interchangeably throughout the paper.
3 Florin Bilbiie cites flight cancellations as an example of product exit: https://twitter.com/

FlorinBilbiie/status/1545367693880090624?. Cavallo and Kryvtsov (2021) provide evidence of con-
sumer product shortages during the pandemic.
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ity uncertainty, higher monetary policy uncertainty incentivizes firms to invest in price
flexibility. This affects the transmission of supply shocks. When adverse productivity
shocks hit, exit and output losses are smaller, and producer prices respond more strongly,
under high monetary policy uncertainty.

Against this background, we discuss how aggregate welfare depends on the degree of
monetary policy uncertainty. As shown in Bilbiie et al. (2007, 2019), with endogenous
entry and standard CES preferences, the flexible-price allocation is efficient. In our
framework, uncertainty endogenously induces firms to set prices more flexibly, which
results in a market allocation closer to the social planner optimum. Nevertheless, with
very high uncertainty, larger price flexibility depresses welfare as more workers are needed
to set prices and cannot produce consumption goods. Overall, higher monetary policy
uncertainty can be welfare-improving as long as economy-wide price-setting costs do not
become too large. We show that this is the case when productivity shocks are very large.

Figure 1: Firms’ perceived uncertainty: evidence from UK survey data

Sources: Bank of England (Decision Maker Panel). Monthly data, January 2017 to December 2023.
Black solid line depicts pre- and post-December 2019 averages.

With regard to uncertainty, Figure 1 shows evidence from UK survey data. At the
monthly frequency, participants in the Bank of England’s Decision Makers Panel are
asked about their expected prices and sales one year ahead. Respondents provide a
point forecast as well as a distribution of expected outcomes. The standard deviation
of year-ahead growth is a measure of uncertainty as perceived by firms.4 The black
solid line shows the average across firms before and after December 2019. We see a
clear upward shift in uncertainty after December 2019, i.e. at the start of the pandemic.
Moreover, as the pandemic unfolded, price uncertainty and sales uncertainty move in
opposite directions. This suggests that, at first, firms were more certain about what prices
they wanted to set, but were less certain about what would happen to sales. Then, they

4 Bloom et al. (2019) explain how the Decision Makers Panel measures firm-level uncertainty.
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became more certain about how much they would sell, but less certain about the prices.
So over time, firms were more willing to change prices so as to maintain output. From
spring 2022, the survey also reports perceived uncertainty about unit cost. Comparing
unit cost growth uncertainty with price growth uncertainty before the pandemic (see right
panel of Figure 1) indicates that uncertainty about unit cost has also been more elevated
as of recent.

The Covid-19 uncertainty shock also shows up in a number of other measures, see
Altig et al. (2020). Anayi et al. (2022) show that the war in Ukraine has again pushed
up uncertainty regarding future sales and inflation, adding to the uncertainty stemming
from Brexit and Covid-19. Notably, the rise in uncertainty in light of Covid-19 and
the Ukraine War is also apparent in aggregate measures of uncertainty. For instance,
macroeconomic uncertainty in the US as measured by the index introduced in Jurado
et al. (2015) increased sharply in spring 2020, and in the first half of 2022 was still
around 20-30% above its 2010-2019 average.5

Higher uncertainty both at the firm level and the aggregate level might prevail even
once the effects of the pandemic and the Ukraine War on firms’ productivity eventually
fade. Against the background of new risks arising from climate change and the green
transition, as well as protectionism and deglobalisation, the European Central Bank’s
executive board member Isabel Schnabel discusses the risk of entering a new era of “Great
Volatility”, the possibility that “the nature and persistence of the shocks hitting our
economies remain unfavourable over the coming years” (Schnabel, 2022).

Recent evidence moreover reveals quite some (upward) flexibility in prices since the
beginning of the pandemic. Micro price data from the UK and survey data from France
show that the frequency of price changes was significantly higher, and more highly cor-
related with inflation, after 2021 than in the years before. See the update of the results
presented in Gautier et al. (2022). In 2020, the frequency of price changes in the euro
area was significantly higher than before the pandemic, see Henkel et al. (2023), who
state that ‘state dependence and ensuing non-linearities in price setting in the euro area
matter in periods of elevated aggregate volatility’. For Germany, Balleer et al. (2022)
document a significantly higher frequency of price changes in 2020 and especially 2021 in
comparison to 2018-2019. For the US, Montag and Villar (2022) report that the monthly
frequency of price changes stood at 18% in January 2022, 10 percentage points higher
than pre-Covid.

The pre-pandemic literature has found that greater volatility is associated with higher
aggregate price flexibility. In micro data underlying the US consumer price index, Vavra
(2013) shows that the standard deviation of price changes (i.e., price change dispersion)
comoves strongly with the frequency of price adjustment. He proposes increases in firm-
level volatility as a driving force that simultaneously increases both the frequency of

5 See https://www.sydneyludvigson.com/macro-and-financial-uncertainty-indexes.
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adjustment and price change dispersion. Using German micro data, Bachmann et al.
(2019) show that heightened firm-level volatility/uncertainty – measured as expectation
errors from the ifo Business Climate Survey – increases the probability of a price change
and leads to larger price changes.

A large theoretical literature considers the price setting decision of firms. According to
the strand of the literature referred to as ‘state-dependent pricing models’ (Barro, 1972;
Dotsey et al., 1999; Golosov and Lucas, 2007; Alvarez et al., 2011), a firm has a fixed
cost of changing its price (‘menu cost’). When its current price differs from its desired
price by a large amount, the firm finds it worthwhile to change its price. This implies
that sufficiently large shocks will lead to price changes. We note that these models are
about ex post price flexibility, i.e. after a shock has occurred.

Instead, the model used here entertains the notion of ex ante price flexibility. Dutta
et al. (2002) and Zbaracki et al. (2005) put forward the notion of ‘pricing capital’. They see
pricing as a strategic capability, which requires investment in human resources, computer
systems and organizational structures. The evidence in Zbaracki et al. (2004) furthermore
suggests that the costs of determining and setting the right price for a product go beyond
physical menu costs and encompass substantial managerial and customer costs as well.

Building pricing capability could take several forms. For instance, a firm may want
to move into online sales. This requires investments in computer infrastructure and IT
personnel. Gorodnichenko et al. (2018) and Rudolf and Seiler (2022) show that online
prices change more frequently than offline prices. Cavallo (2018) documents that online
competition has raised the frequency of price changes by US retailers between 2008 and
2017. Pricing decisions are increasingly made by automated algorithms, while webscrap-
ing helps monitor competitors’ prices. A related example is supermarkets introducing
electronic price displays, see Figure 2, which allow for cheaper and more efficient price
adjustment.6 Another type of investment in price flexibility are ‘price escalation clauses’.
These clauses allow firms to increase a previously agreed-upon price in the event of un-
expected cost rises, e.g. due to higher prices of raw materials or energy. Contracts with
such clauses require the expertise of lawyers. The Bundesbank’s firm survey of August
2022 shows that the proportion of firms using price escalation clauses has doubled since
2021, rising to 34%.7

We thus consider the firm’s decision to invest in price flexibility in response to a
regime change, rather than its price setting decision following a one-time shock. As an
implication, under a high volatility regime also a relatively small shock induces a large
number of firms to change prices. This prediction finds support in Arndt and Enders
(2023), who show that consumer prices respond more strongly to producer price shocks
in high (inflation) volatility regimes, while no such state-dependency is observed with

6 For a quantification of the costs investing in an electronic shelf label system, see Levy et al. (1997).
7 See https://www.bundesbank.de/en/bundesbank/research/survey-on-firms.
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Figure 2: Electronic supermarket price tag

respect to the shock size.8,9

The following models are similar to our framework: In Ball et al. (1988), firms choose
the frequency at which they change prices. The equilibrium interval between price changes
is shown to be decreasing in the variance of demand shocks. Werning (2022) adjusts
the standard menu-cost model to allow for fixed costs of changing the pricing bands.
He thereby entertains the notion that firms have to invest in price flexibility. Flynn
et al. (2023) endogenize price flexibility by allowing firms to choose a supply function,
i.e. the optimal adjustment in prices and quantities. However, they focus on demand
uncertainty.10 None of these papers considers endogenous entry/exit.

The remainder of the paper is structured as follows. Section 2 outlines the individual
firm’s choice of price flexibility, followed by the general equilibrium model with entry
and exit. In Section 3, we first show that the degree of price flexibility is increasing in
the standard deviation of the productivity shock. Then, we study the transmission of
adverse supply shocks when price adjustment is endogenous to productivity uncertainty.

8 In Benigno and Eggertsson (2023), the effect of supply shocks is also regime-dependent; in an
exceptionally tight labor market, inflation responds more strongly.

9 Using US micro price data, Nakamura et al. (2018) find that the frequency of price adjustment
rises with the inflation rate. Similar evidence is reported by Gagnon (2009) for Mexico and Alvarez et al.
(2018) for Argentina. This supports the view that firms’ price setting behavior depends on the aggregate
volatility that the firm is confronted with.

10 The model in Gasteiger and Grimaud (2023) also features an endogenous degree of price flexibility,
which is, however, not micro-founded. Kurozumi (2016) analyses the determinacy properties of a Calvo
(1983) model with endogenous price stickiness.
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Third, we illustrate how entry-exit affects the transmission of supply shocks – relative to
the New Keynesian model with a fixed number of products – in an environment where
the degree of price flexibility can change. Finally, we discuss how the shock transmission
mechanism depends on the demand elasticity. In Section 4, we discuss monetary policy
uncertainty and its welfare implications. Section 5 concludes.

2 Model
We develop a model in which firms face aggregate productivity uncertainty. Firms must
decide ex ante whether or not to invest in price flexibility, subject to an idiosyncratic
cost of doing so. Once productivity is realized, firms decide whether of not to produce.
Production is subject to a fixed cost, which pins down profits and the number of producers
in equilibrium. The two decisions, investment in price flexibility and the production
choice, jointly determine the aggregate degree of price flexibility.

The timing in the model is as follows.

1. Potential producers learn their idiosyncratic cost of investing in price flexibility;
they decide whether or not to become flexible price setters.

2. An aggregate productivity level is drawn.

3. Flexible-price firms reset their prices. Sticky-price firms keep prices at their prede-
termined level.

4. Firms decide whether or not to produce. Those firms with non-negative expected
profits choose to produce and incur a fixed cost of production. This determines the
equilibrium number of producers.

In Section 2.1, we show how price flexibility is determined as the solution to a particular
investment problem facing the firm. Then in Section 2.2, we embed the firm’s choice of
price flexibility into a general equilibrium model with an endogenous production choice.
Appendix A provides more details on the theoretical model.

2.1 Firm’s choice of price flexibility

Firms produce differentiated intermediate goods indexed by ω ∈ [0, N ] and compete
under monopolistic competition, taking the nominal wage W as given. We assume a
production function with labor as the only input,

Y (ω) = Al(ω), (1)
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where A is an economy-wide labor productivity shock and l(ω) is labor input that firm ω

uses for production. The firm’s operating cost is Wl(ω) or, from the production function
(1), W Y (ω)

A
. The firm faces the following demand function:

Y (ω) =

(
P (ω)

P

)−θ

Y = P (ω)−θŶ , (2)

where Ŷ = P θY is market demand and θ > 1 is the elasticity of substitution between
goods varieties in the final goods firm’s production function (see below). The intermediate
goods firm chooses a price P (ω) to maximize expected discounted profits given by nominal
revenues minus operating cost, EΓ{P (ω)Y (ω)−WY (ω)/A}, where Γ is the firm’s discount
factor. One can show that the latter equals Γ = (PY )−1. Replacing firm output Y (ω)

using the demand constraint (2), expected profits can be written as

EΓ

{[
P (ω)− W

A

](
P (ω)

P

)−θ

Y

}
. (3)

Then the price setting problem is to choose P (ω) in order to maximize (3).
Following Devereux (2006), we stipulate a firm-specific cost of price flexibility given

by Φ(ω), which is measured in terms of labor. If the firm invests in price flexibility, it
can choose its price after observing Θ = (P, Y,W,A).11 The first order condition to this
problem is

P̃ = δW/A, (4)

where δ = θ/(θ − 1). The flexible-price firm’s expected operating profits – excluding the
costs of investing in price flexibility and fixed production costs – under the optimal price
setting rule are

Ṽ (Θ) = (δ1−θ − δ−θ)E{Γ(W/A)1−θŶ }. (5)

If the firm does not invest in price flexibility, the first order condition to its price
setting problem is instead

P̄ = δ
E{Γ(W/A)Ŷ }

E{ΓŶ }
. (6)

Plugging the optimal price (6) into (3) and rearranging, the firm’s expected operating
profits are given by:

V̄ (Θ) = (δ1−θ − δ−θ)E{Γ(W/A)Ŷ }1−θE{ΓŶ }θ. (7)

The firm chooses to be a flexible price setter if the gain in expected discounted prof-
its exceeds the expected discounted costs of investing in price flexibility, E{ΓWΦ(ω)}.

11 In Burstein (2006), a firm chooses a sequence of future prices conditional on current information.
In contrast to our setup, a pricing plan cannot be made contingent on future aggregate variables.
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Because the cost of flexibility Φ(ω) is known ex ante, we can take this term out of the
expectations operator and write:

∆(Θ) ≡ Ṽ (Θ)− V̄ (Θ)

E {ΓW}
≥ Φ(ω). (8)

In (8), the term ∆(Θ) captures the gains from price flexibility, while the cost of investing
in price flexibility Φ(ω) is an increasing and continuous function of ω ≥ 0. In Appendix
A.1.1, we lay out in more detail that (8) describes the gains from price flexibility both in
a general equilibrium model with product turnover (as specified in Section 2.2) and in a
model without product turnover.

To illustrate the role of uncertainty for the choice of price flexibility, we discuss how
the gains from investing in price flexibility in (8) depend on the variances of the wage,
productivity and market demand, and on the covariances between them. To this end,
we derive the second-order approximation of the gain function (8) around the stochastic
steady state; see Appendix A.1.2 for details.

Let’s define a ≡ lnA− E lnA, w ≡ lnW − E lnW , and ŷ ≡ ln Ŷ − E ln Ŷ . Thus, we
use the lower-case letter x to denote the deviation of a variable (in logs), lnX, from its
stochastic mean E lnX. Defining Ew2 ≡ σw, Ea2 ≡ σa, etc., we approximate the gains
from price flexibility (8) as follows,

∆(Θ) ≈ Ω

2
(θ − 1)θ[σ2

w + σ2
a − 2σwa], (9)

where we define
Ω ≡ V (exp(E lnΘ))

exp(E ln Γ + E lnW )
> 0, (10)

with V (exp(E lnΘ)) representing the operating profit function – of flexible-price firms or
sticky-price firms – evaluated at the stochastic mean E lnΘ.

The gains from price flexibility depend positively on the variance of the wage and on
the variance of productivity, and negatively on their covariance. The expression in square
brackets in (9) is equal to V ar(lnW − lnA). Recall that θ > 1 by assumption, and that
Ω > 0. Therefore, the gains from price flexibility are greater than zero, unless the wage is
linear in productivity. In the latter case, the gains from price flexibility are exactly zero.

To understand the intuition why the gains from price flexibility are increasing in
the size of productivity uncertainty, consider Figure 3. As shown in Appendix A.2,
the flexible-price firm’s profit function is convex in productivity A for θ > 2, and the
sticky-price firm’s profit function is concave in A in this partial equilibrium exercise.12

If productivity A is constant, there is no incentive to incur the cost of investing in price
12 The model feature that expected profits are larger for firms who have invested in price flexibility

has support in Dutta et al. (2002), who note that ‘companies that don’t have a well-developed pricing
capability [...] will not extract as large a share of the value they create as competitors who have invested
in pricing capabilities’.
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flexibility. The greater is the standard deviation of productivity σa, the greater is the
divergence between expected profits of the flexible-price firm versus the sticky-price firm,
and hence the greater are the gains from price flexibility. Therefore, volatility in pro-
ductivity raises expected profits when prices are flexible relative to expected profits with
preset prices.

Figure 3: Productivity uncertainty and gains from price flexibility: intuition

Notice that ‘profits’ in Figure 3 are operating profits excluding fixed costs and costs of investing in price
flexibility.

Gorodnichenko and Weber (2016) study the stock returns of firms with different fre-
quencies of price adjustment. They document that the returns of firms with stickier
prices exhibit greater volatility after monetary shocks than do the returns of firms with
more flexible prices, consistent with the menu cost model and the logic of Figure 3. We
conjecture that this pattern carries over to other types of shocks, such as productivity
shocks.

In the exposition so far we focused on the decision of an individual firm. Shocks
to the productivity level A can be interpreted as idiosyncratic firm-level shocks as well
as aggregate supply shocks. In any case, the gains from price flexibility rise in a firm’s
perception of productivity uncertainty. This interpretation is still valid in a general
equilibrium model, where the price flexibility decision is undertaken by individual firms
that form expectations over the level of productivity (no matter whether the source of
the shock is idiosyncratic or aggregate).

We now embed the price flexibility decision into such a general equilibrium model
with entry and exit.

9



2.2 General equilibrium model with entry and exit

The household side of the model is standard. As for the firm side, the price setting decision
and the entry-exit decision are intertwined, which makes the model more complex than
the one in Bilbiie and Melitz (2022), who consider the two extreme cases where all firms
are either flexible or sticky.

Households. Households choose consumption C, labor L and money holdings M to
maximize utility given by

lnC + η ln
M

P
− χ

L1+φ

1 + φ
, (11)

where η > 0 is the velocity of money, χ > 0 is the weight on labor disutility in household
preferences, and φ > 0 is the inverse Frisch elasticity of labor supply, subject to the
budget constraint, expressed in nominal terms as:

Π+ (1 + τ)WL+M0 +M ≥ PC + T +M, (12)

where Π are (total) firm profits, τ is a labor income subsidy from the government, W is
the nominal wage, P is the price level, M0 are initial money holdings, M is a transfer
from the monetary authority, and T are lump-sum taxes.13 The first order conditions to
this problem yield the standard labor supply decision and money demand,

χLφPY = (1 + τ)W, (13)
M = ηPY, (14)

where we have replaced consumption with aggregate output, using the market clearing
condition C = Y .

Firms. Aggregate output is defined as in Dixit and Stiglitz (1977), except that we
consider a continuum of producing firms (0, N) rather than a discrete number of firms,

Y =

(ˆ N

0

Y (ω)
θ−1
θ dω

) θ
θ−1

, (15)

where θ > 1 is the elasticity of substitution between goods varieties. The demand for
good ω in (2) is the solution to the cost minimization problem, where the firm chooses
Y (ω) to minimize

´ N

0
P (ω)Y (ω)dω, subject to the aggregator function (15), taking prices

P (ω) as given. The price index is given by P = (
´ N

0
P (ω)1−θdω)1/(1−θ).

There are two types of firms. Firms on the interval (0, z) set prices after the state of

13 We introduce a labor income subsidy to ensure that the flexible-price allocation is efficient. This
will become relevant for the welfare analysis in Section 4.
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nature Θ has realized. The remaining firms on the interval (z,N) set prices in advance.
Flexible-price firms set a price P̃ and sticky-price firms set a price P̄ . This implies that
the consumer price index can be written as

P 1−θ = zP̃ 1−θ + (N − z)P̄ 1−θ. (16)

We might define the producer price index as the price index that does not change with
the number of firms or goods varieties, i.e. p1−θ = N−1[zP̃ 1−θ + (N − z)P̄ 1−θ].

Accounting for fixed production costs f , total profits (in real terms) of flexible-price
firms and sticky-price firms, are

Π̃ =

ˆ z

0

[
P̃ (ω)Ỹ (ω)

P
− W

P

(
l̃(ω) + f

)]
dω,

Π̄ =

ˆ N

z

[
P̄ (ω)Ȳ (ω)

P
− W

P

(
l̄(ω) + f

)]
dω,

respectively. Fixed costs f are specified in terms of labor units. Under symmetry, all
flexible-price firms that produce are alike and all sticky-price firms that produce are alike
(i.e. they set the same price and produce the same output). Goods market clearing, for
flexible-price firms and for sticky-price firms respectively, is given by Ỹ = (P̃ /P )−θY and
Ȳ = (P̄ /P )−θY . The two types of firms’ demand for production labor is, respectively,
l̃ = Ỹ /A and l̄ = Ȳ /A. Total profits of flexible- and sticky-price firms become

Π̃ = z


(
P̃

P

)1−θ

Y − W

PA

( P̃

P

)−θ

Y

− W

P
f

 . (17)

Π̄ = (N − z)

{(
P̄

P

)1−θ

Y − W

PA

[(
P̄

P

)−θ

Y

]
− W

P
f

}
. (18)

Production decision and aggregate price flexibility. The specification laid out
in Section (2.1) implies that the following relation determines the maximum number of
flexible-price firms zmax,

∆(Θ) = Φ(zmax). (19)

In Devereux (2006), all firms – those that have invested in price flexibility and those
that have not – produce. The number of producers is fixed and there is no product
turnover. Consequently, the equilibrium degree of price flexibility z coincides with zmax

in (19). We label the model without product turnover ‘New Keynesian’ model. Here,
in contrast, the equilibrium z can be below zmax if some sticky-price firms choose not to
produce once uncertainty about productivity is resolved.
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Figure 4: Determination of aggregate ex-post price flexibility

Determination of ex-post price flexibility in the aggregate: high productivity draw leading to interior
solution (left hand side), low productivity draw leading to corner solution (right hand side).

More specifically, after the realization of the productivity shock A, firms choose to
produce if operating profits exceed fixed costs Wf . At the same time, we stipulate that
due to entry and exit, profits of sticky-price firms are always zero in equilibrium, such
that V̄ (Θ) = Wf . The reasoning behind this is, first, that – by assumption – a new
entrant has not had the time to invest in price flexibility and must therefore adopt the
predetermined price. Second, sticky-price firms are the first to exit in the event of low
productivity realizations. Thus, ex post price flexibility z is determined by the production
decision, i.e. entry-exit after the productivity shock has occurred. This is illustrated in
Figure 4. Consider the left hand panel of the figure. In the event of a sufficiently high
productivity draw, many firms choose to produce and N > zmax. In that case, the ex-post
price flexibility coincides with ex-ante maximum price flexibility, i.e. z = zmax, and there
will be sticky-price firms with mass N − z. If instead productivity is very low, a small
number of firms choose to produce and N ≤ zmax. All firms that remain in the market
are flexible price setters, such that z = N . Formally,

z = zmax if N > zmax, (20)
z = N if N ≤ zmax. (21)

Overall, when N > zmax the number of firms is determined by the requirement that
total profits of sticky-price firms equal zero, i.e. Π̄ = 0, or using (18),

(
P̄

P

)1−θ

Y − W

PA

[(
P̄

P

)−θ

Y

]
− W

P
f = 0. (22)

With N ≤ zmax, the number of producers N is determined by the condition that total
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profits of flexible-price firms equal zero, Π̃ = 0, or using (17),

(
P̃

P

)1−θ

Y − W

PA

( P̃

P

)−θ

Y

− W

P
f = 0. (23)

Market clearing. Firms demand labor to produce, to cover fixed costs and to invest
in price flexibility. Labor market clearing therefore requires

L = z

(
P̃

P

)−θ
Y

A
+ (N − z)

(
P̄

P

)−θ
Y

A
+Nf +

ˆ zmax

0

Φ(ω)dω. (24)

The last term on the right hand side captures the fixed cost incurred by the mass zmax of
firms that choose price flexibility. Following Devereux (2006), we stipulate the following
cost function for investing in price flexibility, Φ(ω) = Φω.

Table 1: Model equilibrium conditions

Max. price flexibility ∆(Θ) = Φ(zmax)

Price flexibility z = zmax for N > zmax

z = N for N ≤ zmax

Flexible price P̃ = δW/A

Sticky price P̄ = δE{Γ(W/A)Ŷ }/E{ΓŶ }
Price index P 1−θ = zP̃ 1−θ + (N − z)P̄ 1−θ

Labor market L = [z(P̃ /P )−θ + (N − z)(P̄ /P )−θ]Y/A+Nf + Φ
2 z

2
max

Labor supply (1 + τ)W = χLφY P

Money market Y = M/(ηP )

Entry condition (P̄ /P )1−θY − (W/(PA))(P̄ /P )−θY −Wf/P = 0, for N > zmax

(P̃ /P )1−θY − (W/(PA))(P̃ /P )−θY −Wf/P = 0, for N ≤ zmax

The model has nine endogenous variables zmax, z, P̃ , P̄ , P , L, W , Y , and N , which are
determined by the nine equilibrium conditions above.

A decentralized equilibrium is defined below, and Table 1 summarizes the model’s
equilibrium conditions.

Definition 1. A decentralized equilibrium in the entry-exit model with an endogenous
degree of price flexibility is a set {P̃ , P̄ , zmax,W, Y, P, z,N, L} that satisfies the two types of
firms’ price setting conditions (4) and (6), the firms’ optimal investment in price flexibility
(19), the household’s first order conditions for labor (13) and money holdings (14), the
price index (16), the production decision (20) or (21), the zero-profit condition (22) or
(23), and labor market clearing (24), given an exogenous process for labor productivity A.

We use numerical methods to obtain the equilibrium solution. It is crucial for the
determination of equilibrium price flexibility that firms make their decision to invest in
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price flexibility in the knowledge that labor productivity is volatile, rather than in an
equilibrium with no uncertainty, where there is no role for risk arising from shocks.

2.3 Solution approach

The solution method has two steps. For a given labor productivity uncertainty, we first
solve the firm’s problem to choose price flexibility (from the first two lines of Table 1)
under the constraints imposed by the general equilibrium model (remaining lines of Table
1). In a second step, we treat the equilibrium number of flexible-price firms zmax and the
predetermined price P̄ (both obtained in the first step) as given to simulate an exogenous
shock to labor productivity A. This numerical approach is in line with our theoretical
formulation of the price flexibility investment problem as firms decide on price flexibility
before the actual state of the world can be observed.

In the following, we go into more detail regarding the solution algorithm. For a
given uncertainty regime, we consider five exogenous states that span the set of possible
productivity outcomes SA = {A0, A1, A2, A3, A4}, where Ai ∈ R+ for i = 0, 1, 2, 3, 4. All
four states are equally likely. The degree of uncertainty is determined by the size of the
range [A0, A4]. In a regime with low uncertainty, that range is smaller compared to a
regime with high uncertainty. In each uncertainty regime, the preset price P and the
number of flexible-price firms zmax are predetermined, i.e. set before productivity shocks
realize (before A is drawn). Firms’ decision to invest in price flexibility also requires them
to form expectations on the total number of firms, E(N), and to learn their position on
the Φ(ω)-curve. To solve the model, we conduct a grid search on combinations of P ,
zmax, and E(z)/E(N) that are consistent with the expected (average) outcomes of the
model in the [A0, A4] range. The solution algorithm consists of the following steps:

1. We make initial guesses for P , zmax, and E(z)/E(N). Then, we define a number
of K grid point combinations of initial values around these guesses. We allow for
different grid step sizes for the three corresponding grid vectors.

2. For each k = 1, 2, ..., K and each possible productivity outcome Aj ∈ SA, we solve
the model summarized in Table 1.

3. For each grid point k, we then average the solutions across all productivity outcomes
Aj ∈ SA to compute the preset price P from (6) and E(z)/E(N). Similarly, we
compute expected gains from price flexibility from (8) and consequently the optimal
number of flexible-price firms in equation (19).

4. The algorithm converges if for a grid point k the solutions for P , zmax, and E(z)/E(N)

in Step 3 deviate less than 10−4 from the initial values in Step 1. If there is no
convergence, we redo Step 1 to Step 3 but take the solutions for P , zmax, and
E(z)/E(N) in Step 3 as initial guesses in Step 1.
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2.4 Calibration

In our baseline calibration, we follow Bergin and Corsetti (2008) and set the elasticity of
substitution between varieties to θ = 3.8. We set the inverse Frisch elasticity to φ = 2,
a value which according to Keane and Rogerson (2012) is compatible with elasticities
estimated using micro data. The cost of investing in price flexibility Φ is set such that,
if in a deterministic solution all firms invested in price flexibility, the share of output
spent on this type of investment would be equal to 1% of GDP (which is equivalent to
revenue in our model). In the intermediate case where not all firms set prices flexibly,
the corresponding fraction in our model is comparable to other papers. For instance, in
the baseline analysis of Midrigan (2011), total resources to change prices are 0.34% of
revenue. Levy et al. (1997) reports a fraction of 0.7% and Zbaracki et al. (2004) a larger
number of 1.2%. The weight on labor in utility is normalized to χ = 1 and the fixed cost
of entry f is determined endogenously through the numerical computation of the steady
state. In Section 3.4 below, we discuss the implications of assuming a higher elasticity of
substitution between varieties (θ = 6).

Table 2: Baseline parameter values

Parameter name Value Target / Reference
Substitution elasticity between goods θ = 3.8 Bergin and Corsetti (2008)
Inverse labor supply elasticity φ = 2 Keane and Rogerson (2012)
Costs of investing in price flexibility Φ = 0.0068 1% of output for deterministic z/N = 1

Labor income subsidy τ = 1/(θ − 1) see Appendix B.2
Weight on labor in utility χ = 1 normalization
Velocity of money η = 0.99 discount factor Γ = (PY )−1 = η/M = 0.99

Per-period production fixed cost f = 0.1607 determined endogenously

3 Adverse supply shocks when price flexibility can
adjust

In the following, we first show how the degree of price flexibility depends on the volatility
of labor productivity. Second, we discuss the transmission of supply shocks under en-
dogenous price flexibility. Third, we compare and contrast our model with entry and exit
to the New Keynesian model with a fixed number of producers. Finally, we re-calibrate
the model and show the effects of a drop in labor productivity for alternative assumptions
regarding the elasticity of substitution between goods.
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3.1 Productivity uncertainty and endogenous price flexibility

The gains from price flexibility (9) introduced in partial equilibrium in Section 2.1 can
be approximated in the general equilibrium model with entry and exit in terms of the
variance of labor productivity only,

∆(Θ) ≈ Ω

2
(θ − 1)θυ2σ2

a, (25)

where the constant terms Ω > 0 and υ are derived in Appendix A. As this approximation
mainly serves illustrative purposes, we have only considered the more relevant case N >

zmax, i.e. the extensive margin only adjusts with entry and exit of sticky-price firms. We
see from (25) that the gains from price flexibility are strictly increasing in σ2

a. Thus, a
larger shock variance implies a higher willingness of firms to invest in price flexibility.

Equation (25) cannot be solved analytically as Ω and υ are evaluated at the stochastic
mean of the model. We therefore continue with studying numerical simulations of the
model under the baseline calibration outlined in Table 2. In this exercise, we consider
a range of volatilities of the labor productivity shock σa that result – as an equilibrium
outcome – in a varying fraction of flexible-price firms E(z)/E(N). To solve the general
equilibrium model specified in Table 1, we adopt the solution approach described in
Section 2.3.

Figure 5: Endogenous price flexibility and shock volatility

0 2 4 6 8 10

0

20

40

60

80

100

0 2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

%-fraction of total labor

Left panel: Ex ante expected fraction of flexible price firms for different ex ante volatilities of labor
productivity A. Right panel: Labor devoted to investment in price setting capabilities as a fraction
of total labor, for different ex ante volatilities of labor productivity A. The figure in the right panel
simulates the model with five productivity states in the range of [0.87, 1.13], consistent with a standard
deviation of roughly 10%.

Figure 5 (left panel) shows how the fraction of flexible-price firms E(z)/E(N) endoge-
nously varies when we increase the standard deviation of the labor productivity process
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σa. In particular, if productivity is more volatile, the ex ante profits of a firm are larger
under flexible prices than under sticky prices (as Figure 3 illustrates). This implies that
a larger fraction of firms choose to invest in price flexibility, and accordingly, z increases.
With a very high productivity uncertainty, it becomes likely that flexible-price firms face
negative profits and are forced to exit. This flattens the slope of the curve in Figure 5.
Under our baseline calibration, a standard deviation σa of just around 9% is sufficient to
make almost all firms choose price flexibility, such that E(z)/E(N) ≈ 1 in equilibrium.

As outlined in Section 1, the last few years experienced a sizeable upward shift in
(perceived) uncertainty. According to the Bank of England’s Decision Maker Panel,
subjective firm-level uncertainty increased in the span March 2020 to December 2021
(compared to 2019) by around 50% for sales growth and 30% for price growth (see Figure
1). In the model, a rise in uncertainty of that magnitude can – depending on its initial
level – lead to a substantial increase in the fraction of flexible-price firms. For instance,
at an initial level of uncertainty of around 5% that corresponds to a fraction of flexible
price setters of 30%, a shift in uncertainty to 7.5% would result in roughly 50% flexible
price setters (see Figure 5).

In our model, increased price flexibility under higher uncertainty comes at a cost in
terms of labor that is not able to produce output. The right panel of Figure 5 shows the
fraction of all labor that is devoted to setting prices as a fraction of aggregate labor in
the economy. To illustrate, the figure simulates positive and negative productivity shocks
with a standard deviation of roughly 10%. A similar figure would arise when assuming a
lower standard deviation. When uncertainty rises, more labor is allocated to set prices,
reaching a bit less than 1% of the total labor force.

3.2 Shock transmission

The mechanism highlighted in Figure 5 implies that in a regime with larger shock volatil-
ity, producer prices respond more strongly to supply shocks. To illustrate this, we mimic
the case of a large shock comparable to the Covid-19 recession in early 2020. More
specifically, we simulate a productivity drop by 10% – relative to equilibrium with the
median technology state of A = 1 – that results in an output decline of around 12%. This
characterizes a realized shock that makes demand amplification through entry and exit
under sticky-prices powerful in Bilbiie and Melitz (2022). Their ‘entry-exit multiplier’ is
nonlinear; it is very important for large productivity drops of around 10-15% and it is far
more muted for smaller productivity declines below 10%.14 Our mechanism, in contrast,
is also important for small shocks, as they are transmitted with larger producer price
hikes under high uncertainty. We discuss this case below.

To avoid confusion, note that the realized productivity shock is not necessarily in-

14 See Figure 1 in Bilbiie and Melitz (2022) for an illustration.
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cluded in the range of possible productivity outcomes that the firm expect ex ante to
choose if they invest in price flexibility. We characterize productivity uncertainty by the
expected standard deviation of the range of possibly productivity outcomes A (expressed
in % around the median outcome that is normalized to 1). For instance – as an ex-
treme example – it could be that firms expect that productivity tomorrow is the same
as productivity today (i.e. the expected standard deviation of A is 0). Then there is
zero uncertainty and no firm decides to invest in price flexibility. The productivity shock
(that occurs after firms have invested in price flexibility) can still have any realization.

Consumer and producer price index. Figure 6 shows the impact response of pro-
ducer and consumer prices to an adverse supply shock, for different degrees of productivity
uncertainty. The shock is modelled as a 10% drop in labor productivity A. Producer
prices barely respond to the shock in the case where the volatility of A is low, i.e. ex-
pected supply shocks are on average small. In contrast, in a regime of high uncertainty,
an adverse supply shock results in a strong response of firms’ prices. This is a direct
consequence of the greater investment in price flexibility, as discussed in Section 3.1.

Figure 6: Response of producer and consumer price indexes to adverse supply shock
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Impact response of labor productivity, the CPI and the PPI to an adverse labor productivity shock for
different ex ante volatilities of labor productivity A.

Notably, the pattern is different for the (welfare-based) consumer price index. This
is due to the fact that, in a model with entry and exit, P declines in the number of
available varieties, i.e. in the number of firms. In a regime of low supply shock volatility,
the fraction of flexible-price firms is low (cf. Figure 5). Then, as we discuss below, there is
more exit after an adverse supply shock. This implies a stronger response of the consumer
price index, as we see in Figure 6. In a regime of high volatility, the effect of a negative
supply shock on exit is markedly less pronounced, and thus the CPI rises by less. As
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emphasized by Bilbiie et al. (2007) and other contributions in the entry-exit literature,
official CPI data provided by statistical agencies does not adjust (adequately) for new
products. For this reason, the relevant model counterpart to empirical CPI data is the
producer price index, p, and not the welfare-based CPI, P .

Figure 7: Response of number of firms and output to adverse supply shock
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Impact response of the number of firms and of output to an adverse labor productivity shock for different
ex ante volatilities of labor productivity A.

Firm dynamics and output. We have seen that, when productivity uncertainty is
large (the standard deviation of A is high), endogenous price flexibility as measured by
E(z)/E(N) is greater. This has important consequences for firm dynamics. The black
dashed line in Figure 7 plots the impact response of the number of firms for different
supply shock volatilities. Under a smaller supply shock volatility, i.e. in a situation
where producers decide to invest little in price flexibility, the adjustment of the extensive
margin is sizeable. In contrast, in an environment where supply shocks are on average
large, i.e. under high productivity uncertainty, exit is substantially reduced. In a nutshell,
the level of productivity uncertainty is key for firm dynamics.15

The underlying intuition for this result is the following. If firms expect no large shocks
to happen (i.e. in a low uncertainty environment), relatively few of them are willing to
invest in their capacity to set prices flexibly. Then if – against the firms’ expectations
– a large shock does materialize, most firms cannot reset prices. Some of them have to
exit as the preset price is too low and would result in negative profits.16 Instead, if firms

15 In Section 4, we discuss that this is also the case for monetary policy uncertainty.
16 As discussed in Section 2.2, in response to adverse supply shocks sticky-price firms exit first. Thus,

the fraction of flexible-price firms in the market after shock realization z/N is higher than the ex ante
fraction of flexible-price firms in the market E(z)/E(N). This is demonstrated in Figure C.1 in the
Appendix.
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account for the possibility of large shocks (i.e. in a high uncertainty environment), more
will invest in price flexibility. As a result, they are able to increase prices, and there is
less exit.

This has implications for the output responses. With low productivity uncertainty,
the adjustment in the extensive margin is sizeable and the output response is relatively
large. We note from the equilibrium condition for real money balances (see Table 1) –
and since nominal money supply is fixed – that output is only affected by the current
consumer price index. Thus, the decline in output in (red line in Figure 7) mirrors the
increase in consumer prices (red line in Figure 6). Entry-exit amplifies supply shocks
more under low productivity uncertainty – and therefore relatively sticky prices – in the
sense that the output response is more pronounced when uncertainty is low.

Large upward shifts in productivity uncertainty, as for instance during the Covid-
19 pandemic, markedly increase the number of firms that invest in price flexibility. As
a consequence, the demand amplification mechanism through entry-exit highlighted in
Bilbiie and Melitz (2022) is reduced when uncertainty is higher.

Notably, the potential for firms to shield themselves from expected large shocks by
investing in price flexibility under high uncertainty is beneficial for consumers despite a
larger pass-through of productivity declines to consumer prices at the product level. The
reason is that there is less exit and more goods varieties than in the case where firms
have not invested in price flexibility before shocks happen. Section 4 discusses welfare
implications of investing in price flexibility.

Figure 8: Response of number of firms and output: small vs. large shocks
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Left panel shows impact response to a small adverse productivity shock (-1pp); right panel shows impact
response to a large adverse productivity shock (-10pp). The impact of output and number of firms is
normalized by the (negative) impact of productivity.
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Large versus small shocks. In the baseline calibration, we assumed a rather large
productivity disturbance of -10pp. Figure 8 compares a 10pp drop in productivity with
a 1pp drop. The effects are more pronounced for the larger shock. Nevertheless, in an
environment with high uncertainty also a relatively small shock induces a comparatively
large number of firms to change prices. The degree of demand amplification – i.e. by
how much entry/exit amplifies the productivity shock – does not, however, differ much
across uncertainty regimes.

3.3 Entry-exit model versus New Keynesian model

To illustrate that firm dynamics are less pronounced in the transmission of productivity
shocks under high uncertainty (as opposed to low uncertainty), we now compare our entry-
exit model with a model featuring a constant number of firms. The latter is basically
a New Keynesian (NK) model with productivity shocks; differently from the canonical
NK model, however, price flexibility is endogenous. We implement the alternative model
by setting N equal to its value in the deterministic equilibrium throughout, effectively
dropping the last condition in Table 1, which is the zero-profit condition. Figure 9
compares impulse responses of the two models across productivity uncertainty regimes.

Figure 9: NK model versus entry-exit model under endogenous price flexibility
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Impact response to a negative productivity shock under endogenous price flexibility, as a function of
productivity uncertainty: New Keynesian versus entry-exit model.

We start by illustrating the role of the extensive margin across different productivity
uncertainty regimes. The left panel of Figure 9 shows the impact response of N as a
function of productivity uncertainty under endogenous price flexibility, in our baseline
model with entry-exit and in the New Keynesian model with a constant number of pro-
ducers (NK model). By construction, the response of N in the latter model is zero for all
values of productivity uncertainty. In the entry-exit model, the impact response of N is
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decreasing in the degree of productivity uncertainty. The lower productivity uncertainty,
the more rigid are prices, and the greater is the adjustment along the extensive margin.

This has implications for the output response in the two models, as can be seen in the
right panel of Figure 9. We see that the impact response of Y increases in productivity
uncertainty in the NK model. In the entry-exit model, it instead decreases. Consider the

Figure 10: Consumer price response: NK model versus entry-exit model
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Impact response to an adverse supply shock under endogenous price flexibility, as a function of produc-
tivity uncertainty: New Keynesian versus entry-exit model.

impact response of the consumer price index to an adverse productivity shock shown in
Figure 10. In the NK model, consumer prices rise following the shock. The consumer price
index (CPI) increases by more, the greater is productivity uncertainty. If uncertainty is
very low, the CPI barely changes on impact. In the entry-exit model, however, the CPI
depends not only on product prices, but also on the number of products. An adverse
productivity shock leads to exit – more so when ex ante productivity uncertainty is low
– reducing the number of products N and, through the variety effect, increasing the
welfare-based price index, P . Thus for low productivity uncertainty, the change in the
CPI reflects mostly the extensive margin. As the degree of productivity uncertainty
increases, the variety effect is diminished, so that the CPI response is determined to a
greater extent by the direct price effect.

Our key finding is that firm dynamics strongly amplify the effects of supply shocks
in an environment of low productivity uncertainty. This result relates to Bilbiie and
Melitz (2022), who show that, under sticky prices, aggregate supply disturbances are
amplified through firm entry and exit. The New Keynesian model without entry and
exit instead predicts that output responds little to adverse supply shocks when prices are
sticky (under exogenous price flexibility) or when uncertainty is low (under endogenous
price flexibility).
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Appendix C.2 discusses the differences in the labor market response in the model
with entry and exit compared to the NK model. In general, adverse supply shocks raise
aggregate labor demand, as firms want to compensate lower productivity with more
labor input. This is more pronounced when uncertainty is lower and fewer firms have
invested in price flexibility. The channel is key for the equilibrium labor outcome in the
model without product turnover (NK model). Consequently, in the NK model nominal
wages rise in response to higher aggregate labor demand. In the model with entry/exit,
the aforementioned channel is offset by the fact that in response to a large negative
productivity shock many firms have to exit to avoid paying production fixed costs – more
so under lower uncertainty when adverse productivity shocks cannot as easily be passed
on to consumers via higher prices. Thus, economy-wide production fixed costs, which
consist of labor, decline. Overall, in the model with entry and exit, labor and nominal
wages remain virtually unchanged (see Appendix; Figure C.2).

3.4 The role of market power

We now demonstrate graphically how productivity uncertainty affects equilibrium price
flexibility and the response of the number of firms to an adverse supply shock, for different
demand elasticities as measured by θ. The other parameters remain unchanged at their
baseline values (see Table 2) except production fixed cost f and costs of investing in price
flexibility Φ, which are calibrated to match the calibration targets.

We compare the baseline calibration where the demand elasticity is rather low θ = 3.8,
as in Bergin and Corsetti (2008), with a calibration θ = 6, as in Bilbiie and Melitz (2022).
The demand elasticity affects both price flexibility, which is an ex ante decision before
shocks happen, and firm entry after shocks are realized. The upper panel of Figure 11
shows that, for a given level of productivity uncertainty (i.e. supply shock volatility), the
fraction of flexible-price firms is higher when θ is larger. To see this, note from equation
(8) that the gains from price flexibility ∆(Θ) are greater for larger values of θ. Intuitively,
when demand is fairly inelastic to the price (θ is low), for a firm price changes are not
as effective to shift relative demand, which is necessary to avoid losses. Thus, for firm
ω it is less advantageous to invest in price flexibility for a given investment cost Φ(ω).
To summarize, a lower θ makes prices less responsive to shocks; or in the words of Flynn
et al. (2023), ‘market power flattens the AS curve’.

The lower panel of Figure 11 demonstrates how the entry-exit response to adverse
supply shocks varies with the demand elasticity θ. Let us first consider the case of zero
productivity uncertainty that imposes fully rigid prices as firms do not invest in price
flexibility before shocks realize. Suppose that under such circumstances, productivity A

falls and sticky-price firms are stuck with a price that is too low. As we recall from Figure
7, firms exit in great numbers in this case. In their model with fully rigid prices, which
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Figure 11: Price flexibility and firm dynamics: high vs. low demand elasticity
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Upper panel: Fraction of flexible price firms for high and low demand elasticity θ. Lower panel: Impact
response of the number of firms and output to an adverse supply shock for high and low demand elasticity
θ.

corresponds roughly to our case with no uncertainty regarding A, Bilbiie and Melitz
(2022) show that, the higher the demand elasticity θ, the greater is the adjustment along
the extensive margin, i.e. firm exit. Now, when productivity uncertainty rises, price
flexibility increases and more so under a higher θ, as indicated in Figure 11 and discussed
above. This reduces the response of exit to the shock. Overall, with rising productivity
uncertainty, the response of exit is reduced more strongly – i.e. the curve on the right
panel in Figure 11 is steeper – under a higher θ.
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4 Monetary policy uncertainty, price flexibility and
welfare

As is evident in US data, shifts in monetary policy uncertainty can be substantial. Since
the beginning of the Covid-19 pandemic, the monetary policy uncertainty index of Baker
et al. (2016) – a measure based on textual analysis of news articles – is on average
markedly higher than in the pre-pandemic years (see Figure 12).17 In particular, from
late 2021 onward perceived uncertainty about US monetary policy increased.

Figure 12: Monetary policy uncertainty in the United States

Figure shows Monetary Policy Uncertainty index (normalized to 100 in 2010) based on textual analysis
of news articles. Sources: Baker et al. (2016) and Haver Analytics. Monthly data, January 2017 to
January 2024. Black solid line depicts pre- and post-December 2019 averages.

In our model in Section 3, we have kept the money stock M constant. We now
relax this assumption. As for the transmission of monetary policy shocks, i.e. changes
in the money stock, Bilbiie (2021) show that with free entry monetary policy has no
first-order effect on output under sticky prices – as long as product diversity is optimal
under CES consumption preferences as in Dixit and Stiglitz (1977). In our model, we
also assume standard CES preferences. Thus, a monetary policy shock leaves aggregate
output unchanged regardless of the degree of nominal rigidity, while the number of firms
responds more strongly to a monetary policy shock when more firms are sticky-price
firms.18 This implies that, for any degree of price rigidity, the welfare-based consumer
price index – that depends positively on producer prices and inversely on the number
of varieties – responds roughly in the same way. This is because, when fluctuations
in producer prices become larger (when price flexibility is higher), the response of the

17 The monetary policy uncertainty index of Husted et al. (2020) indicates a similar pattern.
18 As in Bilbiie (2021), a money supply shock has a negative second-order effect on output regardless

of its sign.
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extensive margin of firms becomes smaller.19

Importantly, in our framework the degree of price stickiness is endogenous. When
monetary policy shocks are active, uncertainty about monetary policy itself affects the
fraction of flexible-price firms in the economy. To study the role of monetary policy
uncertainty, we simulate our baseline model assuming that firms expect monetary policy
shocks to have a certain positive variance while, for the sake of clarity and without loss
of generality, we switch off productivity uncertainty. Similar to the case of productivity
uncertainty discussed in Section 3, the fraction of firms that set prices flexibly increases in
the expected volatility of monetary policy shocks.20 Under the presumption that central
banks can control the volatility of their policy instrument at least to a certain extent, this
result implies that they can affect inflation directly by affecting firms’ choice of whether
or not to invest in price flexibility.

Notice that a somewhat similar result can be found in Gray (1978), who studies
optimal indexation of wages to the price level under money supply uncertainty. She
shows that, when indexing is costly, the proportion of wage contracts that are indexed
is an increasing function of the variance of monetary shocks. The intuition is that the
gains from indexing – which are akin to the gains from investing in price flexibility in
Devereux (2006) – increase in monetary variability.

4.1 Productivity shock transmission under monetary policy un-
certainty

Introducing money supply uncertainty in a model with productivity shocks gives rise to
a hitherto unexplored channel of monetary policy. In particular, we demonstrate that
monetary policy uncertainty shapes the transmission of productivity shocks as a source
of firm dynamics and the business cycle.

Firms’ price setting decisions following a supply shock depend critically on the degree
of monetary policy uncertainty. The black-dotted line in the left panel of Figure 13 shows
the response of producer prices to a negative productivity shock, for different regimes
regarding uncertainty about future monetary policy. When the expected (ex ante) money
supply volatility is greater, there is higher producer price inflation in response to negative
productivity shocks. Similar to the case of productivity uncertainty discussed in Section
3, exit is more pronounced when monetary policy uncertainty is low and prices are sticky,
thus output and the welfare-based consumer price index respond more strongly.21

19 As emphasized by Bilbiie and Melitz (2022), in a standard model with entry and exit, there also
exists an optimal money supply rule that can replicate the social planner solution (see Appendix B.2 for
a derivation).

20 See Figure C.4 in the online appendix. Devereux (2006) finds a similar result in a model without
endogenous entry.

21 As discussed in Section 3, in this model with entry and exit, the producer price index instead of the
(welfare-based) consumer price index compares best to CPI measures reported by statistical agencies.
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Figure 13: Responses to negative productivity shocks under different monetary policy
uncertainty regimes.
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Responses to 10% drop in productivity under different monetary policy uncertainty regimes. In this
exercise, there is no ex ante productivity uncertainty.

4.2 Welfare consequences of monetary policy uncertainty

Central bank have (some) control over the level of monetary policy uncertainty, for in-
stance through their communication. This raises the question how much monetary policy
uncertainty is optimal when productivity shocks are present.

In our framework, welfare varies across uncertainty regimes that – as shown above –
give rise to different degrees of price flexibility. This relates to previous literature that
shows that price flexibility is key to studying welfare. A general result in (standard,
no-entry) New Keynesian models is that of ‘divine coincidence’ (Blanchard and Galí,
2007). In the absence of real imperfections, the flexible-price allocation is dynamically
efficient, and a policy that replicates this allocation maximizes welfare. For this result
to hold, the policy maker needs to undo the monopolistic competition distortion with an
appropriate labor or production subsidy. If such a subsidy is absent, labor and output in
the flexible-price allocation are too low, see for instance Galí (2015).

Dixit and Stiglitz (1977) show that product diversity is optimal in the case where util-
ity is a constant elasticity of substitution (CES) bundle over goods varieties. Accordingly,
as argued in Bilbiie et al. (2007, 2019), in a New Keynesian model with endogenous entry-
exit and a consumption aggregator of the CES-type, the flexible-price allocation remains
efficient up to a static wedge that can be removed through a constant labor subsidy. We
show this formally in Appendix B.

In our framework, uncertainty and the firms’ choice to invest in price flexibility add

Producer price inflation varies more under higher monetary policy uncertainty as there is a larger fraction
of flexible-price firms.
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another dimension to welfare considerations. On the one hand, higher uncertainty induces
firms to choose a higher degree of price flexibility, giving rise to an allocation closer to
the optimal flexible-price allocation. On the other hand, greater price flexibility is costly
in that a greater part of the labor force is occupied with the ‘production’ of prices and,
thus, is diverted away from producing consumption goods.

To compute welfare for different values of monetary policy uncertainty, we start with
defining a social-planner benchmark. As we show in Appendix B, the social planner (or
first best) allocation is given by a set {L,N,C} satisfying

L =

[
θ

(θ − 1)χ

]1/(1+φ)

, (26)

N =
AL

θf
, (27)

C = (θ − 1)fN
θ

θ−1 . (28)

The first best allocation arises in a world with flexible prices, no price flexibility invest-
ment costs, and an optimal labor income subsidy.

We now turn to a numerical exercise comparing welfare across different monetary
policy uncertainty regimes. Let U denote expected utility, net of utility from real money
balances, in the decentralized allocation

U = E{U(C,L)}. (29)

We define the welfare cost of price setting frictions in consumption equivalents (similar
as in Schmitt-Grohé and Uribe 2007). More precisely, the welfare loss is the fraction λ

of consumption in the first best allocation that households have to give up to attain the
same utility as in the decentralized allocation. I.e., the welfare loss is defined implicitly
as λ in

U = E{U
(
(1− λ)Cfb, Lfb

)
}, (30)

where Cfb and Lfb are consumption and labor in the first best allocation. Setting (29)
equal to (30), using the utility function (11), and solving for the welfare loss, λ, we obtain

λ = 100
{
1− exp

[
(E(U)− E(U fb)

]}
. (31)

We compute welfare for a range of monetary policy uncertainty regimes defined by
different values of the money supply volatility σm. In each monetary policy uncertainty
regime, the steady state is different, as the fraction of flexible-price firms and the cost of
price setting flexibility varies. In the simulations, we assume that actual monetary policy
shocks are absent; the economy is hit only by productivity shocks. This mainly serves
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Figure 14: Welfare loss (relative to first-best) under monetary policy uncertainty
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Welfare loss λ, in percent of consumption in the first best allocation, see equation (31), across monetary
policy uncertainty regimes.

illustrative purposes: we aim at characterizing the costs and benefits of monetary policy
uncertainty that arise as productivity shocks are transmitted differently across regimes.

In more detail, we simulate productivity shocks with a certain shock standard devi-
ation σa,simul. In this exercise, the standard deviation of the simulated shocks σa,simul is
assumed to be the same in each monetary policy uncertainty regime. To compute welfare,
we simulate for a discrete range of technology draws. The set of possible states falls in
a range with five elements and a standard deviation from the median state of 1 given
by σa,simul.22 For σa,simul, we consider three possible cases of “small” (σa,simul ≈ 3%),
“medium” (σa,simul ≈ 7%) and “large” (σa,simul ≈ 10%) shocks. Figure 14 shows the
results.

When firms decide to invest in price flexibility as monetary policy becomes more
uncertain, some fraction of aggregate labor is allocated to price setting and is therefore
not producing output. Welfare – which increases in consumption – is therefore smaller
in regimes with very high productivity uncertainty.

However, as discussed above, higher uncertainty results in more firms that set prices
flexibly, which is beneficial for welfare. In the numerical example in Figure 14, this
channel is dominant for a shift from a zero-uncertainty regime to a medium degree of
uncertainty when the shocks hitting the economy are very large. In this case, a shift
toward higher uncertainty can be beneficial in that firms are incentivized to invest more
in price flexibility. In regimes with very high uncertainty, this benefit is offset as the costs

22 To illustrate, we set ex ante productivity uncertainty to zero. The results may differ if we assumed
positive levels of ex ante productivity uncertainty that exactly align with the actual shocks in the
simulations. In this case firms are prepared for large shocks and have invested in price flexibility. Thus,
monetary policy uncertainty has little room to improve welfare. In practice, monetary policy uncertainty
and productivity uncertainty are potentially correlated. We abstract from this complication here.
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of setting prices become large.
When productivity shocks are small on average, there is not much benefit in higher

monetary policy uncertainty. It is, on the contrary, optimal to keep monetary policy
uncertainty at a rather small level.

A couple of other contributions study the consequences of ‘randomness’ in monetary
policy; however, the mechanism is different from the one presented here. First, Dupor
(2003) studies a model similar to ours (except for endogenous entry), with imperfect
competition, predetermined prices and money-in-utility. Volatility in money growth on
the one hand induces consumption volatility, which is detrimental for welfare. On the
other, it leads firms to reduce their expected markup, thereby increasing expected sales.23

If the latter effect dominates, a lower expected markup reduces the imperfect competition
distortion, thereby raising welfare. Here, we abstract from the markup distortion by
imposing an optimal labor supply subsidy.

Second, Ghironi and Ozhan (2020) put forward interest rate uncertainty as a policy
tool, which they argue can be used to discourage inefficient capital inflows. In a two-
country New Keynesian model, domestic interest rate volatility raises household savings
at home through a precautionary savings motive. Moreover, as the home country asset
return becomes more volatile, savers in both countries channel funds into foreign country
bonds instead. Here, we abstract from financial market imperfections and focus on how
money supply volatility can help to reduce the price setting distortion.

5 Conclusion
We study the consequences of adverse supply shocks for output and product diversity
in a model where price flexibility is endogenous. More specifically, we consider a firm’s
investment decision in a technology that allows the firm to change its price in response
to shocks (Devereux, 2006). We show that the standard deviation of productivity shocks
is critical for the equilibrium degree of price flexibility in an economy. When uncertainty
rises and shocks are larger on average, more firms are willing to invest in price flexibility
and this reduces product exit and output losses in the wake of negative productivity
shocks. An additional result of our analysis is that money supply volatility can be welfare-
improving as long as the benefits from increased price flexibility exceed the costs of
investing in price setting capabilities. A dynamic framework, where firms may change
their investment in price flexibility over time, would account for feedback effects of firm
entry-exit on the degree of price flexibility, ex post being the ratio of flexible-price versus
sticky-price firms in the market. We leave this challenge for future research.

23 This ‘precautionary sales’ motive is due to prudence, i.e. convex marginal utility.

30



References
Adão, B., Correia, I., and Teles, P. (2003). Gaps and triangles. The Review of Economic

Studies, 70(4):699–713.

Altig, D., Baker, S., Barrero, J. M., Bloom, N., Bunn, P., Chen, S., Davis, S. J., Leather,
J., Meyer, B., Mihaylov, E., Mizen, P., Parker, N., Renault, T., Smietanka, P., and
Thwaites, G. (2020). Economic uncertainty before and during the COVID-19 pandemic.
Journal of Public Economics, 191:104274.

Alvarez, F., Beraja, M., Gonzalez-Rozada, M., and Neumeyer, P. A. (2018). From Hy-
perinflation to Stable Prices: Argentina’s Evidence on Menu Cost Models. Quarterly
Journal of Economics, 134(1):451–505.

Alvarez, F. E., Lippi, F., and Paciello, L. (2011). Optimal Price Setting With Observation
and Menu Costs. Quarterly Journal of Economics, 126(4):1909–1960.

Anayi, L., Bloom, N., Bunn, P., Mizen, P., Thwaites, G., and Yotzov, I. (2022). The
impact of the war in Ukraine on economic uncertainty. Technical report, VoxEU.org.

Arndt, S. and Enders, Z. (2023). The Transmission of Supply Shocks in Different Inflation
Regimes. manuscript, University of Heidelberg.

Bachmann, R., Born, B., Elstner, S., and Grimme, C. (2019). Time-varying business
volatility and the price setting of firms. Journal of Monetary Economics, 101:82–99.

Baker, S. R., Bloom, N., and Davis, S. J. (2016). Measuring Economic Policy Uncertainty.
Quarterly Journal of Economics, 131(4):1593–1636.

Ball, L., Mankiw, N. G., and Romer, D. (1988). The New Keynesian Economics and the
Output-Inflation Trade-off. Brookings Papers on Economic Activity, 1:1–65.

Balleer, A., Link, S., Menkhoff, M., and Zorn, P. (2022). Price Adjustment Heterogeneity
during the Covid-19 Pandemic. Mimeo, RWTH Aachen University, LMU Munich.

Barro, R. J. (1972). A theory of monopolistic price adjustment. The Review of Economic
Studies, 39(1):17–26.

Benigno, P. and Eggertsson, G. B. (2023). It’s Baaack: The Surge in Inflation in the
2020s and the Return of the Non-Linear Phillips Curve. Working Paper 31197, National
Bureau of Economic Research.

Bergin, P. R. and Corsetti, G. (2008). The extensive margin and monetary policy. Journal
of Monetary Economics, 55(7):1222–1237.

31



Bilbiie, F. O. (2021). Monetary Neutrality with Sticky Prices and Free Entry. The Review
of Economics and Statistics, 103(3):492–504.

Bilbiie, F. O., Ghironi, F., and Melitz, M. J. (2019). Monopoly power and endogenous
product variety: Distortions and remedies. American Economic Journal: Macroeco-
nomics, 11(4):140–74.

Bilbiie, F. O., Ghironi, F., Melitz, M. J., Midrigan, V., and Rotemberg, J. J. (2007).
Monetary policy and business cycles with endogenous entry and product variety [with
comments and discussion]. NBER Macroeconomics Annual, 22:299–379.

Bilbiie, F. O. and Melitz, M. J. (2022). Aggregate-Demand Amplification of Supply
Disruptions: The Entry-Exit Multiplier. Working paper, University of Cambridge.

Blanchard, O. and Galí, J. (2007). Real wage rigidities and the new keynesian model.
Journal of Money, Credit and Banking, 39:35–65.

Bloom, N., Bunn, P., Chen, S., Mizen, P., Smietanka, P., Thwaites, G., and Young, G.
(2019). Brexit and uncertainty: insights from the Decision Maker Panel. Bank of
England working papers 780, Bank of England.

Burstein, A. T. (2006). Inflation and output dynamics with state-dependent pricing
decisions. Journal of Monetary Economics, 53(7):1235–1257.

Calvo, G. A. (1983). Staggered prices in a utility-maximizing framework. Journal of
Monetary Economics, 12(3):383–398.

Cavallo, A. (2018). More Amazon Effects: Online Competition and Pricing Behaviors.
Working Paper 25138, National Bureau of Economic Research.

Cavallo, A. and Kryvtsov, O. (2021). What Can Stockouts Tell Us About Inflation?
Evidence from Online Micro Data. NBER Working Papers 29209, National Bureau of
Economic Research, Inc.

Devereux, M. B. (2006). Exchange Rate Policy and Endogenous Price Flexibility. Journal
of the European Economic Association, 4(4):735–769.

Dixit, A. K. and Stiglitz, J. E. (1977). Monopolistic competition and optimum product
diversity. American Economic Review, 67(3):297–308.

Dotsey, M., King, R. G., and Wolman, A. L. (1999). State-Dependent Pricing and the
General Equilibrium Dynamics of Money and Output. Quarterly Journal of Economics,
114(2):655–690.

32



Dupor, B. (2003). Optimal random monetary policy with nominal rigidity. Journal of
Economic Theory, 112(1):66–78.

Dutta, S., Bergen, M., Levy, D., Ritson, M., and Zbaracki, M. (2002). Pricing as a
Strategic Capability. MIT Sloan Management Review, 43(3):61–66.

Flynn, J. P., Nikolakoudis, G., and Sastry, K. A. (2023). A Theory of Supply Function
Choice and Aggregate Supply. Technical report, Princeton University.

Gagnon, E. (2009). Price Setting during Low and High Inflation: Evidence from Mexico.
Quarterly Journal of Economics, 124(3):1221–1263.

Galí, J. (2015). Monetary Policy, Inflation, and the Business Cycle: An Introduction to
the New Keynesian Framework and Its Applications Second edition. Number 10495 in
Economics Books. Princeton University Press.

Gasteiger, E. and Grimaud, A. (2023). Price setting frequency and the Phillips curve.
European Economic Review, 158:104535.

Gautier, E., Conflitti, C., Faber, R. P., Fabo, B., Fadejeva, L., Jouvanceau, V., Menz,
J.-O., Messner, T., Petroulas, P., Roldan-Blanco, P., and Rumler (2022). New facts on
consumer price rigidity in the euro area. Working Paper Series 2669, European Central
Bank.

Ghironi, F. and Ozhan, G. K. (2020). Interest rate uncertainty as a policy tool. Working
Paper 27084, National Bureau of Economic Research.

Golosov, M. and Lucas, R. E. (2007). Menu Costs and Phillips Curves. Journal of
Political Economy, 115(2):171–199.

Gorodnichenko, Y., Sheremirov, V., and Talavera, O. (2018). Price Setting in Online
Markets: Does IT Click? Journal of the European Economic Association, 16(6):1764–
1811.

Gorodnichenko, Y. and Weber, M. (2016). Are Sticky Prices Costly? Evidence from the
Stock Market. American Economic Review, 106(1):165–99.

Gray, J. A. (1978). On indexation and contract length. Journal of Political Economy,
86(1):1–18.

Hall, R. E. (2023). A major shock makes prices more flexible and may result in a burst of
inflation or deflation. Working Paper 31025, National Bureau of Economic Research.

Henkel, L., Wieland, E., Błażejowska, A., Conflitti, C., Fabo, B., Fadejeva, L., Jonck-
heere, J., Karadi, P., Macias, P., Menz, J.-O., and Seiler, P. a. (2023). Price setting

33



during the coronavirus (COVID-19) pandemic. Occasional Paper Series 324, European
Central Bank.

Husted, L., Rogers, J., and Sun, B. (2020). Monetary policy uncertainty. Journal of
Monetary Economics, 115:20–36.

Jurado, K., Ludvigson, S. C., and Ng, S. (2015). Measuring Uncertainty. American
Economic Review, 105(3):1177–1216.

Keane, M. and Rogerson, R. (2012). Micro and macro labor supply elasticities: A re-
assessment of conventional wisdom. Journal of Economic Literature, 50(2):464–76.

King, R. and Wolman, A. L. (1999). What Should the Monetary Authority Do When
Prices Are Sticky? In Monetary Policy Rules, NBER Chapters, pages 349–404. Na-
tional Bureau of Economic Research, Inc.

Kurozumi, T. (2016). Endogenous price stickiness, trend inflation, and macroeconomic
stability. Journal of Money, Credit and Banking, 48(6):1267–1291.

Levy, D., Bergen, M., Dutta, S., and Venable, R. (1997). The Magnitude of Menu Costs:
Direct Evidence from Large U.S. Supermarket Chains. Quarterly Journal of Economics,
112(3):791–824.

Lewis, V. (2013). Optimal monetary policy and firm entry. Macroeconomic Dynamics,
17(8):1687–1710.

Midrigan, V. (2011). Menu costs, multiproduct firms, and aggregate fluctuations. Econo-
metrica, 79(4):1139–1180.

Montag, H. and Villar, D. (2022). Price-Setting During the Covid Era. BLS Working
Paper 547, U.S. Bureau of Labor Statistics.

Nakamura, E., Steinsson, J., Sun, P., and Villar, D. (2018). The Elusive Costs of Inflation:
Price Dispersion during the U.S. Great Inflation. Quarterly Journal of Economics,
133(4):1933–1980.

Rudolf, B. and Seiler, P. (2022). Price Setting Before and During the Pandemic: Evidence
from Swiss Consumer Prices. Mimeo, ETH Zurich.

Schmitt-Grohé, S. and Uribe, M. (2007). Optimal simple and implementable monetary
and fiscal rules. Journal of Monetary Economics, 54(6):1702–1725.

Schnabel, I. (2022). Monetary policy and the Great Volatility. Speech at the Jackson Hole
Economic Policy Symposium organised by the Federal Reserve Bank of Kansas City.

34



Vavra, J. (2013). Inflation Dynamics and Time-Varying Volatility: New Evidence and
an Ss Interpretation. Quarterly Journal of Economics, 129(1):215–258.

Werning, I. (2022). Expectations and the rate of inflation. Working Paper 30260, National
Bureau of Economic Research.

Woodford, M. (2003). Interest and Prices: Foundations of a Theory of Monetary Policy.
Princeton University Press.

Zbaracki, M., Bergen, M., Levy, D., and Ritson, M. (2005). Beyond the Cost of Price
Adjustment: Investments in Pricing Capital. Working Papers 2005-03, Bar-Ilan Uni-
versity, Department of Economics.

Zbaracki, M. J., Ritson, M., Levy, D., Dutta, S., and Bergen, M. (2004). Managerial and
Customer Costs of Price Adjustment: Direct Evidence from Industrial Markets. The
Review of Economics and Statistics, 86(2):514–533.

35



Appendix: Product turnover and endogenous
price flexibility in uncertain times

March 1, 2024

36



A Model and decentralized equilibrium

A.1 Firm’s choice of price flexibility

The model derivation starts with the firm’s problem to invest in price flexibility, which
we borrow from Devereux (2006). We adapt his model in three dimensions. First, we
introduce labor productivity A into the model. Second, we change the support on which
differentiated goods are indexed from [0, 1] to [0, N ]. That is, we change the size of the
mass of goods/firms from 1 to N (later, we will endogenize N by allowing for entry and
exit). Third, we introduce a fixed startup cost in labor units f , which is needed to pin
down profits and the number of producers in equilibrium once we introduce entry and
exit.

Firms produce differentiated goods indexed by ω ∈ [0, N ] and compete under monop-
olistic competition, taking the wage W as given. Following Devereux (2006), we assume
a production function with labor as the only input,

Y (ω) = Al(ω)α, (A.1)

where the parameter α ∈ (0, 1) captures the returns to labor in production, A is a
productivity shock, l(ω) is total labor input that firm ω uses for production. The firm’s
operating cost is Wl(ω) or, from the production function (A.1),

W
Y (ω)1/α

A
. (A.2)

The firm faces the following demand function (to be derived below):

Y (ω) =

(
P (ω)

P

)−θ

Y = P (ω)−θŶ , (A.3)

where Ŷ = P θY is market demand and θ > 1 is the elasticity of substitution between
goods varieties in the final goods firm’s production function (see below).

A.1.1 Price setting

The intermediate goods firm chooses a price P (ω) to maximize expected discounted op-
erating profits given by nominal revenues minus operating cost (A.2), i.e. excluding fixed
production costs (that do not depend on market demand or goods prices),

EΓ
{
P (ω)Y (ω)− W

A
Y (ω)1/α

}
,

37



where Γ is the discount factor. Replacing firm output Y (ω) using the demand constraint
(A.3), expected operating profits can be written as

EΓ

P (ω)

(
P (ω)

P

)−θ

Y − W

A

((
P (ω)

P

)−θ

Y

)1/α
 . (A.4)

Then the price setting problem is to choose P (ω) in order to maximize (A.4).

Price setting and expected profits with investment in price flexibility. If the
firm invests in price flexibility, it can choose its price after observing

Θ = {Γ,W, Ŷ , A}. (A.5)

The first order condition to this problem is

(1− θ)P (ω)−θP θY − W

αA

(
−θ(P (ω))−θ−1P θY

)((P (ω)

P

)−θ

Y

)1/α−1

= 0.

Dividing the first order condition by P (ω)−θP θY , this simplifies to

(1− θ) + θ
W

αA
P (ω)−1

((
P (ω)

P

)−θ

Y

)1/α−1

= 0.

Rearranging as follows,

P (ω) =
θ

α(θ − 1)

W

A

(
P (ω)−θP θY

)1/α−1
,

we obtain:
P (ω)1+θ(1/α−1) =

θ

α(θ − 1)

W

A
Ŷ 1/α−1.

We take both sides of the equation to the power α to get

P (ω)α+θ(1−α) =

(
θ

α(θ − 1)

)α(
W

A

)α

Ŷ 1−α.

We see from this optimality condition that the price is common across firms. Since all
firms set the same price and produce the same output, we drop the ω-subscript from
here on. Finally, we take both sides to the power 1

α+θ(1−α)
to solve for the flexible-firms’

optimal price

P̃ = δ

[(
W

A

)α

Ŷ 1−α

]ζ
, (A.6)
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where
δ =

(
θ

α(θ − 1)

)αζ

, (A.7)

and
ζ =

1

α + θ(1− α)
. (A.8)

With a linear production function where α = 1, we have δ = θ
θ−1

and ζ = 1, such that
the optimal price simplifies to:

P̃ =
θ

θ − 1

W

A
. (A.9)

Now, we derive the flexible-price firm’s expected profits under the optimal price setting
rule given by (A.9). First, write the firm’s expected discounted operating profits (A.4)
as follows:

EΓ
{
P (ω)1−θP θY − W

A

(
P (ω)−θP θY

)1/α}
.

Using the definition of market demand Ŷ = P θY , and rearranging, this becomes

EΓ

{
P (ω)1−θŶ −

(
P (ω)−θ

(
W

A

)α

Ŷ

)1/α
}
. (A.10)

Plugging the optimal price (A.6) into (A.10),

EΓ

δ1−θ

([(
W

A

)α

Ŷ 1−α

]ζ)1−θ

Ŷ −

δ−θ

([(
W

A

)α

Ŷ 1−α

]ζ)−θ (
W

A

)α

Ŷ

1/α
 .

Rearranging, we write this as follows,

EΓ

δ1−θ

[(
W

A

)α(1−θ)

Ŷ (1−α)(1−θ)

]ζ
Ŷ − δ−θ/α

[(W

A

)−θα

Ŷ −θ(1−α)

]ζ (
W

A

)α

Ŷ

1/α
 ,

which is equivalent to,

EΓ

δ1−θ

[(
W

A

)α(1−θ)

Ŷ (1−α)(1−θ)Ŷ 1/ζ

]ζ
− δ−θ/α

[(
W

A

)−θ

Ŷ −θ(1−α)/α

]ζ
W

A
Ŷ 1/α

 .

And further,

EΓ

δ1−θ

[(
W

A

)α(1−θ)

Ŷ 1/ζ+(1−α)(1−θ)

]ζ
− δ−θ/α

[(
W

A

)(1/ζ−θ)

Ŷ [1/ζ−θ(1−α)]/α

]ζ .
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Now, plugging in the expression for ζ in (A.8), i.e. 1/ζ = α + θ(1− α), we obtain

EΓ

δ1−θ

[(
W

A

)α(1−θ)

Ŷ

]ζ
− δ−θ/α

[(
W

A

)α(1−θ)

Ŷ

]ζ ,

which can be simplified to

EΓ

(δ1−θ − δ−θ/α
) [(W

A

)α(1−θ)

Ŷ

]ζ .

Finally, let’s denote the firm’s expected profits under investment in price flexibility as
Ṽ (Θ), where Θ is defined in (A.5), such that

Ṽ (Θ) = ΨE

Γ

[(
W

A

)α(1−θ)

Ŷ

]ζ . (A.11)

where
Ψ = δ1−θ − δ−θ/α. (A.12)

Price setting and expected profits without investment in price flexibility. If
the firm does not invest in price flexibility, the first order condition to its price setting
problem is instead

EΓ

(1− θ)P (ω)−θP θY − W

αA

(
−θP (ω)−θ−1P θY

)((P (ω)

P

)−θ

Y

)1/α−1
 = 0.

Dividing the first order condition by (1− θ)P (ω)−θ and setting P θY = Ŷ , this simplifies
to

EΓ
{
Ŷ − θ

α(θ − 1)

W

A
P (ω)−1Ŷ

(
P (ω)−θŶ

)1/α−1
}

= 0.

Collecting terms in P (ω), we can write

E{ΓŶ } =
θ

α(θ − 1)
E
{
Γ
W

A
P (ω)−1−θ(1/α−1)Ŷ 1/α

}
.

Rearranging, we obtain

P (ω)1+θ(1/α−1) =
θ

α(θ − 1)

E{Γ(W/A)Ŷ 1/α}
E{ΓŶ }

.
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Finally, noticing that 1+θ(1/α−1) = 1/(αζ) we can solve for the (common) sticky-firm’s
price as follows

P̄ = δ
E{Γ(W/A)Ŷ 1/α}αζ

E{ΓŶ }αζ
. (A.13)

Plugging the optimal price (A.13) into (A.4), the firm’s expected profits are given by:

EΓ


(
δ
E{Γ(W/A)Ŷ 1/α}αζ

E{ΓŶ }αζ

)1−θ

Ŷ − W

A

(δE{Γ(W/A)Ŷ 1/α}αζ

E{ΓŶ }αζ

)−θ

Ŷ

1/α
 .

Taking the δ’s out of the brackets, putting the Γ and the W inside the brackets, and
rearranging, this yields

E
{
δ1−θE{Γ(W/A)Ŷ 1/α}(1−θ)αζE{ΓŶ }−αζ(1−θ)ΓŶ

− δ−θ/α
(
(Γ(W/A))αE{Γ(W/A)Ŷ 1/α}−θαζE{ΓŶ }αζθŶ

)1/α}
.

Equivalently,

E
{
δ1−θE{Γ(W/A)Ŷ 1/α}(1−θ)αζE{ΓŶ }−αζ(1−θ)ΓŶ

− δ−θ/α(E{Γ(W/A)Ŷ 1/α}1−θζE{ΓŶ }ζθ
}
.

Noticing that

1− αζ(1− θ) = 1− α(1− θ)

α + θ(1− α)
=

θ

α + θ(1− α)
= θζ, (A.14)

the first and second lines can be rewritten

E
{
δ1−θE

{
Γ(W/A)Ŷ 1/α

}(1−θ)αζ

E{ΓŶ }θζ

− δ−θ/α(E{Γ(W/A)Ŷ 1/α}(1−θ)αζE{ΓŶ }θζ
}
.

Rewriting, we have

V̄ (Θ) = ΨE{Γ(W/A)Ŷ 1/α}(1−θ)αζE{ΓŶ }θζ . (A.15)

Realized profits with production fixed cost and entry/exit decisions. In equi-
librium, firms set prices optimally and produce when operating profits are larger then
production fixed costs (in terms of labor), Wf . Moreover, under entry and exit the equi-
librium sticky-price firm profits are always zero. Thus, ex post profits of a firm ω are

41



given by
Π̃(ω) = max(Ṽ (Θ)−Wf, 0),

Π̄(ω) = max(V̄ (Θ)−Wf, 0) = 0.

The latter equation implies that V̄ = Wf . Moreover,

Π̃(ω) = max(Ṽ (Θ)− V̄ (Θ), 0) = Ṽ (Θ)− V̄ (Θ). (A.16)

Investment in price flexibility. The firm chooses to be a flex-price firm if the gain
in expected discounted profits exceeds the expected discounted costs of investing in price
flexibility. This can be formulated as

max(Ṽ (Θ)−Wf, 0) > E {ΓWΦ(ω)} .

From (A.16), the gap between profits of flexible-price firms and fixed-price firms is equal
to max(Ṽ (Θ)− V̄ (Θ), 0) = Ṽ (Θ)− V̄ (Θ). This implies that

Ṽ (Θ)− V̄ (Θ) > E {ΓWΦ(ω)} .

Because the cost of price flexibility Φ(ω) is known ex ante, we can take this term out of
the expectations operator and write:

∆(Θ) ≡ Ṽ (Θ)− V̄ (Θ)

E {ΓW}
≥ Φ(ω). (A.17)

In (A.17), the term ∆(Θ) captures the gain from price flexibility.

Investment in price flexibility without product turnover. In Section (3.3), we
introduce the model without product turnover, which we label ‘New Keynesian’ model.
In that model condition (A.17) holds accordingly.

A.1.2 Approximation of the gain function (8)

Substitution of flexible-price firms’ and sticky-price firms’ expected profits, equations
(A.11) and (A.15), into equation (A.17) gives

∆(Θ) =
Ψ

E{ΓW}

(
EΓ[(W/A)α(1−θ)Ŷ ]ζ − E{Γ(W/A)Ŷ 1/α}α(1−θ)ζE{ΓŶ }θζ

)
. (A.18)
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To express the variables in logarithmic form, we transform equation (A.18) into

∆(Θ) =
Ψ

E exp(ln Γ + lnW )

{
E exp(ln Γ + α(1− θ)ζ(lnW − lnA) + ζ ln Ŷ )

−
[
E exp(ln Γ + lnW − lnA+

1

α
ln Ŷ )

]α(1−θ)ζ [
E exp(ln Γ + ln Ŷ )

]θζ }
. (A.19)

Recall that a Taylor approximation of a two-variable function f(a, b) around (A,B), up
to second order, is given by

f(a, b) ≈f(A,B) + fa(A,B)(a− A) + fb(A,B)(b− B)

+
faa(A,B)

2
(a− A)2 + fab(A,B)(a− A)(b− B) +

fbb(A,B)

2
(b− B)2.

Let’s define g ≡ ln Γ−E ln Γ, a ≡ lnA−E lnA, w ≡ lnW−E lnW , and ŷ ≡ ln Ŷ −E ln Ŷ .
Up to second order, the approximation of equation (A.19) around the stochastic mean
E lnΘ is equal to

∆(Θ) ≈ ∆(exp(E lnΘ)−∆(exp(E lnΘ))E(g + w)

+ ∆(exp(E lnΘ))E(g2 + w2 + 2gw)

+ Ω

{
E [g + α(1− θ)ζ(w − a) + ζŷ]

− E [((1− θ)α + θ)ζg + α(1− θ)ζ(w − a) + ((1− θ)ζ + θζ)ŷ]

+
1

2
E[g2 + α2(1− θ)2ζ2(w2 + a2) + ζ2ŷ2]

+ E
[
α(1− θ)ζgw + ζgŷ + ζ2α(1− θ)wŷ − α(1− θ)ζ(ga+ α(1− θ)ζwa+ ζŷa)

]
− 1

2
[α(1− θ)ζE(g2 + w2 + a2 + α−2ŷ2) + θζE(g2 + ŷ2 + 2gŷ)]

− α(1− θ)ζE(gw + α−1gŷ + α−1wŷ − ga− wa− α−1ŷa)

}
, (A.20)

where we define Ω ≡ V (exp(E lnΘ))
exp(E ln Γ+E lnW−E lnA)

. We know that Ω > 0, as the numerator of
expression (10), V (exp(E lnΘ)), represents the operating profit function – of flexible-price
firms or sticky-price firms – evaluated at the stochastic mean E lnΘ and the denominator
of (10) is an exponential function, which is always positive.

We can simplify (A.20) as follows. First, by definition, the gains from price flexibil-
ity evaluated at the stochastic mean are zero, i.e. ∆(exp(E lnΘ) = 0, because profits
of flexible-price firms and profits of preset-price firms, evaluated at the constant mean
value E lnΘ, are equal. For this reason, the first three terms on the right hand side of
equation (A.20) are zero. Further, this implies that V (exp(E lnΘ)) = Ṽ (exp(E lnΘ)) =

V̄ (exp(E lnΘ)) in expression (10). Second, we have that E(g) = E(w) = E(ŷ) = E(a) = 0,
which implies that the fourth and fifth terms in the previous expression are zero.
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Simplifying equation (A.20) in this way, we obtain

∆(Θ) ≈ Ω

{
1

2
E[g2 + α2(1− θ)2ζ2(w2 + a2) + ζ2ŷ2]

+ E
[
α(1− θ)ζgw + ζgŷ + ζ2α(1− θ)wŷ − α(1− θ)ζ(ga+ α(1− θ)ζwa+ ζŷa)

]
− 1

2
[α(1− θ)ζE(g2 + w2 + a2 + α−2ŷ2) + θζE(g2 + ŷ2 + 2gŷ)]

− α(1− θ)ζE(gw + α−1gŷ + α−1wŷ − ga− wa− α−1ŷa)

}
.

Rearranging the equation by collecting all the second order terms in g, we obtain

∆(Θ) ≈ Ω

{
1

2
E[α2(1− θ)2ζ2(w2 + a2) + ζ2ŷ2]

+ E
[
ζ2α(1− θ)wŷ − α(1− θ)ζ(α(1− θ)ζwa+ ζŷa)

]
− 1

2
[α(1− θ)ζE(w2 + a2 + α−2ŷ2) + θζE(ŷ2)]

− α(1− θ)ζE(α−1wŷ − wa− α−1ŷa)

}
+

1

2
ΩE[1− α(1− θ)ζ − θζ]g2

+ ΩE[α(1− θ)ζ − α(1− θ)ζ]gw

+ ΩE[ζ − θζ − (1− θ)ζ]gŷ

+ ΩE[−α(1− θ)ζ + α(1− θ)ζ]ga.

We can see that all the terms in g, the last four lines in the previous equation, drop out.
Collecting terms,

∆(Θ) ≈ Ω

{
1

2
E[(α2(1− θ)2ζ2 − α(1− θ)ζ)(w2 + a2) + (ζ2 − (1− θ)ζα−1 − θζ)ŷ2]

+ E
[
(ζ2α(1− θ)− (1− θ)ζ)wŷ − (α2(1− θ)2ζ2 − α(1− θ)ζ)wa− (α(1− θ)ζ2 − (1− θ)ζ)ŷa

]}
,

and simplifying, this becomes

∆(Θ) ≈ Ω

{
1

2
E[α(1− θ)ζ(α(1− θ)ζ − 1)(w2 + a2) + ζ(ζ − α−1 + θα−1 − θ)ŷ2]

+ α(1− θ)ζE
[
(ζ − α−1)wŷ − (α(1− θ)ζ − 1)wa− (ζ − α−1)ŷa

]}
.

Using α(1− θ)ζ − 1 = −θζ from (A.14) to replace the blue terms and

ζ − α−1 =
1

α + θ(1− α)
− 1

α
=

−θ(1− α)

α[α + θ(1− α)]
= −θ(1− α)ζα−1,
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to replace the red ones, this becomes:

∆(Θ) ≈ Ω

{
1

2
E[α(1− θ)ζ2θ(−w2 − a2) + ζ(−θ(1− α)ζα−1 − (1− α−1)θ)ŷ2]

− α(1− θ)θζ2E
[
(1− α)α−1wŷ − wa− (1− α)α−1ŷa

]}
.

Rearranging the term in front of y2,

∆(Θ) ≈ Ω

{
1

2
E[α(1− θ)ζ2θ(−w2 − a2)− ζ2θα((1− α)α−2 + (1− α−1)α−1ζ−1)ŷ2]

− α(1− θ)θζ2E
[
1− α

α
wŷ − wa− 1− α

α
ŷa

]}
.

Rearranging once more,

∆(Θ) ≈ Ω

{
1

2
E
[
α(1− θ)ζ2θ(−w2 − a2)− ζ2θα

(
(1− α)(1− ζ−1)

α2

)
ŷ2
]

+ α(1− θ)θζ2E
[
−1− α

α
wŷ + wa+

1− α

α
ŷa

]}
,

and noting that 1− ζ−1 = 1− α− θ(1− α) = (1− α)(1− θ), we end up with

∆(Θ) ≈ Ωα(1− θ)ζ2θ

{
1

2
E
[
−w2 − a2 − (1− α)2

α2
ŷ2 − 2

1− α

α
wŷ + 2wa+ 2

1− α

α
ŷa

]}
.

Defining E(w2) ≡ σw, E(a2) ≡ σa, etc., we can rewrite as

∆(Θ) ≈ Ω

2
(θ − 1)θαζ2

[
σ2
w +

(1− α)2

α2
σ2
ŷ + σ2

a +
2(1− α)

α
σwŷ −

2(1− α)

α
σaŷ − 2σwa

]
.

(A.21)
The gains from price flexibility depend positively on the variance of the wage, the variance
of market demand, the variance of productivity, and on the covariance between the wage
and market demand. They further depend negatively on the covariance between produc-
tivity and the wage, and on the covariance between productivity and market demand. In
fact, the expression in square brackets in (A.21) is equal to V ar(lnW + 1−α

α
ln Ŷ − lnA).

Up to second order, the gains from price flexibility do not depend on the properties of
the stochastic discount factor Γ.

Special case 1: No productivity shocks. If productivity is constant, A = Ā, we can
set its variance (and all covariances) to zero, σ2

a = 0, such that equation (A.21) simplifies
to:

∆(Θ) ≈ Ω

2
(θ − 1)θαζ2

[
σ2
w +

(1− α)2

α2
σ2
ŷ +

2(1− α)

α
σwŷ

]
, (A.22)
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which is the expression derived in Devereux (2006). The gains from price flexibility
depend positively on the variance of the wage, the variance of market demand, and their
covariance. We see from (A.22) that uncertainty in market demand plays a role only
if α < 1. If the production function is linear in labor, i.e. α = 1, marginal costs are
independent of output and a change in market demand does not induce a firm to change
its price.

Special case 2: Linear production function. In the case of a linear production
function, i.e. α = 1, we have ζ = 1 and equation (A.21) simplifies to:

∆(Θ) ≈ Ω

2
(θ − 1)θ

[
σ2
w + σ2

a − 2σwa

]
. (A.23)

The gains from price flexibility depend positively on the variance of the wage and on the
variance of productivity, and negatively on their covariance. In fact, the expression in
square brackets in (A.23) is equal to V ar(lnW − lnA). Recall that θ > 1 by assumption,
and that Ω > 0. Therefore, the gains from price flexibility are greater than zero, unless
the wage is linear in productivity. In the latter case, the gains from price flexibility are
exactly zero.

A.1.3 Determination of price flexibility in the aggregate

Firms are indexed by ω ∈ (0, N). Firms differ in the cost of price flexibility Φ; more
specifically, each firm ω has a unique cost of price flexibility, Φ(ω), where Φ(0) = 0 and
Φ′(ω) > 0, i.e. the cost function is increasing and differentiable in ω. Thus, firms are
ranked according to their fixed cost of flexibility. Let z ∈ (0, N) denote the firm with the
highest cost of flexibility that is still willing to invest in flexibility. Then z is a measure
of firms that incur the cost of flexibility, and therefore (N − z) is a measure of firms that
do not invest in price flexibility. So, z/N is a measure of price rigidity. The above implies
that the relation (19) determines the maximum degree of price flexibility zmax/N .

A.2 Firm profits as a function of productivity

In the following, we derive the curvature of the profit function for flexible-price and
sticky-price firms. We show that the flexible-price firm’s profit function is convex in
A for θ > 2, and the sticky-price firm’s profit function is concave in A in this partial
equilibrium exercise (conditional on the production function being linear, i.e. α = 1).

First, if firm ω is a flexible-price firm, it sets a price

P̃ (ω) =
θ

θ − 1

W

A
, (A.24)

and its ex post (nominal) operating profits are Π(ω) = P (ω)Y (ω) − WL(ω). The firm
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takes the market wage W as given. Under monopolistic competition and with a linear
production function, Y (ω) = AL(ω), labor demand is given by L(ω) = Y (ω)/A. Substi-
tuting labor L(ω), profits become

Π(ω) = P (ω)Y (ω)−W
Y (ω)

A
=

(
P (ω)− W

A

)
Y (ω).

Demand for firm θ’s output is Y (ω) = (P (ω)/P )−θY . Plugging this into the profit
function, we obtain

Π(ω) =

(
P (ω)− W

A

)(
P (ω)

P

)−θ

Y. (A.25)

Plugging in the optimal flexible price P̃ (ω) from (A.24) and rearranging, this becomes

Π̃(ω) =
1

θ − 1

W

A

(
θ

θ − 1

W

AP

)−θ

Y =

(
θ

θ − 1

W

A

)1−θ
P θY

θ
.

Notice that this is a partial equilibrium exercise; we do not consider how the wage or
market demand change with productivity. Bearing this in mind, we differentiate the
profit function with respect to A, taking the wage W and market demand Ŷ = P θY as
given, to obtain

∂Π̃(ω)

∂A
= − θ

θ − 1

W

A2
(1− θ)

(
θ

θ − 1

W

A

)−θ
Ŷ

θ
,

which simplifies to
∂Π̃(ω)

∂A
=

θ − 1

A

(
θ

θ − 1

W

A

)1−θ
Ŷ

θ
,

and further,
∂Π̃(ω)

∂A
= δ−θAθ−2W 1−θŶ ,

where δ = θ
θ−1

. Now, to determine the curvature, we differentiate this again with respect
to A to obtain

∂2Π̃(ω)

∂A∂A
= (θ − 2)δ−θAθ−3W 1−θŶ .

The profit function is convex in A, i.e. the second derivative is positive, if demand is
sufficiently elastic such that θ > 2.

Second, if firm ω is a sticky-price firm, it sets a price

P̄ (ω) = δ
E{Γ(W/A)Ŷ }

E{ΓŶ }
, (A.26)

and its ex post nominal operating profits are given by expression (A.25) above. With the
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optimal sticky price P̄ (ω) given by (6), this becomes

Π̄(ω) =

(
P̄ (ω)− W

A

)
P̄ (ω)−θŶ .

Differentiating sticky-price profits with respect to productivity A, we have

∂Π̄(ω)

∂A
=

W

A2
P̄ (ω)−θŶ .

At the point where we differentiate the profit function, the firm has already set a price.
Therefore, we treat P̄ (ω) as a constant when we differentiate Π̄(ω). The second derivative
of the profit function is given by

∂2Π̄(ω)

∂A∂A
= −2

W

A3
P̄ (ω)−θŶ < 0,

which is negative for all values of θ. For a sticky-price firm, the profit function is concave
in productivity A.

A.3 Endogenous entry-exit

We now consider the general equilibrium model with endogenous entry and exit.

Firms. Aggregate output is defined as in (15), where θ > 1 is the elasticity of sub-
stitution between goods varieties. The demand for good ω is the solution to the cost-
minimization problem

min
Y (ω)

ˆ N

0

P (ω)Y (ω)dω, (A.27)

subject to the aggregator function (15), taking prices P (ω) as given. The solution is given
by (2) for all ω ∈ (0, N). The price index is derived from the identity that the value of
aggregate output is equal to total expenditure, i.e.

PY =

ˆ N

0

P (ω)Y (ω)dω, (A.28)

where P , the price of bundle Y , is interpreted as the price index. Substituting Y (ω) in
the expenditure function using the demand equation (2) gives

PY =

ˆ N

0

P (ω)

(
P (ω)

P

)−θ

Y dω.

We can cancel Y and take P out of the integral since those terms do not depend on ω

and we move P to the left hand side. Rearranging, we find that the aggregate price index
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is given by

P =

(ˆ N

0

P (ω)1−θdω

) 1
1−θ

.

There are two types of firms. Firms on the interval (0, z) set prices after the state of
nature has realized. We call these firms flexible-price firms. The remaining firms on the
interval (z,N) set prices in advance; we call these sticky-price firms. Flexible-price firms
set a price P̃ (ω) and sticky-price firms set a price P̄ (ω). This implies that the price index
can be written as

P 1−θ =

ˆ z

0

P̃ (ω)1−θdω +

ˆ N

z

P̄ (ω)1−θdω.

Symmetric equilibrium. We restrict attention to symmetric equilibria. The house-
hold’s expenditure can be expressed as,

PC =

ˆ z

0

P̃ (ω)Ỹ (ω)dω +

ˆ N

z

P̄ (ω)Ȳ (ω)dω.

Given that all flexible-price firms are alike, and all sticky-price firms are alike, we can
write this as

PC = [zP̃ Ỹ + (N − z)P̄ Ȳ ]. (A.29)

Also, the price index can be written as

P 1−θ = [zP̃ 1−θ + (N − z)P̄ 1−θ], (A.30)

with prices of flexible-price firms and sticky-price firms given by (A.6) and (A.13).
Goods market clearing, for flexible-price firms and for sticky-price firms respectively,

is as follows,

Ỹ =

(
P̃

P

)−θ

Y, (A.31)

Ȳ =

(
P̄

P

)−θ

Y. (A.32)

Rewriting the production function (A.1) as

l(ω) =
Y (ω)1/α

A
, (A.33)

the two types of firms’ demand for production labor is, respectively,

l̄ =
Ȳ 1/α

A
, (A.34)
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l̃ =
Ỹ 1/α

A
. (A.35)

Labor market clearing implies

L =

[
z
Ỹ 1/α

A
+ (N − z)

Ȳ 1/α

A

]
+Nf +

ˆ zmax

0

Φ(ω)dω. (A.36)

The last term on the right hand side captures the fixed cost incurred by the measure
zmax of firms that choose to invest in price flexibility. The second-last term on the right
hand side captures production fixed costs. We can derive labor by plugging flexible-price
firm output (A.31) and sticky-price firm output (A.32) into the labor market clearing
condition (A.36),

L =

 z

A

( P̃

P

)−θ

Y

1/α

+
N − z

A

((
P̄

P

)−θ

Y

)1/α
+Nf +

ˆ zmax

0

Φ(ω)dω. (A.37)

The wage equation can be simplified by substituting output Y from (14) to obtain

(1 + τ)W = χLφM

η
. (A.38)

Total consumption output is found by aggregating over sticky-price and flexible-price
firms,

Y =
zP̃ Ỹ + (N − z)P̄ Ȳ

P
. (A.39)

Entry and exit. Our timing assumption stipulates that, after the price flexibility
decision and after the shock has happened, an individual flexible-price firm with ω ∈ (0, z)

produces if
P̃ (ω)Ỹ (ω)

P
− W

P
l̃(ω) ≥ Wf, (A.40)

while an individual sticky-price firm with ω ∈ (z,N) produces if

P̄ (ω)Ȳ (ω)

P
− W

P
l̄(ω) ≥ Wf. (A.41)

New entrants into the market have not invested in price flexibility and can therefore only
compete with the (market-wide) pre-set price. They base their production decision on
(A.41). Moreover, flexible-price firms are less likely to exit as price flexibility allows them
to adjust prices in response to (adverse) supply shocks. This can be seen by comparing
equations (A.40) and (A.41), which differ with respect to the individual firm price (that
is either the flexible optimal price or the pre-set price).
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A.4 Determination of optimal price flexibility with entry/exit

In Section 3, we assume a linear production function. Thus, we consider the special
case of the model derived in (A.3) in which α = 1. For a given z/N , the model is log-
linear, except for the price index (16), labor market equilibrium (24), and the zero-profit
condition (22). The log-linear model equations are

ln P̃ = ln δ − lnA+ lnχ+ φ lnL+ lnM − ln η, (A.42)

lnW = lnχ+ φ lnL+ lnM − ln η, (A.43)

lnY = lnM − ln η − lnP. (A.44)

Note that the price index, labor and the number of firms are not log-linear (due to
Jensen’s inequality) at the point of approximation E lnP , E lnL and E lnN .

In the following, to simplify the notation in the approximated functions, we define
Ñ = z and N̄ = N − z. Note that the function defining Ñ has kinks. Under positive
shocks, or under negative shocks in a situation where there is a sufficient number of
steady-state sticky-price firms N̄ and the shocks are sufficiently small, Ñ = z remains
constant at zmax. Only when the number of flexible-price firms is very large relative to
the number of sticky-price firms might large adverse supply shocks lead to a situation
where all sticky-price firms exit the market, which gives rise to extensive adjustments for
flexible-price firms.

For simplicity, we focus on the cases in which Ñ = z remains constant at zmax, such
that the extensive margin only adjusts with sticky-price firms. I.e., we only consider the
case N > zmax. This is the most important case that only excludes very large adverse
shocks.

Second-order approximation of the price index. We first express the price index
as

P = {exp(ln Ñ) exp((1− θ) ln P̃ ) + exp(ln N̄) exp((1− θ) ln P̄ )}1/(1−θ). (A.45)

Since we want to approximate lnP rather than P , we take logs of (A.45),

lnP =
1

1− θ
ln
{
exp(ln Ñ) exp((1− θ) ln P̃ ) + exp(ln N̄) exp((1− θ) ln P̄ )]

}
. (A.46)
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The first derivative of (A.46) w.r.t. ln P̃ is given by

∂ lnP

∂ ln P̃
=

1

1− θ

(1− θ) exp(ln Ñ) exp((1− θ) ln P̃ )

exp(ln Ñ) exp((1− θ) ln P̃ ) + exp(ln N̄) exp((1− θ) ln P̄ )
.

Cancelling terms, this simplifies to

∂ lnP

∂ ln P̃
=

exp(ln Ñ) exp((1− θ) ln P̃ )

exp(ln Ñ) exp((1− θ) ln P̃ ) + exp(ln N̄) exp((1− θ) ln P̄ )
.

The first derivative of (A.46) w.r.t. ln N̄ is

∂ lnP

∂ ln N̄
=

1

1− θ

exp(ln N̄) exp((1− θ) ln P̄ )

exp(ln Ñ) exp((1− θ) ln P̃ ) + exp(ln N̄) exp((1− θ) ln P̄ )
.

Noting that P̄ and ln Ñ are constant, we obtain the second-order approximation of (A.46)
around the stochastic mean as

lnP ≈ ln
(
{exp(E ln Ñ) exp((1− θ)E ln P̃ ) + exp(E ln N̄) exp((1− θ) ln P̄ )}1/(1−θ)

)
+ϖ(Ez,EN)p̃+

1

1− θ
(1−ϖ(Ez,EN))n̄+ 2nd order terms, (A.47)

where p̃ ≡ ln P̃ − E ln P̃ , n̄ ≡ ln N̄ − E ln N̄ , and

ϖ(Ez,EN) =
Ez exp(E(1− θ) ln P̃ )

Ez exp(E(1− θ) ln P̃ ) + (EN − Ez) exp(E(1− θ) ln P̄ )
.

Second-order approximation of labor market clearing. We start by expressing
the variables on the right hand side of (A.37) in logarithmic form:

lnL = ln

{
exp

[(
−θ ln P̃ + θ lnP + lnM − ln η − lnP

)
+ ln Ñ − lnA

]
+

+exp
[(
−θ ln P̄ + θ lnP + lnM − ln η − lnP

)
+ ln N̄ − lnA

]
+exp(lnN+ln f)+

ˆ zmax

0

Φ(i)di

}
.

(A.48)

Approximating around the stochastic mean l = lnL−E lnL, etc., and noting that P̄ and
Ñ are constant yields

lnL ≈ ln Λ0+ς ′(m−η̂−a−p)+[ς ′(1−ϑ(Ez,EN))+ς ′′]n̄+ς ′θ (p− ϑ(Ez,EN)p̃)+2nd order terms,

52



where the terms Λ0, ς ′, ς ′′, and ϑ(Ez,EN) are given by:

Λ0 =

[
exp (E ln Ñ) exp

(
−θE ln

(
P̃

P

))
+ expE(ln N̄) exp

(
−θE ln

(
P̄

P

))]

× exp

(
E ln

(
M

ηP

))
exp(−E lnA) + exp(E lnN + ln f) +

ˆ zmax

0

Φ(i)di, (A.49)

ς ′ =
Λ0 − exp(E lnN + ln f)−

´ Ñ0

0
Φ(i)di

Λ0

,

ς ′′ =
exp(E ln N̄ + ln f)

Λ0

,

ϑ(Ez,EN) =
Ez exp(−θE ln P̃ )

Ez exp(−θE ln P̃ ) + (EN − Ez) exp(−θE ln P̄ )
> 0.

Note that Λ0 > 0 and ς ∈ (0, 1). Moreover, the function ϑ(Ez,EN) has the properties
ϑ(0,EN) = 0, and ϑ(Ez,EN) = 1 for Ez = EN .

Second-order approximation of the zero-profit condition. From the free entry
condition in (A.41), we have

(P/P )1−θY = (W/(PA))[(P/P )−θY + Af ]. (A.50)

Combining with the money market condition M = ηPY and labor market clearing (A.37),
we arrive at

(P/P )1−θ M

ηW
(N − zmax) = L− Φ

2
z2max − zmaxf − zmax

A
(P̃ /P )−θ M

Pη
. (A.51)

We start by taking a Taylor approximation of the right hand side. P̄ and Ñ = zmax are
fixed. Moreover, the right-hand-side expression (RHS) can be expressed as

lnRHS = ln

{
exp(lnL)− Φ

2
z2max − zmaxf − zmax

exp(−θ ln P̃ )

exp((1− θ) lnP )

exp(lnM)

exp(lnA) exp(ln η)

}
.

(A.52)
The expression varies in lnA, lnL, ln P̃ , lnP , and lnM . We treat η as constant. The
corresponding first-order derivatives are

∂ lnRHS

∂ lnL
=

exp(lnL)

RHS
, (A.53)

∂ lnRHS

∂ ln P̃
= θ

zmax exp(−θ ln P̃ ) exp(lnM)

RHS exp((1− θ) lnP ) exp(lnA) exp(ln η)
, (A.54)
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∂ lnRHS

∂ lnP
= −(θ − 1)

zmax exp(−θ ln P̃ ) exp(lnM)

RHS exp((1− θ) lnP ) exp(lnA) exp(ln η)
, (A.55)

∂ lnRHS

∂ lnA
= −∂ lnRHS

∂ lnM
=

zmax exp(−θ ln P̃ ) exp(lnM)

RHS exp((1− θ) lnP ) exp(lnA) exp(ln η)
. (A.56)

The left hand side of (A.51) has only multiplicative terms. Further, we have defined
N = N − z and, as z = zmax, N = N − zmax. Overall, we arrive at the following Taylor
approximation of the log free entry condition in (A.51)

(θ − 1)p+m− w + n ≈ exp(lnL)

RHS
l+

+
zmax exp(ln P̃ ) exp(lnM)

RHS exp((1− θ) lnP ) exp(lnA) exp(ln η)
[θp̃− (θ − 1)p−m+ a]. (A.57)

Defining O1 = exp(lnL)
RHS

and O2 = zmax exp(ln P̃ ) exp(lnM)
RHS exp((1−θ) lnP ) exp(lnA) exp(ln η)

, and noting that w =

φl +m, we rearrange this as

(θ − 1)p− φl + n ≈ Const+O1l +O2[θp̃− (θ − 1)p−m+ a] ⇐⇒

⇐⇒ n ≈ Const− (θ − 1)(O2 + 1)p+O2θp̃−O2m+O2a+ (φ+O1)l. (A.58)

A.4.1 Determination of optimal price flexibility

In the following, to focus on the volatility of productivity, we assume – as in the bench-
mark specification – fixed money supply, i.e. m = 0. Remember that ñ = 0 and η̂ = 0.

We can rewrite the approximated aggregate price index as

p ≈ Const1 +ϖ(Ez,EN)p̃+
1

1− θ
(1−ϖ(Ez,EN))n̄. (A.59)

The labor market clearing condition is

l ≈ Const2 + ς ′(−a− p) + ς ′θ (p− ϑ(Ez,EN)p̃) + [ς ′(1− ϑ(Ez,EN)) + ς ′′]n̄, (A.60)

and the free entry condition (A.58)

n ≈ Const− (θ − 1)(O2 + 1)p+O2a+O2θp̃+ (φ+O1)l. (A.61)

Substitution of p̃ from (A.59) into (A.61) gives

n ≈ Const− (θ−1)(O2+1)p+O2a+
θO2

ϖ(Ez,EN)

[
p− 1−ϖ(Ez,EN)

1− θ
n̄

]
+(φ+O1)l.
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Rearranging gives

n

[
1 +

θO2

ϖ(Ez,EN)

1−ϖ(Ez,EN)

1− θ

]
≈

≈ Const− (θ − 1)(O2 + 1)p+O2a+
θO2

ϖ(Ez,EN)
p+ (φ+O1)l. (A.62)

Now we substitute p̃ from (A.59) into the labor market condition (A.60)

l ≈ Const2+ς ′(−a−p)+ς ′θ

(
p− ϑ(Ez,EN)

ϖ(Ez,EN)

[
p− 1−ϖ(Ez,EN)

1− θ
n̄

])
+[ς ′(1−ϑ(Ez,EN))+ς ′′]n̄.

(A.63)

Collecting terms and setting ι = ϑ(Ez,EN)
ϖ(Ez,EN)

> 0, gives

l ≈ Const2−ς ′a+[ς ′(θ−1−θι)]p+[ς ′(θι
1−ϖ(Ez,EN)

1− θ
+1−ϑ(Ez,EN))+ς ′′]n. (A.64)

We plug in from (A.62) and define ϑ̃ = θ
θ−1

ϖ(Ez,EN)−1
ϖ(Ez,EN)

to get

l ≈ Const− ς ′a+ [ς ′(θ − 1− θι)]p+

+ [ς ′(ιϑ̃ϖ(Ez,EN) + 1− ϑ(Ez,EN)) + ς ′′]
1

1 +O2ϑ̃
×

×
{
O2a−

[
(θ − 1)(O2 + 1)− θO2

ϖ(Ez,EN)

]
p+ (φ+O1)l

}
. (A.65)

We define O3 = [ς ′(ιϑ̃ϖ(Ez,EN) + 1− ϑ(Ez,EN)) + ς ′′] 1

1+O2ϑ̃
, and O4 =

1
ϖ(Ez,EN)

. Then

l ≈ Const+
O2O3 − ς ′

1− (φ+O1)O3

a−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

p. (A.66)

Turning to the equation for flexible prices, we have

p̃ ≈ Const+
1

ϖ(Ez,EN)
p− ϑ̃

θ
n̄. (A.67)

We use (A.62) to get

p̃ ≈ Const + O4p − ϑ̃

θ(1 +O2ϑ̃)
{O2a − ((θ − 1)(O2 + 1) − θO4O2)p + (φ + O1)l}.

(A.68)

Ignoring constants and assuming that m = η̂ = 0, the log-linear approximation of the
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flexible price P̃ from (A.42) is given by

p̃ = −a+ φl. (A.69)

Setting equal the price index (A.68) and the flexible price (A.69) to eliminate p̃, we get

O4p−
ϑ̃

θ(1 + O2ϑ̃)
{O2a− [(θ − 1)(O2 + 1)− θO4O2]p+ (φ+O1)l} = −a+φl. (A.70)

Multiplying by θ(1 + O2ϑ̃)

θ(1 +O2ϑ̃)O4p− ϑ̃ {O2a+ [(θ − 1)(O2 + 1)− θO4O2]p+ (φ+O1)l} =

= −θ(1 +O2ϑ̃)a+ θ(1 + O2ϑ̃)φl, (A.71)

and collecting terms in p, l, and a yields

{
θ(1 +O2ϑ̃)O4 − ϑ̃[(θ − 1)(O2 + 1)− θO4O2]

}
p =

= [ϑ̃O2 − θ(1 +O2ϑ̃)]a+ [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]l. (A.72)

Plugging in (A.66) to eliminate l – while ignoring constants – we obtain

{
θ(1 +O2ϑ̃)O4 − ϑ̃[(θ − 1)(O2 + 1)− θO4O2]

}
p = [ϑ̃O2 − θ(1 + O2ϑ̃)]a+

+ [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]
O2O3 − ς ′

1− (φ+O1)O3

a

− [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]×
O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− ι)

1− (φ+O1)O3

p. (A.73)

Rewriting gives[
θ(1 +O2ϑ̃)O4 − ϑ̃[(θ − 1)(O2 + 1)− θO4O2]

+ [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]×
O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− ι)

1− (φ+O1)O3

]
p =

=

[(
ϑ̃O2 − θ(1 +O2ϑ̃)

)
+ [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]

O2O3 − ς ′

1− (φ+O1)O3

]
a. (A.74)

Solving for p, we have:
p = Const+

κ1

κ2

a, (A.75)
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with

κ1 =
(
ϑ̃O2 − θ(1 +O2ϑ̃)

)
+ [ϑ̃(φ + O1) + θ(1 + O2ϑ̃)φ]

O2O3 − ς ′

1− (φ+O1)O3

,

κ2 = θ(1 +O2ϑ̃)O4 − ϑ̃[(θ − 1)(O2 + 1)− θO4O2]

+ [ϑ̃(φ+O1) + θ(1 +O2ϑ̃)φ]×
O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− ι)

1− (φ+O1)O3

We then, again ignoring constants, substitute into the approximation of the labor equation

l ≈ Const

[
−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

]
a.

(A.76)

Variances and covariances. Recall that in the gain function (A.21), with a linear
production function (α = 1), we have the variance of

lnW − lnA.

Plugging in equations (A.43) and (A.44) to replace lnW and lnY , we get

lnW − lnA = lnχ+ φ lnL+ lnM − ln η − lnA.

Subtracting the stochastic mean and taking the variance operator on both sides, while
we still assume m = η̂ = 0, we have on the right hand side

V ar(a) + φ2V ar(l)− 2φCov(l, a). (A.77)

Note that variations in the price level (i.e., inflation) do not matter for the gains from
price flexibility.

Gains from price flexibility. We remain in the special case where α = 1 and use the
first-order approximations l to derive the second-order moments. Applying the variance
operator to the approximated labor equation (A.76) yields

V ar(l) =

[
−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

]2
V ar(a),

(A.78)
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Cov(l, a) = −
[
−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)}

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

]
V ar(a).

(A.79)
Now we substitute these expressions into (A.77) to obtain:

V ar(a)

{
1+φ2

[
−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

]2
+ 2φ

[
− O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

]}
.

Defining the constant

υ = 1 + φ

(
−O3[(θ − 1)(O2 + 1)− θO4O2]− ς ′(θ − 1− θι)

1− (φ+O1)O3

κ1

κ2

+
O2O3 − ς ′

1− (φ+O1)O3

)
,

(A.80)

we can plug in the expression into the gain function

∆(Θ) ≈ Ω

2
(θ − 1)θυ2σ2

a. (A.81)

Noting that Ω
2
(θ− 1)θυ2 > 0, we have that the gains from price flexibility increase in the

volatility of the productivity shock.

B Social planner allocation and optimal policy
A general result in the class of models considered here is that optimal monetary policy
requires the central bank to set the money supply in such a way as to replicate the
flexible-price allocation.24 King and Wolman (1999) and Woodford (2003) show that
under price stickiness, the flexible-price allocation can be implemented as a policy that
stabilizes prices perfectly. If firms optimally choose not to change prices, the presence of
price rigidity does not affect the equilibrium allocation.

B.1 Model with constant number of firms

In the model where the number of firms is constant, we can easily show this for a closed
economy with productivity shocks, following the approach in Devereux (2006). If all

24 For this result to hold, we need to assume that the monopolistic competition distortion is undone
with an appropriate labor or production subsidy. If such a subsidy is absent, the flexible-price allocation
is inefficient and consequently, price stability is not optimal, as shown in Adão et al. (2003). The same
authors also show that the monetary friction can be undone by following the Friedman rule, i.e. setting
the nominal interest rate to zero.
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prices are sticky, the price index is P = P̄ , which using (6) can be written as

P = δ
E{Γ(W/A)Y }

E{ΓY }
.

Replacing the household discount factor Γ with (PY )−1 and noting that P = P̄ , this
simplifies to

P = δE
{
W

A

}
.

Consumption is given by the money market clearing condition,

C =
M

ηP
. (B.1)

Combining (B.1) first with the goods market clearing condition, C = Y , and second with
the production function, Y = AL, we can write labor as

L =
M

ηPA
. (B.2)

Combining the wage, W = χLφPY , with the production function, Y = AL, we obtain
W/A = χL1+φP . Thus the price index becomes P = δE {χL1+φP}. Then, eliminating
labor L using (B.2), we get

P = δE

{
χ

(
M

ηPA

)1+φ

P

}
.

We rewrite this to obtain

P = (δχ)1/(1+φ)

(
E

{(
M

ηA

)1+φ
})1/(1+φ)

. (B.3)

For future reference, we take logs of the price index (B.3), which yields

lnP =
1

1 + φ
ln(δχ) +

1

1 + φ
ln

(
E

{(
M

ηA

)1+φ
})

. (B.4)

From (B.2) and (B.3) we can show that expected labor disutility is

χ

1 + φ
EL1+φ =

χ

1 + φ

E[M/(ηA)]1+φ

P 1+φ
=

χ

1 + φ

E[M/(ηA)]1+φ

(δχ)1/(1+φ)E[M/(ηA)]1+φ
,

which is a constant. Therefore, expected utility depends only on the expected value of
log consumption, and not on labor. Using the expression for consumption in (B.1) and
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ignoring constants, we can write expected utility as follows,

E lnC = E
{
ln

(
M

η

)
− lnP

}
. (B.5)

Assume that there is a finite number of states of nature Σ and let a state be denoted
ϵ ∈ Σ. We abstract from velocity shocks and treat η as constant. Let the money supply
be state-contingent. The monetary policy problem is to choose M(ϵ) so as to maximize
expected utility (B.5). This gives the following first order condition,

1

M(ϵ)
− (1 + φ)

1

ηA(ϵ)

(
M(ϵ)

ηA(ϵ)

)φ
1

1 + φ

1

E[M/(ηA)]1+φ
= 0,

which can be written as

1

M(ϵ)
− 1

M(ϵ)

(
M(ϵ)

ηA(ϵ)

)1+φ
1

E[M/(ηA)]1+φ
= 0.

Rearranging this first order condition, we obtain the optimal monetary policy rule

M(ϵ) = ΞA(ϵ), (B.6)

where Ξ = η(E[M/(ηA)]1+φ)1/(1+φ) is a constant. According to the optimal rule (B.6),
the money supply should move in proportion to productivity, as shown in Bilbiie and
Melitz (2022), page 71.

What is the intuition for this result? Suppose that a negative productivity shock
hits, such that A falls. Under fully flexible prices, firms would raise prices in proportion
to the rise in marginal costs. But in the presence of price stickiness, the prices of some
(or all) firms are too low after the shock; those firms that cannot raise prices will end
up producing too much given the current level of aggregate demand: there is a positive
output gap. The central bank must reign in demand by lowering the money supply.

Indeed, the optimal policy is to move the money supply in exact proportion to the
shock in A. As we see from (B.3), this policy leads to a constant price level P ; all terms
on the right hand side of the equation except M and A are constant, but since the money
stock fluctuates in proportion to A, the ratio M/A is constant. This implies that the
price level – in the model with a constant number of firms – does not change. Therefore,
in the model without entry-exit, optimal monetary policy eliminates the need for ex post
price adjustment completely.

B.2 Model with entry and exit

In the model with entry and exit, optimal monetary policy will also eliminate the need
for price adjustment, but this does not imply that the CPI, denoted P in the model, is
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constant. This is because the CPI depends also on the number of firms.

Households. Households maximize utility given by

U = lnC − χ
L1+φ

1 + φ
, (B.7)

subject to the budget constraint, expressed in real terms as

dN + (1 + τ)WRL ≥ C + T, (B.8)

where d are firm profits, N is the number of producers, WR is the real wage, τ is a labor
income subsidy, and T are lump-sum taxes. The first order conditions for consumption
C and labor L are

1

C
− Γ = 0, (B.9)

−χLφ + Γ(1 + τ)WR = 0, (B.10)

respectively, Γ is the Lagrange multiplier on the budget constraint (B.8). Combining
(B.9) and (B.10), we obtain the standard labor supply decision,

χLφ =
1

C
(1 + τ)WR. (B.11)

Final output and demand for individual varieties. Aggregate output is defined
as follows:

Y =

 N̂

0

Y (ω)
θ−1
θ dω


θ

θ−1

, (B.12)

where θ > 1 is the elasticity of substitution between goods varieties. The demand for
good ω is the solution to the cost-minimization problem

min
Y (ω)

ˆ N

0

P (ω)Y (ω)dω, (B.13)

subject to the aggregator function (B.12), taking prices P (ω) as given. The solution is
given by (2) above.

Price index. The price index is derived from the identity that the value of aggregate
output is equal to the number of producers times output per firm, i.e.

PY =

ˆ N

0

P (ω)Y (ω)dω. (B.14)
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Substituting Y (ω) in the expenditure function using the demand equation (2) gives

PY =

ˆ N

0

P (ω)

(
P (ω)

P

)−θ

Y dω.

We can cancel Y and take P out of the integral since those terms do not depend on ω

and we move P to the left hand side. Rearranging, we find that the aggregate price index
is given by

P =

(ˆ N

0

P (ω)1−θdω

) 1
1−θ

. (B.15)

Intermediate goods firms. Firms produce differentiated goods indexed by ω ∈ [0, N ]

and compete under monopolistic competition, taking the real wage WR as given. Fol-
lowing Devereux (2006), we assume a linear production function with labor as the only
input,

Y (ω) = Al(ω), (B.16)

where A is an aggregate technology shock and l(ω) is total labor input that firm ω uses
for production. The firm’s total production cost is WR(l(ω) + f), where f is a fixed
per-period cost or, from the production function (B.16),

WR

(
Y (ω)

A

)
+WRf. (B.17)

The firm faces the demand function

Y (ω) =

(
P (ω)

P

)−θ

Y = P (ω)−θŶ , where Ŷ = P θY . (B.18)

The firm chooses price P (ω) to maximize discounted expected profits given by revenues
minus total cost (B.17),

EΓ
{
P (ω)Y (ω)

P
−WR

(
Y (ω)

A

)
−WRf

}
,

where Γ is the discount factor. Replacing firm output Y (ω) using the demand constraint
(B.18), expected profits can be written as

EΓ

{
P (ω)

(
P (ω)

P

)−θ

Y −WR

(
P (ω)

P

)−θ
Y

A
−WRf

}
. (B.19)

Then the price setting problem is to choose P (ω) in order to maximize (B.19).
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Symmetry. Under symmetry, the price index (B.15) simplifies to

P = N
1

1−θ p, (B.20)

where p is the symmetric firm price. This can be written as

ρ = N
1

θ−1 . (B.21)

Total consumption expenditure (B.14) becomes PY = Npy, which we can solve for
(symmetric) firm output to obtain,

y =
Y

Nρ
. (B.22)

Let µ denote the firms markup over marginal cost, that is,

µ =
ρ

WR/A
. (B.23)

Firm ω’s profit is
d =

p
P

y −WR(ℓ+ f), (B.24)

where y is the (symmetric) labor input. Total profits of all firms are, therefore, dN =

(p/P )yN−WR(ℓ+f)N . Using the relation ℓ = y/A from the production function (B.16),
this can be written as follows:

dN =
p
P

yN − WR

A
yN −WRfN.

Rearranging, this becomes

dN +WRfN =

(
p
P

− WR

A

)
yN. (B.25)

Using the household’s budget constraint (B.8), holding with equality, we can replace the
term dN in (B.25), and rearrange to obtain

C + T +WRfN = (1 + τ)WRL+

(
p
P

− WR

A

)
yN.

Then, imposing the government budget balance T = τWRL, we obtain

C +WRfN = WRL+

(
p
P

− WR

A

)
yN. (B.26)

Equation (B.26) can be seen as an aggregate accounting identity, where the second term
on the left hand side is investment and the second term of the right hand side is profit
income.
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Aggregating goods production across firms, i.e. multiplying firm output in (B.16) by
N , we can write

yN = A(L−Nf),

where we have used the relation L = (ℓ + f)N . To obtain aggregate output, we must
multiply the above equation by ρ, set Y = yρN , and use the price index (B.20), such
that

Y = N
1

θ−1A(L−Nf). (B.27)

We now derive the equilibrium, considering the flexible-price case and the sticky-price
case.

Equilibrium. The number of firms is determined by a zero-profit condition for aggre-
gate profits every period. Setting d = 0 and y = Aℓ in the expression for firm profits
(B.24) yields

p
P
Aℓ−WR(ℓ+ f) = 0.

Rearranging, and solving for ℓ we obtain firm-level labor demand,

ℓ =
WR

ρA−WR
f.

Rearranging once more, using the markup rule (B.23) written as µ = ρA/WR and mul-
tiplying both sides by N , this becomes

L =
µ

µ− 1
fN, (B.28)

where we have used the relation L = (ℓ + f)N . The zero-profit condition implies that
the aggregate accounting relation (B.26) simplifies to

Y = C = WRL. (B.29)

Combining (B.29) with the labor supply equation (13) and imposing Γ = C−1, we see
that labor is constant,

L =

(
1 + τ

χ

) 1
1+φ

. (B.30)

There are four equations (B.20), (B.23), (B.27), and (B.28), determining ρ, WR, N , Y .
Labor is constant at L = [(1 + τ)/χ]

1
1+φ from (B.30).

Under flexible prices, the markup is constant at µ = θ
θ−1

from (B.21). We can
consolidate the resulting five equations to obtain a recursive three-equation system de-
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termining labor (B.30), the number of firms,

N =
L

θf
. (B.31)

and output (B.27). Combining (B.31) with the relation L = (ℓ + f)N , we see that
firm-level labor input is given by

ℓ = (θ − 1)f. (B.32)

Plugging (B.32) into the firm’s production function (A.1), we see that firm output is

y = A(θ − 1)f. (B.33)

Under sticky prices, individual prices are fixed, such that the price index (B.20)
becomes

P = N− 1
θ−1 p̄. (B.34)

The relative price (B.21) is
ρ =

p̄
P

= N
1

θ−1 , (B.35)

and the markup µ is no longer constant, but instead determined by (B.23). The central
bank sets the money supply M , which determines the price index through the money
demand equation combined with goods market clearing C = Y ,

M = ηPY. (B.36)

Then, given the money supply, output is determined by

Y =
M

ηp̄N
1

θ−1 . (B.37)

Plugging the relative price (B.35) and the aggregate resource constraint (B.29) into the
markup equation (B.23), we obtain

µ =
AL

Y
N

1
θ−1 .

Combined with (B.37), this becomes

µ = AL
ηp̄
M

. (B.38)

We rearrange the labor demand equation (B.28) as N = µ−1
µ

L
f

and plug in the expression
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for the markup (B.38) to obtain

N =

(
L− M

ηp̄A

)
1

f
. (B.39)

Social planner allocation. The following exposition follows Lewis (2013). The social
planner sets consumption C, labor L and the number of firms N to maximize utility
(B.7),

U = lnC − χ
L1+φ

1 + φ
,

subject to the resource constraint (B.27), rewritten as

L = CN− 1
θ−1A+ fN.

With the Lagrangian problem written as

max
{C,L,N}

lnC − χ
L1+φ

1 + φ
+ Λ(L− CN− 1

θ−1A−1 − fN),

the first order optimality conditions are:

1

C
− ΛN− 1

θ−1A−1 = 0,

−χLφ + Λ = 0,

Λ

(
1

θ − 1
CN− 1

θ−1
−1A−1 − f

)
= 0.

Consolidating, the social planner allocation satisfies,

χLφC = AN
1

θ−1 , (B.40)

f =
1

θ − 1
CN− 1

θ−1
−1A−1. (B.41)

Upon inspection of the social planner conditions, we see that the intersectoral op-
timality condition (B.41) corresponds to equations (B.27) and (B.31) combined, which
determine output as a function of the number of firms in the decentralized allocation with
flexible prices, C = (θ−1)fN

1
θ−1

+1A. Plugging in the intrasectoral condition (B.40) writ-
ten as N

1
θ−1 = χLφC/A, and rearranging gives the number of firms as a function of labor,

N =
L

θf

θ

(θ − 1)χL1+φ︸ ︷︷ ︸
product diversity wedge

. (B.42)

The intrasectoral optimality condition (B.40) is consistent with the flexible-price alloca-
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tion where labor is constant and equal to LSP =
[

θ
(θ−1)χ

] 1
1+φ . This is the value of labor for

which the product diversity wedge between the social planner allocation and the flexible-
price allocation is equal to 1, see (B.42). Recall that in the flexible-price allocation, labor

is equal to Lflex =
[
1+τ
χ

] 1
1+φ . Therefore, without a labor income subsidy, τ = 0, labor

supply in the flex-price allocation is too low,

Lflex

[
θ

θ − 1

(
1

1 + τ

)] 1
1+φ

︸ ︷︷ ︸
labor wedge

= LSP . (B.43)

As we can see from (B.43), the static wedge can be removed through a constant labor
subsidy equal to 1 + τ = θ

θ−1
. See also Bilbiie et al. (2019).

Optimal monetary policy under sticky prices. As argued in Bilbiie et al. (2007),
with endogenous entry-exit, the flexible-price allocation remains efficient. Therefore,
monetary policy needs to be set such that the flexible price P̃ is constant. From the price
setting condition (4), this means that the nominal wage has to move in proportion to
productivity A, such that W/A is constant.

Suppose now that all prices are sticky. Then there are N̄ firms and the aggregate
price index is given by P = (

´ N̄

0
P (ω)1−θdω)1/(1−θ). In a symmetric equilibrium, all prices

are identical, such that P (ω) = p̄. Thus, the price index becomes P = N̄
1

1−θ p̄. With the
goods price p̄ given by (6), the price index is

P = N̄
1

1−θ δ
E{Γ(W/A)Y }

E{ΓY }
. (B.44)

Under the optimal policy, the number of firms in the sticky-price allocation is the same
of the number of firms in the flexible-price allocation, such that we can set N̄ equal to Ñ

in (B.44). Moreover, the optimal policy imposes a constant ratio W/A. With these two
properties, the price index simplifies to

P = δ(W/A)Ñ
1

1−θ . (B.45)

Taking logs of (B.45), we can state that the optimal welfare-based price index moves
inversely with the number of firms as follows:

lnP = ln[δ(W/A)]− 1

θ − 1
ln Ñ .

Implementation. How does the central bank implement this policy of keeping average
prices constant, such that the optimal welfare-based price index is given by (B.45)? The
optimal policy consists in setting the money supply M such that the number of firms
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under sticky prices (B.39) is equal to the number of firms in the flexible-price allocation.
Thus, setting (B.39) equal to (B.31),(

L− M

ηp̄A

)
1

f
=

L

θf
,

and solving for M , we obtain the optimal money supply rule,

M = ηp̄θ − 1

θ
AL. (B.46)

As explained in Bilbiie and Melitz (2022), the optimal rule prescribes that the money
supply should move one-for-one with productivity A. So, when there is a negative supply
shock and A falls, the central bank should respond in a countercyclical fashion, lowering
the money supply. While this conclusion is the same as in the model without entry-exit,
the intuition for this result is different: Here, in the model with sticky prices and flexible
wages, the central bank increases entry by reducing the money supply.

Combining the aggregate accounting relation (B.29), W = PY/L, with money market
clearing (B.36), M = ηPY , we can derive the nominal wage as

W =
M

ηL
.

Now plugging in the monetary policy rule (B.46), we obtain

W = p̄θ − 1

θ
A.

This shows that under the monetary policy rule (B.46), the ratio W/A is indeed constant.
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C Additional results

C.1 Ex post shifts in the fraction of flexible-price firms

Figure C.1: Ex post shifts in the fraction of flexible-price firms
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Simulation of a 10 % productivity drop.

C.2 Labor and wage dynamics with and without product turnover

Investment in price flexibility under productivity uncertainty affects how labor markets
respond once productivity shocks actually occur. In a regime of low productivity uncer-
tainty, where only few firms have invested in price flexibility, adverse supply shocks raise
labor demand as firms want to compensate lower productivity with more labor input.
Instead, in a regime of high productivity uncertainty where firms expect large shocks to
happen, more of them shield themselves by investing in price flexibility. Then, when
shocks actually occur, more firms can pass on productivity declines to consumers by
raising their prices. Figure C.2 shows that this channel is key for the equilibrium labor
outcome in the model without product turnover (NK model). In the NK model, nominal
wages rise in response to higher aggregate labor demand.

The channel is also present in the model with product turnover. It is, however,
offset by the fact that with a large negative productivity shock, a large number of firms
decide to exit to avoid paying production fixed costs – more so under lower productivity
uncertainty. Thus, economy-wide production fixed costs, which consist of labor, decline
(see Figure C.3). Overall, in the model with entry and exit, labor and nominal wages
remain unchanged (see Figure C.2) despite some slight adjustments due to endogenous
shifts in the composition of sticky- and flexible-price firms (see Figure C.1).
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Figure C.2: Labor and wage response: NK model versus entry-exit model
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Impact response to an adverse supply shock (10 % productivity drop) as a function of productivity
uncertainty: New Keynesian versus entry-exit model.

Figure C.3: Labor response under entry-exit: Variable versus fixed labor in production
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Impact response to an adverse supply shock under endogenous price flexibility. Expressed in % change
relative to the initial total aggregate labor L.
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C.3 Monetary policy uncertainty and endogenous price flexibil-
ity

Figure C.4: Monetary policy uncertainty and endogenous price flexibility
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Fraction of flexible-price firm across monetary policy uncertainty regimes.
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