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Abstract

Business cycles with pronounced inflation can have sectoral origins and often fea-
ture a growing share of price-adjusting firms. Rationalizing such phenomena re-
quires enhancing our modeling toolkit. We do that by building a non-linear equilib-
rium multi-sector framework featuring a general input-output network and optimal
decisions on the timing and size of price adjustments. The interaction of our ingre-
dients creates equilibrium cascades: large movements in aggregates trigger price
adjustment decisions on the extensive margin. Following demand shocks, such
as monetary interventions, networks dampen cascades, thus slowing down price
adjustment decisions and giving central banks substantial power to stimulate the
real economy with limited inflationary consequences. In contrast, under supply
shocks, networks amplify cascades, leading to fast increases in the frequency of
repricing and large inflationary swings. Applied to Euro Area data, the interaction
of networks with cascades allows to quantitatively match the surges in inflation
and repricing frequency in the post-Covid era.

JEL Classification: E31, E32
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Non-Technical Summary

Recent episodes of large inflation surges, particularly in the aftermath of the Covid-
19 pandemic and the Russian invasion of Ukraine, have highlighted the limitations of
conventional macroeconomic models. These models, typically based on a single-sector
framework with constant price adjustment frequencies, fail to capture the observed em-
pirical regularities: inflation driven by a sharp rise in the fraction of firms adjusting
prices, and the significant aggregate effects of shocks in specific sectors such as energy
or agriculture.

In response, this paper introduces a new dynamic general equilibrium model de-
signed to better reflect the real-world behavior of firms and prices. It incorporates three
key features: (1) a multi-sector structure with realistic input-output production net-
works, (2) firms making optimal, state-dependent pricing decisions that determine both
the timing and size of price changes, and (3) a fully non-linear solution approach that
allows the analysis of large, sector-specific or aggregate shocks.

A central contribution of the paper is the identification of “pricing cascades”—a
mechanism whereby large macroeconomic shocks trigger further rounds of price ad-
justments across the networked economy. Importantly, the effect of these cascades
depends critically on the nature of the shock. For demand shocks, like those stemming
from monetary policy, networks dampen the cascade, slowing price adjustments and
enhancing monetary non-neutrality. In contrast, for supply shocks, whether aggregate
or sectoral, networks amplify the cascade, leading to rapid price increases and more
pronounced inflationary dynamics.

Using Euro Area data, the authors show that their model quantitatively replicates the
post-Covid surge in both inflation and the frequency of price changes. In doing so, it
reconciles two findings previously thought difficult to unify: large inflation fluctuations
driven by plausible shocks, and meaningful real effects of monetary policy. Thus, the
paper offers a promising new framework to understand the complex interplay of sectoral

shocks, production networks, and aggregate price dynamics.
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1 Introduction

The dynamics of aggregate prices and quantities over the business cycle has long been
a central theme in economics. Recent events, such as the Covid pandemic and the Rus-
sian invasion of Ukraine, have brought renewed attention to the topic, along with new
evidence on the cyclical properties of key macro-variables. First, following a prolonged
period of stability, we have witnessed the possibility of large inflationary swings in ad-
vanced economies, marked by persistent double-digit rates of price growth in the US,
the UK, and the Euro Area. All while the movements in aggregate activity have been
milder and transitory. Second, we have learned that much of the inflationary surge has
come from rising frequency at which firms adjust their prices (Montag and Villar, 2023;
Cavallo et al., 2024)." Third, large granular shocks, hitting specific sectors such as en-
ergy and agriculture, have caused significant consequences for the rest of the economy,
despite their relatively small share in aggregate activity. Although informative, such ev-
idence cannot be analyzed using existing theoretical frameworks — however influential
— that rely on linearized single-sector setups with a constant frequency of adjustment
(Woodford, 2004; Gali, 2015). This discrepancy calls for a new framework for studying
aggregate prices and quantities over the business cycle, and this paper develops one.
Our novel dynamic general equilibrium framework features a previously unexplored
combination of three ingredients. First, a multi-sector structure with a fully unrestricted
input-output architecture, allowing us to capture empirically realistic production net-
works. Second, firms making pricing decisions in an optimal state-dependent manner,
so that both the extensive and the intensive margins of adjustment are endogenous.
Third, a fully non-linear solution strategy, tracing out the response of the economy to
arbitrarily large shocks, either aggregate or sector-specific. The interaction of our three
ingredients delivers a novel theoretical mechanism, namely pricing cascades: large
movements in aggregates trigger possibly self-reinforcing adjustment decisions at the
extensive margin. Crucially, networks can dampen or amplify cascades, depending on
the type of shock hitting the economy. For demand shocks, such as monetary interven-
tions, networks dampen cascades, leading to muted price responses with a near-constant
frequency of adjustment in equilibrium. In contrast, networks amplify cascades follow-
ing either aggregate or sectoral supply shocks, with strongly non-linear price responses
led by the extensive margin. As a result, the novel mechanism of pricing cascades al-
lows our framework to produce realistic monetary non-neutrality, while simultaneously

generating substantial inflationary surges following reasonably-sized and structurally-

IRising frequency of adjustment was also a major factor during the US inflationary surge of the late
1970s-early 1980s (Nakamura et al., 2018), in contrast to the modest role of the extensive margin in the
subsequent Great Moderation period (Klenow and Kryvtsov, 2008). Also see Alvarez et al. (2019) for
evidence regarding the co-movement between frequency and inflation in Argentina (1988-1997).
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interpretable shocks. When estimated to Euro Area data, the interaction of networks
with cascades allows our model to jointly match the surges in inflation and the repric-
ing frequency in the post-Covid era.

The shock-dependent interaction between production networks and pricing cascades
is the key novel channel that is unique to our model. Under demand shocks, networks
dampen cascades by shrinking the magnitudes of desired price changes, hence making
firm-level adjustment decisions less likely relative to the economy that only uses labor
in production. In an economy with networks, a demand shock affects both the wage,
as well as the price of intermediate inputs. Under countercyclical markups, the price
of intermediates moves by less than the wage, attenuating changes in marginal costs.
Smaller movements in marginal costs reduce deviations between actual and optimal re-
set prices, making it less likely that the firm opts for the costly adjustment decision. We
formally show that such a reduction in adjustment probability is stronger for firms with
a higher total exposure to intermediate inputs, as measured by the customer central-
ity metric. Moreover, heterogeneity in customer centrality driven by asymmetries in the
input-output structure, in general, matters for aggregates, capturing effects beyond those
under roundabout production (Basu, 1995). In the version of our model estimated to 39
sectors of the Euro Area economy, the aggregate consequences of cascades dampening
are substantial. Following a large expansion in money supply (+10%), the economy
with fixed menu costs and networks features a rise in the fraction of adjusters by 0.18,
compared to an increase by 0.35 without the linkages. As for monetary non-neutrality, a
1% expansion leads to an impact GDP rise of 0.85% with networks and 0.78% without
networks; for the larger shock (+10%), the gap widens: 6% under networks, as opposed
to 2.5% without. Hence, cascades dampening leads to substantial additional monetary
non-neutrality, which persists even for large shocks and even in the economy with fixed
menu costs.

In contrast, networks amplify cascades following aggregate or sector-specific supply
shocks. For example, consider an exogenous contraction in aggregate total factor pro-
ductivity (TFP). At first, it leads to a one-for-one increase in firm-level marginal costs;
on top of that, as long as prices of intermediate inputs also go up in equilibrium, it leads
to a further surge in costs. Relative to the economy that only uses labor in production,
such double whammy of marginal cost increases expands deviations between actual and
optimal reset prices, making the adjustment decision more likely, especially for firms
with a high customer centrality. Such cascades amplification is not specific to aggregate
supply shocks. To see that, consider a TFP shock to a sector that acts as a supplier of
intermediate inputs to the rest of the economy. On top of impacting the shocked sector
itself, it also affects the marginal costs, the optimal reset prices and hence the adjust-
ment probability in the downstream industries. We formally derive a novel centrality
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metric, the supplier Herfindahl, which pins down the sensitivity of aggregate adjust-
ment frequency to a sectoral supply shock. The supplier Herfindahl increases both in
the average importance of a sector as a supplier, as well as in the degree to which the
sector is a disproportionately important provider of inputs to certain parts of the econ-
omy. Quantitatively, following a large aggregate TFP contraction (-10%), the fraction
of adjusters rises by 0.65, as opposed to 0.28 without networks. The latter creates a
strong non-linearity in the behavior of aggregate CPI inflation. While a -1% TFP con-
traction generates 0.59% inflation on impact, a -10% contraction leads to 17% inflation,
a surge driven by the sharp increase in the equilibrium adjustment frequency. Beyond
aggregate disturbances, we find that large shocks to sectors such as “Chemicals and
chemical products”, “Food and beverages” and “Crop and animal production” can have
a disproportionally large effect on the economy-wide adjustment frequency, and hence
generate sharp non-linear inflationary surges.

As a further quantification of the role played by the interaction of networks with
cascades, we subject our model to the key structural shocks experienced by the Euro
Area economy in the (post-)Covid years (2020-2024), and compare the model-implied
dynamics of aggregate inflation and adjustment frequency to that observed in the data.
In particular, we feed in four series, corresponding to aggregate demand, aggregate
labor wedge, as well as the sectoral dynamics of energy and food prices. We find
that the model successfully matches the five percentage point increase in the aggregate
repricing frequency, as well as the aggregate inflation surge up to 11% at the peak. In
contrast, an otherwise identical model with only labor in production, when subjected to
the same four shocks, generates at most a one percentage point increase in aggregate
repricing frequency, as well as an aggregate inflation surge to only 5% at the peak. As
for an economy with networks but time-dependent pricing, it generates no change in
adjustment frequency by construction, with a maximum of 7% inflation. These results
highlight the quantitative importance of our novel theoretical channel — the interaction
of networks with pricing cascades — for explaining aggregate business cycle dynamics.

Beyond a theory of dampening and amplification, our model presents a theory of
co-existence of empirically-realistic monetary non-neutrality and inflationary surges in
general equilibrium. Crucially, we generate such co-existence while remaining consis-
tent with the microeconomic distribution of price changes and under shocks that have
a clear structural interpretation and whose size can be directly disciplined by the data.
Generating such co-existence has long been a major challenge in monetary economics.
Recent work by L’Huillier and Phelan (2025) and Blanco et al. (2024c¢) stresses that
models, which produce reasonable non-neutrality of money and Phillips Curve slope,
such as those with time-dependent pricing or stochastic menu costs, struggle to generate
double-digit inflation surges without appealing to shocks that are either unreasonably
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large or lack a clear structural interpretation, such as cost-push or markup shocks. At the
same time, models that match inflation and frequency movements with reasonably-sized
shocks, such as those with fixed menu costs, imply that money is close to neutral. In
this sense, our novel theoretical channel, working through the interaction of production
networks and pricing cascades, offers a resolution to this long-standing and first-order

issue in the literature without deviating from a conventional price-setting setup.

Contribution to the literature Our paper contributes to at least three broad strands
of the literature. First, we add to the vast literature on state-dependent pricing in
macroeconomics. Under state-dependent pricing, the probability of a price change is
endogenous and affected by idiosyncratic and aggregate shocks, in contrast to time-
dependent models such as Taylor (1979) or Calvo (1983). Our main contribution is to
the literature on general equilibrium implications of state-dependent pricing, marked
by the works of Golosov and Lucas (2007), Gertler and Leahy (2008) and Midrigan
(2011) in the context of single-sector models with small aggregate shocks and fixed
menu costs.” This framework has been further explored analytically by Alvarez et al.
(2016, 2022) and Alvarez and Lippi (2022), whose results provide model-based suf-
ficient statistics linking the dynamics of macro aggregates to micro pricing moments.
Subsequent work also considers one-sector models with state-dependent pricing sub-
jected to large aggregate shocks (Karadi and Reiff, 2019; Cavallo et al., 2024; Blanco
etal., 2024a,b,c; Karadi et al., 2024; Gagliardone et al., 2025). Beyond single-sector se-
tups, Carvalho and Kryvtsov (2021) and Caratelli and Halperin (2023) consider multi-
sector frameworks with state-dependent pricing, but without an explicit input-output
structure. Arguably most related to ours is the work on state-dependent pricing with
complementarities, both micro, such demand systems with non-constant price elastici-
ties, and macro, in the form of symmetric roundabout production structures (Nakamura
and Steinsson, 2010; Klenow and Willis, 2016; Mongey, 2021; Alvarez et al., 2023;
Nirei and Scheinkman, 2024).

We contribute to this literature by developing the first general equilibrium model,
which combines a multi-sector setup with a fully general input-output structure, state-
dependent pricing and arbitrarily large aggregate and sector-specific shocks, both demand-
and supply side. Conceptually, we study the interaction of state-dependent pricing with
macro complementarities, highlighting that the asymmetries in the input-output struc-
ture, unique to our setup, matter for the transmission of both aggregate and sector-
specific shocks. Our novel channel is also quantitatively relevant, which we show by

There are also papers that consider models with menu costs that are random rather than fixed (Dot-
sey et al., 1999; Nakamura and Steinsson, 2010), or where the price change probability is a smoothly
increasing function of the gain from adjustment(Caballero and Engel, 2007; Costain and Nakov, 2011),
instead of the step function as it is in the fixed menu cost model.
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estimating our model to 39 sectors of the Euro Area economy, fully matching the sector-
specific pricing moments as well as the input-output structure.

Second, our paper is related to the growing literature on production networks and
their role in connecting micro shocks and frictions with aggregate business cycle fluctu-
ations. The seminal work by Acemoglu et al. (2012) considers a flexible-price efficient
setup and shows how production networks can amplify sector- or firm-specific shocks to
create aggregate volatility. Subsequent work by Bagaee and Farhi (2020) and Bigio and
La’0 (2020) provides general first-order aggregation results for microeconomic shocks
and distortions in economies with inefficiencies and networks. As for the propagation
of large shocks in flexible-price network economies, see Baqaee and Farhi (2019) for
results based on second-order approximations, as well as Dew-Becker (2023) for limit
cases in a fully non-linear economy. A separate strand of this literature analyzes lin-
earized models with production networks and time-dependent pricing, both positively
(Pasten et al., 2020; Ghassibe, 2021; Afrouzi and Bhattarai, 2023) and normatively
(La’0O and Tahbaz-Salehi, 2022; Rubbo, 2023).

We contribute to this literature by showing that the interaction of production net-
works and state-dependent pricing creates a novel source of non-linearity in aggregate
business cycles, through pricing cascades created by large aggregate or sector-specific
shocks. Our results stress that both the source of the shock, either demand- or supply-
side, as well as its sectoral origin matter for aggregate fluctuations and the degree of
non-linearity. In case of sectoral supply shocks, the position of the industry in the net-
work can matter over an above its equilibrium size, against the network-irrelevance
results established in the prior literature (Hulten, 1978).

Third, we contribute to the literature that aims to explain the observed time series
of aggregate activity and inflation through the lens of general equilibrium models sub-
jected to structural shocks. The seminal work by Smets and Wouters (2007) estimates
a rich dynamic stochastic general equilibrium model with full-information Bayesian
techniques, obtaining a decomposition of key macroeconomic aggregates in the United
States in terms of aggregate structural shocks. While hugely influential, a key criticism
of the approach points to the excessive importance of wage and price markup shocks
in decompositions, while such disturbances have ambiguous microfoundations (Chari
et al., 2009). Subsequent work by Gali et al. (2012) addresses the criticism by enrich-
ing the estimated model with involuntary unemployment. More recent papers consider
multi-sector setups with networks, allowing for a role of industry-specific shocks in
explaining aggregate fluctuations. In particular, Rubbo (2024) finds that in the US, sec-
toral shocks account for most of the deflation and subsequent inflation in the immediate
aftermath of Covid, while aggregate factors explain most of the price surge in 2021
and beyond. In a multi-country study allowing for international spillovers, Di Giovanni
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et al. (2023) attribute inflation to 2020 to supply chain bottlenecks, while assigning a
major role to both aggregate shocks and energy prices in the subsequent periods.

With our quantitative exercise for the Euro Area in the (post-)Covid era, we con-
tribute by showing that one can explain both the surge in inflation and and the rise in
the aggregate adjustment frequency with four structural shocks: aggregate demand, ag-
gregate labor wedge, as well as sectoral shocks to energy and food prices. Crucially, we
find that network amplification of pricing cascades following the sector-specific com-
modity price shocks is critical for the quantitative fit.

Roadmap The remainder of the paper is structured as follows. Section 2 outlines the
optimization problem faced by each type of agent in the economy and the numerical
strategy to solve the equilibrium dynamics. Section 3 explains the key model mecha-
nisms in a simplified version of our setup. Section 4 outlines our procedure for estimat-
ing the structural parameters of the model to match key sectoral micro-pricing moments
for the Euro Area. Section 5 shows our quantitative results for monetary shocks. Sec-
tion 6 turns to quantitative results for aggregate and sector-specific TFP shocks. Section
7 describes our quantification exercise, where we assess the ability of our model to ex-
plain the aggregate dynamics of inflation and repricing frequency in the Euro Area.
Section 8 concludes.

2 Model

We begin by introducing our theoretical model, which presents a novel combination of
three key ingredients. First, it features a number of sectors populated by firms intercon-
nected by production networks, which facilitate trade in intermediate inputs, both within
and across sectors. Second, firms make optimal pricing decisions subject to menu costs.
Third, we allow for both aggregate, sector-specific, and firm-level shocks, and present
a numerical strategy that allows us to compute the economy-wide equilibrium dynamic

response to an arbitrarily large disturbance of any origin.

2.1 Overview

Time is discrete and indexed by ¢ € {0,1,2,...}. The economy is populated by three
(types of) agents: households, firms, and the government. There is a continuum of
identical households, each consuming output and supplying labor. Firms are subdivided
into NV sectors, indexed by i € {1,2,..., N}, each sector containing a continuum of
monopolistically competitive firms of measure one; we use ®; to denote the set of all
firms in sector ¢. The government consists of the central bank, which conducts policy
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by setting money supply, and the fiscal authority, which collects taxes from firms and

rebates them to households in a lump-sum fashion.

2.2 Households

The representative household chooses a sequence of consumption, labor supply, and

one-period nominal bond holdings to maximize expected lifetime utility:

max EOZﬁtu(Ct, L), (1)
=0

{Ct,L¢,Bt}e>0

subject to the period-by-period budget constraint

N (1

PtCCt + Ei{Ar 1B} < B+ Wil + ZJ{) D (j)dj + Ty, (2)

i=1

where 0 < # < 1 is the discount factor, C; is consumption, L, is labor supply, B,
is the level of nominal bond holdings, 7; is the level of lump-sum transfers from the
government, D; ;() are the dividends received lump-sum from firm j in sector 4, [I¥ =
(Pf/Pgl) is the gross CPI inflation rate, WW; is the nominal wage and A;;,, is the
nominal stochastic discount factor of the household.

Total final consumption C} is given by an aggregator over sector-specific varieties:
Ct = D(Cl,ta ceey CN,t) (3)

where D(-) is homogeneous of degree one and non-decreasing in each of the argu-
ments. The household chooses consumption of each of the sector-specific varieties to
minimize total expenditure ). P, ,C; ;, subject to the aggregator in (3). The minimal
cost of assembling such a basket of sectoral varieties aggregating to C; = 1 pins down
the consumption price index as PtC = PC(PM, ..., Pnt), where P is homogeneous of
degree one and non-decreasing in each of the arguments.

Sectoral final consumption C;; is in turn given by the following aggregator over
firm-specific varieties:

1 . =
Cin = { [ e dj} | @
0

where € > 1 is the within-sector elasticity of substitution, C; ;(7) is the final demand for

the output of firm j € [0, 1] in sector 7 at time ¢, and (; ;(j) is a firm-specific idiosyncratic

ECB Working Paper Series No 3123 10



quality process. The quality process follows a random walk in logs:

log Gt (7) = log Giv—1 (4) + 0igir (4), (5)

where ¢;,(j) is an i.i.d. Gaussian innovation with mean zero and standard deviation of

one. The final demand for firm j in sector i is:  C;,(j) = G (5) " (%@)7 Cits

1

whereas the sectoral price index of sector ¢ is givenby:  F;, = l S(l) (1;1; ((j])) > 1—e dj] 1=e :

The representative household is also subject to a cash-in-advance constraint, which
requires that the nominal money holdings are sufficient to cover the aggregate nominal
final demand:

PEC, < M. (6)

The aggregate money supply process { M, };~¢ is set by the central bank, and agents treat
this process as exogenous. An alternative is to consider a central bank which conducts
monetary policy by setting the nominal interest rate according to a Taylor rule; we
consider such an extension in Appendix D.1.

We now specify the functional forms for household preferences. First, for house-
hold preferences over aggregate consumption and labor supply, we use the log-linear
preferences of Golosov and Lucas (2007):

Assumption 1 (Golosov-Lucas preferences). The utility function over consumption and

labor supply is log-linear: u(Cy, L) = log Cy — Ly.

Under such preferences, we obtain the following intra-temporal labor supply con-

dition: % = (. When combined with the cash-in-advance constraint (6), it implies
t
that the nominal wage equals money supply in every period: W, = M;. In addition, the

. . . . . . PtcCt o M,
nominal stochastic discount factor satisfies: Ay ;11 = 3 PO = 15} TAE
As for aggregation across final consumption of sectoral varieties, in the baseline

model we assume it to take the Cobb-Douglas form:

Assumption 2 (Consumption aggregation). The consumption aggregator D(-) is given
by:

N =C
D(Crg, .., Ona) = [ [ O (7
i=1

N _c-of . . _ _ .
where ¢ = [[,.L, @S ™" is a normalization term and Y, w¢ = 1, W > 0, Vi.

Under this assumption, the equilibrium sectoral final consumption shares are con-
C _ PiiCiy
iwt — PLC,
aggregator over sectoral consumption varieties.

stant over time: w

= w?. In Appendix D.3 we consider a more general CES
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2.3 Firms: production
The production function of firm j in sector ¢ is given by:

1
 Gul)

Yii(5) x Aig X Fi[Lig(5), Xig,e(5), s Xane(G)] )
where F;(+) is homogeneous of degree one and non-decreasing in inputs; L, ;(j) is the
labor used by firm j in sector ¢ at time ¢, X; ;. () is intermediate inputs bought by firm j
in sector ¢ from sector & at time ¢. In addition, A;, is an exogenous sector-specific total
factor productivity process, while (;(j) is the firm-level idiosyncratic quality process
introduced in (5).

The intermediates demand X;;  , () is in turn an aggregator over intermediates bought

from each firm in sector k:

1 . =
Xi,k,tu):{ f o) Xk G )] dj’} | ©)

where X; +(j,7') are intermediates bought by firm j in sector ¢ from firm j" in sec-
tor k, which satisfies the following demand condition in equilibrium: X;;.(j,7') =
el [(Per(GDY € .
G (B22) " Xine):
Each firm chooses its labor and intermediate inputs in order to minimize the total
cost of production, subject to the production technology in (8). The latter delivers the

following marginal cost function for firm j in sector ¢ at time ¢:
MCi,t<j) = Czt(]) x Qi (W, Pri, .., Pny; Ai,t) (10)

where Q;(+) is the common component of the marginal cost index for all firms within a
sector, which strictly falls in A; ; and is homogeneous of degree one and non-decreasing
in the prices of all inputs.

In our baseline model, we assume that production technology takes a Cobb-Douglas

form for all firms in all sectors:

Assumption 3 (Production technology). The production technology F;(-) for a firm j

in sector i is given by:

N
FilLis(5), Xina(9), s Xinva(7)] = tiLio(5)™ an‘,k,t(j)@k, (11

k=1

where v; = a; ' [ [,_, W, 7" is a normalization term and &; + Y, Wy, = 1, @;, Wi, =

0, Vi.

Under this assumption, the equilibrium labor cost shares and the input-output cost

ECB Working Paper Series No 3123 12



shares are constant over time and the same for all firms within a sector: ap =

WiLi+(5) = @ Wi — P Xk (4)
MCi 1 (j)Yi,e(5) b Wikt T MY )
Appendix D.3 we relax the Cobb-Douglas assumption and consider a more general

= w;,. As with household preferences, in

CES production function.

2.4 Firms: equilibrium size

The goods market clearing condition for firm j in sector ¢ is given by:

N 1
Yiulj) = Coai) + . f Xosl 1) (12)
k=10

Aggregating up to the level of sectors, multiplying both sides by P; and dividing by
aggregate final nominal demand P C}, one can express the sectoral sales share (Domar

. _ P Yi
weight) \; = PG,

as:

Ayt
)
M4

N
C
i = wiy + Z Whi t Akt X
k=1

(13)

where A, ; is a measure of price dispersion within the sector and My, is a measure of

sectoral markup, defined as:

1 . —e
Pii(7') > , Py
M= Bty [ (D) g =B g
et = (Fea/My) fo (Ck,t(j/)Mt / . Qu.t "

Stacking the equation for sales shares across sectors, we can write it as:

A=we, + QN — XN=010-9)"we, (15)

where €0, is a N x N matrix whose [7, j] entry is given by [Qt]m = Wjjt {AA/['_’Z } Having

calculated the sectoral sales shares, one obtains the sectoral total output as Y; ; = A;; x

M,/ P, and then the size of an individual firm as Y;;(j) = (;.(j)<* (%&”) B Y+

2.5 Firms: pricing

The nominal profit of firm j in sector ¢ at time ¢ is given by:

Dit(7) = [(1 = 1) Pie(j) — MCi(5)] x Yie()), (16)
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where 7; is an exogenous sector-specific sales tax levied by the government.’ Denoting

by Piu(j) = Firl)  the firm’s quality-adjusted real price and by P, = ];Z the sectoral

Ci,t(3) M
D; +(5)

real price index, we can write the firm-level real profits D; ,(j) = % as:

= (BT Pia(j) Qi Pia(d) \
Di’“‘”‘(M:) X[(l_”)@,t<j>Mt_Mtlx(@,tmm) X i

=D (pi,t(j>7 {Pk,ta Ak,taAk,t}]iV:I) . (17)

Note that keeping track of the firm-level real profits requires knowing the firm’s real
quality-adjusted price, as well as the real sectoral prices, price dispersions, and produc-
tivities of all sectors in the economy.

Resetting the nominal price P;;(j) involves the firm paying a sector-specific and
possibly time-varying menu cost x; ; measured in units of labor. The optimal reset price
maximizes the firm’s value, taking into account that this new price may not change for
some period of time. In particular, when the nominal price does not change, the log of
quality-adjusted real price p;,(j) = log P,,(j) evolves according to

N Pia@N o Pual) N
Pield) = Piaa(id) +log (Cz‘,t(j)Mt> o8 (Ci,tl(j)Mtl)_pz’tl(]) 7 (Tg;

where m; = A log M,.

Without loss of generality, let 7;,(p) denote the probability that a firm in sector ¢
with a quality adjusted log relative price p resets its price at ¢ . Consider a firm with a
real quality adjusted price p at the end of period ¢, and let p; = (p—0:€;44+1(J) —Mus1)-
Then this firm’s real value at the end of period ¢ is given by the following Bellman

equation:

Viep) = Dis(p)+

+ BE, {1 — Mit+1 (p+)} Vi,t+1(p+) + Nit+1 (p+) <mpz/1x Vi,t+1 (P/) - Hi,t+1>] (19)

which consists of the current period real profits f)m (p), as well as the discounted ex-
pected continuation value. The latter is computed taking into account that at time ¢ + 1
the nominal price does not change with probability 1 — 7, +.1(-), whereas with proba-
bility 7; ;+1(-) the firm pays the menu cost and optimally resets the nominal price.

Our formulation of the pricing problem covers a wide range of existing models of

3The proceeds of these taxes are then rebated to households as a lump-sum transfer 7, =
N 1 . N
Zi;l Ti S() Pl,t(.])x/li(j)dj
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price setting, corresponding to the different functional forms of 7,,(-). In the base-
line setup of our model, we consider a specific functional form for the probability of
adjustment function 7; (). In particular, following Golosov and Lucas (2007), we as-
sume that a firm adjusts if and only if the value gain from adjustment in a given period
exceeds the menu cost:

Assumption 4 (Ss pricing). Consider a firm in sector i with the quality adjusted log
relative price p at time t. Then the probability that this firm adjusts its nominal price is
given by:

Nia(p) = L(Lis(p) > 0) (20)

where 1(-) is the indicator function, and
Lit(p) = mpz/mx Viie (0') = Vie(p) — ki (21)

is the gain from adjustment (or loss from inaction), net of the menu cost.

In our quantitative exercises, we focus on the case with fixed sector-specific menu
costs (k;¢ = R;). However, in Appendix D.2 we extend our analysis to sector-specific
stochastic menu costs.

Note that although here we specify a problem of price setting under nominal rigidi-
ties, our setup can automatically handle rigidities in nominal wage setting as well by
appropriately parameterizing the input-output structure. In particular, consider a setup
with a sector called the labor union (LU), such that it only uses labor in production
(ay = 1) and moreover it is the only sector purchasing labor directly from households
(@_ruy = 0). Instead, other sectors purchase labor indirectly from the labor union as
an intermediate input, such that @; ;; represents the empirical cost share of labor for
sector 7. Then any rigidities in the price setting of the labor union sector are isomorphic
to nominal wage rigidities. Moreover, the gap between the nominal wage W, and the
price index of the labor union sector P has a natural interpretation as the aggregate

labor wedge.*

2.6 Equilibrium definition and solution method

In addition to the goods market clearing condition in (12), the equilibrium in our econ-
omy is also characterized by clearing of the labor market:

N 1 N 1
Ly = Z;L Lis(j)dj + z; /’%tf it (i (7)) dj, (22)

0

“More formally, the labor wedge is the gap between the nominal marginal rate of substitution across
consumption and labor PtC x M RStC L — 1, and the nominal cost of labor faced by firms Pry,;.
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as well as by clearing in the market for bonds, which are in zero net supply: B, = 0.
Having specified the optimality and market clearing conditions, we can now for-
mally define the decentralized equilibrium in our economy:

N
=1’

Definition 1 (Equilibrium). The equilibrium is a collection of prices { P;+(j)|j € ®;}

N
allocations {Yi,t(j), Lis(5), Cit(§) {Xiwa (G, 5)|5 € @130, |j € <I>z-},
bond holdings By, which given the realizations of firm-level quality {(;(j)|j € ©;}

, wage W, and
1

N
=1’

sectoral productivities {Ai7t}£\i1 and money supply M, satisfy agent optimization and

1=

market clearing conditions in every period.

We compute fully non-linear transitions under the assumption of perfect foresight
over aggregate and sectoral shocks, while maintaining uncertainty over the idiosyncratic

innovations. Full details of the numerical strategy are given in Appendix C.

3 Pricing cascades and networks: formal results

We now use a simplified version of our model in order to formally introduce the notion
of pricing cascades: large movements in aggregates creating possibly self-reinforcing
price adjustment decisions at the extensive margin. Moreover, we present analytical
results regarding the novel interaction of pricing cascades with networks. In particu-
lar, we formally show that networks dampen cascades whenever the aggregate cycle is
driven by demand shocks, whereas they amplify cascades driven by supply shocks. Our
analytical results pin down the appropriate network centrality metrics that determine the
degree of dampening or amplification. We also present several examples with particu-
lar network arrangements in order to solidify the intuition behind our novel theoretical

results.

3.1 Notation

Before presenting the formal results, let us introduce some additional notation to be

used in this section. First, for a matrix X, let X denote a vector corresponding to

the 7’th row of the matrix; similarly, let X ;) denote a vector corresponding to the 7’th

column of the matrix. Second, for two N-dimensional vectors & and y, let the cross-
_ 1

sectional variance and covariances be Var(z) = + Zf\il(xl —7)% and Cov(x,y) =

N _ _ _ N _ N
% i1 (i — T)(yi — 7), where T = % 21 Tin Y = % et Yie

3.2 Static economy

In order to obtain the intuition regarding the transmission of large shocks in our model,

we consider a simplified setup obtained under several additional assumptions. First, we

ECB Working Paper Series No 3123 16



assume the economy to be static in the sense that agents fully discount the future:

Assumption 5 (Myopia). Agents fully discount the future in their objective function:

B =0.

In particular, this setting implies that any firm’s value function is simply given by
contemporaneous profits, and hence the optimal quality-adjusted real reset price for any

firm in a sector 7 is given by:

N

~ 1 € 1 . ~
Pr = Pok =T it 23
Z,t 1 _ Tl € — 1 X Ai’t E Z,t X Q ,t ( )
where I'; = ﬁ — 18 the (exogenous) desired markup.

The decision to change prices is based on whether the value gain from adjustment
exceeds the menu cost. In the static setup, we can obtain a tractable approximation for
the gain from adjustment as a function of the price gap, or the difference between the

current and the optimal reset price:

Lemma 1 (Adjustment gains). Suppose Assumptions 1-5 hold. Let j; ,(j) = log P, ,(j)—
log R*t be the price gap for a firm j in sector i at time t. Then the profit gain from price

adjustment satisfies:

S A 1 S S . -
D) =Dis(G) = Sle=D)A=m)[Fe/ Pl X x [pie () + O (1))

(24)
where D:t( 4) is profits at the optimal reset price, P;, is the real sectoral price index

and \;, is the sectoral sales share (Domar weight).

To illustrate the interaction between networks and price adjustment decisions, con-
sider the initial period (¢ = 0) in our economy. Unless specified otherwise, for nota-
tional convenience we drop the time subscript for all the variables at ¢ = 0. If the firm
chooses to not adjust its nominal price, then the quality-adjusted real price in the initial
period is given by:

log P,(j) = pi—1(j) — ozi(5) — m (25)

where p; () is the initial (exogenous) quality-adjusted real price of firm j in sector
i, £;(j) is the realization of the firm-level quality shock in period ¢ = 0, and m =
log(M/M_,) is the realization of money growth at ¢ = 0. Given the expression for the

optimal reset price in (23), we can write the firm-level price gap in the initial period as:

N
pi(§) = —oigi(j) = m + a; = Y wixlog B + (pi-1() — 7i)- (26)
k=1
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ﬁ and a; = log A;.

Without loss of generality, we treat the monetary shock m and productivity shocks

where v; = log I'; = log =5

{a;}Y¥, asii.d. mean zero. In addition, we make the following assumption regarding

the initial exogenous quality-adjusted real price:

Assumption 6 (Initial prices). The initial exogenous quality-adjusted real price of a

firm j in sector i is given by:  p; _1(j) = log — Vi, Vj e ®,.

e—11-7;’

We also assume a specific form of time variation of the sector-specific menu cost

Rit-

Assumption 7 (Sectoral menu costs). The sector-specific menu cost follows the follow-

ing process: Ky = Ri(1 — Ti)[]%yt/P:t]Efl)\i’t, where ; is a sector-specific constant.

Given the assumption regarding initial quality-adjusted prices, as well as the real-
izations of aggregate and sectoral variables, the magnitude of the price gap of a specific
firm is pinned down by the realization of its idiosyncratic quality innovation €;(j). We
can use the approximate profit gain in Lemma 1 to determine the sector-specific inac-
tion regions, defining the ranges for idiosyncratic innovations under which the firm will

choose not to adjust:

Lemma 2 (Inaction region). Suppose Assumptions 1-7 hold. Given the realizations of
aggregate and sectoral variables, let ¢; and g; be thresholds such that a firm in sector 1

will not adjust the price if it draws an innovation in |g;,&;]. Then,

%
e—1’

N
Ui[@p gi] = -m+ a; — Z Wik lOg ﬁk +
k=1

(27)

where m =log(M/M_1) and a; =logA,.

Given the realizations of monetary and productivity shocks, which are independent
of the presence of input-output linkages, we can now derive the effect of removing
input-output linkages (@, = 0,Vi, k) on the firm-level decision to adjust its price
following different types of aggregate/sectoral shocks.

Monetary shocks Consider an increase in the money supply m > 0. According to
Lemma 2, this increase in money supply, ceteris paribus, implies a leftward shift of
the inaction region. In other words, more extreme (negative) realizations of idiosyn-
cratic innovations are needed to prevent adjustment. At the same time, Lemma 2 also
implies that as long as the pass-through of the money supply to sectoral prices is in-
complete (log P, < 0, Vk), the presence of networks attenuates the leftward shift of the

inaction region for all firms that have a non-zero cost share of intermediate inputs. As

ECB Working Paper Series No 3123 18



Figure 1: Networks and inaction regions

(a) Cascades dampening under monetary shocks

Am0>0

Network effect
E—

IdiosyncratiL innovation
(b) Cascades amplification under TFP shocks

AaD<0

Network effect
-

L

o
Idiosyncratic innovation

Notes: Panel (a) considers a monetary expansion and visualizes the effect of production networks on the location of the inaction
region; Panel (b) considers an aggregate TFP contraction, similarly showing the effect of production networks on the location of
the inaction region.

a result, this weakly lowers the probability of price adjustment for any firm, creating
dampening in price changes. Panel (a) of Figure 1 provides a graphical illustration of
this mechanism.

To formalize such interaction of networks and the extensive margin under monetary
shocks, the following proposition links the firm-level probability of adjustment to the
monetary shock size and input-output characteristics:

Proposition 1. Suppose Assumptions 1-7 hold. Let o; be the probability that a firm in
sector i decides to adjust its price. Following a monetary shock m, denote by Ag;(m)

the change relative to steady-state, then:

Lholm) ~ [ m + axC + NxCow((@-D9p) | @8

7

where x; = —Z! ( ffi) > 0 and Z; is CDF of N'(0,02), M, is the sectoral

markup and Ji = + SN log My, = [log My, ... log My|T, W = (I—-Q) " isthe
Leontief inverse matrix, and

Ci

N R—
DU —1 (29)
j=1

is the customer centrality of sector 1.

It follows that the firm-level probability of adjustment is a square function of the sum

of three terms. First, the value of the monetary shock m, whose increases or decreases
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always lead to a rise in the adjustment probability. Second, the customer centrality of
the sector to which the firm belongs, multiplied by the average sectoral (log) markup.’
Third, the covariance between the total exposure to other sectors as a customer and the
markups in the supplier sectors.

One can see that as long as the input prices rise less than one-for-one with money
supply, which is consistent with countercyclical sectoral markups, networks lead to a
reduction in firm-level adjustment probability, ceteris paribus. Moreover, this dampen-
ing is stronger for firms in sectors with a higher customer centrality, implying a higher
exposure to intermediates, as well as for those that are more exposed to inputs from
sectors with more compressed markups, as captured by the covariance term.

The fact that the individual adjustment probability is approximately squared in the
sectoral customer centrality, and that it depends on the relative exposure to sectors
with more compressed markups, implies that heterogeneity and asymmetry in the input-
output structure in general matter for the behavior of aggregates. As a result, in general,
the cascades effects cannot be fully captured by a (symmetric) roundabout production
setup (Basu, 1995; Nakamura and Steinsson, 2010) even conditional on the same overall
importance of intermediate inputs.

We are now ready to formalize the notion of cascades dampening:

Corollary 1 (Cascades dampening). Suppose Assumptions 1-7 hold. Consider a mon-
etary shock m > 0. Then, as long as sectoral markups satisfy —m < Z;\Ll(@w —
1,_;)p; < 0,Y4, production networks lower the probability of adjustment for any firm

that uses intermediates.

The restriction on the behavior of markups is intuitive: on the one hand, they need
to be countercyclical, meaning they turn negative in logs following a monetary expan-
sion; on the other hand, they cannot be too negative, ruling out situations where nominal
sectoral prices fall after the monetary expansion. While Corollary 1 is stated for a mon-
etary expansion (m > 0), the same dampening effect holds for a monetary contraction

(m < 0) with the signs of the inequality restrictions on markups reversed.

Productivity shocks In contrast, consider a sectoral TFP deterioration a; < 0. Ac-
cording to Lemma 2, this productivity change creates a leftward shift of the inaction
region for all firms in sector 2. Moreover, as long as this productivity decline leads to a
rise in price indices of other sectors (log P, > 0,Vk), then Lemma 2 also implies that
networks further amplify the leftward shift in the inaction region for all firms in sector ¢,

as long as the cost share of intermediates in that sector is non-zero. In other words, even

SRecall we set the sectoral taxes {7;}, such that all the sectoral price indices are equal to one in
steady state. As a result, all the sectoral markups are also equal to one in steady state, or zero in logs.
Hence p; = log M, represents the log deviation of sectoral markup from its steady-state value.
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more extreme (negative) realizations of idiosyncratic innovations are needed to justify
non-adjustment. As a result, contrary to the case of monetary shocks, the presence of
networks weakly raises the probability of price adjustment for any firm in sector 7, thus
amplifying pricing cascades. Panel (b) of Figure 1 illustrates this mechanism graphi-
cally.

We formalize this interaction between the firm-level adjustment probability and sup-
ply shocks below, generalizing it to the effect of any combination of sectoral productiv-
ity changes:

Proposition 2. Suppose Assumptions 1-7 hold. Let o; be the probability that a firm in

sector i decides to adjust its price. Following a combination of sectoral productivity

N

shocks a = {a;};_,, denote by Ap;(a) the change relative to steady-state, then:

2

1 N _ .
—Agi(a) =~ [Z Uia; — AxC — NxCou((W—09 p)| (30)
j=1

(2

where x; = —Z! <4 /%) > 0 and Z; is CDF of N'(0,02), M, is the sectoral
markup and Ji = + ZZ]\LI log M;, p = [log My, ....,log My]T, W= (I-Q) Listhe

Leontief inverse matrix, and C; is the customer centrality measure introduced in (29).

It follows that the probability a firm in sector ¢ adjusts is a square function of the
sum of three terms. First, the value of each sectoral TFP shock a;, weighted by the
Leontief inverse entry W;;, measuring the extent to which sector j acts as a supplier to
sector ¢, and hence influences its marginal cost and the reset price. Second, the customer
centrality of sector 7, multiplied by the negative of the average sectoral markup change.
Third, the covariance between the total exposure to other sectors as a customer and
the markups in the supplier sectors. Therefore, as long as all sectoral prices increase
after the TFP contractions, the presence of networks leads to an increase in firm-level
adjustment probability, ceteris paribus.

A notable special case is that of an aggregate TFP shock a; = a, Vj:

i.Agi(a) ~ [a + (a=m)xC — NxCov((V— I)(i),,u,)]Q. (31)
One can see that following an aggregate TFP contraction a < 0, as long as all sectoral
prices increase, networks amplify the rise in adjustment frequency, and more so for
sectors with a larger customer centrality, as well as for those relatively more reliant
on intermediate inputs from sectors which pass-through more of the aggregate TFP
contraction to prices (leading to smaller markup compressions).

Overall, we formalize the notion of cascades amplification below:
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Corollary 2 (Cascades amplification). Suppose Assumptions 1-7 hold. Consider a com-
bination of sectoral TFP shocks a; < 0,Vj with at least one strict inequality. Then, as
long as sectoral markups satisfy 2;11(@] —1,_;)(a; — pj) < 0,Yi, production
networks increase the probability of adjustment for any firm in any sector that uses

intermediates.

As before, the restriction on the behavior of markups is intuitive: after the negative
TFP shocks, markups can fall, but not to the extent that leads to reductions in sectoral
prices.® Also, while Corollary 2 is stated for contractionary shocks (a; < 0, V), the
same amplification result holds for a combination of expansionary TFP shocks (a; >
0, V), with the sign of the inequality restriction on markups reversed.

It follows that a productivity shock to a sector k can, in principle, increase the
probability of price adjustment for firms in any other sector ¢. This is true as long as the
price indices of sectors used as suppliers by sector ¢ (j : w;; > 0) rises following the
productivity deterioration. As a result, a sectoral productivity shock can have an effect
on average economy-wide probability of adjustment. The proposition below formalizes

the sectoral characteristics which pin down such a notion of systemic importance:

Proposition 3. Suppose Assumptions 1-7 hold. Further, set k; = R,0; = 0,Vi and
assume C’ov(@(i), C)=0,Yi Let p = % fV:l 0; be the average probability of adjust-
ment. Following a TFP shock specific to sector k, ay, denote by Aop(ay) the change
in the average adjustment probability relative to its steady-state value and assume that

Cov (U —1)%, ) =0, Vi, then:

1 _ _
;Ag(ak) ~ Hpxai — 2ixCxS8Sxa, + [uC2 (32)

where y = —Z" < 52—E1> > 0 and = is CDF of N'(0,0?), M, is the sectoral markup

and i = %Zf\; log M;, p = [log My, ....,Jlog Mn]*, C; is the customer centrality
introduced in (29) and C = V.G, C2= =~ SN CLC=[C,....Cx]T, and

N . 1 N
PR Sk ~ 2 i (33)
i=1 i=1

®Note that our analysis focuses on sectoral total factor productivity (TFP) shocks, as opposed to
sectoral labor-augmenting productivity shocks. In the baseline economy with Cobb-Douglas production,
one can easily obtain the equivalent of Proposition 2 for sectoral labor-augmenting shocks by replacing
a; with @;a;, where @; is the sectoral cost share of labor. At the same time, comparisons with the
no-network economy become ill-posed in the case of labor-augmenting productivity, since the sizes of
supply shocks, as measured by the sectoral Solow residuals now depend on the presence of intermediate
inputs, which is not the case under TFP shocks. For that reason, we focus on sectoral TFP shocks in
our analysis. Naturally, the distinction between total factor and labor-augmenting productivity shocks is
absent for sectors which rely exclusively on labor in production, such as the most upstream sector in a
vertical chain production economy.

Hk =

==
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are, respectively, the supplier Herfindahl (H,) and supplier centrality (Sy) of sector
k.

A notable case arises in the high pass-through environment, where 1z ~ 0, so that:
1 2
;Ag(ak) ~  Hpi x ag. (34)

It follows that a key metric that pins down the extent to which a TFP shock to a spe-
cific sector can affect the average economy-wide adjustment probability is that sector’s
supplier Herfindahl. In order to understand what makes a sector have a large supplier

Herfindahl, it is convenient to re-express it as follows:
He = S¢ + Var (V). (35)

One can see that the supplier Herfindahl is given by the sum of squared supplier cen-
trality, as well as the variance of the column of the Leontief inverse corresponding to
that sector. The first term, S, measures the average importance of sector k as a direct or
indirect supplier to the rest of the economy. The second term, Var (W( k)) measures the
dispersion in the degree of direct and indirect exposure of other sectors to inputs bought
from sector k. In particular, for a given degree of average importance as a supplier, the
supplier Herfindahl rises for sectors that act as disproportionally important suppliers to

some parts of the economy, leading to a high variance term.

3.3 Simple examples

We now solidify the intuition behind the formal results on cascades with the aid of
several examples. In particular, we return to the dynamic version of our model, but
consider concrete network arrangements in order to highlight the key mechanisms. To
facilitate further comparability between monetary and TFP shocks, for the remainder of

this subsection we assume that both follow AR(1) in levels with persistence p € (0,1).”

Example 1: roundabout production economy

First, we consider a one-sector (N = 1) roundabout economy, where firms trade in-
termediate inputs with other firms in the same sector, as in the work of Basu (1995).
Figure 2(a) illustrates such an arrangement graphically. Naturally, in the limit where
we set the cost share of labor to one (a@;; = 1), the one-sector economy collapses to that

of Golosov and Lucas (2007), where firms only use labor in production.

"For the simple examples, we also make the more conventional assumption of a fixed sector-specific
menu cost, so that x; + = K;.
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Figure 2: Three example economies

(a) Roundabout production economy  (b) Two-sector vertical chain economy  (c) /N-sector vertical chain economy
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Notes: the figure shows three example economies, as well as the impact responses of aggregate frequency of adjustment to
monetary and aggregate TFP shocks. In each example, all sectors are calibrated to have the same frequency and standard deviation
of price changes in steady state.

We use this simple example to illustrate how the presence of the network affects the
(impact) response of the aggregate fraction of adjusting firms to monetary and produc-
tivity shocks of different sizes. As can be seen in the bottom panel of Figure 2(a), when
there are no networks (@; = 1), monetary and productivity shocks are isomorphic in
their effect on aggregate frequency. However, as soon as we add the roundabout pro-
duction structure (ar; < 1), the aggregate adjustment frequency responds much faster
to productivity shocks relative to monetary shocks. This is because under monetary
shocks, the network structure shrinks the desired price changes and the price gaps, thus
dampening cascades, which leads to slower increases in the aggregate fraction of ad-
justers. In contrast, under TFP shocks, the presence of networks expands movements
in desired price changes and hence the price gaps, thus amplifying cascades at the firm-

level, leading to faster increases in the aggregate fraction of adjusters.

Example 2: two-sector vertical chain economy

For our second example, we consider a two-sector economy (N = 2), which illus-
trates how the position of a sector in the network affects the transmission of sectoral
productivity shocks to aggregate frequency. The top panel of Figure 2(b) presents the

arrangement graphically: the upstream sector (U) only uses labor in production and
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supplies its output as an intermediate input to the downstream sector (D). Importantly,
the two sectors have the same size in steady-state equilibrium, in the sense of having
identical (cost-based) Domar weights. Moreover, their pricing moments are also the
same in steady-state, hence their only ex ante difference comes from the position in the
network.

We now consider sector-specific productivity shocks of different sizes and record
their effect on the aggregate adjustment frequency. In the bottom panel of Figure 2(b)
one can see that large shocks to the upstream sector deliver faster increases in the ag-
gregate frequency, relative to equally sized shocks to the downstream sector. This is
another way in which networks amplify cascades: shocks to the upstream sector affect
the marginal cost, the optimal reset price, and hence the price gaps, of the downstream
sector. As a result, shocks to the upstream sector trigger extensive margin price ad-
justment decisions both in the upstream and in the downstream sector. The opposite,
however, is not true: shocks to the downstream sector only affect price gaps in the
downstream sector itself and do not affect price adjustment decisions in the upstream
sector.

This simple example illustrates an important point: when it comes to the effect of
a sector-specific shock on aggregates, the position of the shocked sector in the network
can matter over and above its size. In particular, here shocks to the upstream sector
have a stronger effect on aggregate adjustment frequency, even though it is as large as
the downstream sector in steady state. This runs contrary to a number of established
network-irrelevance results, where the presence of networks makes no difference over

and above its effect on equilibrium size (Hulten, 1978; Bagaee and Farhi, 2020).

Example 3: N-sector vertical chain economy

With our third example, we would like to illustrate how the interaction between the
network position and pricing cascades extends beyond the two-sector arrangement. In
particular, as depicted in the top panel of Figure 2(c), we consider an N-sector vertical
chain economy. In such a setup, Sector 1 is the most upstream sector, which uses labor
to produce a good that is supplied as an intermediate to Sector 2, which then supplies
intermediates to Sector 3 and so on. Sector N is the least upstream sector, as it sells
everything it produces as a final good to households. As before, all the N sectors
have the same steady-state pricing moments and are equally big in the sense of having
identical (cost-based) Domar weights. The only relevant dimension of heterogeneity is
their position in the network, which in turn determines their supplier centrality S and

the supplier Herfindahl H. In the particular case of the vertical chain economy, it can
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be shown that for a sector with position ¢ in the chain (z = 1 being the most upstream):

N—-i+1
Hi=8i=—%— (36)

meaning that both centrality measures are equal and fall linearly in the sector’s position
in the chain. Proposition 3 predicts that the economy-wide average adjustment proba-
bility should also change approximately linearly in the shocked sector’s position in the
chain.

In the bottom panel of Figure 2(c), we set N = 10 and plot the aggregate frequency
response to large (—20%) sector-specific productivity shock to each sector. One can see
that the shock to the most upstream Sector 1 delivers the largest increase in aggregate
frequency. Moreover, the aggregate frequency response indeed falls monotonically and
approximately linearly as we move down the supply chain. As before, this represents
the interaction of networks with pricing cascades: shocks to more upstream sectors
affect, directly or indirectly, marginal costs and hence price gaps in a larger number of

sectors, thus triggering a bigger increase in aggregate adjustment frequency.

4 Full model with Euro Area data

We now move to the quantitative analysis of our full dynamic model. In this section,
we outline the strategy to bring our model to the Euro Area data. In particular, we
discipline the structural parameters of the model in order to make it consistent with
the Euro Area economy disaggregated into 38 sectors. The household preferences and
firms’ production function parameters are estimated to match the observed consumption
and input-output shares in the World Input-Output Tables. As for the sector-specific
menu costs and variances of idiosyncratic shocks, those are estimated to fully match the
observed sectoral frequencies and standard deviations of price changes in the PRISMA
dataset for the Euro Area.

4.1 Parameterization and Calibration

We discipline the structural parameters of our model to the Euro Area data at monthly
frequency. Table 1 summarizes our calibration.

For the aggregate parameters, the households’ discount factor is set to 3 = 0.96'/12
as in Golosov and Lucas (2007). The within-sector elasticity of substitution across

varieties 1s € = 3 as in Midrigan (2011). We assume that aggregate money supply
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follows a random walk with drift:
log M; = 7 +log My_; + &M, (37)

where 7 is the trend growth rate for money supply, which is also the equilibrium level
of trend inflation; £ is an i.i.d. mean zero money growth innovation. The steady-state
money growth rate is m = 2% per year, in line with the inflation target of the European
Central Bank (ECB). As for the sectoral total factor productivities, we assume those to

follow an AR(1) process:
log Ajy = plog A1 + &y, (38)

where p € (0,1) is the persistence parameter and 5;‘}t is an 1.i.d. mean zero sector-
specific productivity innovation. We set the persistence of TFP processes equal to p =
0.9.

We calibrate our economy to 38 production sectors of the Euro Area economy,
following the classification in the World Input-Output Database (WIOD). The final
consumption shares {w¢}Y |, the labor cost shares {@;}Y, and the input-output cost
shares {@k}%ﬂ are taken from the 2014 input-output tables for the Euro Area based
on WIOD.® In order to capture the possibility that wages are also sticky, we introduce
an auxiliary labor union sector. In particular, we assume that the labor union sector is
the only one that directly purchases labor from households and then sells it to the rest
of the sectors as an intermediate input. In general, we work with N = 39 sectors: 38
production sectors and the auxiliary labor union sector.

Unlike in Section 3.2 above, we do not allow time variation in the sectoral menu
costs. Instead, we consider the more conventional fixed menu cost setup (Golosov and

Lucas, 2007), allowing the menu costs to vary in the cross-section only:

Assumption 7' (Fixed menu costs). The sector-specific menu cost follows the following

process: K;; = FK;, where K; is a sector-specific constant.

This leaves us with two parameters per sector to estimate: the menu cost %;, and
the standard deviation of firm-level shocks ;. In line with evidence in Gautier et al.
(2023), we assume that the sectors “Coke and Petroleum Products” and “Mining and
Quarrying” have fully flexible prices at monthly frequency. We calibrate the price set-
ting parameters in the labor union sector to match the frequency and standard deviation

of nominal wage changes in Costain et al. (2022). For the remaining 36 sectors, we

8We make use of the EMuSe Calibration Toolkit developed by Hinterlang et al. (2023), which con-
structs the Euro Area input-output table by combining accounts of individual countries in the WIOD.
Since our model does not feature capital, we measure labor cost shares by dividing labor compensation
by the sum of labor compensation and intermediate inputs expenditures.
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Table 1: Parameter values (Euro Area, monthly)

Aggregate parameters
8 0.96/12  Discount factor (monthly) Golosov and Lucas (2007)
€ 3 Goods elasticity of substitution ~Midrigan (2011)
T 0.02/12  Trend inflation (monthly) ECB target
p 0.90 Persistence of the TFP shock Half-life of seven months
Sectoral parameters
N 39 Number of sectors Data from Gautier et al. (2024)
(@SN, Sector consumption weights World IO Tables
(@i} Ny Sector input-output matrix World IO Tables
(@, Sector labor weights World IO Tables
Firm-level pricing parameters
{®N, Menu costs Estimated to fit frequency, std dev.
oL td. dev. of firm-level shocks of Ap from Gautier et al.
N, Std. d f firm-level shock f Ap from Gauti 1. (2024)

estimate the parameters {%;} , and {o;}Y, to match the frequency and standard devi-
ation of price changes in each sector in the Euro Area, taken from Gautier et al. (2024),
in steady state.

We also parameterize two auxiliary economies, for the purpose of benchmarking
them against our baseline setup. First, we estimate the firm-level pricing parameters
in a counterfactual economy without input-output linkages, for the same set of sector-
specific frequencies and standard deviations of price changes in steady state. Such an
economy features no linkages across the 38 production sectors, which are only linked
to the labor union sector instead (w; .y = 1,Vi # LU). Second, we consider an
economy with input-output linkages, but featuring time-dependent price setting as in
Calvo (1983). The latter setup corresponds to having constant sector-specific pricing
hazards (7;(p) = 7;, Vi) and zero menu costs (k; = 0,Vi). We therefore estimate
sector-specific constant hazards and variances of idiosyncratic shocks to match the same
sectoral frequencies and standard deviations of price changes as in the steady state of

our baseline setup.

4.2 Sectoral characteristics

In order to better understand the cross-sectional properties of the sectors we consider
in our quantitative setup, we evaluate the relevant centrality measures introduced in
Section 3. First, recall that in Propositions 1 and 2, the effect of networks on the prob-
ability of adjustment in a given sector depends on the customer centrality measure C;.
Intuitively, the customer centrality measure captures the total reliance of a sector on

intermediate inputs, both direct and indirect. Naturally, if a sector only uses labor in
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production, its customer-centrality measure collapses to zero. Table B.1 in Appendix B
reports the customer centrality measure for each of the 38 production sectors. The two
sectors with the largest customer centrality are “Coke and petroleum products” (4.35)
and "Chemicals and chemical products” (4.25), followed by “Paper and paper prod-
ucts” (3.97) and "Food and beverages” (3.94), while the smallest customer centrality is
in “Education” (1.55).

Second, we quantify the supplier Herfindahl H; and the supplier centrality S; mea-
sures introduced in (33). Recall that in Proposition 3, the supplier Herfindahl of a
sector plays a key role in determining its ability to influence the average economy-
wide probability of adjustment. In turn, according to (35), H; is a sum of S? and the
cross-sectional variance of the ¢’th column of the Leontief inverse. The supplier cen-
trality measure captures the average importance of a sector as a seller, either directly or
indirectly, of intermediate inputs. As is reported in Table B.1, the distribution of sup-
plier centrality features a heavy right tail, with three sectors having a disproportionally
larger measure than the rest: those are ” Administration and support” (0.23), ”Legal, ac-
counting, management” (0.20) and “Chemicals and chemical products” (0.19). Those
sectors are also the ones with the largest supplier Herfindahl, though in a different or-
der: ”Chemicals and chemical products” (0.12),” Administration and support” (0.08)
and “Legal, accounting, management” (0.08). The difference comes from the fact that
while ”"Chemicals and chemical products” has a smaller supplier centrality than the
other two, it is a more disproportionally important supplier to some sectors, which in-
creases the variance term and drives up the supplier Herfindahl. See Table B.3 for a
decomposition of each sector’s supplier Herfindahl into the (squared) supplier central-

ity component, as well as the variance component.

S5 Quantitative results: monetary shocks

For our first set of quantitative results, we present the general equilibrium dynamics
of our economy following monetary shocks of different sizes. First, we show that the
aggregate repricing frequency response to large monetary shocks is substantially atten-
uated by the presence of networks, so that the effect of cascades dampening is quanti-
tatively sizable. As a result, the economy with networks features much stronger mon-
etary non-neutrality, which manifests in a substantial flattening of the fully non-linear
Phillips Curve. Second, we study sectoral frequency and price responses, and show that,
ceteris paribus, sectors with a larger customer centrality exhibit smaller movements in
the fraction of adjusting firms and feature less size-dependence in their sectoral price

responses.
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Figure 3: Aggregate responses to monetary shocks

(a) Responses of aggregates to monetary shocks
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(b) Network contribution to aggregates’ responses
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Notes: Panel (a) shows the the responses of aggregate GDP, CPI inflation and aggregate adjustment frequency following 1% and
10% one-time monetary shocks in the baseline economy with fixed menu costs and networks; Panel (b) additionally shows the
corresponding responses in the otherwise identical economy without networks.

5.1 Aggregate dynamics

Figure 3(a) shows the scaled (per % shock) responses of aggregate CPI inflation, aggre-
gate GDP, as well as the unscaled fraction of adjusting firms following one-time mone-
tary shocks of two different magnitudes: £}/ = 1% and &/ = 10%. Two key features
are apparent. First, the scaled response of inflation increases in the size of the monetary
shock, which represents a strong size effect. As can be seen in the frequency panel, this
happens as the fraction of adjusting firms increases rapidly with larger shocks, reaching
almost 30% for the 10% monetary shock.

Second, as shown in Figure 3(b), the contribution of production networks to the
magnitudes of responses differs markedly between shocks of different sizes. For the
small 1% shock, networks dampen the response of inflation and, as a result, amplify the
response of aggregate GDP. This is the effect of production networks known from the
prior literature, which employs linearized models with time-dependent pricing: input-

output linkages create pricing complementarities, dampening inflation and amplifying
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Figure 4: Extensive margin response to monetary shocks
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following monetary shocks of different sizes in
the baseline economy with fixed menu costs and networks, as well as in the otherwise identical economy without networks; Panel
(b) uses the decomposition in (39) to show the proportional contributions of the Calvo, Extensive and Selection components to the
effect of networks on the impact response of CPI inflation to monetary shocks of different sizes.

the consumption response. At the same time, for the large 10% shock, the amplification
of the aggregate GDP response due to networks is much greater. Importantly, this is
because the 10% monetary shock delivers a markedly smaller increase in the repricing
frequency relative to the economy without networks, which is the cascades dampening
effect introduced earlier.’

In Figure 4(a), we further investigate the interaction between networks and the re-
sponse of repricing frequency by looking at a wide range of shock sizes and signs.
One can see that networks consistently dampen the response of aggregate repricing fre-
quency to monetary shocks of all sizes that we consider. For example, following a 10%
monetary expansion, the aggregate frequency rises close to 45% in the multi-sector
economy without networks, but increases only to 27% in an otherwise identical econ-
omy with input-output linkages. In this sense, the aggregate consequences of cascades
dampening by networks are quantitatively sizable.

We also quantify the contribution of cascades dampening to the response of ag-
gregate inflation. To do that, we follow Costain and Nakov (2011) and Blanco et al.
(2024b) in making use of the following inflation decomposition:

Ar _ Aﬂ_Calvo + Aﬂ_Extensive + Aﬂ_Selection’ (39)

where A7 is the deviation of (net) aggregate CPI inflation rate from its steady-state

°In Figure E.1 we construct, for each size of the monetary shock, the difference between the output
response with and without networks, as a fraction of the former. One can see that for small monetary
shocks, the contribution is in the neighborhood of 10-20%. Such magnitudes are consistent with prior
estimates of network contributions in linearized time-dependent setups (Ghassibe, 2021). As the size
of the shock increases, however, the contribution of the network increases dramatically, reaching almost
80% for a 15% monetary expansion.
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Figure 5: Inflation and GDP responses to monetary shocks

(a) Impact inflation response (b) Impact GDP response
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Notes: Panels (a) and (b) show the impact responses of, respectively, CPI inflation and aggregate GDP to monetary shocks of
different sizes in three economies: the baseline economy with fixed menu costs and networks, as well as the otherwise identical
economies without networks and with time-dependent pricing.

value, A7 is the inflation component attributed purely to the change in the inten-
sive margin of price changes (holding fixed the fraction and composition of adjusters),
AgExtensive jg the component driven exclusively by the change in the fraction of ad-
justers and ArSeection stands for the component driven by changes in the composition
of adjusters.'” Crucially, the decomposition holds both in the economy with and with-
out networks, allowing us to compute the contribution of each of the three components
to the difference in inflation response driven by the input-output linkages. Figure 4(b)
shows the resulting decomposition: the difference is explained mainly by the selection
effect for smaller shocks, and by the extensive margin component for shocks greater
than 5 percent in absolute value. Therefore, for large shocks, most of the network
contribution to the slowing down of the inflation response works through the extensive
margin effect, representing the dampening of cascades.

Not only is the cascades dampening effect important in relative terms, it also has
substantial implications for the absolute magnitudes of responses in CPI inflation and
aggregate GDP to large monetary interventions. In Figure 5(a), we show that as the
size of the monetary shocks increases, inflation in our baseline economy rises in a non-
linear fashion: a 5% shock delivers 2% inflation on impact, whereas tripling the shock

to 15% delivers a five-fold increase of inflation to 10%. At the same time, the figure

!0Formally, inflation in sector ¢ in the absence of the monetary shock is m; = { pn;(p)dg;(p), where
p is the desired log price change, 7;(p) is the adjustment hazard, and g;(p) is the ergodic distribution of
desired price changes across firms in the sector. The monetary shock changes the desired price changes
of all firms in the sector to p + §, where 6 = p* — p* + Am and where p* is the log reset price in the
first period after the money shock and p* is the log reset price in the absence of the shock. The money
shock changes the inflation rate to w; = {(p + §)n;(p)dg; (p) where n;(p) is the new adjustment hazard
after the shock. It follows that Am; = m; — m; = § §n;(p)dgi(p)  + 3§ (p) — m:(P))dgi(p) +
§ 5(n: () — n:(p))dg; (p). Multiplying both sides by the final consumption share ¢ and summing across
sectors, one obtains the decomposition for aggregate CPI inflation in (39).
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also shows that an otherwise identical economy without networks features inflation
rising even faster with larger monetary shocks. The fact that inflation rises relatively
more slowly in the economy with networks reflects mainly the slower response of the
fraction of adjusters, as documented in Figure 4. In order to quantify the importance of
nonlinearity and state-dependent pricing, in Figure 5 (a) we also consider a version of
our model with time-dependent pricing (Calvo, 1983), calibrated to match the sectoral
frequencies of adjustment in steady state. Under such a time-dependent setup, even
when solved fully non-linearly, inflation is rising more slowly as the monetary shock
gets larger. The latter reflects the contribution of both the selection effect (for smaller
shocks) and the extensive margin effect (for larger shocks) in delivering faster pricing
increases in the state-dependent pricing model.

Figure 5(b) shows that in the baseline economy with networks, the aggregate con-
sumption response is hump-shaped in the size of monetary shocks and is maximized
following a 12% monetary expansion, delivering an increase of almost 6%. At the
same time, the equivalent economy without networks has its consumption response
maximized following a 5% monetary shock, corresponding to a smaller increase of just
over 3%. The higher maximal response of consumption under networks, as well as the
fact that it occurs following a larger monetary shock, reflect the slower response of the
fraction of adjusters, once again, as documented in Figure 4. Figure 5(b) also shows
the responses in the alternative setup with time-dependent Calvo (1983) pricing. With
time-dependent pricing, one can see that even for very large shocks and a non-linear
solution, the time-dependent setup has aggregate consumption rise quasi-linearly in the
size of the monetary shock. Moreover, the non-linear time-dependent pricing results
deviate substantially from the non-linear state-dependent solutions.

Figure 6 illustrates the trade-off between GDP stimulus and inflation under mon-
etary interventions of different sizes. In particular, the figure traces out a non-linear
“Phillips curve” in the cumulative output gap—CPI inflation space, under different model
configurations. In the network-based baseline economy, a cumulative output stimulus
up to 5% or so can be achieved with little inflationary response, reflecting a locally flat
Phillips curve. However, in a counterfactual economy without networks, the Phillips
curve is steeper for small shocks and low output gap values. This suggests a global
“flattening” of the Phillips curve due to networks, and more specifically the cascades
dampening effect. Moreover, once the shocks are sufficiently large, the Phillips curve
without networks becomes backward bending, with a maximum possible cumulative
output stimulus of around 15%. This happens because, under very large shocks, the
fraction of adjusters increases much faster in the economy without networks, as docu-

mented in Figure 4(a).
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Figure 6: Fully non-linear Phillips Curves”
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Notes: the figure shows the fully non-linear "Phillips Curves”, obtained by tracing out the impact response of CPI inflation and the
cumulative GDP response (“output gap”) following monetary shocks of different sizes; the “Phillips Curves” are constructed for
three economies: the baseline economy with fixed menu costs and networks, as well as the otherwise identical economies without
networks and with time-dependent pricing.

5.2 Disaggregated dynamics

Having analyzed the behavior of macroeconomic aggregates, we now move to studying
sector-level behavior following a large monetary shock. In Figure E.2 we report changes
in sectoral adjustment frequencies, as well as scaled impact responses of sectoral price
indices, following a monetary shock of €} = 10%. A few important patterns emerge.
First, all sectoral frequencies increase, with the natural exception of the fully price-
flexible sectors. The largest rise in the fraction of adjusters is in “Education” (+0.65),
whereas the smallest (non-zero) increase is in “Financial services” (+0.08). Second,
removing production networks leads to a larger increase in adjustment frequency in
every sector, so that cascades dampening also holds at the sector-by-sector level. Third,
cascades dampening translates into smaller increases in sectoral price indices in the
economy with networks.

To better understand the role production networks play in shaping the frequency re-
sponses, Figure E.4(a) plots an estimated linear relationship between the (square root of)
sectoral frequency changes following a 10% monetary shock and the sectoral customer
centrality measure, which we introduced in (29).!'! As can be seen, ceteris paribus,
there is an approximately linear negative association between the square root of the fre-
quency change and customer centrality, consistent with the formal result in Proposition
1. This is because, all else constant, cascades dampening is stronger for sectors that

are more exposed to intermediate inputs, directly or indirectly, since their desired price

"Formally, we regress the square root of the change in sectoral adjustment frequency on the measure
of customer centrality, further controlling for the covariance between that sectors’ row of (¥ — I') and the
vector of sectoral markups, own markup change, the steady-state frequency of adjustment and the sectoral
standard deviation of price changes. The regression specification is based on the result in Proposition 1.
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changes move less with the monetary shock.

Similarly, we also investigate the association between customer centrality and the
degree of size dependence in sectoral price responses to small vs. large monetary
shocks. We measure size dependence in sectoral price indices by the difference in
(square roots of) scaled impact responses to 10% and 0.1% monetary shocks. In Figure
E.4(b) we plot an estimated linear relationship between the measure of size dependence
and the sectoral customer centrality.'”> As one would expect, larger customer centrality
is associated with a smaller degree of size dependence, which in turn is driven by the

smaller movement in the fraction of adjusters following the large monetary shock.

6 Quantitative results: TFP shocks

For our second set of quantitative results, we turn to the general equilibrium dynamics
following aggregate and sector-specific total factor productivity (TFP) shocks. First, we
show that following large aggregate TFP shocks, the economy with networks features
much stronger response of the repricing frequency, implying that the cascades amplifi-
cation channel is indeed quantitatively important. The amplification of cascades in turn
generates much stronger response of aggregate inflation for a given shock, relative to the
otherwise identical economy with time-dependent pricing. We also show that sectors
with a larger customer centrality exhibit stronger responses of the fraction of adjusters
and more size dependence in sectoral price responses following large aggregate TFP
shocks. Second, our results suggest that TFP shocks to sectors with a large supplier
centrality lead to more sizable movements in the aggregate repricing frequency, and

can in turn generate non-linearities in aggregate inflation.

6.1 Aggregate TFP shocks

Aggregate dynamics In Figure 7(a), we report scaled (per % shock) responses of

aggregate GDP and CPI inflation, as well as the unscaled responses of the aggregate

fraction of adjusters following two negative aggregate TFP shocks: 5 = —1% and
gt = —10%. Just as with monetary shocks in the previous section, there is substan-

tial size dependence: for the -1% shock the impact scaled response of GDP is -0.6%,
whereas it is -1.7% for the -10% shock. At the same time, the scaled response of CPI
inflation increases in the magnitude of the aggregate TFP shock, implying that the ag-

gregate price changes rise more than proportionally in the size of the TFP innovation.

12 As before, we regress the sectoral measure of size dependence on the measure of customer central-
ity, further controlling for the covariance between that sectors’ row of (¥ — I) and the vector of sectoral
markups, own markup change, the steady-state frequency of adjustment and the sectoral standard devia-
tion of price changes.
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Figure 7: Aggregate responses to aggregate TFP shocks

(a) Responses of aggregates to aggregate TFP shocks
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(b) Network contribution to aggregates’ responses
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Notes: Panel (a) shows the the responses of aggregate GDP, CPI inflation and aggregate adjustment frequency following -1% and
-10% one-time aggregate TFP shocks in the baseline economy with fixed menu costs and networks; Panel (b) additionally shows
the corresponding responses in the otherwise identical economy without networks.

Quantitatively, the -1% shock generates a scaled impact response of CPI inflation of
0.6%, whereas the -10% corresponds to a normalized response of almost 1.7% on im-
pact. Key to the observed size dependence is the endogenous response of the fraction
of adjusters: for the -1% shock it remains unchanged, whereas the larger -10% shock
brings the fraction of adjusters to almost 80%.

In order to understand the contribution of networks to the observed size depen-
dence, in Figure 7(b) we additionally document the responses to the same aggregate
TFP shocks in an otherwise identical economy without networks. For the -1% shock,
networks amplify the response of aggregate GDP by a factor of two, while the scaled
response of CPI inflation is nearly 0.3% without networks versus 0.6% under networks.
Importantly, for the larger shock of -10%, the network amplification of both aggregate
GDP and CPI inflation is greater than under the small -1% shock. When it comes to the
response of inflation, this is the opposite of our findings under monetary shocks, where
the amplification of inflation response weakens for larger innovations. To understand

the difference, it is instructive to look at the response of the adjustment frequency. One
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Figure 8: Extensive margin response to aggregate TFP shocks
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following aggregate TFP shocks of different
sizes in the baseline economy with fixed menu costs and networks, as well as in the otherwise identical economy without networks;
Panel (b) uses the decomposition in (39) to show the proportional contributions of the Calvo, Extensive and Selection components
to the effect of networks on the impact response of CPI inflation to aggregate TFP shocks of different sizes.

can see that for the -10% shock, the fraction of adjusters increases substantially more
in the economy with networks. This is the exact opposite of what happens under mone-
tary shocks, where networks dampen the response of the adjustment frequency. Instead,
under TFP shocks networks make the response of the adjustment frequency stronger,
representing cascades amplification.

In Figure 8(a), we further investigate the interaction between the aggregate repric-
ing frequency and the size of the aggregate TFP shock. Once again, contrary to the
findings under monetary shocks, networks consistently and substantially amplify the
response of the aggregate fraction of adjusters to aggregate TFP innovations. For exam-
ple, following a -10% aggregate TFP shock, the economy with networks features a rise
in the fraction of adjusters to 75%, while without networks the aggregate adjustment
frequency rises to just below 40%. In this sense, the cascades amplification effect is
quantitatively sizable. In order to understand the contribution of cascades amplification
to aggregate CPI movements, we once again rely on the decomposition in (39). Fig-
ure 8(b) decomposes the difference in impact responses of aggregate CPI in economies
with and without networks for different shock sizes. It follows that for aggregate TFP
shocks below 3% in absolute value, the difference between the network and no-network
cases is explained mainly by the selection effect, whereas for larger shocks the exten-
sive margin effect is dominant. Therefore, for large aggregate TFP shocks the cascades
amplification mechanism, working through the extensive margin of price changes, is
the main channel through which networks amplify the aggregate CPI response.

The cascades amplification channels is important for generating non-linearity in
aggregate CPI inflation response. In Figure 9 (a), we plot the impact response of aggre-
gate CPI inflation to aggregate TFP shocks of different signs and sizes. The inflation
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Figure 9: Inflation and GDP responses to aggregate TFP shocks
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Notes: Panels (a) and (b) show the impact responses of, respectively, CPI inflation and aggregate GDP to aggregate TFP shocks
of different sizes in three economies: the baseline economy with fixed menu costs and networks, as well as the otherwise identical
economies without networks and with time-dependent pricing.

response rises much faster in the economy with networks relative to the no-network
benchmark, being almost three and a half times higher after a -10% shock. We also
report the inflation responses in an economy with networks, but with time-dependent
(Calvo, 1983) pricing, matching the same sectoral frequencies of adjustment in steady
state. One can see that the economy with time-dependent pricing predicts much smaller
inflation responses. In this sense, the otherwise identical economy with Calvo (1983)
pricing requires substantially larger TFP shocks in order to generate the same amount

of aggregate inflation.

Disaggregated dynamics We now turn to analyzing the responses of individual sec-
tors to an aggregate TFP shock. In particular, Figure E.3 reports the impact responses
of sector-specific fractions of adjusters and scaled sectoral price indices to a large ag-
gregate TFP shock (g5 = —10%). Some key results are of note. First, with the natural
exception of the two fully flexible sectors, frequency of adjustment rises in all the sec-
tors. The largest rise is in "Publishing” (+0.95), whereas the smallest positive change is
in "Legal, accounting, management” (+0.18). Second, the cascades amplification effect
holds sector-by-sector: in an otherwise identical economy without networks, frequency
increases by less in every sector. Third, the cascades amplification leads to larger sec-
toral price increases in every sector.

In order to pin down the role played by network characteristics in shaping sectoral
frequency responses, Figure E.5(a) plots an estimated linear relationship between the
(square root of the) change in the fraction of adjusters in a given sector and its cus-
tomer centrality, introduced in (29), following a -5% aggregate TFP shock. One can
see that, ceteris paribus, there is an approximately linear positive relationship between

the square root of the frequency change and the customer centrality, consistent with the
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Figure 10: Aggregate responses to sectoral TFP shocks
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Notes: the figure shows the impact responses of aggregate adjustment frequency to a -20% TFP shocks to a specific production
sector of our economy.

result in Proposition 2 for an aggregate TFP shock. This is the cascades amplification
mechanism in action: higher customer centrality means the sector has a larger total
exposure to intermediate inputs; as a result, an aggregate TFP shock leads to a larger
desired price change, making the adjustment decision more likely.

The established relationship between frequency responses and customer centrality
also has an implication for the degree of size dependence in sectoral price dynamics. To
see that, in Figure E.5(b) we plot the estimated linear relationship between a measure
of sectoral price size dependence, given by the difference between (the square roots
of) normalized responses to -5% and -0.1% aggregate TFP shocks, and the sectoral
customer centrality. The estimated relationship is positive, implying that a higher total
exposure to intermediate inputs is associated with a greater degree of size dependence

in the sectoral price response to a large aggregate TFP shock.

6.2 Sectoral TFP shocks

For our next set of results, we study the transmission of sector-specific TFP shocks.
Our particular interest is in how very large shocks originating in specific parts of the
economy can affect macroeconomic aggregates. To do that, we subject each production
sector of our economy to a large negative TFP shock (5{}0 = —20%, Vi), and study how
each individual shock affects aggregates.

In Figure 10, we show the responses of the aggregate fraction of adjusting firms to
the large sector-specific TFP shocks. First, for the majority of sectors, the effect of their
own shock on aggregate frequency is relatively modest. However, there are notable
exceptions: individual shocks to "Food and beverages”, "Crop and animal production”,

as well as "Chemicals and chemical products” generate an aggregate frequency increase
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Figure 11: Sectoral TFP shocks, aggregate responses and Supplier centrality

(a) Aggregate frequency response (b)  Core inflation response
= 0.8 T T ;
K === Mining and quarrying
% 0.05F /9? x = Crop and animal production
o e -
g ° ° 7 3 0.6
£0.04 L 5
s -
S 1) d 9)'
5 o .8 ° e
50,03} e ® c04rf
> -~ o
g o o9 o B
S [¢) o 8 = N
goo2f o 0® £ ~~
i 9&&) o 0.2 \'\_\
5 & e 3 TS~
g’ L [6) o "~.~
50.01F IS
> o
< ‘ I | ‘ 0 - - ; .
0.02 0.04 0.06 0.08 0.1 0.12 -0.5 -04 -0.3 -0.2 -0.1 0

Supplier Herfindahl

Sector-specific TFP shock size
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steady-state adjustment frequency and standard deviation of price changes.); Panel (b) shows effect of TFP shocks to "Mining and
quarrying” and ”Crop and animal production” sectors on core inflation (excludes the two shocks commodity sectors).

of over 4%. Second, for all sectors, networks amplify the aggregate frequency response,
to the sector-specific TFP shock. Moreover, the amplification is particularly strong for
the three aforementioned sectors that are particularly important for aggregate frequency.
In this sense, the disproportionate effect of certain sectors on the aggregate fraction of
adjusting firms is potentially driven by their position in the networks.

An important pattern emerges: large shocks to certain sectors have the capacity to
disproportionally affect the aggregate adjustment frequency. Moreover, this dispropor-
tionate importance stems from network amplification. In order to shed light on how
network characteristics may affect the systemic importance of a sector for aggregate
frequency, in Figure 11(a) we plot an estimated linear relationship between the aggre-
gate frequency change and the sectoral supplier Herfindahl H,;, introduced in (33)."?
The relationship is clearly positive: a 0.02 increase in supplier Herfindahl is associated
with a 1% additional increase in aggregate frequency. This is consistent with the formal
result in Proposition 3.

The cascades amplification channel also has important implications for the non-
linearity of aggregate inflation in response to sector-specific shocks of different sizes.
In order to see that, in Figure 11(b) we consider how progressively larger shocks to
the two commodity sectors, "Mining and quarrying” and ’Crop and animal produc-
tion”, affect aggregate core inflation, which excludes movements in the commodity
prices themselves. First, one can see that as the negative TFP shocks to the "Crop and
animal production” sector become larger in magnitude, core inflation responds more

than proportionally on impact, thus rising in a fast non-linear fashion. This is because,

3Formally, we regress the change in aggregate frequency on H;, further controlling for S;, as well as
the sectoral steady-state adjustment frequency and standard deviation or price changes.
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as documented in Figure 10, shocks to ”Crop and animal production” create large in-
creases in the (net) aggregate adjustment frequency. Second, much less non-linearity
in impact core inflation response occurs under shocks to "Mining and quarrying”. This
is because shocks to the latter sector do not induce substantial movements in aggregate

adjustment frequency.

7 Application: (post-)COVID inflation in the Euro Area

We now assess whether the novel interaction between networks and pricing cascades
is important for quantitatively explaining macroeconomic dynamics in the Euro Area
in the (post-)Covid era. To do that, we feed four structurally interpretable shock series
into our model, corresponding to the widely perceived major drivers of business cycles:
money supply, energy price movements, food price movements and the labor market
conditions. We show that when subjected to those four series, our model successfully
captures the rise in the aggregate repricing frequency and the surge in consumer price
inflation in the Euro Area. At the same time, removing either state-dependent pricing or
networks dramatically worsens the quantitative performance of the model. This stresses
the quantitative relevance of our novel interaction between networks and pricing cas-

cades.

7.1 Four exogenous shock series

In our exercise, we consider four exogenous monthly shock series, spanning the period
between January 2019 and June 2024.

First, we feed in the Euro Area nominal GDP in order to approximate the aggregate
money supply series {M;}3074%. We treat this series as an amalgamation of monetary
and fiscal stance in the (post-)Covid era, capturing the overall aggregate demand con-
ditions.'* Second, we are fitting an exogenous TFP process in the labor union sector
{ALU3203%:¢ {0 make sure the nominal cost of labor faced by firms exactly matches the
observed Euro Area nominal hourly earnings series in equilibrium. Equivalently, this
amounts to fitting an exogenous process for the aggregate labor wedge. We believe this
is important, since the labor market in our model is much too parsimonious to reconcile

the observed wage dynamics, which is in turn crucial for price setting.'”

“We use the observed nominal GDP, as opposed to money supply, since the latter series is heavily
affected by time variation in velocity of money, which our model assumes to be constant, in line with
most of the theoretical literature.

15 A more realistic labor market setup would feature search-and-matching frictions with, for example,
a bargaining process for the wage.
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Figure 12: Explaining the observed surge in frequency and inflation (Euro Area)
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(b) Baseline model: no commodity shocks
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Notes: the figure shows the model-implied changes in aggregate frequency of adjustment and CPI inflation versus the actual
observed values in the Euro Area. Panel (a) considers the baseline model with fixed menu costs and networks, subjected to all four
shocks; Panel (b) considers the baseline model, which is subjected to the aggregate demand and labor wedge shocks, but not the
energy and food price shocks; Panel (c) considers the models with fixed menu costs and no networks, as well as the model with
networks and time-dependent pricing, subjected to all four shocks.

Third and fourth, we fit exogenous TFP processes in the "Mining and Quarrying”
and “’Crop and Animal Production” sectors, { APNERGY 20886 qnd { AFOOD202%: "in order
to exactly match the real IMF Energy Price Index and the IMF Food Price Index as the
respective sectoral price indices in equilibrium.!® In this way, we subject the model to
empirically-realistic commodity price shocks, which represent a supply-side influence
on aggregate inflation. Since the global commodity prices are largely orthogonal to the
Euro Area economic conditions, we believe it is plausible to assume those are driven

purely by exogenous sector-specific shocks.

16The IMF Energy and Food Price Indices track the respective price movements in US dollars. In order
to match them to the real sectoral price indices in the Euro Area, we apply two transformations to the
IMF Indices. First, we adjust them by movements in the US dollar/Euro nominal exchange rate. Second,
we deflate the exchange rate adjusted series by Euro Area nominal GDP in order to get model-consistent
real price indices for the Euro Area.

ECB Working Paper Series No 3123 42



7.2 Explaining the surge in frequency and inflation

Figure 12(a) shows the actual observed changes in aggregate adjustment frequency and
aggregate inflation in the Euro Area, as well as the variation generated by four shocks
in our baseline non-linear model with menu costs and production networks.'” In panel
(a), one can see that the baseline model successfully reproduces almost the entire surge
in the aggregate adjustment frequency, as observed in the Euro Area microdata. In
addition, the baseline model can also generate the magnitude of the observed increase
in aggregate CPI inflation.'®

In order to discern the relative contribution of supply shocks, in Figure 12(b) we
compare the actual Euro Area data with the model-implied variation generated exclu-
sively by the aggregate demand and the aggregate labor wedge shocks. It follows that
the model produces essentially no surge in the adjustment frequency, whereas the peak
inflation response is just below 5%, as opposed to almost 11% in the data. Since it is
the supply-side commodity shocks that generate pricing cascades that get amplified by
networks, one can see that the novel mechanism specific to our model is quantitatively
important for matching the observed pricing dynamics.

To highlight that our novel mechanism requires an interaction of large shocks, net-
works and state-dependent pricing, in Figure 12(c) we consider alternative modeling
setups, which omit our model ingredients one-by-one. In particular, an otherwise iden-
tical model without networks, when subjected to the same four shock series, produces
no major surge in adjustment frequency and less than half of observed inflation at the
peak. At the same time, a model with networks and time-dependent Calvo (1983) pric-
ing generates zero variation in frequency by construction, while generating only 7%

inflation at the peak.

8 Conclusions

Recent business cycle episodes have shed light on novel aspects of macro fluctuations,
such as inflationary swings driven by large sectoral shocks, as well as the crucial role of
the extensive margin of price adjustment. Rationalizing such evidence requires broad-
ening our modeling toolkit, which we do by developing a novel theoretical framework
featuring an economy with production networks, state-dependent pricing and large

shocks. The interaction of our three ingredients creates a novel theoretical channel,

17"We use All-Items Euro Area HICP (19 countries) to measure CPI inflation, as well as the Euro Area
frequency of adjustment of consumer prices (excluding sales) from the PRISMA project (Gautier et al.,
2024).

8Note that the simulations are conducted under perfect foresight, which may contribute the the fact
that the model-based series are “frontloaded” relative to the data, while successfully matching the mag-
nitudes of surges.
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namely pricing cascades: large movements in aggregates triggering price adjustment
decisions at the extensive margin. Beyond its conceptual novelty, we show that the in-
teraction of networks with pricing cascades is quantitatively important for rationalizing
the Euro Area inflationary experience in the (post-)Covid era.

Key to our novel theoretical mechanism is the differential interaction of networks
and pricing cascades, depending on the type of shock driving the business cycle. In
particular, under demand shocks, such as central bank interventions, networks dampen
cascades, slowing down the movements of aggregate adjustment frequency and infla-
tion, as well as strengthening monetary non-neutrality. On the other hand, networks
amplify cascades following aggregate or sector-specific supply shocks, leading to strong
inflationary spiral led by rising fraction of adjusting firms. Quantitatively, we find the
network amplification of cascades set off by large movements in energy and food prices
to be a crucial contributor towards the surges of Euro Area inflation and adjustment
frequency between 2020 and 2024.
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A Detailed proofs

Proof of Lemma 1. We want to find a second-order approximation of the firm-level

profit function D; ,(j) in the log quality-adjusted real price of that firm log P,(j) near
the optimum log R*t By definition of the optimal reset price, % | Poali)=PF, = 0.

As for the second derivative, one can show that:

ang - p ] ~ > . ~
(N)gﬁ% = [(1 _ Ti)6(1_€) logPi,t(])(l o 6)2 o GQQi’te_ElogPi’t(])] % P;,tY;,t-
it
. (A.1)
Evaluating the second derivative at log P}, and after some algebra, one obtains:
0*Dia(j) e
mlﬁi,tmﬁmm =  —(e=1)(1—7)[P/PL] Nie (A.2)
it ,

Therefore, one can write the second-order approximation as:

1 (’)2Di,t(.j)

Di = D% 201loe P ,(7)?
¢ it 20log P4(j)?

Piy()=PF, ) * [ﬁi,t(j)]z + O (’ﬁi,t(j”g)a
3 ) (A.3)
where p;;(j) = [log Pi;(j) — log P] is the firm-level price gap. Inserting the expres-
sion for the second derivative, one obtains:

- - 1 R . - .
Di,— Dy = 5(6 -1)(1—-m7) [Pzt/Pz*t] ' i x [Pie(5)])? + O (’pi,t(]”g) .
(A4)
]

Proof of Lemma 2. Focusing on period ¢t = 0, a firm adjusts its price if the profit gain
from adjustment exceeds the menu cost:

Dio(3)* — Dio(j) = Kip (A.5)

Using the approximation for the profit gain in Lemma 1, as well as the menu cost form
in Assumption 7, one can further rewrite the adjustment condition as:

1 S~ e . _ S e
5(6 - 1)(1 - Ti) [Pi,O/PiTO] ' >\i,0 X [pi,o(J)]Q = /ﬂi(l - Tz’)[Pi,O/Pi,o] 1>‘i,0> (A.6)

2R;
e—1

= [Bio(5)]* = (A7)

Using the expression for the price gap in (26), as well as the assumption p; _1(j) =
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log ﬁ, the adjustment condition becomes:
N . o
—O'Z'€i70(j) — mg + Qo — Z Wik lOg P]ﬁo = . . (Ag)
= e—1
Therefore, the inaction region is given by:
N X 2R,
[Uiéi,o, oi€io] = —mo+ao— Z Wiklog Pro + —, (A9)
= e—1
where mo = lOg(MQ/Mfl) and ;0 = IOg AL[). O]

Proof of Proposition 1. Consider a monetary shock m, setting all productivity shocks
to zero in logs: a; = 0, Vi. The probability that a firm in sector ¢ draws an idiosyncratic
shock outside of the inaction region, and hence chooses to adjust its price, is given by:

@i(m>=1—[a (xi<m>+ ff’i)—ai (a:i(m)— ffil”, (A.10)

where Z; is the CDF of N (0, 0?) z;(m) = —m — Zjvzl w;; log P;(m).
Consider a second-order approximation of g; in x;(m) near steady state (z;(m =
0) =0):

1

oi(zi(m)) ~ 0,00 + 0(0)z; + 59”(0):53. (A.11)
Given that ¢,(0) = 0 and o/ (0) = —2EZ7 (4 / ffl) > 0, it follows that the deviation of
adjustment probability from steady state Ap;(m) = g;(x;(m)) — 0;(0) is:
— QEi 2
Agi(m) =~ —Z; < 1) x;(m). (A.12)
E —

From the definition of sectoral markup y; = log M; = log(P;/Q;):
N
log P, = pi+ailogM + > @;log Py — a;. (A.13)
j=1

Stacking across sectors and inverting, it follows that in the absence of sectoral produc-
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tivity shocks, the real sectoral prices satisfy:

N
Z wij log J
j=1

3
Il
1=
=2
=
I
=
|
=
1
=l
1=
=2
=
d
=

Combining (A.12) and (A.16), it follows that:

EA@W);y [ m+ 7xC + NxCo((T-DDpu) ], (A17)

1

where y; = —Z/ ( 2@-) > 0. O

e—1

Proof of Corollary 1. Consider a monetary shock m > 0. The restriction on markups,
combined with (A.14) delivers that:

N N
—m<2(@ij—1i:j)ﬂj <0< —m<2@jlog}3j <0
j=1 j=1
N ~
<= 0<m+ w,»jlong<m.
j=1
As aresult:
N 2
Xi X (m + Zwij log ]5]) < x; x m?. (A.18)
j=1

The LHS above is the probability of adjustment in the baseline economy with net-
works, whereas the RHS is the probability of adjustment in the otherwise identical
economy without networks (@;; = 0, Vi, j). Hence, networks reduce the probability of
adjustment following the monetary shock m > 0 for any firm that uses intermediate
inputs. [

Proof of Proposition 2. Consider a collection of sectoral productivity shocks a = {a; };V: 15

setting the monetary shock to zero in logs: m = 0. The probability that a firm in sector %
draws an idiosyncratic shock outside of the inaction region, and hence chooses to adjust
its price, is given by:

gi<a>=1—lzi <x@-<a>+ ff”‘l)—a <xi<a>— ff”’l)], (A.19)

where Z; is the CDF of N'(0,07?) z;(a) = a; — Z;\; w;;j log Pj(a).
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Consider a second-order approximation of g; in z;(m) near steady state (z;(a =
0)=0):

1
oi(ri(a)) =~ 0(0) + ©j(0)z; + 5@”(0)%2- (A.20)

Given that ¢/(0) = 0 and ¢/ (0) = —2=7 <4 / 2@-) > 0, it follows that the deviation of

1 e—1

adjustment probability from steady state Ap;(a) = g;(x;(a)) — 0;(0) is:

— 2R;
Agi(a) =~ —%( 6_1):53(@. (A.21)

From the definition of sectoral markup y; = log M; = log(P;/Q;):

N
logP, = p;+a;logM + Zwij log P; — a;. (A.22)

Jj=1

Stacking across sectors and inverting, it follows that the real sectoral prices satisfy:

N N N

i _ 1Y
> @ijlog Py = > (W — 1) (i — a;) = N [N > (W — 1imy) (s — @j)]
j=1 j=1 j=1

(A.23)
T 1 X B ‘ N
= N [N Z(\PU — 1i:j>N Z Hj + Cov ((\I/ — I)(z)’ﬂ)] - Z(\Ijzj - 1i=j)aj
j=1 j=1 j=1
(A.24)
= IxC 4+ NxCov((T-1" p)-> (T - 1Lij)a;. (A.25)
j=1
Combining (A.21) and (A.25), it follows that:
1 ol ’
—Apgi(a) =~ [ Z@ijaj - mxC — NxCov((V- ])(i),u)
i o
(A.26)

where y; = —Z/ <4 /3%) > 0. O

Proof of Corollary 2. Consider a collection of sectoral productivity shocks a; < 0,
with at least one strict inequality. The restriction on markups, combined with (A.23)
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delivers that:

N N
j=1 Jj=1
N
< a; — Y @i;log P < a; <0,Vi
j=1
As a result:
N 2
Xi X (ai — Z@j log ]%) > Y X a?. (A.27)
j=1

The LHS above is the probability of adjustment in the baseline economy with networks,
whereas the RHS is the probability of adjustment in the otherwise identical economy
without networks (w;; = 0, Vi, j). Hence, networks increase the probability of adjust-
ment following the collection of productivity shocks a; < 0, with at least one strict
inequality. [

Proof of Proposition 3. Consider a productivity shock to sector k, setting all other sec-
toral shocks to zero in logs (a; = 0,Vj # k). Then by Proposition 2, the change in
adjustment probability in sector ¢ is given by:

1 _ L )
;Agi(ak) ~ | Wuar— @(a) xC — N xCov((¥-— I)(’),u(ak)) 1"

B (A.28)
Given the assumption that Cov ((¥ — 1)), pu(ay)) = 0, V4, it follows that:

1 _

Aofa)  x T} — 2Wgaipan)C+ i) C; (A.29)
L& LN N |
N;XAQi(ak) A NZ e — 2aifi(ag NZ\I/kC + fi(ag) NZ;

(A.30)
1§:1A (ar) ~ Hra; — 2axfi(a 1% 1%6 + Cov(V,C) | + fi(ax)*C?
N —Reia - ~ -~ i , a .
Nizlx oi(ax) k@ K(ar) N - Z Ni=1 (k) H\ak

(A.31)

Given the assumption that Cov (¥ ), C) = 0, V&, one obtains the following expression
for the change in the average probability of adjustment:

iAg(ak) ~ Hpxai — 2f(ap) xC xS xa, + Tf(ap)’C:  (A.32)

]
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B Additional calibration details (Euro Area)

Table B.1: Consumption Shares, Supplier, Customer, and H Centrality

Sector Name  Consumption — Customer  Supplier Supplier
Share Centrality ~ Centrality  Herfindahl

Crop and animal production  0.029 3.4452 0.0823 0.0595
Fishing and aquaculture ~ 0.0039 3.2103 0.0291 0.0297
Mining and quarrying  0.0051 3.1919 0.0928 0.0491
Food and beverages  0.143 3.9448 0.1112 0.0758
Textiles, clothes, leather  0.0403 3.6296 0.0653 0.0749

‘Wood and wooden products  0.0044 3.6121 0.0607 0.066
Paper and paper products ~ 0.0079 3.9664 0.0955 0.0785
Printing and recorded media  0.0035 3.3331 0.0544 0.0359
Coke and petroleum products ~ 0.0398 4.3485 0.1061 0.0562
Chemicals and chemical products ~ 0.0162 4.2462 0.189 0.1175
Pharmaceuticals ~ 0.014 3.4977 0.0457 0.0408
Rubber and plastic ~ 0.0088 3.7245 0.0791 0.0425
Non metallic minerals  0.0066 3.3615 0.0523 0.0422
Metal products  0.0081 3.1201 0.1118 0.0671

Computer and electronics ~ 0.0175 3.2884 0.0773 0.057
Electrical equipment  0.0115 3.3162 0.0633 0.0467
Machinery  0.0066 3.3086 0.0837 0.0506
Motor vehicles  0.0514 3.8439 0.067 0.0662
Other transport  0.0057 3.6416 0.0481 0.0532
Furniture  0.0224 3.1077 0.0426 0.0338
Repair of machinery ~ 0.003 2.9322 0.0568 0.0338
Land and pipeline transport ~ 0.0398 2.9952 0.1234 0.0528
Warehousing  0.0125 3.1653 0.1291 0.0768
Accommodation and food services ~ 0.1475 2.9424 0.0527 0.0285
Publishing  0.0138 2.9781 0.0462 0.0304
Movies, video, TV~ 0.0131 2.9446 0.06 0.0495
Computer and information services  0.0069 2.4193 0.0922 0.0475
Financial services ~ 0.0391 2.6784 0.1442 0.0724
Insurance and pension  0.0502 3.2978 0.0648 0.0575
Legal, accounting, management  0.0079 2.2538 0.1976 0.0797
Architectural/engineering services ~ 0.0037 2.3319 0.0793 0.0432
Science and R&D  0.002 2.4415 0.0333 0.0287
Advertising and marketing ~ 0.002 2.8706 0.0574 0.0337
Other professional activities ~ 0.0069 2.3978 0.0517 0.0313
Administration and support ~ 0.0293 2.4434 0.2261 0.0848
Education  0.0261 1.5508 0.04 0.0287
Healthcare  0.0743 2.0342 0.034 0.0309
Other personal services ~ 0.0765 2.3334 0.0631 0.0376
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Figure B.2: Distributions of centrality measures (Euro Area, 38 sectors)
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Notes: the panels show the distributions of customer centrality C, supplier centrality S and the supplier Herfindahl H measures
across the 38 production sectors in the Euro Area.
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Figure B.3: Decomposition of supplier Herfndahl ‘H
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Notes: the figure the decomposition of the supplier Herfindahl H; into the square of supplier centrality Si2 and the variance of the
column of the Leontief inverse Var(¥;).

Figure B.4: Matching pricing moments for each sector
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Notes: the figure shows the sector-specific frequencies and sizes of price adjustment, as well as the corresponding model-based
steady-state values under our estimated values of sectoral menu costs and standard deviations of idiosyncratic quality innovations.
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C Details of the numerical algorithm

C.1 Steady state computation on a grid

For each sector, we solve the stationary Bellman equation and price distribution on
an evenly spaced grid of log prices I' with step size Ap, p; € @, p+ Ap, ...,]6], j =
1,..,J grid points, so that V; = V(p;). The expectation E [V (p — o141 — 7)[p = p;]

is calculated as T'V where we define transition matrix

Tin Tz - Ty
- 7'?71 7‘?72 - 75.7J
Ton Toz -+ T

with elements

T J’pk+1/2 y <p—(]zj—7r)) dp = U (pk+1/2 - (pj_ﬂ')) v (Pk—l/z —(pj — )

o (2

DP=Pk—1/2

and where py_1/2 = (Pr—1 + Pr)/2, Pir1/2 = (P + Pr+1)/2, ¥(+) is the standard normal
probability density function, and V() is the standard normal cumulative distribution
function.

We also define the vectors

o1 T Vi D,

V- D

b — P2 n— 2 V= .2 D= 2
oy 17 Vy Dy

The Bellman equation in matrix notation is then given by
V. = D+B[T((1-n)V)+T(n (¢V —rw))]

where - denotes element-by-element multiplication. Vector ¢ distributes unit probabil-

ity mass to grid points adjacent to p* according to the logit formula

_exp(xV)
Yrexp (xV)

with precision y = 10000. Note that ¢’V performs smooth maximization as in eq.(19).

To solve the problem for NV sectors with input-output linkages, we use the following
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algorithm. Start with a guess for the vector of steady-state price dispersions A and

sectoral taxes 7, then:'”

1. Given m = 7, compute the transition matrix T

(P/M)' 0% =

20 = Ty
5i+2521@w(Pk//M)1‘9i ¢

2. Using ¥ = w = 1, compute™ w;), = Wy, X
3. Ais given by eq.(13) and 7 by eq.(20)
4. With that, construct the profit matrix D as in eq.(17)

5. Iterate backward on the value function V' above to convergence

6. To compute the distribution, iterate forward on

g=01-n) (T'g)+¢n (T'g). (C.1)
until convergence of g.

7. Given the distribution, compute the residual vectors resid; and resids as in

1 -/ —€
resid, = Ay — (Pk/M)ej <Qi];(;;]34) dj’, (C.2)
0
. (M Pl >1‘€ |
residy = Py/M fo (Ck(j')M dj (C.3)

8. Search for a vector of sectoral price dispersions and taxes such that resid —
1078,

C.2 Solving for impulse-responses in sequence space

We compute fully non-linearly the responses to an MIT shock in the space of sequences,
iterating backward in time on the value function and forward in time on the law of mo-
tion of the distribution, under the assumption of perfect foresight. The steps are similar
to those for computing the steady state; only this time we keep track of the sequences
over time. We start by guessing sequences for time ¢ from 1 to 7" = 400 months, for
sectoral prices and price dispersions (our starting guess simply equals the steady-state
value for these variables). The key assumption is that all stationary variables must re-
turn to steady state by period 7'. Given this initial guess, we compute the price of the
final good and consumption over time using their definitions. Given that, we calculate

1We start with the guess Ay, = 1 and 7, = —1/e
20We are searching for taxes 75 such that the steady state equilibrium is symmetric in sectoral prices,
P,/M =1
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A¢ as in eq.(13). We compute the profits D; as in eq.(17). Iterating backward in time
fromt = T tot = 0, we solve for the value function as in eq.(19). Given the value
function, we can compute the gain from adjustment £; and the adjustment hazard 7,.
Once the backward iteration on the value function reaches period 0, we start from the
steady-state distribution and iterate forward in time on the law of motion of the price

distribution from period 1 until period 7'. Given the distribution, we can compute real

1
. 1—e T—e¢
sectoral price indices as P, ;/M; = lg(l] ( CPt(ESJ]\)ﬂ) dj] , and the sectoral price dis-

persions by Ay, = (Pry/ M) Sé <%>7 dj’. This provides us with an updated
guess, with which we repeat the previous steps until the change in the sequences (of

sectoral prices and price dispersions) becomes near zero.
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D Extensions and robustness checks

D.1 Endogenous monetary policy

In our baseline results, the central bank conducts policy by setting an exogenous path
of money supply. We now consider an extension that adds realism to the monetary
policy conduct. In particular, we use the cashless limit setup of Woodford (2004) and
Gali (2015), where the central bank conducts policy by setting the level of the nomi-
nal interest rate, which also responds endogenously to movements in macroeconomic
aggregates.

The representative household chooses a sequence of consumption, labor supply and

one-period nominal bond holdings to maximize expected lifetime utility:

o0

max  Eo ). f'u(Cy, Ly), (D.1)
t

{Ct,L¢,Bt}t>0 r

subject to the period-by-period budget constraint
N r1
PPC+ By = (1+1ii1)Biy + WiL + ZJ D;.(5)dj + T3, (D.2)
i=10

where C} is consumption, L, is labor supply, B; is the level of nominal bond holdings,
T; is the level of lump-sum transfers from the government, D, (j) are the dividends
received lump-sum from firm j in sector i at time ¢, [I¢ = (Ptc/ Ptc_l) is the gross
CPI inflation rate, 1V, is the nominal wage and i, is the nominal interest rate set by the
central bank.

The nominal interest rate follows the following Taylor-type rule:

b= pili1 + (L= p3) [ons + deci] + €, (D.3)

where i; = log lﬁL/th is the log-deviation of the nominal interest rate from its steady-state
value, 7¢ = log I1¢ /11 is deviation of CPI inflation from target and ¢; = log C;/C is
aggregate GDP in deviation from steady state. In the rule, p; € [0, 1) determines the
degree of policy persistence, ¢, > 0 and ¢. > 0 pin down how aggressively the central
bank responds to deviations of inflation and GDP from their steady-state values, and ¢!
is the monetary policy shock.

We assume the following form of households’ preferences:

Clo—1 L;*¢
G Le) = tl—a 71:—@'

(D.4)
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Note that the Golosov-Lucas log-linear preferences which we use in the main text arise
as a special case when o — 1 and ¢ = 0.

Given the presence of possibly non-zero steady-state inflation and the non-stationarity
of the quality processes, we appropriately normalize our variables. Unlike in the main

text, where we normalize by money supply, in the current cashless setting, we instead

normalize by the aggregate CPI price level Ptc 1- In particular, we let f)z ) = %(])C
eI P4
be the quality-adjusted real price, ﬁz ¢ = P"gt

be the real wage. Then the equilibrium cond1t10ns for the aggregate real variables are

given by:
Y 144,
C; 7 = BE, [ o CtH] (D.5)
t+1
CoLY = W,/I¢ (D.6)
C i
Lt:HCVVt 1—2)\”<1—t>]+2/@tf ni(7)dj. (D.7)

where )\; ; is the sectoral Domar weight (sales) share, A; ; is the within-sector dispersion
of real prices, and M, ; is the sectoral markup, which are given by:

)\ == (.UC + 3 w )\ ot A = pe Jl P ( ')76d- M = ~it

i i E i > i i i s i

)t ,t — k: )t k7t Mz’t )t ,t B )t j j 7t QZ p
(D.S)

The real sectoral price indices and marginal costs in turn satisfy:

1
Pt = | Pt Que= QW Pravs P ] T = P [Pras e Prg]
0
(D.9)
If the nominal price is not adjusted, then the quality-adjusted real price evolves accord-
ing to:
pit(J) = pip—1(J) — 0igin(d) — 7TtC—1a (D.10)

c _ c
where 7, | = log II} 4

The per-period real profits of a firm are given by:

Diy(5) = P [(1 = 1) Pre(5) — Qie] Pre(5) ™ x Ay x Cp x 11T (D.11)

Finally, consider a firm with real quality-adjusted price p at the end of period ¢, and let

py = (p—0i€is1(j) — 7F), where ¢ = log I1¢. Then this firm’s real value at the end
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of period ¢ is given by the following Bellman equation:

—0o C
CtJrl ]'_‘[t

+ BE; l{l — Nigr1 (p+)} O—chVz‘,tH(er)] +
t t+1

—c C

Ot+1 Ht
[ C

Cy 7 iy

+ BE; lnz‘,t+1 (p+) (mp@x Vit (p’) - /fz‘,t+1V~Vt+1>] .

To facilitate closer comparability with the baseline results in the cash economy, we
set 0 = 1 and o = 0. As for the Taylor rule, under our monthly calibration, we set
pi =0.9 ¢, = 1.5and ¢. = 0.5/12.

In Figure D.1 we report impulse responses of the aggregate adjustment frequency,
GDP, inflation, and the nominal interest rate to an annualized one-time monetary pol-
icy shock of -500 basis points. It follows that in the baseline economy with networks,
the aggregate frequency rises up to 0.13, as opposed to only 0.11 without networks.
Therefore, cascades dampening carries through even under endogenous monetary pol-
icy. Moreover, one can also see that the cumulative GDP response is larger in the
economy with networks, so that cascades dampening contributes towards additional
monetary non-neutrality.

As for supply shocks, in Figure D.2 we report the responses of aggregates to a
one-time transitory (p = 0) aggregate TFP shock of -5%. We find that the response
of frequency is stronger in the economy with networks, so that cascades amplification
also holds under endogenous monetary policy. One can also see that the response of
aggregate CPI inflation is larger under networks, marking the contribution of cascades

amplification.

D.2 Stochastic menu costs

In our baseline results, we work under the assumption that nominal price re-setting is
subject to a fixed sector-specific menu cost as in Golosov and Lucas (2007). In order to
illustrate that our novel channel of interaction between networks and pricing cascades is
not limited to the fixed menu cost setup, as an extension, we consider a stochastic menu
cost setup instead.”! More specifically, we use the CalvoPlus setup of Nakamura and
Steinsson (2010), which assumes that each period a randomly selected fraction of firms

within each sector draws a menu cost of zero, whereas the complementary fraction is

2'We study the random menu cost setup in the context of the cash economy. However, we can also
feasibly study random menu costs in the chasless limit.
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still subject to the fixed menu cost.
Formally, the CalvoPlus setup corresponds to the following functional form of the
probability of adjustment function 7; 4(.):

Assumption 4’ (CalvoPlus pricing). Consider a firm in sector i with the quality ad-
justed log relative price p at time t. Then the probability that this firm adjusts its nomi-

nal price is given by:
it (p) = i + (1 — &) x 1(Liy(p) > 0) (D.12)

where (; is the sectoral probability of drawing a zero menu cost, 1(-) is the indicator

function, and
Liy (p) = max Vie (0') = Via(p) — R (D.13)

is the gain from adjustment (or loss from inaction), net of the menu cost.

Crucially, as the non-zero menu cost tends to infinity (%; — c0), the pricing problem
collapses to the time-dependent model of Calvo (1983), as only the randomly selected
fraction ¢; in each sector gets to adjust. At the same time, setting the probability of
drawing a zero menu cost to zero (¢; = 0) collapses the pricing problem in that sector
to the fixed menu cost setup of Golosov and Lucas (2007).

In order to quantitatively discipline the probabilities of free adjustment, we estimate
them so that, in steady state around 75% of all price adjustments are free in each sector,
following Nakamura and Steinsson (2010) and Blanco et al. (2024c). As before, the
non-zero menu costs and standard deviation of idiosyncratic shocks are estimated to
jointly match the sector-specific frequencies and standard deviations of price changes
in the Euro Area.

In Figure D.3 we study the responses of aggregate repricing frequency and GDP to
monetary shocks of different sizes under CalvoPlus pricing. In panel (a) one can see
that the response of aggregate repricing frequency, both with and without networks, is
dampened relative to otherwise identical economies with fixed menu costs. This is be-
cause the presence of free adjustment opportunities implies that much larger shocks are
needed for firms to get pushed out of their inaction region. At the same time, just like
in the economy with fixed menu costs, the economy with networks features smaller fre-
quency movements, which is the effect of dampening pricing cascades. As for the GDP
responses in panel (b), the economy with networks and random menu costs features
much stronger non-neutrality than an otherwise identical economy without networks.

As for the propagation of supply shocks, in Figure D.4 we report the responses of
aggregate repricing frequency and CPI inflation to aggregate TFP shocks of different

sizes. Panel (a) shows that, as with monetary shocks, the introduction of random menu
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costs dampens the responses of frequency to aggregate TFP shocks, both with and with-
out networks. At the same time, one can see that conditional on CalvoPlus pricing, the
economy with networks features stronger movements in aggregate frequency, implying
that networks amplify cascades, just as in the economy with fixed menu costs. The am-
plification of pricing cascades creates a strong nonlinearity in aggregate CPI dynamics,
as can be seen in panel (b). For a -10% aggregate TFP shock, networks amplify the
aggregate CPI response from 0.03 to 0.08 on impact.

D.3 Alternative elasticity of substitution across sectors

In our baseline analysis, we use Cobb-Douglas aggregation across sectors, as well as
a Cobb-Douglas production technology. In this subsection, we relax this assumption
and consider more general constant elasticity of substitution (CES) aggregation across
sectoral consumptions, as well as across productive inputs.

First, we consider the following CES final consumption aggregator:
Assumption 2’ (CES consumption aggregation). The consumption aggregator D(-) is

given by:

Oc

Oc—1
D(Ciy, ..., Ony) = (Z C@cc 23 ) , (D.14)

where 0. > 0 is the elasticity of substitution and Zz w? =1, wic >0, V.

Under this assumption, the equilibrium final consumption shares are given by:

(D.15)

which is constant in the special case when the sectoral consumption aggregator is Cobb-
Douglas (6. = 1). It follows that the final consumption shares are time-varying and
depend on relative movements in (real) sectoral price indices. Whenever final sectoral
varieties are complements, 6, € (0, 1), a relative increase in a sectoral price index leads
to a rise in that sector’s final consumption share, and vice versa whenever the varieties
are substitutes, 6, > 1.

Similarly, we also assume the following CES production technology:

Assumption 3’ (CES production technology). The production technology JF;(-) for a

firm j in sector 1 is given by:

. . . 1 N ,
FilLia(G), Xini(5), s Xine (4)] = WXAi’tX <Oéfl N () + Z Wi X ()
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where 0; > 0 is the elasticity of substitution and @; + ZZ Wi = 1, oy, Wy, = 0, Vi,

Such a production technology delivers the following equilibrium cost shares of labor

and intermediate inputs:

1 pl—Gi
_ k.t
— Wikt = Wik X ~ (D.17)
—_— N —_— 1—01‘7 LR, ? —_ N —_— 1—91‘
o + Zk’:l Wik B, 1t a; + Zk’:l wik’Pk’,t

Qi = Q; X
which are constant in the special case when the production function is Cobb-Douglas
(0; = 1). As with consumption aggregation, time variation in the input cost shares is
pinned down by relative movements in (real) input prices. As before, whenever inputs
are complements, a relative increase in the price of an input leads to an increase in the
cost share of that input, and vice versa whenever inputs are substitutes.

We now revisit our key quantitative exercises in an economy with fixed menu costs
and CES aggregation. We calibrate 6, = 6; = 0.001, V¢, to consider an economy where
goods are almost perfect complements, capturing the potential difficulty of substitut-
ing both consumption and production varieties. This may represent the supply chain
disruptions that we observed during and after the Covid pandemic across the globe.

In Figure D.5, we study the propagation of monetary shocks in our economy with
CES aggregation. First, once can see that, just like under Cobb-Douglas, networks
dampen the response of frequency to monetary shocks. In other words, our key mecha-
nism of interaction of networks and the extensive margin continues to hold under CES
aggregation. Quantitatively, conditional on the presence of networks, moving from
Cobb-Douglas to CES with 6. = 6, = 0.001, Vi delivers slightly larger frequency
movements for expansions and slightly smaller frequency movements under monetary
contractions. This is because under complements, sectors with rising prices see their
input and consumption shares rise, thus creating a pro-inflation asymmetry.

As for supply disturbances, in Figure D.6 we study the propagation of aggregate
TFP shocks. Just as in the economy with Cobb-Douglas, networks amplify the re-
sponse of aggregate repricing frequency to aggregate TFP shocks. Therefore, our key
mechanism that networks amplify pricing cascades continues to hold under CES aggre-
gation. Also, as with monetary shocks, the fact that sectoral varieties are complements
creates a pro-inflation asymmetry: conditional on networks, CES aggregation amplifies
frequency movements after negative TFP shocks, and dampens frequency movements
following positive TFP shocks.
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Figure D.1: Aggregate responses to a monetary shock under a Taylor rule
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Notes: the figure shows the responses of aggregate adjustment frequency, GDP, CPI inflation and
the nominal interest rate to a one-time -500 basis points (annualized) shock to the Taylor rule
(ef = —0.05/12).

Figure D.2: Aggregate responses to an aggregate TFP shock under a Taylor rule
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Notes: the figure shows the responses of aggregate adjustment frequency, GDP, CPI inflation and the
nominal interest rate to a one-time transitory (p = 0) aggregate TFP shock of -5%.
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Figure D.3: Frequency and GDP responses to monetary shocks: CalvoPlus
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following monetary shocks of different sizes
in the economy with CalvoPlus pricing and networks, as well as in the otherwise identical economy without networks; Panel (b)
shows the impact responses of GDP to monetary shocks of different sizes in three economies: the economy with CalvoPlus pricing
and networks, as well as the otherwise identical economies without networks and with time-dependent pricing.

Figure D.4: Frequency and inflation responses to agg. TFP shocks: CalvoPlus
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following aggregate TFP shocks of different
sizes in the economy with CalvoPlus pricing and networks, as well as in the otherwise identical economy without networks; Panel
(b) shows the impact responses of CPI inflation to aggregate TFP shocks of different sizes in three economies: the economy with
CalvoPlus pricing and networks, as well as the otherwise identical economies without networks and with time-dependent pricing.
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Figure D.5: Frequency and GDP responses to monetary shocks: CES aggregation

(a) Aggregate frequency response (b) Impact GDP response
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following monetary shocks of different sizes
in the economy with CES aggregation, fixed menu costs and networks, as well as in the otherwise identical economy without
networks; Panel (b) shows the impact responses of GDP to monetary shocks of different sizes in three economies: the economy
with CES aggregation, fixed menu costs and networks, as well as the otherwise identical economies without networks and with
time-dependent pricing.

Figure D.6: Frequency and inflation responses to agg. TFP shocks: CES aggrega-
tion
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Notes: Panel (a) shows the impact responses of the aggregate adjustment frequency following aggregate TFP shocks of different
sizes in the economy with CES aggregation, fixed menu costs and networks, as well as in the otherwise identical economy without
networks; Panel (b) shows the impact responses of CPI inflation to aggregate TFP shocks of different sizes in three economies: the
economy with CES aggregation, fixed menu costs and networks, as well as the otherwise identical economies without networks
and with time-dependent pricing.
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E Additional figures

Figure E.1: Network amplification of GDP responses to monetary shocks
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Notes: the figure shows the contribution of networks to the impact responses of GDP to monetary shocks of different sizes under

fixed menu costs.
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Sectoral responses to a monetary shock

Sectoral frequency changes following a 10% monetary shock

Figure E.2
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Notes: the top Panel shows the impact responses of sector-specific adjustment frequency to a one-time 10% monetary shock; the

bottom Panel similarly shows the scaled impact responses of sectoral price indices one-time 10% monetary shock.
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Figure E.3: Sectoral responses to a aggregate TFP shock

Sectoral frequency changes following a -10% aggregate TFP shock
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Figure E.4: Sectoral responses to a monetary shock vs. Customer centrality
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Notes: Panels (a) and (b) plot fitted linear relationships between the sectoral Customer centrality and, respectively, the responses of
sectoral frequencies and the degree of size dependence in sectoral prices following a 10% monetary shock. The vertical axes show

the fitted response to Customer centrality, to which we add the fitted response to the control variables (C'ov ((@ -1 OR [_L) , own
markup change, frequency, size of of price changes) evaluated at their sample means. The regression sample excludes the labor

union sector, as well as the two sectors with fully flexible prices.

Figure E.5: Sectoral responses to an aggregate TFP shock vs Customer centrality
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Notes: Panels (a) and (b) plot fitted linear relationships between the sectoral Customer centrality and, respectively, the responses of
sectoral frequencies and the degree of size dependence in sectoral prices following a -5% aggregate TFP shock. The vertical axes

show the fitted response to Customer centrality, to which we add the fitted response to the control variables (C'ov <(§ -1 OX ),

own markup change, frequency, size of of price changes) evaluated at their sample means. The regression sample excludes the

labor union sector, as well as the two sectors with fully flexible prices.
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