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NETWORKS, PHILLIPS CURVES, AND MONETARY POLICY
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This paper revisits the New Keynesian framework, theoretically and quantitatively,
in an economy with multiple sectors and input-output linkages. Analytical expressions
for the Phillips curve and welfare, derived as a function of primitives, show that the
slope of all sectoral and aggregate Phillips curves is decreasing in intermediate in-
put shares, while productivity fluctuations endogenously generate an inflation-output
tradeoff—except when inflation is measured according to the novel divine coincidence
index. Consistent with the theory, the divine coincidence index provides a better fit
in Phillips curve regressions than consumer prices. Monetary policy can no longer
achieve the first-best, resulting in a welfare loss of 2.9% of per-period GDP under the
constrained-optimal policy, which increases to 3.8% when targeting consumer inflation.
The constrained-optimal policy must tolerate relative price distortions across firms and
sectors in order to stabilize the output gap, and it can be implemented via a Taylor rule
that targets the divine coincidence index.

KEYWORDS: Input-output networks, Phillips curve, monetary policy, price index, in-
flation targeting, welfare cost of business cycles.

1. INTRODUCTION

THE NEW KEYNESIAN FRAMEWORK PROVIDES THE THEORETICAL UNDERPINNING of
modern monetary policy. Yet, the workhorse version of this framework rests on a simpli-
fied representation of production, with only one industry and no intermediate inputs. In
reality, production happens across multiple sectors, which buy intermediate inputs from
each other and sell to final consumers. To introduce these realistic features in the New
Keynesian framework, this paper combines it with a multi-sector model of production,
and systematically revisits its three pillars—the IS curve, the Phillips curve, and the wel-
fare function—both theoretically and quantitatively.

While the IS curve remains unaffected, the Phillips curve and the welfare function are
drastically changed, with crucial implications for monetary policy. Even when fluctuations
are driven only by productivity, the central bank can no longer achieve the efficient equi-
librium. Moreover, consumer price inflation is neither a good proxy for the output gap,
nor a good policy target. Instead, monetary policy should aim at stabilizing a novel in-
flation measure—the divine coincidence index—which weights sectors according to sales
shares and price adjustment frequencies, and is a sufficient statistic for the output gap.
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The multi-sector model, introduced in Section 2, allows for an arbitrary number of in-
dustries, with general constant-returns-to-scale production functions, which take as inputs
labor and any combination of intermediate goods. As Section 3 illustrates, the new frame-
work is tractable enough that its log-linearized version can be solved analytically, while at
the same time it can be calibrated to fully match disaggregated input-output data.

Section 4 then turns to studying the Phillips curve. In multi-sector economies, one can
construct inflation rates and Phillips curves for every sector. Since prices across sectors are
differentially affected by changes in the output gap, the Phillips curve slopes are sector-
specific. Moreover, in sharp contrast with the one-sector benchmark, in the multi-sector
economy productivity fluctuations generate a tradeoff between closing the output gap and
eliminating inflation, both at the sector level and in the aggregate. This tradeoff manifests
as sector-specific, productivity-driven residuals in the Phillips curves, and it affects all
inflation measures, except for the divine coincidence index.

The slopes of all sectoral Phillips curves get flatter as producers use more intermediate
inputs, because price rigidities get compounded at each step along the production chain.
Hence, by properly accounting for input-output linkages, the multi-sector model has the
potential to reconcile relatively high micro level frequencies of price adjustment with the
flat Phillips curves measured in empirical studies. Section 4 formalizes this argument,’'
deriving an expression for the slope of sectoral and aggregate Phillips curves as a function
of micro level intermediate input shares and price adjustment probabilities.

A key result in the one-sector economy, often referred to as the divine coincidence,
states that productivity fluctuations do not generate an inflation-output tradeoff, and
therefore they do not affect the residual of the Phillips curve. In the multi-sector econ-
omy, instead, productivity shocks affect the residual term of all sectoral and aggregate
Phillips curves, except the divine coincidence one. Hence, the divine coincidence index is
the unique inflation-based sufficient statistic for the output gap, and the corresponding
empirical Phillips curve is the only well-specified one.

In the one-sector economy, the divine coincidence holds because of an equilibrating
mechanism, whereby, whenever productivity falls (increases), wages always also fall (in-
crease), mirroring the marginal product of labor. The wage response stabilizes marginal
costs, thereby offsetting any inflationary pressure. In economies with sticky wages or mul-
tiple sectors, however, the wage adjustment may be dampened, and industries may be
differentially exposed to wage and productivity changes. Therefore, prices rise in sectors
which suffer more from decreasing productivity than they benefit from decreasing wages,
and vice versa. Section 4 analytically characterizes the effect of sectoral productivity
shocks on sectoral and aggregate inflation. In particular, the multi-sector model predicts
positive consumer price inflation whenever productivity falls in downstream industries—
which means closer to final consumers—or in industries with more flexible prices.

Having characterized the positive properties of the multi-sector model, Section 5 then
turns to welfare and optimal monetary policy. Like in the one-sector model, in multi-
sector economies too there is a welfare loss whenever employment or relative prices de-
viate from the efficient level. The welfare loss function expresses the cost of employment
and price distortions in terms of the network primitives. In multi-sector economies, rela-
tive price distortions occur both within and across sectors, and cause producers and final
consumers to inefficiently shift demand towards the firms and sectors whose relative price

!The argument was first made by Basu (1995) in a simpler model, and later by Christiano (2016). Quan-
titatively, Carvalho (2006) and Nakamura and Steinsson (2013) showed that input-output linkages increase
monetary non-neutrality significantly.
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is too low given their productivity. The demand response is governed by sectoral elastic-
ities of substitution. For within-sector distortions, the welfare cost is the same function
of sectoral inflation, price adjustment probabilities, and substitution elasticities as in the
one-sector model. In the multi-sector model, the welfare function further weights each
sector according to the relevant sale share. Price distortions across sectors are new to
the multi-sector model, and their welfare cost depends on the interaction between dis-
tortions originating in different sectors. Two distortions offset each other if they move
downstream prices in the same direction, because on net they produce smaller deviations
from the efficient relative prices, and vice versa.

Beyond deriving the welfare loss function, Section 5 also draws the implications for
monetary policy. Given the multiple production sectors, the central bank has consider-
ably limited power, because it has only one instrument, the nominal interest rate. There-
fore, it can only move prices along one direction—parallel to the slope of sectoral Phillips
curves—which is unlikely to coincide, when there are multiple sectors, with the efficient
relative price change. Moreover, given that Phillips curves are flatter with input-output
linkages, the central bank must consequently move employment far away from the effi-
cient level in order to affect prices. For all these reasons, in the multi-sector economy
monetary policy should focus on closing the output gap. Nonetheless, this does not mean
the end of inflation targeting, because, as Section 5 demonstrates, the central bank can
close the output gap at all periods by replacing consumer price inflation with the divine
coincidence index in the Taylor rule. However, since it cannot correct relative prices, the
central bank must tolerate a welfare loss.

Having elaborated the theoretical aspects in Sections 4 and 5, Sections 6 and 7 explore
the empirical properties of the multi-sector framework. Section 6 calibrates the multi-
sector model to the U.S. input-output data. By properly accounting for intermediate in-
put linkages and wage rigidity, in the multi-sector model the slope of the consumer price
Phillips curve is reduced by one order of magnitude, reconciling micro level measures of
price adjustment frequencies with macro level estimates. To evaluate how changes in the
input-output structure over time affected the Phillips curve, we calibrate the multi-sector
model to historical input-output data for 1947-2017. Although the slope remains one or-
der of magnitude smaller than in the one-sector benchmark throughout the whole period,
during this period it has further flattened by about 30% due to growing intermediate input
flows relative to labor compensation.

Section 6 also estimates the welfare loss from business cycles, when the central bank
follows alternative policy rules. In the multi-sector economy, the welfare loss is several
orders of magnitude larger than in the one-sector benchmark. It is a well-known result
that, in frictionless economies, the welfare loss from business cycles is tiny—about 0.05%
of per-period GDP according to the famous Lucas (1977) estimate. Moreover, in the
one-sector New Keynesian model, welfare is the same as in the frictionless economy,
because monetary policy can replicate the efficient equilibrium. By contrast, in the multi-
sector economy the central bank cannot eliminate relative price distortions—even when it
adopts the optimal policy—leading to an average loss of 2.9% of per-period GDP relative
to the efficient flex-price equilibrium. If instead the central bank targets consumer prices,
the welfare loss increases to 3.8% of per-period GDP.

Finally, Section 7 compares Phillips curve estimates for the divine coincidence index
and several common measures of consumer price inflation (the CPI, the PCE, and their
core versions), based on time series data for sector-level inflation. As predicted by the
theoretical model, the divine coincidence specification outperforms all consumer price
specifications over the sample period 1984-2018, in several dimensions. First, the divine



1420 ELISA RUBBO

coincidence specification yields a two to four times larger R-squared than the consumer
price specifications. Second, estimated in 20-year rolling regressions, the Phillips curve
slope always has the correct sign, and it is significant and stable over time. By contrast,
when using the consumer price specifications, the slope is often insignificant and has the
wrong sign. Both results are consistent with the model prediction that the divine coinci-
dence index is more robustly correlated with the output gap, because it does not suffer
from productivity-driven cost-push shocks.

Readers can refer to the Supplement for proofs of the theoretical results and more
detail about the Phillips curve regressions. The additional Additional Online Materials
(Rubbo (2023)) included in the replication files reports further calibration exercises and
robustness checks for the empirical results, referenced throughout the text.

1.1. Related Literature

The framework in this paper builds on Baqaee and Farhi (2019, 2020b),* who studied
the implications of exogenous markups in input-output models. Compared to Baqaee
and Farhi (2020b), this paper further characterizes the endogenous evolution of sectoral
markups determined by price rigidities, and the consequent inflation response.

In previous work on monetary policy in multi-sector economies, researchers focused on
either small-scale analytical models (Gali (2015), Woodford (2003), Gali and Monacelli
(2008), Kara (2009, 2010)), or on large-scale quantitative models (Carvalho (2006), Car-
valho and Nechio (2011), Cagliarini, Robinson, and Tran (2011), Nakamura and Steinsson
(2013), Pasten, Schoenle, and Weber (2017), Pasten, Schoenle, and Weber (2019), Castro
Cienfuegos (2019), Hoynck (2020), Ghassibe (2021)). The current paper combines the
two approaches by revisiting and extending previous analytical results in a quantitatively
realistic production network. This allows us to formalize in a general network the insight
that input-output linkages flatten the Phillips curve (Basu (1995), Christiano (2016)), ex-
pressing sectoral and aggregate slopes in terms of micro level input-output data and price
adjustment frequencies. Moreover, our approach allows us to provide analytical expres-
sions for the cost-push shocks which affect sectoral Phillips curves as a result of changes
in productivity. Building on this novel result, we can construct the divine coincidence in-
flation index and show that it is a better sufficient statistic for the output gap.

Discussing the optimal monetary policy, Section 5 below generalizes previous results
from New Keynesian models with two sectors or wage rigidities (Erceg, Henderson, and
Levin (2000), Blanchard and Gali (2007)), and it thus confirms that consumer prices are a
suboptimal policy target in multi-sector economies (Aoki (2001), Benigno (2004), Huang
and Liu (2005)). Our general approach allows us to establish that the output gap is always
a nearly optimal policy target, regardless of the network structure. Moreover, our ap-
proach demonstrates that one can always stabilize the output gap by targeting the divine
coincidence inflation index. Compared to previous quantitative studies of the optimal
inflation target (Mankiw and Reis (2003), Eusepi, Hobijn, and Tambalotti (2011)), this
paper characterizes analytically the weighting scheme for the divine coincidence index,
showing that it does not depend directly on micro level input-output shares, but only on
sectoral sales shares and price adjustment frequencies.

In parallel and independent work, La’O and Tahbaz-Salehi (2019) also studied optimal
monetary policy in multi-sector economies with an input-output network. This paper dif-
fers from La’O and Tahbaz-Salehi (2019) in two main dimensions. First, while La’O and
Tahbaz-Salehi (2019) focused only on optimal policy, this paper discusses the Phillips

2Jones (2013) and Bigio and La’O (2020) also adopted similar models.
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curve as well.’ Second, La’O and Tahbaz-Salehi (2019) microfounded price rigidities
as arising from incomplete information, and characterized information structures under
which monetary policy can replicate the efficient equilibrium. These results complement
the analysis in the current paper, which adopts the Calvo model. Our modeling of price
rigidities is more restrictive, but it allows us to work with a dynamic multi-period model.

Other studies have also considered New Keynesian economies with heterogeneous
firms, focusing on different elements than those emphasized in this paper. Bagaee and
Farhi (2020a) introduced downward nominal wage rigidity, and studied its interaction
with sector-specific supply and demand shocks. Baqaee, Farhi, and Sangani (2021) in-
stead showed that, when allowing for non-CES demand, monetary shocks have first-order
effects on allocative efficiency.

A large empirical literature has documented the shortcomings of consumer price in-
flation in Phillips curve regressions and forecasting (Orphanides and van Norden (2002),
Mavroeidis, Plagborg-Moller, and Stock (2014)), and has sought to construct indicators
with better statistical properties (Stock and Watson (1999), Bernanke and Boivin (2003),
Stock and Watson (2016)). This paper shows that replacing consumer prices with the di-
vine coincidence index improves the fit of Phillips curve regressions, yielding stable and
significant estimates over time and across specifications.

2. ENVIRONMENT
2.1. Consumers

There is an infinitely-lived representative agent, who enjoys consumption (C) and dis-
likes labor (L). The agent’s per-period preferences are described by the utility function

Cl—'y L1+<p
U=—"+———+—. €]
1-y 149
There are N industries in the economy, and the consumer has homothetic prefer-
ences over their products. The consumption aggregator is C = C(Q;, ..., Oy), wWhere
0O, ..., Oy denote the quantities consumed of the various goods.

The agent maximizes the present discounted value of per-period utility flows, with dis-
count factor p, subject to the budget constraint

PICC,—{—B,‘H EmLt+Ht_n+(1+it)Bla (2)

where PC is the price index implied by the consumption aggregator C, W, is the nominal
wage, I1, are firm profits (rebated lump-sum to the household), 7; is a lump-sum tax, B,
is the quantity of risk-free bonds paying off in period ¢ owned by the household, and i, is
the nominal interest rate.

The representative worker is hired by labor unions, who then sell his labor services to
other firms. Labor is undifferentiated and fully mobile across industries and labor unions;
therefore, all unions pay the same flexible wage to the worker. The labor unions are
treated like any other production sector (see Section 2.2), and in particular, there is a

3The modeling of production is also slightly different between the two papers, as this paper allows for
arbitrary constant-returns-to-scale production functions, while La’O and Tahbaz-Salehi (2019) imposed Cobb—
Douglas. This matters for the welfare cost of relative price distortions across sectors, which is proportional to
the elasticities of substitution between inputs in production and between consumption goods.
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unit mass of unions, facing nominal rigidities. As a result, there are many wages: the flexi-
ble wage W, paid by the unions to the worker, and the prices charged by the various unions
to the rest of the economy. The worker owns all the labor unions, and hence he earns the
profit rebates, so that in practice, labor income coincides with the average sticky price
charged by the unions. This model of wage rigidity is slightly different from previous ones
(Erceg, Henderson, and Levin (2000), Blanchard and Gali (2007)), but it generates the
same implications, as Example 2 below illustrates.
The optimal consumption-leisure tradeoff satisfies the first-order condition

W,
e =CILY. 3)

Intertemporal optimization yields the Euler equation
PC
U,= P(l + it+1)E|:Uct+l—é]- (4)
PH—l
2.2. Producers

There are N industries in the economy, indexed by i, j, k € {1, ..., N}, and within each
industry, there is a unit mass of firms. Differentiated varieties from all the firms f within
an industry i are combined into an industry level output with a CES aggregator (omitting
time subscripts for legibility)

€

1 Ei’_l a1
([ 0)"

The implied sectoral price index is

1

1 T-c
1—¢; !
e[ )

All firms within an industry have the same constant-returns-to-scale production func-
tion, which takes as inputs labor (L;) and intermediate goods X from all industries
j=1,..., N (again omitting time subscripts)

Yzf = A,‘Fi(Lif: {Xl']'f}j'vzl)’

where A; is a Hicks-neutral, industry-specific TFP shifter.* Without loss of generality, we
define the functions F; so that 4; =1 for all sectors i in the initial equilibrium.

Aggregate real output is defined as the consumption aggregate of the representative
agent

yz - C(lea ey QNI)-

The government pays proportional input subsidies 7; to the firms, which are constant
over time, and set at the industry level so that the profit-maximizing price is equal to

“Input-biased productivity shocks can be modeled by introducing an artificial sector which purchases some
input j and resells it to sector i, while facing Hicks-neutral productivity shocks.
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pre-subsidy marginal costs:

Ei—l
1—7’,‘: .
€;

This assumption is standard in the New Keynesian literature (Gali (2015), Woodford
(2003)), and it eliminates the incentive for monetary policy to correct static inefficien-
cies coming from monopoly power.

All firms choose the cost-minimizing combination of inputs, which under constant re-
turns to scale, is the same for all firms within an industry. Industry level marginal costs are
given by

MCl-t = min I/V[Lil + ZPfIXij[ s.t. AitFi (Lil7 {Xl]t}) =1. (5)
J

{XijehLit

Price rigidities are modeled a la Calvo. At each period, only a fraction §; of firms in sector
i are allowed to update their price. The optimal reset price P} maximizes the present
discounted value of profits over all future periods ¢ + s, in the event that the firm has not
been able to change its price until ¢ + s:

P = argmaxE[ E SDF, (1 — (Sl«)SY,«tH(P,-t)(PiZ —(1- T,-)MCL»,+X):|. (6)
Pit s=0
In equation (6), SDF,,, = ps% ,,]Z—’ is the households’ stochastic discount factor, and pro-
ct Lits

ducers of each differentiated variety face the demand function Yy, ,(Ps) = Et+s(:[—f+‘)‘f.
The solution is given by

E [SDF.. (1= 8,) Yiis(Py)MCirys]

pro s . ™
" EY[SDFu(1—8) Yys(P;)]

The firms who cannot reset their price keep it unchanged (Py, = Py,_1).

2.3. Policy Instruments

The central bank sets the nominal interest rate i,,; at each period ¢. As explained in
Section 2.2, the government also provides input subsidies to firms. Subsidies are financed
through lump-sum taxes 7; levied on households (see equation (2)), whose amount is set
to balance the government’s budget.

2.4. Equilibrium

The equilibrium concept adapts the definition in Bagaee and Farhi (2020b) to account
for the endogenous determination of markups given pricing frictions and shocks. Given
sectoral markups, all markets must clear; and the evolution of markups must be consistent
with Calvo pricing and the realization of sectoral productivities and monetary policy.

DEFINITION 1: At each period ¢, for given sectoral probabilities of price adjustment §;,
sectoral productivity shifters A4;,, and interest rate i,,, the general equilibrium is given by a



1424 ELISA RUBBO

vector of firm-level markups M, a vector of sectoral prices P;,, a nominal wage W,, labor
supply L,, a vector of sectoral outputs Y}, a matrix of intermediate input quantities Xj;,,
and a vector of final demands C;, such that: (i) a fraction §; of firms in each sector i charges
the profit-maximizing price given by (6) (11) the markup charged by adjusting firms is
given by the ratio of the profit- max1mlzlng price and marginal costs, while the markups of
non-adjusting firms are such that their price remains constant; (iii) consumers maximize
utility subject to their budget constraint; (iv) producers in each sector i minimize costs
and charge the relevant markup; and (v) markets for all goods and labor clear.

REMARK 1: This equilibrium concept nests the standard one with flexible prices, which
is obtained as a special case when 8; = 1 for every sector i.

3. LOG-LINEARIZED MODEL

The log-linearized model is characterized by three equations: the IS equation, the
Phillips curve, and the policy rule. Section 3.1 introduces the variables and parameters
that characterize the evolution of the log-linearized economy. Section 3.2 then derives
some important preliminary results, while Section 3.3 presents the full dynamic system.

3.1. Notation

Table I defines the model variables. Throughout the analysis, we compare three equilib-
ria: the sticky-price economy, the flex-price economy, and a steady state with no changes
in productivity and monetary policy, around which we log-linearize. Lowercase letters
denote log-differences between the sticky-price equilibrium and the steady state; the sub-
script nat denotes log differences between the flex-price equilibrium and the steady state;
and tildes denote gaps, which means log-differences between the sticky-price and the flex-
price equilibrium. Vectors are in bold.

REMARK 2: We solve the model in terms of the aggregate output gap, without keeping
track of sector-level output gaps. Section 4 shows that, with constant returns to scale and
perfectly mobile labor, sectoral Phillips curves only depend on the aggregate gap. Relative
gaps do matter for misallocation and welfare; however, Section 6.3 shows that these can
be more conveniently expressed in terms of relative price wedges.

Up to the second order, utility and production functions are fully characterized by equi-
librium labor, input, and consumption shares, and by the relevant Allen elasticities of
substitution. Table II introduces these input-output parameters, and defines the Leontief
inverse and Domar weights. The table also introduces notation for the price adjustment

TABLE 1
MODEL VARIABLES.
Aggregate output gap Y=Y — Yinat
Sectoral inflation rates o= (my ... )7, T = Pic — Pi
Sectoral markups mo= (1 oo )T, i = pi — mey

Sectoral productivity changes logA, = (log Ay, ... log An,)T
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TABLE II
INPUT-OUTPUT DEFINITIONS.

. N _ kG
Consumption shares BeRY, Bi=7¢
N _ WL;

Labor shares aeRY, a; = g5
Input-output matrix QeRY xRY, w; = 1:1)/5—?1//,
Leontief inverse 7-o!
Domar weights AT=g"1-Q)!

c .

{o;} consumption

{0, 07} between inputs
in sector #’s production
€; between varieties
Price adjustment parameters A =diag(éi,...,0n)

Substitution elasticities

parameters. Note that in the matrix A the primitive Calvo parameters §; are replaced with
the increasing and convex function

8:(1—p(1-8))
1—p&;(1-8) "

Si(&', P) =

which appears in the derivation of the Phillips curve.

The elements (); of the input-output matrix encode the direct elasticity of sector i’s
cost to a change in sector j’s price. The Leontief inverse, instead, captures the total elas-
ticity, directly and indirectly through intermediate inputs. To see this, one can write an
expansion of the Leontief inverse where the nth term is the exposure of i to j through
paths of length #n:

I-Q);' =Li+Q; +Q} +---.

In a similar way, while the direct elasticity of the consumer price index P€ to changes in
the price of the various goods is given by the consumption shares 3, the total elasticity is
given by the product of the consumption shares times the Leontief inverse, which is equal
to the Domar weights A, and it also coincides with the sectors’ total sales as a fraction of
GDP? The Leontief inverse also maps direct labor shares in sectoral value added, a,° into
total shares, [(I — Q)~'a], which account for the labor content of a sector’s suppliers, its
suppliers’ suppliers, etc.

REMARK 3: With constant returns to scale and labor being the only factor of pro-
duction, labor must account for the entirety of value added. Hence, it holds that [( —
Q)'a]; =1 for every sector i.” Furthermore, the total share of labor in aggregate value
added is also A a = 1.

_ Py
- ZIPfcl

SSectoral sales shares s;
BT(I - Q).

°In the flex-price equilibrium, producers charge non-unit markups on post-subsidy marginal costs, because
of monopolistic competition and CES demand. However, subsidies are set so that prices equal pre-subsidy
marginal costs. This effectively eliminates markups, and guarantees that « indeed corresponds to the labor
share in value added.

"To see this, note that labor and intermediate input shares must sum to 1 in all sectors: Q1 + « = 1. Rear-
ranging this equation implies (/ — Q) la =1.

satisfy s; = B; + )_; 5;€1;;. Rearranging this equation implies s" = A" =



1426 ELISA RUBBO

REMARK 4: Our modeling of wage rigidity via the labor unions imposes a particular
structure on @ and €. Only the union hires workers directly; therefore, it is the only in-
dustry with non-zero labor share (a; = 0 Vi # union). Moreover, since labor is its only
input, the union has unit labor share (@union = 1, Qunion,j = 0 ¥j). For all other sectors, in-
stead, the direct labor share (as measured in the national accounts) is encoded in €); yion-
When wages are flexible (8uion = 1), this definition of the input shares e and () is equiv-
alent to eliminating the union sector and setting «; = Q; ynion Vi.5

3.2. Basic Results

This section states three basic results: Lemma 1 extends Hulten’s theorem to an econ-
omy with elastic labor supply; Lemma 2 establishes that the output gap and the employ-
ment gap always coincide; and Lemma 3 shows that the output gap is proportional to the
sales-weighted sum of sectoral markups.’

LEMMA 1: In the log-linearized model, the natural employment and output only depend
on aggregate (sales-weighted) productivity, and are given by

1—
lt,nat = —’YAT IOgAt;
Y

to
I+¢ ©
yt,nat - —AT IOgAt.
Y+
PROOF: Supplement Section 2.1. QE.D.

Lemma 1 tells us that natural employment and output in the network model are the
same function of aggregate productivity as in the one-sector model, where aggregate pro-
ductivity is the sales-weighted average of sectoral productivities. Lemma 2 then relates
the change in productivity in the flex-price and sticky-price equilibria, up to a first-order
approximation.

LEMMA 2: Around an undistorted steady state, the first-order change in aggregate labor
productivity in the economy with nominal rigidities is the same as in the efficient economy
with flexible prices:

Ve — l, = Ytnat — lt,nat =A" IOgAz- (9)

Lemma 2 follows immediately from the envelope theorem. In the flex-price equilib-
rium, labor is optimally allocated within and across sectors, and small deviations from the
optimal allocation have no first-order effect on aggregate productivity.

REMARK 5: An important consequence of Lemma 2 is that the output and employment
gap always coincide. Rearranging equation (9) immediately yields

j}t =Yr — Yinat = l,— ll,nat = Zl'

8Note, however, that eliminating the union sector would slightly complicate the notation for the welfare loss
from cross-sector misallocation in Section 6.3.

9Baqaee and Farhi (2020b) and Bigio and La’O (2020) derived similar results in terms of the aggregate labor
share (in place of the employment gap).
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Finally, Lemma 3 relates the output gap with the sales-weighted sum of sectoral
markups.

LEMMA 3: The output gap is proportional to the sales-weighted aggregate markup:

(y+o)yi=— Z A, (10)

PROOF: Supplement Section 2.1. Q.E.D.

The intuition for Lemma 3 is as follows: when markups are high (low), the share of rev-
enues that is paid out to workers through wages is small (large). This reduces (increases)
labor supplied, resulting in a negative (positive) output gap. The contribution of each
sector to the aggregate output gap is proportional to its sale share.

3.3. Equilibrium Conditions

The evolution of the economy is characterized by three equations: the IS curve, the
Phillips curve, and the policy rule. This section derives the IS curve, states the policy rule,
and lays the foundations for the Phillips curve, which is derived in Section 4.

IS Curve

Log-linearizing the Euler equation (4) and applying the definition of output gap yields
the IS curve:

- - 1.
Vi =E[Yena] — ;(ltﬂ —E[m] = restna)- (11)

The natural interest rate 7,1 n, iS given by 7,1 4 = —logp + yAT]E(logAtH — logA,),
which only depends on the discount factor p and on changes in aggregate productivity.

Policy Rule

The central bank sets the nominal interest rate i,,; following a Taylor rule, which targets

an aggregate inflation index 7,:'

I =10+ {7 (12)
The parameter { governs the responsiveness to the target.

Marginal Costs and Prices

The key building blocks towards deriving sectoral Phillips curves are the firms’ cost min-
imization problem (5), the optimal reset price condition (7), and the agent’s consumption-
leisure tradeoff (3). Different from the one-sector benchmark, the multi-sector economy
has N — 1 state variables, given by lagged sectoral relative prices. Hence, their law of
motion is part of the Phillips curve block, and it is given by

P =pii + 7. (13)

10As long as there are no exogenous shocks to the firms’ desired markups, we can omit the output gap from
the policy target without loss of generality, because Proposition 1 shows that it can be written as a function of
the divine coincidence inflation index.
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Log-linearizing the firms’ optimal reset price condition (7) yields the law of motion for
sectoral inflation rates:"

7, = A(me, — pry) + p(I — A)Ear,,.. (14)

Equation (14) is the same as in the one-sector model (Gali (2015), Woodford (2003)).
The evolution of marginal costs, however, crucially depends on the production network,
and it follows immediately from the firms’ cost minimization problem (5):

mc, = aw, + Qp, — logA,. (15)

Sector i’s marginal cost responds to nominal wage inflation 7} in proportion to its labor
share ;, and to input prices, in proportion to the input shares {{);}'_,. Marginal costs also
decrease with productivity logA,,.

Plugging (15) into (14) yields the following law of motion for sectoral inflation rates:

(I — AQ)m, = Alaw, — (I — Q)p,_; — logA,) + p(I — A)Er..,. (16)

Note that, in an efficient economy where prices equal marginal costs (p, = mc,) and nom-
inal wages remain constant (w, = 0), equation (15) implies

(I —Q)p, +1ogA, =0. (17)

That is, sectoral prices move proportionately to their network-adjusted productivities.
Hence, in equation (16), current prices adjust to offset the wedge (I — Q)p,_; + logA,
between the prices inherited from the previous period and the efficient relative prices,
given current sectoral productivities.

Log-linearizing the optimal consumption-leisure tradeoff (3), and using Lemmas 1 and
2, allows us to connect real wages (w, — B p,) with the output gap and aggregate produc-
tivity:'?

W, — ﬁTPt =(y+e@)y+ AT logA,. (18)

Equation (18) tells us that, when aggregate output is at the efficient level (y = 0), real
wages change proportionately to the aggregate productivity A’ logA,, which—up to the
first order—is also equal to the marginal product of labor.

Equations (16), (13), and (18), together with the IS curve (11) and the policy rule (12),
pin down the dynamics of the economy. Section 4.2 builds on equations (16) and (18), to
construct a multi-sector counterpart of the structural Phillips curve from the one-sector
model.

4. THE PHILLIPS CURVE

The Phillips curve is one of the three key equations that govern the dynamic evolution
of the economy, together with the IS curve (11) and the policy rule (12). In the one-sector
model, it is given by

= pBar o + k) + u,. (19)
The derivation is the same as in the one-sector model (Gali (2015)). See Section 2.1 of the Supplement

for the details.
12See Supplement Section 2.1 for the full derivation.



NETWORKS, PHILLIPS CURVES, AND MONETARY POLICY 1429

In equation (19), current inflation 7, is increasing in expected future inflation Emr,,,,
in the current output gap y,, and in a time-varying residual u,, which is often referred to
as a cost-push shock. This section revisits the slope «, the residual u,, and the relation
between current and future inflation in the multi-sector economy.

Whenever the residual is u; # 0, inflation is not zero even if the central bank closes the
output gap in all periods (¥, = 0 Vs > 1), thereby creating a tradeoff between stabilizing
output and stabilizing inflation. A well-known result, commonly referred to as the divine
coincidence, states that, in the benchmark one-sector model, productivity shocks do not
affect the residual u, (Gali (2015), Woodford (2003)).

In the multi-sector economy, one can construct inflation rates and Phillips curves for
every sector, and then aggregate them in different ways. Section 4.1 shows that, in sharp
contrast with the one-sector benchmark, changes in productivity affect the residual u,,
thereby generating a tradeoff between closing the output gap and eliminating inflation.
This happens both at the sector level and in the aggregate, except when inflation is mea-
sured according to a novel index, called the divine coincidence index. It is not surpris-
ing that inflation cannot be stabilized sector-by-sector, because it is efficient for relative
prices to change in response to asymmetric productivity shocks. However, it is surprising
that there is a tradeoff between closing the output gap and stabilizing almost all measures
of aggregate inflation, including consumer prices.

Section 4.2 then derives the slopes and residuals of all sectoral Phillips curves, while
Section 4.3 shows how they can be combined using different weights to obtain aggregate
Phillips curves. These weights and the input-output structure determine the slope and
residual of the aggregate curves. Since prices across sectors are differentially affected by
changes in the output gap, the slope of the Phillips curve depends on the way inflation
is measured. Nonetheless, Proposition 2 and Corollary 2 show that all Phillips curves be-
come flatter in the presence of multiple sectors and intermediate inputs. The two propo-
sitions also show that different inflation measures face a different inflation-output trade-
off, whose sign depends on their differential exposure to changes in productivity versus
changes in wages. Moreover, in the multi-sector economy, current inflation depends on
expected inflation in all sectors, and not just on the expected future value of the reference
index.

Section 4.4 illustrates these results in simple input-output networks.

4.1. The Divine Coincidence Index
Definition 2 introduces the divine coincidence index.
DEFINITION 2: Assume that no sector has fully rigid prices (8; # 0 Vi). The divine co-

incidence index weights sectors according to their sales shares, and discounts those with
more flexible prices. It is defined as

Proposition 1 illustrates the properties of this index.
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PROPOSITION 1: The divine coincidence Phillips curve is given by

Yyte .
€= pEﬂgcl + (20)

1- 3,
2h

j i

Notably, current divine coincidence inflation only depends on future divine coincidence infla-
tion, proportionately to the discount factor p, and it is not affected by productivity fluctuations.
If at least one sector has sticky prices (A # 1), the divine coincidence index is the unique in-
flation index with this property.

PROOF: The proposition builds on two results: Lemma 3, and the relation between
markups and inflation rates

1-3;
[ — pEwmi], (21)

Mir = —

j
which follows immediately from equation (14). Substituting equation (21) into equa-
tion (10) from Lemma 3—which shows that the output gap is proportional to the sales-

weighted sum of sectoral markups—yields the divine coincidence Phillips curve. Unique-
ness is proved in Section 2.2 of the Supplement. Q.E.D.

Lemma 3 is the key insight behind the divine coincidence result: the output gap is pro-
portional to the sales-weighted aggregate markup, so that high (low) markups correspond
to low (high) real wages and a negative (positive) output gap. Furthermore, the Calvo
assumption allows us to connect markups with inflation, as equation (21) shows. Intu-
itively, when the firms that are allowed to reset prices are randomly selected, equation
(14) tells us that a fraction 5; of the change in industry i’s marginal cost is transmitted
into current inflation (net of inflation expectations). The remaining fraction 1 — §; is in-
stead absorbed into the industry’s average markup. Hence, for given observed inflation,
the implied markup change is decreasing in the probability of price adjustment ;.

REMARK 6: Note that the slope of the divine coincidence Phillips curve depends on
the input-output network only through the sectoral sales shares A. Like in the one-sector
model, the slope is increasing in the elasticity of labor supply (y + ¢), and decreasing in

the amount of price stickiness, as measured by the sectoral parameters <% . Moreover,

the divine coincidence Ph1111ps curve is flatter when there are more mtermedlate inputs,
because the sales shares A; in the denominator of (20) are larger. In the special case where
all sectors have the same frequency of price adjustment 6, the denominator becomes

1-5 f ok ; ; 13
= > . A;, which is proportional to the aggregate sales-to-GDP ratio ) . A;.

3In the model and calibration, the ratio of sales to GDP is the same as sales over payments to primary
factors (i.e., labor). This is because the profits generated by markups are canceled out by the taxes needed to
pay for input subsidies. In the data, however, sales over payments to labor are not the same thing as sales over
GDP, and they have not changed in the same way over time (sales over payments to labor have increased, sales
over GDP are roughly stable).
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4.2. Sector-Level Phillips Curves

Proposition 2 derives sector-level Phillips curves as a function of disaggregated input
shares and price adjustment probabilities.

PROPOSITION 2: Sector-level Phillips curves are given by
@, =p(I = V)Em. 1+ B(y+ @)y, — Vx,, (22)
where
Al - QAN '
1-B"AI - QM) '’
V=[AI-QA)" =B\ = pTAI - QA) ] - Q),
X, =pi+ (- Q) 'logA,.

The matrix V is such that 3 ;) V; =0, (I = V); € [0, 1], and, as long as no sector has fully
flexible prices (6; < 1Vi), I —V is invertible.

B

PROOF: Equation (22) is obtained by combining the law of motion for prices (16) with
the relation between output gap and real wages in (18). To make real wages appear in
(16), subtract AaB” 7, from both sides of the equation to obtain

(I —AQ — Aaﬂr)ﬂ',
= A(a(wt - ﬂTpt) - (I -0 - aBT)pt—l - IOgAt) +p(I —A)Em,,;.

Plugging in equation (18) allows us to express real wages as a function of the output
gap and aggregate productivity, and inverting the coefficient on inflation on the left-hand
side yields the result.!* The properties of the matrix ) are derived in the Supplement,
Section 2.2. O.E.D.

Equation (22) generalizes the Phillips curve in (19), to express the slope, residual, and
expectation terms explicitly as a function of the primitives of the economy (price adjust-
ment probabilities, input shares, productivity, and labor supply elasticities).

All of these terms depend on the rigidity-adjusted Leontief inverse (I — QA)~'. Sim-
ilarly to the usual Leontief inverse, this matrix governs the propagation of cost shocks
through the network. The (i, j)th element corresponds to the elasticity of sector i’s
marginal cost with respect to sector j’s marginal cost, directly, and indirectly through
the input-output network. The importance of each sector depends on its input shares ()
and on its price flexibility A. Sticky-price sectors only partially transmit cost shocks along
the production chain, and therefore they are discounted. Remark 7 formally states that
the transmission of shocks is dampened when prices are stickier.

~ “Note that

1—AQ —AaB” = (1 —AQ)(I — A — QA) 'ap”)
and
A(I - QA)ap”

_ _ -1 -1 _
(I-A(I —QA)'ap’) _H_l—ﬁTA(I—QA)*‘a'
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REMARK 7: Element-by-element, the matrix (I — QA)~! is increasing in the price ad-
justment probabilities {5 }.,."

Let us now analyze the slope, residual, and expectation terms in detail. The slope of
sectoral Phillips curves corresponds to the elasticity of sector-level prices with respect
to the output gap, and it is given by the vector B(y + ¢) € R¥*!. This vector has three
components: the elasticity of labor supply y + ¢, the pass-through of nominal wages into
prices A(I — QA) ', and an equilibrium multiplier m. Let us discuss each in
order. The elasticity y 4+ ¢ is the slope of the labor supply curve, which tells us by how
much real wages must increase to sustain a 1% increase in employment. Intuitively, as
output increases, labor demand also increases, and workers must be compensated with
higher real wages.

In turn, higher wages raise marginal costs and prices. The pass-through of nominal
wages into prices, A(/ — QA)'a, combines the direct effect of wages on marginal cost,
given by the labor shares e, with the indirect effect through the input-output network,
obtained by multiplying the direct effect times the rigidity-adjusted Leontief inverse.
The price adjustment probabilities A then give us the response of prices to changes in
costs. Since prices increase together with wages, real wages increase by less than nominal
wages. Specifically, in order to raise real wages by 1%, nominal wages must increase by
m > 1, to compensate for the response of consumer prices.

Following Remark 7, all sectoral Phillips curves are flatter in economies with stickier
prices or larger intermediate input shares. Corollary 1 formalizes this result, and Exam-
ple 2 below provides a concrete illustration.

COROLLARY 1: Component-by-component, B is weakly increasing in each price adjust-
ment probability {8;}Y.,. Moreover, a fall in a sector’s labor share, compensated by a uniform
increase in all its input shares, weakly reduces all the components of B. In particular, all
sectoral Phillips curves are flatter than in an economy with no intermediate inputs () = O,
a=1):

AU-08"'a A1
1-B"AU —QA) e T 1 —E4(8)’

where E,;(S) denotes a weighted average of the parameters ) using the consumption shares 3
as weights.

Let us now go back to equation (22), and let us focus on the residual —Vy,. Recall
from equation (17) that the efficient relative prices equal network-adjusted productivities
(I—Q) 'logA,. Hence, the vector y, is the wedge between lagged prices p,_; and efficient
relative prices. The elements V; of the matrix V € R¥*N describe the effect of a wedge in
sector j on the price of sector i.

REMARK 8: The wedges y, affect sectoral inflation only to the extent that they are
not proportional across sectors (x, # 1). This follows immediately from the result that

B5To see this, note that the adjusted Leontief inverse can be written as
(I—QA) ' =T+ QA+ QAP+

. . L 1-04);! ..
All the elements of this sum are (weakly) increasing in A; therefore, we have % >0Vi,j,l.
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>_; Vi = 0. When initial prices are as in the steady state (p,_; = 0), we have x, x 1 <
logA, ox @. That is, the only change in productivity which does not generate cost-push
shocks on sectoral inflation is the labor-augmenting one.

For simplicity, let us assume that p,.; = 0, and focus on the effect of productivity
changes. The intuition for the general case is the same. Productivity has two offsetting
effects on inflation. First, through a direct effect described by the term —A(I — QA)~,
marginal costs and prices are decreasing in sectoral productivities. Second, in a counter-
balancing mechanism described by the term B(A" — B"A(I — QA)~"), nominal wages are
also increasing in productivity, with an offsetting effect on marginal costs. In fact, as stated
in Lemma 1, to maintain output at the efficient level (y = 0), real wages must increase by
the same amount as aggregate productivity A" logA,. This can be achieved via an increase
in nominal wages, or via a decline in consumer prices. From the direct effect, we know
that consumer prices change by —B"A(I — QA)~'logA,. Hence, nominal wages need to
increase by (A" — B"A(1 — QA) ") logA,. Like for the slope, the effect of wages on sec-
toral prices is given by the vector B. Overall, prices fall in the sectors that benefit more
from higher productivity than they suffer from higher wages, and vice versa. Formally, an
increase in the productivity of sector j reduces sector i’s price (V; > 0) if and only if i’s
marginal cost is more exposed to a 1% increase in j’s price than to an increase in the real
wage proportional to j’s sale share.

Finally, like in the one-sector model, in equation (22) current inflation depends on
future expected inflation, because producers preemptively raise their current price when
they expect a future price increase. In the multi-sector model, however, a price increase
in one sector propagates to all the others, as captured by the matrix V), so that current
inflation in one sector depends on expected inflation in all other sectors.

4.3. Aggregation

Building on Proposition 2, Corollary 2 expresses the slope and residual of any aggregate
Phillips curve as a function of the model primitives. Formally, an aggregate price index
7 is an average of sectoral inflation rates, according to some weights ¢’ = (1, ..., dy).
The slope and residual of the Phillips curve are also an average of sectoral ones, with the
same weights ¢, and can be expressed as a function of the aggregation operator 8.

DEFINITION 3: The aggregation operator 8? is defined as
8= A(I — QA

The operator 8*x describes the propagation of a shock to sectoral marginal costs par-
allel to the vector x into the price index defined by the weights ¢. As usual, the rigidity-
adjusted Leontief inverse describes the propagation of the shock through the network,
while the price adjustment probabilities A govern the price response. Finally, sectoral
prices are aggregated according to the given weights ¢.

COROLLARY 2: Given a weighting ¢ of sectoral inflation rates, the corresponding aggregate
Phillips curve is given by

7t =pd" (I = V)Em + k*(y + @)F + u,
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where the slope and residual are

&%a

o__ 0@
Tl P

(23)

AT -8
¢ _ b ¢
u! _(5 T -0 )(I—Q)Xt.

Corollary 2 expresses the parameters of the structural Phillips curve in equation (19)
as a function of micro level primitives. Following Corollary 1, the slope «? is flatter in
economies with larger intermediate input flows, and in particular, it is always weakly
smaller than in an economy with the same consumption shares but no intermediate in-
puts:

E,A
<—"
T 1-Eg(d)

The consumer price Phillips curve is an important special case. Its slope only depends on
the pass-through of wages into consumer prices 8# e, and it is given by

PR

fa
€= . 24
“ 1 —Sﬂa(y—'_go) (24)

Corollary 1 implies that 6« < Egz(A); therefore, the consumer price Phillips curve is
flatter than in an economy with no intermediate inputs.

Unlike in the one-sector model, the residual ! is no longer independent of productiv-
ity, and changes in productivity generate a tradeoff between closing the output gap and
stabilizing a generic inflation index 7. Following the same reasoning as in Section 4.2,
the behavior of 7" depends on the counterbalancing effects of productivity and wages.
When p,_; =0, inflation falls after a positive shock (A" logA, > 0) if and only if the pass-
through 8 logA, of productivity into the price index ;" is larger than the pass-through
of the counterbalancing wage change, 8¢aﬁ;§ﬁ logA,. This is the case when flex-price
sectors, or sectors with higher weight ¢;, benefit more from the productivity change than
they lose from the increase in wages.

This is also true of consumer price inflation. The residual in the consumer price Phillips
curve is given by

c_ far” — &*
T 1-8fa

For p,_; = 0, consumer inflation falls after a positive productivity shock A" logA, > 0
if and only if the wage pass-through 8#aA”logA, is smaller than the productivity pass-
through &# logA,. This happens when downstream sectors—which have larger consump-
tion shares—or sectors with flexible prices receive a better shock than the average.

Also note that current consumer inflation does not depend only on future consumer
inflation, but it also depends on the consumption-weighted price wedges

u -y, (25)

SPar’ — 6*

T _
B VEm =55,

(I — Q)Em,,,

created by the producers’ preemptive price adjustment.
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4.4. Examples

This section illustrates how the slope and residual of the Phillips curves depend on the
input-output network in four simple economies. To facilitate the intuition, only for this
section and Section 5.4 we assume p;_; = 0, and, unless otherwise noted, we let a denote
the sectoral labor shares, rather than encoding them into €); ypion-

EXAMPLE 1—Roundabout Economy: Based on a simple yet powerful model of input-
output linkages, the roundabout economy, Basu (1995), Carvalho (2006), Nakamura and
Steinsson (2010), Cagliarini, Robinson, and Tran (2011), Christiano (2016) pointed out
that intermediate inputs generate real rigidities and increase monetary non-neutrality.
This example revisits the roundabout model as a special case, and evaluates whether it is
a good approximation of a generic input-output framework. As the example illustrates,
one would need to know the full input-output structure in order to evaluate the accuracy
of calibrations based on the roundabout economy. Nonetheless, it is fair to say that the
roundabout model usually provides a good approximation of the slope of the Phillips
curve, while it is ill-suited to predict the propagation of sectoral productivity shocks, and
to study welfare (see Remark 9).

Consider a Cobb-Douglas roundabout economy, where all sectors i =1,..., N have
the same price adjustment probability 6, and they take as inputs labor, with the same
share @,'® and the same bundle of intermediate goods. The sectors j have heterogeneous
shares v; in the input bundle, which can be calibrated to replicate observed sectoral sales
shares:

v,=Lix!"  x=[[Xx". > v=L
j i
In the roundabout economy, the slope of the consumer-price Phillips curve is given by
8 8
Kround = — + =0——= + . 26
d 1_85()““&(7 p)=ar—=(r+¢) (26)

In equation (26), the labor share and the price rigidity parameter & are calibrated to
their (consumption-weighted) averages: 6 =Eg(A), @ = Eg(e). This calibration provides
a good approximation of the actual slope, as long as price adjustment probabilities do not
differ systematically between intermediate and final producers, or between sectors that
use sticky-price versus flex-price intermediate inputs.

Specifically, the roundabout model overestimates k“ whenever 6 & > 8% a. This is
the case if (i) intermediate good producers have stickier prices than final good producers,
(ii) producers with more flexible prices use stickier intermediate inputs, or (iii) sectors
that use fewer intermediate inputs have stickier prices. In fact, it holds that

CPI

Sﬁ d& = S&EB((I — SQround)_ll)’

whereas
6P e = EB(A(I - QA)_la).

Calibrating 5= Ez(A), we have Kiouna > Kie When Covg(A, (I — QA)'1) < 0, that is,
when producers with more flexible prices use stickier intermediate inputs. We also have
1

6Note that, in this economy, & also coincides with the inverse of the sales-to-GDP ratio: & = L
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Kround > Kiie When the roundabout model overestimates the pass-through of wages into
marginal costs (&Eg((1 — 8Qsoua) 1) > Eg((I —QA)'a)), which is the case if intermedi-
ate inputs have stickier prices than final goods, or if sectors which use fewer intermediate
inputs (i.e., with larger «) have stickier prices.

Implementing the calibration in (26) for the U.S. economy, we obtain kg = 0.14,
which is of the same order of magnitude as k.. = 0.09 in the full calibration (see Sec-
tion 6).

EXAMPLE 2—Vertical Chain (or Sticky Wages): This example focuses on one of the
simplest input-output networks, the two-stage vertical chain, to illustrate our modeling of
wage rigidity; the compounding of nominal rigidities along the production chain; and why
an increase in the productivity of final (intermediate) good producers improves (worsens)
the inflation-output tradeoff in the consumer price Phillips curve, while this does not
happen with the divine coincidence index.

The economy has two sectors: sector I produces intermediate goods, and sector F pro-
duces final goods. Producers in I only use labor, while producers in F use labor and inter-
mediate inputs from [/ with shares ar and Qy; = 1 — ar. Consumers only purchase final
goods (Br =1, B;=0).

Sticky wages. To model an economy with sticky prices and sticky wages, one can simply
relabel the intermediate good producer in this example as a labor union. The union’s
price coincides with the sticky wage. In this case, the direct labor share of the downstream
sector is ar = 0, while Q ynion = 1. The implications for the Phillips curve and welfare,
illustrated below and in Example 5, are the same as in conventional sticky-wage models
(Erceg, Henderson, and Levin (2000), Blanchard and Gali (2007)). The modeling device
of adding labor unions as the most upstream sector, which sells labor services to all the
others, can be adopted in any production network, as illustrated in Example 4.

Intermediate inputs flatten the Phillips curve. Recall from equation (24) that the slope of
the consumer price Phillips curve is increasing in the pass-through of nominal wages into
prices, 8% a, which in our example is given by

5Ba = 5F(aF + (1 — O{F)81) < 61: = ]EB((S)

In the vertical economy, 8#« is always smaller than the consumption-weighted average
price stickiness &, and it is decreasing in the intermediate input share 1 — a. Price rigid-
ity in the intermediate good sector reduces the pass-through of wages into the final good
producers’ marginal cost, which is given by the sum of the direct pass-through af, and
the indirect pass-through via intermediate good prices, (1 — ar)8;. The sum is less than
1 whenever intermediate good prices are sticky (8; < 1). The effect on final good prices
is then further discounted by the fraction 65 of final producers who can reset their price.
Hence, the Phillips curve is flatter than in an economy with no intermediate inputs. In
the extreme case where final producers do not hire workers directly (ar = 0), we have
6Pa = 58, < min{d;, 6;}. In this case, calibrating 6%« to any weighted average of mi-
cro level price adjustment frequencies would lead to an overestimate of the slope of the
Phillips curve.

Cost-push shocks. In the vertical economy, changes in productivity generate a tradeoff
between closing the output gap and stabilizing consumer prices. As an illustrative exam-
ple, let us study the effect of an increase in the productivity of the final sector (log A > 0).
Note that consumer prices coincide with the price of the final good. Let us then consider
how the shock affects marginal costs in the intermediate and final good sectors. We know
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that wages increase, to reflect the higher marginal product of labor, while productivity
increases only in the final good sector. Hence, the intermediate good sector does not ben-
efit from the productivity change, but must pay higher wages; therefore, it faces positive
inflation 7r; > 0. If intermediate good prices are not fully flexible, however, the increase
in wages is not fully passed through to final good producers, who instead enjoy the full
benefit of the productivity shock. Thus, the pass-through of wages into final good prices
is smaller than the pass-through of productivity:

Sﬁa = SF(aF + (1 — ap)ﬁl) < 8}:‘ = SA.

Corollary 2 then implies u¢ < 0, that is, consumer prices fall under zero output gap. In-
stead, the divine coincidence index is stabilized, because it averages out inflation in the
intermediate and final good sectors, in such a way that the two exactly offset each other.

EXAMPLE 3—Horizontal Economy: This example focuses on the cost-push shocks in-
duced by changes in productivity, and shows why a fall (an increase) in the relative
productivity of flex-price sectors worsens (improves) the inflation-output tradeoff in the
consumer-price Phillips curve. By contrast, the divine coincidence index does not suffer
from an inflation-output tradeoff, because this index discounts flex-price sectors. Con-
sider a horizontal economy with N sectors that hire labor and sell to final good con-
sumers. There are no intermediate inputs (e =1, ) = Q), and final consumption shares
are given by Bi,..., By. Price adjustment probabilities 6, ..., 6y are different across
sectors, which face idiosyncratic productivity changes log Ay, ...,log Ay. In this econ-
omy, the residual in the consumer price Phillips curve is inversely proportional to the
covariance of productivity shocks and price adjustment probabilities:

uC o« — Covg (8, log A).

As usual, this result comes from the offsetting effect of wages and productivity on
marginal costs and prices. To close the output gap, real wages must change by the same
amount as aggregate productivity, Eg(dlog A). The sectors that received a better shock
compared to the average see a decrease in marginal costs and hence lower their price, and
vice versa. The consumption-weighted average marginal cost does not change; however,
prices respond more in flexible sectors. Therefore, controlling for the output gap, con-
sumer inflation increases if the productivity of flexible sectors falls relative to the average,
and vice versa.

EXAMPLE 4—Oil Economy: This example formalizes the conventional wisdom that
oil price shocks generate a tradeoff between stabilizing output and stabilizing consumer
price inflation. The mechanism combines insights from the vertical chain and the hori-
zontal economy. Our oil economy has a vertical component, to account for the fact that
wages are sticky, while oil prices are very flexible. In the model economy, a sticky-wage
labor union takes the place of the intermediate good sector. The oil sector is in between
the labor union and the final good sectors, and it uses labor to produce an intermediate
input sold to final good firms. Final producers also hire labor directly. We assume 6,; = 1;
therefore, the oil sector fully transmits wage and productivity changes to final good pro-
ducers. In addition, like in the horizontal economy, there are many final good sectors,
with different oil input shares {w, i} and price adjustment probabilities §;. The oil shares
govern the heterogeneous exposure of final good producers to oil shocks. In the U.S. data,
oil input shares are positively correlated with price adjustment probabilities.
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Correspondingly, residual u¢ in the consumer price Phillips curve has common ele-
ments with both the vertical and horizontal economies. It is given by

horizontal vertical
uC— _ Covg(8i, wion) + (1 = 61)Eg(8:) Eg(w;, oﬂ) log Au;.
1—8,E4(5))

Since 6,; = 1, changes in oil productivity are fully passed-through to final good produc-
ers, and therefore can be thought of as a negative downstream shocks. Like in the vertical
chain, a negative shock log A,; < 0 generates a cost-push shock u¢ > 0. Intuitively, when
wages are sticky (1 — &, is large), there is no adjustment mechanism whereby wages fall to-
gether with productivity; therefore, marginal costs and prices increase. Moreover, sectors
with more flexible prices face a larger cost increase, because of the positive correlation be-
tween price flexibility and oil input shares. Like in the horizontal economy, this generates
an even larger cost-push shock.

5. WELFARE AND OPTIMAL MONETARY POLICY

This section derives the welfare loss function in the multi-sector economy (Section 5.1)
and discusses the optimal monetary policy (Sections 5.2 and 5.3). The examples in Sec-
tion 5.4 illustrate the optimal monetary policy in the simple economies introduced in
Section 4.4.

5.1. Welfare Function

Proposition 3 derives a second-order approximation of the welfare loss with respect to
the efficient equilibrium that would emerge in an economy with flexible prices. Welfare is
negatively affected by the output gap, by price dispersion within sectors, and by relative
price distortions across sectors. The substitution operators, introduced in Definition 4,
describe the welfare cost of price distortions across sectors, which comes from inefficient
expenditure switching by consumers and producers towards sectors whose relative price
is too low compared to their productivity.

PROPOSITION 3: A second-order approximation of the welfare loss with respect to the flex-
price equilibrium is given by

Zp[7+¢>)yt+zf\ 677,[+<I>c(x,,xt +ZA<D xt,xt)} (27)

The vector x € RN'! has components

Xu=pu—) (I -Q);'log 4,

J
denoting wedges between current sectoral prices and network-adjusted productivities.

PROOF: Supplement Section 2.3. Q.E.D.
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DEFINITION 4: The substitution operator'” for sector s € {1, ..., N} is a symmetric, bi-
linear'® operator @, : RV x RV*M s REM (where L and M are generic integers), such
that

1
[©(X7,Y)],,, =5 DD oot (Xes = X)) Viw = Yiw). (28)
k h

Similarly, the substitution operator for final consumers has elements
1
[0c(XT, )], =5 ; ; BiBro (Xt = X)) Yion = Yim)- (29)

The welfare function in equation (27) depends on three terms: the output gap, price
dispersion within sectors, and price distortions across sectors. The first two terms are com-
mon to the one-sector model, while the third is novel. The squared output gap measures
deviations of employment from the efficient level (see Remark 5). The squared sectoral
inflation rates instead capture within-sector price dispersion. All the firms within a sector
face the same marginal cost; therefore, it is inefficient for them to charge different prices.
The welfare loss is proportional to the within-sector substitution elasticity €;, which gov-
erns the extent to which customers misallocate demand towards the varieties with lower
price. While the expression for sectoral losses is the same as in the one-sector economy,
equation (27) also tells us that they should be aggregated according to sales shares.

The wedges x, between sectoral prices and productivities are novel to the multi-sector
economy. They arise because a share of the firms cannot adjust their price in response to
changes in productivity and input prices, thereby distorting sectoral relative prices. The
welfare cost is captured by the third term in equation (27), where sectoral price wedges are
taken as inputs into the substitution operators. The operators ®,(¥!, x,) and ®c(x/, X,)
describe the resulting demand misallocation by producers in each sector s and by final
consumers, which causes sectoral total factor productivities (TFP) to decline. In equa-
tions (28) and (29), changes in the relative demand for inputs and consumption goods
are proportional to the relevant elasticities of substitution of each producer ({6},}7,_,)
and of final consumers ({0} ,_,), while the effect of distortions in the demand for each
input on TFP is proportional to the inputs’ cost shares.

The substitution operators are similar to the variance of price wedges across in-
puts (consumption goods), with probability weights given by input (consumption) shares
{wa}X_, {Bi}r_,)- Differently from a regular variance, the operators place higher weight
on input pairs with larger substitution elasticity. In the special case where substitution
elasticities are uniform across inputs (65, = 6°, o, = o), the substitution operators are
exactly equal to the variances 6° Varg  (¥) and o€ Varg(x).

This definition was first introduced by Bagaee and Farhi (2018). Baqaee and Farhi (2018) used the substi-
tution operators to describe the first-order effect of markups on allocative efficiency around a distorted steady
state, while in Proposition 3 the same operators characterize the second-order effect around an efficient steady
state.

18Bj-linear means that, for every A € RF1*l2 X e RV*I1,

ATD(XT,Y)=0,(A"X",Y),
and for every B € RM1*M2 B ¢ RVN*Mi
®,(X",Y)B=d,(X",YB).
The same holds for ®.
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In equation (27), sector-level TFP losses are then weighted by sales shares and added
up to obtain an aggregate Harberger triangle, which—as shown in the proof of Proposi-
tion 3—captures the difference between the fall (increase) in the aggregate labor share
and the increase (fall) in firm profits coming from higher (lower) markups.

REMARK 9: The Cobb-Douglas roundabout economy, which is commonly used to ap-
proximate the input-output structure, would provide a poor approximation of the welfare
function (27). If we believe that inputs are complementary, restricting production tech-
nologies to be Cobb-Douglas would overestimate the welfare loss from cross-sector mis-
allocation. Assuming a roundabout structure further exacerbates the issue, if the sectors
with larger sale share are more essential inputs, that is, more complementary with the
others (the energy sector is a clear example).

5.2. Optimal Monetary Policy

The optimal monetary policy minimizes the welfare loss function (27) subject to the IS
curve (11), the sectoral Phillips curves (22), and the evolution of log prices (13). Monetary
policy can freely set the nominal interest rate; therefore, the IS curve can be eliminated
from the set of constraints. Moreover, it is convenient to rewrite the welfare loss function
using the following notation:

£ = diag(A) diag(e) (I — A)A™,
[across — (I)C(IN: IN) + Z )\S(DS(IN, IN),

£ = Ewithin + Eacross'
Proposition 4 states and solves the optimal policy problem with commitment.

PROPOSITION 4: The optimal monetary policy with commitment solves

. 1 = across
min 3 E pt[(y + @)y +m La,+x'L X]
t

Grrmark2,
subject to the vector of sectoral Phillips curves (22) and the law of motion for prices
P =P+ 7.
The first-order condition is
Ji+ Bl L, =—B'[L] — (1 -V)E], (30)
where the Lagrange multipliers L' and £” follow the laws of motion

0= -V + L - Ly,
pll ="+ pVELS, — pLx,,.

To build intuition, let us start by examining the static case with p = 0, also assuming that
the economy is in steady state at time ¢ — 1, so that £}, = 0. The first-order condition (30)

becomes
Ji+B La,=0. (31)
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In equation (31), the optimal monetary policy trades off achieving a zero output gap
against improving allocative efficiency within and across sectors. The effect of the output
gap on sectoral prices is given by the slope B of sector-level Phillips curves. The matrix
L instead captures the effect of relative price changes on allocative efficiency, for given
initial inflation 7.

Note that monetary policy has only one instrument. Therefore, it can influence rela-
tive prices only along one dimension, proportionately to the slope B of sectoral Phillips
curves. In practice, the slope B is small, and likely orthogonal to the efficient price change.
Therefore, the effect of monetary policy on misallocation (B” L77) is small in general,'
and the central bank should focus on closing the output gap instead.

Using Proposition 1, we can replace the output gap in (30) with the divine coincidence
index. For p =0, this allows us to express the optimal policy as an inflation targeting rule:

T -1
* = [M + BTE} m, =0. (32)
Yt

In the dynamic model, the optimal policy has additional forward and backward looking
components, on top of the static tradeoff between output gap and allocative efficiency.
Forward looking considerations are captured by the Lagrange multiplier £”, and reflect
the fact that the current policy affects future misallocation. The multiplier {7 captures the
cost of future price distortions, which respond to the current output gap proportionately
to the slope of sectoral Phillips curves 3. The backward looking term B (I — V)",
instead reflects the fact that monetary policy can improve misallocation by influencing
inflation expectations. This creates gains from commitment, and makes current policy
dependent on past shocks. In equation (30), the Lagrange multiplier £}, captures the
cost of inflation in the previous period, while I — V is the response of past inflation to
current inflation, and B is the elasticity of current inflation to the output gap.

The presence of these new terms does not change the conclusions from the static set-
ting. The price change that monetary policy can achieve by distorting the output gap is al-
ways proportional to the slope B; therefore, it is small and likely orthogonal to the desired
one. Thus, stabilizing the output gap remains nearly optimal in the dynamic framework
as well.

5.3. Output Gap Targeting

Section 5.2 shows that there is a tradeoff between closing the output gap and reducing
relative price wedges across sectors. However, deviating from zero output gap has a small
effect on sectoral wedges; therefore, the optimal policy is very similar to closing the output
gap at all periods. Lemma 4 proves that this can be achieved in every period by following
a Taylor rule (12), with the divine coincidence index as the inflation target.

LEMMA 4: Assume that sectoral productivity shocks follow AR1 processes:

log Ay =n4log A1 + éir

YThis does not mean that the welfare loss from misallocation is small. To the contrary, Section 6.3 shows
that it is large quantitatively.
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with E&;, = 0 and m4 < 1. Then there exists a unique path of inflation rates and markups
such that y, = 0 Vt. This equilibrium can be implemented via the interest rate rule

[ :r,H’nat—l—E(wrCﬁIb?EO) —I—{ﬂ'tDC (33)
nominal rate under zero output gap
with { > 0.
PROOF: Supplement Section 2.3. Q.E.D.

5.4. Examples

The examples in this section illustrate three general principles in the simple economies
from Section 4.4. First, the optimal monetary policy has a bias towards stabilizing wages,
or upstream prices (vertical chain example). Second, the central bank faces a tradeoff be-
tween correcting misallocation within and across sectors (horizontal economy example).
And third, the central bank should accommodate inflationary supply shocks, but the opti-
mal deviation from the efficient output is small (oil economy example). While the vertical
chain and oil economy examples highlight reasons why the optimal policy should deviate
from perfect output stabilization, it is important to reiterate that the optimal output gap
is very close to zero in most practical applications, as explained in Section 5.2.

To streamline the exposition, we eliminate dynamic considerations by assuming p = 0.
Equation (31) and the definition of the matrix £ allow us to isolate a within-sector and an
across-sector component of the optimal output gap:

Sk o~k ~x . ~x _ T pwithin . ~x _ T pacross
Ve = ywithin,t + yacross,t’ ywithin,t =-B'L e yacross,t =-BL ;.

EXAMPLE 5—Vertical chain: Let us return to the vertical chain in Example 2, and again
consider a negative productivity shock to the final good sector. In this case, the optimal
monetary policy keeps output above the efficient level, and tolerates positive consumer
price inflation, in order to stabilize the price of intermediate goods. Note that, if we inter-
pret the upstream sector as a labor union, the vertical chain model represents an economy
with sticky prices and sticky wages. This example then tells us that optimal monetary pol-
icy prioritizes wage over price stabilization.

Formally, the within-sector component of the optimal output gap is given by

— _6(1 —ar)(1—8;)(1 — 6F)
(1 —5"&)2

[81 — B'Ba] lOg AF. (34)

within —

This expression is positive for dlog Ar < 0. By bidding up wages, a positive output gap
reduces the desired price adjustment of intermediate good firms, thereby reducing price
dispersion among intermediate goods. This comes at the cost of increasing price disper-
sion in the final good sector, where lower productivity is no longer compensated by lower
wages. Nonetheless, this policy is constrained optimal, because intermediate good prices
are more responsive than final good prices to monetary policy, as they are more directly
exposed to wage changes. In the equation, raising the output gap reduces price disper-
sion by §; in the intermediate good sector, and increases it by 8%« < §; in the final good
sector.

The across-sector component is also positive for dlog A < 0. Due to price rigidity in
the intermediate good sector, wages fall by more than intermediate good prices. There-
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fore, final good producers inefficiently demand too much labor relative to intermediate
inputs. Pushing output above the natural level mitigates the fall in wages, thereby closing
the inefficient gap between wages and intermediate good prices. Hence, we have

1-—
y:cross = 05( aF)aF (1 51)2(1 - 617) 10g AF > 0.

(1-6%a)

EXAMPLE 6—Horizontal economy: Consider the horizontal economy in Example 3.
This example highlights the tradeoff between implementing the correct relative prices
within and across sectors. The economy has a nested CES structure, with an outer nest
given by the final consumption aggregator, and an inner nest given by the aggregators of
sectoral varieties. Eliminating price dispersion in the inner nest would require zero infla-
tion for all firms, because some of them are constrained to keep a fixed price. By contrast,
in the outer nest, relative prices should adjust to reflect changes in relative productivities
across sectors.

Thus, the within- and across-sector components of the optimal output gap have oppo-
site sign, and in this example they are exactly proportional. Their relative magnitude is
given by the ratio of the substitution elasticities in the inner and outer nest (e and o),
which govern the cost of price distortions within each. The optimal output gap trades off
the two components, and is given by

V=(0c—-e)(y+¢)Esuism, (35)

Bi(1-8;) Y
i8-8 =
can then solve for the response of inflation in (35) as a function of sectoral productivity
shocks. Following the same reasoning as in Example 3, this depends on the covariance
between productivity shocks and price adjustment frequencies:

where Eg(;_s) is the expectation computed with probability weights {4 —4~ .~-One

Eﬁ(l_g)ﬂ' = COV[g(l_S)(a, lOg A) (36)

Note that the sectors with highest weight in the covariance are those with an interme-
diate degree of price stickiness (so that the product §;(1 — §;) is highest). The intuition
is particularly clear in the case of within-sector misallocation. Sectors where no firm can
adjust (6; ~ 0), or all firms can adjust (§; ~ 1), face little price dispersion, because a large
fraction of the firms end up charging the same price. Hence, the sectors which face the
most severe price dispersion are those where about half of the firms can adjust, and the
other half cannot (i.e., 5; ~ ).

EXAMPLE 7—Oil economy: Consider the oil economy in Example 4. Consistent with
the conventional wisdom, after a negative oil shock the optimal monetary policy should
tolerate some inflation, and keep output slightly above the flex-price level. To see this,
recall that oil shocks have commonalities with downstream shocks in a vertical chain, and
heterogeneous shocks in a horizontal economy, as explained in Example 4. The optimal
policy is mainly determined by the vertical component. Example 5 then tells us that the
central bank should implement a positive output gap, in an effort to reduce misallocation
in the labor market. Formally, the component of the optimal output gap that comes from
misallocation within the labor sector is

6. Ep(1—8) (1 8. (1-E4(3))
T 5.E,(d) 1— 6,E,(5)

y:ert within — 6(’)/ + ) >E5(1—5) (wi,Oil) log AOil'
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This expression is positive for log 4,y < 0, and it becomes 0 when wages are fully rigid or
fully flexible (6, =0 or 6, = 1, respectively). In fact, when 6, =0 or §, = 1, there is no
misallocation across workers, and when 6; = 0, monetary policy cannot influence wages
or prices. Also note that there is no across-sector misallocation coming from the vertical
component of the economy (¥}, .ross = 0), because of two reasons. First, labor is the only
input in the oil sector, so that oil producers cannot substitute across inputs. Second, the oil
price is fully flexible, and thus oil prices are never distorted relative to wages. Therefore,
producers of the final goods always use the efficient combination of labor and oil.

Section 2.3 of the Supplement derives the horizontal component of the optimal out-
put gap, which is similar to equation (36). Its policy implications are ambiguous ex ante,
because they depend on the covariance between oil input shares and price adjustment
frequencies, and on the relative magnitude of within- and across-sector elasticities of sub-
stitution. When calibrating sectoral oil shares and price adjustment frequencies to the
U.S. data, the covariance is small quantitatively; therefore, the optimal policy is driven by
the vertical component.

6. QUANTITATIVE RESULTS
6.1. Data

To calibrate the multi-sector model, we need to assign values to the preference and
production parameters in Table II. In addition, to compute the welfare estimates in Sec-
tion 6.3 and the time series of cost-push shocks in Section 6.2.2, we also need an estimate
of sectoral productivity changes over time and of their covariance matrix.

The preference parameters are set to standard values in the literature: the wealth effect
in labor supply is y = 1, the inverse Frish elasticity is ¢ = 2, and the discount factor is
p =0.9975.

Disaggregated input, labor, and final consumption shares are calibrated to match the
BEA input-output accounts. Following the standard BEA methodology explained in
Horowitz and Planting (2006, Chapter 12), we net out the non-labor component of value
added from total costs in the construction of labor and input shares (« and (). The base-
line calibration is based on data for the year 2012, at the 405-sector level. The calibration
of the Phillips curve slope over time (Section 6.2.1) instead is based on historical data for
the years 1947-2017, with the level of aggregation varying slightly across years (46 to 71
industries).

We use estimates of sector-level probabilities of price adjustment computed by Pasten,
Schoenle, and Weber (2017) based on firm-level price series underlying the BLS PPI data.
There are no estimates for personal services, repair and maintenance, and government.
In the baseline calibration, we set the adjustment probability of these sectors equal to the
mean.”” We also calibrate the quarterly probability of wage adjustment to 0.25, in line
with Barattieri, Basu, and Gottschalk (2014) and Beraja, Hurst, and Ospina (2019).

The elasticities of substitution in production and consumption are calibrated to con-
sensus values in the literature. The substitution elasticity between consumption goods
is o =0.9,' the elasticity of substitution between labor and intermediate inputs is

PThe missing sectors account for 10% of total sales, of which 8% comes from the government. None of the
results changes significantly in an alternative calibration which excludes these sectors.

21 Atalay (2017), Herrendorf, Rogerson, and Valentinyi (2013), and Oberfield and Raval (2014) estimated it
to be slightly less than 1.
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0, = 0.5, the elasticity of substitution across intermediate inputs is § = 0.1,” and the
elasticity of substitution between varieties within each sector is € = 8.%

Finally, productivity shocks are measured as the growth rate of the Multifactor Produc-
tivity (MFP) index at the sector level,” reported in the BEA Integrated Industry-Level
Production Account data for the period 1988-2016.° The covariance matrix of sectoral
productivity shocks is also computed based on these estimates.

6.2. Phillips Curve
6.2.1. Slope

As a key result, in the multi-sector model, the slope of the consumer price Phillips curve
is decreasing in intermediate input shares. To illustrate the quantitative importance of this
mechanism, Table III reports the slope in the baseline calibration and under alternative
input-output structures.

The first column presents the benchmark New Keynesian model with flexible wages
and no input-output linkages, while the second column corresponds to the baseline cal-
ibration of the multi-sector model. In the multi-sector economy, the slope is one order
of magnitude smaller than in the one-sector model. The third and fourth columns tease
out the contribution of sticky wages and intermediate inputs, showing that both are im-
portant. The third column reports the slope in a model where input-output linkages are
as in the baseline and wages are flexible, while the fourth assumes sticky wages but no
input-output linkages.

The final column shows that eliminating heterogeneity in price adjustment frequen-
cies does not change the slope. This result is not true in general, but it depends on the
correlation (or lack thereof) between labor, input, and consumption shares.”” Previous
quantitative studies (Carvalho (2006), Nakamura and Steinsson (2010)) instead found
that heterogeneous price adjustment frequencies increase monetary non-neutrality. The
difference with respect to these previous results comes from how the average price rigidity
is computed. Specifically, we first computed the transformation § derived in Section 3.1

sector-by-sector, and then averaged the sectoral &’s. Previous studies did the opposite. By
Jensen’s inequality, this mechanically leads to a lower value of the average price rigidity,

TABLE III
PHILLIPS CURVE SLOPE IN THE MAIN AND ALTERNATIVE CALIBRATIONS.

Textbook Full model Flex wage No IO 6 = mean

Slope 1.16 0.09 0.32 0.22 0.08

22This is consistent with Atalay (2017), who estimated this parameter to be between 0.4 and 0.8.

BSee Atalay (2017).

24This is consistent with estimates of the variety-level elasticity of substitution from the industrial organiza-
tion and international trade literatures.

BThe MFP is constructed taking into account labor, capital, and intermediate inputs from manufacturing
and services. Therefore, this index captures changes in gross output TFP, which is the correct empirical coun-
terpart of the sector-level TFP shocks in the model.

Zhttps://www.bea.gov/data/special-topics/integrated-industry-level-production-account-klems.

YFor example, ignoring heterogeneity would overestimate the slope if sectors with large labor share have
stickier prices.
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because & is a convex transformation.” Adopting the same procedure as previous studies
would imply a much smaller calibrated slope of 0.03.

Section 2.3 of the additioanl Additional Online Materials discusses the implications for
monetary non-neutrality.

Evolution Over Time. We also consider how changes in the input-output structure of
the economy affected the slope of the Phillips curve. The two panels of Figure 1 report
the slope of the consumer-price and divine coincidence Phillips curves as predicted by
the model, based on historical input-output data for the period 1947-2017. Importantly,
even at the beginning of the period, the slopes are much smaller than implied by the
benchmark one-sector model. Therefore, changes in the input-output structure cannot
rationalize a regime shift from steep to flat Phillips curves (see, e.g., Stock and Watson
(2007), Blanchard (2016), Del Negro, Lenza, Primiceri, and Tambalotti (2020)). Nonethe-
less, the model still predicts that the CPI and DC Phillips curves have flattened by about
30% over the past 70 years.

The calibration relies on some important assumptions. First, we assume that sectoral
price rigidities remained constant over time, due to lack of historical data.”” Second, as

CPI Phillips Curve 0.26 DC Phillips Curve

0.125 e
012 0.24
0.115 X 0.2
AY
0.11 -
0.105 0.2
0.1
0.18
0.095 -~
0.09r - - *
— Calibrated slope 0.16 -|— Calibrated slope
0.085 |~ — Constant input shares - = Constant input shares
Constant consumption share Constant consumption share
0.08 = : : :

1960 1980 2000 1960 1980 2000

FIGURE 1.—Slope of the Phillips curve over time.

ZNakamura and Steinsson (2010) provided intuition for why 5 is a convex transformation. Consider two
economies, both with the same average probability of price adjustment across sectors. In the first economy, all
sectors have the same adjustment probability, while in the second, some sectors are more flexible and some
are stickier. As long as the discount factor is large enough, producers reset their prices to be an “average”
of the optimal prices over the period before their next opportunity to adjust. If all sectors have the same
adjustment probability, the producers who can adjust know that many others will also have changed their price
by the time they get to adjust again. Therefore, they preemptively adjust more. If instead some sectors adjust
very infrequently, producers in the flexible sectors know that they will likely have another opportunity to reset
prices before the stickier sectors also get to change theirs. Therefore, it is optimal to wait. The expectations
channel gets muted as the discount factor goes to zero.

PFor sectors where data are available, Nakamura and Steinsson (2013) found that the frequency of price
adjustment remained stable since the 1990s. Nonetheless, it is possible that changes in the frequency of price
adjustment may be an important reason behind the flattening of the Phillips curve over longer horizons. For
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explained in Section 6.1, we net out the non-labor component of value added from total
costs in the computation of labor and input shares. The implications for the slope are
not sensitive to this assumption if the non-labor component of value added corresponds
to profits, and markups are determined independently of the output gap. If instead non-
labor value added also includes rental payments to fixed factors (such as capital and land),
our calibration is an upper bound to how much the Phillips curve has flattened.* The blue
lines depict the calibrated slopes over time. The red and green lines isolate the contribu-
tions of changes in intermediate input versus consumption shares. The decomposition is
based on equation (24), which expresses the slope of the Phillips curve as a function of the
pass-through of nominal wages into consumer prices, 8% . This pass-through in turn can
be decomposed into a term coming from consumption shares, and a term coming from
the input-output structure:

Fa= p° AUI-0A)la.
R N —
consumption input-output

The red line assumes that input shares remained constant at their 1947 values, and
lets consumption shares evolve as observed in the data (setting 8% a = B/A(I —
Qy97A) a@1947). Vice versa, the green line fixes consumption shares at their 1947 val-
ues and lets input shares evolve as observed in the data (setting 6fflputa = B, Al —

Q,A)"'a,). Changes in intermediate input shares explain most of the overall decline.
Changes in the allocation of consumption expenditures across final goods have an effect
on the slope of the Phillips curve after 1980, as consumers started buying fewer manufac-
turing goods and more services, which have a stickier price.

Wage Phillips Curve. The multi-sector model also allows us to compare the wage and
the consumer-price Phillips curve. The wage Phillips curve is much steeper, and the cal-
ibrated slope has remained almost unchanged over time (0.78 in 1947 against 0.77 in
2017). This result is consistent with empirical studies (see, e.g., Hooper, Mishkin, and
Sufi (2019)), and can be easily rationalized in light of the theory. From Proposition 2, the

slope of the wage Phillips curve is k"% = %_ Note that ***¢ depends on input-output
linkages only through general equilibrium effects, captured by the denominator 1 — §fa.
Therefore, it is not surprising that it remained unaffected by changes in the input-output
structure. Moreover, the wage adjustment probability 8y, is much larger than the over-
all pass-through of wages into consumer prices, 8®a, which is further reduced by sticky

intermediate and final good prices.

6.2.2. Cost-Push Shocks

This section evaluates the quantitative importance of the inflation-output tradeoff gen-
erated by changes in productivity, in two ways. First, Figure 2 plots a time series of the

example, firms may adjust prices less often today than in the 1970s, because with better monetary policy,
inflation has become more stable (see Blanchard (2016)).

3n the baseline calibration, the labor share is computed as the ratio of payments to labor over the sum of
payments to labor plus intermediate input purchases. Section 2.1 of the additional Additional Online Materials
reports an alternative calibration which replaces payments to labor with total value added. In this calibration,
the slope declines only slightly (from 0.145 to 0.115 for the CPI Phillips curve, and from 0.24 to 0.2 for the DC
Phillips curve), consistent with the fact that sales over total value added have increased by less than sales over
labor compensation.
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FIGURE 2.—Productivity component of the residual.

model-implied residual in the consumer price Phillips curve, based on observed changes
in sectoral TFPs. Second, Table IV calibrates the response of consumer inflation to oil
shocks, which are commonly believed to cause an inflation-output tradeoff.

Time Series. Figure 2 plots the productivity component of the residual u¢ defined in
equation (25).%

The time series has a mean of —0.16 and a standard deviation of 0.25, which are both
large relative to the calibrated slope of the consumer-price Phillips curve, suggesting that
productivity-induced cost-push shocks are a significant driver of variation in consumer
price inflation. This is consistent with the results in Supplement Section 1.2, whereby
adding the productivity-driven residual to Phillips curve regressions increases the R-
squared in the CPI and PCE specifications. Interestingly, the R-squared does not increase
for core inflation or the divine coincidence index, suggesting that the model-based resid-
ual u€ is not correlated generically with economic activity, but only with the inflation
indices which it is designed to track. This validates our modeling of how sectoral produc-
tivity changes propagate into different measures of aggregate inflation.

Inflation Response to Oil Shocks. Table IV computes the inflation response to oil
shocks.

TABLE IV
CONSUMER INFLATION AFTER A 10% NEGATIVE SHOCK TO THE OIL SECTOR (FULL MODEL).

8 = actual 8 = Smean, Ooil = 1 8 = Smean
Sticky wages 0.25 0.07 —0.03
Flexible wages 0.19 —0.03 —0.17

3INote that the time series in the plot does not account for lagged deviations of prices from steady state.
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In the full calibration, consumer prices increase by 0.25% in response to a 10% fall in
oil productivity. The simplified oil economy in Example 4 helps us to identify the drivers
of this result: wages are sticky, oil prices are flexible, and there is a positive correlation be-
tween price flexibility and oil input shares across sectors. The second row and the second
and third columns shut down each of these channels, leading to a much smaller inflation
response.

Based on Proposition 4, we also compute the optimal monetary policy. The central bank
should raise the output gap by 0.08% on impact, which is a small response compared
to the 0.69% decline in natural output. Hence, while the central bank should partially
accommodate the shock, it should still let output fall substantially.

6.3. Welfare

The textbook New Keynesian model implies that changes in productivity generate no
welfare loss compared to an economy with flexible prices. Moreover, the Lucas (1977)
estimate tells us that, in the flex-price economy, the welfare loss induced by productivity
fluctuations is very small, equal to 0.05% of per-period GDP. We now revisit these con-
clusions in the multi-sector economy, showing that, when combined with price rigidities
and multiple sectors, productivity fluctuations generate sizable welfare losses, even under
the optimal monetary policy.

As explained in Section 5, monetary policy has very limited power to correct relative
prices within and across sectors; therefore, it must tolerate a welfare loss. Figure 3 com-
pares welfare under different input-output structures, policy rules, and correlations be-
tween sectoral productivity shocks.

The height of the bars corresponds to the average welfare loss in units of per-period
GDP, relative to the efficient equilibrium. The left panel calibrates input-output linkages
according to the BEA data. In the first set of bars, the covariance of sectoral productivity
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FIGURE 3.—Welfare loss from business cycles.
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shocks is as measured in the KLEMS data, while in the second and third set, productivity
shocks are either independent or fully correlated across sectors (keeping the variance of
aggregate productivity constant). As the figure shows, most of the welfare loss comes from
the idiosyncratic component.

Bars of different colors correspond to different policy rules (blue for optimal policy,
red for output gap targeting, and yellow for consumer price targeting). Under the opti-
mal policy, the expected welfare loss is 2.9% of per-period GDP—orders of magnitude
larger than the Lucas estimate. Targeting zero output gap yields a negligible additional
loss, consistent with the discussion in Section 5.2. Targeting consumer prices instead in-
creases the loss to 3.7% of per-period GDP. Under the optimal policy, the welfare loss
comes almost entirely from misallocation, not from inefficiently high or low employment,
because this policy is close to implementing zero output gap. Section 2.2 of the addi-
tional Additional Online Materials further decomposes the loss from misallocation into
its within- and across-sector components.

The right panel of Figure 3 instead considers an economy without input-output link-
ages. Here, the welfare loss is much smaller (0.8% of per-period GDP), and targeting
consumer prices is close to optimal.

7. PHILLIPS CURVE REGRESSIONS

This section compares traditional empirical specifications of the Phillips curve, based
on consumer prices, against the novel divine coincidence specification.

7.1. Data

The sample period is 1984-2018. The time series of consumer price inflation (CPI, PCE,
and their core versions), wage inflation, the output gap, the employment gap, and the
unemployment rate are provided by the FRED database. The time series for the divine
coincidence index is constructed by aggregating sector-level PPI series, provided by the
BLS. The weight assigned to each sector is a function of the relevant Domar weight and
price adjustment probability, as in Definition 2. Domar weights are computed based on
BEA input-output data, while sectoral price adjustment probabilities are from Pasten,
Schoenle, and Weber (2017).

The Supplement, Section 1.1 provides a comparison between the weighting schemes of
the divine coincidence index versus the PCE. A key difference is that consumer prices do
not include wage inflation, which in the divine coincidence index instead has the highest
weight of 18%. The divine coincidence index also assigns a high weight to large intermedi-
ate good sectors with sticky prices, such as professional services, financial intermediation,
and durable goods. By contrast, the sectors with highest weight in the PCE are healthcare,
real estate, and nondurable goods. These sectors have large consumption shares, but rel-
atively small total sale shares. Section 1.1 of the Supplement also plots a time series of
the divine coincidence index against various measures of consumer and producer price
inflation.

7.2. Full-Sample Regressions

Table V shows regression coefficients and R-squareds for the Phillips curve regression

7 = pEa 1 + kY + v, (37)
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TABLE V
REGRESSIONS OF YEARLY INFLATION ON THE CBO’S UNEMPLOYMENT GAP, 1984-2018.

- Mich SPF CPI GMM
Gap R? Gap R? Gap R? Gap
DC —0.17 0.25 -0.19 0.31 —0.17 0.31 —0.16
(0.03) (0.03) (0.03) (0.05)
CPI —0.27 0.10 -0.29 0.12 —0.26 0.12 —0.12
(0.07) (0.07) (0.07) (0.04)
coreCPI —0.18 0.06 -0.25 0.27 —0.16 0.19 —0.04
(0.06) (0.06) (0.06) (0.04)
PCE —0.17 0.06 -0.2 0.08 —0.16 0.08 —0.06
(0.06) (0.06) (0.06) (0.02)
corePCE —-0.12 0.03 —0.16 0.17 —0.1 0.12 —0.02
(0.05) (0.05) (0.05) (0.01)
PPI -0.32 0.01 —0.14 0.11 —0.37 0.04 —0.2
(0.25) (0.24) (0.25) (0.13)

with different inflation measures 77, on the left-hand side. The independent variable , is
the CBO employment gap. The results are similar when y, is the CBO output gap or the
unemployment rate (see Section 1.2 of the Supplement).*

Each row in the table corresponds to a different inflation index (CPI, PCE, core CPI,
core PCE, DC, and PPI), while the various columns adopt different methods to account
for inflation expectations. The first column omits the expectation term in (37). The sec-
ond and third columns use survey-based proxies for expected inflation, from the Michigan
Survey of Consumers and the Survey of Professional Forecasters. The fourth column is
based on a moment condition, which imposes that the difference between actual and
expected inflation must be orthogonal to all available information at the time when ex-
pectations are formed.* Regardless of how one controls for inflation expectations, the
R-squared is much higher in the divine coincidence specification. This is consistent with
the model implication that productivity changes do not generate cost-push shocks in the
divine coincidence Phillips curve.

The estimated slopes are of the same order of magnitude as in the calibrated model,
both for consumer prices and for the divine coincidence index. Properly accounting for
the input-output structure thus allows us to reconcile relatively high price adjustment
frequencies at the micro level with flat empirical Phillips curves.

7.3. Rolling Regressions

Figure 4 shows summary statistics for 20-year rolling Phillips curve regressions, again
following equation (37), using the CBO employment gap as independent variable and
different inflation measures on the left-hand side. Section 3.3 of the additional Additional
Online Materials reports the estimated coefficients and standard errors, together with
results for the CBO output gap or the unemployment rate as independent variables.

32From Remark 3, to a first order the employment gap and the output gap coincide in the model. Therefore,
both specifications are coherent with the model.

BThese are standard ways to control for inflation expectations. See Mavroeidis, Plagborg-Moller, and Stock
(2014) for a detailed survey.
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FIGURE 4.—Summary statistics for rolling Phillips curve regressions.

The panels plot three measures of the success of each specification: the R-squared (left
panel), the significance of the slope coefficient (middle panel), and its stability over time,
measured as the standard deviation relative to the mean (right panel).

The divine coincidence specification performs better in all three dimensions: the R-
squared is higher, the slope is almost always significant, and the estimate is more stable
over time. In the consumer price Phillips curve, instead, the estimated slope changes over
time and is often insignificant, suggesting that this Phillips curve is misspecified, as pre-
dicted by the multi-sector model.

8. CONCLUSION

This paper shows that by properly accounting for a realistic, multi-sectoral production
structure, we improve our understanding of inflation dynamics and the optimal monetary
policy. To demonstrate this, it revisits two key elements of the New Keynesian framework,
the Phillips curve and the welfare loss function, in a general multi-sector economy, both
analytically and quantitatively.

Our analytical approach allows us to derive several novel results. First, we formalize the
argument that all sectoral and aggregate Phillips curves become flatter when producers
use more intermediate inputs. Quantitatively, this effect is large enough to reconcile the
relatively high price adjustment frequencies measured at the micro level with the flat
Phillips curves estimated from aggregate data.

Second, we characterize the inflation-output tradeoff generated by productivity
shocks—which manifests as a productivity-driven residual in sectoral and aggregate
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Phillips curves—and derive the unique inflation measure which does not suffer from this
tradeoff, naming it the divine coincidence index. Given this property, the divine coinci-
dence index is a better sufficient statistic for the output gap than consumer prices. Em-
pirically, we show that, in line with the model predictions, the divine coincidence index
performs better in Phillips curve regressions than traditional specifications with consumer
prices, increasing the R-squared by two to four times.

These positive results have important normative implications for welfare and optimal
monetary policy. Monetary policy makers have only one instrument, the nominal interest
rate, which they must use to correct both the output gap and relative price distortions
within and across sectors. Therefore, they cannot implement the first-best equilibrium
in the multi-sector economy. We demonstrate that the constrained optimal policy aims
at stabilizing the output gap rather than inflation, but nonetheless this objective can be
achieved via inflation targeting, by replacing consumer price inflation with the divine co-
incidence index in the Taylor rule.

In the calibrated model, the welfare loss from business cycles increases by several orders
of magnitude compared to the Lucas (1977) estimate, even under the constrained optimal
monetary policy, due to the joint effect of multiple sectors and price rigidity.
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